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Efficient agronomic practices narrowyield
gaps and alleviate climate change impacts
on winter wheat production in China
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As the world’s largest wheat producer, China’s stable wheat production is crucial for global food
security. However, climate change has increased yield variability, while excessive water and nitrogen
(N) inputs threaten resource sustainability and environmental health. Here, we explored the possibility
of yield gap reduction through efficient agronomic practices. A 3-year field experiment was conducted
at 22 different sites in major wheat-producing regions in China, combined with modeling approaches
to perform a comprehensive spatiotemporal analysis of wheat productivity. Results show that efficient
agronomic practices could enhance wheat yields by about 7%-14% without expanding current
cultivation areas in China. In the Huang-Huai-Hai region, adopting more efficient practices could
reduce N fertilizer use by about 6% while maintaining current yields, thereby improving resource
efficiency and minimizing environmental harms. This study highlighted the potential of optimized
management strategies to enhance wheat production and reduce excessive resource inputs. The
findings provided a scientific basis for developing sustainable agronomic practices in the major wheat-
growing regions of China.

China is the world’s largest wheat producer, accounting for 11% of the
world’s wheat area and 18% of world’s total production'. Winter wheat
dominates (about 92%) of China’s summer grain yield’. Thus, the stability
and sustainability in China’s winter wheat production is crucial to ensure the
food security for its 1.4 billion population and even for global agricultural
development. However, the instability of wheat production has been exa-
cerbated by climate change’. At the same time, China kept increasing inputs
of water resource and nitrogen (N) fertilizer over the past several decades to
increase production, which may lead to unsustainable resources and harm
to the environments.

Due to the fast-paced development and urbanization in China, the
shortage of population and land in agriculture has become a pressing issue.
Given that the area for wheat production may not increase or even decrease
in the future, the stability and growth of total wheat output in China will
mainly depend on the increase of wheat per-unit yield. Yield gap analysis

provided a valuable tool to describe the effects of environmental changes
and field measure improvements on wheat production and to estimate the
difference between the current farm production and the potential produc-
tion. Generally, narrowing the yield gap is an essential strategy to sustainably
feed the growing population in China*’. Narrowing the yield gaps requires a
comprehensive analysis of the yield disparities across different regions,
followed by the development of targeted measures to reduce these gaps and
enhance production in each specific region. In addition, climate change,
particularly changes in precipitation and temperature, is expected to have
negative impacts on crop production in China®®. This complicates the issue
about how to reduce yield gaps further. Since 1980, wheat yield in China has
increased by over 60%, thanks to genetic improvement, environmental
changes, and improved agricultural measures. Nonetheless, the growth
trend in wheat production has slowed down in recent years as the impacts of
climate change and water resource shortages partially offset the continued
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per-unit yield rise caused by genetic improvement’. However, some pre-
vious studies often lacked clear definitions of yield gaps and were not sup-
ported by extensive regional data obtained from yield gap experiments.
Most researches focused on quantifying yield gaps across different regions,
without providing feasible solutions to narrow these gaps. To address these
issues and achieve future wheat yield increase, the improvement of agro-
nomic practices was proved to be the most feasible solution to narrow the
yield gaps'®".

Some previous studies showed that there is still significant room for
yield improvement through enhancing cultivation management practices.
For instance, Rizzoa et al."” analyzed the contributions of cultivars, culti-
vation practices, and climatic conditions to the increase of irrigated maize
yield in the United States. They found that about 39% of the yield increase
was attributed to the improvements of agronomic practices. Moreover,
through increasing irrigation levels and improving nutrient management, it
was possible to achieve yield increases by about 45-70% for the majority of
crops’. One of the main factors that limit winter wheat yield and resource
utilization efficiency is the lack of optimization of agricultural practices.
Kheir et al."* conducted field experiments to optimize wheat management
practices in the main wheat-growing areas in Egypt and found that about
80% of the current irrigation volume was sufficient to maintain wheat yields
while improving resource use efficiency. Additionally, yield projections
under future climate change for the region suggested that optimized man-
agement practices could increase wheat yield by about 4.5% and also
improve wheat quality'”. Therefore, different agronomic practices were
designed and applied at various yield levels in the station experiments.
Generally, high planting density could increase solar radiation interception,
enhance nitrogen accumulation after heading, and thus improve the yield of
winter wheat'*"”. Low N application rate would reduce grain N content and
yield and aggravate soil fertility depletion, while an excessive application N
rate would reduce the production efficiency and increase environmental
costs'*™. One-time fertilization could increase the risk of N losses and
seedling injuries” ™. In addition, winter wheat cultivation in the Huang-
Huai-Hai and Xinjiang regions in China usually required irrigations.
Optimizing irrigation timing and frequency could increase yield and
improve water use efficiency of winter wheat™*”.

Currently, local governments in China have increased their invest-
ments in ariculture’. China has implemented a series of policies to
encourage wheat production and the use of fertilizers to meet the
increasing demands of both yield and quality of wheat”. However,
excessive use would decrease the economic benefits and utilization effi-
ciency of N fertilizer in wheat production, resulting in increased adverse
environmental impacts from local to global scales and threatening human
health”. Therefore, it is an urgent priority for food security and envir-
onmental sustainability to reduce the harmful impacts of N fertilizer while
maintain food production®.

For instance, the Huang-Huai-Hai Plain is the most important wheat
production base in China, supplying about 50% of the country’s wheat
production®. This region is mainly affected by a monsoon climate, with
precipitation concentrated in the summer and less in the spring. In order to
enhance winter wheat yield in this region, it is a common practice to irrigate
wheat fields with substantial volumes of water during the growing season,
typically three to four times the crop water requirements’*, with most of
the irrigation water coming from deep groundwater pumping**. Over-
exploitation of groundwater resources can lead to serious ecological and
environmental problems, such as a continuous decrease in groundwater
storage, rapid decline in groundwater levels, land subsidence, and seawater
intrusion™”. Some previous studies demonstrated that excessive increases
in water and N inputs in farmland management may not necessarily
enhance crop yields in some regions but are likely to increase the potentials
for ecological pollution®”. Some relevant studies also demonstrated that
climate change will further exacerbate the negative impacts of agriculture on
the ecological environment. There is an urgent need for a transition to
climate-adaptive sustainable agricultural systems to mitigate the adverse
effects of climate change on the global environment"’. Thus, it has very high

priority in China to implement water-saving, fertilizer-reducing, and high-
yielding agronomic practices in wheat production®'.

In this study, we hypothesized that it is possible to increase yields and
narrow yield gaps while enhancing resource use efficiency through imple-
menting reasonable agronomic practices, thus reducing the negative
impacts on the ecological environment under future climate change
scenarios ™. To validate this hypothesis, we followed an “experiment + crop
model + future climate change” methodology to estimate wheat yield gaps
in China under various agronomic practices and climatic conditions. First, a
three-year field experiment was conducted across major wheat-growing
regions in China. The agronomic practice for the experiment was based on
locally surveyed management practices and several years of management
optimization trials. Although field experiments could help understand the
interactions between crop management and the environment, they are
usually confined to specific locations. Given the nonlinear interactions
between and dynamics of local soil and climate conditions**, it is chal-
lenging to identify the optimal crop management practices only through
field trials. To determine the potential spatiotemporal variations of opti-
mized management practices, this study employed a crop modeling
approach to quantify the effects of water and N fertilizer on winter wheat
yield and the resource utilization efficiency under different agronomic
practices and climatic conditions. Process-based crop models can account
for various agroecosystem processes and their interactions, including crops’
complex and nonlinear physiological responses to climate and soil
conditions™. As a result, crop models were widely used for crop yield pre-
diction, water and N flux simulation, environmental impact assessment, and
the identification of optimal field management practices in different
regions'**>**. Simultaneously, the crop models driven by global climate
models can be used to quantify the extent to which climate change would
affect crop yields. Such an approach could offer valuable insights for
developing strategies to mitigate the adverse effects of climate change on
agriculture and ensure sustainable crop production in the future®*.

Specifically, we conducted a comprehensive experiment to investigate
whether optimized management practices could effectively narrow yield
gaps across three distinct periods of 1961-2020 (historical baseline period),
the 2040 s (near future), and the 2080 s (distant future). This investigation
was carried out through a combination of field experiments and model
projections. The main objective was to evaluate the potential for yield
increasement, water conservation, and N reduction in wheat production
under future climate change in China. Finally, several appropriate measures
of water and N fertilizer management were proposed for winter wheat
production, which are of great significance to ensuring sustainable national
production of winter wheat in China.

Results

Current potential yield and yield gap of winter wheat

In this study, we defined five yield levels and four yield gaps for winter wheat
production in China. A three-year field experiment was conducted at a total
of 22 experimental sites nationwide for the four yield levels, among which
yield potential was simulated by the crop model (Fig. 1a, Supplementary
Table 1). Different agronomic practices were employed across these dif-
ferent yield levels. Obvious yield variations were observed among different
experimental sites in the same wheat-producing region. The results
demonstrated that the impacts of agronomic practices on yield differed
across sites (Supplementary Fig. 1). In the Huang-Huai-Hai region, the
baseline yield potential was higher than in Southern China and the Xinjiang
regions. However, the yield gap between ‘High-yield practice’ and ‘Farmer
practice’ levels in this region was smaller than the other regions (Fig. 1b). Site
trials confirmed that agronomic practice improvements could enhance yield
and reduce the yield gap of winter wheat, although the degrees of gap
reduction varied across sites. In the three years, the trials demonstrated that
effective agronomic practices were essential for agricultural production
improvement. However, these results only reflected the differences in winter
wheat yields among given years and specific sites. To comprehensively
understand the long-term trends and national-scale wheat cultivation, a
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Fig. 1 | Winter wheat yield levels and their main a
constraints in the 3-year field experiments. a Five
different yield levels and four kinds of yield gaps

were obtained based on field experiments and crop

model simulations. b Field experiments of three
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spatial upscaling was conducted simultaneously for the experimental results
in this study through crop model and the protocols of Global Yield Gap
Atlas (GYGA; www.yieldgap.org) (Fig. 2, Supplementary Figs. 2-6, Sup-
plementary Table 2).

In this study, we analyzed yields and yield gaps of winter wheat across
various agronomic practices over the past 60 years (1961-2020) nationwide.
Additionally, we compared the differences of yields and yield gaps among
the three main winter-wheat planting regions with different cultivation
systems (Fig. 3). Generally, there were significant regional disparities among
wheat yield gaps. Compared with the other regions, the Huang-Huai-Hai
region, where wheat-maize rotation is the primary cropping system, had the
highest wheat yield potential (11.5 t ha™'; Figs. 4, 5). This region also had the
largest wheat planting area in China (about 60%; Fig. 3a). In contrast, the
Southern China region, where rice-wheat rotation is the dominant cropping
system, had the lowest yield potential for wheat (8.6 t ha™%; Fig. 5). However,
the Xinjiang region, with scarce water resources, achieved the highest yield
for the three production levels (i.e, High-yield practice, HYP; High-

efficiency practice, HEP; Farmer practice, FP) under them different agro-
nomic practices tested at experimental sites, with an average HYP yield
exceeding 8 tha™". Under the conditions without irrigation and fertilization
(i.e., Basic soil fertility), there were significant differences among the three
regions, with the highest yield in the Huang-Huai-Hai region (5.3 tha™"); in
comparison, both Xinjiang and Southern China regions had winter wheat
yields about 3.0 t ha™" (Fig. 5). This phenomenon generally reflected the
overall suitability of crop variety, soil, and climate conditions for wheat
production in the three different regions.

Currently, the yield levels were generally lower in the south and higher
in the north across the three main winter-wheat planting regions in China.
The areas with higher yields included the eastern Shandong Peninsula and
the western Loess Plateau in the Huang-Huai-Hai region (Fig. 4). In the past
60 years, the coefficient of variation (CV) of yield potential of winter wheat
was about 8.9%, indicating that the yield potential of winter wheat was
more stable than the other yield levels under various climates, while the
yield fluctuations were relatively higher at the ‘Farmer practice’ level
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Fig. 2 | The simulation framework enables the optimization results of spatiotemporal scaling of agronomic practices.

(CV =18.2%; Fig. 4). Among all of the yield levels, the central area of the
Huang-Huai-Hai region had the highest yield variation (Fig. 4). Generally,
climate change over the past 60 years benefited winter wheat production
increase in China, but production-enhancing degrees varied in different
producing regions and at different yield levels (Fig. 5). Some areas in the
Southern China region experienced a production decrease at the Yield
potential’ (YP), ‘High-yield practice’ (HYP), and ‘High-efficiency practice’
(HEP) levels, while the other areas had a significant production increase. At
the ‘Basic soil fertility’ (BSF) and ‘Farmer practice’ (FP) levels, only a few
areas in the Huang-Huai-Hai and Xinjiang regions had increased winter
wheat yields. Generally, as the yield level was higher, the magnitude of yield
changes was greater and the affected area was larger under different agro-
nomic practices (Figs. 4 and 5).

Currently, China’s national winter wheat yield at the “FP” level reached
about 69.5% of the yield ceiling, and further increase in management inputs
would improve the yield up to about 78.9% of the yield ceiling (Fig. 6d). The

remaining yield gap was mainly caused by uncontrollable yield-reduction
factors such as diseases, insects, and weeds in the cropping system at the
experimental sites. At the national scale, improving resource use efficiency
through agronomic practices could narrow the yield gap by about 4.7% (YG-
1),and increasing resource input could also narrow the yield gap by the same
amount (YG-2). The disparity between YG-3 and YG-0 was greater than
that between YG-3 and YG-1 (Fig. 6, Supplementary Table 5). This indicates
that the most direct way for China’s wheat to narrow the yield gap is to
implement agronomic practices from scratch and invest without con-
sidering costs. At the regional scale, the northern area of the Huang-Huai-
Hai region had a higher yield gap for YG-0, while Xinjiang had a higher yield
gap for YG-3 over the past 60 years (Fig. 7), indicating that future input of
irrigation and fertilization could improve wheat yield in these areas. How-
ever, the achievable yield at the ‘HYP’ level still had a considerable gap from
the ideal yield ceiling. In the Loess Plateau of the Huang-Huai-Hai region,
the yield gap of YG-1 was higher, but YG-2 was lower than in the other areas,
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indicating that it could not help achieve higher yields at the ‘FP’ level based
on water and N use efficiency improvement through agronomic practices in
this area. On the contrary, the yield gap of YG-2 in the Southern China
region was higher than in the other regions (Figs. 6 and 7), indicating that
improving resource use efficiency through agronomic practices could dra-
matically increase the yield and narrow the winter wheat yield gap.

Climate-induced changes in wheat yield and yield gaps across
the five levels of agronomic practices

Projections of wheat yield changes were conducted for five yield levels and
four different yield gaps while considering the impacts of CO, since CO,
changed simultaneously and gradually under different future climatic sce-
narios (Fig. 5 and Supplementary Fig. 7). Average yield levels and yield
potential of each agronomic practice level were summarized for the two
different scenarios (SSP245 and SSP585) in two future periods (2021-2060
and 2061-2100) (Fig. 2). The predicted wheat yields under improved
agronomic practices (i.e., HYP and HEP) and under ‘YP’ conditions showed
obvious differences among different scenarios and years, while the predicted
winter wheat yields were similar under the ‘BSF and ‘FP’ practices (Sup-
plementary Fig. 8, Supplementary Table 5). Spatially, wheat yield predic-
tions under the ‘BSF’ condition showed few differences, except for the
Shandong Peninsula, with a relatively higher yield. However, the distribu-
tions of high-yield areas were consistent spatially in the other predictions of
winter wheat yields, mainly concentrating in the northern and eastern parts
of the Huang-Huai-Hai and Xinjiang regions. Spatial differences in pre-
dicted average yields of winter wheat were greater in different time periods
than under different future scenarios. Under the scenario of SSP585 in 2061-
2100, yield potential in high-yield regions generally exceeded 14 tha ", while
wheat yields also reached this level in some areas under the ‘HYP” level.
Compared to the baseline period of 1961-2020, there were obvious differ-
ences between SSP245 and SSP585 scenarios in the changes of winter wheat
yields (Fig. 4, Supplementary Fig. 8a). Especially in 2040 s (2021-2060), most
parts of the main producing regions had a remarkable increase in winter
wheat yields. The area and magnitude of yield enhancement were both
greater than in 2080 s. Additionally, this study highlighted the impact of
CO, on winter wheat yield and reflected that future changes in CO, con-
centration would also be a key factor influencing winter wheat production.
In contrast, Obvious variations were found in the spatial distributions and
trends of projected winter wheat yields under the CO, concentration
unchanged (CO, [416 ppm], Supplementary Fig. 9a). During the period of
2061-2100, some areas experienced a decline in production (Supplementary
Figs. 9b and 10). This reflects the contribution of CO, to future wheat yields.
In the future, YG-0 and YG-3 yield gaps showed higher values and
increasing trends in the whole China. Among them, YG-0 showed a clear
increase under the SSP585 scenario in 2080 s compared with the baseline

period of 1961-2020. The spatial distributions of YG-1 and YG-2 remained
relatively unchanged in future predictions of winter wheat yields. In some
parts of Southern China, the yield gap of YG-1 was less than 0, indicating
that the yield gap could be narrowed through more resource-efficient
management measures (Fig. 7 and Supplementary Fig. 11). In some parts of
the Huang-Huai-Hai region, the yield gap of YG-2 was less than 0, sug-
gesting that there was no yield gap between the FP” and ‘HEP’ levels. The
upscaling analysis also reflected this phenomenon (Figs. 6 and 7). In addi-
tion, the results of the geographic upscaling analysis indicated that the yield
gap of YG-3 in the Xinjiang region had the highest value among all yield
gaps, reaching about 5 t ha™" in future yield predictions, indicating a con-
siderable potential for wheat yield increase in this region in the future.
However, among all future wheat yield predictions, the yield gap increased
dramatically under the SSP585 scenario in 2061-2100, highlighting the
urgent need to narrow yield gap in the future under high greenhouse gas
emission (Fig. 6). Additionally, the yield gaps in 2040 s were similar across
different scenarios (Supplementary Fig. 12).

The average yield gaps of YG-2 in the Huang-Huai-Hai and Xinjiang
regions were 0.5% and 1.0%, respectively (Fig. 6d), which indicated a limited
potential to narrow the yield gap through improving agronomic practices as
at the FP’ level. However, the yield gap of YG-2 in the Southern China
region was about 10.2% (Fig. 6d), suggesting a great potential to narrow the
yield gap through efficient agronomic practices in the next 40 years. In
contrast, the predicted yield gaps showed considerable differences between
the two scenarios of SSP245 and SSP585 in the 2080 s. In the Southern China
region, the yield gap of YG-0 under the changing CO, concentration and
SSP585 scenario was higher (reaching 27.1%) than those under other
simulation scenarios (Supplementary Fig. 12e), indicating an increased
room to narrow the yield gap. In addition, under this simulation scenario,
the yield gap of YG-1 in Xinjiang increased to 11.7% (Supplementary
Fig. 12f), indicating more room to reduce the yield gap than the other
simulation scenarios.

Spatial pattern of resource utilization efficiency across the four
levels of agronomic practices

This study calculated the water use efficiency (WUE) and nitrogen use
efficiency (NUE) under different agronomic practice levels in winter wheat
production at three yield levels (Figs. 8, 9, Supplementary Figs. 13-15, 17).
The results showed that different calculation methods for nitrogen use
efficiency, including the fertilizer partial factor productivity (PFP) and the
nitrogen agronomic efficiency (NAE), reflected the same significant dif-
ferences across various wheat-growing regions (Fig. 9a). This demonstrated
that efficient agronomic practices could significantly improve nitrogen use
efficiency in winter wheat growth. The results also showed the Huang-Huai-
Hai region had the lowest NUE, while the Southern China region had the
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Fig. 4 | Five yield levels of winter wheat in China during the baseline period of
1961-2020. a—e Show the absolute values for YP Yield potential, HYP High-yield
practice, HEP High-efficiency practice, FP Farmer practice, BSF Basic soil fertility;

f-j present the values of (coefficient of variation (CV) corresponding to the five yield
levels; k-o depict yield trends (10-year average yield change rate), with blank areas
indicating the non-significant in winter wheat yields (P < 0.05).

highest NUE among the three major producing regions in 1961-2020. In the
Huang-Huai-Hai and Southern China regjons, fertilizer partial factor pro-
ductivity (PFP) was the highest at the ‘HEP’ level, then at the ‘HYP’ and ‘FP’
levels. In the Huang-Huai-Hai region, the PFP (fertilizer partial factor
productivity) at the “HYP” level accounted for about 60% of the PFP at the
“HEP” level, while the PFP at the “FP” level accounted for about 78% of the
PFP at the “HEP” level. In contrast, in the Southern China region, the PFP at
the “HYP” level accounted for about 79% of that at the “HEP” level, while the
PFP at the “FP” level was close to the PEP at the “HEP” level.

The NAE (nitrogen agronomic efficiency) values at the “HYP” and
“FP” levels were similar in the Huang-Huai-Hai and Southern China
regions when the influence of soil was neglected and only the agronomic

practices were considered (Fig. 9, Supplementary Table 6), indicating that
nitrogen use efficiency under the current level of farmer management was
identical to that under the high-input management level. In Xinjiang, as
irrigation and N fertilizer application increased, both PFP (partial factor
productivity) and NAE (nitrogen agronomic efficiency) decreased (Fig. 9d).
This was because Xinjiang is an extremely arid region in China despite good
light and temperature conditions. Thus, continuous increase in N fertilizer
input could narrow the winter wheat yield gap but would inevitably decrease
the NUE in this region.

During the baseline period of 1961-2020, NAE showed an upward
trend. Under the SSP585 and SSP245 scenarios, NAE (nitrogen agronomic
efficiency) increased further in three main winter wheat producing regions
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average yields projected based on the multi-GCM ensemble in the period of
2021-2100 under SSP245 and SSP585, respectively. Shaded ranges illustrate the
interquartile range (IQR) of all global climate models (GCMs). The solid lines show
the mean response curves (b, ¢, e, f, h, i). Box boundaries indicate the 25" and 75"
percentiles; the line within each box marks the median; whiskers below and above
the box indicate the 10" and 90™ percentiles, respectively.

(Fig. 9, Supplementary Table 6). NAE values at the “HEP” level in the
Huang-Huai-Hai region increased at a remarkably higher rate under
SSP585 than under SSP245. However, only under the SSP585 scenario did
NAE show a decreasing trend after 2090 (Fig. 9b). Regarding spatial dis-
tributions, except for the Xinjiang region, NAE gradually increased from
north to south over the past 60 years. The NAE at the “HEP” level in the
middle and lower reaches of the Yangtze River Plain was even higher than
that at the “HYP” and “FP” levels (Fig. 8). Compared with the baseline
period of 1961-2020, the projected NAE was similar under the SSP585 and
SSP245 scenarios, while the Southern China region had relatively higher
NUE values. This suggested that optimized agronomic practices in Southern
China could lead to more significant improvements in winter wheat yield
and nitrogen use efficiency than other regions in the future.

In contrast to NUE, various agronomic practices exhibited comparable
water use efficiency (WUE), although the Huang-Huai-Hai and Xinjiang
regions are water-scarce (Fig. 8 and Supplementary Fig. 17, Supplementary
Table 6). Thus, similar irrigation levels were required to ensure winter wheat
growth in these two regions. Only WUE; showed clear differences in the
Huang-Huai-Hai region at different agronomic practice levels (Supple-
mentary Fig. 13a). The “FP” level had the highest WUE;, whereas the “HYP”
level had the lowest WUE,, indicating that the region’s overall WUE; was
substantially elevated. Consequently, rising irrigation levels were unlikely
further enhance WUE;. In Southern China, where water resources (such as
precipitation) were abundant, irrigation was not applied in agronomic
practices, leading to higher WUE under high-yield conditions. Due to the
lower yield at the “FP” level in the Southern China region, the WUE was
remarkably lower than that at the “HEP” and “HYP” levels. Xinjiang was a
special winter wheat-producing region due to its historical labor and water

shortages”, which was actually not a traditional winter wheat planting
region in China™**'. However, due to the good solar and thermal resources
and advancement in agricultural irrigation technology, especially the heavily
promoted technique of drip irrigation, winter wheat cultivation was per-
mitted and rapidly expanded in Xinjiang. This study found that despite the
high cost of drip irrigation technology, most water in winter wheat pro-
duction was provided through the drip irrigation systems, resulting in a
lower WUE; than in the Huang-Huai-Hai region. Moreover, the WP (water
productivity) and WUE,, in Xinjiang were also slightly lower than those in
the Huang-Huai-Hai and Southern China regions. This was due to the
higher solar radiation and temperature conditions in Xinjiang, which could
increase the evapotranspiration (ET) and subsequently reduce the WUE*>™.
Based on the projections under the SSP585 and SSP245 scenarios, the
increase in winter wheat yield would also boost in future WUE,,. However,
the increase of WUE, under SSP585 scenario was higher than that under the
SSP245 scenario in the Huang-Huai-Hai region and at the “HYP” level in
the Xinjiang region (Supplementary Fig. 14). Regardless of the baseline or
future periods, the spatial distributions of WUE,, remained the similar, with
higher values in the northern part of the North China Plain in the Huang-
Huai-Hai region and the Sichuan Basin in Southern China.

Contributions of different sources to the uncertainties in climate
change impact projections

There were usually considerable uncertainties in the productions of future
winter wheat yields. For the three main producing regions and five yield
levels of winter wheat, we partitioned the total uncertainties in wheat yield
predictions into four main different uncertainty sources of CO,, global
climate models (GCMs), climate scenarios, and internal variations (Fig. 10).
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Winter wheat yield gaps were projected based on an ensemble of 27 different global
climate models (GCMs) in two future periods of 2040s (2021-2060) and 2080s
(2061-2100) under the SSP245 and SSP585 scenarios at stable and changing CO,
levels.

In some recent studies about wheat yield predictions, GCMs were proven to
be the greatest uncertainty contributor, accounting for over 50% of the total
projection uncertainties. This indicated that different climate models could
dramatically influence the predictions of winter wheat yields. The uncer-
tainty contribution from GCMs gradually decreased over time in three main
winter wheat-producing regions, but the GCMs still dominated the
uncertainties in winter wheat yield predictions at the end of the century. The
projection uncertainties caused by the greenhouse gas emission scenarios
and CO, concentrations could be neglected in the early predictions of winter
wheat yields, but the uncertainty contribution by CO, concentrations gra-
dually increased and could account for more than 60% of the total projection
uncertainty by the end of this century. This could be explained by the fact
that the influence of future anthropogenic greenhouse gases (CO,) would
increase dramatically after 2050 in China™. For the predictions of winter
wheat yields in the Huang-Huai-Hai and Xinjiang regions, the uncertainty
caused by the greenhouse gas emission scenarios gradually increased,
although this phenomenon varied at different agronomic practice levels.
Specifically, the uncertainty contribution from the scenario gradually
increased to about 10% in 2080-2100 at the “HYP”, “HEP”, and “FP” levels
in the Huang-Huai-Hai region and the “YP” level in the Xinjiang region.
Additionally, the uncertainty contribution from the scenario could be
ignored in winter wheat yield predictions under other conditions. The
uncertainty contribution from internal variations was around 20% in the

early period of the 21st century, but it became less than 5% in most areas by
the end of the 21st century. This was because natural climate system fluc-
tuations had a greater impact on near-term climate change, but such
influence would decrease with time™. The results suggested that GCMs
were the dominant uncertainty contributor in near-term winter wheat yields
projections, but the uncertainty contribution by CO, concentrations would
dominate long-term projections of winter wheat yields.

Discussion

Agronomic-practices-dependent responses of winter wheat
yields to climate change

Changes in China’s winter wheat production would greatly impact global
wheat trade, which highlighted the urgent need for accurate estimates of
yield variations in current wheat-producing regions in China. Thus, high-
spatial-resolution analyses of winter wheat yield gaps in different climatic
zones and cultivation systems were essential to adequately inform policy-
makers and agricultural planners about future food security and land use in
China. For this reason, this study (i) differentiated five yield levels for winter
wheat production in China; (ii) categorized the primary wheat cultivation
systems in the three main winter wheat producing regions (i.e., Huang-
Huai-Hai, Southern China, and Xinjiang); (iii) conducted future winter-
wheat yield projections with the DSSAT-CERES-Wheat, a wheat growth
simulation model that were rigorously validated for its ability to estimate
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Fig. 9 | Nitrogen use efficiency (NUE) of winter
wheat for different levels of agronomic practices
in three main producing regions (i.e., Huang-
Huai-Hai, Southern China, and Xinjiang)

of China. a Panels show the NUE during the base-
line period of 1961-2020 (1 = 60). The plots display
mean horizontally jittered values of PFP (fertilizer
partial factor productivity, kg ha™') and NAE
(nitrogen agronomic efficiency, kg ha™") through a
boxplot and a split-half violin plot of the density.
NUE values annotated with *, **, or *** are sig-
nificantly different at P < 0.1, P < 0.05, or P<0.01,
respectively. b-d Plots for the average NAE changes
in the baseline period (1961-2020) and future per-
iod (2021-2100) under the SSP245 and SSP585
scenarios. The solid lines are the mean response
curves based on a 5-year moving average.
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wheat yields across the major regions in China; (iv) relied on historical
weather data from the past 60 years (1961-2020) and forecasted weather
data for the next 80 years (2021-2100) (Supplementary Figs. 4-6, Supple-
mentary Table 4); and (v) employed the Global Yield Gap Atlas (GYGA), a
bottom-up scaling protocol that was validated for its capacity to reproduce
crop performance across large climate variations

7-59

This study explored whether agronomic practices could enhance
productivity, narrow yield gaps, improve resource utilization efficiency, and
alleviate climate change impacts in winter wheat production in China
through a combined approach of field experiments and crop model simu-
lations. First, the simulated national average yields of winter wheat at dif-
ferent levels (YP: 103 t ha™'; HYP: 7.5kgha™"; HEP: 7.0kgha™; FP:
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f-j Southern China region: contributions for the same yield levels as (a—e); k-o
Xinjiang region: contributions for the same yield levels as (a-e). Green, red, yellow,
and gray colors represent the changes of uncertainty contributions by CO, con-
centrations, global climate models (GCMs), greenhouse gas emission scenarios, and
internal variability, respectively.

6.6 kgha™'; BSF: 4.5kgha™) in this study differed from previous regional
yield assessments, particularly when compared to the national winter wheat
yield potential simulated with the APSIM model (8.1 kgha™')* and the
national yield potential estimated from historical record-high yields (9.0 t
ha™")*". This finding indicated that the previous conclusions often under-
estimated the potential yield levels of winter wheat in China® . Addi-
tionally, this study simulated winter wheat yields at the “HEP” and the “BSF”
yield levels under different agronomic practices. However, due to the lack of
site-specific experimental data for different agronomic practices, previous
studies primarily focused on crop yield gaps related to water-limited and
farmer-attainable yields">**. Nevertheless, in the actual winter wheat
cultivation systems in China, rainfall was the primary water source in the
Southern China region, but besides irrigation, N fertilizer was also an
essential measure to increase winter wheat yield in the Huang-Huai-Haiand
Xinjiang regions'”®. Therefore, this study combined field experiments with
various agronomic practices with crop growth simulation models to assess
the potential of different management strategies in narrowing the yield gap
of winter wheat, such as irrigation, fertilization, sowing dates, and planting
densities. Thus, the approach of yield gap analysis in this study surpassed the
relevant studies that examined yield gaps solely based on statistical yields or
rain-fed yields.

This study demonstrated that the national yield at “YP” level was about
21% higher than at the “HYP” level (Fig. 6d), which indicated that even
when winter wheat approached the maximum achievable yield, there was
still room for further yield improvement in the future. In other words,
farmers could increase winter wheat yields by further increasing agricultural
inputs, particularly by improving irrigation and fertilization practices to
ensure an adequate supply of nutrients and water throughout the growing
season and to avoid abiotic stress on crop growth. However, different
agronomic practices had various degrees of potential to narrow winter
wheat yield gaps, and there were great spatial variations both in actual yields
and the potential yields under different agronomic practices across China.
For instance, in some areas of Xinjiang and the Huang-Huai-Hai regions,
there was an obvious upward trend in winter wheat yield over the past 60
years, particularly at the “HYP” and “YP” levels. This could be attributed to

two crucial meteorological factors influencing winter wheat yield under
sufficient water and nitrogen conditions, namely solar radiation and tem-
perature. Since the north-high-latitude regions have experienced a faster
warming trend globally”’, winter wheat production in these regions may
probably benefit from the future climate change. Jagermeyr et al.”" showed
that global wheat production exhibited a distinct geographical gradient over
the past few decades, with a significant increase in winter wheat yields
observed in the North China Plain, which was consistent with the results at
several yield levels in this study.

In this study, based on combinations of different global climate models
(GCMs), climate scenarios, and CO, levels, we investigated the spatio-
temporal variations in China’s winter wheat yields under future climate
change (Supplementary Figs. 8, 9). The predictions of winter wheat yields
indicated an overall increasing trend, attributable to the higher tempera-
tures, increased rainfall, and elevated CO, concentrations during future
winter wheat growing seasons’””. Xiao et al”’ reported a 7.7%-12.0%
increase in wheat yield in the North China Plain under CMIP5 emission
scenarios. In this study, winter wheat yield at the “FP” level was predicted to
increase by 19.4-44.2% under CMIP6 scenarios. The results indicated that
winter wheat productivity under CMIP6 scenarios had a more remarkable
improvement than the CMIP5 scenarios, which was also consistent with the
result of another study’".

Distribution and potential for narrowing yield gaps in China

Yield gaps of winter wheat were estimated in many countries worldwide.
Generally, the winter wheat yield gap between rainfed and irrigated fields
was about 34%". In economically developed countries (e.g., Australia and
Germany), wheat yield gaps between rainfed potential yield and farmer’s
actual yield ranged from 1.0 to 2.0 t ha™' 7%, However, in major wheat-
producing countries in Sub-Saharan Africa (e.g., Tanzania, Kenya, and
Ethiopia), yield gaps could reach about 5.8 tha™" 7 (www.yieldgap.org). The
lower wheat yield gaps in developed countries could be attributed to
implementing effective agronomic practices, such as optimal N fertilization
in suitable environments™*. On the other hand, the high yield gaps in
developing countries were mainly due to resource shortages, backward
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agronomic practices, and smallholder production systems®"*>. This study
reveals that although the wheat yield gap in China ranks low globally, there
remains significant potential to reduce it through scientific advancements,
such as improved water and nitrogen management and optimized planting
techniques, including sowing adjustments.

Compared with the previous approaches of crop yield gap analysis
based on potential yield, rainfed yield, and actual yield, it could provide a
more comprehensive and insightful understanding of the underlying causes
of yield gaps by incorporating additional crop yield levels. The yield gap
analysis based on expanded yield levels can offer a more intuitive reflection
of the internal factors shaping yield gaps and served as a valuable reference
for devising specific strategies to reduce yield gaps. For instance, in Xinjiang
regions, YG-3 was dramatically higher than the other regions (Fig. 7, Sup-
plementary Fig. 11), which indicated that winter wheat yield was very low at
the “BSF” level and substantial increase in winter wheat productivity could
be achieved by farmers through agronomic practice improvement. This was
because the Xinjiang region is a typical arid region in China, characterized
by severe water scarcity. Under SSP245 and SSP585 scenarios, the yield gap
of YG-3 would increase further. In Xinjiang, wheat cultivation and irrigation
mainly occur in spring and summer. Therefore, increasing future droughts
in the spring and summer seasons may further enhance the water irrigation
requirements for wheat growth in Xinjiang region***'. The yield gap of YG-2
in Southern China consistently outperformed the other regions under all
conditions, indicating a remarkable yield gap between wheat production at
the “FP” and the “HEP” levels. This was because improved agronomic
practices could enhance resource use efficiency while maintaining crop yield
in this region, which was also supported by some previous studies in this
region”***. Purthermore, the national yield gap of YG-0 would con-
tinuously increase in the future, particularly under the SSP585 scenario in
2061-2100, where YG-0 would exhibit an obvious rise compared with the
baseline period of 1961-2020. Since the north-high-latitude regions
experienced a faster warming trend in the world, wheat production in
Xinjiang and the Huang-Huai-Hai regions would benefit from the future
climate (Fig. 6)”.

The projection results through the ensemble of multiple GCMs and
climate scenarios showed that the variation in yield gaps was not obvious in
the 2040 s (2021-2060), but it became greater in the 2080 s (2061-2100)
(Supplementary Fig. 12). The range of yield gap changes increased with the
climatic vacillation, in other words the projected yield gaps under SSP585
were greater than those under SSP245, while the projected yield gaps in the
2080 s were greater than in the 2040 s. This was consistent with several
previous predictions of crop yields in China*”***. Thus, under future
climate conditions, switching from current agronomic practices to “HEP”
and “HYP” practices could dramatically increase winter wheat yields
(Supplementary Fig. 12). China’s total wheat planting area was about 21.64
x 10°ha in 2020%. If the yield gap could be narrowed, the national winter
wheat yield would increase by 5.96-11.92 x 10° t year ' without expanding
the current winter wheat planting area in the future, which would
undoubtedly greatly contribute to world food security.

Suggestions for optimization of agronomic practices

In addition, excessive chemical fertilizer use was frequently observed among
smallholders in the intensive crop production systems in China”. Unrea-
sonable application of chemical fertilizers resulted in severe agricultural
pollution, which necessitated effective policy measures to address the
environmental problems caused by N fertilizer. Actually, China has
implemented serious policies to reduce N fertilizer application, as evidenced
by the national agricultural N application rate exhibited zero growth in
2017%. However, simply reducing N fertilizer use across all regions may
harm food security. This study found considerable variations in nitrogen use
efficiency (NUE), which was represented by PFP (partial factor pro-
ductivity) and NAE (nitrogen agronomic efficiency), in the three main
winter-wheat producing regions of China (Fig. 9), with the Huang-Huai-
Hai region having the greatest potential for improving NUE. Studies on
water and fertilizer practices in this region also demonstrated that

improving agronomic practices could dramatically enhance NUE while
maintaining winter wheat yields”~’. However, it was noteworthy that both
PFP and NAE of winter wheat had the highest values at the “FP” level and
the lowest values at the “HYP” level in the Xinjiang region. Winter wheat
was grown under a condition of high radiation, low temperature, and
limited rainfall in the Xinjiang region, resulting in low “BSF” yield
(Fig. 6¢)®. Therefore, irrigation was required in the growing seasons to
enhance wheat production (Supplementary Fig. 1). Although increasing N
application could boost wheat yield, water availability posed a greater threat
to wheat yield. Consequently, the NUE continuously declined despite
increased yield. Thus, future improvements in agronomic practices should
focus on enhancing water utilization efficiency (WUE), reducing soil eva-
poration, and optimizing light and temperature resource use to optimize the
agronomic practices in Xinjiang region. Attention should be paid to
improving the frequency and amount of drip irrigation, applying plastic-
film mulching, and adjusting sowing date and density’™**.

In contrast, the findings about WUE in winter wheat production dif-
fered from those of NUE in this study. The WUE, did not show a gradient
difference in its geographical distribution (Fig. 8), and this was also the case
in the future predictions (Supplementary Fig. 17a-b). This was probably due
to the design of the agronomic practices at the experimental sites in this
study. Due to the severe droughts and limited water resources in the Xin-
jlang region, an advanced drip irrigation technique with high irrigation rates
was adopted for winter wheat cultivation to ensure normal growth (Sup-
plementary Table 1 and Supplementary Fig. 1)°>°. In contrast, winter wheat
production mainly relied on rainfall in Southern China due to abundant
water resources. This situation led to similar water inputs in different
agronomic practices, which could result in small differences in WUE across
different winter-wheat producing regions in China. This reflected the actual
local farming conditions. Future predictions indicated that the WUE, at the
“HEP” and “HYP” levels was significantly higher than at the “FP” level in
Southern China. This finding demonstrated that despite of the general
absence of irrigation in the growing seasons of winter wheat, improving
agronomic practices could still enhance water resource utilization efficiency
in Southern China.

We compared the relative changes in NUE and WUE between the
“HEP” and “FP” levels, as well as between the “HYP” and “FP” levels
(Supplementary Fig. 16). This study demonstrated that improving agro-
nomic practices could narrow either the yield gap or the NUE gap in the
Huang-Huai-Hai region. However, it could not simultaneously narrow the
two gaps of yield and NUE in this region. This study indicated that
increasing the N rate could effectively reduce both yield gaps and efficiency
gaps in Southern China. With higher nitrogen application, winter wheat
yield increased by approximately 14.6-20.5%, and NAE also increased by
more than 20%. Therefore, increasing N fertilizer application could be
considered an optimal agronomic practice in this region. In contrast to this
region, with high N fertilizer input at the “HEP” and “HYP” levels in Xin-
jiang region, the yield increased by only about 3.2% and 9.3%, but the NUE
decreased by over 20% (Supplementary Fig. 16). Thus, this study demon-
strated that if winter wheat yield needed to increase in the Xinjiang region in
the future, resource use efficiency should not be disregarded.

The relative changes in NUE and WUE in the 2040 s period were
similar to those in the baseline period (1961-2020), but different from the
2080 s period under future climate change in China (Supplementary
Fig. 18). With elevated CO, concentrations in the SSP585 scenario,
improvements in agronomic practices in the 2080s could further reduce the
yield and efficiency gaps in winter wheat production. This would alleviate
the contradiction between resource use efficiency and agricultural yield in
future winter wheat production in China (Supplementary Fig. 18a, b). This
study demonstrated that future wheat production in China would increase
with the agronomic practices at the “HEP” level, while the utilization effi-
ciency of water and N resources would be dramatically improved compared
to the high-input level of “HYP”. Thus, due to the obvious environmental
variations across different regions in China, different winter wheat produ-
cing regions in China should improve their agronomic practices according
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to their own development needs. For instance, the regions with abundant
water resources or lower fertilizer costs (e.g., the Huang-Huai-Hai region)
could prioritize narrowing yield gaps and pursuing yield potential. How-
ever, if the objective was to reduce economic costs and minimize the eco-
logical impacts of N fertilizers while maintaining current wheat yields,
improving agronomic practices could enhance fertilizer use efficiency and
narrow the efficiency gap. In Southern China, efficient agronomic practices
could simultaneously narrow yield gaps and improve resource use effi-
ciency, and therefore, such practices should be encouraged. In contrast, in
Xinjiang, agronomic practices should be optimized according to the specific
needs, as yield increase would inevitably reduce resource use efficiency in the
region. In conclusion, improving agronomic practices could reduce yield
disparities or resource utilization gaps in all winter wheat-producing regions
of China. Furthermore, this conclusion remained valid in the context of
future climate change in China.

Uncertainties in winter wheat yield projections

By analyzing the uncertainties in the projections of winter wheat yields
under future climate change, this study elucidated the main factors
underlying future variations in winter wheat yields. In the initial stage of the
2021-2100 period, the global climate models (GCMs) emerged as the pri-
mary source of uncertainty in the predictions of winter wheat yields in
China, followed by internal variability and future greenhouse gas emission
scenarios. Actually, Jiang et al.””*” also found that GCMs were the major
uncertainty contributor in future predictions of winter wheat yields in the
Loess Plateau (a part of the Huang-Huai-Hai region) of China. However,
this study found that the projection uncertainties contributed by different
factors varied over time. Uncertainty contributions from GCMs and
internal variability gradually decreased over time, while those from CO,
concentration and climate scenarios increased. Especially in the initial
several decades, the uncertainty contributions from the scenario could be
neglected. However, at the potential yield levels nationwide and at most
yield levels in the Huang-Huai-Hai region, scenario uncertainty gradually
increased. This could be explained by the remarkable influences of global
warming and increased radiative forcing on the yield potential and pro-
duction of winter wheat after 2050. Lu et al.”” also demonstrated that the
scenarios would gradually exceed the internal variability in contributions to
projection uncertainties and become the primary uncertainty source after
2050. Notably, the impacts of CO, concentrations on winter wheat pro-
duction in China would gradually increase and become the largest uncer-
tainty source after 2050. Based on the projections of future yield levels, it was
found that future increases in greenhouse gases would positively affect the
winter wheat yield in China, which was consistent with the findings of
numerous related studies in the past””*". Furthermore, it was found that
improving current agronomic practices would enhance the positive effects
of CO, concentration, thereby providing even greater benefits to winter
wheat production in China.

Future recommendations for efficient agronomic practices

Previous studies typically focused on simulations of rainfed systems and
temperature-radiation potentials, lacking detailed classifications of yield
gap types. In contrast, this study offered a practical and targeted solution
to address yield gaps, specifically proposing the implementation of more
effective agronomic practices tailored to different regions. There were
certain uncertainties in the model simulations in this study, primarily
due to the errors in soil and weather data, the impacts of extreme climate
events, and the interference of non-climatic factors such as pests and
diseases. Thus, future researches should increase model simulation
accuracy by using higher-resolution data or through data assimilation
methods to improve prediction reliability*”. However, the main objec-
tive of this study was to analyze, through upscaling simulations and
future predictions, whether agronomic practices could serve as an
effective approach to address the growing challenges of climate change.
By conducting agronomic trials at sites and integrating climate change
predictions into the model, this research provided concrete strategies for

narrowing yield gaps. Additionally, uncertainty analysis supported the
conclusion that optimizing agronomic practices was the most effective
way for China’s wheat production to adapt to future warming and
increased CO,. This study proposed efficient agronomic practices as a
feasible solution to address the potential opportunities and challenges in
future agricultural sustainability. However, actual implementation of
these practices will require further investigation into the social and
economic conditions in China, considering the great regional variations
in socio-economic factors, infrastructure limitations, cost constraints,
cultural preferences, and knowledge gaps. This may necessitate govern-
ment support through subsidies for precision irrigation or technical
guidance for farmers in underdeveloped areas in China.

Methods

Field experiments and levels of agronomic managements

The field experiments in this study were based on a project in the ‘Five-Year
Plan’ for Agriculture by the Chinese government. The project had several
objectives: the first was to explore the distribution of winter wheat yield gaps
across the whole country; and the second was to investigate the potential for
narrowing these yield gaps and enhancing water and nutrient use efficiency
through optimized management practices in wheat production in China. A
distinctive feature of the project was the establishment of experimental sites
across the country, where continuous multi-year trials were conducted. This
study mainly focused on the potential for increasing winter wheat yields in
China in the future. A total of five different yield levels were set for crop
model simulations (Figs. la and 2), but only four levels (except for the
‘Potential yield’ level) were tested at the experimental sites in the three major
winter-wheat producing regions (ie., Xinjiang, Huang-Huai-Hai, and
Southern China) in China. A total of 22 different sites were selected for
three-year (2017-2019) field experiments (Fig. 3b) across China. According
to the project requirements, the selected sites were chosen from both tra-
ditional wheat growing regions and high-density wheat cultivation areas in
China. These sites have a history of wheat cultivation more than ten years,
with a large number of local farmers engaged in wheat farming in the
surrounding areas. A comparison of the wheat planting density maps
demonstrated that the selection of these sites could meet the specified cri-
teria (Fig. 3). At each site four different levels of agronomic management
practices (i.e., BSF, FP, HEP, and HYP; Fig. 1a) were implemented for local
winter wheat production. The differences among the agronomic practice
levels were reflected in the differences in irrigation rate, N fertilizer rate,
sowing date, and seeding density. Variations also existed in the irrigation
and fertilization frequency (Supplementary Table 1 and Supplemen-
tary Fig. 1).

Previous yield gap studies usually divided crop yield into different
levels, thus resulting in different definitions of the yield gap. This study
combined the previous yield-gap assessment protocols and defined five
different yield levels were first defined, and then the yield gaps were defined
as the differences between two adjacent yield levels (Fig. 1a). The yield levels
of Yield potential’ (YP) referred to the maximum yield simulated by crop
model under the conditions without nutrient deficiency, pests, or
diseases™”. Corresponding to the four levels of agronomic management,
there were also four different levels of yields, namely ‘High-yield practice’
(HYP), ‘High-efficiency practice’ (HEP), ‘Farmer practice’ (FP), and ‘Basic
soil fertility’ (BSF).

More specifically, the agronomic management level of ‘Farmer prac-
tice’ (FP) referred to the field management measures of local farmers,
representing the typical local agricultural practice. A total of 2-5 villages
were randomly selected in the county where the experimental sites were
located, and several farmers were randomly selected in each village for
interview, mainly about their management practices for winter wheat
production. The ‘High-efficiency practice’ (HEP) level was the optimized
local agronomic practices by researchers based on previous cultivation
experiments to ensure higher crop yields and higher resource utilization
efficiency. The optimized management strategies included appropriate
planting density and row spacing, suitable N fertilizer amount and
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application schedule, and supplementary irrigation when needed'*~'”. The
‘High-yield practice’ (HYP) level referred to sufficient irrigation and N
fertilizer for the high-yield and high-efficiency management measures,
ensuring that crop plants were not subject to water and N stresses in growth,
and achieving the highest yield that could be obtained at the experimental
sites. And the ‘Basic soil fertility’ (BSF) level referred to the final yield that
was obtained without any irrigation or fertilization during the whole
growing season of winter wheat.

Protocols for yield gap assessment and spatial upscaling

In this study, we followed the protocols established by the Global Yield
Gap Atlas (GYGA; www.yieldgap.org) to estimate the yield gaps of
winter wheat. The GYGA utilized the primary, location-specific data to
the extent possible and a robust upscaling framework to estimate yield
gaps at larger levels of spatial aggregation, such as climate zones (CZ),
regions, and national scales. The GYGA protocols were based on a matrix
of three categorical variables (growing degree days, aridity index, and
temperature seasonality) to delineate the climate zones for harvested
areas of food crops™'”. Buffer zones of the reference weather stations
(RWS) in each region were selected following the protocol described in
GYGA for winter wheat production®**'™. In this protocol, the climate
zone map was superposed on a digital map of spatial distributions of
winter wheat (with a grid-cell resolution of 10 km x 10 km)'® to identify
the weather stations located in areas with the greatest density of wheat
production. Then circles with 100-km radius were drawn as the buffer
zone to surround all of the weather stations. Previous research indicated
that increasing the number of reference weather stations to cover more
crop growing areas actually did not improve the estimates of yield gaps at
the regional level’®. Thus, it was rational to select the buffer zones from
big to small in each region according to their covered harvested wheat
areas until the total harvested area became greater than 50% of the buffer
zones. Following this protocol, a total of 82 reference weather stations
(RWS), which covered about 60% of the national harvested wheat areas,
were selected with their individual buffer zones. The 82 reference weather
stations were located in 26 climate zones, covering about 89% of the
national wheat production areas (Fig. 3b). More details about the loca-
tions of selected reference weather stations and the dominant planting
cultivars in each RWS buffer zone were provided in Supplementary
Table 1.

The selected reference weather stations were then grouped into three
main winter-wheat producing regions (i.e., Huang-Huai-Hai region,
Southern China region, and Xinjiang region) in China according to the
climate zones and their different cultivation systems (Fig. 3a). The
Huang-Huai-Hai region mainly adopted the wheat-maize rotation sys-
tem, the Southern China region mainly adopted the rice-wheat rotation
system, and the Xinjiang region implemented a very specific dryland
agricultural system with drip irrigation due to scarce precipitation. To
estimate wheat yields and yield gaps in different agricultural climate
zones and the three main producing regions, we first used the harvested
wheat areas within RWS buffer zones as the weights for spatial upscaling
(Eq. 1). Then, we used the harvested wheat areas in the climate zones in
each main producing region as the weights for spatial upscaling (Eq. 2).

q
i=1 Ystation‘ x AreaRWSbufferzonei

q
Z i=1 AreaRWSbufferzonel

Yclimatezone = ( 1 )
where Yjimate zone i the crop yield at climate zone level; g is the number of
reference weather stations within the climate zone; and Areagysyufersone, 1S

the harvested crop area in the buffer zone of i-th reference weather station.

s
_ Zi:l Yclimatezonel x Areaclimatezonei

area — g
Z i=1 Are aclimatezone,

Y @

where Y., is the crop yield in different main winter-wheat producing
regions; s is the number of climate zones in each winter-wheat producing

region; and Area ;. csone. 1S the harvested crop area in the ith climate zone
in each winter-wheat producing region.

Weather and soil data sources

Long-term measured daily weather data were crucial for robust simulation
of the phenology dates and yields of winter wheat. The meteorological data
required for model simulation included maximum and minimum tem-
perature, wind speed, and solar radiation. Daily weather data were obtained
for all weather variables (except for solar radiation) in 60 historical years
(1961-2020) from the National Meteorological Information Center (http://
data.cma.cn/) of China Meteorological Administration for the selected
representative weather stations and the experimental sites. Following pre-
vious research, the solar radiation data were calculated based on daily
sunshine hours in the meteorological data'”. The weather data used in this
study underwent quality control methods and were widely applied in past
relevant studies.

Soil properties could affect the simulation accuracy of winter wheat
yield, as they generally did not change over time but could vary greatly
among different regions. Soil water-holding properties, which were related
to the soil water balance in the experimental sites and the reference weather
stations, were obtained from the Chinese soil hydrographic dataset (https:/
www.nesdc.org.cn/)'”. Other soil properties, including ammonium N,
nitrate N, bulk density, organic carbon, and pH at different soil depths, were
measured and calculated at the experimental sites. Meanwhile, these same
soil properties of the reference weather stations were obtained from the
Chinese soil hydrographic dataset and the HWDS (Harmonized World Soil

Database version 1.1) dataset'®.

Crop model simulations of different levels of winter wheat yields
Crop growth models can simulate wheat growth, development, and yield by
considering the interaction of environment, genetic, and management. Five
wheat yield levels were simulated with the DSSAT-CERES-wheat V4.7
model based on the actual crop management practices in the field
experiments'”, measured daily weather data, soil characteristics, and genetic
parameters of the representative wheat varieties. This model has been well
validated in field experiments conducted in various environments and
extensively used to simulate yield levels in various wheat cropping systems
in the world”"""">. To compare the simulated results with the actual
observations at the sites, we simulated winter wheat growth for each yield
level across all of the 22 experimental sites involved.

The experiments were conducted for three continuous years from
2017-2019, with 19 different wheat varieties involved. More specifically, two
different wheat varieties were planted in the Huang-Huai-Hai region and
three in the Xinjiang region, and the same varieties were planted at the same
sites in these two regions for three years. However, there were a total of 14
different wheat varieties involved in the experiments in the Southern China
region because different varieties were planted in different years, even at the
same experimental site. Thus, wheat varieties in Xinjiang and the Huang-
Huai-Hai regions were generally stable, while the 14 wheat varieties in the
Southern China region were grouped and represented by three sets of
genetic parameters according to their administrative regions. Additionally,
crop model simulations with the regional representative wheat varieties
could also ensure the accuracy of regional simulations of winter wheat
yields'".

First, the genetic parameters of different wheat varieties were evaluated
through the least square method with the R language. For each winter wheat
variety, model calibration was conducted based on the experimental data
from one site-year experiment, and model validation was performed with
the data from other site-year(s). These two sets of experimental data were
independent. The experimental observation data included yields, phenology
dates (anthesis and maturity), fertilizer partial factor productivity (PFP), and
nitrogen agronomic efficiency (NAE) of winter wheat. Model calibrations
were conducted in different regions and at various yield levels, respectively
(Supplementary Figs. 4-6). Degrees of association and agreement between
simulated and observed variables were assessed by the coefficient of
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determination (R% Eq. 3), root mean square error (RMSE; Eq. 4), and RMSE
expressed as a percentage of the observed mean (NRMSE; Eq. 5).

R2=< i) — () ) )
Y2 = (2 n Yy — ()]

RMSE = [(Z (x— y)z/nﬂ ° “4)

NRMSE = [(Z (x — y)? /n)] "M, X 100% )

where x and y represent the simulated and observed variable values, and n
represents the number of paired values. R* close to 1 and RMSE/NRMSE
close to 0 indicate a good agreement between the model-simulated and field-
observed values.

Although there were disparities between different yield levels, the
simulated yields were in close agreement with the observed yields after
model calibration. The RMSE value was less than 1.0 tha™ in the three main
wheat-producing regions. The NRMSE was about 14.2% in the Southern
China region but was less than 5% in Xinjiang region (Supplementary
Fig. 4). The results of model validations at different yield levels showed that
the RMSE at the Farmer practice’ level was higher than the other three
levels, due to higher simulated yields than the actual yields at the experi-
mental sites. However, the R? of all simulation results was greater than 0.5
and was concentrated along the 1:1 lines (Supplementary Fig. 5). The model
validation results of wheat phenology dates (anthesis and maturity dates)
were similar to the yields. The RMSE values of anthesis and maturity dates
were 2.1-3.5d and 3.0-4.0 d, or 0.9%-2.4% and 1.4%-1.7% of the average
observation dates, respectively. In summary, the reasonable agreement
between the observed and simulated yields and phenology dates of winter
wheat confirmed that the calibrated CERES-wheat model was robust in
reproducing the different yield levels across a wide range of climates and
wheat cropping systems in China. We then conducted model simulations at
each selected reference weather station by referring to the genetic para-
meters of the representative regional wheat variety and the agronomic
practices in the experimental station that was closest to the reference
weather station. In the processes of model calibration and validation at each
experimental station, four wheat yield levels were simulated because actual
measurements were available for comparisons. In addition, the potential
yield level was also simulated, resulting in five simulated yield levels
according to the yield gaps of winter wheat defined previously (Fig. 1).

Winter wheat yield projections under future climate scenarios

In this study, we assessed the impacts of future climate changes on yield gaps
and resource use efficiency of winter wheat by projecting the yields at
different production levels in future periods of 2021-2100 under two dif-
ferent scenarios of SSP245 and SSP585 based on the Coupled Model
Intercomparison Project phase (CMIP6). The Mann-Kendall test was used
to perform trend analysis for winter wheat yields in the baseline and future
periods'"*'”>. Moreover, the response of the crop to atmospheric CO,
concentration was considered and fitted for the two scenarios based on the
projection data from the SSP database (Eqgs. 6 and 7)'"°. Thus, we could
evaluate the effects of stable and changing CO, levels on wheat production
under each scenario. Future climate in periods of 2021-2060 and 2061-2100
of each reference weather station were obtained from a total 27 different
global climate models (GCMs; Supplementary Table. 4). The statistical
downscaling model NWAI-WG, which was developed by Liu and Zuo'”,
was used to downscale the GCM monthly gridded data to daily climate data
for each of the selected reference weather stations. This statistical

downscaling model were widely used and evaluated in China and
Australia®”*"'",

[COL e T + 0.028057 X (y — 1900)”

+0.00026827 X (y — 1960)° — 9.2751 X 1077 X (y — 1910)" — 2.2448 X (y — 2030)

(6)

= 62.044 +

[COZ]WV =75744 + 0.20?411.33258195?;)')({45"2 +2.4712% 107 x r+ 15)2 7)

+1.9299 X 1075 X (y — 1937)* 4 5.1137 107 X (y — 1910)*

Calculations of water and nitrogen fertilizer use efficiencies
Nitrogen use efficiency (NUE) is a key indicator to study nitrogen cycles and
inform nitrogen management, which measures the efficiency and potential
environmental impacts of nitrogen use in crop production'*****""*'*’, In this
study, we used the fertilizer partial factor productivity (PFP, kg wheat grain
per kg fertilizer applied; Eq. 8) and nitrogen agronomic efficiency (NAE, kg
wheat grain per kg fertilizer applied; Eq. 9) as the measures of fertilizer use
efficiency since both of these two indicators could reflect the balance
between indigenous N supply and applied N fertilizer.

PFP = Gy/Fy (8)

NAE = (GN_GBasicsoil)/FN (9)

where Gy is the grain yield with N fertilizer application (kg ha™); Gpasic soil i
the crop yield without N application (kg ha™"); Fy is the amount of N
fertilizer applied (kg ha™).

Howell'*' defined crop water use efficiency (WUE) for yield levels as
the income of crop yield obtained per unit of water input'*”. In this study,
we selected three widely used indicators for crop water use efficiency
analysis and evaluation, including water productivity (WP, kg m™>
Eq. 10), broad water use efficiency (WUE,, kg m % Eq. 11), and irrigation
water use efficiency (WUE,;, kg m™ Eq. 12). This was because these
indicators had varying calculation methods, physical meanings, and
application contexts.

WP = Y/(10 XET) (10)
WUE, = Y/[10X(P + I)] (11)
WUE, = Y/(10% 1) (12)

where Y is wheat grain yield at different yield levels, kg ha™'; ET is total
season evapotranspiration, mm, which was calculated by the soil-plant-
atmosphere interface module in the DSSAT model; P is the amount of
precipitation during the growing season of winter wheat, mm; I is the
amount of irrigation during the growing season of winter wheat, mm.
After calculating water and nitrogen use efficiency, analysis of variance
(ANOVA) was conducted to compare the significant differences between
different agronomic practices. The cha.nges in N rate, irrigation rate, NAE,
WUE,;, and yield under the ‘High-efficiency practice’ and ‘High-yield
practice’ levels were calculated and compared with those under the ‘Farm
practice’ level. The relative changes were calculated using a specific
method.

Treatment Value — Control Value
Control Value x 100%

Relative Change = (13)

where the treatment value is the variable values under the ‘High-efficiency
practice’ (HEP) and ‘High-yield practice’ (HYP) levels; and the control
value is the values of the same variables under the ‘Farmer practice’
(FP) level.
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Quantification of the uncertainties in winter wheat yield
projections

Before separating the uncertainties in the projections of winter wheat yield, a
ten-year moving average was used to smooth the time series since winter
wheat yields had a large interannual variability. The HS09 method was
developed to characterize the contributions by the internal variability, model
uncertainty and scenario uncertainty to CMIP6 GCM projections'*’, which
was proven to be an effective method for distinct sources of uncertainty in
climate predictions™**'**'**. In this study, the HS09 method was also used to
separate the projection uncertainties contributed by CO, concentrations,
models, scenarios, and internal variability. The main procedures of the HS09
method were summarized as follows.

(1) Each individual prediction variable (x) was fitted by a fourth-order
polynomial in years of 2020-2100, based on the smooth fit (X) for each GCM
(g), scenario (s), CO, concentration change (c), and year () (Eq. 14).

'xg,s,at = Xg,s,at + sg;,c.t (14)
where X, is the smooth fit for each GCM, scenario, year, and CO,
concentration change; ... is the residual of the smooth fit.

(2) The projection uncertainty contributed by GCMs (M,) was
expressed by the variance across the global climate models (Eq. 15).

NN,
s,c=1 Varg(Xf“g,s,,c.t)

N,+ N,

M, = (15)

where N is the number of scenarios, N;=2; N, is the number of CO,
conditions, N, = 2.

(3) The projection uncertainty contributed by scenario (S;) was expressed
by the variance of the mean values of each GCM under each scenario (Eq. 16).

N,
X
St = var, <Zg_1 g,s.c,t)

N,

(16)

where Nj is the total number of GCMs for each scenario and CO, con-
centration changing, N, = 27.

(4) The projection uncertainty caused by CO, concentration changing
(C,) was calculated by the variance of GCMs mean for each CO, con-
centration changing in ¢-th year (Eq. 17).

N,
X
C, = Var, (Lg“ g‘””) (17)

N,

(5) The internal variability (Int) for each GCM was calculated by the
variances of scenario, CO, concentration changing, and time, which were
estimated independently of scenario, CO, concentration changing, and lead
time (Eq. 18).

N,

Int = (18)
N,
(6) The total uncertainty (T,) were calculated by Eq. 19.
T,=M,+S, +C, + Int (19)

The contributions of internal variability, models, and scenarios to the
total uncertainties in winter wheat yield projections were all expressed as
percentage.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The historical meteorological data can be obtained at http://data.cma.cn/.
The CMIP6 data can be accessed at https://esgf-node.llnl.gov/projects/
cmip6/. The soil properties can be accessed at https://www.nesdc.org.cn/,
and crop model emulators can be find at https://dssat.net/. The datasets used
in this study have been deposited in the public data repository at https://doi.
org/10.5281/zenodo.15140289.

Code availability
The scripts for data analyses are available at https://doi.org/10.5281/zenodo.

15140289.
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