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Abstract
The Loess Plateau is among the major winter wheat (Triticum aestivum L.) production areas of China. However, wheat 
production is uncertain across the Loess Plateau, and its potential for yield improvement remains unknown. In the present 
study, we divided winter wheat growing areas on the Loess Plateau into four climatic zones: arid (zone I), semi-arid (zone 
II), semi-humid (zone III), and humid (zone IV). Then, we used the validated Agricultural Production Systems Simulator 
(APSIM) to model Yp (potential yield) and attainable yield (water-limited yield, Yw; nitrogen-limited yield, Yn) of winter 
wheat on the Loess Plateau from 1961 to 2016. The simulated means for weighted Yp, Yw, and Yn were 8.87, 6.49, and 5.42 t 
ha–1, respectively. Ya reached only 57% of Yp, which represents the amount of room available for yield improvement. Across 
the Loess Plateau, the yield gap caused by water limited (YGw) and nitrogen restricted (YGn) were 27% and 39% of poten-
tial wheat production. The difference between YGw (3.54 t ha–1) and YGn (3.87 t ha–1) was not significant in the semi-arid 
climate (zone II), due to low precipitation rates. Compared with irrigation, nitrogen deficiency was the key factor causing the 
winter wheat yield gap. However, the yield gap caused by nitrogen restriction varies regionally. Irrigation in arid (zone I) was 
more important than in the other climates, whereas these climate regions required nitrogen more pressing. Areas with a large 
potential for increased winter wheat yield on the Loess Plateau were mainly distributed in the semi-arid climate (zone II).
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Introduction

The greatest challenge currently facing global agriculture 
is to feed the growing population and reduce malnutrition 
(Godfray et al., 2011). In China, a new fertility policy that 
encourages population growth is being implemented, which 
means that the population will continue to grow and the 
demand for food will increase significantly (Cheng et al., 
2017). However, large amounts of high-quality arable land 
have been lost to urban expansion and heavy metal contami-
nation, resulting in scarcity of cultivated land for growing 
cereals (Kong, 2014). Converting forests and grasslands 

into cultivated land causes substantial environmental imbal-
ances, such as ecosystem degradation and reduced biodiver-
sity (Lambin & Meyfroidt, 2011). Thus, total production is 
unlikely to increase through expansion of sowing areas; to 
ensure food supply, it will be necessary to increase grain 
yield per unit of land (Schierhorn et al., 2014).

Wheat (Triticum aestivum L.) is the third largest crop 
worldwide and an essential source of carbohydrates and 
protein for millions of people (Asseng et al., 2011; Shewry 
& Hey, 2015). In China, more than 50% of the population 
relies on wheat as a staple food, with winter wheat account-
ing for 91% of the total wheat production (Sun et al., 2018). 
Therefore, increasing winter wheat yield in China is of great 
significance to national-level food security and the allevia-
tion of hunger and poverty. The Loess Plateau is among the 
major winter wheat production areas of China. Identifying 
areas on the Loess Plateau where there is the potential to 
improve winter wheat yield is crucial for solving the food 
demand problem, similar to what has been done in other 
important winter wheat producing regions of the world (Lol-
lato et al., 2017). Irrigation and fertilization are important 
measures to increase production (Kalra et al., 2007; Mueller 
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et al., 2012). The primary factor limiting increased wheat 
production in a Loess Plateau gully region was reported to 
be fertilizer rather than water in years with normal rainfall 
rates, such that dryland wheat yield decreased by 6.3% due 
to insufficient water and 42.4% due to insufficient fertilizer 
(Li et al., 1991). The combination of N, P and organic fer-
tilizer was found to be the best method for achieving maxi-
mum wheat yield growth potential in a central Loess Pla-
teau gully region (Li et al., 1999); however, another study 
reported that water had a far greater effect on yield than 
nitrogen application in the western Loess Plateau (Ru et al., 
2019). To date, the key factor restricting winter wheat yield 
across the Loess Plateau remains unknown. To expand the 
knowledge on this area, yield gap analyses should be con-
ducted to guide wheat production management strategies, 
increase irrigation or nitrogen fertilizer efficiency, and raise 
yield on existing cropland.

Yield gaps are differences between potential yield (Yp) 
and actual yield (Ya), or Yp and attainable yield (water-lim-
ited yield, Yw; nitrogen-limited yield, Yn) (Rabbinge, 1993). 
Variation between regions can be caused by differences in 
cultivar, local environment, and management techniques. For 
a crop with unrestricted growth in a perfectly managed envi-
ronment, Yp depends only on growth determination factors 
that are affected by incoming solar radiation, temperature, and 
genetic characteristics of the crop (Rabbinge, 1993). However, 
it is neither economically feasible nor environmentally desir-
able for crops to reach Yp (Cassman, 1999; van Ittersum et al., 
2013). Attainable yield refers to the yield achieved when the 
crop is limited by water (Yw) or nitrogen (Yn) during the grow-
ing season. In agricultural production, actual crop growth rate 
and yield are limited by water and/or nutrient availability, as 
well as pests, diseases, weeds, market distance, crop prices, 
and other factors (Pradhan et al., 2015). Understanding the 
gap between Yp and Ya, Yp and Yw/Yn provides opportuni-
ties to increase yield in specific regions affected by factors 
limiting production. Many studies have been conducted to 
elucidate wheat yield gaps, from the field scale to regional, 
national, and global scales. For example, Hochman and Horan 
(2018) reported that insufficient nitrogen fertilizer supply led 
to a 40% drop in wheat production in Australia, and recom-
mended management measures in terms of tillage, sowing 
date, summer fallow weeds, and seedling density. Khaliq 
et al. (2019) reported that only 36–67% of potential rice and 
wheat yields were attained in a Punjab rice–wheat system 
in Pakistan, and that nitrogen, rather than water, deficiency 
was a major factor causing these large yield gaps. In winter 
wheat farm trials in Kansas, USA, wheat yield increased via 
increases in nitrogen and sulfur supply, plant population den-
sity, and foliar fungicide application, which reduced the yield 
gap (de Oliveira et al., 2020; Jaenisch et al., 2019). Evaluation 
of commercial field data from yield contest winners also in 
Kansas, USA, confirmed the aforementioned results in which 

foliar fungicides and N management were important factors 
determining the yield gap in the region (Lollato et al., 2019a, 
2019b). In a European study, the mean annual yield gap of 
cereal crops including wheat, barley, and maize was found to 
be 239 Mt, which represented only 42% of Yp; increased nitro-
gen use efficiency was suggested as a necessary measure for 
closing the yield gap (Schils et al., 2018). In the Netherlands, 
the yield gap of winter wheat accounts for 35–40% of Yp (Silva 
et al., 2020). Most studies of winter wheat yield gaps in China 
have focused on the North China Plain (Bai et al., 2019; Chen 
et al., 2017), Southwest China (He et al., 2017), or national-
scale agriculture (Li et al., 2016; Sun et al., 2018), whereas 
few have examined wheat production on the Loess Plateau.

Among the various research methods applied to quantify 
yield gaps, field experiments examining the effects of dif-
ferent management measures provide accurate and detailed 
results, but are costly (Bhatia et al., 2008). The results from 
variety performance trials can help guide growers to choose 
varieties suitable for specific environments × management 
scenarios, but the major challenge was the lack of consist-
ency in data collection and reporting (Munaro et al., 2020). 
Participatory assessment by farmers can effectively iden-
tify the causes of yield gaps, but involves collecting large 
amounts of data, which is time consuming (Edreira et al., 
2017). In contrast, crop production models use meteorologi-
cal and cultivation management data to explore the effects 
of various production situations to determine yield under 
different soil fertility, tillage system, sowing density and 
time, fertilizer application rate, and cultivar selection set-
tings. The interaction between crop yield and management 
practices (genotype × environment × management) quantita-
tively describes the extent to which management strategies 
affect crop growth and development over long periods of 
time. Consequently, crop models have become important 
tools for quantifying yield gaps (Liu et al., 2019; Nyombi, 
2019; Zu et al., 2018) and to explore complex crop response 
to management practices such as N fertilizer (Hochman & 
Waldner, 2020).

The objectives of the present study were to (i) quantify 
potential, attainable [water-limited (Yw) and nitrogen-lim-
ited (Yn)], and Ya of winter wheat in different regions of the 
Loess Plateau; (ii) estimate yield gaps and identify critical 
limiting factors; and (iii) evaluate which areas provide the 
greatest opportunities for increasing yield.

Materials and Methods

Study Area and Climate Zone Classification

The study area is located in areas of the Loess Plateau that 
are mainly dedicated to winter wheat. We identified 160 
counties that had sowed winter wheat for longer than 10 
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consecutive years (2005–2016) as winter wheat growing 
areas (Fig. 1). The percentage of winter wheat sowing area 
within the cultivated area of each county was higher in the 
south (> 40%) than in the north (< 25%) of the study area. 
The primary cropping system of the region is winter wheat 
and summer maize rotation.

We divided the study area into different climatic zones 
for two reasons. First, the same climate zone is likely to 
share wheat varieties and cultivation management prac-
tices that may be used in Yp simulations. Second, it is 
reasonable to upscale Yp and yield gaps to regional lev-
els using an area-weighted method if the sites are within 
the same climate zone. The growing degree days (GDD) 
greater than 0  °C and aridity index (annual precipita-
tion/annual potential evapotranspiration) were obtained 
from the Global Yield Gap Atlas Extrapolation Domain 
(GYGA-ED) method (van Wart et  al., 2013). We also 
obtained digital elevation model (DEM) of the study area, 
precipitation during the winter wheat growing period. 
Based on gradients of these four indices, we divided the 
Loess Plateau winter wheat sowing area into four climatic 
zones (Fig. 1; Table 1).

Climate and Soil Data

Climate data from 32 meteorological stations and 36 agro-
meteorological stations were obtained from the China 
Meteorological Administration climate data-sharing system 
(Fig. 1), including daily precipitation (P), maximum tem-
perature (Tmax), minimum temperature (Tmin), and sunshine 
hours, from 1961 to 2016. Solar radiation (Radn) data were 
converted from observed sunshine hours (Black et al., 1954). 
Winter wheat sowing dates from 1992 to 2013 were obtained 
from agrometeorological stations and used to determine the 
“seeding window” for crop simulations.

Soil data used in our study were obtained from the Soil 
Properties Parameters database, Soil Hydraulic Parameters 
database (Dai et al., 2013), and Changwu Research Station 
of Agriculture and Ecology on the Loess Plateau of China. 
These data included soil bulk density (BD), 15-bar lower 
limit (LL15), drained upper limit (DUL), saturated volu-
metric soil water content (SAT), soil organic carbon (SOC), 
and soil pH (PH) in different soil layers. Using the longitude 
and latitude of the meteorological stations, we extracted soil 
data for each station using the ArcGIS software and used 

Fig. 1   Distribution of meteoro-
logical and agro-meteorological 
stations in winter wheat sowing 
areas of the Loess Plateau. 
Green shading indicates the 
percentage of winter wheat sow-
ing areas among total cultivated 
area in each county from 2005 
to 2016. The study area was 
divided into four climatic zones: 
arid (zone I), semi-arid (zone 
II), semi-humid (zone III), and 
humid (zone IV)
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these data for winter wheat potential and attainable yield 
simulations. When the soil of the meteorological station is 
not the predominant agricultural soil type, change it to the 
main agricultural soil type of the neighboring weather sta-
tion. Soil data from the Changwu site are listed in Table S1.

Agricultural Production Systems Simulator (APSIM)

The APSIM model predicts yield based on the status of 
each component of a dryland agro-ecosystem; it is sensi-
tive to environmental changes and their effects on crop yield 
(McCown et al., 1996). Thus, APSIM is an effective tool 
for studying the effects of climate change and management 
practices on crop yields (Keating et al., 2003; Wang et al., 
2008). Previous studies have calibrated and applied APSIM 
for winter wheat growth and yield prediction on the Loess 
Plateau (Chen et al., 2008; He et al., 2015). In this study, we 
used APSIM-Wheat to simulate the Yp, Yw, and Yn of winter 
wheat on the Loess Plateau. To ensure accurate simulation of 
winter wheat growth and development, we identified repre-
sentative cultivars of winter wheat sowing areas in the Loess 
Plateau based on the previous studies. Winter wheat cultivars 
are generally selected according to regional climatic condi-
tions such as GDD and precipitation. Therefore, we selected 
widely grown winter wheat cultivars as representative varie-
ties for each climate zone: Xifeng24 (zone I), Jinmai47 (zone 
II), Changwu89134 (zone III) and Xiaoyan22 (zone IV). The 
four varieties were modern wheat cultivar with extensive 
disease resistance, drought and cold tolerance. Xifeng24 was 
a winter variety with strong frost resistance and suitable for 
planting in dry plateaus with higher altitudes (Shi, 2008). 
Jinmai47 has good lodging resistance, it suitable for plant-
ing in supplementary irrigation areas. Changwu 89134 was 
a weak winter variety, suitable for planting in dry and fer-
tile land. Xiaoyan22 was a variety with weak spring nature, 
suitable for planting in areas with good water and fertilizer 
conditions (Li et al., 2010).

Winter wheat yields were obtained from field experiments 
in Changwu Research Station of Agriculture and Ecology 
on the Loess Plateau of China (2002–2006) and the Institute 
of Water-saving Agriculture in Arid Areas of China (IWSA) 
(2011–2014), as well as collected from published literatures 
(Table S2, Li et al., 2017;  Lian et al.,2020; Lu et al., 2019; 
Xu et al., 2013; Zhou et al., 2020). These yield datasets were 
obtained under water-limited or nitrogen-limited conditions. 

Statistical indices including the determination coefficient 
(R2), root mean square error (RMSE), and normalized root 
mean square error (NRMSE) were calculated to evaluate the 
performance of the APSIM-Wheat model.

Yp, Attainable Yield, Ya, and Yield Gaps

In this study, we defined four levels of yield: Yp, Yw, Yn, 
and Ya. APSIM-Wheat simulations produced Yp, Yw, and 
Yn using climate data from 1961 to 2016. Yp is affected 
only by climatic conditions, such that winter wheat grew 
without water or nutrient stress; the total soil water deficit of 
each layer exceeded 20 mm, and the irrigation amount was 
the soil water deficit after supplementary irrigation. Simu-
lation of nitrogen application was 300 kg ha–1 every year, 
at a rate of 150 kg ha–1 at sowing and again as topdressing 
(150 kg ha–1) at the jointing stage. Soil nitrogen and soil 
organic matter were reset at harvest each year. For Yw, water 
was supplied only from precipitation, with no additional 
irrigation; nitrogen application settings were the same as 
those for Yp. For Yn, no nitrogen fertilization was applied. 
The simulated nitrogen mainly comes from soil nitrogen and 
soil organic matter, and they were reset every year after the 
winter wheat harvest; irrigation conditions were the same 
as those for Yp. We defined the seeding window from the 
earliest to the latest sowing dates recorded by the agrome-
teorological stations. Seeding was conducted when cumu-
lative precipitation reached 25 mm for 7 consecutive days 
and extractible soil water (ESW) relative to LL15 reached 
100 mm. If both conditions were not met during the seed-
ing window, then winter wheat was sown on the last day of 
the seeding window. Sowing density was set at 350 plants 
m–2, sowing depth at 50 mm, and row spacing at 250 mm. 
Precipitation and soil water availability conditions were 
also based on agrometeorological station data. According 
to records, the effective initial soil water content at winter 
wheat planting was between 60 and 43%, which was evenly 
distributed in the soil (180 cm).We used the inverse distance 
weighting (IDW) method in the ArcGIS software to interpo-
late yields based on Yp, Yw, and Yn from the meteorological 
stations for sites across the entire region, at a resolution of 
0.02° × 0.02°. A similar interpolate method was executed to 
obtain the spatial distribution of climatic elements.

Ya was the average of the winter wheat yield from 2005 to 
2016. Previous studies have shown that using a long period to 

Table 1   Growing degree 
days (GDD), aridity index, 
and digital elevation model 
(DEM) characteristics for four 
climate zones in the winter 
wheat sowing area on the Loess 
Plateau

Climatic zone GDD (≥ 0 °C) Aridity index DEM (m) precipitation

Arid (zone I) 2671–3791 °C 3894–5689 1400–3963 180–220
Semi-arid (zone II) 3170–4829 °C 3894–4791 550–2000 220–255
Semi-humid (zone III) 3792–4829 °C 4792–5689 1000–1400 255–290
Humid (zone IV) 3792–5949 °C 5690–6588 221–1000 285–334
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calculate Ya can lead to underestimation of recent Ya (Grassini 
et al., 2015). Thus, in arid climates, the average of the latest 
10–20 years can better represent Ya for the region (van Itter-
sum et al., 2013). We therefore used the average winter wheat 
yield for each county on the Loess Plateau from 2005 to 2016 
to represent Ya in this study. Winter wheat sowing area and 
yield, effective irrigated area, and agricultural input data for 
each county were obtained from statistical yearbooks and agri-
cultural statistical yearbooks, detailed information were shown 
in the Supplementary Material. (Fig. S1 and Table S4). The 
average Ya in each climatic zone was area weighted accord-
ing to the sowing area of winter wheat in each county in the 
region. Region-scale averages of Yp, Yw, and Ya were obtained 
similarly.

In our analysis, we defined three yield gaps: YGt, YGw, and 
YGn, where YGt is the difference between Yp and Ya [Eq. (1)]; 
YGw is the difference between Yp and Yw (Eq. 2); and YGn is 
the difference between Yp and Yn [Eq. (3)]. YGtp, YGwp, and 
YGnp were calculated as YGt, YGw, and YGn relative to Yp, 
respectively, expressed as percentages (Eqs. 4, 5, 6).

Linear regression analysis was used to detect trends of cli-
matic elements, yield and yield gaps. The slope of the linear 
regression line against time was evaluated using Student’s t test 
at 95% or 99% confidence intervals. To clarify the impact of 
climate change on the Yp, Yw and Yn of winter wheat over the 
past 55 years, we used correlation analysis and multiple linear 
stepwise regression methods to study the trends of Yp, Yw and 
Yn with climate factors, including solar radiation, temperature, 
and precipitation. And similar analysis was used to analyze 
the influence of agricultural condition factors on Ya in each 
climate zone.

(1)YGt = Yp − Ya

(2)YGw = Yp − Yw

(3)YGn = Yp − Yn

(4)YGtp = YGt

/

Yp × 100%

(5)YGnp = YGn

/

Yp × 100%

(6)YGwp = YGw

/

Yp × 100%

Results

Climate Changes During the Winter Wheat Growth 
Period

From 1961 to 2016, the average maximum and minimum 
temperature ranged from 11.15 to 14.65 °C and 1.63 °C 
to 4.18 °C, respectively, during the winter wheat growing 
period on the Loess Plateau (Fig. 2a, c). Both values were 
highest in zone IV (13.95 °C and 3.15 °C, respectively) 
and lowest in zone I (11.90 °C and -0.09 °C, respectively) 
(Table 2). There was an increasing trend in maximum and 
minimum temperatures from sowing to anthesis, as well as 
during the whole growth period in all regions. However, 
the minimum temperature tended to decrease during the 
anthesis to physiological maturity period (Fig. 2b, d and 
Table 2). The rate of warming for the entire region was 
0.22 °C per decade (Table 2). In contrast, precipitation 
showed a declining trend, with a decrease of 11.76 mm 
per decade (Fig. 2e, f and Table 2). The greatest drought 
trends occurred in zone III, where precipitation signifi-
cantly decreased by 14.58 mm per decade. The rate of 
precipitation decline was greatest during the vegetative 
growth period of winter wheat (sowing to anthesis). Dur-
ing this period, the rate of decline was higher in zone IV 
than that in other climatic regions, reaching 15.9 mm per 
decade. The average solar radiation on the Loess Plateau 
was 3375.5 MJ m–2, with a significant declining trend from 
1961 to 2016 (Fig. 2g, h and Table 2). Among all climate 
zones, zone I had the highest amount of radiation and the 
slowest rate of decline. However, the rate of decrease in 
solar radiation was greatest in zone IV during the sowing 
to anthesis period.

Yp, Yw, Yn and Ya

We validated the model for the four cultivars used in this 
study (Xifeng 24, Changwu 89134, Xiaoyan 22, and Jin-
mai47). As shown in Fig. 3, simulated biomass and yield 
were well correlated to the observed results (R2 > 0.80; 
NRMSE < 0.06). RMSE values reflected small relative 
errors in the simulations (Fig. 3). Our results clearly indi-
cate that APSIM-Wheat is applicable for simulating the 
growth and yield of the four winter wheat cultivars on the 
Loess Plateau.

The estimated regional area-weighted average Yp, Yw, 
and Yn of winter wheat were approximately 8.87, 6.49, 
and 5.42 t ha–1, respectively, during 1961–2016 (Table 3). 
Yp varied from 7.9 to 10.7 t ha–1 across all climate zones 
(Fig. 4a). The highest Yp was observed in the northwest-
ern Loess Plateau, mainly distributed in zone I (Fig. 4a). 
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Relatively low yields were observed in the central coun-
ties, below 8.6 t ha–1. Yw ranged from 4.3 to 7.9 t ha–1 
(Fig. 4c). In the northeastern counties, winter wheat gen-
erally had lower Yw, resulting in lower yield in zone II 
(5.44 t ha–1) than in the other climate zones (Table 3). Yn 
varied from 4.2 to 6.5 t ha–1 (Fig. 4e), below both Yp and 
Yw. Contrary to the spatial variation in Yp, there was a 
clear gradient from the central region to the east and west, 
related to the soil properties. In zones I and II, Yn was 
relatively low, primarily due to poor soil fertility (Fig. S2).

The Ya showed a clear spatial distribution, with high 
yields in the southeastern Loess Plateau (Fig. 4g). Yields 
varied from 1.03 to 6.4 t ha–1 (Fig. 4g), with an average 
value of 3.66 t ha–1 over the 12-year study period (Table 3). 
Across the four climate zones, the highest (4.27 t ha–1) and 
lowest Ya (2.37 t ha–1) were observed in zones IV and I, 
respectively (Table 3).

Temporal trends in the Yp of winter wheat across the 
entire study region are shown in Fig. 4b and Table 3. Yp 
decreased significantly over the study period (Table 3), 
declining by 0.013 to 0.015 t ha–1 per year (Fig. 4b). Similar 
to the trend of total precipitation during the winter wheat 
growth season (Fig. 3f), Yw decreased significantly by 0.021 
t ha–1 per year (Table 3). The most rapid decreases in Yp 
and Yw were observed in zone IV, by 0.013 and 0.023 t ha–1 
per year, respectively. In contrast, Yn increased by 0.001 t 
ha–1 per year but not significantly (Table 3). Relatively large 

increases were distributed in the northwestern and northeast-
ern parts of the study area (Fig. 4f).

During the 12-year study period, Ya increased signifi-
cantly across most of the study area (Fig. 4h), by an average 
of 0.064 t ha–1 per year (Table 3). The slow rate of increase 
and low Ya in zone III may have been caused by insuffi-
cient water and fertilizer input in this region (Tables 3 and 4; 
Fig. S1). As shown in Table S4, the percentage of effective 
irrigated area was 25%.The largest increase (0.11t ha–1 per 
year) in Ya was observed in zone I (Table 3). In this area, 
climatic factors changed more severely and were not favora-
ble for yield increase, such as rapid solar radiation decline 
and greater increases in temperature (Table 2); however, the 
gross increase in agricultural machinery power was larg-
est in zone II, at 0.37 kw ha–1 per year (Fig. S1). While a 
significant correlation and stronger correlation (0.78) was 
observed between Ya and agricultural machinery power in 
zone II (Table S5). Thus, yield may have increased due to 
technological improvements despite the negative effects of 
climate change (Olesen & Bindi, 2002).

Climatic Factors

In contrast with the increasing maximum and minimum tem-
peratures, solar radiation and precipitation decreased from 
1961 to 2016 on the Loess Plateau. In each climatic zone and 
the whole region, Yp was significantly positively correlated 

Fig. 2   Spatial distribution 
and climate trends in average 
a yearly and b decade-scale 
maximum temperature (Tmax, 
°C); c yearly and d decade-scale 
minimum temperature (Tmin, 
°C); e yearly and f (P, mm); 
and g yearly and h decade-scale 
radiation (Radn, MJ m–2) during 
the winter wheat growth period 
on the Loess Plateau from 1961 
to 2016
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with solar radiation, and negatively correlated with mini-
mum temperature (Table 4). The change of Yp on the Loess 
Plateau was mainly driven by solar radiation and maximum 
temperature (Table 5).

Due to the lack of additional irrigation during the winter 
wheat growth season, water became the main limiting fac-
tor of Yw on the Loess Plateau (Tables 4 and 5). A weaker 
(− 0.42 to − 0.58) but significant correlation was observed 
between Yw and maximum temperature across the study 
region (Table 4). During the 55-year study period, increas-
ing Yn was primarily affected by maximum temperature and 
precipitation. Yn was positively correlated with maximum 
temperature and negatively correlated with precipitation in 
each climatic zone and the whole region, while Ya was the 
opposite (Table 4). Across the Loess Plateau, solar radiation 
and maximum temperature explained 52% of the variation 
in Yp (Table 5).

Yield Gaps

YGt is the difference between the crop yield and theoretical 
production limit at the current production level, which was 

Table 2   Average and linear 
trends of climatic factors for 
each climate zone during the 
winter wheat growth period on 
the Loess Plateau from 1961 
to 2016

The * and ** indicate statistically significant at p < 0.05 and p < 0.01, respectively
S-PM sowing to physiological maturity; S-A sowing to anthesis; A-PM anthesis to physiological maturity

Meteorological variables Whole region Climate zone

I II III IV

Tmax (°C)
 S-PM 12.98 11.9 13.49 12.92 13.95

Trend (per decade)
 S-A 0.28** 0.29** 0.37** 0.31** 0.17*
 A-PM 0.01 0.13 0.04 − 0.17** 0.09
 S-PM 0.22 ⃰ ⃰ 0.22 ⃰ ⃰ 0.26 ⃰ ⃰ 0.23 ⃰ ⃰ 0.18 ⃰ ⃰

Tmin (°C)
 S-PM 1.16 -0.09 0.45 2.07 3.15

Trend (per decade)
 S-A 0.14* 0.15* − 0.04 0.21* 0.2**
 A-PM − 0.11** 0.04 − 0.24** − 0.13 − 0.09
 S-PM 0.2 ⃰ ⃰ 0.18 ⃰ ⃰ 0.25 ⃰ ⃰ 0.15 0.18 ⃰ ⃰

P (mm)
 S-PM 254 196 233 289 308

Trend (per decade)
 S-A − 7.9** − 6.5* − 7.5 − 2.9 − 15.9**
 A-PM − 4.7* − 0.003 − 7.8 − 1.6 − 8.63*
 S-PM − 11.76 ⃰ ⃰ − 12.82 ⃰ ⃰ − 9.10 − 14.58 ⃰ ⃰ − 11.62 ⃰ ⃰

Radn (MJ m−2)
 S-PM 3375.5 3824.5 3397.9 3134.2 2869.2

Trend (per decade)
 S-A − 61.69** − 32 − 76.9** − 10.7 − 118.07**
 A-PM − 13.7** − 6.12 − 33.12** − 4.28 − 7.63
 S-PM − 72.09 ⃰ ⃰ − 59.36 ⃰ ⃰ − 92.42 ⃰ ⃰ − 61.03 ⃰ ⃰ − 73.51 ⃰ ⃰

Fig. 3   Comparison of simulated and observed yield of winter wheat. 
Diagonal solid line: 1:1 ratio; dotted lines: ± 20% deviation from 1:1 
line
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the largest possible increase space for the Ya. From 2005 to 
2016, YGt varied from 1.38 to 9.0 t ha–1, and the regional 
area-weighted average YGt was 5.05 t ha–1 (Fig. 5a and 
Table 6). Low YGt values were concentrated in the central 
Loess Plateau, mainly below 4.5 t ha–1. High YGt values 
were distributed in the northwestern and parts of the north-
eastern Loess Plateau. Among the four climate zones, the 
lowest (4.07 t ha–1) and highest (7.32 t ha–1) YGt values were 
observed in zones I and IV, respectively.

YGw, the difference between Yp and Yw of winter wheat, 
indicates the reduction in winter wheat yield due to water 
deficit. YGw varied from 0.29 to 5.6 t ha–1, and showed a 
regional distribution similar to that of YGt (Fig. 5d). The 
average YGw on the Loess Plateau was 2.35 t ha–1 during 

1961–2016 (Table 4). In zones III and IV, YGw was rela-
tively low, suggesting that water limitation has a smaller 
effect on yield in these areas, whereas zones I and II had 
higher YGw values (Table 4). Generally, YGw varied from 
2.0 to 3.0 t ha–1.

YGn, the yield gap between Yp and Yn, represents the 
yield reduction caused by lack of nitrogen fertilizer dur-
ing winter wheat growth. The spatial variation in YGn was 
greater than that of YGw. From 1961 to 2016, YGn varied 
from 1.77 to 5.68 t ha–1, with an average of 3.43 t ha–1 
(Table 4). Relatively low YGn (< 3.0 t ha–1) was observed 
in the central region of zone IV and high values (> 4.5 t 
ha–1) were observed in the western zones II and I (Fig. 5g).

Table 3   Averages and linear trends of Yp, Yw, Yn, and Ya during the winter wheat growth period for each climate zone and the entirety of the 
Loess Plateau

Yp, Yw, and Yn simulations were from 1961 to 2016, whereas that of Ya was from 2005 to 2016. The * indicate statistically significant at p < 0.05

Climate zone Yp (t ha−1) Yw (t ha−1) Yn (t ha−1) Ya (t ha−1)

Mean Trend (per year) Mean Trend (per year) Mean Trend (per year) Mean Trend per year)

I 9.69 − 0.003 6.44 − 0.019 ⃰ 4.92 0.004 2.37 0.047
II 8.97 − 0.008 5.44 − 0.014 5.10 0.002 3.82 0.11 ⃰
III 8.86 − 0.007 6.76 − 0.02 ⃰ 5.29 0.003 3.09 0.042 ⃰
IV 8.59 − 0.013 ⃰ 6.68 − 0.023 ⃰ 5.67 − 0.001 4.27 0.057 ⃰
Whole region 8.87 − 0.01 ⃰ 6.49 − 0.021 ⃰ 5.42 0.001 3.66 0.064 ⃰

Fig. 4   a, c, e, g Spatial distribu-
tion of winter wheat yield (t 
ha–1) and b, d, f, h its trend over 
time (t ha–1 per year) on the 
Loess Plateau. a, b Yp, (c, d) 
Yw, e, f Yn, from 1961 to 2016. 
g, h Ya during 2005–2016
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At the regional scale, the YGt decreased at a rate of 0.17 
t ha–1 per year from 2005 to 2016 (Table 6). Most counties 
of the Loess Plateau showed varying degrees of reduction, 
ranging from 0.003 to 0.45 t ha–1 per year (Fig. 5b). The 
largest decline in YGt was observed in zone II at a rate of 
0.22 t ha–1 per year; declines were also observed in zones 
I and IV, at 0.16 t ha–1 per year (Table 6). In contrast, YGw 
increased over the past 55 years, at a rate of 0.012 t ha–1 
per year across the entire study area (Table 6). In the west-
ern Loess Plateau YGw was relatively high due to increased 
Yp, whereas Yw decreased in these areas (Fig. 5b). The 
trend of YGw was lowest in zone II, at 0.006 t ha–1 per 
year, and highest in zone I, at 0.017 t ha–1 per year. Across 
the region, YGn showed a significantly decreasing trend 
similar to that observed in YGt, at 0.011 t ha–1 per year 
(Table 6) and ranging from –0.03 to 0.014 t ha–1 per year 
(Fig. 5h). However, the trends of YGn were inconsistent 
among the counties; YGn increased over time in the west-
ern Loess Plateau, but decreased in other regions (Fig. 5h). 
The highest decreasing trend was observed in zone IV, at 
0.012 t ha–1 per year, which was more than double the rate 

of decline in zone I (Table 6). Weaker decreasing trends 
were observed in zones II and III.

From 2005 to 2016, the average YGtp was 57% (Table 6), 
which indicates that Ya only reached 43% of Yp on the 
Loess Plateau during the past few decades and that winter 
wheat yield can improve greatly in this region. As shown 
in Fig. 5c, regional differences in YGtp varied greatly (18% 
to 93%) across the counties, but were mainly distributed 
between 50 and 75%. Similar to the regional distribution 
of YGt (Fig. 5a), relatively high YGtp values were observed 
in the northwestern Loess Plateau (Fig. 5c). The greatest 
YGtp (76%) was located in zone I, and was much higher than 
that of zone IV (47%) (Table 6). On average over the Loess 
Plateau, YGw was 27% of Yp (Table 6). YGwp ranged from 
3 to 52% across the entire study area (Fig. 5f). In the central 
region, YGwp was relatively low (Fig. 5f), primarily due to 
high Yw (Fig. 5c), whereas YGwp was relatively high in the 
northwestern and northeastern regions, consistent with the 
higher Yn observed in these areas. The lowest YGwp value 
was observed in zone IV (22%), at almost half of that in 
zone II (40%) (Table 6). YGnp of winter wheat varied from 
22 to 54% (average, 39%) throughout the Loess Plateau, 
indicating the potential for 39% improvement in yield by 
increasing nitrogen application or improving nitrogen use 
efficiency. YGnp values < 35% were observed in the central 
Loess Plateau, whereas those > 45% were mainly found in 

Table 4   Influence of climate factors on the temporal distributions of 
Yp, Yw, Yn and Ya of winter wheat in each climate zone and the entire 
Loess Plateau

Yp, Yw and Yn from 1961 to 2016, Ya during 2005–2016. The * and 
** indicate statistically significant at p < 0.05 and p < 0.01, respec-
tively

Climate zone Item Correlation coefficient

Tmax (oC) Tmin (oC) P (mm) Radn (MJ 
m−2)

I Yp 0.20 − 0.36** − 0.26 0.44**
Yw − 0.56** 0.15 0.70** 0.02
Yn 0.58** 0.10 − 0.21 − 0.03
Ya − 0.01 0.30 0.53 0.85**

II Yp 0.15 − 0.08 − 0.05 0.64**
Yw − 0.42** 0.25 0.61** 0.10
Yn 0.61** 0.13 − 0.19 0.13
Ya − 0.25 0.48 0.5 − 0.55

III Yp 0.23 − 0.53** − 0.17 0.57**
Yw − 0.59** 0.18 0.55** 0.01
Yn 0.66** − 0.09 − 0.37** 0.19
Ya − 0.59** 0.12 0.45 − 0.4

IV Yp 0.14 − 0.51** − 0.23 0.69**
Yw − 0.58** 0.07 0.47** 0.15
Yn 0.64** − 0.11 − 0.35** 0.21
Ya − 0.29 0.41 0.38 − 0.21

Whole region Yp 0.11 − 0.48** − 0.13 0.64**
Yw − 0.57** 0.10 0.61** 0.11
Yn 0.63** − 0.04 − 0.32** 0.15
Ya − 0.33 0.34 0.48** − 0.52

Table 5   Results of stepwise regression analysis of climatic factors 
and Yp, Yw, Yn and Ya of winter wheat in each climate zone and the 
entire Loess Plateau

Climate zone Item Fitting formula R2

I Yp Y = 0.17 + 0.002Radn + 0.25Tmax 0.31
Yw Y = 3.51 + 0.013P 0.37
Yn Y = 0.88 + 0.34Tmax 0.34
Ya Y = 0.78–0.003P 0.28

II Yp Y = − 3.8 + 0.004Radn + 0.7Tmax 0.39
Yw Y = 2.34 + 0.013P 0.49
Yn Y = − 2.8 + 0.001Radn + 0.4Tmax 0.40
Ya Y = 13.8–0.003Radn 0.30

III Yp Y = 1.05 + 0.001 Radn + 0.26Tmax 0.29
Yw Y = 3.85 + 0.01P 0.43
Yn Y = − 3 + 0.59Tmax 0.45
Ya Y = 7.23–0.29Tmax 0.34

IV Yp Y = 3.91 + 0.001Radn 0.32
Yw Y = 11.75–0.57Tmax + 0.01P 0.60
Yn Y = 1.05 + 0.34Tmax 0.23
Ya Y = 6.5–0.22Tmax + 0.003P 0.43

Whole region Yp Y = − 1.5 + 0.002Radn + 0.25Tmax 0.52
Yw Y = 3.53 + 0.01P 0.42
Yn Y = − 5.73 + 0.001Radn + 0.55Tmax 0.54
Ya Y = 2.53 + 0.004P 0.40
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northwestern and northeastern counties (Fig. 5i). The great-
est YGnp was found in zone I (49%), and the lowest in zone 
IV (34%) (Table 6).

Discussion

Simulated Yp

The average simulated Yp (8.87 t ha–1) of winter wheat in 
this study was similar to that reported by Li et al. (2001), 
which was 8.29 t ha–1. Other previous studies reported simi-
lar Yp values of 6.77 in the Indo-Gangetic Plains (Pathak 
et al., 2003), 8.98 in the Yellow and Huai River Valleys 
(Sun et al., 2018), and 7.8 t ha–1 in Khorasan province (Dei-
himfard et al., 2015), suggesting that our results were reli-
able. Li et al. (2001) reported that Yp ranged from 7.97 to 
8.65 t ha–1 for winter wheat on the Loess Plateau; however, 

our simulations produced a broader range in this study 
(7.87–10.7 t ha–1). The difference may be related to fac-
tors such as selected cultivars and management measures. 
In the present study, we selected cultivars appropriate for 
each climate zone, such as Changwu 89,134, which was bred 
after 2000 (Zhang et al., 2009), whereas the cultivars used 
by Li et al. (2001) were the main varieties planted from the 
late 1980s to the early 1990s. Improved cultivars may have 
increased the crop yield in our study (He et al., 2015; Liu 
et al., 2013).

Yp was mainly determined by temperature and solar 
radiation during the winter wheat growing season (Tables 4 
and 5), which is consistent with the results were reported by 
Rabbinge (1993). Similar results were reported by Li et al. 
(2014). Our results also indicate a strong positive effect of 
solar radiation on Yp during both the vegetative and repro-
ductive growth periods (flowering to physiological maturity) 
(0.5 and 0.48, respectively) (Table S3). This may be due to 

Fig. 5   Yield gaps (t ha–1) between (a–c) Yp and Ya (YGt); (d–f) Yp and Yw (YGw); and (g–i) Yp and Yn (YGn). Spatial distribution, yearly trends, 
and percentage of Yp are shown for each county of the Loess Plateau

Table 6   Average and linear trends of YGt, YGw, and YGn, as well YGtp, YGwp, YGnp in each climate zone and the entire Loess Plateau

The time range of YGw, YGn, YGwp, YGnp were from 1961 to 2016, while the YGt and YGtp from 2005 to 2016. The * indicate statistically sig-
nificant at p < 0.05

Climate zone YGt (t ha−1) YGw (t ha−1) YGn (t ha−1) YGtp (%) YGwp (%) YGnp (%)

Mean Trend(per year) Mean Trend(per year) Mean Trend(per year)

I 7.32 − 0.16* 3.26 0.017 4.77 − 0.006 76 34 49
II 5.07 − 0.22* 3.54 0.006 3.87 − 0.01 * 57 40 43
III 5.72 − 0.13* 2.08 0.014 3.55 − 0.009* 64 23 40
IV 4.07 − 0.16 ⃰ 1.87 0.011 2.89 − 0.012* 47 22 34
Whole region 5.05 − 0.17 ⃰ 2.35 0.012 3.43 − 0.011* 57 27 39
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the fact that the rate of decrease of solar radiation was higher 
during the sowing to flowering period than during flower-
ing to physiological maturity (Table 2). Previous research 
have shown that solar radiation in reproductive period is a 
fine regulatory factor of wheat yield, and the positive cor-
relation between the increase of solar radiation and yield 
in this period may be due to the increase of grain weight 
(Lollato & Edwards, 2015; Wardlaw, 1994). Increased tem-
perature shortens the winter wheat growth period, which 
in turn increases evaporation and decreases soil available 
water, leading to reduced yield due to drought (Lobell & 
Asner, 2003; Yu, 1998). Our study found a decreasing trend 
of minimum temperature from flowering to physiological 
maturity (Table 2), which explained the negative effect of 
minimum temperature on Yp during this period than from 
sowing to flowering (Table S3).

In the simulation of Yp, nitrogen mainly came from soil 
organic matter, and we did not consider the effect of long-
term winter wheat planting on soil nutrients. After the winter 
wheat is harvested, the soil organic matter was reset when 
planting the next year. In actual production, long-term ferti-
lization has an impact on soil physical and chemical proper-
ties and soil enzyme activities, which in turn affects winter 
wheat yield. In follow-up research, this needs to be paid 
attention to.

Possible Causes of Winter Wheat YGt Values 
on the Loess Plateau

The results of this study showed a large gap between Yp and 
Ya. The potential to enhance winter wheat yield on the Loess 
Plateau by reducing the YGt was largest in zone I (Table 6), 
which had the highest Yp and lowest Ya values (Table 3). 
One reason for this result is that Yp is mainly affected by 
temperature and solar radiation (Table 4) and the highest 
solar radiation during the winter wheat growing season was 
observed in this region (Fig. 3, Table 2). Another reason 
is that fertilizer input and irrigation are important factors 
affecting crop yields (Mueller et al., 2012), whereas fertilizer 
amount per unit area had the greatest impact on Ya in zone 
I (r = 0.86) (Table S5), and was lower than that of all other 
climate zones (Table S4). The lowest YGt was found in zone 
IV (4.07 t ha–1) (Table 6), leaving smaller potential for fur-
ther yield improvement than in the other climate zones. This 
result may be due to the high level of agricultural investment 
in this area (Table S4), which increased the actual yield of 
winter wheat. However, we found that the Ya of the zone was 
stagnant. Traditional tillage was the most common tillage 
practice in zone IV region and lead to high erosion rates. 
Therefore, erosion of agricultural soils in this area may have 
led to stagnant yields, for example, by reducing soil fertility 
and effective water holding capacity. Other factors contribut-
ing to the yield tendency to stagnate may be variety, shift of 

winter wheat production areas to regions with poorer soils 
and climate, and insufficient or poorly oriented investment in 
agricultural research and development (Grassini et al., 2013; 
Licker et al., 2010; Patrignani et al., 2014). Our survey found 
that many irrigated and well-fertilized arable lands in zone 
IV have been converted to cash crops, such as medicinal 
herbs and horticultural crops, driven by economic interests. 
And winter wheat, which has relatively low economic inter-
est, was planted by farmers on poor quality cropland.

YGt declined across the study region, which was closely 
related to increases in agricultural inputs, including irriga-
tion, fertilizer and agricultural machinery (Fig. S1 b, c, d). 
The continuous decline in winter wheat sowing area indi-
cates that it was difficult to maintain or expand the existing 
sowing area to increase the total winter wheat yield to reduce 
the yield gap (Fig. S1a), as described by Foley et al. (2011). 
Therefore, agronomic technology innovations could be an 
important strategy for closing the YGt. For example, the use 
of early-maturity cultivars and supplementary irrigation 
could eliminate the adverse effects of drought in late growth 
(Boling et al., 2010), improving nitrogen management could 
increase nitrogen recovery efficiency (Jiao et al., 2018), and 
increased use of agricultural machinery could improve 
crop emergence; the combined effects of these approaches 
would allow crops to attain more light, temperature, and 
nutrient resources. In addition, grain yield has been shown 
to increase continuously with the implementation of nutri-
ent management policies (Dalgaard et al., 2014; Jiao et al., 
2018).

Water and Nitrogen Restrictions on Winter Wheat 
Yield

Although the Loess Plateau is an arid and semi-arid environ-
ment, the negative effect of nitrogen deficiency on winter 
wheat yield was higher than that of water deficit. Across 
the study area, Yw ranged from 4.3 to 7.9 t ha–1, which was 
higher than Yn (Table 3), perhaps because reduced precipita-
tion during the growing increased the probability of drought 
(Fig. 3 and Table 2), which can decrease nitrogen use effi-
ciency (Kersebaum & Nendel, 2014). We adopted the high 
nitrogen fertilizer application protocol of a previous study to 
minimize the possibility of nitrogen supply limiting yield in 
simulating Yp and Yw (Li et al., 2016). However, very high 
nitrogen application can cause excessive vegetative growth, 
resulting in water stress during the filling stage and leading 
to lower yield (van Herwaarden et al., 1998).

YGn was generally greater than YGw on the Loess Plateau 
(Table 6). Nitrogen deficiency was the primary driver for 
large yield gaps, as previously reported by Hochman and 
Horan (2018). However, the effect of nitrogen deficiency on 
yield varied among the climate regions. For example, YGnp 
(43%) and YGwp (40%) were similar in zone II, whereas 
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differences between YGnp and YGwp in zones I, III, and IV 
were greater than 10% (Table 6), likely due to the lack of 
precipitation in zone II (Table 2), which can cause nitro-
gen fertilizer to be underutilized. These results demonstrate 
that compared with the urgent demand for nitrogen ferti-
lizer in zones I, III, and IV, supplementary irrigation was 
more important than increasing nitrogen fertilizer in zone 
II. However, closing the yield gap caused by Yn by increas-
ing nitrogen input would bring additional agricultural inputs 
and cause subsequent environmental problems (Zhu & Chen, 
2002) including soil acidification (Guo et al., 2010), agri-
culture non-point source pollution (Conley et al., 2009), and 
greenhouse gas emissions (Liu et al., 2017). Therefore, it 
is necessary to focus on improving the efficiency of nitro-
gen fertilizer utilization, such as by optimizing the time and 
amount of nitrogen application, synergistic application of N, 
P, K, and genotype selection, while ensuring the reduction 
of the yield gap and avoiding a waste of resources (Lollato 
et al., 2019a, b, 2021).

Studies have shown that nitrogen application has a greater 
effect on grain yield and yield components of winter wheat 
on the Loess Plateau under irrigated conditions than under 
non-irrigated conditions (Fu et al., 2014; Zhai & Li, 2006). 
Therefore, given the current water shortage conditions on the 
Loess Plateau, we suggest that nitrogen should be supple-
mented where irrigation is implemented to increase winter 
wheat yield. We also emphasize that when water stress is 
severe, increasing nitrogen application rates would reduce 
the yield of winter wheat (Nielsen & Halvorson, 1991); 
however, excessive irrigation under the background of low 
nitrogen application rates could lead to increased nitrogen 
leaching loss, causing groundwater contamination (Xu et al., 
2020).

Conclusion

In this study, we divided winter wheat sowing areas on 
the Loess Plateau into four agro-climatic zones, and used 
the APSIM model and spatial interpolation techniques to 
quantitatively analyze Yp, attainable yield, and yield gaps 
in each climate zone. The results showed that the temporal 
distribution of Yp was primarily influenced by solar radia-
tion and minimum temperature. The attainable yield (Yw 
and Yn) was affected by precipitation and maximum tem-
perature, whereas the effects of climate factors on attain-
able yield were variable. For example, precipitation had a 
positive effect on the temporal change of Yw and a negative 
effect on Yn.

Across the Loess Plateau, large gaps were observed 
between Ya and Yp; thus, winter wheat yield has large room 
for improvement. The highest yield gap between Ya and Yp 
was observed in the semi-arid (zone II) and the lowest in 

the humid (zone IV). A lack of nitrogen was the main fac-
tor affecting winter wheat yield across the Loess Plateau. 
However, the effect of nitrogen deficiency on yield varied 
among climate regions, and the importance of nitrogen for 
production was regulated by precipitation. Compared with 
the arid (zone I), semi-humid (zone III), and humid (zone 
IV) climates, which urgently require more nitrogen fertilizer 
application, the semi-arid climatic zone (zone II) requires 
increased irrigation to improve winter wheat yields. Gener-
ally, areas with large potential for increased winter wheat 
yield were mainly distributed in northwestern regions of the 
Loess Plateau.
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