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Abstract: Confronted with the great challenges of globally growing populations and food shortages,
society must achieve future food security by increasing grain output and narrowing the gap between
potential yields and farmers’ actual yields. This study attempts to diagnose the climatic and
agronomic dimensions of oat yield gaps and further to explore their restrictions. A conceptual
framework was put forward to analyze the different dimensions of yield gaps and their limiting
factors. We quantified the potential yield (Yp), attainable yield (Yt), experimental yield (Ye),
and farmers’ actual yield (Ya) of oat, and evaluated three levels of yield gaps in a rain-fed cropping
system in North and Northeast China (NC and NEC, respectively). The results showed that there
were great differences in the spatial distributions of the four kinds of yields and three yield gaps.
The average yield gap between Yt and Ye (YG-II) was greater than the yield gap between Yp and
Yt (YG-I). The yield gap between Ye and Ya (YG-III) was the largest among the three yield gaps at
most sites, which indicated that farmers have great potential to increase their crop yields. Due to
non-controllable climatic conditions (e.g., light and temperature) for obtaining Yp, reducing YG-I is
extremely difficult. Although YG-II could be narrowed through enriching soil nutrients, it is not easy
to improve soil quality in the short term. In contrast, narrowing YG-III is the most feasible for farmers
by means of introducing high-yield crop varieties and optimizing agronomic managements (e.g.,
properly adjusting sowing dates and planting density). This study figured out various dimensions of
yield gaps and investigated their limiting factors, which should be helpful to increase farmers’ yields
and regional crop production, as long as these restrictions are well addressed.

Keywords: rain-fed oat; potential yield; yield gaps; limiting factors; agronomic management;
food security

1. Introduction

The world population is projected to reach 9 billion by 2050 [1], which will become a significant
problem for global food security. Subject to the declining cultivated area, it is unpractical to expand
farmland for increasing crop yields [2]. However, it is feasible to increase crop production by narrowing
the yield gaps between different producers in different regions. Actually, it is possible to increase
yields by 45% to 70% for most crops by means of improving nutrient management and increasing
irrigation [3], and it is extremely urgent that these yield gaps are narrowed. Oat, a cereal crop with very
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high nutritional value, is mainly distributed in Russia, Canada, China, the European Union, Australia,
and the USA [4]. Particularly in North China (NC) and Northeast China (NEC), oat is an important
crop for local farmers, accounting for over 80% of the country’s total planting area of oat. However,
oat is mainly grown in arid or semi-arid areas with relatively poor soil and irrigation conditions in
China. The unfavorable climatic conditions, poor soil fertility, as well as the inadequate agronomic
management have resulted in a low level of farmers’ actual yields.

Yield gaps are generally defined as the differences between various levels of crop yields [5]. There
are many kinds of yield levels, such as potential yield, attainable yield, water-and-nitrogen limited
yield, on-farm yield, and so forth. In general, potential yield can be defined as the yield of an adapted
crop variety when grown without water, nutrients, pests, or diseases limiting [6,7]. Potential yield is the
yield ceiling of crops [8], which is mainly determined by solar radiation and temperature in irrigated
systems [9,10], while in rain-fed systems, the potential yield is mainly limited by solar radiation,
temperature, and precipitation. In addition, conventional breeding can realize the continuous progress
of potential yield, which is of great significance to yield improvement at the farm level. A study
has shown that increased genetic potential yield of maize and wheat varieties is related to a gradual
expansion of the genetic background, and there is little evidence of such slowdown [8]. In recent
decades, a variety of studies focused on the quantification of potential yield, and the specific methods
include field experiments, yield contests, and model simulations [11]. Crop model has become an
important tool to simulate crop potential yield. For example, based on the MONICA model simulation
in southern Amazon, the combination of high temperature and low rainfall results in the difference
between potential yield and water-limited yield of maize and cotton [12]. Crop models not only have
obvious advantages of studying potential yield in different agroecological areas but can also simulate
the effects of climatic factors and agronomic practices on yield gap [13].

More researchers have concentrated on exploring the limiting factors of yield gaps during the past
several years, in order to investigate possible ways to narrow yield gaps [14,15]. Although there are
many factors affecting yield gaps, the approaches to reduce yield gaps mainly include the reasonable
improvement of agronomic practices and making full use of climatic conditions [16,17]. In addition,
compared with some major crops such as rice, maize, and wheat, research on the yield gaps of oat has
rarely been reported. In this study, we examined oat yield gaps under a rain-fed system by combining
the methodologies of crop models, field experiments, and statistical analysis. The objectives of this
study were: (a) To analyze the spatial variations in potential yield, attainable yield, experimental yield,
and actual yield of rain-fed oat in NC and NEC, (b) to quantify different levels of yield gaps in NC and
NEC, and (c) to diagnose the limiting factors of oat yield gaps, so as to search for effective approaches
to narrow yield gaps.

2. Materials and Methods

2.1. Study Area

The NC and NEC are the typical planting areas of rain-fed oat. The study areas are located in
arid and semi-arid climatic zones and their soil types are mainly brown and black soil. Oat in these
regions is cultivated in the farmland with relatively poor soil fertility. Local cold weather conditions
are suitable for oat growth. In consideration of the diversified agro-ecological conditions, we selected
10 sites from National Oat Industry Technology System in China for our case studies, they are:
Youyu (39.98◦ N, 112.47◦ E), Zhangjiakou (40.82◦ N, 114.88◦ E), Hohhot (40.83◦ N, 111.73◦ E), Chahar
(40.78◦ N, 113.22◦ E), and Datong (40.08◦ N, 113.30◦ E) Cities in NC and Baicheng (45.62◦ N, 122.83◦E ),
Harbin (45.80◦ N, 126.53◦ E), Nenjiang (49.17◦ N, 125.23◦ E), Daqing (46.58◦ N, 125.03◦ E), and Ulanhot
(46.08◦ N, 122.05◦ E) Cities in NEC (Figure 1). The climatic conditions during rain-fed oat growing
season at these 10 sites in NC and NEC were presented. Average temperature, maximum temperature,
minimum temperature, precipitation, solar radiation, and sunshine duration in NC ranged from 14.36
to 17.69 ◦C, from 21.17 to 24.55 ◦C, from 6.19 to 10.42 ◦C, from 94.25 to 141.23 mm, from 1794.41
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to 2105.15 MJ m−2, and from 727.53 to 876.07 h, respectively. Similarly, average temperature,
maximum temperature, minimum temperature, precipitation, solar radiation, and sunshine duration
in NEC varied between 16.46 and 17.99 ◦C, between 22.45 and 24.36 ◦C, between 10.14 and 11.29 ◦C,
between 172.75 and 286.74 mm, between 1861.00 and 2277.21 MJ m−2, and between 760.87 and
942.76 h, respectively.
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2.2. Method of Evaluating Potential Productivity

We used the well-known AEZ (Agro-Ecological Zones) model proposed by FAO (Food and
Agriculture Organization of the United Nations) [18,19] to calculate light-temperature potential
productivity of oat based on climate data in NC and NEC.

In this study, the light–temperature potential productivity is defined as the maximum yield
determined only by light and temperature factors without limitation of fertilizer in rain-fed cropping
systems. This light–temperature potential productivity of oat can be calculated by Equation (1): Y = CL × CN × CH × G[F(0.8 + 0.011ym)yo + (1 − F)(0.5 + 0.025ym)yc], ym > 20 kg/

(
ha2·h

)
Y = CL × CN × CH × G[F(0.5 + 0.025ym)yo + (1 − F)0.05ymyo], ym < 20 kg/

(
ha2·h

) (1)

where Y is light-temperature potential productivity; CL is the correction coefficient of leaf area index;
CN is the correction coefficient of net dry matter production; CH is the harvest index; G is the whole
growth period; F is the cloud coverage ratio; ym is the dry matter production ratio; yo is total dry
matter production on cloudy days; and yc is total dry matter production on sunny days.

Meteorological potential productivity is defined as the maximum potential yield that crops can
achieve under favorable light, temperature, and limited precipitation conditions. It can be calculated
by Equation (2):

Yp = Y × Iy (2)

where Yp is meteorological potential productivity and Iy is the correction coefficient of moisture. Iy can
be calculated using Equations (3) and (4):

Iy =

{
1 − Ky ×

(
1 − ETa

ETm

)
1, ETa > ETm

, ETa < ETm (3)

ETm = Kc × ETo (4)

where Ky is the yield reflection coefficient; ETa is actual crop evapotranspiration; ETm is the water
requirement; Kc is the crop coefficient; and ETo is reference crop evapotranspiration.
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2.3. Definitions and Quantification of Yield Gaps

We put forward a conceptual framework to analyze the different dimensions of yield gaps,
in which three kinds of yield gaps were included (Figure 2). These three yield gaps were composed of
four different yield levels, which were potential yield, attainable yield, experimental yield, and farmers’
actual yield.
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Figure 2. A conceptual framework for indicating different yield gaps and their limiting factors. Yield
gap I is the difference between potential yield and attainable yield. Yield gap II is the difference
between attainable yield and experimental yield. Yield gap III is the difference between experimental
yield and farmers’ actual yield.

Given the rain-fed environment of oat growth, the potential yield (Yp) was the meteorological
potential productivity calculated based on the AEZ model. Potential yield obtained under optimal
conditions of solar radiation and temperature is only affected by water, and potential yield is the
maximum yield under non-irrigated systems in study sites. Attainable yield (Yt), the estimated
meaningful Yp level of exploitation ceiling by farmers, was the yield obtained by high-yield
practices [20]. The definition of Yt was slightly different for different scientists and discussed by many
scholars. Lobell et al. [11] used 80% of potential yield as the attainable yield, while Xu et al. [21] defined
attainable yield as the maximum yield under local climatic conditions. In this study, we adopted the
highest experimental yield as attainable yield based on better local technology and crop management
practices in a rain-fed cropping system. The experimental yield was derived from experiments at the
10 study sites from 2011 to 2015. We selected the maximum experimental yield in five years as the
attainable yield of each experiment station.

Experimental yield (Ye) can be considered as the annual average yield in field experiments,
which indicates mean productivity levels of crops in an experiment under local climatic conditions,
better management measures, and popularized high-yielding varieties. Agronomic practices at the
experiment stations include more reasonable fertilizer use, more effective pest and weed control,
and better planting density compared with local management practices. Besides, the varieties used
at the experiment stations are the higher yielding varieties in contrast to varieties grown by farmers.
Actual yield (Ya) is the annual average yield from the statistical data collected by local agricultural
investigators. This indicator reflects the farmers’ yield obtained under local climatic conditions,
soil, varieties, and farmers’ actual management practices. Extensive management is one of the most
important features of agronomic measures for local farmers. Moreover, there are great differences in
varieties that are used in different fields.
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Based on the above definitions, we quantified three kinds of yield gaps as follows:

YG-I = Yp − Yt
YG-I percentage = [(Yp − Yt)/Yp]× 100%

(5)

YG-II = Yt − Ye
YG-II percentage = [(Yt − Ye)/Yt]×100%

(6)

YG-III = Ye − Ya
YG-III percentage = [(Ye − Ya)/Ye]×100%

(7)

Yield gap I (YG-I) was estimated as the difference between Yp and Yt. Yield gap II (YG-II) was
evaluated as the difference between Yt and Ye. Yield gap III (YG-III) was calculated as the difference
between Ye and Ya (Figure 2). The YG-I percentage (a value from 0% to 100%) indicates how close Yt is
to Yp. YG-II percentage (a value from 0% to 100%) indicates how close Ye is to Yt. YG-III percentage
(a value from 0% to 100%) indicates how close Ya is to Ye.

2.4. Data Collection

The meteorological data required by the AEZ model are from the National Meteorological
Information Centre of China Meteorological Administration (CMA) from 2011 to 2015. These data
included average daily temperature, maximum temperature, minimum temperature, mean wind
speed, precipitation, solar radiation, sunshine duration, etc. The crop data are obtained from the
modern farming system networks in China and field experiments in the study area, which included
sowing date, harvest date, leaf area index, and harvest index of oat.

The attainable yields and experimental yields are from 10 experiment stations of National
Oat Industry Technology System in NC and NEC. During the years 2011–2015, China launched
a high-yield trial of oat in different ecological zones, which was designed with identical crop varieties
and management practices on each selected experiment station. The 90 kg/ha of nitrogen fertilizer
was applied, of which 60% was applied as a base fertilizer and the other 40% was applied during
the trefoil period. The 45 kg/ha of phosphorus fertilizer and 45 kg/ha of potassium fertilizer were
applied as base fertilizers. Row spacing was 30 cm, depth of seeding was 5 cm, and sowing rate was
150 kg/ha. The chemical pesticide was mixed into seed to prevent pests and diseases. After oats
were sown, the herbicide is sprayed on the fields. There was no irrigation during the whole growth
period, and the water demand of oats relied entirely on precipitation. Soil properties, sowing date,
and harvest date in selected locations are summarized in Table 1.

Table 1. Soil properties, sowing date, and harvest date of oat in different study sites.

Sites Soil Types Total-N (g/kg) Available P
(mg/kg)

Available
K (mg/kg) pH Sowing

Date
Harvest

Date

Youyu Chestnut soil 0.50 27.41 88.00 8.23 15 April 15 July
ZhangJiakou Chestnut soil 1.06 13.10 118.00 7.90 5 April 25 June

Hohhot Chestnut soil 0.53 6.68 105.20 8.47 15 April 13 July
Chahar Chestnut soil 0.52 10.50 90.80 8.30 15 April 13 July
Datong Chestnut soil 0.89 5.66 71.00 8.43 15 April 13 July

Baicheng Chernozem soil 0.80 9.90 76.60 8.20 10 April 15 July
Harbin Black soil 0.98 18.32 109.27 7.50 10 April 15 July

Nenjiang Black soil 1.14 28.37 154.50 8.24 25 April 10 August
Daqing Black soil 0.74 11.40 94.70 8.30 10 April 15 July

UlanHot Aeolian sandy soil 0.37 3.81 78.51 8.00 22 April 15 July

The actual yield is from the National Bureau of Statistics of China, which reflects the average
productivity in farmers’ fields in NC and NEC from 2011 to 2015. Agronomy practices in farmers’ actual
production are usually extensive, and there are great differences in management measures among
different farmers. All fertilizers are applied before sowing with nitrogen fertilizer 120–160 kg/ha,
phosphorus fertilizer 60–90 kg/ha, potassium fertilizer 60–80 kg/ha, and no extra fertilizer is applied
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during the oat growth period. The sowing date is similar to that in the experimental stations.
The sowing rate typically ranges from 200 to 300 kg/ha according to local traditions. Most farmers
do not take weeding measures for crop protection. There is no irrigation in farmers’ fields. Other
management procedures follow local agricultural practices.

3. Results

3.1. Potential Yield

The regional mean Yp of oat was 4304 kg/ha and 4389 kg/ha in NC and NEC, respectively.
Yp ranged from 3680 kg/ha to 5320 kg/ha in NC, and from 3830 kg/ha to 4863 kg/ha in NEC among
the different sites (Table 2). The average value of Yp in NEC was slightly higher than that in NC
owing to more precipitation and solar radiation in NEC. Spatially, the value of Yp decreased from
south to north and from east to west, and higher Yp values were distributed in NEC and lower values
were located in NC (Figure 3). The higher values of Yp in NEC were associated with more favorable
factors (e.g., stronger solar radiation, longer sunshine duration, and more precipitation during the
growth seasons of oat), despite temperature in NEC was lower than that in NC. As a result, higher
Yp values were mostly found in the sites of NEC (Harbin, Nenjiang, and Daqing Cities with more
than 4389 kg/ha) and lower Yp values were mainly distributed in the stations of Youyu, Datong,
and Chahar Cities of NC with less than 4304 kg/ha (Figure 4). The spatial variation in Yp between NC
and NEC was the result of the combined effects of stronger solar radiation, longer sunshine duration
in NEC with the uneven precipitation, and higher temperature in NC.
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Table 2. Mean values, maximum values, and minimum values of yield, yield gap, and yield gap
percentage for rain-fed oats in North and Northeast China. (Yp, potential yield; Yt, attainable yield; Ye,
experimental yield; Ya, actual yield; YG-I, yield gap I; YG-II, yield gap II; YG-III, yield gap III; YG-I%,
yield gap I percentage; YG-II%, yield gap II percentage; YG-III %, yield gap III percentage; NC, North
China; NEC, Northeast China.).

Mean Maximum Minimum

NC NEC NC NEC NC NEC
Yield (kg/ha) Yp 4304 4389 5320 4863 3680 3830

Yt 3369 3571 3691 3786 2916 3416
Ye 2317 2396 2490 2602 2034 2265
Ya 989 1656 1230 1800 795 1462

Yield gap (kg/ha) YG-I 935 818 1697 1182 643 285
YG-II 1051 1175 1303 1436 786 814
YG-III 1328 740 1443 944 1197 551

Yield gap percentage YG-I% 21% 18% 32% 25% 16% 7%
YG-II% 31% 33% 39% 38% 24% 24%
YG-III% 58% 31% 62% 39% 50% 23%

Note: The mean value for each type of yield is calculated as arithmetic mean of yield among the study sites with
similar geographical conditions from NC and NEC, respectively. The maximum and minimum for each type of
yield refer to the highest and lowest yields among the study sites from NC and NEC, respectively.
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3.2. Attainable Yield, Experimental Yield, and Actual Yield

The mean Yt and Ye values of oat were 3369 kg/ha and 2317 kg/ha in NC and 3571 kg/ha and
2396 kg/ha in NEC, respectively (Table 2). Yt fluctuated from 2916 to 3691 kg/ha in NC and from
3416 to 3786 kg/ha in NEC. The Ye values varied from 2034 to 2490 kg/ha in NC and from 2265 to
2602 kg/ha in NEC. Adequate inputs, reasonable cultivation techniques, and high-quality oat varieties
in experimental stations enabled Yt and Ye to be relatively high. In contrast, Ya was much lower,
with its average value less than 2000 kg/ha (Table 2). The mean Ya values were only 989 kg/ha and
1656 kg/ha in NC and NEC, respectively, which ranged from 795 to 1230 kg/ha in NC and from 1462
to 1800 kg/ha in NEC.
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Due to inappropriate fertilization, relatively old crop varieties, and low levels of agronomic
management, farmers’ Ya was significantly lower than Yt and Ye, which should be paid more attention
if we want to close the yield gaps. In NC, higher Yt, Ye, and Ya values were mainly found in stations
with higher latitudes (Zhangjiakou, Hohhot, and Chahar Cities, with values exceeding 3369 kg/ha,
2317 kg/ha, and 989 kg/ha, respectively) (Figure 4). However, in NEC, the spatial patterns of Yt, Ye,
and Ya were relatively complicated. Higher Yt values were primarily found in Heilongjiang Province
in NEC (Harbin and Daqing Cities, with values higher than 3571 kg/ha). Higher values of Ye were
primarily found in Jinlin and Inner Mongolia of NEC (Baicheng and Ulanhot Cities, with values higher
than 2396 kg/ha). Yet higher values of Ya were mainly distributed in Heilongjiang and Jilin Provinces
of NEC, where have more abundant rainfall and relatively fertile soil (Figure 4).

3.3. Different Levels of Yield Gaps

In the study regions, the average values of YG-I were 935 kg/ha and 818 kg/ha, accounting
for 21% and 18% of Yp in NC and NEC, respectively. YG-I varied from 643 kg/ha to 1697 kg/ha
in NC, and from 285 kg/ha to 1182 kg/ha in NEC (Table 2). These differences were largely caused
by the uncontrollable climatic conditions including solar radiation, sunshine duration, temperature,
and precipitation. High values of YG-I were mainly distributed in the areas of Heilongjiang and Hebei
Provinces. The greatest YG-I value was found in Zhangjiakou City of Hebei Province, which was
significantly higher than that at the other stations. In NEC, high YG-I values were mainly found in
Harbin, Nenjiang, and Daqing Cities, with each value exceeding 818 kg/ha (18% of Yp) (Figure 5).Sustainability 2019, 11, x FOR PEER REVIEW 9 of 14 

 
Figure 5. Yield gaps and yield gap percentages of rain-fed oat in North and Northeast China. The 
purple, red, and brown shadings indicate YG-I (yield gap I), YG-II (yield gap II), and YG-III (yield 
gap III), respectively. The yellow, blue, and green shadings indicate YG-I% (yield gap I percentage), 
YG-II% (yield gap II percentage), and YG-III % (yield gap III percentage), respectively. 

4. Discussion 

4.1. Potential Yield under Rain-Fed Systems 

The concept of potential yield is widely used in the field of yield gap research. In this study, the 
potential yield of oat is simulated using the AEZ model recommended by FAO. Compared with other 
models, although the AEZ model cannot simulate the effects of the crop growth process and 
cultivation management practices on crop yield, it is very suitable for evaluating the climatic potential 
productivity of crop. In addition, the AEZ model takes full account of multiple climatic factors 
affecting crop production, the required data are not difficult to be collected, and the corresponding 
parameters can be easily adjusted according to the characteristics of crop. Thus, despite the 
emergence of various crop models in recent years, the AEZ model remains an effective tool for 
calculating the crop potential productivity [22,23]. 

Potential yield is limited by temperature and solar radiation for irrigated systems, but under the 
rain-fed conditions, precipitation is also one of the most important limiting factors for potential yield. 
In this study, we defined the potential yield of oat in a rain-fed system, and the main driver of rain-
fed oat yield is water [24]. Generally, the crop potential yield in rain-fed systems is much lower than 
that in irrigated systems, because water deficit is a major constraint for rain-fed crops during their 
growing season [11]. For instance, in India, the water-limited potential yield and water non-limiting 
potential yield of soybean were 2170 kg/ha and 3020 kg/ha respectively, indicating a 28% reduction 
in yield due to water deficit [25]. In our study, actual yields of rain-fed oat reach only 23% and 38% 
of potential yield in NC and NEC, respectively. Unlike rain-fed crops, irrigated rice yields are 78% of 
potential yield in China [26], and average wheat yields under irrigated systems can reach 80% of 
potential yield in northwest India [27]. It is necessary to propose effective methods to increase oat 
yields under non-irrigated systems. For instance, properly adjusting sowing date to improve the 
utilization of rainfall is an effective approach to increase yields and developing varieties with high 
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The mean YG-II was 1051 kg/ha and 1175 kg/ha, and accounted for 31% and 33% of Yt in NC
and NEC, respectively. YG-II varied between 786 kg/ha (YG-II percentage was 24%) and 1303 kg/ha
(39%) in NC and between 814 kg/ha (24%) and 1435.55 kg/ha (38%) in NEC (Table 2). Higher values
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of YG-II percentage were distributed in Zhangjiakou, Hohhot, and Datong Cities in NC, while in NEC,
higher values were distributed in Harbin and Daqing Cities (Figure 5). Given the notable differences
in soil type and texture among 10 experiment stations, the spatial variations in YG-II were mainly due
to different soil nutrient and soil fertility. Although YG-II could be narrowed by optimizing farmers’
fertilizer management and tillage practices, the improvement of soil quality was relatively hard to
achieve in the short term.

The average values of YG-III were 1328 kg/ha in NC and 740 kg/ha in NEC, which accounted
for 58% and 31% of Ye, respectively. YG-III varied from 1197 kg/ha to 1443 kg/ha in NC and from
551 kg/ha to 944 kg/ha in NEC (Table 2). The values of YG-III were higher in NC than in NEC in
almost all sites. In NC, high values of YG-III (i.e., >1328 kg/ha) were distributed in Zhangjiakou
and Chahar Cities, while in NEC, higher values (i.e., >740 kg/ha) were distributed in Baicheng and
Ulanhot Cities (Figure 5). As YG-III was considered to be relatively easy to narrow yield gap in actual
production compared with the other two yield gaps, and it could be reduced through improvement of
agronomic practices, such as adopting more appropriate planting density, adjustment of sowing date,
introduction of novel variety, and disease and insect control.

4. Discussion

4.1. Potential Yield under Rain-Fed Systems

The concept of potential yield is widely used in the field of yield gap research. In this study,
the potential yield of oat is simulated using the AEZ model recommended by FAO. Compared with
other models, although the AEZ model cannot simulate the effects of the crop growth process and
cultivation management practices on crop yield, it is very suitable for evaluating the climatic potential
productivity of crop. In addition, the AEZ model takes full account of multiple climatic factors affecting
crop production, the required data are not difficult to be collected, and the corresponding parameters
can be easily adjusted according to the characteristics of crop. Thus, despite the emergence of various
crop models in recent years, the AEZ model remains an effective tool for calculating the crop potential
productivity [22,23].

Potential yield is limited by temperature and solar radiation for irrigated systems, but under
the rain-fed conditions, precipitation is also one of the most important limiting factors for potential
yield. In this study, we defined the potential yield of oat in a rain-fed system, and the main driver of
rain-fed oat yield is water [24]. Generally, the crop potential yield in rain-fed systems is much lower
than that in irrigated systems, because water deficit is a major constraint for rain-fed crops during their
growing season [11]. For instance, in India, the water-limited potential yield and water non-limiting
potential yield of soybean were 2170 kg/ha and 3020 kg/ha respectively, indicating a 28% reduction
in yield due to water deficit [25]. In our study, actual yields of rain-fed oat reach only 23% and 38%
of potential yield in NC and NEC, respectively. Unlike rain-fed crops, irrigated rice yields are 78%
of potential yield in China [26], and average wheat yields under irrigated systems can reach 80% of
potential yield in northwest India [27]. It is necessary to propose effective methods to increase oat
yields under non-irrigated systems. For instance, properly adjusting sowing date to improve the
utilization of rainfall is an effective approach to increase yields and developing varieties with high
photosynthetic efficiency and high water utilization through breeding methods can sufficiently adapt
to climatic conditions of different regions, which helps to further explore yield potential.

4.2. Yield Gaps and Their Limiting Factors

This study quantified three levels of yield gaps and analyzed their spatial variations. Given
the various limiting factors to yield gaps, the importance of each constraint to yield gaps may be
different. YG-I is mainly restricted by uncontrollable climatic factors, and changes of temperature,
solar radiation, and precipitation are not regular, which means these three limiting factors are equally
important. However, YG-II is only affected by soil conditions. The differences in soil properties
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lead to discrepancy in YG-II between the study sites. In our study, YG-III constraints mainly include
management, variety, and profit. Management measures are easily optimized by farmers, which is
considered to be the main factor restricting YG-III. The fluctuation of crop prices and production costs
primarily affect the farmers’ profit, determining the farmers’ investment in production. Farmer’s profit
has an indirect impact on YG-III, so it is the least important restraint.

In addition, the difficulty of narrowing the three yield gaps is also differential. The potential
yield is determined by the non-controllable climatic conditions (e.g., solar radiation and temperature)
without regard to environmental costs or risks [28,29]. The attainable yield is obtained by optimizing
various cultivation measures, which is not easy to be increased. The average YG-I (average YG-I
percentage) in NC and NEC is less than the other two levels of yield gaps, reaching only 935 kg/ha
(21%) and 818 kg/ha (18%), respectively. Therefore, it is the most difficult to narrow YG-I among the
three yield gaps. YG-II is mainly determined by soil conditions, which can be reduced through the
effective improvement in soil fertility, such as optimizing fertilizer management and tillage practices.
However, improvement of soil quality is relatively hard to be realized in farmers’ fields subject to high
cost and slow effect.

In contrast, given that the limiting factors of YG-III are mainly the agronomic practices that are
relatively easier to be optimized, it is feasible for farmers to increase their yields by narrowing the
YG-III. There are many constraints on YG-III, among which the management measures of farmers play
an indispensable role. In this study, we find that extensive and diversified management methods are
the main reasons for the difference in yield between different farmers’ fields and experimental stations,
such as excessive rates of fertilizer application, unreasonable fertilization methods, high sowing rate,
unsuitable sowing date, and mixed varieties. To understand farmers’ actual yield limitations well,
the fertilizer use, planting date, variety, and other factors should be taken into account [30]. The actual
yield is usually much smaller than other kinds of yields, so it is advocated by the majority of researchers
to grope for the restricting factors to actual yield in order to decrease yield gap in farmers’ fields [31–33].
Particularly in the regions with low level of actual yields, the yield gaps have great potentials to be
closed in the near future.

4.3. Approaches to Narrow Yield Gaps

An essential goal of studying yield gaps is to explore effective approaches to narrow yield gaps
between farmers. It is significant to investigate feasible measures of narrowing yield gaps for ensuring
regional food security. For the three levels of yield gaps, what we recommend is to narrow YG-III
in actual production owing to higher YG-III percentage for most study sites. Since water deficit is a
major constraint for the rain-fed oat, improving the utilization of rainfall is an effective approach to
narrow the yield gaps. In the semi-arid area of Northern China, properly adjusting the crop sowing
date in order to match it with the rhythm of precipitation during the growth season, is a widely
adopted measure for improving water use efficiency [34,35]. Moreover, timely sowing is conducive to
improve the utilization efficiency of local light and heat resources. For instance, it is suitable to sow
early in spring oat-planting areas with warm climate, and the sowing date should be appropriately
postponed in summer oat planting area where the climate is cold, which contributes to increasing seed
setting rate [36]. Therefore, it is an effective agronomic practice to narrow the yield gaps of oat by
appropriately adjusting sowing date according to regional rainfall pattern and photo-thermal resource.

In addition, integrated fertilizer management is also an effective way to increase the yield of
oat [37,38]. Nitrogen is considered to be the main fertilizer in oat cultivation [39,40]. Oat yields increase
with increasing amounts of nitrogen fertilization within a certain range [41–43], but after reaching a
certain high nitrogen rate, increasing nitrogen application rate did not have much influence on oat
yield [44]. Consequently, the yield gaps between different regions can be narrowed if farmers are
guided to apply fertilizer according to soil nutrient and soil fertility in different ecological regions.
Planting density is also a limiting factor to farmers’ actual yield [45]. The traditional high sowing rate
(200–300 kg/ha) not only wastes the amount of seeds, but also fails to achieve high yield. The seeding
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rate used in study sites is 150 kg/ha, which is much lower than in farmers’ fields, but the yield is
higher than farmers’ actual yield. Farmers should adjust local agronomic practices to reduce seeding
rate properly. Besides, the yield-increasing effect of the new crop varieties should not be neglected [46].
Genetic selection with optimal crop management can increase yields of major cereals under rain-fed
conditions [47]. We should fully exploit the diversity of oat varieties and select suitable varieties
based on local climate and soil suitability. The farm profit can also affect the farmers’ investments
in production [48]. The fluctuation of oat prices and the increase of production costs directly have
an effect on the income of farmers, which may undermine the enthusiasm of farmers for production.
By improving technology and optimizing management, the production costs can be reduced to narrow
yield gaps and increase farmers’ income.

5. Conclusions

This study put forward a conceptual framework to analyze the different dimensions of yield gaps.
We quantified four kinds of yields (Yp, Yt, Ye, and Ya) and three levels of yield gaps, and revealed their
spatial variations for rain-fed oat in NC and NEC. The spatial distribution of potential yield decreased
from south to north and from east to west, which is mainly determined by climatic factors including
light, temperature, and precipitation. Given the great differences in the spatial patterns and limiting
factors for the three levels of yield gaps, we should take differentiated measures to reduce the yield
gaps in different regions.

The climatic and agronomic dimensions of yield gaps were diagnosed and various possible
approaches to narrow yield gaps were discussed. Among the three levels of yield gaps, it is most
difficult to narrow YG-I due to the limitation of non-controllable climatic dimensions. Despite that
YG-II could be reduced through improvement of soil fertility, it is still not so easy to improve soil
quality in the short term. Compared to YG-I and YG-II, narrowing YG-III is the most practical for
farmers. It can be reduced by improving the agronomic practices, such as adjusting sowing dates,
optimizing planting density, and selecting high-yielding varieties. In summary, research on yield gaps
caused by climatic conditions and agronomic practices will have a positive effect on increasing oat
yields and farmers’ income in the near future.

Author Contributions: Q.C. and Y.L. obtained funding and revised the manuscripts. Z.Z. verified data analysis.
C.W., X.S., and T.Z. designed the study and collected related data. C.W., J.L., and S.L. analyzed the data and
described the results. C.W. wrote the original draft.

Funding: This work was supported by the National Natural Science Foundation of China (31871581; 31801315);
the National Key Research and Development Program of China (2016YFD0300201); and the National Oat Industry
Technology System in China (CARS-08).

Acknowledgments: The authors would like to thank the National Oat Industry Technology System in China for
providing data and the related information. We thank local agricultural investigators who helped with collecting
yield data. Our special thanks are due to China Agricultural University for support to the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Godfray, H.C.J.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, S.;
Thomas, S.M.; Toulmin, C. Food security: The challenge of feeding 9 billion people. Science 2010, 327, 812–818.
[CrossRef]

2. Lu, C.; Lan, F. Winter wheat yield potentials and yield gaps in the North China Plain. Field Crop. Res. 2013,
143, 98–105. [CrossRef]

3. Mueller, N.D.; Gerber, J.S.; Johnston, M.; Ray, D.K.; Ramankutty, N.; Foley, J.A. Closing yield gaps through
nutrient and water management. Nature 2012, 494, 254–257. [CrossRef] [PubMed]

4. US Department of Agriculture, Foreign Agricultural Service (USDA-FAS). World Agricultural Production;
USDA Foreign Agricultural Service: Washington, DC, USA, 2017.

5. De Datta, S.K. Principles and Practices of Rice Production; Wiley: Hoboken, NJ, USA, 1981.

http://dx.doi.org/10.1126/science.1185383
http://dx.doi.org/10.1016/j.fcr.2012.09.015
http://dx.doi.org/10.1038/nature11420
http://www.ncbi.nlm.nih.gov/pubmed/22932270


Sustainability 2019, 11, 2104 12 of 13

6. Evans, L.T. Crop Evolution, Adaptation, and Yield; Cambridge University Press: Cambridge, UK, 1993.
7. Mkvan, I.; Rabbinge, R. Concepts in production ecology for analysis and quantification of agricultural

input-output combinations. Field Crop. Res. 1997, 52, 197–208.
8. Evans, L.T.; Fischer, R.A. Yield Potential: Its Definition, Measurement, and Significance. Crop Sci. 1999, 39,

1544–1551. [CrossRef]
9. Casanova, D.; Goudriaan, J.; Bouma, J.; Epema, G.F. Yield gap analysis in relation to soil properties in

direct-seeded flooded rice. Geoderma 1999, 91, 191–216. [CrossRef]
10. Liu, Z.; Yang, X.; Hubbard, K.G.; Lin, X. Maize potential yields and yield gaps in the changing climate of

northeast China. Glob. Chang. Biol. 2012, 18, 3441–3454. [CrossRef]
11. Lobell, D.B.; Cassman, K.G.; Field, C.B. Crop yield gaps: Their importance, magnitudes, and causes.

Annu. Rev. Environ. Resour. 2009, 34, 179–204. [CrossRef]
12. Hampf, A.C.; Carauta, M.; Latynskiy, E.; Libera, A.A.D.; Monteiro, L.; Sentelhas, P.; Troost, C.; Berger, T.;

Nendel, C. The biophysical and socio-economic dimension of yield gaps in the southern Amazon—A
bio-economic modelling approach. Agric. Syst. 2018, 165, 1–13. [CrossRef]

13. Van Ittersum, M.K.; Cassman, K.G.; Grassini, P.; Wolf, J.; Tittonell, P.A.; Hochman, Z. Yield gap analysis with
local to global relevance–A review. Field Crop. Res. 2013, 143, 4–17. [CrossRef]

14. Lv, Z.F.; Liu, X.J.; Cao, W.X.; Zhu, Y. A Model-Based Estimate of Regional Wheat Yield Gaps and Water Use
Efficiency in Main Winter Wheat Production Regions of China. Sci. Rep. 2017, 7, 6081. [CrossRef]

15. Zhang, Z.; Lu, J.W.; Cong, R.H.; Ren, T.; Li, X.K. Publisher Correction: Evaluating agroclimatic constraints
and yield gaps for winter oilseed rape (Brassica napus L.)—A case study. Sci. Rep. 2018, 8, 2746. [CrossRef]
[PubMed]

16. Licker, R.; Johnston, M.; Foley, J.A.; Barford, C.; Kucharik, C.J.; Monfreda, C.; Ramankutty, N. Mind the
gap: How do climate and agricultural management explain the‘yield gap’ of croplands around the world?
Glob. Ecol. Biogeogr. 2010, 19, 769–782. [CrossRef]

17. Grassini, P.; Thorburn, J.; Burr, C.; Cassman, K.G. High-yield irrigated maize in the Western U.S. Corn Belt:
I. On-farm yield, yield potential, and impact of agronomic practices. Field Crop. Res. 2011, 120, 142–150.
[CrossRef]

18. Wiberg, D.; Verelst, L.; Velthuizen, H.V.; Tóth, G.; Teixeira, E.; Prieler, S.; Nachtergaele, F.O.; Fischer, G. Global
Agro-Ecological Zones (GAEZ v3. 0): Model Documentation; IIASA and FAO: Rome, Italy, 2012.

19. Gohari, A.; Eslamian, S.; Abedi-Koupaei, J.; Bavani, A.M.; Wang, D.; Madani, K. Climate change impacts on
crop production in Iran’s Zayandeh-Rud River Basin. Sci. Total Environ. 2013, 442, 405–419. [CrossRef]

20. Balasubramanian, V.; Bell, M.; Sombilla, M. Yield, Profit and Knowledge Gaps in Rice Farming: Causes and
Development of Mitigation Measures; Rap Publication (FAO); Regional Office for Asia and the Pacific: Bangkok,
Thailand, 2000.

21. Xu, X.P.; He, P.; Zhang, J.J.; Pampolino, M.F.; Johnston, A.M.; Zhou, W. Spatial variation of attainable yield
and fertilizer requirements for maize at the regional scale in China. Field Crop. Res. 2017, 203, 8–15. [CrossRef]

22. Masutomi, Y.; Takahashi, K.; Harasawa, H.; Matsuoka, Y. Impact assessment of climate change on rice
production in Asia in comprehensive consideration of process/parameter uncertainty in general circulation
models. Agric. Ecosyst. Environ. 2009, 131, 281–291. [CrossRef]

23. Tian, Z.; Zhong, H.L.; Sun, L.X.; Fischer, G.; van Velthuizen, H.; Liang, Z.R. Improving performance of
Agro-Ecological Zone (AEZ) modeling by cross-scale model coupling: An application to japonica rice
production in Northeast China. Ecol. Model. 2014, 290, 155–164. [CrossRef]

24. Sadras, V.O.; Mahadevan, M.; Zwer, P.K. Oat phenotypes for drought adaptation and yield potential.
Field Crop. Res. 2017, 212, 135–144. [CrossRef]

25. Bhatia, V.S.; Piara, S.; Wani, S.P.; Chauhan, G.S.; Rao, A.K.; Mishra, A.; Komuravelly, S. Analysis of potential
yields and yield gaps of rainfed soybean in India using CROPGRO-Soybean model. Agric. For. Meteorol.
2008, 148, 1252–1265. [CrossRef]

26. Duwayri, M.; Tran, D.V.; Nguyen, V.N. Reflections on yield gaps in rice production: How to narrow the gaps.
Bridg. Rice Yield Gap Asia-Pac. Reg. 2000, 26–45.

27. Food and Agriculture Organization (FAO). World Agriculture: Towards 2015/2030: An FAO Perspective;
Earthscan Publication Ltd.: London, UK, 2003.

28. Li, S.K.; Wang, C.T. Evolution and development of maize production techniques in China. Sci. Agric. Sin.
2009, 13, 1941–1951. (In Chinese)

http://dx.doi.org/10.2135/cropsci1999.3961544x
http://dx.doi.org/10.1016/S0016-7061(99)00005-1
http://dx.doi.org/10.1111/j.1365-2486.2012.02774.x
http://dx.doi.org/10.1146/annurev.environ.041008.093740
http://dx.doi.org/10.1016/j.agsy.2018.05.009
http://dx.doi.org/10.1016/j.fcr.2012.09.009
http://dx.doi.org/10.1038/s41598-017-06312-x
http://dx.doi.org/10.1038/s41598-018-20636-2
http://www.ncbi.nlm.nih.gov/pubmed/29410459
http://dx.doi.org/10.1111/j.1466-8238.2010.00563.x
http://dx.doi.org/10.1016/j.fcr.2010.09.012
http://dx.doi.org/10.1016/j.scitotenv.2012.10.029
http://dx.doi.org/10.1016/j.fcr.2016.11.013
http://dx.doi.org/10.1016/j.agee.2009.02.004
http://dx.doi.org/10.1016/j.ecolmodel.2013.11.020
http://dx.doi.org/10.1016/j.fcr.2017.07.014
http://dx.doi.org/10.1016/j.agrformet.2008.03.004


Sustainability 2019, 11, 2104 13 of 13

29. Chen, G.P.; Gao, J.L.; Zhao, M.; Dong, S.T.; Li, S.K.; Yang, Q.F.; Liu, Y.H.; Wang, L.C.; Xue, J.Q.; Liu, J.G.; et al.
Distribution, Yield Structure, and Key Cultural Techniques of Maize Super-high Yield Plots in Recent Years.
Acta Agron. Sin. 2012, 38, 80–85. (In Chinese) [CrossRef]

30. Stuart, A.M.; Pame, A.R.P.; Silva, J.V.; Dikitanan, R.C.; Rutsaert, P.; Malabayabas, A.J.B.; Lampayan, R.M.;
Radanielson, A.M.; Singleton, G.R. Yield gaps in rice-based farming systems: Insights from local studies and
prospects for future analysis. Field Crop. Res. 2016, 194, 43–56. [CrossRef]

31. Tao, F.L.; Zhang, S.; Zhang, Z.; Rotter, R.P. Temporal and spatial changes of maize yield potentials and yield
gaps in the past three decades in China. Agric. Ecosyst. Environ. 2015, 208, 12–20. [CrossRef]

32. Espe, M.B.; Cassman, K.G.; Yang, H.S.; Guilpart, N.; Grassini, P.; Van Wart, J.; Anders, M.; Beighley, D.;
Harrell, D.; Linscombe, S. Yield gap analysis of US rice production systems shows opportunities for
improvement. Field Crop. Res. 2016, 196, 276–283. [CrossRef]

33. Silva, J.V.; Reidsma, P.; Laborte, A.G.; van Ittersum, M.K. Explaining rice yields and yield gaps in Central
Luzon, Philippines: An application of stochastic frontier analysis and crop modelling. Eur. J. Agron. 2017, 82,
223–241. [CrossRef]

34. Sun, H.Y.; Zhang, X.Y.; Chen, S.Y.; Pei, D.; Liu, C.M. Effects of harvest and sowing time on the performance
of the rotation of winter wheat–summer maize in the North China Plain. Ind. Crop. Prod. 2007, 25, 239–247.
[CrossRef]

35. Kucharik, C.J. Contribution of planting date trends to increased maize yields in the central United States.
Agron. J. 2008, 100, 32–336. [CrossRef]

36. Ren, C.Z. Photothermal Characterization of Naked Oat Genotypes with Different Maturity Types; China Agricultural
University: Beijing, China, 2010. (In Chinese)

37. Ramos, M.E.; Altieri, M.A.; Garcia, P.A.; Robles, A.B. Oat and Oat-Vetch as Rainfed Fodder-Cover
Crops in Semiarid Environments: Effects of Fertilization and Harvest Time on Forage Yield and Quality.
J. Sustain. Agric. 2011, 35, 726–744. [CrossRef]

38. Hedayetullah, M.; Barik, A.K. Influence of cutting and fertilizer management on growth and yield of fodder
oats (Avena sativa L.). Madras Agric. J. 2012, 99, 711–714.

39. Buerstmayr, H.; Krenn, N.; Stephan, U.; Grausgruber, H.; Zechner, E. Agronomic performance and quality of
oat (Avena sativa L.) genotypes of worldwide origin produced under Central European growing conditions.
Field Crop. Res. 2007, 101, 343–351. [CrossRef]

40. Martinez, M.F.; Arelovich, H.M.; Wehrhahne, L.N. Grain yield, nutrient content and lipid profile of oat
genotypes grown in a semiarid environment. Field Crop. Res. 2010, 116, 92–100. [CrossRef]

41. Collins, M.; Brinkman, M.A.; Salman, A.A. Forage yield and quality of oat cultivars with increasing rates of
nitrogen fertilization. Agron. J. 1990, 82, 724–728. [CrossRef]

42. May, W.E.; Mohr, R.M.; Lafond, G.P.; Johnston, A.M.; Stevenson, F.C. Effect of nitrogen, seeding date and
cultivar on oat quality and yield in the eastern Canadian prairies. J. Plant Sci. 2004, 84, 1025–1036. [CrossRef]

43. Mohr, R.M.; Grant, C.A.; May, W.E. Nitrogen, phosphorus, and potassium fertilizer management for oats.
Better Crop. 2004, 88, 12–14.

44. Mohr, R.M.; Grant, C.A.; May, W.E.; Stevenson, F.C. The influence of nitrogen, phosphorus and potash
fertilizer application on oat yield and quality. Can. J. Soil Sci. 2007, 87, 459–468. [CrossRef]

45. Rivera-reyes, J.G.; Cortez-Baheza, E.; Peraza-Luna, F.A.; Serratos-Arevalo, J.C.; Posos-Ponce, P.;
Guevara-Gonzalez, R.G.; Torres-Pacheco, I.; Guzman-Maldonado, S.H. Agronomic Traits Associated to
Yield and Quality in Oat Seeds. Asian J. Plant Sci. 2008, 7, 767–770.

46. Sadras, V.O.; Mahadevan, M.; Zwer, P.K. Intraspecific competition in oat varieties selected for grain yield
and milling. Crop Pasture Sci. 2018, 69, 673–680. [CrossRef]

47. Chapagain, T.; Good, A. Yield and Production Gaps in Rainfed Wheat, Barley, and Canola in Alberta.
Front. Plant Sci. 2015, 6, 990. [CrossRef]

48. De Bie, C.A.J.M. Comparative Performance an Analysis of Agro-Ecosystems; Wageningen Agricultural University:
Wageningen, The Netherlands, 2000.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3724/SP.J.1006.2012.00080
http://dx.doi.org/10.1016/j.fcr.2016.04.039
http://dx.doi.org/10.1016/j.agee.2015.04.020
http://dx.doi.org/10.1016/j.fcr.2016.07.011
http://dx.doi.org/10.1016/j.eja.2016.06.017
http://dx.doi.org/10.1016/j.indcrop.2006.12.003
http://dx.doi.org/10.2134/agronj2007.0145
http://dx.doi.org/10.1080/10440046.2011.606490
http://dx.doi.org/10.1016/j.fcr.2006.12.011
http://dx.doi.org/10.1016/j.fcr.2009.11.018
http://dx.doi.org/10.2134/agronj1990.00021962008200040016x
http://dx.doi.org/10.4141/P04-044
http://dx.doi.org/10.4141/CJSS06022
http://dx.doi.org/10.1071/CP18098
http://dx.doi.org/10.3389/fpls.2015.00990
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Method of Evaluating Potential Productivity 
	Definitions and Quantification of Yield Gaps 
	Data Collection 

	Results 
	Potential Yield 
	Attainable Yield, Experimental Yield, and Actual Yield 
	Different Levels of Yield Gaps 

	Discussion 
	Potential Yield under Rain-Fed Systems 
	Yield Gaps and Their Limiting Factors 
	Approaches to Narrow Yield Gaps 

	Conclusions 
	References

