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Abstract: Ratoon rice (RR) has been regarded as a labor-saving and beneficial production system.
Nitrogen (N) surplus and reactive N losses (Nr losses) are effective environmental indicators used to
evaluate the performance of N management. Few studies have assessed N surplus and Nr losses
for Chinese RR. In this study, Chinese RR planting areas were divided into South China (SC), the
southern part of East China (SEC), Central China (CC), the northern part of East China (NEC), and
Southwest China (SW). N surplus and Nr losses were also calculated based on 782 studies using a
quadratic model under optimized N management for the highest yield (OPT-yield), the highest N-use
efficiency (NUE) (OPT-NUE), and the highest grain N uptake (OPT-N uptake). The RR yields in the
five regions ranged from 9.98 to 13.59 t ha~!. The high-yield record was observed in SEC, while the
low-yield record was observed in NEC. The highest and the lowest Nr losses were found in NEC and
SC, respectively. N surplus was reduced, while the yield was maintained in SEC, CC, NEC, and SW
under OPT-yield and OPT-N uptake, and N surplus and Nr losses were reduced in the five regions
when targeting the highest NUE. Farmers should be encouraged to plant RR in SEC and CC. RR was
also a good choice when N management measures were conducted in three other regions. To achieve
a win-win situation for both yield and the environment, OPT-yield could serve to improve the N
management of current conventional practices.

Keywords: ratoon rice; nitrogen balance; reactive nitrogen losses; nitrogen surplus; nitrogen-use
efficiency

1. Introduction

With the world population increasing, rice production needs to reach 519.50 million
tonnes in order to meet the world population’s demand for rice in 2022 [1], and China is
not exempt from this. Rice is a staple food for more than 65% of Chinese people, and it is a
subsistence crop for rice farmers and consumers in Chinese rural areas lacking resources.
About 20% more rice needs to be produced by 2030 to meet domestic demands if rice
consumption per capita is to be kept at the present level in China [2]. Therefore, it is
imperative to increase rice yield per hectare in the limited planting area. Ratoon rice (RR)
is a kind of rice that can be harvested twice in one crop; dormant sprouts that survive on
rice stubble germinate into ears and can then be harvested for another season (ratoon crop)
after the harvest of the first crop (main crop). Two harvests and a higher multiple cropping
index can be realized using this rice farming system [3]. Grain yield in the RR system is
higher than that in middle-season rice, and the net energy ratio and the economic profit in
the RR system are higher than those in double-season rice [4].
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Nitrogen (N) is the main nutrient used to boost the growth and development of crops.
The use of N fertilizer is necessary to obtain high crop yields [5]. Farmers usually input
ample N fertilizer to ensure higher grain yields. The data released by the National Bureau
of Statics in 2021 showed that the consumption of N fertilizer applied to crops in China
was 51.91 Tg (1 Tg = 10'2 g) [6], accounting for about 45.66% of the world’s total N fertilizer
consumption (113.70 Tg, International Fertilizer Industry) [7]. However, too much N does
not increase the yield [8] but rather increases serious environmental pollution, including
CH4 and N,O emissions in the RR system [9]. Therefore, increasing or maintaining the
yield with a low input of N fertilizers has become a critical consideration for ensuring
sustainability in RR production. To minimize environmental pollution, China achieved
zero growth in using chemical fertilizers by 2020 [10]. For this purpose, N management
practices that could sustain high yield and minimize Nr losses needed to be established.
Many optimized N management (OPT) strategies can increase the yield and reduce Nr
losses in RR systems, for example, special fertilizer for bud promotion [11] and optimal
N application using a quadratic equation on yield and N application [12]. Besides N
management, water-saving irrigation, such as alternative wetting and drying irrigation, has
been found to be a promising option to mitigate environmental Nr losses while reducing
irrigation water input in RR fields [9]. However, few studies have been conducted to assess
environmental effects under different N applications in the RR cropping system.

Of the many indicators used to assess N management, N-use efficiency (NUE) and
N surplus may be helpful in policymaking. The efficiency of all the N inputs transferring
to harvested crop N is defined as NUE, and it is consistent with the definition used by
Zhang et al. [13]. The difference between N input and harvested N output is defined as N
surplus [14,15]. This helps provide guidelines for improvements in nutrient management
within a specified boundary [16]. N surplus has been widely used as an indicator for N
management by various countries and organizations [13], for example, the mineral account-
ing system in the Netherlands [17] and intensive farming in Denmark [18]. Several case
studies have considered the effects of N surplus analyses in different systems, for example,
understanding seasonal N dynamics in the maize-wheat double-cropping system [19] and
determining the appropriate N rate and topdressing N ratio in rice-wheat rotation [20].
These studies have contributed to the efficient agricultural N management and helped in
reducing Nr losses while maintaining or improving crop yields.

However, few studies have been conducted to assess the rice yield and the environ-
mental load in different Chinese RR planting areas after optimal N application [8,13]. This
study collected data from 782 studies on the RR system covering 16 provinces in China
to quantify N surplus and Nr losses in the RR system. The aim was (1) to answer which
region should be encouraged to develop RR by comparing yields, Nr losses, and NUE in
five Chinese RR regions, and (2) to establish a model to simulate the N surplus and Nr
losses under OPT for the highest yield, the highest NUE, and the highest grain N uptake.

2. Materials and Methods
2.1. Main Cropping Regions

According to the requirements of temperature, light, and water for RR growth, the
critical meteorological indexes of suitable and unsuitable planting areas of RR were deter-
mined using the principal component analysis [21]. Then, the suitable RR planting zones in
China were divided into 5 climatic ecological zones and 13 regions (Figure 1 and Table S1
in Supplementary Information). They were named South China (SC), the southern part of
East China (SEC), Central China (CC), the northern part of East China (NEC), Southwest
China (SW), and Others (Figure 1). For “Others”, no data were available; therefore, these
areas, which included Beijing, Tibet, Qinghai, Hong Kong, and Macao, were not included
in this study [21].
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Figure 1. Experiment sites and main regions for RR cultivation in China. % indicates Beijing.

2.2. Data Source

We searched for peer-reviewed publications published between 2005 and 2020 on
RR via Science Direct, Springer Journals, the Web of Science, and the China National
Knowledge Infrastructure using the search terms ratoon rice, nitrogen fertilizers, and yield.
All studies that met the following criteria were included: (1) the crops in all studies were
RR; (2) the start and end years of the experiment were available; (3) the amount of N
fertilizer applied to the main crop and the ratoon crop of RR in the experiment was stated;
(4) the amount of N absorbed and taken away by crops or the crop yield of the ratoon crop
and the main crop was given; and (5) the detailed location of the experiment sites was
given. A total of 782 studies fit the criteria and were included in this study, comprising over
72 experiments conducted in 16 provinces throughout China. If the same data appeared in
multiple publications, they were entered into the study only once.

2.3. Data Calculation
2.3.1. Calculation of N-Use Efficiency and N Stored in Soil

The main external N inputs to the RR system in China included fertilizer N, atmo-
spheric N deposition, biological N fixation, seed N, and N from irrigation water (irrigation
N). The internal N cycle of the soil and a small amount of N input were not taken into
account (straw returning to the field, soil organic matter humification, and mineralization).
At the same time, NUE and N surplus were calculated. Since 2000, under the strict prohi-
bition of the government and economic incentives, it has been assumed that all the straw
returns to the soil [13,22,23]. Irrigation N has been considered for N surplus calculation
in some studies, e.g., in greenhouse vegetables in the North China Plain (water-deficient
area) [24]. However, RR is usually planted in an area with abundant rain (Figure 1 [21]),
where both the amount of irrigation water and its N content are minor. Thus, irrigation N
was not considered in this study.

The N partial factor productivity (PFPN) and NUE were calculated using the following
equation [13,25]:

Yield
Nfer

PFPN =
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Nhar
NUE =
Nfer +Ndep +Niix

where Ny, is the grain N uptake, kg ha~!; N uptake by grain was calculated by multi-
plying vield (kg ha™1) by the N content of the grain (%). Nier, Ngep, and N represent
the N input from fertilization, atmospheric deposition, and non-symbiotic N fixation, re-
spectively (kg ha~1). Details about the calculation of Ny,,,, N dep- and N, can be found in
Tables S2-54.

Nasoil Was calculated as follows [26,27]:

Nasoit= Nfer + Ndep + Nfix + Nseedling — Nhar — Nnit = Nyo1 = Niea = Nrun

where Ng,i is the N stored in soil kg ha='. N, Naep, Nfix, and Nieeding represent the N
input from fertilization, atmospheric deposition, biological fixation, and seedlings, respec-
tively (kg ha™!). N}, is the N in harvested grain, kg ha=!. Ny|, Njea, and Ny, represent
the N output from NHj volatilization, N leaching, and N runoff, respectively (kg ha=!). Ny
represents the N output from denitrification losses, which was estimated to be 21.6% of N
fertilizer based on the mean value calculated from the published literature [28-31]. Details
about the calculation of Neeeding, Nvol, Niea, and Nrun can be found in Tables S3 and S4.

2.3.2. Calculation of Nr Losses and N Surplus

Nr losses include NHj3 volatilization, N, O, nitrate leaching, and runoff, but N is not
harmful to the environment, and, hence, it was not counted in the Nr losses [13] where
crop seeds absorb only a small proportion of the total nutrient input [32]. Nr losses and N
surplus were calculated as follows:

Ny losses = Npit + Nyol + Niea + Nrun

Nsur = Nier + Ndep + Nfix — Nhar

where Npit, Nyol, Niea, and Nryn represent the N input from nitrification or denitrification
loss, NH3 volatilization, N leaching, and N runoff, respectively (kg ha™1). N, Ndep, Nfixs
and Ny, represent the N input from fertilization, atmospheric deposition, non-symbiotic
N fixation, and grain N uptake, respectively (kg ha~!), and grain N uptake was calculated
by multiplying the dry matter content (kg ha~!) by the N content of the grain (%). Details
about the calculation of N uptake can be found in Table S2.

2.3.3. Optimized N Based on the Highest Yield, Highest NUE, and Grain N Uptake

Grain N uptake was calculated by multiplying the dry matter content (kg ha~!) by
the N content of the grain (%) [33]. Table S2 presents the details about the calculation
of N uptake. The effect of N application on crop yield is divided into two stages: one
is yield increase and the other is yield stabilization or even reduction with the increased
N fertilization rate [34]. The diminishing marginal effect of N on yield can be observed
empirically, which is mainly because of the cumulative effect of various physiological
processes during plant growth [35]. Thus, a quadratic model was used to calculate the
optimal N applications [36]. The optimal N application was calculated when the inflection
point of the curve was met, following which the maximum yield was obtained. This method
was used to calculate the optimal N application under the highest NUE (Table S56) and grain
N uptake (Table S7) [33]. Therefore, the optimal N applications for the highest yield, the
highest NUE, and the highest grain N uptake were defined as OPT-yield, OPT-NUE, and
OPT-N uptake in this study, respectively. The un-optimized N management was defined as
Un-OPT. To make the N application more in line with farmers’ field management, outliers
that exceeded three times of the average value were eliminated.
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2.3.4. Data Analysis

Excel 2010 (Microsoft., Redmond, WA, USA) was used for data processing. SPSS 26.0
(IBM Corp., Chicago, IL, USA) was used for one-way ANOVA, and Arc Gis 10.0 (ESRI Inc.,
Redlands, CA, USA) and Excel 2010 was used for drawing.

3. Results
3.1. Comparison of N Application, Yields, and NUE in Different Regions

The results show that N application to the main crop was the highest in SEC (Figure 2).
N application to the ratoon crop was the highest in NEC, indicating that a large amount
of N fertilizer was used to obtain a high yield. The yield of the main crop in SEC was the
highest (8.95 t ha~!), and the yields of the ratoon crop in SEC and CC (4.66 and 4.60 t ha~?)
were higher than those in other regions (p < 0.05) (Figure 2). Total yield was defined as the
sum of the yields of the main crop and the ratoon crop. The total yields in SEC and CC
were significantly higher than those in SC, NEC, and SW, and the total yield in NEC was
the lowest. The PFPN was the lowest in NEC, and the NUE in CC was 60%, which was
11-122% higher than that in the other four regions (Figure 2).
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Figure 2. Estimation of yield, N application, and N efficiency of RR in different regions Values are
means + SD of three replicates. Different lowercase letters on bars indicate significant differences at

p < 0.05.
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3.2. N Stored in the Soil in Different Regions

N fertilizer is the main source of N input. The highest amount of N fertilizer was
used in NEC, followed by SEC (Table 1). CC and NEC had the largest N deposition. Grain
N in CC accounted for 60.81% of the total N output, while that in NEC accounted for
only 43.80%. Besides grain N, NEC had the largest denitrification N loss and ammonia
volatilization. SEC had the largest N output due to the largest crop uptake (57.21%). The
NEC region showed the highest Nr losses, and the SC region showed the lowest Nr losses.
Apparent N stored in the soil (Nqj1) of SE, SEC, and CC was 20, 24, and 12 kg N ha~!,
respectively, while that of NEC and SW was 131 and 82 kg N ha~!, respectively. The results
indicate that the N input was close to the N output in planting areas, such as SE, SEC,
and CC.

Table 1. Estimation of the seasonal N stored (Na4(;) in soil in RR system in five areas in China.

Items Sources SC SEC CC NEC SW
(kg Nha1) (n =44) (n =147) (n = 382) (n =33) (n=157)
N fertilizer 253 £ 57°¢ 355 4 782 310 + 72b 371 + 422 270 + 66 €
Deposition 41 43 47 47 38
Input Biological 25 25 25 25 25
fixation
Seedling 3 3 3 3 3
Sum 322 426 382 446 336
Grain N uptake 189 4-33¢ 230 + 452 225 + 452 138 + 174 132 4+ 14P
Demtlréfslsca“o“ 554 12¢ 77 + 172 67 + 18P 80+ 82 58+ 14¢
Output NH; 48 +10°¢ 734214 61 +17° 74+ 82 514 11°¢
volatilization
N leaching 54+1¢ 8442 6+2b g+12 6+1°¢
N runoff 6+1¢ 15+92 11 +4Pb 15+22 742¢
Sum 302 402 370 315 254
Nr losses 113 173 145 177 122
N asoil 20 24 12 131 82

Note: Deposition indicates atmospheric N deposition, and biological fixation indicates biological N fixation.
Different letters indicate significant difference among treatments in the same site (p < 0.05); “+" followed by the
standard deviation.

3.3. Correlation between N Application and Yield, NUE, and Grain N Uptake

As shown in Figure 3, the results indicate that the yield was significantly related
to N application. When other conditions were constant, the yield first increased and
then gradually decreased with the increased N application, with a turning point (the
optimal N application). The equation Y = —9 x 1075x? + 0.0574x + 3.3637 (p < 0.01)
can express the relationship between yield and N application. Therefore, the RR yield
attained the highest point (12.87 t ha—!) when the N application rate was 319 kg ha~!.
Below a specific N application rate, NUE decreased when the N application rate ex-
ceeded 257 kg N ha~! based on the relationship equation between NUE and N appli-
cation (Y = —0.0006x2 + 0.3087x + 19.677, p < 0.01). Therefore, NUE reached the highest
point (59%) when the N application rate was 257 kg ha~!. Grain N uptake generally
increased with N application (Figure 2). Generally, grain N uptake showed a signifi-
cant correlation with N application, which could be described using a quadratic equation
(Y = —0.0015x% + 0.9623x + 52.616, p < 0.01). Moreover, the yield, NUE, and grain N uptake
demonstrated a close relationship with N application in five typical Chinese RR regions
(Tables S5-57).
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Figure 3. Relationship between N application and yield, NUE, and grain N uptake.
3.4. Performance under Optimized N Managements (OPTs) and Un-OPT Practice

The results show that the optimal N application was different in the five regions under
the same indicator (Table 2). The yields of OPT and Un-OPT were 11.08-13.51 t ha—! and
9.98-13.16 tha™!, respectively. The RR yield of OPT was 11% higher than that of Un-OPT.
Compared with Un-OPT, the N surpluses of SEC, CC, NEC, and SW were reduced by
2-72 kg N ha~! and 27-98 kg N ha~! under OPT-yield and OPT-N uptake, respectively.
After OPT-NUE, NUE was 22% higher than that of Un-OPT, and N surplus and Nr losses
were also reduced in the five regions. Expressing Nr losses on a yield-scaled basis provides
an indication of Nr losses per ton of grain yield. The average yield-scaled Nr losses for
Un-OPT (12.35 kg N t~1) were 6%, 24%, and 4% higher than those for OPT-yield, OPT-NUE,
and OPT-N uptake, respectively.
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Table 2. Yield, NUE, N surplus, and yield-scaled Nr loss responses to three optimal N applications

in China.
Opti.mal. N Yield NUE N Surplus Nr Losses (kg N ha—1) Yield-Scaled
Zone Application (tha-1) (%) (kg Nha1) Nr Losses
(kg ha—1) NH; N,O L&R Total (kg Nt 1)

SC 289 11.23 50 181 54 62 13 129 11.50

SEC 252 13.08 66 108 50 54 14 118 9.01

OPT- CcC 305 13.51 60 147 60 66 16 143 10.57
yield NEC 395 13.23 31 322 78 85 23 187 14.12
SW 279 11.08 39 211 52 60 13 126 11.37

China 319 12.87 54 180 63 69 17 150 11.62

SC 158 8.88 62 89 32 34 8 74 8.35

SEC 195 10.49 65 93 38 42 11 92 8.72

OPT- CcC 159 10.09 73 60 31 34 10 75 7.45
NUE NEC 390 11.04 39 283 77 84 23 184 16.70
SW 167 6.75 47 129 33 36 8 78 11.54

China 257 12.07 59 133 51 56 14 120 9.95

SC 298 12.04 52 177 56 64 13 133 11.05

SEC 284 13.82 64 128 56 61 15 133 9.61

OPT-N CcC 285 14.01 65 122 56 62 15 133 9.52
uptake NEC 393 14.07 49 237 78 85 23 186 13.21
SW 280 8.26 39 212 53 60 12 125 15.17

China 321 12.69 53 183 64 69 18 150 11.86

SC 10.85 50 156 48 55 11 114 10.49

SEC 13.03 54 180 62 68 17 148 11.33

CC 13.16 60 149 61 67 17 145 11.03
Un-OPT NEC 9.98 27 335 74 80 21 175 17.57
SW 10.98 40 212 53 60 12 125 11.41

China 11.60 46 206 61 66 17 143 12.35

Note: Nr losses denote reactive N losses, NH3 indicates NHj volatilization, N,O indicates denitrification losses,
L&R indicates the sum of N leaching and N runoff, and yield-scaled Nr losses indicate Nr losses/yield.

3.5. Assessment of N Management

The N input and harvested N of RR in China under OPT-yield, OPT-NUE, OPT-uptake,
and Un-OPT are shown in Figure 4, and the desirable ranges for NUE (50-90%) that were
suggested by the EU Nitrogen Expert Panel [35] are also shown in Figure 4. The N inputs
of SEC and NEC under Un-OPT were exceeded by 400 kg N ha~'yr~!, but the N harvest in
SEC was 40% higher than that in NEC. The N harvest of RR under OPT-yield, OPT-NUE,
OPT-uptake, and Un-OPT were above the minimum productivity level (80 kg N ha=! yr~1)
suggested by the EU Nitrogen Expert Panel [35], especially for the N harvest values in CC,
which were much higher. The NUE values for OPT-yield, OPT-NUE, and OPT-N uptake
were 17%, 28%, and 15% higher than those for Un-OPT, respectively, and the NUE values of
RR under OPT-yield and OPT-uptake were within the desirable ranges (50-90%), showing
that a high yield (high N harvest) was obtained together with a desirable NUE level.
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Figure 4. Comparison of N input and N harvest under different N managements of RR in China. N
harvest indicates grain N uptake; N input includes fertilizer N, N deposition, biological N fixation, and
seed N; the yellow and orange parts indicate high-NUE and low-NUE areas (data from Zhang C [13]);
open circles denote data under Un-OPT in the five RR planting areas of China. The desirable ranges
NUE = 90% and NUE = 50%, and the desired minimum yield level (N harvest = 80 kg ha~'yr—1)
were suggested by the EU Nitrogen Expert Panel (EU Nitrogen Expert Panel 2015 [37]).

4. Discussion
4.1. Yield, NUE, Nr Losses, and N Surplus in Main RR Production Areas in China

Dense planting has been recommended as a promising practice to achieve higher
grain yields [38,39]. Fujian is the main RR planting area in SEC. SEC had the highest
yield (13.59 t ha~!) at a higher planting density (27.15 x 10* hills ha!), followed by CC
(13.16 t ha='; 25.33 x 10* hills ha™!) (Table S8), indicating that SEC and CC were dominant
in RR-growing areas.

There are several reasons for a low yield, and the specific reason in different planting
areas was different, i.e., Sichuan, Guangxi, and Anhui provinces. The largest planting area
of RR is Sichuan province in China [39], but it had a low RR yield (10.91 t ha ~1). The
reasons for this are as follows: (i) the altitude in Sichuan rice planting areas is 200-800 m [40],
and RR yield decreased when the altitude exceeded 350 m [41]; (ii) the average planting
density was 21.65 x 10* hills ha~! (Table S8), which resulted in low effective panicles
and RR yield [39]; (iii) a high incidence of rice disease (e.g., sheath blight) decreased RR
yield [39]. The low RR yield in Guangxi province was mainly caused by the frequently
high temperature [42]. In Anhui province, rainstorms, floods, drought, hail, and typhoon
disasters are frequent, causing serious losses to agricultural production [43].

Nir losses in the five regions ranged from 113 to 177 kg N'ha~! (average 146 kg N ha!). SC
had the lowest Nr losses (113 kg N ha 1), and NEC had the highest Nr losses (177 kg N ha )
(Table 1), which are higher than those of double-season rice under OPT in the Taihu region in
China (102 kg N ha™!) in the study conducted by Ju et al. [44]. The NUE of RR ranged from
27% to 60% (Figure 2), and the highest NUE was in CC (60%), which is close to that of the
Chinese double-cropping system (68%) under OPT proposed by Zhang et al. [13]. Moreover,
the average NUE was 47%, which is lower than the average predicted NUE (60%) of rice for
2050 [45], indicating that N application needs to be optimized for RR.

4.2. NUE and N Surplus under Three Optimal N Application Rates

Many methods (i.e., integrated soil-crop system management [46], response curves
of N application and yield [47], and N balance management [48]) were used to determine
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the best N application amount, and the most common method was the recommended
method based on the effective function of N application [12]. The relationship between
yield and N application at specific locations or different scales has been examined in many
studies [49,50], which include quadratic equations, quadratic-plus-plateau models, square
roots, and exponential equations. The quadratic equation has been the method most
commonly used to calculate the optimal N application in China [33,51]. The quadratic
model between N application rate and yield (Table S5), NUE (Table S6), and crop N uptake
(Table S7) can be established. Then, obvious inflection points and mutation points can be
used to determine the optimal N application under different indicators. We can determine
the minimum amount of N application needed to ensure a certain yield or gain [12,33,34].
The quadratic model recommended an optimal N application for RR of 319 kg ha~! in
order to obtain the highest yield (12.78 t ha~!) under OPT-yield in this study (Table 2),
which is lower than that in the study conducted by Cao et al. [8] (13.67 t ha~!) under the
optimal N application rate. This difference is mainly due to the fact that the quadratic
model was selected in this study while the linear-plus-plateau model was used in the
study of Cao et al. [8]. The theoretical optimal N surplus under the highest yield was
180 kg N ha~!, which is higher than the N surplus benchmark (120 kg N ha—!) determined
by Zhang et al. [13]. This difference is mainly due to the fact that the crops researched were
different. RR was studied in this study, while all the main Chinese rice-based systems
(rice, double rice, rape-rice, and wheat-rice) were used in the study conducted by Zhang
etal. [13], and different crops have different N surplus benchmarks. The highest NUE could
be achieved with the lowest N application in this study (Table 2), which is consistent with
the findings of Zhang et al. [12]. The highest NUE (59%) for Chinese RR estimated in our
study was lower than the NUE (64%) for the rice-rice system proposed by Zhang et al. [13].
Crop N uptake was supposed to be an indicator for estimating the N utilization rate [52].
The N application rate under the highest grain N uptake was higher than that under the
highest yield and NUE, and this result is similar to that of Zhang et al. [33].

The NUE of RR in China based on different indicators ranges from 53% to 59%
(Table 2); this is close to the mean NUE target for 2050 suggested by Zhang et al. [45], in
which higher NUE targets were set for rice (60%). N surplus (133-183 kg N ha™1) (Table 3)
based on different indicators in this study was higher than the average surplus target of
all main grain crops in China (65 kg N ha~!) and the worldwide average value for 2050
(53 kg N ha~1) [45] (Table 3). The biggest differences between our study and that conducted
by Zhang et al. [45] was based on data. First, the data of different crops were used in the
study conducted by Zhang et al. [45], while the data of only RR in the five main RR regions
were used in this study. Second, the data from the Food and Agriculture Organization
(FAO) and International Fertilizer Industry Association (IFA) statistical databases were
used by Zhang et al. [45], while data from on-farm experiments were obtained in this study
(Table 3).

Table 3. Comparison of N surplus benchmarks between China and other countries/regions.

. N Surplus
Regions (kg N ha-1) Crops References Notes
The Netherlands 80 Arable land [53] N surplus benchmarks in 2003

Europe 80 All cropland [37] Overall mean N surplus benchmark
World 53 Rice [45] N surplus benchmarks for 2050
China 65 All cropland [45] N surplus benchmarks for China in 2050
China 120 Rice, rice-rice [45] N surplus benchmarks
China 180 Ratoon rice This study Average N surplus for the highest yield
China 138 Ratoon rice This study Average N surplus for the highest NUE
China 183 Ratoon rice This study Average N surplus for the highest grain N

uptake
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4.3. Policy Suggestions

Farms from some developed countries (e.g., the Netherlands and Europe) have
achieved lower Nr losses than those under the fertilization plan [52], suggesting that
our N surplus could be further reduced. The amount of N fertilizer needs to be reduced
while the yield is maintained or improved in order to achieve the proposed N surplus for
RR. The required improvements could be expressed as the full adoption of the “4R” of
nutrient stewardship (right source, right rate, right time, and right place) [54]. Enhanced-
efficiency fertilizers (e.g., controlled-release urea) can significantly increase rice yields by
26%, and reduce NHj volatilization (23-62%) and N surface runoff losses (8-58%) [55,56].
The rice nutrient expert system has been used to provide the correct N fertilizer amount
based on the yield response of rice in the previous season, and it recommend a more
accurate amount of N fertilization for rice [57]. For RR, the N fertilizer used in the first
season had a significant effect on the yield of the main crop but little effect on the yield
of the ratoon crop [8], while the N fertilizer used for bud promotion and seed promotion
had significant effects on the yield of ratoon crops [58]. Therefore, the fertilization time
should be precise. The deep placement of urea can better match the N demand of rice
plants and effectively minimize NHj volatilization compared with broadcast [58,59]. New
irrigation technology (e.g., dry-wet alternate irrigation) [60] and moldboard plowing with
direct seeding [61] have also been found to realize higher yields with lower Nr losses, and
they should also be used for RR. In addition, pest, weed, and disease control technologies
also help farmers achieve high RR yields, for example, validamycin to eliminate pests
(sheath blight) in RR, special herbicides to remove weeds (echinochloa crusgalli) in RR, and
isoprothiolane to control disease (rice blast) in RR [21,39].

5. Conclusions

SEC and CC are the dominant regions for RR with higher yields and lower Nr losses.
Hence, policy incentives should be implemented in these two regions for food security
and environmental protection. Appropriate N surplus (180 kg N ha~!) and NUE (54%)
values under OPT-yield can not only increase yield but also reduce Nr losses. The “4R” of
nutrient stewardship can be fully adopted to achieve N surplus in different regions under
OPT-yield when the sustainable development of RR is encouraged in China.
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areas of China; Table S3: Nutrient source (atmospheric deposition, biological fixation of nitrogen and
rice seeding) into cropland; Table S4: Models for calculating reactive nitrogen (Nr) loss; Table S5:
Relationship between N application and yield for RR in five areas of China; Table S6: Relationship
between N application and NUE for RR in five areas of China; Table S7: Relationship between N
application and grain N uptake for RR in five areas of China; Table S8: The accumulated temperature
and planting density in different province.
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