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It is possible to simultaneously reduce both food security and environmental

impact by understanding the relation between rice (Oryza sativa L.) grain yield

and phosphorus (P) uptake requirements. The goal of this study was to

determine P uptake requirements and relationship of P accumulation with

yield formation at different rice grain yield levels under saline-sodic stress. A

database comprisingmeasurements in 28 plots in four on-farm research station

located in saline-sodic soil area during the period 2018–2019 in Jilin province of

Northeast China was used for the analyses. The grain yields of rice averaged

9.0 Mg ha−1 and varied from 5.11 to 13.41 Mg ha−1. The P uptake at late growth

stages (heading and maturity) of rice gradually increased with increasing grain

yield levels. The P requirement for producing 1 Mg grain (Preq.) were 4.61, 4.60,

and 4.21 kg Mg−1 for grain yields ranging from <7.0, 8.0–9.5, and >10.0 Mg ha−1,

respectively. The decrease in Preq. values with increasing grain yield was mainly

attributable to the increase in the harvest index from 0.25 to 0.33. A larger

proportion of the P was accumulated from heading to maturity stage when

grain yields were higher than 8.0 Mg ha−1. The P uptake in leaves, stems and

panicles at the maturity stage gradually increased with increasing grain yield

levels. The results give a contribution to rice production in saline-sodic soils,

and greatly optimize P management especially in high-yielding rice systems,

furtherly improving food security in the Jilin province of China.
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Introduction

Food production needs to increase 100% by 2050 to meet

projected food demands (Pastor et al., 2019). Marginal lands have

received an increased attention for world food crisis, especially in

China, which has a large population and relatively limited

cultivated land. Saline-sodic soils are the typical marginal

land, which have a serious adverse impacts on agricultural

productivity and sustainability in arid and semi-arid climates

(Qadir et al., 2007; Chi et al., 2012; Huang et al., 2017). Rice-

planting could potentially reduce the adverse effects of these soil

degradation, and has been recommended as the preferred

method of biological improvement for saline-sodic soils (Chi

et al., 2012; Huang et al., 2016; Huang et al., 2017). So far, the area

of saline-sodic paddy fields in the Western Songnen Plain of

China had reached 1.1 million ha, accounting for 3.67% of

China’s total rice area (Huang et al., 2016). However, the yield

of rice under saline-sodic stress responses to nutrient supply are

not well understood. Especially about phosphorus (P), which as

an essential macronutrient plays an important role for plant

growth (Wu et al., 2015; Dai et al., 2022; Javed et al., 2022). Under

saline-sodic conditions, the soil organic matter is low (Huang

et al., 2016), and soils contain extremely high ratios of Na+/Ca2+,

Na+/K+, Ca2+/Mg2+, and Cl−/NO3
− (Huang et al., 2017), the

Olsen-P is easily immobilized by Ca2+, and competes with

Na+, Cl−, CO3
2-, and other salt ions (Hu and Schmidhalter,

2010; Tian et al., 2016). The high pH conditions of saline-

sodic soils generally result in the reduction of phosphorus

absorption (Tian et al., 2016). The availability of P to the

plant is limited by insoluble state of tricalcium phosphate in

saline-sodic soils (Saito et al., 2019; Guo et al., 2020), so the P use

efficiency (PUE) in saline-sodic soils are very low. P has become

the main limiting factor affecting the growth and yield of rice

under saline-sodic stress (Guo et al., 2020).

To improve the crop yields and maintain soil fertility,

phosphate fertilizers are regularly recommended based on

target yields and soil test values (Zhang et al., 2008; Zhang

et al., 2015). The typical P fertilization rate applied for rice

paddy in Northeastern China is about 40–70 kg P2O5 ha−1

under a agronomist’s recommendation (Zhang et al., 2010).

But, most farmers and even agricultural extension staff still

blindly apply P fertilizer. Applying excess P fertilizer beyond

crop needs increases P accumulation in soil and the risk of P

loss, which leads to serious environmental problems, like

eutrophication of water bodies (Conley et al., 2009; Bai et al.,

2013). The consequences of these soil and water problems are

meaningful on a global scale. Therefore, understanding the

yield formation of rice under saline-sodic stress from the

aspect of P uptake requirements, and improving PUE while

increasing crop productivity and reducing environmental

risk are very important for efficient use of marginal land

and food security (Li et al., 2011; Zhang et al., 2012; Tian

et al., 2017).

Grain yield of rice are associated with P concentrations in

grains. Previous studies have reported differences in the rice

grain yield -P uptake relationships over regions (environments),

genotypes, irrigation, and nutrient (nitrogen and phosphorus)

management strategies (Dobermann et al., 1996; Vandamme et

al., 2016;Wang et al., 2017;Wei et al., 2017; Song et al., 2019; Guo

et al., 2020). For example, Dobermann et al. (1996) reported that

uptake of 1.8–4.2 kg P was required to produce one ton of grain

yield by using the data from long-term experiments at 11 sites in

five countries of Asia.Wei et al. (2017) found that the higher yield

produced by japonica/indica hybrid of “super rice” was

accompanied by a higher total P accumulation, and the grain

yield was positively correlated with P accumulation from stem

elongation to heading stage of rice. Wang et al. (2017) reported

low straw P concentrations improved grain yield by enhancing P

translocation into grain. In addition, the yield of rice in saline-

alkaline soils was positively correlated with P accumulation and

rates of nutrient mobilization to the leaves, stem-sheaths, and

panicles at maturity (Guo et al., 2020).

Many studies have provided information about P

requirements and the relationships with grain yield of rice,

but quantitative physiological P requirements in terms of yield

relationships across a wide range of farming environments under

saline-sodic stress are very few. In this study, we collected data in

28 plots of saline-sodic paddy field from 2018 to 2019 in Jilin

province of Northeastern China. The objectives of this study were

to investigate P uptake during main growth periods and

relationship of P accumulation with grain yield, quantify the

P requirement per ton grain produced for different yield levels,

explore the key factors affecting the formation of rice yield under

saline-sodic stress.

Materials and methods

Data collection

The data were collected from on-farm research station

experiments conducted in four locations in the saline-sodic

soil area during 2018–2019 in Jilin province (41°–46°N,

121°–130°E), Northeastern China. Measurements were

conducted in 28 plots of saline-sodic paddy field in total.

Specific detailed information of these on-farm studies are

shown in Table 1. Rice was transplanted in early May and

harvested in early October. Annual precipitation in this area

is 500–800 mm, with 60–70% of the rainfall occurring during the

rice growth periods. Fertilizer were recommended by

agronomists and were based on targeted yield and soil

fertility. All experimental fields received phosphorus

applications that ranged from 50 to 130 kg P2O5 ha−1,

nitrogen application rates range from 97 to 278 kg N ha−1 and

potassium application rates range from 52 to 129 kg K2O ha−1.

Plant densities ranged from 200,000 to 300,000 plants ha−1.
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Commercial rice varieties with high yield potential that were

considered suitable at each site were used. All experiments were

managed according to the individual farmers’ practices, and no

manure was applied. Insects were intensively controlled using

chemicals to avoid biomass and yield losses.

Sampling and measurements

At the rice tillering, stem elongation, heading and maturity

stages, ten consecutive plants of each plot were sampled to

determine the aboveground total dry matter (DM) and

phosphorus (P) content. These plants were separated into

leaves, stems (culm and sheath) at four stages, and panicles at

the heading and maturity stages. All plant samples were oven-

dried at 105°C for 0.5 h and then dried at 80°C until a constant

weight was reached for biomass measurements. After weighing,

the samples were ground to fine powder (0.5 mm sieve), and the

P concentrations (mg g−1) of each sample were determined by the

molybdate-blue colorimetric method (Murphy and Riley, 1962).

The P accumulation (kg ha−1) were calculated by multiplying the

P concentration by the aboveground total dry weight.

At the maturity stage, plants covering an area of 1 m2 (excluding

the border rows) in each plot were collected to determine the grain

yield components, includes number of panicles per hectare, the

number of spikelets per panicle, filled-grain percentage (%) and

103-grain weight (g). The percentage of filled grains was calculated in

the ratio of filled grains (specific gravity ≥1.06 g cm−3) to the total

number of spikelets (Wei et al., 2017). All plants in each plot were

harvested and grain yield was reported with 14% moisture content.

The Preq. (kg Mg−1 grain) was defined as the amount of

aboveground P needed to produce 1 Mg grain. The harvest index

(HI) was determined by dividing the grain yield by the total

aboveground plant dry matter. The partial factor productivity

(PFPp, kg kg−1) was calculated as the grain yield divided by the

amount of P fertilizer applied. The P harvest index (PHI) was

calculated as the ratio of the grain P accumulation to the total P

accumulation of the aboveground parts at the maturity stage

(Tang et al., 2011; Wu et al., 2015; Wang et al., 2017).

Data analysis

According to the rice yield of Jilin province of China in recent

5 years, the data of grain yields were split into three groups: <7.0,
8.0–9.5, and >10.0 Mg ha−1. Experiments with P accumulation

data collected at four stages, and grain yield components at the

maturity stage were also grouped on the basis of grain yield (<7.0,
8.0–9.5, and >10.0 Mg ha−1). A one-way ANOVA was used to

compare the means of P accumulation, grain yield components

and yield levels based on the least significant difference at a

0.05 level of probability with SPSS 18.0. And the relationship

between yields and P accumulation were calculated using

Pearson correlation coefficient.

Results

Grain yield components with different
yield levels of rice under saline-sodic
stress

Considering all 28 observations, the average rice grain yields

of <7.0, 8.0–9.5, and >10.0 Mg ha−1 were 6.3 ± 0.5, 8.7 ± 0.4 and

TABLE 1 Specific detailed information of four on-farm research station.

Station Year No.
of plot

pH EC (μS cm−1) Treatment
type

Variety Plant
density
(plant
ha−1)

Fertilizer
application
rate
(kg ha−1)

Yield
range
(Mg ha−1)

S1 2019 9 7.58 ± 0.19 1007.1 ± 46.2 Nitrogen fertilizer
application
of direct-seeded rice

Longdao 5 300,000 N:120–180 5.1–7.0

P2O5:50

K2O:70

S2 2018
9 7.72 ± 0.04 1082.3 ± 54.1

Screening of rice varieties,
Nitrogen fertilizer
application

Jigeng 302
300,000

N:190–225 8.4–10.8

2019 Jigeng 809 P2O5:80

Tonghe 899 K2O:100

S3 2019 4 8.14 ± 0.10 1136.2 ± 50.8 Farmers’ high yield key fields Jigeng 809 200,000 N:97–160 12.7–13.4

300,000 P2O5:72–130

K2O:75–129

S4 2019 6 8.10 ± 0.22 2123.6 ± 22.0 Screening of rice varieties Jigeng 302 300,000 N:278 8.0–10.7

Jigeng 809 P2O5:96

Baidao 8 K2O:52
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11.4 ± 1.4 (Table 2). The number of panicles per hectare and the

number of spikelets per panicle gradually increased with

increasing grain yield levels, and the yields of 8.0–9.5,

and >10.0 Mg ha−1 were significantly higher than the yield

of <7.0 Mg ha−1. The filled-grain percentages remained stable

at ~96.0% among the three yield levels. However, the 103-grain

weight decreased with increasing grain yield levels. Overall, there

was a significant positive correlation between rice yield and the

number of spikelets per panicle (Table 2).

P requirements with different yield levels
of rice under saline-sodic stress

For total DM accumulation, the greatest difference among

the three yield ranges was observed at maturity stage (Table 3).

The total DM gradually increased with increasing grain yield

levels at the heading and maturity stages, which caused P uptake

to increase with an increase in grain yield (Figure 1). The yield

level of >10.0 Mg ha−1 showed higher P uptake at heading stage

(39.5 kg ha−1) and maturity stage (64.5 kg ha−1) compared with

the yields of <7.0, and 8.0–9.5 Mg ha−1. The P uptake at late

growth stages of rice gradually increased with increasing grain

yield levels (Figure 1).

The Preq. were decreased with increase in grain yield, average

Preq. values were 4.61, 4.60, and 4.21 kg Mg−1 for grain yields

ranging from <7.0, 8.0–9.5, and >10 Mg ha−1, respectively

(Table 4). The increase in HI also contributed to the decrease

in Preq. with increasing yield levels. Average PHI around 0.75 for

all of the yield levels. The PFPp were 125.4 kg kg
−1, 109.5 kg kg−1

and 126.5 kg kg−1 as yield increased from <7.0 Mg ha−1 to

8.0–9.5 Mg ha−1 to >10.0 Mg ha−1, respectively (Table 4).

P accumulation during main growth
periods with different yield levels under
saline-sodic stress

To better understand the P accumulation and partitioning

pattern of rice under saline-sodic stress, P accumulation during

main growth periods (Table 5) and P uptake in each organ at the

maturity stage (Figure 2) were calculated. From tillering to stem

elongation stage, the P accumulation rate in the yield

of <7.0 Mg ha−1was highest (58.1%), followed by the yield

of >10.0, and 8.0–9.5 Mg ha−1. From stem elongation to

heading stage, the P accumulation rate increased from 9.2% to

19.7% to 21.3% as yield increased from <7.0 Mg ha−1 to

8.0–9.5 Mg ha−1 to >10.0 Mg ha−1, respectively, while the same

trend was observed from heading stage to maturity stage. The

yield level of >10.0, and 8.0–9.5 Mg ha−1 had the highest P

accumulation rate from heading stage to maturity stage, which

were 40.3 and 54.5%, respectively (Table 5).

TABLE 2 Grain yield components with different yield levels.

Yield level
(Mg ha−1)

Yield (Mg ha−1) Panicles (104 ha−1) Spikelets per
panicle

Filled-grain percentage
(%)

103-grain weight
(g)

<7.0 (na = 9) 6.3c ± 0.5b 429.9b ± 20.9 93.5b ± 10.3 96.2a ± 1.5 27.1a ± 0.9

8.0–9.5 (n = 8) 8.7b ± 0.4 440.7a ± 25.8 125.3a ± 9.7 95.1a ± 1.4 23.3b ± 1.0

>10.0 (n = 11) 11.4a ± 1.4 456.6a ± 26.1 133.3a ± 7.2 96.2a ± 1.2 23.9b ± 0.9

Pearson correlation

Correlation coefficient 0.49* 0.88** 0.14 −0.67**

an = number of plots.
bMean ± standard deviation.

Different letters in the same column indicate significant different (p < 0.05). * and ** indicate significance at p < 0.05 and p < 0.01, respectively.

TABLE 3 The total dry matter (DM) at main growth stages of rice with different yield levels.

Yield level
(Mg ha−1)

Total DM (Mg ha−1)

Tillering Elongation Heading Maturity

<7.0 (na = 9) 1.0a ± 0.1b 7.5a ± 0.7 11.5b ± 0.7 25.5c ± 1.7

8.0–9.5 (n = 8) 1.1a ± 0.2 6.1b ± 1.0 11.8b ± 2.2 29.3b ± 1.6

>10.0 (n = 11) 1.1a ± 0.2 6.7b ± 0.7 16.5a ± 2.2 32.0a ± 1.1

an = number of plots.
bMean ± standard deviation.

Different letters in the same column indicate significant different (p < 0.05).

Frontiers in Environmental Science frontiersin.org04

Wei et al. 10.3389/fenvs.2022.953579

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.953579


At the maturity stage, leaves dry matter in the yield

of <7.0 Mg ha−1was highest, followed by the yield of 8.0–9.5,

and >10.0 Mg ha−1 (Table 6). Dry matter of stems and panicles

gradually increased with increasing grain yield levels. For the P

concentration, grain yield levels did not show the difference on

leaf, stem, and panicle P concentration at the heading stage. At

FIGURE 1
Aboveground P uptake at main growth stages of rice with different yield levels. Different letters above the bars are significantly different for
different yield levels (p < 0.05). Yield level: <7.0, 8.0–9.5, and >10.0 Mg ha−1.

TABLE 4 The P requirement (Preq.), harvest index (HI), P harvest index (PHI), and partial factor productivity (PFPp) of rice with different yield levels.

Yield level
(Mg ha−1)

Preq.

(kg Mg−1 grain)
HI PHI PFPp(kg kg−1)

<7.0 (na = 9) 4.61a ± 1.82b 0.25b ± 0.02 0.74a ± 0.11 125.4a ± 10.9

8.0–9.5 (n = 8) 4.60a ± 0.79 0.30a ± 0.01 0.78a ± 0.05 109.5b ± 3.7

>10.0 (n = 11) 4.21a ± 1.04 0.33a ± 0.05 0.72a ± 0.05 126.5a ± 26.1

an = number of plots.
bMean ± standard deviation.

Different letters in the same column indicate significant different (p < 0.05).

TABLE 5 P accumulation and rate during main growth periods for different yield levels.

Yield level
(Mg ha−1)

Tillering to elongation Elongation to heading Heading to maturity

P Accumulation
(kg ha−1)

Rate (%) P Accumulation
(kg ha−1)

Rate (%) P Accumulation
(kg ha−1)

Rate (%)

<7.0 (na = 9) 21.4a 58.1 3.4c 9.2 14.3b 32.6

8.0–9.5 (n = 8) 13.4b 25.8 10.2b 19.7 28.3a 54.5

>10.0 (n = 11) 15.7b 25.3 21.3a 34.4 25.0a 40.3

an = number of plots.

Different letters in the same column indicate significant different (p < 0.05).
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the maturity stage, the P concentration in leaves, stems, and

panicles also increased with increasing grain yield levels, but

there was no significantly different among the three yield levels

(Table 6). A considerable amount of stem and leaf P was

translocated to the grain in the yield of >10.0 Mg ha−1

(Table 6). For the P uptake in each organ at the maturity

stage, the P uptake in leaves, stems and panicles gradually

increased with increasing grain yield levels. There was no

significant difference among the three yield levels in leaves,

while was significantly different between the yield

of >10.0 Mg ha−1 and <7.0 Mg ha−1 in stems and panicles

(Figure 2).

Overall, the relationship between aboveground P

accumulation and grain yield of rice under saline-sodic stress

were shown in Figure 3. The grain yield was significantly and

positively affected by the P accumulation from stem elongation to

heading stage, and P uptake in panicle at the maturity stage

(P < 0.01).

Discussion

Among yield components, panicle and spikelet number was

the basis of stable high yield of rice (Sheehy et al., 2001; Yan et al.,

2010; Guo et al., 2020; Li et al., 2021). Our results showed that the

number of panicles per hectare and spikelets per panicle were

significantly increased with increasing grain yield levels (Table 2).

Generally, the number of spikelets per panicle was negatively

FIGURE 2
P accumulation in each organ at the maturity stages of rice with different yield levels. Different letters above the bars are significantly different
for different yield levels (p < 0.05). Yield level: <7.0, 8.0–9.5, and >10.0 Mg ha−1.

TABLE 6 The total dry matter (DM) and P concentration in each organ at the maturity stages of rice with different yield levels.

Yield level
(Mg ha−1)

Total DM (Mg ha−1) P Concentration (g kg−1)

Maturity stage Heading stage Maturity stage

Leaf Stem Panicle Leaf Stem Panicle Leaf Stem Panicle

<7.0 (na = 9) 4.4a 7.2b 13.8b 2.1a 2.8a 1.7b 0.7b 1.3ab 2.1a

8.0–9.5 (n = 8) 3.3b 7.4b 19.0a 1.6b 2.9a 2.2a 1.0ab 1.2b 2.2a

>10.0 (n = 11) 3.0b 9.6a 19.2a 1.8ab 3.0a 1.8ab 1.1a 1.4a 2.5a

an = number of plots.

Different letters in the same column indicate significant different (p < 0.05).
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correlated with the filled-grain percentage generally (Mohapatra

and Sahu, 1991). But in the present study, there was no significant

difference in filled-grain percentage among the three yield levels

(Table 2), which probably means that the high-yielding rice in

our study can achieve the synchronous improvement of spikelet

number and filled-grain percentage.

Soil salinity and sodicity can affect the absorption of essential

nutrients, and cause nutritional disorders and reduction of grain

yield. Especially about P, which is easily immobilized by Ca2+, and

competes with salt ions (Huang et al., 2017). In addition, the organic

matter (OM) in soils are able to rapidly sorb applied P fertilizer and

improved P availability of plants (Guppy et al., 2005). However, OM

in saline-sodic soils (6–8 g kg−1) were lower than that of conventional

paddy field (>20 g kg−1) (Huang et al., 2016; Wei et al., 2017; Song

et al., 2019). In practice, tomaximize grain yield of rice in saline-sodic

soils, the application of P fertilizer was higher than that of

conventional paddy field, so the PUE in saline-sodic soils are very

low. In the present study, the yield level of >10.0 Mg ha−1 showed

higher total DM and P uptake at late growth stages of rice compared

with other two yield levels (Table 3 and Figure 1). A similar

observation of “super rice” was also reported by Wei et al. (2016).

Our results showed that Preq. of rice decreased as grain yield improved

(Table 4), and the Preq. value in this study (4.2–4.6 kgMg−1) was

higher than the 1.8–4.2 kgMg−1 reported by Dobermann et al.

(1996), based on the data from long-term experiments of rice in

Asia.Moreover, some similar trend about Preq. ofmaize (Zeamays L.)

was reported by Wu et al. (2015), and decreased Preq. as grain yield

improved means that improvements in grain yield do not require

proportional increases in the use of chemical P fertilizers. Therefore,

the Preq. of rice as affected by grain yield level should be of

consideration in appropriate P fertilizer recommendation for

simultaneously reducing cost and P losses of rice in saline-sodic soils.

Rice HI have been documented in several previous studies,

which range of 0.17–0.56 (Bueno and Lafarge, 2009; Ju et al.,

2009; Yang and Zhang, 2010). In the present study, HI

(0.25–0.33) increased when the yield range increased

(Table 4). An improvement of HI means an increase in the

economic portion of the plant, and rice HI is the result of various

integrated processes, including the number of panicles per unit

area, the number of spikelets per panicle, filled-grain percentage,

and 103-grain weight (Li et al., 2012). The PHI (0.72–0.78) in this

study was consistent with the results of 0.73–0.83 (indica rice)

reported by Song et al. (2019), and higher than the 0.50–0.68 of

two indica rice reported by Wang et al. (2017). Our results

showed that the HI increased as yield increased, but PHI has no

significant difference (Table 4), which probably related with the

greater increasing in the allocation of carbohydrates (Wu et al.,

2015).

P accumulation during main growth periods and the

relationship of P accumulation with grain yield have been

FIGURE 3
Pearson correlation between aboveground P accumulation and grain yield of rice (n= 28). * and ** indicate significance at P < 0.05 and P < 0.01,
respectively. TE-P, P accumulation from tillering to stem elongation stage; EH-P, P accumulation from stem elongation to heading stage; HM-P, P
accumulation from heading to maturity stage; ML-P, P uptake in leaf at maturity stage; MS-P, P uptake in stem at maturity stage; MP-P, P uptake in
panicle at maturity stage.
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documented in several previous studies (Rose et al., 2010; Bi et al.,

2013; Wang et al., 2017; Wei et al., 2017; Guo et al., 2020).

60–90% of P taken up by the rice is typically accumulated in the

grains at maturity (Rose et al., 2010; Bi et al., 2013). Wei et al.

(2017) found that the grain yield of “super rice” was positively

correlated with P accumulation from stem elongation to heading

stage of rice. Wang et al. (2017) reported that low straw P

concentrations improved grain yield by enhancing P

translocation into grain. In saline-alkaline soils, there was a

positively correlation between grain yield with P accumulation

and rates of nutrient mobilization to the leaves, stem-sheaths,

and panicles at maturity were reported by Guo et al. (2020). In

this study, a larger proportion of the P (40.3%, 54.5%) was

accumulated from heading to maturity stage when grain yields

were higher than 8.0 Mg ha−1 (Table 5). The P uptake in leaves,

stems and panicles at the maturity stage gradually increased with

increasing grain yield levels (Figure 2). A considerable amount of

stem and leaf P was translocated to the grain in the yield

of >10.0 Mg ha−1 (Table 6). Moreover, We found that the

grain yield was positively affected by the P accumulation from

stem elongation to heading stage, and P uptake in panicle at the

maturity stage (Figure 3), which was consistent with previous

studies (Wang et al., 2017; Wei et al., 2017; Guo et al., 2020). This

results highlights the importance of maintaining P accumulation

at late growth stages in high-yielding rice system under saline-

sodic stress.

Conclusion

In summary, from the data analysis, the P uptake at late growth

stages of rice were gradually increased with increasing grain yield

levels. The Preq. were decreased with increase in grain yield. The grain

yield was significantly and positively affected by the P accumulation

from stem elongation to heading stage, and P uptake in panicle at the

maturity stage. The knowledge with relationship between P

requirement and grain yield can play a vital role in increasing rice

yield in saline-sodic soils and in optimizing Pmanagement especially

in high-yielding rice system.
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