
Rice (Oryza sativa L.) is one of the world’s three 
major food crops. China, the world’s largest rice 
producer, has seen its rice output increase by more 
than 50% since 1980; however, this growth trend 
has significantly flattened in recent years (Grassini 
et al. 2013, Rong et al. 2021). For consumers, the 
nutritional and eating qualities of rice are the most 
important attributes they value. Rice protein, clas-
sified as a low-sensitivity protein, boasts higher 
digestibility and biological value, and it is a crucial 
indicator determining the nutritional quality of rice 
(Helm and Burks 1996). Amylose content, a key 
factor influencing rice’s eating quality, directly de-
termines the hardness and stickiness of cooked rice, 
which significantly affects consumers’ preferences 

for different types of rice (Umemoto et al. 2004, 
Waters et al. 2006, Kong et al. 2015). Previous stud-
ies have shown that achieving a balance between the 
rice production and quality is challenging, and that 
an increase in rice yield inevitably leads to a decline 
in rice quality (Chen et al. 2022). The primary ap-
proach to meeting the escalating demand for food 
and ensuring food security within the constraints 
of limited arable land entails augmenting rice yield 
while attaining an optimal equilibrium between the 
rice yield and quality (Deng et al. 2019).

Potassium (K) is generally regarded as the third 
most important mineral nutrient after nitrogen (N) 
and phosphorus (P) in plant nutrition, while the 
demand for K in rice specifically exceeds that for N 
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and P (Chen et al. 2023). K mainly exists in plants 
in the form of cations and is usually used as an en-
zyme cofactor or regulator (Marschner 2012). It 
participates in regulating physiological processes in 
plants, such as photosynthesis, assimilation trans-
portation, and carbohydrate metabolism, while it 
promotes the absorption of nutrients like nitrogen 
and phosphorus, and ultimately has an impact on 
crop yield and product quality (Britto and Kronzucker 
2008, Nieves-Cordones et al. 2019, Ma et al. 2022). 
The primary source of K nutrition for crops is K 
fertiliser, which is often made by using potassium 
salts. However, the price of K fertiliser is rising and 
the worldwide market for it is unstable due to the 
limited geological deposits of potassium salt and the 
high economic, social, and environmental costs of 
its utilisation. As a result, many farmers are forced 
to reduce the use of K fertiliser and face the threat 
of crop yield decline caused by soil potassium de-
ficiency (Al Rawashdeh 2020, Brownlie et al. 2023, 
2024, Ushakova et al. 2023). Therefore, it is crucial 
to investigate the effective management method of 
K fertiliser, improve its utilisation rate, and promote 
the maximisation of farmers’ interests.

Numerous research currently show that K fertiliser 
application can significantly increase rice yield and 
encourage the synthesis of starch and protein in 
grain (Yang et al. 2004, Zörb et al. 2014, Mohamed 
et al. 2021). However, a variety of factors, including 
genotype, growth period, climate, soil environment, 
and human management practices, all have an im-
pact on how well potassium is absorbed and utilised 
in rice. The quantity of potassium absorbed by the 
above-ground dry matter of several rice cultivars 
varied significantly, with the largest absorption rate 
occurring during the tillering and booting stages (Ye 
et al. 2020). Beyond genotype, soil conditions also 
play a critical role: some studies have also indicated 
that basic soil conditions – such as soil organic matter 
(SOM), pH, total nitrogen, and the contents of avail-
able nitrogen, phosphorus, and potassium – are key 
factors influencing the productivity of rice-growing 
areas, as they alter the crop’s growth environment, 
affect its nutrient absorption, and ultimately impact 
its yield and quality (Zhang et al. 2024, Ye et al. 2024, 
Wu et al. 2025). In addition, soil potassium supply 
capacity and K fertiliser rate are the key factors 
affecting the effectiveness of potassium nutrition 
crops (Lu et al. 2017). In view of the differences in 
rice cultivars, fertilisation measures, soil properties 
and climatic conditions in field experiments, the 

previous experimental results were summarised, and 
the effects of potassium application on rice yield, 
grain protein and amylose content under different 
K fertiliser rates and their base-topdressing ratios, 
planting areas and soil chemical properties were 
systematically evaluated by meta-analysis. This study 
aimed to reveal and clarify the comprehensive effects 
of K fertiliser application on rice yield and quality, 
and so to provide a basis for rational application of 
K fertiliser to improve rice yield and quality.

MATERIAL AND METHODS

Data collection. The data for this study were col-
lected from Web of Science and CNKI databases. 
The keywords "Potassium", "Rice", "Yield", "Protein 
content", and "Amylose content" were used to search 
for relevant literature. The articles were screened 
based on the following criteria: (1) The experimental 
location is in mainland China, and the experimental 
material is rice; (2) the study should be based on the 
data collected from field trials only; (3) included stud-
ies were field experiments with an NPK treatment 
group and an NP control group; and (4) at least one 
index of yield, effective panicles, grain number per 
spike, 1 000-grain weight, ripening percentage, grain 
protein and amylose content should be mentioned 
in the literature. Various indicators were collected 
from the literature, including experimental location, 
experimental time, soil chemical properties, nitrogen, 
phosphorus and K fertiliser application rates, base-
to-topdressing ratio, grain yield, effective panicles, 
grain number per spike, 1 000-grain weight, ripening 
percentage, grain protein and amylose content, etc. 
The data presented in charts in the literature were 
digitised with Getdata. In total, 100 pieces of litera-
ture were included in the study. The experimental 
year spanned from 1994 to 2024, including 785 sets 
of grain yield data, 488 sets of effective panicles 
data, 496 sets of grain number per spike data, 501 
sets of 1 000-grain weight data, 454 sets of ripening 
percentage data, 249 sets of grain protein content 
data, and 205 sets of grain amylose content data.

Data analysis. In our study, we used the logarithm 
of the response ratio (R) as the effect size (E) to de-
scribe the impact of potassium application on rice 
yield and its components, grain protein content and 
grain amylose content (Valkama et al. 2013a, 2013b).

E = ln(R) = ln(X1/X0)
where: X1 – relevant indices (grain yield, effective panicles, 
grain number per spike, 1 000-grain weight, ripening per-

(1)
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centage, grain protein content, grain amylose content) under 
potassium fertilisation; X0 – same indices without potas-
sium fertilisation.

To reflect the effect of potassium application on 
rice yield and its components, grain protein con-
tent and grain amylose content more intuitively, the 
combined effect value in this study was converted to 
Change (%), which represents the magnitude of the 
increase in yield and its components, grain protein 
content and grain amylose content.

Change (%) = [Exp(E) – 1] × 100%
If the 95% confidence interval of the value over-

laps with zero, the effect of potassium applica-
tion is considered insignificant ; conversely, it 
is significant . In subgroup analysis , if the 95% 
confidence intervals of values in different groups 
overlap, the difference between groups is con-
sidered insignificant ; otherwise, is significant 
(Hedges et al. 1999).

To assess the heterogeneity of the data, the Fail-safe 
N (Nfs) was used for the heterogeneity test. When Nfs 
was greater than 5 × n + 10, the data was considered 
unbiased (Egger et al. 1997). As indicated in Table 2, 
there was no bias in the data from this study.

In addition, the agronomic efficiency of K fertiliser 
(AEK) and the partial productivity of K fertiliser 
(PFPK) were calculated to explore the utilisation 
efficiency of K fertiliser (Bi et al. 2014).

 (3)
 (4)

where: AEK – agronomic efficiency of potassium; Y1 – yield 
under potassium fertilisation; Y0 – yield without potassium 
fertilisation; K – mineral K fertiliser rate (kg K/ha).

Table 1. Classification and grouping of explanatory variables for effects of potassium application on rice yield, 
its components, grain protein content and amylose content database

Categorical explanatory variable Groups
Potassium rate (kg K/ha) ≤ 37; 37–75; 75–100; 100–125; > 125
The ratio of base to topdressing all base; ~2; 1–2; ≤ 1

Planting area

Northeast Plain (NP); Southeast coast (SC); the upstream 
of the Yangtze River Basin (UY); the midstream 

of the Yangtze River Basin (MY); the downstream  
of the Yangtze River Basin (DY);

Grain yield of the control group (t/ha) ≤ 5; 5–6; 6–7; 7–8; 8–9; 9–10; > 10
Grain protein content of the control group (%) ~7; 7–8; > 8
Amylose content of the control group (%) ~16; 16–17; > 17
Soil pH ~5.5; 5.5–6.5; 6.5–7.5; 7.5–8.5
Soil organic matter (SOM, g/kg) ≤ 20; 20–30; > 30
Soil total nitrogen (TN, g/kg) ≤ 1; 1–1.5; 1.5–2; > 2
Soil available nitrogen content (AN, mg/kg) ≤ 90; 90–120; 120–150; > 150
Soil available phosphorus content (AP, mg/kg) ≤ 10; 10–20; 20–40; > 40
Soil available potassium content (AK, mg/kg) ≤ 50; 50–100; 100–150; > 150

The ratio of base to topdressing definitions: All base refers to all K fertiliser applied as base fertiliser before sowing/
transplanting, with no topdressing during growth; ~ 2 means base fertiliser K exceeds 2 times topdressing K; 1–2 means 
base fertiliser K is 1 to 2 times topdressing K; ≤ 1 means topdressing K is greater than or equal to base fertiliser K; Data 
were compiled from multiple studies. Exact analytical methods for soil properties were not uniformly reported, and 
methodological variability is acknowledged)

Table 2. Fail-safe N results of publication bias analysis 
for rice growth and grain quality traits

Item n Fail-safe N (Nfs)
Grain yield 785 862 039 563
Effective panicles 488 45 480 014
Grain number per spike 496 43 712 001
Thousand-grain weight 501 3 026 656
Ripening percentage 454 4 705 206
Grain protein content 249 1 173 107
Grain amylose content 205 4 846 942

n – number of studies included in the meta-analysis for 
each trait; Fail-safe N (FsN) – a statistic used to assess 
publication bias

(2)

AEK = (Y1 – Y0)/K
PFPK = Y1/K
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In this study, SPSS 27 (Armonk, USA); SigmaPlot 
15.0 (San Jose, USA); RStudio (Boston, USA) were 
used for meta-analysis. The heterogeneity test was 
conducted with Rstudio, and the effect value analysis 
was primarily carried out with 5 000 bootstraps in 
IBM SPSS Statistics 27.0. Additionally, regression 
analysis was performed with IBM SPSS Statistics 
27.0. The charts in this paper were created with 
SigmaPlot 15.0.

RESULTS

Effects of potassium application rate on rice 
yield, its components, grain protein and amylose 
content. Compared with the no-potassium treat-
ment, K application significantly increased rice yield 
by 11.6% (average 185 kg N/ha, 35 kg P/ha, 106 kg 
K/ha). The highest yield gain (13.6%) was observed 
at a rate of 100–120 kg K/ha (average 187 kg N/ha, 
34 kg P/ha, 117 kg K/ha), though no significant dif-
ferences in yield increase magnitude were found 
across different K application ranges (Figure 1A). 
Additionally, K application notably improved key 
yield components: effective panicles (5.6%), grains 
per spike (5.8%), 1 000-grain weight (1.8%), and 
ripening rate (1.7%) (Figure 2). K application sig-
nificantly increased rice grain protein content by 
2.0% (average 162 kg N/ha, 32 kg P/ha, 91 kg K/ha). 
The magnitude of this increase varied significantly 
with K application rates, peaking at 7.7% when the 
rate was 100–125 kg K/ha (average 186 kg N/ha, 
29 kg P/ha, 111 kg K/ha) (Figure 1B). K application 
significantly increased rice grain amylose content by 
1.1% (average 154 kg N/ha, 29 kg P/ha, 93 kg K/ha), 
with the magnitude of this increase varying sig-

nificantly across different K application rates. The 
highest amylose gain (6.8%) was observed at a rate 
of 75–100 kg K/ha (average 164 kg N/ha, 35 kg P/ha, 
95 kg K/ha) (Figure 1C).

Effects of different base-topdressing ratios of K fer-
tiliser on rice yield, grain protein and amylose content. 
There were significant differences in the effects of potassium 
application on rice yield, grain protein and amylose content 
under different potassium base-topdressing ratios. When 
the base-topdressing ratio of K fertiliser was > 2, the mag-
nitude of the increase in yield and amylose content reached 
the maximum, which was 24.7% (average 184 kg N/ha, 
33 kg P/ha, 91 kg K/ha) and 6.0% (average 187 kg N/ha, 
41 kg P/ha, 129 kg K/ha), respectively, significant-
ly higher than those of other base-topdressing ra-
tios (Figure 3A, C). However, as for the grain protein 
content, when the K fertiliser was all basal, the in-
crease in protein content magnitude was the high-
est, reaching 9.9% (average 198 kg N/ha, 37 kg P/ha, 
118 kg K/ha). When the base-topdressing ratio was > 
2, the increase in protein content magnitude was not 
significant (Figure 3B).

Effects of potassium application on rice yield and 
quality under different control groups of yield/
grain protein content/grain amylose content. 
The effects of potassium application on rice yield, 
grain protein content, and amylose content differed 
significantly across baseline levels of the control 
group (Figure 4). A marked negative correlation was 
observed: as the baseline yield, protein content, or 
amylose content in the control group increased, the 
magnitude of potassium-induced increments declined 
significantly. When the control yield was below 5 t/ha, 
potassium application resulted in a 46.6% yield in-
crease (average 175 kg N/ha, 30 kg P/ha, 93 kg K/ha); 

Figure 1. The effects of different potassium application rates on (A) rice yield; (B) grain protein content, and 
(C) amylose content
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in contrast, when the control yield exceeded 10 t/ha, 
the yield increment dropped to 4.5% (average 203 kg 
N/ha, 44 kg P/ha, 125 kg K/ha), representing a 90.4% 
reduction. A 4.6% increment was achieved when the 
control protein content was < 7.0% (average 169 kg 
N/ha, 37 kg P/ha, 70 kg K/ha), with no significant 
difference compared to the 7.0–8.0% control group 
(average 167 kg N/ha, 33 kg P/ha, 102 kg K/ha). No 
statistically significant increments were detected 

when the control protein content exceeded 8.0% (aver-
age 151 kg N/ha, 28 kg P/ha, 83 kg K/ha). Potassium 
application increased amylose by 4.4% in the control 
group with amylose < 16% (average 158 kg N/ha, 26 kg 
P/ha, 92 kg K/ha), which was significantly higher than 
the non-significant effect observed in the control 
group with amylose > 16%.

Effects of potassium application on grain yield 
and protein content under different planting re-

Figure 2. The effects of dif-
ferent potassium application 
rates on yield components of 
rice. (A) effective panicles; 
(B) grain number per spike; 
(C) thousand-grain weight, 
and (D) ripening percentage
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gions of rice. In the Northeast Plain (Mainland 
China), the application of potassium significantly 
increased rice yield by 16.5% (average 159 kg N/ha, 
30 kg P/ha, 81 kg K/ha), significantly higher than that 
in the upstream of the Yangtze River Basin (4.6%, 
average 163 kg N/ha, 36 kg P/ha, 105 kg K/ha) and the 
Southeast China coastal areas (10.8%, average 195 kg 

N/ha, 31 kg P/ha, 113 kg K/ha) (Figure 5A). In the 
upstream of the Yangtze River Basin, the magnitude 
of the increase in protein content was the highest 
(12.4%, average 180 kg N/ha, 40 kg P/ha, 112 kg K/ha), 
significantly higher than that in the Southeast China 
coastal areas (2.6%, average 172 kg N/ha, 28 kg P/ha, 
95 kg K/ha), the Northeast Plain (1.4%, average 142 kg 

Figure 5. The effects of individual growing areas on potassium application-induced changes in (A) grain yield 
and (B) protein content of rice. NP – Northeast Plain; SC – Southeast Coast; UY – the upstream of the Yangtze 
River Basin; MY – the midstream of the Yangtze River Basin; DY – the downstream of the Yangtze River Basin
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N/ha, 28 kg P/ha, 75 kg K/ha) and the midstream of 
the Yangtze River Basin (–10.3%, average 180 kg N/ha, 
39 kg P/ha, 120 kg K/ha) (Figure 5B).

Effects of potassium application on grain yield, 
grain protein and amylose content under differ-
ent rice types. Potassium application significantly 
increased the yield of conventional rice and hybrid 
rice, and the magnitude of the increase in conven-
tional rice was as high as 13.0% (average 179 kg N/ha, 
32 kg P/ha, 100 kg K/ha), 1.3 times that of hybrid 
rice (average 187 kg N/ha, 37 kg P/ha, 113 kg K/ha) 
(Figure 6A). On the contrary, the magnitude of the 
increase in protein content in conventional rice 
was lower than that in hybrid rice (Figure 6B). The 
magnitude of the increase in amylose content of 
hybrid rice was negative, with no significant effect 
(Figure 6C). The magnitude of the increase in the 
yield of midseason rice was significantly higher than 
that of early-mature rice and late rice (Figure 6A). 
The magnitude of the increase in protein content 
of early-mature rice was significantly higher than 
that of midseason rice, and there was no significant 

difference from late rice (Figure 6B). There was no 
significant difference in the magnitude of the increase 
in amylose content among late rice, early-mature 
rice and midseason rice (Figure 6C).

Effects of potassium application on grain yield, 
grain protein and amylose content under different 
soil conditions. Soil properties significantly modu-
lated the yield, protein content and amylose content 
response of rice to potassium fertilisation (Figure 7). 
Under extreme potassium deficiency (exchangeable 
K ≤ 50 mg/kg), mild deficiency (50–100 mg/kg), 
moderate levels (100–150 mg/kg), and relative 
sufficiency (> 150 mg/kg), potassium fertilisation 
increased rice yields by 14.6, 12.1, 8.7, and 7.1% 
respectively; protein content changed by –10.3, 3.1, 
1.6, and –1.1% respectively with potassium applica-
tion; amylose content increased by 7.3, –0.4, –1.9 
and 1.0%, respectively. Similarly, under acidic soils 
(pH < 5.5), slightly acidic (pH 5.5–6.5), neutral (pH 
6.5–7.5) and alkaline (pH 7.5–8.5) conditions, po-
tassium fertilisation increased rice yields by 9.5, 
10.7,17.0 and 14.9%, respectively; protein content 
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Figure 6. The effects of potassium application 
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ferent rice genotypes and maturity typesChange in rice yield (%)

0 5 10 15 20 25

R
ic

e 
Ty

pe
s

Early-mature rice

Midseason rice

Late rice

             

Conventional rice

Hybrid rice

Change in protein content (%)

0 3 6 9 12

Change in amylose content (%)

-30 -15 0 15 30 45

(n=182)

(n=497)

(n=106)

(n=445)

(n=340)

(n=35)

(n=199)

(n=15)

(n=208)

(n=41)

(n=3)

(n=181)

(n=21)

(n=176)

(n=29)
A B C

 

(A)

(C)

(B)

R
ic

e 
ty

pe
s

Change in protein content (%)

Change in amylose content (%)

(n = 106)

(n = 497)

(n = 182)

R
ic

e 
ty

pe
s

Change in rice yield (%)

(n = 340)

(n = 445)

(n = 41)

(n = 208)

(n = 15)

(n = 199)

(n = 35)

(n = 29)

(n = 176)

(n = 21)

(n = 181)

(n = 3)

897

Plant, Soil and Environment, 71, 2025 (12): 891–904	 Original Paper

https://doi.org/10.17221/315/2025-PSE



increased by 3.1, 0.1, 2.7, and 0.4% respectively; no 
significant difference in the magnitude of the increase 
in amylose content. Soil organic matter, total nitro-
gen, available nitrogen, and available phosphorus 
also shaped yield responses, with peak increases 
observed at 20–30 g/kg (15.0%), 1–1.5 g/kg (20.4%), 
120–150 mg/kg (15.7%), and 10–20 mg/kg (15.7%), 
respectively. The largest protein gains occurred at soil 
organic matter of 20–30 g/kg (7.4%), total nitrogen 
of 1–1.5 g/kg (9.8%), available nitrogen ≤ 90 mg/kg 
(6.2%), and available phosphorus of 20–40 mg/kg 
(3.7%). The higher magnitude of the increase in 
amylose content was observed when the soil organic 
matter was > 30 g/kg (5.3%), the soil-available ni-
trogen content was 120–150 mg/kg (3.0%) and the 
soil-available phosphorus content was < 10 mg/kg 
(4.5%), respectively. There are significant difference 
in the magnitude of the increase in amylose content 
under different total nitrogen contents, but no clear 
trend can be identified.

The impact of optimising K fertiliser manage-
ment on rice yield and quality. At a potassium rate 
of 100–125 kg K/ha (OPT1), yield increased by 14.7%. 
When the potassium fertiliser base-to-topdressing ra-
tio >2 (OPT2, for yield), the yield gain reached 27.3%, 
representing an 86.2% increase in yield-increasing 
effect compared to OPT1. Simultaneous optimisation 
of both the potassium rate and base-to-topdressing 
ratio > 2 (OPT4) further increased yield by 31.9% – 
a 117.4% rise versus OPT1 and a 16.7% increase 
versus OPT2, though the latter difference was not 
significant (Figure 8A). At a rate of 100–125 kg K/ha 
(OPT1), protein content increased by 7.8%. When 
potassium was applied entirely as base fertiliser 
(OPT2, for protein content), the protein gain reached 
10.2%. Comprehensive optimisation of potassium 
rate with total potassium applied as base fertiliser 
(OPT3) also enhanced protein content, though not 
significantly compared to single-factor optimisa-
tion (Figure 8B).

Figure 7. The effects of individual soil parameter levels on potassium application-induced changes in rice grain 
yield, protein content, and amylose content. SOM – soil organic matter; TN – total nitrogen; AN – available 
nitrogen; AP – available phosphorus; AK – available potassium
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DISCUSSION

The results of meta-analysis showed that compared 
with no potassium application, potassium applica-
tion could significantly increase rice yield by 11.6% 
(Figure 1A), which was mainly attributed to the in-
crease of effective panicles, grain number per spike, 
1 000-grain weight, and ripening percentage of rice 
by potassium application (Figure 2), indicating that 
potassium application could significantly increase rice 
yield, which was basically consistent with the results 
of Wang et al. (2022) on the effect of fertilisation on 
yield increase of midseason rice in the Yangtze River 
Basin. The formation of rice yield mainly depends 
on the grain filling process (Xu et al. 2023), for 28% 
of the photosynthetic assimilates required for grain 
filling are stored in the stem sheath in the form of 
non-structural carbohydrates (NSC) before flowering, 
and more than 70% are derived from photosynthesis 
after flowering (Pan et al. 2011, Wang et al. 2016). 
Adequate potassium supply can promote root de-
velopment and shoot growth, increase the activity of 
nitrogen metabolism-related enzymes, and enhance 
the accumulation of NSC in stems, thereby increasing 
the absorption of nitrogen nutrients by rice, enhanc-
ing the filling ability, and ultimately promoting the 
increase of yield (Hou et al. 2019, Zhang et al. 2019).

The application rate of potassium fertiliser is a key 
factor affecting rice yield. Previous studies have shown 

that inadequate potassium application will limit the 
increase of crop yield (Das et al. 2019, Hu et al. 2021). 
The results of meta-analysis showed that the minimum 
magnitude of the increase in effective panicles was 3.3% 
when the K fertiliser rate was ≤ 37 kg K/ha, and the 
magnitude of the increase in grain number per panicle, 
1 000-grain weight and ripening percentage was not sig-
nificant, and the magnitude of the increase in rice yield 
was only 8.6% (Figure 1A, Figure 2). This may be related 
to potassium deficiency interfering with the trans-
port of photosynthates to grains (Zhang et al. 2010). 
When the application rate increases to 100–125 kg 
K/ha (average pH: 6.1, SOM: 27.5 g/kg, TN: 2.8 g/kg, 
AN: 138.4 mg/kg, AP: 21.7 mg/kg, AK: 96.9 mg/kg), the 
increases in effective panicles, grain number per spike 
and yield reach the maximum; beyond this range, there 
is no significant difference in the increase (Figures 1A, 
2A, B). Excessive application will lead to a continuous 
increase in potassium absorption by straw, soil potas-
sium leaching and resource waste (Islam and Muttaleb 
2016, Nest et al. 2017, Ye et al. 2020). Notably, this 
optimal K range is significantly higher than that re-
ported for rice cultivation in Bangladesh (Akter et al. 
2023), primarily due to differences in soil properties 
between regions. Such variations are not limited to 
international comparisons – even within China, rice 
yield responses to K application differ markedly across 
major rice-growing areas, driven by the synergy of re-
gional soil properties and local management practices.
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The magnitude of the increase in rice yield in the 
Northeast Plain is significantly higher than that in 
the Southeast Coast and the upstream/downstream 
of the Yangtze River Basin (Figure 5A), with soil 
conditions and rice cultivars being the two most 
critical driving factors. Data comparison revealed 
that soil pH, AK, and rice cultivar were the primary 
drivers of these regional differences. As shown in 
the results of Figure 7D, when soil AK content was 
below 100 mg/kg, the yield-increasing effect of K 
application was significantly higher than the average 
level. However, the average soil AK content in the 
Northeast Plain was 122 mg/kg, which was higher 
than that in other regions (all below 100 mg/kg), 
while the yield-increasing effect of K application 
was still significantly higher than in other regions. 
This phenomenon can be explained from two as-
pects. On the one hand, although the average soil 
AK content in the Northeast Plain (122 mg/kg) was 
relatively higher, it might still fail to fully meet the 
K demand of rice under local growth conditions, 
or the K utilisation efficiency of local rice cultivars 
was relatively higher, so exogenous K application 
still exerted a significant yield-increasing effect – 
unlike the general rule that K fertiliser efficiency is 
higher in K-deficient soils (Liu et al. 2023). On the 
other hand, soil pH played a crucial regulatory role. 
The average soil pH in the Northeast Plain was 6.5 
(near–neutral), in contrast to only 5.7 (acidic) in 
the southeastern coastal areas. Acidic soils inhibit 
root growth, reduce nutrient uptake, and enhance 
potassium fixation – ultimately weakening the yield-
increasing effect of potassium application (Feyisa et 
al. 2024). These adverse effects of acidic soils on K 
availability and uptake in the Southeast Coast and 
Yangtze River Basin regions ultimately weakened the 
yield-increasing effect of K application, even though 
the initial soil AK content in these regions was lower. 
In contrast, the near-neutral soil environment in the 
Northeast Plain promoted root development and K 
absorption, thereby maximising the yield-increasing 
potential of exogenous K application.

Rice cultivar also plays a crucial role. In the 
Northeast Plain, 94% of the rice cultivated was con-
ventional rice, while in the upper reaches of the 
Yangtze River Basin, 71% was hybrid rice. Studies 
have shown that potassium application has a better 
yield-increasing effect on conventional rice than on 
hybrid rice, and conventional rice is more dependent 
on potassium fertilisation than hybrid rice (Yang et 
al. 2016), this is consistent with the results of our 

study. Additionally, more fields in the Northeast 
Plain used a K base-topdressing ratio > 2 (aligning 
with the optimal regime), the meta-analysis showed 
that, compared with all basal application of K fertil-
iser, the yield increase magnitude was significantly 
increased by 196.2% when the base-topdressing ratio 
of K fertiliser was > 2 (Figure 4A). This not only con-
forms to the demand law of rice for rapid potassium 
accumulation during the tillering-booting stage (Ye 
et al. 2020), but also promotes the accumulation of 
non-structural carbohydrates (NSC) in stems and the 
transfer of nutrients to grains (Fu et al. 2011, You 
et al. 2021). Potassium application at the booting 
stage can further increase effective panicles, ripen-
ing percentage and 1 000-grain weight (Chen et al. 
2022). Accurate control of the application rate and 
basal-topdressing ratio of K fertiliser could improve 
the effective utilisation rate of K fertiliser without 
increasing input, and achieve rice yield increase.

The protein and amylose contents of rice are influ-
enced by tillage management (Armengaud et al. 2009, 
Jiang et al. 2016, Liu et al. 2019). This study revealed 
that potassium application can significantly increase 
the protein content and amylose content of rice 
grains by 2.0% and 1.1%, respectively (Figures 1B–C). 
As an important nutrient element, potassium acti-
vates aminoacyl-tRNA synthetase and polypeptide 
synthetase, promoting protein synthesis in crops, 
and potassium also enhances the cycles of carbon 
and nitrogen metabolism, leading to greater starch 
accumulation in grains (Hou et al. 2018, 2019, Cui 
and Tcherkez 2021). However, the effects of potas-
sium application on protein content and amylose 
content can vary within the same application rate. 
When the potassium application rate is between 75 
and 100 kg K/ha, the amylose content increases by 
6.8%, while the magnitude of the increase in protein 
content is not significant. Conversely, at the potassium 
application rate of 100–125 kg K/ha, the maximum 
magnitude of the increase in protein content is 7.7%, 
and the magnitude of the increase in amylose content 
is not significant (Figure 1B–C). Similar results were 
observed with different base – topdressing ratios. 
Previous studies also indicated that applying K fer-
tiliser during the late growth stage could increase 
the protein content of rice while decreasing the amy-
lose content (Mirtaleb et al. 2021). This may occur 
because increased starch accumulation could dilute 
protein content to a certain extent (Barneix 2007). 

Soil condition is a vital factor affecting how potas-
sium application increases grain protein and amylose 
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content. Grain amylose formation relies on phos-
phorus and potassium absorption during vegetative 
growth and their transfer to the grain (Zhang et al. 
2022). In extremely potassium-deficient soils (AK 
≤ 50 mg/kg), potassium application leads to a 7.4% 
increase in amylose content, while protein content de-
creases by 10.3%. As soil available potassium content 
increases, the magnitude of the increase in protein 
content initially rises and then falls, while the effect 
on amylose content does the opposite (Figures 7E–F). 
This indicates that in potassium-deficient soils, 
potassium primarily promotes starch formation, 
boosting yield, which explains the lower protein 
content increase observed in the midstream of the 
Yangtze River Basin when being compared to that in 
other areas. Furthermore, in soils with low organic 
matter or nitrogen and phosphorus, the magnitude 
of the increase in protein content is more significant 
(Figures 7B, E), as potassium application enhances 
nitrogen absorption and protein synthesis in rice.

Optimisation of K fertiliser management is crucial 
for elevating rice yield and improving resource ef-
ficiency. When the K fertiliser rate was optimised 
in the range of 100–125 kg K/ha (OPT1), the rice 
yield increased by 14.67% and the protein content 
increased by 7.7% (Figure 8A,B), which was close 
to the results of Zhang et al. (2021). Apparently, 
optimising the application amount of K fertiliser can 
achieve the synergistic improvement of rice yield and 
rice nutritional quality. Management involves not 
only the quantity but also the base-to-topdressing 
ratio of potassium. On the basis of optimising the K 
fertiliser rate, if all K fertiliser were applied as base 
fertiliser (OPT3), the yield increase magnitude de-
creased by 38.8%, and the protein content increased 
by 48.7%, but the difference was not significant. If 
the base-topdressing ratio of K fertiliser was opti-
mised to > 2 (OPT4), the magnitude of the increase 
in yield was significantly increased by 117.0%, and 
there was insufficient data to support the increase 
magnitude of protein content (Figure 8). These results 
indicate that the combination of base fertiliser and 
topdressing (OPT4) is advantageous for maximis-
ing rice yield and efficiently utilising K fertiliser 
resources, while single basal application (OPT3) or 
optimal rate alone (OPT1) may be more favourable 
for nutritional quality improvement. This is largely 
because starch constitutes over 80% of the dry weight 
of rice grains (Syahariza et al. 2013, Liu et al. 2020). 
Yield gain driven by enhanced starch accumulation 
tends to dilute protein content to a certain extent 

(Barneix 2007), making it challenging to simultane-
ously maximise yield and nutritional quality. Thus, 
specific K fertiliser management strategies should 
be tailored to the target rice quality requirements.

Within the optimal range of potassium application, 
the effect of potassium application on the increase 
of amylose content was not significant, which may 
enhance rice eating quality. The relationship between 
protein content and rice quality is controversial. Some 
studies indicated that higher protein content inhibited 
water absorption, swelling, and gelatinisation of starch 
granules, reducing quality (Lim et al. 1999, Lyon et al. 
2000, Ma et al. 2024), while others asserted that taste 
depended more on the variety rather than protein levels 
(Xiang et al. 1990). Additionally, cereal grain proteins 
include easily absorbable albumin, globulin, and glu-
tenin, as well as prolamin which negatively impacts 
eating quality (Amagliani et al. 2017, Balindong et al. 
2018); gel consistency and gelatinisation temperature 
also influenced eating quality (Zhang et al. 2018). These 
complexities mean that rice eating quality cannot be 
judged solely by changes in protein and amylose content.

In summary, potassium fertiliser management should 
be flexibly adjusted based on the desired rice qual-
ity traits: for scenarios prioritising high yield and re-
source use efficiency, the combination of optimal K 
rate (100–125 kg K/ha) and base-topdressing ratio > 2 
is recommended as it maximises yield while ensur-
ing efficient K utilisation; for scenarios emphasising 
nutritional quality, the optimal K rate (100–125 kg 
K/ha) with full basal application can be adopted to 
promote protein accumulation without significant 
yield loss; and for scenarios focusing on eating qual-
ity, the optimal strategy was a rate (75–100 kg K/ha) 
with a base – topdressing ratio >2, maximising amylose 
content to improve cooking and eating quality, with further 
adjustments possible based on variety-specific traits and 
local soil conditions. This targeted management strategy 
not only addresses the trade-off between rice yield and 
quality but also provides practical guidance for sustain-
able rice production with diverse quality requirements.
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