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Abstract
Soil potassium deficiency is becoming increasingly severe in China. Crop straw
contains high potassium content, and its incorporation into soil can replace part
of chemical potassium fertilizer, alleviating soil potassium deficiency. To investi-
gate the effect of straw return as a substitute for potassium fertilizer, this study
employed a field experiment method, using conventional potassium application
[135 kg(K2O)�hm�2] as the control, and examined the effects of 10%, 20%, 30%,
and 40% reductions in potassium fertilizer on potassium absorption and accu-
mulation in rice, rice yield, partial factor productivity of potassium fertilizer,
and economic benefits under the condition of straw crushing and incorporation
into soil (6 000 kg�hm�2). The results showed that: on the basis of straw re-
turn, the potassium content and accumulation in rice plants decreased with the
reduction of potassium fertilizer application rate. When potassium fertilizer
application was reduced by 10%~40%, the effective panicle number, grains per
panicle, and seed setting rate of rice decreased slightly, and rice yield and output
value declined. When potassium fertilizer was reduced by 10%, 20%, and 30%,
the effects on rice yield and output value were not significant (P>0.05). The
partial factor productivity of potassium fertilizer increased with the reduction
of potassium fertilizer application rate. Compared with the treatment without
potassium reduction, the partial factor productivity of potassium fertilizer in
rice under 10%, 20%, 30%, and 40% potassium reduction treatments increased
by 8.4%, 18.9%, 33.8%, and 44.4%, respectively. Overall, under conventional
potassium application conditions, with the increase of potassium reduction rate
(10%~40%) after straw return, potassium accumulation, yield, and output value
of rice all showed a decreasing trend, while the partial factor productivity of
potassium fertilizer showed an increasing trend; potassium reduction within
30% could significantly increase the partial factor productivity of potassium fer-
tilizer in rice (P ＜ 0.05), while having no significant effect on rice yield and
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output value (P>0.05).
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Abstract

Soil potassium deficiency has become increasingly severe in China. However,
crop residues contain high levels of potassium that can partially substitute for
chemical potassium fertilizer after straw incorporation, thereby alleviating soil
potassium deficiency. This study investigated the effects of reducing potassium
fertilizer application by 10%, 20%, 30%, and 40% under wheat straw incorpo-
ration conditions (6,000 kg・hm−2) on rice potassium uptake and accumulation,
grain yield, partial factor productivity of potassium fertilizer, and economic
benefits, using conventional potassium application [135 kg(K2O)・hm−2] as the
control. The results showed that under straw return conditions, both potassium
content and accumulation in rice plants decreased with reduced potassium fertil-
izer application. Reducing potassium fertilizer by 10%–40% slightly decreased
effective panicle number, grains per panicle, and seed-setting rate, leading to
lower rice yield and output value. However, reductions of 10%, 20%, and 30%
had no significant effect on rice yield or output value (P > 0.05). Partial factor
productivity of potassium fertilizer increased as potassium application rate de-
creased, with reductions of 10%, 20%, 30%, and 40% increasing partial factor
productivity by 8.4%, 18.9%, 33.8%, and 44.4%, respectively, compared with
the no-reduction treatment. Overall, under conventional potassium fertiliza-
tion with straw return, rice potassium accumulation, yield, and output value all
declined with increasing potassium reduction (10%–40%), while partial factor
productivity of potassium increased. Reducing potassium by up to 30% sig-
nificantly improved partial factor productivity (P < 0.05) without significantly
affecting rice yield or output value (P > 0.05).

Keywords: Rice; Straw return; Potassium fertilizer reduction; Yield; Partial
factor productivity
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Introduction

Rice (Oryza sativa) is one of China’s most important food crops, ranking first
in both planting area and production among grain crops [1]. As one of the three
essential mineral nutrients for plant growth, potassium is the most abundant
cation in plants, accounting for 2%–10% of dry weight [2]. Potassium ions play
critical roles in various plant physiological and biochemical processes, including
maintaining dynamic cation-anion balance, stabilizing osmotic pressure, promot-
ing photosynthetic efficiency, and serving as enzyme activators [3–6]. Potassium
fertilizer application improves rice growth and development, facilitates normal
tillering, increases seed-setting rate, thousand-grain weight, and yield [7], en-
hances dry matter accumulation [8] and grain yield [9], increases rice nutrient
uptake including potassium [10], and improves nutrient use efficiency [11].

China’s soil total potassium content generally averages around 16.6 g・kg−1, but
readily available potassium that plants can directly absorb typically does not
exceed 2% of total potassium [12]. In recent years, soil potassium deficiency has
intensified and the potassium-deficient area has expanded, becoming a limiting
factor for further agricultural development in China. While potassium fertilizer
application is a direct approach to alleviate soil potassium deficiency, China
has scarce potassium resources, with 50%–70% of its potassium fertilizer supply
dependent on imports [13], making it relatively expensive. Full utilization of or-
ganic potassium resources represents an important pathway to compensate for
insufficient potassium mineral resources and replenish soil potassium deficiency.
China is a major crop straw producer globally, with annual straw resources of ap-
proximately 811 million tons, primarily from rice, maize (Zea mays), and wheat
(Triticum aestivum) straws, which account for 76.1% of total straw resources
[14]. Approximately 80% of potassium absorbed by crops remains in the straw,
representing about 1.5% of straw dry matter, making it an important potassium
fertilizer resource [15]. Straw return increases soil water-soluble potassium, non-
exchangeable potassium, and mineral potassium content, returning nutrients to
the soil. The decomposition process may also promote mineral potassium release,
and the potassium introduced through straw return can substitute for partial
chemical fertilizer application [15–16]. Wang et al. [17] demonstrated that based
on nitrogen and phosphorus application, combined potassium application with
straw return is an important measure for crop yield increase and soil potassium
fertility maintenance. Wheat straw return increased winter wheat yield by over
6.6%, while combined potassium application with wheat straw return increased
yield by 17.6%. Therefore, if straw return can substitute for part of chemical
potassium fertilizer, it could reduce potassium fertilizer application, which is
important for soil fertility improvement, nutrient cycling, and compensating for
potassium deficiency.

Previous studies have primarily focused on the effects of straw return on soil
fertility and rice yield, but research on how potassium reduction after straw
return affects rice potassium accumulation and utilization efficiency remains
limited. This study employed field experiments to investigate the effects of

chinarxiv.org/items/chinaxiv-201711.02069 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.02069


10%, 20%, 30%, and 40% potassium reduction after straw return on potassium
content and accumulation in rice plants at different growth stages, and analyzed
differences in rice yield, economic benefits, and partial factor productivity of
potassium fertilizer under reduced potassium conditions, aiming to provide a
theoretical basis for scientific potassium application after crop straw return.

1.1 Experimental Site

The field experiment was conducted in Nanwei Village, Guohe Town, Lujiang
County, Hefei City, Anhui Province (117°E, 31°28’N). The region has a sub-
tropical monsoon climate with cold winters, hot summers, and mild springs and
autumns. The average annual temperature is 15.7°C, with approximately 2,100
hours of sunshine and annual rainfall of about 1,000 mm. The area features
typical polder landscape with flat terrain, fertile and uniform soil, and good
irrigation and drainage conditions, making it suitable for rice cultivation. The
cropping system is wheat-rice rotation, with wheat as the previous crop. The
experimental field had the following soil nutrient contents: organic matter 27.53
g・kg−1, available potassium 136.6 mg・kg−1, available phosphorus 19.22 mg・
kg−1, alkali-hydrolyzable nitrogen 92.81 mg・kg−1, total nitrogen 1.39 g・kg−1,
and soil pH 5.08.

1.2 Experimental Design

The rice variety used was‘Wanjingkennuo 2’. Fertilizers included compound fer-
tilizer (15-15-15), urea (N 46%), phosphate fertilizer (P2O5 12%), and potassium
chloride (K2O 60%). The experiment consisted of six treatments: conventional
fertilization (N-P2O5-K2O = 270-90-135 kg・hm−2) + straw return + decompos-
ing agent (T1); conventional fertilization without potassium (N-P2O5-K2O =
270-90-0 kg・hm−2) + straw return + decomposing agent (T6); conventional fer-
tilization with 10% potassium reduction (N-P2O5-K2O = 270-90-121 kg・hm−2)
+ straw return + decomposing agent (T2); conventional fertilization with 20%
potassium reduction (N-P2O5-K2O = 270-90-108 kg・hm−2) + straw return +
decomposing agent (T3); conventional fertilization with 30% potassium reduc-
tion (N-P2O5-K2O = 270-90-94 kg・hm−2) + straw return + decomposing agent
(T4); and conventional fertilization with 40% potassium reduction (N-P2O5-
K2O = 270-90-82 kg・hm−2) + straw return + decomposing agent (T5). The
nitrogen fertilizer was applied as basal, tillering, and panicle fertilizer at a ratio
of 60%:30%:10%; phosphorus fertilizer was applied entirely as basal fertilizer;
and potassium fertilizer was applied as basal and panicle fertilizer at a ratio
of 80%:20%. Different treatments were formulated using compound fertilizer
(15-15-15), urea (N 46%), superphosphate (P2O5 12%), and potassium chloride
(K2O 60%). The conventional fertilization rate was 600 kg・hm−2 compound
fertilizer, 391 kg・hm−2 urea, 75 kg・hm−2 potassium chloride, and 30 kg・hm−2

decomposing agent. Wheat straw return amount was approximately 6,000 kg・
hm−2, with total nitrogen, phosphorus, and potassium contents in straw of 7.4
g・kg−1, 1.01 g・kg−1, and 23.5 g・kg−1, respectively.
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1.3 Planting and Management

The experiment included six treatments with three replications each, arranged
in a randomized block design. The net plot area was 100 m2. A 2 m wide
protective row was established around the experimental field, with field ridges
surrounding each plot and covered with plastic film to ensure separate irrigation
and drainage and prevent water and fertilizer leakage. Wheat was harvested on
June 8, 2016, using a combine harvester with straw chopping and incorporation.
Basal fertilizer and decomposing agent were applied, followed by deep rotary
tillage and burial, then irrigation and soaking for 3–4 days. A second rotary
tillage was performed on June 12–13 after water drainage, followed by 3 days
of settling. Rice was sown on May 19, 2016, and seedlings were transplanted
on June 19, with harvest in early November. The planting specification (row
spacing × plant spacing) was 25 cm × 12 cm, with a planting density of 300,000
plants・hm−2 (3,000 plants・plot−1). At maturity, samples were taken for yield
component analysis. Except for fertilizer application according to experimental
requirements, other management practices were consistent across treatments,
with pest, disease, and weed control conducted uniformly across all plots follow-
ing standard field practices.

1.4 Measurements and Methods

At the tillering, jointing, heading, and maturity stages, three rice plants were
randomly sampled from each plot. Samples were first rinsed with tap water, then
washed with distilled water. Stems, leaves, and panicles were separately placed
in sample bags, killed out at 105°C for 30 minutes, then dried to constant weight
at 75°C. After grinding, plant samples were digested with H2SO4-H2O2, and
total potassium content was determined using a flame photometer. At maturity,
effective panicles, grains per panicle, thousand-grain weight, and other yield
components were measured. Potassium accumulation and utilization efficiency
in rice plants at different growth stages were calculated using the following
formulas:

Potassium accumulation (g・plant−1) = Potassium accumulation at later stage
− Potassium accumulation at previous stage
Potassium net accumulation (g・plant−1) = (Crop yield in potassium-fertilized
area − Crop yield in non-potassium area) / Crop yield in potassium-fertilized
area
Partial factor productivity of potassium fertilizer (kg・kg−1) = Grain yield /
Potassium application rate

Data processing and graphing were performed using Microsoft Excel 2007. Sta-
tistical analysis was conducted using SPSS 20.0, with significance analysis per-
formed using Duncan’s method.
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2.1 Effects of Potassium Reduction on Potassium Content in Rice
Plants

As shown in Table 1 , potassium content in different rice plant parts at various
growth stages consistently followed the pattern: stem > leaf > panicle across
all potassium levels. Potassium content in different plant parts decreased with
reduced potassium fertilizer application. Among all treatments, potassium con-
tent in rice plants with potassium application after straw return (T1, T2, T3,
T4, T5) was higher than in the no-potassium control (T6), with the highest
content observed in the 100% potassium treatment after straw return (T1).
At the tillering stage, stem potassium content in the conventional fertilization
treatment (T1) was 56.58 g・kg−1, which was 14.2%, 14.5%, 15.3%, 15.8%, and
19.2% higher than in potassium reduction treatments (T2, T3, T4, T5, and T6,
respectively), with significant differences (P < 0.05). However, no significant
differences were observed in stem and leaf potassium content among different
potassium reduction treatments (P > 0.05). At the jointing stage, potassium
content in stems and leaves followed the trend T1 > T2 > T3 > T4 > T5
> T6, with T1 being the highest and the no-potassium control (T6) the low-
est. Stem potassium content in the no-potassium control (T6) was significantly
lower than in potassium reduction treatments (P < 0.05). At the heading stage,
potassium content in stems, leaves, and panicles was highest in the conventional
potassium treatment (T1) and lowest in the no-potassium control (T6), though
differences among treatments were not significant. At the maturity stage, stem
and leaf potassium content remained highest in T1, while panicle potassium
content was highest in the 20% potassium reduction treatment (T3) and lowest
in the no-potassium treatment (T6).

2.2 Effects of Potassium Reduction on Potassium Accumulation in
Rice Plants

Rice potassium accumulation gradually increased with growth progression (Fig-
ure 1 [Figure 1: see original paper]), reaching maximum values at maturity (0.73
g・plant−1). Total potassium accumulation increased rapidly from tillering to
jointing and from jointing to heading stages, with relatively slower increase
from heading to maturity. At all growth stages, potassium accumulation was
highest in the 100% potassium treatment after straw return (T1) and lowest in
the no-potassium control (T6), decreasing progressively with increasing potas-
sium reduction rate. At the jointing stage, potassium accumulation in the 100%
potassium treatment (T1) was slightly higher than in potassium reduction treat-
ments (T2, T3, T4, T5, T6). At the jointing stage, potassium accumulation in
T1 was significantly higher than in all potassium reduction treatments (T2, T3,
T4, T5, T6, P < 0.05), while the 10% reduction treatment (T2) was significantly
higher than other reduction treatments (T3, T4, T5, T6, P < 0.05), though dif-
ferences among reduction treatments were not significant (P > 0.05). At the
heading stage, potassium accumulation in T1 was significantly higher than in
all reduction treatments (T2, T3, T4, T5, T6) (P < 0.05), with significant dif-
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ferences between the 10% reduction treatment (T2) and treatments with 20%
reduction (T3) and above (P < 0.05). However, no significant difference was
observed between the 30% reduction (T4) and 40% reduction (T5) treatments
(P > 0.05). At maturity, potassium accumulation in reduction treatments (T2,
T3, T4, T5, T6) was 15.04%, 22.12%, 25.66%, 28.31%, and 35.40% lower than
in the 100% potassium treatment (T1), respectively, with significant differences
(P < 0.05).

Potassium net accumulation in rice plants was highest at the heading stage,
accounting for 35.50%–59.82% of total accumulation, followed by the jointing
stage (26.53%–30.8%) (Figure 1b). At the tillering stage, potassium net accu-
mulation ranged from 0.0479 to 0.0561 g・plant−1 across treatments, with no sig-
nificant differences among potassium reduction treatments (T2–T6) (P > 0.05).
At the jointing and heading stages, potassium net accumulation gradually de-
creased with increasing potassium reduction rate, with all reduction treatments
(T2–T5) showing significantly lower net accumulation than the 100% potassium
treatment (T1, P < 0.05). At maturity, potassium net accumulation followed
the trend T4 > T5 > T6 > T3 > T1 > T2.

2.3 Effects of Potassium Reduction on Rice Yield and Yield Compo-
nents

As shown in Table 2 , rice yield across different fertilization treatments fol-
lowed the trend T1 > T2 > T3 > T4 > T5 > T6, with the highest yield in
the 100% potassium treatment after straw return (T1) and the lowest in the
no-potassium treatment (T6). Rice yield gradually decreased with increasing
potassium reduction rate, with yield reduction ranging from 2.5% to 16.4%. The
40% potassium reduction treatment (T5) and no-potassium treatment (T6) had
significantly lower yields than other fertilization treatments (P > 0.05), though
no significant difference was observed between T5 and T6. Regarding yield
components, effective panicle number, grains per panicle, and seed-setting rate
decreased with reduced potassium application, with no significant differences in
effective panicle number and seed-setting rate (P > 0.05). Grains per panicle in
T5 and T6 were significantly lower than in T1 (P < 0.05), while no significant
differences were observed in thousand-grain weight among treatments.

2.4 Effects of Potassium Reduction on Economic Benefits and Partial
Factor Productivity of Potassium

Fertilizer input costs and rice output value decreased while partial factor pro-
ductivity of potassium fertilizer increased with reduced potassium application
(Table 3 ). The 100% potassium treatment after straw return (T1) had the
highest output value, while the no-potassium treatment (T6) had the lowest.
Output values in potassium reduction treatments (T2, T3, T4, T5, T6) were
2.5%, 4.9%, 6.3%, 13.4%, and 16.4% lower than T1, respectively. No signifi-
cant differences in output value were observed between the 10%–30% reduction
treatments (T2, T3, T4) and the no-reduction treatment (T1) (P > 0.05), nor
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between the 40% reduction treatment (T5) and the no-potassium treatment
(T6) (P > 0.05). Among all potassium application treatments, partial factor
productivity was highest in the 40% reduction treatment (T5) and lowest in
the no-reduction treatment (T1). Potassium reduction treatments (T2, T3, T4,
T5) increased partial factor productivity by 8.4%, 18.9%, 33.8%, and 44.4%,
respectively, compared with T1.

3.1 Effects of Potassium Reduction on Potassium Absorption in Rice

Potassium is one of the three essential elements for crop growth, and its ab-
sorption and distribution significantly affect rice growth and development [18].
Rice plant potassium absorption and accumulation follow a pattern of slow in-
crease during tillering, rapid increase during jointing, peak at heading, and
gradual decline thereafter [19]. Yan et al. [20] reported that potassium content
in rice plants decreases with delayed growth stages. This study showed that at
tillering and jointing stages, stem potassium content in treatments with 10%–
40% potassium reduction was significantly lower than in the no-reduction treat-
ment, while differences were not significant at heading and maturity stages.
This may be because chemical potassium fertilizer application increases the
potassium concentration gradient between the soil matrix and root surface dur-
ing early rice growth, enhancing potassium diffusion and migration to roots
[21] and promoting potassium absorption. Potassium reduction decreases soil
available potassium content, while straw potassium release requires time, reduc-
ing potassium absorption during early growth stages [22]. After straw return,
gradual potassium release partially substitutes for chemical potassium functions
[23], increasing soil available potassium content and rice potassium absorption,
thereby reducing differences in stem potassium content between reduction and
no-reduction treatments during later growth stages.

With decreasing potassium application, potassium accumulation in rice at dif-
ferent growth stages showed a declining trend, with differences becoming more
pronounced at later growth stages. Zhang et al. [9] demonstrated that potas-
sium accumulation in different rice varieties increases with potassium applica-
tion rate, consistent with our findings. This may occur because after chemical
potassium enters the soil, it can be accommodated and adsorbed by the water-
soil system, with some potassium ions fixed by clay minerals and transformed
into non-exchangeable forms, reducing soil available potassium content and crop
potassium absorption during early growth stages. During straw decomposition,
companion cations such as Na+ and NH4

+ with hydration radii similar to K+

are released, occupying some interlayer adsorption sites in soil clay minerals and
reducing straw potassium fixation [15]. When the amount of potassium released
from straw and chemical fertilizer is less than that fixed by soil clay minerals, soil
water-soluble potassium content decreases and crop accumulation reduces; con-
versely, soil water-soluble potassium content increases and crop accumulation
increases.
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3.2 Effects of Potassium Reduction on Rice Yield and Yield Compo-
nents

This study demonstrated that potassium reduction treatments decreased effec-
tive panicles, grains per panicle, and seed-setting rate, thereby reducing yield.
Hu et al. [24] reported that potassium fertilizer application increases effective
panicle number and grains per panicle. Yuan et al. [25] found that reduced potas-
sium nutrition decreases cytokinin in plants, affecting fertilized embryo develop-
ment and increasing empty grain rate while decreasing seed-setting rate. Li et
al. [26–27] showed that exogenous potassium application enhances cytokinin pro-
motion of plant growth, producing more primary and secondary branch meris-
tems, ultimately increasing grains per panicle and seed-setting rate. This indi-
cates that potassium primarily increases rice yield by increasing effective panicle
number, grains per panicle, and seed-setting rate. Our study showed that under
straw return conditions, potassium reduction of 10%–30% did not significantly
affect rice yield compared with the no-reduction treatment, while 40% reduction
significantly decreased yield. This suggests that under straw return conditions,
when potassium reduction exceeds 30% of conventional application, potassium
released from straw cannot completely substitute for chemical potassium func-
tions, resulting in yield reduction.

3.3 Effects of Potassium Reduction on Economic Benefits and Partial
Factor Productivity of Potassium

Under straw return conditions, rice production costs decreased with reduced
potassium application, while output value increased with yield. Conventional
fertilization had the highest cost and output value. Output values in potassium
reduction treatments were lower than in the no-reduction treatment, indicat-
ing that potassium reduction decreased rice output value to varying degrees.
However, under straw return conditions, potassium released from straw could
partially substitute for chemical potassium fertilizer, and when potassium re-
duction was less than 30%, the effect on rice output value was not significant.

Partial factor productivity is an important indicator reflecting the combined
effects of local soil baseline nutrients and chemical fertilizer application rate,
and is a suitable parameter for evaluating fertilizer effects [28]. Wang et al. [29]
reported that partial factor productivity of potassium fertilizer is significantly
negatively correlated with potassium application rate and positively correlated
with grain yield after potassium application. Our results showed that partial
factor productivity of potassium fertilizer increased with decreasing potassium
application rate, being lowest in the no-reduction treatment and highest in
the 40% reduction treatment. Lower potassium application rates resulted in
lower dependence of rice on fertilizer potassium and higher dependence on soil
potassium.

In summary, reducing potassium fertilizer application decreases potassium con-
tent and accumulation in rice plants at different growth stages, reduces effective
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panicle number, grains per panicle, and seed-setting rate, and consequently de-
creases rice yield and output value to varying degrees. Although high chemical
potassium input can increase grain crop yield to some extent, excessive potas-
sium input transforms potassium into non-exchangeable forms and greatly in-
creases potassium resource consumption [30]. After straw return, the release of
companion cations such as Na+ and NH4

+ along with potassium reduces straw
potassium fixation, making it more available for plant absorption. Consider-
ing partial factor productivity, production cost, and rice output value, reducing
conventional potassium application by 30% (T4) under straw return conditions
can reduce potassium fertilizer costs and improve partial factor productivity.

Conclusions

1) Under straw return conditions, potassium content and accumulation in
rice plants decreased with reduced potassium application, with differences
becoming more pronounced at later growth stages.

2) Reducing potassium fertilizer application under straw return conditions
affected rice effective panicle number, grains per panicle, and seed-setting
rate, thereby influencing rice yield. Potassium reduction of less than 30%
under straw return conditions had no significant effect on rice yield (P >
0.05).

3) From the perspective of rice yield and income, conventional fertilization
(T1) produced the best results. However, considering production costs,
output value, potassium use efficiency, and sustainable development, re-
ducing conventional potassium application by 30% under straw return
conditions can reduce potassium fertilizer costs and improve partial factor
productivity.
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