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Abstract: This study was conducted to reveal the effects of silicon (Si) application on nutrient utilization efficiency by
rice and on soil nutrient availability and soil microorganisms in a hybrid rice double-cropping planting system. A series
of field experiments were conducted during 2017 and 2018. The results showed that Si nutrient supply improved grain
yield and the utilization rates of nitrogen (N) and phosphorus (P) to an appropriate level for both early and late plantings,
reaching a maximum at 23.4 kg/ha Si. The same trends were found for the ratios of available N (AN) to total N (TN) and
available P (AP) to total P (TP), the soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), microbial
biomass phosphorus (MBP), and the ratios of MBN to TN and MBP to TP, at different levels of Si. Statistical analysis
further revealed that Si application enhanced rice growth and increased the utilization rate of fertilizer due to an eco-
logical mechanism, i.e., Si supply significantly increased the total amount of soil microorganisms in paddy soil com-
pared to the control. This promoted the mineralization of soil nutrients and improved the availability and reserves of
easily mineralized organic nutrients.
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1 Introduction Yamaji, 2006; van Bockhaven et al., 2013). Many

reports have shown that Si is an essential element for

Silicon (Si) is the second most abundant element
in the Earth’s crust after oxygen and is known to be
beneficial for plants. It is the only element which is
not detrimental when accumulated in excess (Ma and
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plant growth mainly because it promotes biomass
production and grain yield and enhances tolerance to
various abiotic and biotic stresses (Schaller et al.,
2012; Cao et al., 2016; Fan et al., 2018). An adequate
supply of Si can reduce pesticide and fertilizer inputs
in agricultural production, thereby reducing agricul-
tural non-point source pollution caused by unrea-
sonable application of pesticides and fertilizers. In
recent years, dozens of studies have proven the posi-
tive effects of Si fertilizer on soil nutrient efficiency
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as used by plants (Eneji et al., 2008; Mehrabanjoubani
et al., 2015; Pati et al., 2016; Schaller et al., 2016,
2019; Reithmaier et al., 2017). Neu et al. (2017)
showed that a moderate Si nutrient supply promotes
biomass production and grain yield and modifies
nutrient use efficiency, while high levels induce a
negative effect on these parameters. These benefits
essentially mirror the positive effect of Si nutrient
supply on the growth of Phragmites australis (Schaller
et al., 2012). Some studies have demonstrated that Si
not only enhances soil nitrogen (N) nutrient use effi-
ciency, but also participates in soil phosphorus (P)
metabolism (Saudy and Mubarak, 2015; Neu et al.,
2017; Reithmaier et al., 2017; Schaller et al., 2019).
These findings point to a possibility of Si influenc-
ing N and P availabilities and nutrient use efficien-
cies, resulting in increased aboveground biomass.
Consequently, Si fertilization may reduce the demand
for N and P fertilizers in agricultural soils for crop
production.

N and P nutrient deprivation in paddy soil is a
common phenomenon in southern China, which is
characterized mainly by low N and P availabilities in
soil and poor paddy field ecosystems. Currently, re-
search on soil P is concentrated mainly on the avail-
ability of P in paddy soil. Several studies on hydro-
ponically and soil grown rice and maize have demon-
strated the role of Si in modifying plant growth under
low-P conditions (Kostic et al., 2015, 2017). Few
studies have assessed the effect of Si on the utilization
rate of N and P fertilizers, or have attempted to reveal
the possible mechanisms involved. Up to now, pro-
posed explanations for beneficial effects of Si nutrient
supply have focused on its effects on plant growth.
Double- and triple-cropping are the main types of
multiple-cropping systems in south China, which
could significantly improve land-use efficiency and
total crop yield. South China is a main area of rice
planting, accounting for 83.5% of the total area of rice
planted in China. Consequently, hybrid rice double-
cropping systems are important for rice production
and food security in China. However, little is known
about the influence of Si nutrient on rice—soil eco-
systems in hybrid rice double-cropping systems, es-
pecially their effects on soil microorganisms.

In a previous study (Qi et al., 2018), the influ-
ences of Si nutrient supply on the growth of rice and
the agricultural soil ecosystems in double-cropping

areas in South China were assessed with implications
for the availability of soil nutrients and the total
amount of soil microorganisms in paddy soil. In this
study, we aimed to evaluate the potential of a mod-
erate supply of available Si nutrient to enhance the
availabilities of N and P, with subsequent increases of
straw biomass and grain yield, and improvement in
the rate of utilization of N and P. The results revealed
the relationships among Si, N and P availabilities, and
the total amount of soil microorganisms.

2 Materials and methods
2.1 Plant materials

An annual double-cropping rice system was se-
lected as a field experimental system. Early season
indica hybrid rice seedlings (cultivar: Lingliangyou
7717), grown by local agricultural cooperatives, were
transplanted on Apr. 14 and harvested on July 17,
2017. Late season indica hybrid rice seedlings (cul-
tivar: Xinliangyou-611), grown by local agricultural
cooperatives, were transplanted on July 23 and har-
vested on Oct. 27, 2017. The experiment was repeated
in 2018.

2.2 Research area and fertilization management

The research plots were located in a typical rice
growing region in the middle reaches of the Yangtze
River, in Yichun City, Jiangxi Province, China
(28°16'15.79" N, 115°07'04.41" E). The research area
has a typical subtropical monsoon climate with an
annual average temperature of 17.6 °C, annual aver-
age precipitation of 1718.4 mm, and average frostless
period of 276 d. The soil properties of the experi-
mental site were: pH 5.03 (H;O), organic matter
53.85 g/kg, total N (TN) 1.61 g/kg, available N (AN)
118.06 mg/kg, total P (TP) 528.40 mg/kg, and avail-
able P (AP) 40.83 mg/kg.

NPK fertilizer (N 148.35 kg/ha, P,O5 34.27 kg/ha,
K,0 65.36 kg/ha) was used as the base fertilizer for
early and late rice before planting. For early planting,
NPK fertilizer application was the only base fertilizer.
However, for late planting, additional NPK fertilizer
(N 11.25 kg/ha, P,0O5 4.91 kg/ha, K,0 9.34 kg/ha) was
used as a top application at the tiller stage. The field
experiment was conducted with five levels of Si nu-
trient treatments for both early and late plantings:
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control (no Si supplement), S1 (Si 7.8 kg/ha), S2 (Si

15.6 kg/ha), S3 (Si 23.4 kg/ha), and S4 (Si 31.2 kg/ha).

Si nutrient was applied in the form of Na,SiO;, and
there were three replicates of each nutrient treatment.
Each test area was ditched, ridged, and covered with
plastic sheeting to prevent fertilizer flow from one test
area into another. Other field management operations
were maintained in line with the local custom.

2.3 Plant harvest sampling and determination of
N and P content in plant tissues

At harvest, five rice samples were collected from
random locations in each of the 15 experimental plots.
The samples were soon dried to a constant weight in
the laboratory for determination of economic char-
acters. The roots, stems, leaves, brown rice, and rice
glumes from those samples were then separated,
crushed, and sieved to 0.3 mm prior to determination
of their N and P content.

Plant tissue samples after crushing (0.1 g) were
digested in 5 mL concentrated H,SO,4 and dozens of
drops of 30% H,O, for about 2.5 h in a far-infrared
temperature-controlled digestion furnace (LWY84B,
GELAIMO Co., Ltd., Wuhan, China). Then the
samples were transferred into 100-mL volumetric
flasks, and the N concentration in the digested solu-
tion was analyzed using a total organic carbon (TOC)
analyzer (Multi N/C 3100, Analytikjena Co., Ltd.,
Jena, Germany). The P concentration in the digested
solution was determined by the colorimetric molyb-
denum blue method at 700 nm (Bao, 2011).

2.4 Soil sampling and physicochemical analysis

Soil samples were collected from the experi-
mental field at the tiller and maturation stages from
each of the 15 plots. In each plot, five soil cores were
collected from random locations and then pooled to
form a composite field plot sample. After returning to
the laboratory, the soil samples were divided into two
parts. One part was screened through a 2-mm sieve
and stored at 4 °C for later determination of soil mi-
crobial biomass carbon (MBC), soil microbial bio-
mass nitrogen (MBN), and soil microbial biomass
phosphorus (MBP). The other fraction was air-dried
for determination of soil physicochemical properties.

TN in 1 g soil samples digested with 5 mL of
concentrated H,SO, was determined using a TOC
analyzer (Multi N/C 3100, Analytikjena). AN in 2 g
samples of soil extracted by 10 mL 1 mol/L NaOH

was determined by the alkali-diffusion method. TP in
1 g soil samples digested with 8 mL concentrated
H,SO,4 and 10 drops HCIO4 was determined by the
colorimetric molybdenum blue method at 700 nm
(Bao, 2011). AP in 1 g soil samples extracted by 7 mL
0.03 mol/L NH4F and 0.025 mol/L HCIl was deter-
mined by the colorimetric molybdenum blue method
at 700 nm. Soil MBC, MBN, and MBP were deter-
mined by the chloroform (CHCI;) fumigation extrac-
tion method (Vance et al., 1987; Qi et al., 2018).

2.5 Statistical analysis

Because the data from 2017 and 2018 showed
the same trends and few differences between years,
they were averaged and are presented as means with
standard deviations. The data were subjected to
analysis of variance (ANOVA) with least significant-
difference (LSD) tests and correlation analysis using
Microsoft Excel (Microsoft Co., Ltd., Redmond, WA,
USA) and IBM SPSS Statistics 20 software (SPSS
Inc., Chicago, IL, USA).

3 Results

3.1 Effects of supplying Si nutrient on rice growth
and yield in a hybrid rice double-cropping system

The growth parameters of the rice with Si ferti-
lizer application differed from those of controls with
no supplementation (Table 1). Differences between
treated and control plots in average plant height and
straw biomass were not significant, but in plots with
Si fertilizer application there were some significant
increases in effective tiller rate, 1000-grain weight,
and grain yields in both early and late plantings.
Compared to the control group, the most significant
increases were achieved by applying 23.4 kg/ha Si. In
early plantings, the effective tiller rate increased by up
to 83.8%, 1000-grain weight by up to 1.9% (21.9 g),
and grain yield by up to 9.0% (9980 kg/ha). In late
plantings, the effective tiller rate increased by up to
94.2%, 1000-grain weight by up to 3.2% (19.4 g), and
grain yield by up to 13.7% (10708 kg/ha).

3.2 Effects of supplying Si nutrient on N and P
nutrient uptakes from soil and N and P utilization
rates of fertilizer by rice

The N and P nutrient uptakes from soil and N
and P utilization rates of fertilizer of both early and
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Table 1 Effects of different levels of Si nutrient application on growth and yield in a hybrid rice double-cropping system

Early planting
Si treatment level Plant height Straw biomass  Effective tiller rate  1000-Grain weight Grain yield
(cm) (g) (%) (g) (kg/ha)
CK 89.3x+1.0° 19.742.7° 62.342.2° 21.5+0.3° 9156+138°
S1 91.8+1.0° 22.0+1.7* 66.844.8° 21.6+0.5 93244201°
S2 91.3£1.5% 21.5+1.2° 78.0+1.4% 21.7+£0.3 9641+114°
S3 90.5+0.6% 20.3£1.0° 83.8+6.9° 21.940.3° 9980117
S4 91.3+1.0° 20.4+1.3° 73.5+3.9° 20.5+0.4° 9303+189°
Late planting
Si treatment level Plant height Straw biomass  Effective tiller rate  1000-Grain weight Grain yield
(cm) (g) (%) (g) (kg/ha)
CK 99.0+1.0° 30.242.4° 83.1x7.7° 18.840.1° 9417+781°
S1 101.0+2.0°% 32.4+1.8* 85.9+8.9% 19.0+0.1° 9794898
S2 100.7+1.5% 31.240.6* 89.7+5.5% 19.3£0.1° 10439+566%°
S3 99.7+0.6° 30.4+0.8° 94.2+4.5° 19.4+0.1° 10708+460°
S4 100.3+0.6° 30.542.8° 88.9+5.8% 19.240.1° 10139+585%

Plants were cultivated without Si fertilizer (CK) or with application of Si nutrient at a dose of 7.8 kg/ha (S1), 15.6 kg/ha (S2), 23.4 kg/ha
(S3), or 31.2 kg/ha (S4). Values are expressed as mean+standard deviation (SD; n=6; averaged over two years); different letters in the same

column indicate significant differences between treatments at £<0.05

late plantings were clearly increased with the addition
of Si compared with the control without Si addition
(Table 2). The N and P uptakes and utilization rates of
both early and late plantings first increased, peaking
at 23.4 kg/ha additional Si, and then decreased as the
level of Si addition increased. Compared to the con-
trol, in the early planting, the N uptake from soil in-
creased by up to 15.0% and the P uptake by up to
6.4%. The N fertilizer utilization rate increased by up
to 51.9% and the P utilization rate by up to 26.8%. In
the late planting, the N uptake increased by up to
26.2% and the P uptake by up to 15.8%. The N ferti-
lizer utilization rate increased by up to 65.0% and the
P utilization rate by up to 77.7%. Accordingly, an
appropriate application of Si to paddy soil in a hybrid
rice double-cropping system could significantly in-
crease the N and P fertilizer utilization rates, making
it feasible to reduce the input of chemical fertilizers in
agricultural production in the future.

3.3 Effects of supplying Si nutrient on availabili-
ties of soil N and P nutrients

The amounts of AN and AP nutrients in propor-
tion to the TN and TP in soil, respectively, can be
used to evaluate the N and P nutrient status of soil.
Within the five levels of Si application set in the ex-
periment in each of the two years, the average ratios
of AN/TN and AP/TP in the paddy soil increased first

and then decreased with increasing levels of Si nu-
trient supplied during early or late planting in the
hybrid rice double-cropping system (Table 3). Com-
pared to the control, the most significant increases in
mineralization of soil N and P were achieved by
supplying 23.4 kg/ha Si. The effects were more ob-
vious at the tiller stage than at the maturation stage. In
the early planting, at the tiller stage the AN/TN ratio
increased by up to 14.1% and the AP/TP ratio by up to
45.0%. At the maturation stage, the AN/TN ratio
increased by 11.9% and the AP/TP ratio by 35.9%. In
the late planting, at the tiller stage the AN/TN ratio
increased by up to 19.6% and the AP/TP ratio by up to
103.6%. At the maturation stage, the AN/TN ratio
increased by 14.3% and the AP/TP ratio by 90.0%.

3.4 Effects of supplying Si nutrient on soil micro-
bial biomass C, N, and P

The average soil MBC, MBN, and MBP in-
creased significantly with added Si fertilizer compared
with the control at the tiller stage in the hybrid rice
double-cropping system (Table 4). Within the five
levels of Si application set in each year of the ex-
periment, soil MBC, MBN, and MBP first increased
and then decreased with increasing Si nutrient sup-
plied following early or late planting. All three bio-
mass parameters reached a maximum at an applica-
tion of 23.4 kg/ha Si. In the early planting, the soil
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Table 2 Effects of different levels of Si nutrient application on N and P nutrient uptakes from soil and N and P uti-
lization rates of fertilizer by rice in a hybrid rice double-cropping system

Early planting Late planting
Si treatment Nutrient uptake Utilization rate of Nutrient uptake Utilization rate of
level (kg/ha) fertilizer (%) (kg/ha) fertilizer (%)
N p N P N p N p
CK 136.2+23%  31.240.4°  28.7+1.7% 24.6+£1.3° 147.5+3.7°  50.5£1.0° 28.0£1.1° 21.1£0.4¢
S1 145.940.8° 31.6+0.3°  35.840.6° 25.8+1.0° 160.7+3.2°  56.0+1.8° 35.1+1.8° 26.7+1.4°
S2 150.6+0.3°  31.940.5° 392403 26.7+1.7° 163.1£1.6°  56.3+1.5® 37.0+0.8® 35.1+0.4°
S3 156.6+1.3*  33.240.5°  43.6+1.0° 31.2+1.6° 186.2+11.0° 58.5+12% 462408 37.5+1.1°
S4 146.6+1.0°  31.540.3%  36.3+0.8° 25.4+1.0° 159.144.0°  47.6+02¢ 36.1+0.6° 26.5+1.3°

Plants were cultivated without Si fertilizer (CK) or with application of Si nutrient at a dose of 7.8 kg/ha (S1), 15.6 kg/ha (S2), 23.4 kg/ha
(S3), or 31.2 kg/ha (S4). Values are expressed as mean+standard deviation (SD; n=6; averaged over two years); different letters in the same
column indicate significant differences between treatments at P<0.05

Table 3 Effects of different levels of Si nutrient application on mineralization of soil N and P nutrients in a hybrid
rice double-cropping system

) Early planting Late planting
Si tqeatr{lent Tiller stage Maturation stage Tiller stage Maturation stage
e AN/TN (%) AP/TP (%) AN/TIN (%) AP/TP (%) AN/TN (%) AP/TP(%) AN/TN (%) AP/TP (%)
CK 7.1+0.1°  8.0+0.4%7  6.7+02%  7.8+0.3¢ 9.8+0.1° 8.3+0.5¢ 8.4+0.4° 8.0+0.2°
S1 73+02%  9.9+0.2°  7.1+0.1%  9.0+0.5° 10.3+0.4° 12.3+1.2° 8.7+0.3% 11.3+0.8¢
S2 7.6£0.3°  10.940.6®  7.3+0.1>  9.8+0.2° 11.3+0.7 15.0£0.6° 9.3+(0.8" 14.5£0.4°
S3 8.1£0.2*  11.6+0.3* 7.5£0.1*  10.6£0.5% 11.8+0.4* 16.9+1.2% 9.6+0.1* 15.2+0.1*
S4 73+02%  10.1+0.7%°  7.1£0.1°  9.3+0.2" 11.0£0.4° 13.5+3.2%  9.1+0.3%® 12.840.6°

Plants were cultivated without Si fertilizer (CK) or with application of Si nutrient at a dose of 7.8 kg/ha (S1), 15.6 kg/ha (S2), 23.4 kg/ha
(S3), or 31.2 kg/ha (S4). Values are expressed as meantstandard deviation (SD; n=6; averaged over two years); different letters in the same
column indicate significant differences between treatments at P<0.05. AN: available nitrogen; TN: total nitrogen; AP: available phospho-
rus; TP: total phosphorus

Table 4 Effects of different levels of Si nutrient application on soil MBC, MBN, and MBP at the tiller stage in a
hybrid rice double-cropping system

. Early planting
Si treatment level
MBC (mg/kg) MBN (mg/kg) MBP (mg/kg) MBN/TN (%) MBP/TP (%)
CK 682.5+12.1° 30.2+1.2¢ 8.6+£0.4° 1.840.0° 1.6£0.1°
S1 699.9+6.7° 34.840.9° 11.0£1.4¢ 2.1£0.1° 2.340.2¢
S2 774.6%5.0° 41.7+0.9° 16.7+0.6° 2.7+0.3 3.420.2°
S3 843.4+10.3° 54.4+1.2° 19.9+1.0° 3.240.1° 3.9£0.3°
S4 688.2+11.8¢ 36.0+0.5° 13.3+1.3¢ 2.420.0 2.940.3¢
. Late planting
Si treatment level
MBC (mg/kg) MBN (mg/kg) MBP (mg/kg) MBN/TN (%) MBP/TP (%)
CK 772.3+10.3¢ 35.7+1.7¢ 9.4+0.6" 1.7+0.1¢ 1.1£0.1°
S1 808.4+13.7° 42.8+4.8° 12.7+1.8° 2.0+0.3% 1.5+0.2°
S2 843.8+6.6° 47.5+£3.0¢ 19.1+0.8° 2.3+0.2% 2.2+0.1°
S3 871.7£16.4° 61.6+£3.9" 23.6+3.3" 3.0£0.2° 2.8+0.4°
S4 804.7+10.3° 55.0+£3.0° 10.8+1.3% 2.6£0.2° 1.3£0.2°

Plants were cultivated without Si fertilizer (CK) or with application of Si nutrient at a dose of 7.8 kg/ha (S1), 15.6 kg/ha (S2), 23.4 kg/ha
(S3), or 31.2 kg/ha (S4). Values are expressed as meantstandard deviation (SD; n=6; averaged over two years); different letters in the same
column indicate significant differences between treatments at £<0.05. MBC: microbial biomass carbon; MBN: microbial biomass nitrogen;
MBP: microbial biomass phosphorus; TN: total nitrogen; TP: total phosphorus
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MBC increased by up to 23.6%, MBN by up to 80.1%,
and MBP by up to 131.4% compared with the control.
In the late planting, the soil MBC increased by up to
12.9%, MBN by up to 72.5%, and MBP by up to
151.0%. Similar trends were found for the ratios of
MBN/TN and MBP/TP following different levels of
Si fertilizer application. The results showed that Si
nutrient application could enhance the immobilization
of soil N and P by soil microorganisms to form re-
serves of organic N and P nutrients, which could
decrease the risk of N and P loss in runoff from paddy
fields.

3.5 Correlation analysis

Correlation analysis was used to reveal the rela-
tionships among factors responding to Si application
during early or late planting in the hybrid rice double-
cropping system (Tables 5 and 6). Table 5 shows clear
positive correlations between yield and the efficiency
of N and P fertilizer uses, AN/TN, MBN/TN, AP/TP,
MBP/TP, and MBC, with correlation coefficients (7)
ranging from 0.830 to 0.995. Strong correlations
between N utilization rates of fertilizer and the
AN/TN and MBN/TN ratios (#=0.918-0.952), P uti-
lization rates of fertilizer and AP/TP and MBP/TP
(=0.811-0.974), and N and P utilization rates of

479

fertilizer and MBC (=0.868—0.990), showed a clear
link between fertilizer use efficiency, the mineraliza-
tion of soil nutrients, and the reserves of organic nu-
trients. These findings provide evidence that Si nu-
trient application could promote soil N and P miner-
alization and increase reserves of organic N and P
nutrients that are easy to mineralize, thereby increasing
the fertilizer use efficiency and grain yield of rice.
Table 6 shows the correlations between the
mineralization of soil N and P and the reserves of
organic N and P (MBN, MBP) and the total amount
of soil microorganisms (MBC). The results showed
strong correlations (7=0.836—0.973) between MBC
and the AN/TN and AP/TP ratios in the paddy soil at
the tiller stage following early or late planting. This
suggests that the increase in the total amount of soil
microorganisms could promote mineralization of soil
nutrients, thereby improving their availability. There
were also strong correlations (7=0.868-0.994) be-
tween MBN, MBP and the AN/TN and AP/TP ratios
in the paddy soil at the tiller stage following early or
late planting, demonstrating that MBN and MBP had
made important contributions to the contents of AN
and AP in the paddy soil, and that MBN and MBP
were important reserves of organic N and P, respecitvely,
in the soil in this hybrid rice double-cropping system.

Table 5 Coefficients (r) of correlation between grain yield and N and P use efficiencies of fertilizer, mineralization of
soil N and P nutrients, and the reserves of organic N and P nutrients in a hybrid rice double-cropping system

Early planting Late planting
Factor N use P use L. N use P use L.
efficiency efficiency Grain yield efficiency efficiency Grain yield

N use efficiency 0.925" 0.925"

P use efficiency 0.959" 0.958"
AN/TN 0.952"" 0.995" 0.918" 0.993"
MBN/TN 0.951™ 0.957" 0.935" 0.948"
AP/TP 0.811 0.891" 0.944" 0.969™
MBP/TP 0.828 0.915" 0.974" 0.830
MBC 0.868 0.948" 0.991"" 0.945" 0.990" 0.956"

" P<0.01, " P<0.05 (n=6). N: nitrogen; P: phosphorus; AN: available N; TN: total N; MBN: microbial biomass N; AP: available P; TP: total

P; MBP: microbial biomass P; MBC: microbial biomass carbon

Table 6 Coefficients () of correlation between the reserves of organic N and P nutrients and mineralization of soil N
and P nutrients in a hybrid rice double-cropping system at the tiller stage

Factor Early planting Late planting

AN/TN AP/TP AN/TN AP/TP
MBN 0.994" 0.897"
MBP 0.942" 0.868
MBC 0.973" 0.836 0.943" 0.956"

" P<0.01, " P<0.05 (n=6). N: nitrogen; P: phosphorus; AN: available N; TN: total N; AP: available P; TP: total P; MBN: microbial biomass

N; MBP: microbial biomass P; MBC: microbial biomass carbon
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In summary, our results indicate that the key
ecological mechanism for the improvement of N and
P uptakes by rice with Si application involved a sig-
nificant increase of the total amount of soil microor-
ganisms in the paddy soil compared to the control in
the hybrid rice double-cropping system. This con-
tributed to the mineralization of N and P and the in-

creased contents of organic N and P (MBN and MBP).

Application of Si increased the total amount of soil
microorganisms, thereby enhancing the mineraliza-
tion, availability, and reserves of soil organic N and P
in microorganisms. These effects consequently en-
hanced rice growth and increased the utilization rates
of N and P.

4 Discussion

As a beneficial element, many studies have led
to the conclusion that an optimum Si nutrient supply
enhances nutrient use efficiency by plants at the
whole-plant level and in such way that vegetative and
generative biomass are improved simultaneously
(Schaller et al., 2012, 2016, 2019; Mehrabanjoubani
et al., 2015; Pati et al.,, 2016; Neu et al., 2017;
Reithmaier et al., 2017). Under a normal base ferti-
lizer regime, our results revealed that grain yield was
increased as a function of Si nutrient supply during
2017 and 2018. However, when the application of Si
nutrient was 23.4 kg/ha, grain yield was higher while
straw biomass was lower than those under lower ap-
plications of Si (Table 1). This was in agreement with
the results of Neu et al. (2017) who showed that with
an appropriate Si nutrient supply, a change in re-
source allocation could lead to improved generative
biomass at the expense of vegetative biomass. How-
ever, higher levels of Si nutrient supply might lead to
a stress response with a negative impact on plant
growth and nutrient accumulation (Eneji et al., 2008;
Schaller et al., 2012). This may explain the decreased
grain yield at higher levels of Si nutrient supply ob-
served in our study (Table 1). Taken together, these
results suggest that Si exerts either a positive or neg-
ative influence depending on the amount of Si applied
(Eneji et al., 2008; Schaller et al., 2012).

The utilization rate of fertilizer and productivity
of rice can be influenced by many factors, such as soil

nutrient status, fertilization custom, and rice genotype.

Several studies conducted in soil and hydroponic
systems have revealed the effect of Si nutrient in
enhancing plant growth. Several kinds of mechanism
have been proposed to explain this phenomenon,
including a change of soil pH, decreasing rhizosphere
toxic aluminum (Al) species reducing root damage,
increased availability of P by P replacement from
binding sites of soil minerals, up-regulation of the
expression of transporter genes for P uptake, and the
induction of root responses including the promotion
of organic acid secretion (Pavlovic et al., 2013; Ryan
et al., 2014; Kostic et al., 2015, 2017; Huang et al.,
2016). However, experimental evidence for the eco-
logical mechanisms underlying the effect of Si on
enhancing plant growth and nutrient accumulation is
still extremely scarce. Previous studies have demon-
strated that Si nutrient as the sole stimulating effect
promotes shoot P accumulation even without a soil
pH change, and as P has a higher affinity than Si to
possible binding sites, Si could not displace P from
such sites in soil (Ma and Yamaji, 2008, 2015; Kostic
etal., 2017). Studies conducted with P. australis have
proved that Si nutrient supply might not only influ-
ence the Si cycle, but also the P cycle in soil ecosys-
tems (Vance et al., 1987; Debona et al., 2017). Si
nutrient supply might increase the utilization rate of
fertilizer by promoting N and P nutrient cycles in the
plant—soil ecosystem (Reithmaier et al., 2017; Schaller
et al., 2019). Our study revealed for the first time the
ecological mechanism of an active effect of Si on a
plant—soil ecosystem in a double-cropping rice area
(Tables 5 and 6). Si nutrient was shown to have an
indirect effect by improving the total amount of soil
microorganisms, enhancing the immobilization of
soil N and P as reserves of organic N and P nutrients,
and promoting the mineralization of N and P, there-
fore enhancing their subsequent availability in soil.
In this study, grain yields of both early and late
rice plantings showed a significant improvement with
application of Si. The grain yields of both plantings
were maximized when 23.4 kg/ha Si was applied
(Table 1). The AN/TN, AP/TP, MBN, and MBP
showed marked increases with Si nutrient application,
and similar trends were found for MBN/TN and
MBP/TP ratios under the same conditions. When
23.4 kg/ha Si was applied to early plantings, AN/TN
increased by 14.1%, AP/TP by 45.0%, MBN by 80.1%,
MBP by 131.4%, MBN/TN by 77.7%, and MBP/TP
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by 143.8% compared with the control (Tables 3 and 4).
Late planted rice showed the same trend, which in-
dicated that Si application could lead to increased
availabilities of N and P and the reserves of organic N
and P in the soil (Tables 3 and 4). Correlations be-
tween grain yield and N and P fertilizer utilization
rates and AN/TN, AP/TP, MBN/TN, and MBP/TP,
and between grain yield and N and P fertilizer utili-
zation rates were all significant (Table 5). This pro-
vided further evidence that the increased availabilities
of soil N and P and reserves of organic N and P that
are easy to mineralize were important factors contrib-
uting to improved fertilizer use efficiency and grain
yield of rice in this hybrid rice double-cropping system.
Soil microorganisms are the main drivers of
material circulation in soil-plant systems. Through
their metabolism, they have the power to transform
and circulate soil organic matter and nutrients, and
provide a storehouse of available nutrients in soil.
MBC, determined by CHCI; fumigation extraction
method, as an indicator of the total amount of soil
microorganisms, was increased by Si application.
When 23.4 kg/ha Si was applied, MBC peaked, with
increases of 23.6% following early planting and
12.9% following late planting, compared with the
control (Table 4). Other studies have demonstrated
that soil microorganisms play an important role in the
decomposition and synthesis of soil organic matter,
which is a significant source of the reserves of soil
nutrients available for plant growth (Sinha et al., 2009;
Canakeci et al., 2015; Kalantary and Kahani, 2015;
Khaleghi and Rowshanzamir, 2019). There were
strong correlations (7=0.836-0.994) among MBC,
AN/TN, and AP/TP and among MBN, MBP, AN/TN,
and AP/TP, indicating that the increase in the total
amount of soil microorganisms with Si nutrient sup-
ply was an important factor for increasing the avail-
abilities of soil N and P, and that MBN and MBP as
reserves of organic N and P made important contri-
butions to the content of AN and AP. Correlations
between MBC, AN/TN, and AP/TP were also strong
(=0.836—0.973; Table 6), indicating that increasing
the total amount of soil microorganisms was effective
in enhancing the availabilities of soil N and P. Taken
together, the increase in the total amount of soil mi-
croorganisms with Si nutrient supply effectively im-
proved the soil nutrient status, resulting in increased
rice yield and N and P fertilizer utilization rates in this
hybrid rice double-cropping system. Moreover, root

exudates could influence the microbial community
structure in the rhizosphere (Huang et al., 2014).
Conversely, a change in the rhizosphere microbial
community structure could have an important influ-
ence on the secretion of plant root exudates, soil nu-
trient cycling, energy flow, and information trans-
mission (Eisenhauer et al., 2012). Some studies sug-
gested that Si supply could promote organic acid
secretion from roots to activate soil nutrients by
changing the rhizosphere environment (Toyama et al.,
2011; Karunakaran et al., 2013). A previous study by
Kostic et al. (2017) attributed better wheat growth in
low-P soil following application of Si to increased
malate and citrate exudation rates and up-regulated
expression of transporter genes for P uptake. Some
studies have shown that root exudates extracted from
corn seeds play a role in promoting transformation of
soil N from inorganic N to organic N (Raza et al.,
2016). However, except for the organic acids of root
exudates, little is known about the components and
the interaction between Si, roots of rice, and soil,
under conditions with varied Si nutrient supply. The
effects of Si nutrient supply on the ecological struc-
ture of soil microorganisms and the amount of func-
tional microorganisms related to soil N and P bio-
logical fixation and metabolism might be the key
ecological mechanisms for improving N and P uptake
by rice. In our study, Si nutrient application increased
Si nutrient supply, resulting in a significant increase
in the total amount of soil microorganisms in paddy
soil compared to the control, in a hybrid rice double-
cropping system.

5 Conclusions

An appropriate Si nutrient supply could signifi-
cantly improve the yield of rice and the utilization
rates of N and P fertilizers. Within the five levels of Si
application set in the experiment, the grain yield and
N and P utilization rates all reached a maximum at an
Si supply level of 23.4 kg/ha. On average, grain yield
increased by 11.4%, N utilization rate by 58.5%, and
P utilization rate by 52.3% compared to the control
without supplementary Si, for both early and late
plantings in the hybrid rice double-cropping system.

An appropriate Si nutrient supply could signifi-
cantly promote the mineralization of soil N and P and
improve the reserves of organic N and P (MBN and
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MBP). Within the five levels of Si application set in
the experiment, AN/TN, AP/TP, MBC, MBN, and
MBP first increased and then decreased as Si nutrient
supply increased, and all reached a maximum at the
application of 23.4 kg/ha Si in paddy soil during
plantings of early and late rice in the hybrid rice double-
cropping system.

The correlation coefficients among N and P fer-
tilizer utilization rates and AN/TN, AP/TP, MBN/TN,
and MBP/TP were in the range of 0.811-0.974
(Table 5), and those among MBC, MBN, and MBP
and AN/TN and AP/TP were in the range of 0.836—
0.994 (Table 6). This suggests that the stimulatory
effect of increasing Si nutrient supply on growth in a
hybrid rice double-cropping system and the increases
in N and P fertilizer utilization rates might primarily
be attributable to an increase in the content of avail-
able nutrients and improvement in the reserves of
organic nutrients that resulted from an increase in the
total amount of soil microorganisms.

Si nutrient supplementation could be an effective
and sustainable method for improving the efficiencies
of N and P fertilizer uses and alleviating agricultural
non-point source pollution caused by the input of
chemical fertilizers in a hybrid rice double-cropping
system.
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