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Phytolith-rich straw application and groundwater table
management over 36 years affect the soil-plant silicon cycle
of a paddy field
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Abstract
Background and aims Silicon (Si) deficiency is a major
constraint on rice production. The objective of this study
was to evaluate the long-term influence of phytolith-rich
straw return and groundwater table management on
labile Si fractions in paddy soil and subsequent plant
Si uptake.
Methods A field experiment was conducted over
36 years in subtropical China with different application
doses of phytolith-rich straw and a groundwater table of

either 20 or 80 cm. An optimized sequential chemical
extraction procedure allowed us to determine labile Si
fractions, represented by CaCl2-Si, Acetic-Si, H2O2-Si,
Oxalate-Si, and Na2CO3-Si. Additional analyses includ-
ed the determination of amorphous silica particles in
soil, phytoliths in supplied straw, Si in planted rice
straw, and the dissolution rate of phytoliths extracted
from supplied straw.
Results Long-term application of phytolith-rich straw
significantly increased the H2O2-Si and Na2CO3-Si
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contents. The CaCl2-Si (5.21–7.91 mg kg− 1), H2O2-Si
(50.0–72.4 mg kg− 1) and Na2CO3-Si (3.33–4.60 g kg−
1) contents were positively correlated with soil organic
carbon. The Si content (13.6–28.9 g kg−1) in planted rice
straw significantly (p < 0.05) increased with the appli-
cation dose of phytolith-rich straw under both ground-
water tables. This effect was significantly (p < 0.05)
greater under 80 cm groundwater table than under
20 cm groundwater table for matching straw
amendments.
Conclusions This study indicates that long-term appli-
cation of phytolith-rich straw and groundwater manage-
ment significantly increase soil Si bioavailability by
promoting accumulation of organic matter and
phytoliths, and enhancing the soil-plant Si cycle.

Keywords Straw return . Hydragric Anthrosols . Rice .

Phytolith . Silicon bioavailability . Subtropical China

Introduction

Silicon (Si) is the second most abundant element in the
Earth’s crust and is beneficial for higher plants, espe-
cially monocotyledons (Takahashi et al. 1990; Epstein
1999; Ma and Yamaji 2006). As one of the most impor-
tant cereal crops across the globe, rice (Oryza sativa L.)
is a typical Si-accumulating plant (Epstein 1999; Li et al.
2013; Guo et al. 2015). Silicon is deposited as amor-
phous silica forming phytoliths in the cell wall, cell
lumen and intercellular spaces, and as Si-double layers
beneath the cuticle after plant absorption of the dis-
solved Si in the form of silicic acid [Si(OH)4 or
H4SiO4] from soil solution (Epstein 1999; Ma and
Yamaji 2006; Coskun et al. 2019). Generally, ~ 90%
of silica in rice plants occurs as phytoliths (Guo et al.
2015; Song et al. 2015). As the largest rice producer in
the world, China has 31 million ha of paddy fields
producing around 204 million tons of rice per year
(Deng et al. 2019;Wang and Hijmans 2019). According
to the global average grain-straw ratio of 1.21
(Domínguez-Escribá and Porcar 2010), this would
equate to the production of about 247 million dry tons
of rice straw annually. Notably, more than 80% of
paddy fields in China are located in subtropical regions
(CFNDC 2019), and most of them are suffering from Si
deficiency due to low soil pH, high soil weathering and
leaching, and long-term intensive rice cultivation (Liang
et al. 2015). Si deficiency in paddy fields has recently

been recognized as a limiting factor for sustainable rice
production (Liang et al. 2015; Klotzbücher et al. 2015;
Li and Delvaux 2019).

Generally, Si as well as other nutrients (e.g. nitrogen
(N), phosphorus (P), and potassium (K)) taken up by
rice plants remain largely in the straw at crop maturity
(Dobermann and Fairhurst 2002; Klotzbücher et al.
2015; Marxen et al. 2016). Li and Delvaux (2019)
estimated that the removal of rice straw and husks from
paddy fields results in an annual loss of 83.4 Tg
phytogenic amorphous silica (PhSi) worldwide.
Returning the phytolith-rich straw associated materials
could therefore provide a way to replenishing the bio-
available Si pool in paddy fields (Keller et al. 2012;
Seyfferth et al. 2013; Marxen et al. 2016; Klotzbücher
et al. 2018), and has been increasingly investigated. For
example, in a study in California, the incorporation of
phytolith-rich rice straw has been suggested as a low-
cost means to increase the bioavailable Si pool, resulting
in higher Si accumulation in aboveground biomass
(Seyfferth et al. 2013). It has also been shown that the
recycling of phytolith-rich rice straw ash increases the
bioavailable Si content in soil solution during the fallow
period and thus significantly enhances Si accumulation
in rice straw at the tillering stage in the first cropping
season (Klotzbücher et al. 2018). These experiments
demonstrate that incorporation of phytolith-rich straw
residues enhances rice production (Song et al. 2014a;
Memon et al. 2018), especially in highly weathered soils
(Li et al. 2020a).

Apart from the recycling of phytoliths from straw, the
soil-plant Si cycle can be strongly influenced by the
interactions among a variety of relatively labile Si frac-
tions, including water-soluble Si, labile Si adsorbed on
the surfaces of inorganic soil particles, labile Si loosely
adsorbed on the surfaces of soil organic matter, Si
occluded in pedogenic oxides/hydroxides, and biogenic
and pedogenic amorphous silica (Cornelis et al. 2011;
White et al. 2012; Liang et al. 2015; Georgiadis et al.
2013; Li et al. 2020a; Yang et al. 2020). In general,
water-soluble Si in soil solution can be adsorbed on the
surfaces of various inorganic, organic and organic-
inorganic colloids such as clays, soil organic matter
and organic-inorganic complexes in soils (Georgiadis
et al. 2013; Song et al. 2014a; Liang et al. 2015). The
abundant pedogenic oxides and hydroxides in soils also
play an important role in adsorption, occlusion and
release of silicic acid (Cornelis et al. 2011; Georgiadis
et al. 2013; Yang et al. 2020). Considering that the
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dissolution rate of biogenic amorphous silica is estimat-
ed to 2–4 orders of magnitude higher than that of typical
soil and rock minerals (Fraysse et al. 2006, 2009), this
form of silica has thus been suggested as a major source
of bioavailable Si for plant over short-time scales (e.g.,
White et al. 2012; Seyfferth et al. 2013; Li and Delvaux
2019).

In subtropical China, many paddy soils are common-
ly located in regions with highly variable groundwater
depths. The fluctuation in groundwater levels can result
in repeated wetting and drying cycles, which may influ-
ence the interaction between iron (Fe) or aluminum (Al)
oxides/hydroxides and relatively labile Si fractions
(Hodson and Sangster 1999; Pokrovski et al. 2003;
Beardmore et al. 2016; Georgiadis et al. 2017). In gen-
eral, adsorbed Si on the surface of Fe and Al oxides and
occluded Si in these oxides will be released under re-
ducing and acidic conditions (Siipola et al. 2016). A
subsequent shift to oxidizing and neutral conditions
promotes the formation of Fe and Al oxides and enables
adsorption, occlusion and co-precipitation of Si on/with
these oxides (Siipola et al. 2016). In addition, Jones and
Handreck (1963) emphasized that Al oxides had a great-
er effect than Fe oxides on the solubility of silica in soil
solution. A field experiment under different water re-
gimes showed that water conservation irrigation can
change the seasonal variation of Si concentration in
the soil solution, but its effects on the Si uptake by rice
is insignificant (Mihara et al. 2016). Considering the
experiment conducted by Mihara et al. (2016) was over
a duration of only three years, a paucity of information
remains on the longer-term role of different water re-
gimes on soil Si bioavailability and the soil-plant Si
cycle.

Although studies have focused on the impact of
phytolith-rich straw residues on the soil bioavailable Si
(e.g., Guntzer et al. 2012; Song et al. 2014a; Marxen
et al. 2016), the interactions amongst the labile Si pools
under different water regimes are rarely considered, and
data have not been considered in terms of long-term
biogeochemical process. To address these significant
gaps in knowledge, this study used a 36-year field
experiment involving growing rice in subtropical China
to evaluate the long-term effect of phytolith-rich straw
application and groundwater management on the soil-
plant Si cycle. It was hypothesized that: (i) long-term
phytolith-rich straw application would significantly in-
crease organic carbon storage and the amorphous Si
pool in soil; (ii) the soil-plant Si cycle in paddy fields

would be influenced by the long-term phytolith-rich
straw application; and (iii) soil Si bioavailability and
the transformation of different labile Si fractions would
be influenced by groundwater height.

Materials and methods

Study site and experimental design

The study site was located on the experimental farm of
Hunan Agricultural University in Changsha, Hunan
Province, China (28°18′ N, 113°08′ E). This area has a
subtropical monsoon climate with a mean annual pre-
cipitation of 1362mm and a mean annual temperature of
17.2 (Yin et al. 2015). The altitude of the study site is
50 m above sea level. Paddy soils, which are equivalent
to hydragric anthrosols based on the Food and Agricul-
ture Organization (FAO) soil classification system
(IUSS Working Group WRB 2015), are widely distrib-
uted in this area. Early rice (Oryza sativa L.)-late rice-
winter fallow is a typical rotation system in this area.

A long-term experiment consisting of 36 plots with
early rice-late rice-winter fallow rotation was
established in 1982 (Yin et al. 2015). Three straw appli-
cation treatments were evaluated, including: CF, appli-
cation of only N, P, and K fertilizers (urea, calcium
superphosphate, potassium chloride); LOM, application
of a small amount of straw supplying one-third of the
total fertilizer N; HOM, application of a large amount of
straw supplying two-third of the total fertilizer N. Each
treatment had 2 water table depths (20 and 80 cm).
There were 3, 6 and 3 replicates for the CF, LOM and
HOM treatments, respectively under both groundwater
tables (Fig. 1). For the CF treatment, the rates of applied
chemical fertilizers were 150 kg N, 75 kg P2O5, and
150 kg K2O per ha in both the early and late rice seasons
(Yin et al. 2015). The applied straw material was rice
straw before 2012, while it was changed to maize straw
after 2012 (Lin et al. 2018). Notwithstanding, both rice
straw and maize straw are phytolith-rich straw materials
(Song et al. 2014b). The average contents of N, P, and K
in supplied rice straw were 5.03, 1.82, and 13.2 g kg− 1,
respectively (Yin et al. 2015); and the average contents
of N, P, and K in supplied maize straw were 10.4, 5.93,
and 12.6 g kg− 1, respectively (Lin et al. 2018). Thus, the
average application rates of rice straw in LOM and
HOM treatments were approximately 20 and 40 t ha− 1

year− 1, respectively. The average application rates of
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maize straw in LOM and HOM treatments were approx-
imately 10 and 20 t ha− 1 year− 1, respectively. To ensure
uniform inputs of P and K in all treatments, chemical
fertilizers (calcium superphosphate and potassium chlo-
ride) were used to supplement the P and K deficiencies
in the LOM and HOM treatments.

All chemical fertilizers and supplied phytolith-rich
straw were mixed and applied to the tillage layer of each
plot annually during the fallow period. The supplied
phytolith-rich straw was crushed (< 10 mm) before be-
ing returned to soil. In each plot, 35 plants of the early
rice cultivar (Xiangzaoxian) were planted in April and
harvested in July. Thirty-five plants of the late rice
cultivar (VY46) were then planted in each plot and
harvested in October. The soils were flooded from
March to October (i.e., the rice-growing season) and
drained from November to February (i.e., the fallow
season) each year.

Sample collection and treatment

A cutting ring (100 cm3) was used to collect soil sam-
ples (0–20 cm) for this study in October 2018. The soil
sample from each plot was thoroughly air-dried,
weighed, ground, and then passed through 10 mesh
(2 mm) followed by 100 mesh (0.15 mm pore size)
sieves. The straw from two clumps of rice plants in each
plot was also collected and mixed thoroughly into a
composite sample for each plot. The straw samples were
washed with distilled water, dried to constant weight at
65 , weighed, mixed, and then divided into two sub-
samples. One of the sub-samples was crushed into pow-
der, and the another was cut into small pieces (< 5 mm).

Basic soil analyses

Soil bulk density (BD) was determined using the
cutting-ring method (Lu 2000). Particle size analysis
of the soils (10 mesh) was completed using a laser
particle size analyzer (Mastersizer 3000, Malvern,
UK). The pH (soil : water = 1 : 2.5 w/w) and electrical
conductivity (EC) (soil : water = 1 : 5 w/w) of the 10
mesh soil samples were measured using a pH/
conductivity meter (Star A215, Thermo Scientific,
USA) (Lu 2000). Approximately 0.1 g of soil sample
(100 mesh) was used to determine the soil organic
carbon (SOC) content using the Walkley and Black
method (Lu 2000; Walkley and Black 1934).

Extraction of different labile Si fractions in soil

Five sub-fractions of labile Si (as listed below) were
defined and extracted by an optimized sequential chem-
ical extraction process. The content of the total labile Si
was the sum of the five sub-fractions.

i) Easily soluble Si (CaCl2-Si): A total of 2 g of
soil sample (10 mesh) was slowly shaken
(linearly) for 16 h with 20 mL 0.01 M CaCl2
(i.e., soil : solution = 1 : 10 w/v) in a 50 mL
polypropylene centrifuge tube at 25 (Haysom
and Chapman 1975; Sauer et al. 2006). After
extraction, the samples were centrifuged at
1760 × g for 5 min, and the supernatant was
filtered through a 0.45 µm cellulose acetate
filter in order to remove the possible interfer-
ence of suspended particles. This extract was
prepared for analysis of CaCl2-Si.

Fig. 1 Schematic illustration of the 36 long-term experimental
plots (modified from Yin et al. 2015). This study only focused on
the CF, LOM, and HOM treatments under 20 and 80 cm

groundwater tables; the white plots (i.e., LOM→CF,
LOM→HOM, HOM→CF, and CF→LOM treatments) were not
considered in this study
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ii) Labile Si adsorbed on the surfaces of inorganic soil
particles (Acetic-Si): The soil residue from step (i)
was washed with deionized water and dried at 65 .
Once dry, 20 mL of 0.01 M acetic acid was added
(i.e., soil : solution = 1 : 10 w/v) and then shaken
(linearly) for 24 h at 25 (Georgiadis et al. 2013).
The shaken samples were centrifuged and filtered
as described in step i). The extract was prepared for
analysis of Acetic-Si.

iii) Labile Si loosely adsorbed on the surfaces of soil
organic matter (H2O2-Si): After the soil residue
from step (ii) was washed with deionized water,
10 mL of H2O2 (AR, 30%) was slowly added
(Georgiadis et al. 2013; Song et al. 2014a).
When the initial reaction at room temperature
was complete (i.e., no longer fizzing), the cen-
trifuge tube containing samples was put into a
water bath at 85 until the reaction was again
complete. The sample was then dried at 65 in a
ventilation oven. Once dry, the samples were
mixed with 20 mL of 1 m Na-acetate buffer
solution (pH = 4.0), and then slowly shaken
(linearly) for 24 h at 25 . The shaken samples
were centrifuged and filtered as described in
step i). The extract was prepared for analysis
of H2O2-Si. It should be noted that hot H2O2

solution also leads to a partial release of Si from
poorly crystalline as well as crystalline silicates
(e.g., kaolin, microcline, quartz) (Georgiadis
et al. 2013). Thus, the labile Si loosely adsorbed
on the surfaces of soil organic matter extracted
by H2O2 might be overestimated. As there is no
better method for extraction of this Si fraction at
present, H2O2-extraction was still recommended
by Georgiadis et al. (2013) and included in their
sequential extraction experiment.

iv) Occluded Si in poorly aluminosilicates and weakly
ordered sesquioxides (Oxalate-Si): The soil residue
from step (iii) was washed with deionized water
and then dried at 65 in a ventilation oven. Once
dry, 40 mL of 0.2 M NH4-oxalate buffer solution
(pH = 3.0) was added to 0.8 g of the dried sample
(i.e. soil : solution = 1 : 50 w/v) in a 50 ml poly-
propylene centrifuge tube and slowly shaken for
1 h in a dark room (Saccone et al. 2007; Cornelis
et al. 2011; Barão et al. 2014). The shaken samples
were centrifuged and filtered as described in step i).
The extract was prepared for the analysis of Oxa-
late-Si.

v) Amorphous Si (Na2CO3-Si): The Na2CO3 protocol
proposed by DeMaster (1981) was widely used to
determinesoilamorphousSicontent. It shouldbenoted
that this protocol may not be efficient to dissolve aged
phytoliths (Meunier et al. 2014).As the agedphytoliths
were rare in our studied soils, the Na2CO3-extraction
was also used to determine soil amorphous Si in this
study. The soil residue from step (iv) waswashedwith
deionizedwater and then dried at 65 °C in a ventilation
oven.Once dry, 40mLof 1%Na2CO3 solution (pH=
11.2)wasaddedto30mgofthedriedsampleina50mL
polypropylene centrifuge tube and digested in a shaker
bath at 85 °C for 6 h with the cap slightly loosened to
vent gas. After 1 h, the dissolution was stopped by
cooling thesample inacold-waterbath.A1mLaliquot
was sampled and neutralized with 9 mL of 0.021 M
HCl. Digestionwas restarted in the bath at 85 and the
sub-sampling procedure repeated a further five times
(i.e., after 2, 3, 4, 5, and 6 h digestion). The amounts of
extracted Si were plotted versus time. The first part of
the curve, for sampling at 1 and 2 h, represented the
rapid dissolution of amorphous silica particles
(DeMaster 1981; Cornelis et al. 2011; Meunier et al.
2014). The second linear part, calculated using sam-
pling at 3, 4, 5, and 6 h, corresponded to the slower
dissolution of crystalline silicates (DeMaster 1981;
Cornelis et al. 2011;Meunier et al. 2014).The intercept
of the linear phase at t = 0was regarded as the percent-
age of Na2CO3-Si (DeMaster 1981; Cornelis et al.
2011;Meunier et al. 2014).

Determination of total Si and stable Si

To determine the total Si content in soils and plants, ~
30 mg soil samples (100 mesh) and ~ 50 mg plant
samples (powder) were fused with Li-metaborate (~
300 mg) at 950 for 30 min, respectively. The obtained
“fusion cake” was dissolved with 30 mL dilute nitric
acid (4%). The Si concentrations in all the above ex-
tracts were determined using the molybdenum blue
colorimetric method (Lu 2000) with an ultraviolet-
visible spectrophotometer (UV-1800, Shimadzu, Ja-
pan). Quality assurance for the analysis of Si was mon-
itored using a standard soil sample (GBW07405) and a
precision of 7%was obtained. The soil stable Si fraction
was estimated as the difference between the soil total Si
and the sum of all labile Si fractions (Georgiadis et al.
2013, 2017).
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Extraction of amorphous silica particles from soils
and plants

Approximately 2 g of supplied dry rice straw (6 repli-
cates) andmaize straw (9 replicates) were used to extract
amorphous silica particles (i.e., phytoliths) using a wet
digestion method as described by Parr and Sullivan
(2014). A wet oxidation and heavy liquid suspension
(ZnBr2, ρ = 2.3 g cm− 3) method (Zuo et al. 2014) was
used to isolate amorphous silica particles from 10 g soil
samples in each plot. The extracted amorphous silica
particles from plants and soils were cleaned up using the
Walkley-Black method (Walkley and Black, 1934) to
ensure that all extraneous organic materials other than
the amorphous silica particles were thoroughly removed
(Li et al. 2013). These amorphous silica particles were
then oven-dried at 65 °C for 24 h in a centrifuge tube
and weighed to obtain the content after cooling. The
purification and composition of amorphous silica parti-
cles extracted from soils was identified using a light
microscope (BX53, Olympus, Japan) with 200 × and
400 ×magnification, respectively.

Determination of fresh phytolith dissolution

The Si contents in extracted phytoliths from supplied
rice straw and maize straw were determined using the
same methods as determination of total Si in soils and
plants. A sequence of solutions (pH = 1, 2, 3, 4, 5, 5.5, 6,
6.5, 7, 8, 9, 9.5, 10, 10.5, 11, 12) were prepared with
hydrochloric acid, sodium hydroxide, and deionized
water. Approximately 10 mg of phytoliths (3 replicates)
from the supplied phytolith-rich straw materials (i.e.,
rice straw and maize straw) were added to 50 mL of
each of the 16 solutions with different pH values in
50 mL polypropylene tubes. These solutions were kept
at room temperature. The Si concentrations in those
solutions were determined at both 15 and 60 days using
the molybdenum blue colorimetric method as previous-
ly described. The phytolith dissolution rate was calcu-
lated as follows:

PDR15 ¼ V� Si15
Wphytolith � Siphytolith

� 100% ð1Þ

PDR60 ¼ ðV� V15Þ � Si60
Wphytolith � Siphytolith � V15 � Si15

� 100% ð2Þ

where PDR15 and PDR60 is the phytolith dissolution rate
(%) after 15 days and 60 days, respectively; V is the
original volume of solution (mL) used to dissolved
phytoliths (i.e., 50 mL); V15 and V60 is the volume of
solution (mL) sampled to determine Si concentration
after 15 days and 60 days, respectively; Si15 and Si60
is the Si concentration (µg mL− 1) in remaining solution
after 15 days and 60 days, respectively; Wphytolith is the
weight of phytoliths (mg) used for the dissolution ex-
periment; Siphytolith is the Si content (g kg

− 1) in supplied
phytoliths.

To evaluate the effect of contamination from any
residual organic matter on phytolith dissolution, the
carbon contents in the extracted phytoliths were also
determined. The results showed that the carbon contents
in phytoliths extracted from supplied rice straw and
maize straw were lower than 5 g kg− 1 (unpublished
data). As phytoliths generally occlude some carbon (1
~ 60 g kg− 1) during their formation (Li et al. 2013; Song
et al. 2014b, 2015; Zuo et al. 2014; Guo et al. 2015), our
determined C (< 5 g kg− 1) was mainly of phytolith-
occluded carbon. This could, therefore, verify the lack
of contamination by organic residue.

Statistical analyses

The Shapiro-Wilk test was used to evaluate the normal-
ity of distribution of the data (SPSS 18.0). Pearson
correlation and partial correlation coefficients were an-
alyzed using Excel 2016 and SPSS 18.0. Independent
sample t-test and one-way analysis of variance
(ANOVA) with the least significant difference (LSD)
test were performed to examine the differences between
data groups (SPSS 18.0).

Results

Soil physiochemical properties

The highest soil bulk density (BD) was found in the CF
treatment for the 20 cm (1.24 ± 0.07 g cm− 3) and 80 cm
(1.39 ± 0.07 g cm− 3) groundwater tables (Table 1). The
volume percentage of soil clay (< 2 µm) ranged from
14.3 ± 0.91% to 16.6 ± 0.02%, silt (2–50 µm) ranged
from 78.2 ± 1.23% to 82.0 ± 1.91%, fine sand (50–
250 µm) ranged from 2.60 ± 0.20% to 3.08 ± 0.15%,
and coarse sand (> 250 µm) ranged from 0.61 ± 0.50%
to 1.90 ± 0.68% (Table 1). The pH of CF was higher
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than that of the LOM and HOM treatments for both the
20 cm and the 80 cm groundwater tables (Table 1). The
EC in all treatments with the 20 cm groundwater table
was higher than in all treatments with the 80 cm ground-
water table (Table 1). The SOC content in the CF
treatment was 13.1 ± 1.69 g kg− 1, which increased sig-
nificantly (p < 0.05) to 18.6 ± 0.70 g kg− 1 in the LOM
treatment, with a further significant increase to 23.0 ±
1.52 g kg− 1 in the HOM treatment for the 20 cm ground-
water table (Table 1). Under the 80 cm groundwater
table, the highest SOC content was found in the HOM
treatment (19.7 ± 0.59 g kg− 1) followed by the LOM
treatment (17.3 ± 0.51 g kg− 1) and the CF treatment
(12.7 ± 0.54 g kg− 1) (Table 1). Except for the CF treat-
ment, the SOC content in both the LOM and HOM
treatments under the 20 cm groundwater table was sig-
nificantly higher than that in the equivalent treatments
under the 80 cm groundwater table (Table 1). Pearson
correlation analysis showed a negative correlation
(p < 0.01) between SOC and soil pH at both groundwa-
ter depths (Fig. 2).

Si fractions

The total Si content in soil ranged from 280 ± 12.7 g kg−
1 to 297 ± 9.27 g kg− 1 and was found mainly as the
stable Si fraction (276–293 g kg− 1), with no significant
differences between treatments or groundwater depths
(Table 2). The labile Si fraction varied from 3.60 ±
0.29 g kg− 1 to 4.86 ± 0.42 g kg− 1 and increased
(p < 0.05) with increasing phytolith-rich straw applica-
tion at both groundwater depths, whereas there were no
differences between equivalent treatments under differ-
ent groundwater depths (Table 2). Within the labile Si
fractions, the largest contributor was Na2CO3-Si (3.33–
4.60 g kg−1), followed by Oxalate-Si (125–208 mg kg−
1), H2O2-Si (50.0–71.8 mg kg− 1), Acetic-Si (13.8–
16.1 mg kg− 1), and CaCl2-Si (5.21–7.91 mg kg− 1)
(Table 2). The CaCl2-Si contents for the LOM and
HOM treatments under the 80 cm groundwater table
were significantly higher than under the 20 cm ground-
water table (Table 2). The contents of the H2O2-Si and
Na2CO3-Si fractions increased with the increasing
amount of phytolith-rich straw application under both
groundwater depths (Table 2).

The SOC content was positively correlated (Pearson
correlation) with CaCl2-Si, H2O2-Si and Na2CO3-Si
contents under both groundwater depths (Table 3). Ac-
cording to the Pearson correlation analysis, pH wasT
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correlated negatively with CaCl2-Si, H2O2-Si, and
Na2CO3-Si under the 80 cm groundwater table
(Table 3), but only H2O2-Si and Na2CO3-Si contents
showed a significant negative correlation with soil pH
under the 20 cm groundwater table (Table 3). Partial
correlation analysis showed that the SOC content was
also correlated positively with the CaCl2-Si, H2O2-Si,
and Na2CO3-Si contents under the 20 cm groundwater
table, but only correlated positively with CaCl2-Si and
H2O2-Si contents under the 80 cm groundwater table
(Table 3). According to partial correlation analysis, soil
pH did not show any correlation with the various labile
Si fractions (Table 3).

Under the two groundwater tables, Pearson correla-
tion analysis showed that Na2CO3-Si content was pos-
itively correlated with H2O2-Si and CaCl2-Si, and there
was also a positive correlation between H2O2-Si and
CaCl2-Si (Fig. 3). Partial correlation analysis showed
that the Acetic-Si content had a positive correlation with
Na2CO3-Si and H2O2-Si under the 20 cm groundwater
tables, whereas H2O2-Si was positively correlated with
Na2CO3-Si and CaCl2-Si under the 80 cm groundwater
table (Fig. 3).

Amorphous silica particle content in soils and supplied
straw materials

The content of soil amorphous silica particles signifi-
cantly increased with increasing rates of phytolith-rich
straw application under both groundwater regimes
(Fig. 4). These particles were mainly composed of
phytoliths and involved a small number of diatoms
and diatom frustules as observed by microscopy

(Fig. 5). The content of soil amorphous silica particles
with CF treatment under the 20 cm groundwater table
was 4.09 ± 0.17 g kg− 1, that for LOM treatment was
higher (p < 0.05) at 4.82 ± 0.39 g kg− 1, and that for
HOM treatment was the highest (p < 0.05) at 6.36 ±
0.23 g kg−1 (Fig. 4). Under the 80 cm groundwater table,
CF treatment gave 4.48 ± 0.34 g kg−1, LOM treatment
5.49 ± 0.56 g kg− 1, and HOM treatment 6.93 ± 0.75 g
kg− 1; each of these values being significantly (p < 0.05)
different (Fig. 4). Additionally, the content of plant
amorphous silica particles (i.e., phytoliths) in supplied
rice straw and maize straw was 67.6 ± 20.2 g kg− 1 and
21.9 ± 1.2 g kg− 1, respectively (Fig. 6a).

Phytolith dissolution rate

The Si content in phytoliths extracted from supplied rice
straw and maize straw was 436 ± 12.3 g kg− 1 and 426 ±
17.8 g kg− 1, respectively (Fig. 6a). The dissolution rates
(Eqs. 1 and 2) of phytoliths from rice and maize straw
that were used in the field trials increased slightly as the
pH increased from 2.0 to 5.5 (in solution) (Fig. 6b).
When the pH was greater than 5.5, the dissolution rates
of the these phytoliths increased exponentially (Fig. 6b).
Our results also showed that the dissolution rates of
supplied rice straw phytoliths were generally higher
than those of maize straw phytoliths (Fig. 6b). Under
the pH experienced under field conditions (i.e., pH ≤
5.5), only 0.20–0.56% of maize straw phytoliths and
0.27–0.79% of rice straw phytoliths dissolved after 15
days. Over 60 days, 0.62–1.53% of the maize straw
phytoliths dissolved, compared to 0.92–2.03% for the
rice straw.

Si contents in planted rice straw

The Si content in planted rice straw ranged from 13.6 ±
2.26 g kg− 1 to 21.3 ± 0.55 g kg−1 under the 20 cm
groundwater table and from 18.4 ± 1.69 g kg− 1 to
28.9 ± 5.50 g kg− 1 under the 80 cm groundwater table
(Fig. 7). The Si contents in planted rice straw increased
significantly (p < 0.05) with increasing rate of phytolith-
rich straw application under both groundwater depths.
The highest Si content in planted rice straw was found
with the HOM treatment and the lowest with the CF
treatment irrespective of groundwater height. In all treat-
ments, the Si contents in planted rice straw under the
20 cm groundwater table were significantly (p < 0.05)
lower than those under the 80 cm groundwater table.

Fig. 2 Pearson correlations between SOC and soil pH in each plot
under 20 and 80 cm groundwater tables
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Discussion

Effect of long-term straw application on the soil-plant Si
cycle

The results of this study support previous findings (Yin
et al. 2015) that long-term incorporation of crop straw
into soil, in this case over a 36-year period, increased
SOC accumulation (Table 1). In addition, a negative
correlation was observed between SOC content and soil
pH (Fig. 2). A large amount of amino acid and humic
acid produced from the decomposition of straw (Cao
et al. 2019) is likely to contribute to this. The
rhizodeposition of rice plants and the products from
microbial metabolism have also been shown to contrib-
ute to organic acid content in paddy soil (Strobel 2001;
Jones et al. 2003) with flooded conditions favoring the
accumulation of these organic acids (Gotoh and Onikura
1971).

Quantitative analyses of different labile Si fractions
in soil is a prerequisite to understanding the soil-plant Si
cycle (Georgiadis et al. 2017; Yang et al. 2020), but the
contents of the various labile Si fractions are likely to be
significantly influenced by changes in SOC and pH
(Fraysse et al. 2009; Meunier et al. 2018; Li et al.
2019; Yang et al. 2020). For example, the CaCl2-Si in
sugar production soils from South Africa (Miles et al.
2014) and in rice production soils from South India
(Meunier et al. 2018) were positively correlated with
soil pH. However, the Pearson correlation between
CaCl2-Si and soil pH was negative in our study
(Table 3). The SOC content was, however, significantly
positively correlated with soil pH (Fig. 2), contrasting
with results presented by Miles et al. (2014) and
Meunier et al. (2018). Therefore, the negative correla-
tion between CaCl2-Si and soil pH in this study is likely
caused by the autocorrelation effect between SOC and
soil pH. To remove the autocorrelation effects between
SOC and soil pH (Fig. 2), a partial correlation analysis
was used to measure the statistical dependencies be-
tween SOC (or soil pH) and the various labile Si frac-
tions. The partial correlation analysis showed that the
contents of the Na2CO3-Si, H2O2-Si, and CaCl2-Si frac-
tions under the two groundwater tables were non-
significantly correlated with soil pH, but they were
significantly correlated with SOC content, excepting
for Na2CO3-Si under the 80 cm groundwater table
(Table 3). As a proxy of soil organic matter, the changes
in SOC were mainly caused by the different doses ofT
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applied phytolith-rich straw (Table 1). Therefore, these
correlations indicated that the application of phytolith-
rich straw can result in the variation in the labile Si

fractions by promoting the accumulation of soil organic
matter, thus upon mineralization releasing phytoliths.

This study has found that the total labile Si content,
irrespective of the groundwater level, significantly in-
creased with increasing straw application (Table 2).
However, this increase was driven by changes in the
Na2CO3-Si and H2O2-Si contents (Table 2). In general,
the dissolved Si in soil solution could be influenced by
the interaction among different labile Si pools (Seyfferth

Table 3 Pearson correlation coefficients and partial correlation coefficients between the various labile Si fractions and SOC, and between
the various labile Si fractions and soil pH under 20 and 80 cm groundwater tables

Labile Si fractions SOC pH

Pearson correlation
coefficient
(pH uncontrolled)

Partial correlation
coefficient
(pH controlled)

Pearson correlation
coefficient
(SOC uncontrolled)

Partial correlation
coefficient
(SOC controlled)

20 cm 80 cm 20 cm 80 cm 20 cm 80 cm 20 cm 80 cm

CaCl2-Si 0.708** 0.791** 0.656* 0.624* –0.497 –0.650* 0.376 0.238

Acetic-Si 0.148 –0.137 0.441 0.470 0.069 0.362 0.424 0.557

H2O2-Si 0.919** 0.911** 0.849** 0.642* –0.733** –0.847** 0.410 –0.143

Oxalate-Si –0.177 –0.185 0.480 0.404 0.433 0.384 0.596 0.511

Na2CO3-Si 0.957** 0.833** 0.831** 0.505 –0.855** –0.769** –0.089 –0.076

** Correlation is significant at p < 0.01; * Correlation is significant at p < 0.05

Fig. 3 Pearson correlation coefficients and partial correlation
coefficients among the various labile Si fractions under 20 cm
(a) and 80 cm (b) groundwater tables. ** Correlation is significant
at p < 0.01; * Correlation is significant at p < 0.05

Fig. 4 Content of soil amorphous silica particles extracted by
heavy liquid (ZnBr2, ρ = 2.3 g cm− 3) suspension under the two
groundwater tables. Different lower-case letters indicate signifi-
cant differences among treatments under the same groundwater
table at p < 0.05, based on the least significant difference (LSD)
test. Different upper-case letters indicate significant differences of
the same treatment under different groundwater tables at p < 0.05,
based on the independent sample t-test. The error bars represent
the standard deviation
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et al. 2013; Klotzbücher et al. 2015; Cornelis and
Delvaux, 2016). As one of the major components of
Na2CO3-Si (Cornelis et al. 2011), phytoliths can be
released into soil when applied crop straw is degraded
or mineralized. This is supported by the findings that the
contents of amorphous silica particles mainly composed
of phytoliths increased significantly with increasing
straw application under both groundwater tables
(Figs. 4 and 5). Our results showed that Na2CO3-Si
made the biggest contribution to the labile Si pool
(Table 2), which is consistent with previous studies
(e.g., Saccone et al. 2007; Clymans et al. 2011;
Cornelis et al. 2011; Klotzbücher et al. 2015). Because
phytoliths are the largest component of the Na2CO3-Si
pool (Fig. 5), their dissolution can lead to changes in
other labile Si fractions. For example, recent studies
implied that soil organic matter could loosely adsorb
silicic acid on its surface (i.e., H2O2-Si) (Georgiadis
et al. 2013, 2017; Song et al. 2014a; Liang et al. 2015;
Yang et al. 2020). The significant partial correlation
between SOC content and H2O2-Si content (Table 3)
suggested that the accumulation of soil organic matter

may offer more attachment points for the adsorption of
silicic acid, thus effectively lowering leaching losses of
Si.

A straw decomposition experiment conducted by
Marxen et al. (2016) has shown that the loss of Si from
straw occurred mainly during the first 33 days of incu-
bation. Guo et al. (2015) reported that the Si content was
significantly positively correlated with phytolith content
in rice plant tissues (sheath, leaf, flag leaf, and stem).
This means that the Si in rice straw was mainly depos-
ited in the form of phytoliths. Therefore, the loss of Si
from rice straw reported by Marxen et al. (2016) oc-
curred mainly because of dissolution of straw
phytoliths. Fraysse et al. (2010) also suggested that plant
phytoliths govern the release of Si from plant material. It
has been reported that the phytolith dissolution rate
strongly depends on soil pH (Fraysse et al. 2006; Li
et al. 2019). In this study, we found that the content of
CaCl2-Si, including mainly monosilicic acid and
polysilicic acid (Cornelis et al. 2011), did not increase
significantly upon application of phytolith-rich straw
(Table 2). Previous studies reported that CaCl2-Si

Fig. 5 Microphotographs with 200× (a, b) and 400× (c, d) magnification of soil amorphous particles extracted by heavy liquid (ZnBr2, ρ =
2.3 g cm− 3)
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depends on soil pH, clay minerals, and may not be
impacted by phytoliths (Miles et al. 2014; Meunier
et al., 2018). However, in this study, the partial correla-
tion analysis showed that CaCl2-Si under the two
groundwater tables were non-significantly correlated
with soil pH (Table 3). Therefore, we assumed that the
minor influence of soil pH on CaCl2-Si was mainly due
to the initial low soil pH and the low variation in range
of soil pH (Table 1). To demonstrate the assumption,
this study explored changes in the dissolution rates of
phytoliths extracted from straws typically applied over
the 36-year field trial. We found that the phytolith
dissolution was relatively small after both 15 and
60 days of incubation where the solution pH ranging
from 2 to 5.5 (Fig. 6b). The pH in the studied soils
varied from 4.84 ± 0.02 to 5.45 ± 0.13 (Table 2),
supporting the slow dissolution of phytoliths observed

in the current study. Furthermore, phytoliths in natural
soils are more stable than in tested solution due to the
protection offered by soil microaggregates (Li et al.
2020b) and their interaction with soil iron or aluminum
oxides and hydroxides (Cabanes et al. 2011; Song et al.
2018). Therefore, our results suggest that the pH had
relatively little influence on the labile Si pools in acidic
soils (pH < 5.5).

The Si content in the planted rice straw near harvest
increased significantly with increasing straw application
doses (Fig. 7). It can therefore be suggested that this
could lower plant available Si content in soil (Seyfferth
et al. 2013; Klotzbücher et al. 2015; Riotte el al. 2018),
explaining the lack of response of soil CaCl2-Si content
to increasing straw addition (Table 2). In addition, as the
only fraction that can be directly absorbed by the plant,
dissolved Si is at the center of the interconversions
among the various labile Si fractions (Cornelis and
Delvaux 2016; Li and Delvaux 2019; Yang et al.
2020). Therefore, the uptake of dissolved Si by plants
can promote the hydrolyzation, desorption, and dissolu-
tion of Si from different labile Si pools (Cornelis et al.
2011; White et al. 2012; Seyfferth et al. 2013;
Klotzbücher et al. 2015; Cornelis and Delvaux 2016),
while slow weathering of soil minerals can also release
some monosilicic acid (Sommer et al. 2006; Cornelis
and Delvaux 2016). It should also be noted that crop
growth can influence Si release by accelerating the

Fig. 6 Content of phytoliths extracted from supplied straw mate-
rials as well as the Si content in these phytoliths (a) and dissolution
rate of these phytoliths under increasing pH (b). The error bars
represent the standard deviation

Fig. 7 Si content in planted rice straw under the two groundwater
tables. Different lower-case letters indicate significant differences
among treatments under the same groundwater table at p < 0.05,
based on the least significant difference (LSD) test. Different
upper-case letters indicate significant differences of the same
treatment under different groundwater tables at p < 0.05, based
on the independent sample t-test. The error bars represent the
standard deviation
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weathering of straw phytoliths and soil minerals
(Marxen et al. 2016; Li et al., 2020b). An important
mechanism of the silicate weathering driven by plants is
the rapid uptake of base cations and Si during plant
growth (Balogh-Brunstad et al. 2008; Street-Perrott
and Barker 2008; Uhlig et al. 2017). Another major
mechanism is the changes in soil physical properties,
particularly the exposed surface areas of minerals and
the residence time of water, caused by plant roots
(Drever 1994). As discussed above, because phytolith
dissolution rates are fairly slow under acidic conditions
(pH < 5.5), the increasing phytolith content caused by
the direct return of phytolith-rich straw plays an impor-
tant role in the long-term supply of bioavailable Si in
paddy fields.

Effect of the groundwater table on the soil-plant Si cycle

It is well known that water percolation is a key driving
factor for downward transport of soil particles and that
this can be influenced by the groundwater table (Phillips
2007). Because soil phytoliths are an important compo-
nent of soil particles, vertical migration of soil phytoliths
can also be promoted by water percolation (Fishkis et al.
2009, 2010a). In this study, partial correlation analysis
revealed that Na2CO3-Si content was significantly cor-
related to SOC under the 20 cm groundwater table,
whereas there were no statistical dependencies under
the 80 cm groundwater table (Table 3). The difference
is likely due to the different vertical migration patterns
of soil phytoliths resulting from different groundwater
depths. This could be supported by the experiments on
phytolith transport in sandy sediment (Fishkis et al.
2009) where greater irrigation (80 mm × 2 times per
month) resulted in leaching of 22% of the applied
phytoliths, while lower irrigation (40 mm× 2 times per
month) leached 17%. In addition, the downward migra-
tion of phytoliths in soil can be affected by their size and
shape (Fishkis et al. 2010a, b). Generally, small-sized
phytoliths (circle-equivalent diameter < 5 µm) are most
likely to be transported due to their greater probability of
passing narrow pore channels, compared with larger
phytoliths (circle-equivalent diameter > 5 µm) (Fishkis
et al. 2010a). As the size and morphology of phytoliths
were not determined in our study, the effects of phyto-
lith size and shape on their downward migration under
the two groundwater tables need further evaluation.

The multiple transformations among the labile Si
fractions are an important process in the soil-plant Si

cycle (Georgiadis et al. 2017; Li and Delvaux 2019;
Yang et al. 2020). Generally, the intensity of redox
reactions is closely related to changes in the groundwa-
ter table, which in turn can drive transformation pro-
cesses among the various labile Si fractions (Saccone
et al. 2008; Mihara et al. 2016; Siipola et al. 2016;
Georgiadis et al. 2017). In this study, partial correlation
analysis showed that the correlations among the various
labile Si fractions under the 20 cm groundwater table
were different from those under 80 cm groundwater
table (Fig. 3). This means that the multiple transforma-
tion processes among the various labile Si fractions can
be influenced by the groundwater table.

The CaCl2-Si fraction is generally used to assess the
changes in bioavailability of soil Si (e.g., Seyfferth et al.
2013; Miles et al. 2014; Meunier et al., 2018; Riotte el
al. 2018). Our results showed that the CaCl2-Si content
under the 20 cm groundwater table was significantly
lower than under the 80 cm groundwater table for both
straw return rates (Table 2). This was likely caused by
the stronger eluviation of plant-available Si under the
20 cm groundwater table. The 80 cm groundwater table
could be regarded as one of water-saving irrigation
practice in the region where the study was undertaken.
Therefore, our results suggest that this water-saving
irrigation practice can help to maintain or improve the
bioavailability of soil Si in paddy field. This was further
supported by the findings that the Si content in planted
rice straw under the 80 cm groundwater table was sig-
nificantly higher than under the 20 cm groundwater
table for each treatment (Fig. 7).

Implications for sustainable agricultural development

In China, rice self-sufficiency has been achieved in
recent years (CFNDC 2019; Deng et al. 2019). Howev-
er, the rice consumption rate is increasingwith the rise in
population. Therefore, a challenge exists to increase rice
yield, but on the limited area of paddy fields that will be
available. It has been previously reported that Si defi-
ciency in paddy fields is a key factor restricting sustain-
able development of rice production (Seyfferth et al.
2013; Song et al. 2014a; Liang et al. 2015; Marxen
et al. 2016). In subtropical China, most paddy soils are
acidic (Guo et al. 2010), and therefore, the dissolution
rates of phytoliths in the studied soil (pH < 5.5) were
low (Fig. 6). This low dissolution rate could, however,
be balanced by a continuing supply of phytolith-rich
crop straw to ensure adequate Si uptake. Therefore, the
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phytolith-rich crop straw should be considered as an
ideal Si fertilizer to supply bioavailable Si to soils over
the long term and further increase the productivity of Si-
accumulating plants. Furthermore, for the same
phytolith-rich straw application, the Si contents in
planted rice straw under the 80 cm groundwater table
were significantly higher than under the 20 cm ground-
water table (Fig. 7). This suggests that groundwater
table management, and in particular, water saving irri-
gation practices, play an important role in regulating the
soil bioavailable Si supply in paddy fields.

Conclusions

Our results showed that the total labile Si content in-
creased significantly with increasing phytolith-rich
straw application. Within the labile Si fractions, the
largest fraction was Na2CO3-Si, followed by Oxalate-
Si, H2O2-Si, Acetic-Si, and CaCl2-Si. Among these sub-
fractions, the contents of Na2CO3-Si and H2O2-Si in-
creased significantly with increasing phytolith-rich
straw application, explaining the increases in labile Si
content. As one of indicators of plant-available Si in
soil, the CaCl2-Si content did not show significant dif-
ferences among different treatments. However, the Si
content in the planted rice straw increased significantly
with increasing phytolith-rich straw application. These
findings indicate that long-term application of phytolith-
rich straw is beneficial for providing adequate Si for rice
production and enhancing the soil-plant Si cycle.

The CaCl2-Si content under the 80 cm groundwater
table was greater than that under the 20 cm groundwater
table for the same application dose of phytolith-rich
straw. Correspondingly, the Si contents in planted rice
straw under the 80 cm groundwater table were signifi-
cantly higher than under the 20 cm groundwater table
for the same phytolith-rich straw application. These
findings imply that soil Si bioavailability as well as
soil-plant Si cycle are affected by the height of the
groundwater table.

The present study suggests that long-term application
of phytolith-rich straw and the maintenance of the
groundwater table significantly influence the soil-plant
Si cycle and further increase soil Si bioavailability by
promoting the accumulations of soil organic matter and
soil phytoliths. Therefore, returning phytolith-rich straw
in conjunction with the groundwater table management
should be considered as feasible and useful long-term

practice to regulate the supply of bioavailable Si in
paddy fields.
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