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Abstract
The lime, biochar, and fly ash are widely used to ameliorate acidic soils. The purpose of our pot experiment was to
understand whether these soil amendments affected the availability of phosphorus in soils using diffusive gradients in thin
films (DGT) technique. Three soil amendments, biochar (B), fly ash (F), and lime (L), were applied alone or combined to
Ultisol and Alfisol at the rate of 40, 40, and 6 g/kg, respectively. The DGT and chemical extraction techniques were used to
quantify the soil available (phosphorus) P dynamic in the rice growth period. The addition of amendments can effectively
increase the phosphorus content extracted by 0.01 M KCl solution. The biochar amendment showed the best effect on
increasing the contents of DGT-P and Olsen-P in the soil. Combined with the DGT-induced fluxes in sediments (DIFS)
model, it was found that soil amendments mainly increased the adsorption rate (k) and desorption rate (k−1), and reduced
soil reflect time (Tc) of phosphorus released to the pore water. The P contents accumulated in rice grains correlated more
closely with the effective P concentration measured by DGT technique, compared with those with soil total P, pore water P,
and Olsen-P. These results suggested that the DGT technique had significant advantage over conventional chemical
extraction techniques when assessing the bioavailability of phosphorus to rice growth. Application of soil amendments
increased the contents of Al-P and Ca-P of both Ultisol and Alfisol, and decreased the content of Fe-P in soils. The
addition of amendments could change the affinity of Fe and phosphorus decreasing the phosphorus fixation in soils. The
increase of available phosphorus in soil is mainly due to the change of pH value and the direct diffusion of phosphorus in
the amendments (biochar and fly ash). In conclusion, soil amendment can affect the availability and adsorption ability of
phosphorus in soil, and biochar has the best effect on the availability of soil phosphorus.
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Introduction

Strongly acidic soils are widely covered in tropical and sub-
tropical regions of China. The soil acidification will lead to
phosphorus (P) deficiency in soils, which is often considered
as an important limiting factor to plant growth in strongly
acidic soils (Blake et al. 2000; Koutika et al. 2016; Solomon
et al. 2002). In practice, biochar, fly ash, and lime are common

amendments to ameliorate acidic soils and increase the bio-
availability of phosphorus in soils.

Lime can effectively reduce soil acidity and it is often used
as a soil amendment to ameliorate agricultural production of
strongly acidic soils (Curtin and Syers 2001; Holland et al.
2018). Many field experiments demonstrated the ameliorating
effects of lime for highly acidic soils. Its ameliorating mech-
anism was mainly attributed to reduce soil Al toxicity, to im-
prove soil structure, and to increase the availability of P to
plants (Curtin and Syers 2001). Recent studies found that
biochar as a soil amendment can effectively ameliorate the
physical and chemical degeneration of highly weathered trop-
ical and subtropical soils. More importantly, biochar increases
the availability of phosphate in soils (Glaser et al. 2002; Sohi
et al. 2010; Soinne et al. 2014). Biochar itself, depending on
feedstock and pyrolysis temperature, also contains large
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amounts of phosphate (Enders et al. 2012; Hong and Lu
2018). As a result, biochar application can directly not only
supply a source of plant available P into the soil, but also
increase phosphorus bioavailability (Atkinson et al. 2011;
Sohi et al. 2010; Parvage et al. 2013; Soinne et al. 2014).
Fly ash, a by-product of coal-burning power plants, is also a
good amendment to ameliorate acidic soils (Jala and Goyal
2006; Yunusa et al. 2012). This is because fly ash has very
high pH and strong acid-neutralizing capacity.

The available P in soils refers to P present in the soil solu-
tion, which is reversibly adsorbed on the solid phase or present
in labile precipitates. Soil scientists had developed several
chemical extraction tests to quantify the plant available P in
soil. However, these chemical extraction tests are often debat-
ed because they do not mimic the entire process that controls
the availability of phosphorus to plants (Nawara et al. 2017).
In fact, they could extract large amounts of P that are not
available for plant uptake. As an alternative to traditional
chemical extraction, the diffusive gradient in thin film tech-
nique (DGT) has been introduced to quantify plant available P
in soils (Ding et al. 2010; Mason et al. 2010; Menzies et al.
2005; Six et al. 2013; Zhang et al. 1998a, b; Vogel et al. 2017).
Previous studies had demonstrated that the DGT technique
provided a novel approach for the in situ measurement of the
labile forms of chemical elements in soils and sediments
(Zhang et al. 2014). The working mechanism of DGT for
assessing availability of P in soils is similar to the uptake of
phosphorus by plant roots. For example, Menzies et al. (2005)
used the DGT technique to predict the availability of phospho-
rus in a pot experiment. They found that the DGT predicted
maize uptake for P significantly more accurately than tradi-
tional chemical extraction. Vogel et al. (2017) recommended
that the DGT technique was a reliable method to assess the
performance of P fertilizers for maize growth. The field exper-
iments on Australian soils indicated that DGT technique was
superior to other soil P tests for predicting plant growth on the
tropical soils (Mason et al. 2010; Speirs et al. 2013). In addi-
tion, the DGT method has a much better correlation to plant
available P in soils than chemical extraction tests (Zhang et al.
1998; Menzies et al. 2005; Tandy et al. 2011; Six et al. 2013).
These studies concluded that DGT technique could be used to
estimate the available phosphorus content and to predict effec-
tively the availability of phosphorus to plant.

Although the ameliorating effects of three amendments on
soil properties and crop growth have been extensively studied,
little work dealt with the available phosphorus dynamic in-
duced by soil amendments. The DGT technique has been used
to predict the availability of P in soils and sediments (Ding
et al. 2011, 2018), but there have been very few investigations
into the interactions of soil amendment with phosphorus dy-
namic. In this study, we combined the DGT technique and
chemical extraction to assess the availability of phosphorus
to plant uptake after soil amendments were applied. The

purpose of the study was to evaluate the effect of soil amend-
ments on bioavailability of phosphorus in acidic soils and to
understand the mechanism of soil amendment in improving
soil phosphorus dynamic using DGT technique.

Materials and methods

Soils and amendments

The two soils (Ultisol and Alfisol) were collected from the
surface soils (0–20 cm) of subtropical region. The Ultisol
was taken from a low-hilly location developed on
Quaternary red earth in Xuancheng, Anhui Province (N
30° 56.6′, E 118° 45.2′). The Alfisol was developed on allu-
vial material inWenzhou, Zhejiang Province (N 28° 23.2′, E
121° 04.3′). The soils were air dried at room temperature and
then ground to pass through a 2-mm sieve. The biochar used
in this study was produced from rice straw by slow pyrolysis
at 400 °C for 2 h in amuffle furnace under an oxygen-limited
condition. The biochar was ground to pass through a 1-mm
sieve to obtain similar particle size. The fly ash used in this
work was obtained from coal-burning power plant, Eastern
China. The lime was a chemical agent. The basic properties
of soils and amendments are given in Table 1.

Pot experiment

About 5 kg mixture of soil and amendment of each soil were
weighed and placed into plastic pots. The application rates of
biochar (B), fly ash (F), and lime (L) were 40, 40, and
6 g kg−1, respectively. The eight treatments were performed:
control (no amendment), 40 g biochar kg−1 (B), 40 g fly ash
kg−1 (F), 6 g lime kg−1 (L), 40 g biochar kg−1 + 40 g fly ash
kg−1 (B + F), 40 g biochar kg−1 + 6 g lime kg−1 (B + F), 40 g
fly ash kg−1 + 6 g lime kg−1 (FL), and 40 g biochar kg−1 + 40 g

Table 1 Basic physicochemical characteristics of the soils and
amendments used in this study

Parameters Ultisol Alfisol Biochar Fly ash Lime

pH 5.35 5.59 9.88 11.08 12.65

TOC (g kg−1) 25.25 49.63 602.38 – –

Particle size analysis (g kg−1)

Clay (< 2 μm) 228 214 –a – –

Silt (2–20 μm) 514 498 – – –

Sand (20–2000 μm) 258 288 – – –

Available N (mg kg−1) 154.18 216.16 388.82 2.83 –

Available P (mg kg−1) 45.25 9.67 1448.8 108.4 –

Available K (mg kg−1) 69.91 40.53 850.11 173.23 –

CEC (cmol(+) kg−1) 14.41 23.79 63.69 – –

a not detectable
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fly ash kg−1 + 6 g lime kg−1 (BFL). Three replicates were used
per treatment. The experiment was carried out in a glasshouse.
Each treatment was fertilized with 150 mg N, 100 mg P, and
100 mg K per kilogram soil. After mixing thoroughly the soil
and amendment, the mixtures of soil and amendment were
incubated at a saturated water content. After 60 days of incu-
bation, rice (Oryza sativa) seedlings of uniform size were
planted in each pot. The soil moisture was adjusted to be
suitable for rice growth. The soil samples were collected at
the tillering stage, jointing stage, and mature stage of rice,
respectively. After the mature stage, the grain, aboveground
straw, and roots of rice were harvested separately. Plant mate-
rials were washed first with tap water and then with deionized
water. They were then oven dried at 70 °C for 48 h and
weighed to determine their dry-weight biomass. Dried rice
grains were ground to a fine powder using a stainless steel
grinder for P content analyses.

Soil and plant analyses

The basic properties of studied soils were determined using
routine procedures (Zhang and Gong 2012). Soil pH was de-
termined by a pH meter (PB-21, Sartorius) in 1:2.5 soil to
water suspension. Soil organic carbon (SOC) was measured
by oxidation method with potassium dichromate and cation
exchange capacity (CEC) by the ammonium acetate method
(pH = 7). Soil exchangeable acidity was extracted with 1 M
KCl solution and determined by titration with 0.02 M NaOH.
The pH of the biochar was measured by adding biochar to
deionized water in a ratio of 1:20 (w/v). The way of other
properties of biochars were the same as soil. Soil total P
(TP) was determined by digesting the soil samples with
NaOH. The P concentrations in the plant tissue were deter-
mined by digesting the plant sample with H2SO4 solution. The
orthophosphate in the digest solutions was determined using
the colorimetric molybdate–ascorbic acid procedure (Murphy
and Riley 1962).

Soil available P tests

The available P in soils was extracted by 0.01 M KCl and
0.5 M NaHCO3 (Olsen-P) solutions, respectively. The
Olsen-P was extracted by adding 20 ml of 0.5 M NaHCO3

(pH = 8.5) to 1.0 g of soil, shaking for 30 min, and filtering
through a filter paper. The concentration of Olsen-P was also
determined using the colorimetric molybdate–ascorbic acid
procedure (Murphy and Riley 1962).

Soil inorganic P form analysis

The chemical forms of inorganic P in the soils were analyzed
using the modified scheme developed by Hedley et al. (1982).
The soil samples were sequentially extracted by each of the

following extractants:1.0 M NH4Cl for loosely bound phos-
phate, 30 ml of 0.5MNH4F (pH 8.2) for aluminum phosphate
(Al-P), 0.1 M NaOH and 0.1 M Na2CO3 for iron phosphate
(Fe-P), 0.3 M Na3C6H5O7·2H2O for occluded phosphate (Oc-
P), and 0.5 M H2SO4 for calcium phosphate (Ca-P). The con-
centrations of P in the extracts were immediately determined
using colorimetric molybdate–ascorbic acid procedure
(Murphy and Riley 1962).

Diffusive gradient in thin films (DGT) measurements

In our study, the Zr-oxide DGT device was used to mea-
sure the labile P in soils. The measured DGT-P includes
soluble reactive P (SRP) in the pore water and weakly
bound P that is dynamically released from the soil solids
(Ding et al. 2018; Harper et al. 2000). The development
of Zr-oxide DGT and its application has been reported
previously (Ding et al. 2010, 2011). The DGT units in
our study were purchased from EasySensor Ltd. (www.
easysensor.net). The DGT units consist of a Zr-oxide se-
ries fixed film, agarose diffusion gel (0.80 mm), and
polyvinylidene fluoride (PVDF) membrane (0.45 μm
pore size and 0.10 mm thickness). The detailed descrip-
tion of the DGT device and calculation of DGT parame-
ters can be found elsewhere (Zhang et al. 1995, 1998;
Ding et al. 2018).

Deployment process of DGT-P: 30 g soil samples were
adjusted to the 70% of water-holding capacity. The soils
were stirred evenly and covered with plastic film to pre-
vent water evaporation. After the soils were balanced 48 h
at the constant temperature (25 °C), a small amount of
soils were put into the DGT hole using a clean plastic
spoon. The DGT device was vibrated gently on the table
in order to make the soil in full contact with the mem-
brane surface of the DGT unit. Then, the DGT device was
transferred to the plastic wrap with a small amount of
deionized water. After 24 h in the constant temperature,
soil particles were removed from the DGT device by de-
ionized water. The DGT device was stored under 4 °C
condition. To measure the phosphorus concentrations in
the pore water, a portion of the soil paste prepared for
the DGT measurements was added to 50 ml polyethylene
tubes and centrifuged at 4000 r/min−1 for 10 min. The
collected supernatant was filtered using a 0.45-μm pore
size filter paper. After filtration, the supernatant was
stored under 4 °C condition for measuring P concentra-
tions in the pore water. The fixed films in the DGT de-
vices were eluted with 1.8 ml of 1 M NaOH solution
overnight at room temperature. The resin gels were eluted
with 1 ml of 1 M HNO3 for 24 h. The DGT-P and DET-P
contents were analyzed using the molybdate-ascorbic acid
procedure (Murphy and Riley 1962).
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Theoretical calculation

The time-averaged concentration of phosphate (PDGT) at the
DGT interface was calculated using Eq. 1 according to Zhang
and Davison (1995).

PDGT ¼ MΔg

DAt
ð1Þ

whereM is the accumulated P mass in the DGT-binding layer
(ng), Δg is the thickness of the diffusion layer (cm), D is the
diffusion coefficient of P in the diffusive gel (cm2 s−1), and A
is the surface area of the DGT-sampling window, and t is the
deployment time.

The ratio R, a measure of resupply from the solid phase, is
the comparison of PDGT with the independently measured P
concentration in the soil pore water (PDET) (both determined
at the 70% water-holding capacity of soil).

R ¼ PDGT

PDET
ð2Þ

The distribution coefficient between the solid and dis-
solved phases, Kd, for P was calculated as the ratio of labile
(easily exchangeable) solid phase pool concentration (POlsen)
to SRP concentration in the pore water (PDET) (Eq. 3). In this
study, we assumed Olsen-P as labile solid phase pool of P.

Kd ¼ POlsen

PDGT
ð3Þ

The DGT theory introduces a concept of PE that represents
the effectively available P from both soil solution and the
solid-phase labile pool. PE was calculated using Eq. 4
(Zhang et al. 2004)

PE ¼ PDGT

Rdiff
ð4Þ

where Rdiff is the hypothetical ratio of the PDGT when no
resupply from the solid phase occurred. Rdiff was calculated
using the DIFS dynamic numerical model (DGT-induced
fluxes in sediments and soils) (Harper et al. 2000).

The desorption (k−1) and adsorption (k1) rate constants
were determined using Eqs. 5 and 6, respectively (Ding
et al. 2018; Harper et al. 1998; Zhang et al. 1998).

k1 ¼ 1

Tc
ð5Þ

k−1 ¼ k1
KdPc

ð6Þ

Data analysis

SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) was used for
the statistical analysis of data. A one-way analysis of

variance (ANOVA) was carried out to determine signifi-
cant differences between treatments using LSD’s test with
a significant level of p < 0.05.

Results and discussion

Total P content in soils and plants

The effect of soil amendments on total P content in soils
and rice grains was shown in Fig. 1. Application of the
three amendments had no significant effect on total P
content of soils except BF-treated Ultisol. This was main-
ly due to the fact that biochar contains abundant phospho-
rus (Table 1), and the increased phosphorus in soils comes
from direct input of biochar. Application of soil amend-
ments significantly (p < 0.05) increased the total P content
of rice grains grown in Alfisol except lime-amended soil
(Fig. 1). For Ultisol, only BFL treatment significantly

Fig. 1 Effects of soil amendments (biochar, fly ash, and lime) alone and
combination on total P content in soils and rice grains. Error bars
represent standard error of the means (n = 3). Different letters indicate
significant differences between treatments at p < 0.05 level. B biochar;
F fly ash; L lime
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increased the total P content of rice grain, whereas soil
amendments alone and combined had no significant ef-
fects on the total P content of rice.

Available P content in soils measured by chemical
tests

The phosphorus extracted with 0.01 M KCl solution for
24 h was defined as the short term available phosphorus
for plant uptake (Nawara et al. 2017). As could be seen
from Fig. 2, the addition of amendments could effective-
ly increase the short-term plant availability of phospho-
rus in the soils. The combined application of soil amend-
ments significantly (p < 0.05) increased the contents of
short-term plant available phosphorus in Ultisol and
Alfisol, compared with the treatments of control and
amendment alone. The increased availability of phospho-
rus was because application of amendment-reduced soil
acidity, which lead to the release of more free water-
soluble phosphate ions.

The Olsen-P was generally considered to be an unsta-
ble pool of phosphorus in the soil or the total amount of
phosphorus that plants could uptake (Nawara et al. 2017).
The effect of soil amendments alone and combined on
Olsen-P was shown in Fig. 3. The content of Olsen-P
in soils decreased as rice grows. In Ultisol, Olsen-P con-
tent was reduced from 60.93 mg kg−1 at the tillering
stage to 45.25 mg kg−1 at the mature stage. In Alfisol,
Olsen-P content was reduced from 30.60 mg kg−1 at the
tillering stage to 9.67 mg kg−1 at the mature stage. The
decreasing rate in Alfisol was much larger than that in
Ultisol. In Ultisol, treatments containing biochar or fly
ash increased the content of available phosphorus in soil

at the tillering stage compared with control treatment. At
the jointing stage, only B + F treatment significantly in-
crease the content of available phosphorus in soil. In the
mature period, amendments alone and combined had no
significant effects on available phosphorus content in
soil. In Alfisol, B and B + F + L treatments significantly
increased the content of available phosphorus in soil at
the tillering stage, while only B treatment significantly
increased Olsen-P content in the jointing and mature
stage. The F and L treatments significantly decreased
the Olsen-P content in soil at the tillering stage of rice.
In the whole rice growth stage, F and L treatments re-
duced soil available P content.

Labile P concentration measured by DGT

Figure 4 showed the changes of DGT-P content in soils. The
content of DGT-P in soils decreased with the growth of rice,
which was consistent with the Olsen-P changes. In Ultisol, the
DGT-P in soil reduced from 0.0647 mg L−1 in the tillering

Fig. 3 Effects of soil amendments (biochar, fly ash, and lime) alone and
combination on the Olsen-P concentrations of soils in the three growth
periods of rice. Error bars represent standard error of the means (n = 3).
Different letters indicate significant differences between treatments at
p < 0.05 level. B biochar; F fly ash; L lime

Fig. 2 Effects of soil amendments (biochar, fly ash, and lime) alone and
combination on the KCl-extractable P concentrations in soils. Error bars
represent standard error of the means (n = 3). Different letters indicate
significant differences between treatments at p < 0.05 level. B biochar;
F fly ash; L lime
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stage to 0.0416 mg L−1 at the mature stage, which decreased
by 35.7%. In Alfisol, the DGT-P reduced from 0.0214 mg L−1

at the tillering stage to 0.0104 mg L−1 at the mature stage,
which decreased by 51.4%. The application of biochar alone
and combined showed higher DGT-p values. In Ultisol,
DGT-p values of B + F + L treatment had the highest values,
while the biochar treatment of Alfisol had their highest
DGT-p value. In Ultisol, treatments containing biochar in-
creased soil DGT-P content at the tillering stage, but only
BFL treatment reached significant level. At the jointing
stage and mature stage, these three amendments had de-
creased effects on DGT-P content in soil, especially F + L
treatment. In Alfisol, at the tillering stage, all the seven
treatments increased the content of DGT-P in soil, but only
the biochar treatment reached the significant level. At the
jointing stage, biochar (B) and BL treatments still signifi-
cantly increased DGT-P content in soil. At the mature stage,
the DGT-P content in Alfisol with amendments was still
higher than that in control treatment. However, only B + F
+ L had significant increase in DGT-P.

Previous studies demonstrated that DGT-P and plant
uptake had strong correlation if diffusive transport of
phosphate from soil to plant roots was not limited
(Degryse et al. 2009). The rice roots at the tillering stage
have the high rate of absorption for soil phosphorus,
therefore, the soil at the tillering stage of rice was used
to perform DIFS model analysis. The PDGT and PDET,
which was regarded as the phosphorus content in soil pore
water at the tillering stage of rice were shown in Table 2.
Results indicated that treatments containing biochar (B
and BFL) increased PDGT and PDET contents of two soils.
This suggested that biochar amendment could improve the
pool and bioavailability of phosphorus in soils. In con-
trast, the application of fly ash and lime has no significant
effect on the PDET content of soils.

Based on Olsen-P, PDGT, and PDET values and other pa-
rameters, the parameters that reflect soil P diffusion and
kinetics of P resupply from soil solid matrix were calculated
by DIFS model. The calculated parameters were given in
Table 2. The P concentrations in pore water (PDET) of
Ultisol and Alfisol were 0.094 and 0.037 mg L−1, respec-
tively, while the effective P concentrations (PE) calculated
as the ratio between PDGT and Rdiff were 0.33 and
0.12 mg L−1, respectively (Table 2). The R value indicates
the magnitude of the phosphorus resupply from the solid
phase to the soil solution. The R ratio of Ultisol and
Alfisol were 0.69 and 0.57, respectively, indicating that
these soils were intermediate capacity for the solid phase
to resupply the mobile and kinetically labile phosphate.
The application of biochar and fly ash increased consistent-
ly the R and Kd values, while lime decreased these values.
Modeling with DIFS showed that biochar and fly ash de-
creased the Tc values, while lime increased Tc value.
Biochar and fly ash increased the k1 and k−1 values, whereas
lime decreased k1 and k−1. The magnitude of decrease or
increase depended on soil types. The k1 and k−1 values of
B + F + L treatment were 4.96 (× 10−3 s−1) and 6.52 (× 10−6

s−1) for Ultisol, and 2.15 (× 10−3 s−1) and 2.65 (× 10−6 s−1)
for Alfisol, respectively. The changes in kinetics modeled
by DIFS confirmed that effects of soil amendments on avail-
able P dynamics. The biochar and fly ash reduced the ability
of the solids in retaining P (Kd), and increased the
resupplying SRP to the pore water (R). The rate of desorp-
tion (reflected by k−1) was larger than the rate of adsorption
(reflected by k1) (Table 2). However, the changes in these
kinetic parameters are contrary to those induced by lime
amendment that has a high-immobilization efficiency for P.

Relationship between chemical test, DGT, and plant
measurements

A correlation analysis was performed to investigate the
relationships between the total P content of rice grain

Fig. 4 Effects of soil amendments (biochar, fly ash, and lime) alone and
combination on the DGT-P concentrations of soils in the three growth
periods of rice. Error bars represent standard error of the means (n = 3).
Different letters indicate significant differences between treatments at
p < 0.05 level. B biochar; F fly ash; L lime
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and soil P test values, i.e., total P in soils (TP), KCl-
extractable P, Olsen-P, P in soil pore water (DEP-P), and
DGT-P (Table 3). Highly significant relations were ob-
served between the total P content in rice grains and
total P in soil (r = 0.785, p < 0.01), Olsen-P (r = 0.799,
p < 0.01), and DGT-P concentrations in the soils (r =
0.832, p < 0.01). The P concentrations measured by
DGT were significantly linearly correlated with the P
contents accumulated in rice grains, indicating that the
DGT measured P concentrations was the best predictor
for rice P contents among these soil P tests. The DGT-P
concentrations were significantly correlated with the total
P and concentrations of Olsen-P and DET-P in soils. The
correlation for the P content accumulated by rice grain
and soil P using the DGT technique was better than those

obtained by total P in soils, chemical extraction, and pore
water measurements. DGT-measured P included the con-
tributions from soil solution, the solid phase labile pool
and the kinetics of exchange between the two states
(Zhang et al. 2001). The best correlation between P con-
tents in rice and DGT-P appeared that the kinetics of sup-
ply from the solid phase to solution was an important
factor affecting P uptake by rice. In contrast, the correla-
tions between rice P and soil P concentrations measured
by other methods were considerably weaker because they
could not replicate the dynamic P uptake processes by
rice. The results showed that DGT offers the possibility
of simple prediction of P bioavailability in soil and can be
used for the assessment of P bioavailability in soil.

The R value represents the effect of phosphorus diffu-
sion in soil pores and the interaction of soil solid phase
supplementation of phosphorus to pore water. The applica-
tion of biochar and fly ash increased the R value, whereas
lime application decreased the R value (Table 2). R-Rdiff

represents the ability of soil to provide phosphorus to pore
water due to the consumption of DGT. The application of
biochar and fly ash could increase the value of R-Rdiff sug-
gesting that the application of biochar and fly ash could
improve soil solid phase’s ability to supplement phospho-
rus in plant roots. The phosphorus effective concentration
(PE) represents soil solution P and easily desorbable P in
soil. The Ultisol had higher PE than the Alfisol. The appli-
cation of fly ash and lime could not increase PE in Ultisol,
but they increased PE in Alfisol. There is a significant

Table 2 DIFS (DGT-induced fluxes in sediments and soils)-derived parameters reflecting P depletion from soil pore water by DGT, soil P diffusion,
and kinetics of P resupply from soil solid matrix

Soils Treatments PDET (mg/L) R Rdiff R-
Rdiff

Tc (s) k1 × 10
−3 (s−1) k−1 × 10

−6 (s−1) PE (mg/L)

Ultisol CK 0.094 ± 0.051ab 0.69 0.20 0.50 817.5 1.22 1.08 0.33

B 0.099 ± 0.023ab 0.75 0.18 0.56 392.4 2.55 2.41 0.40

F 0.074 ± 0.009b 0.77 0.22 0.54 492.5 2.03 1.37 0.26

L 0.087 ± 0.010b 0.62 0.22 0.40 2074 0.48 0.36 0.25

BF 0.119 ± 0.034ab 0.64 0.21 0.43 1626 0.62 0.54 0.36

BL 0.118 ± 0.042ab 0.67 0.19 0.49 859.5 1.16 1.33 0.47

FL 0.097 ± 0.016ab 0.70 0.19 0.51 704.1 1.42 1.19 0.32

BFL 0.140 ± 0.033a 0.81 0.20 0.62 201.5 4.96 6.52 0.58

Alfisol CK 0.037 ± 0.005b 0.57 0.17 0.40 1959 0.51 0.33 0.12

B 0.092 ± 0.025a 0.63 0.17 0.46 999.6 1.00 1.37 0.34

F 0.054 ± 0.013b 0.68 0.18 0.50 729.2 1.37 1.67 0.20

L 0.060 ± 0.010ab 0.47 0.17 0.30 4567 0.22 0.25 0.16

BF 0.049 ± 0.030b 0.69 0.18 0.51 642.8 1.56 1.46 0.19

BL 0.071 ± 0.018ab 0.49 0.16 0.33 2966 0.34 0.38 0.21

FL 0.055 ± 0.020b 0.65 0.16 0.48 772.9 1.29 1.47 0.22

BFL 0.068 ± 0.011ab 0.72 0.18 0.54 465.8 2.15 2.65 0.28

Different letters indicate the significance difference between different treatments at p < 0.05

Table 3 Correlation coefficients between total P content in rice grain
and soil P concentration measured by different soil tests, i.e., total P, KCl-
extractable P, Olsen-P, soluble reactive P in the pore water (DET-P), and
DGT-P

TP in rice TP in soils KCl-P DET-P Olsen-P DGT-P

TP in rice 1

TP in soil 0.785** 1

KCl-P 0.564* 0.237 1

DET-P 0.582* 0.567* 0.453 1

Olsen-P 0.799** 0.953** 0.151 0.512* 1

DGT-P 0.832** 0.880** 0.413 0.724** 0.853** 1

*p < 0.05; **p < 0.01
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negative correlation between system response time (Tc)
with sorption rate constant (k1) and desorption rate con-
stant (k−1) in the soils (p < 0.05; r = 0.651 and 0.563, re-
spectively). From Table 2 we could observe that k1 (soil
adsorption rate) was much greater than the soil desorption
rate (k−1), and biochar and fly ash could increase the ad-
sorption rate and desorption rate of soils, reduce the re-
sponse time (Tc), which might be the main reasons that
biochar and fly ash increased soil phosphorus bioavailabil-
ity. Compared with the control, modeling with DIFS
showed that B, F, and B + F + L treatments remarkably
decreased Tc values, while increased k1 and k−1.

Chemical forms of inorganic P in soils

The chemical forms of inorganic phosphorus in soils
were shown in Fig. 5. The Fe-P, Al-P, and Ca-P
accounted for 26.3%, 15.1%, and 3.8% of total phospho-
rus in Ultisol. In Alfisol, the Fe-P, Al-P, and Ca-P were
11.6%, 16.2%, and 11.8% of total phosphorus, respec-
tively. The proportion of Fe-P in Ultisol was larger than
that in Alfisol, while the proportion of Ca-P in Alfisol
was much higher than that in Ultisol. This was because
Ultisol had much higher free iron oxide content than
Alfisol. The application of the three amendments alone
or combined increased the content of Ca-P and reduced
the content of Fe-P in soils. Except for lime treatment
(L), application of amendments had an increasing trend
of Al-P content in soils. Compared with the control, bio-
char increased the Al-P content by 8.3%, and fly ash by
7.3%, whereas lime decreased the Al-P content by 11.0%
in Ultisol. The effects of combined application of amend-
ments on chemical forms of phosphorus were more than
amendments alone. The addition of amendments signifi-
cantly decreased the Fe-P content in soils except for bio-
char treatment (B) in Ultisol, and biochar, fly ash, and
biochar + fly ash treatments in Alfisol. It might be ex-
pected that the change of chemical forms of phosphate
was mainly due to the pH change induced by soil
amendments. Correlation analysis showed that there was
a significant correlation between Fe-P and soil pH value.
The increase of soil pH value leads to the formation of
precipitation of free Fe3+ in soil. As a result, the soil
loses many highly active P-adsorption sites (Murphy
and Stevens 2010), which resulted in the decrease of
Fe-P content in soils. The application of soil amendment
alone or combined increased the Ca-P contents in soils
compared with the control treatment (Fig. 5), while the
combined application of soil amendments significantly
(p < 0.05) increased the Ca-P content in soils. The treat-
ments containing lime had higher Ca-P contents. The
increase of Ca-P content in soil contributed to the input
of free Ca ion from soil amendments. The lime

amendment can release more Ca ion into soils than bio-
char and fly ash amendments, which lead to the forma-
tion of calcium phosphate precipitates. It concluded that
application of soil amendments substantially changed the
chemical forms of phosphorus, which greatly affected the

Fig. 5 Effects of soil amendments (biochar, fly ash, and lime) alone and
combination on the chemical forms of phosphorus in soils. Error bars
represent standard error of the means (n = 3). Different letters indicate
significant differences between treatments at p < 0.05 level. B biochar;
F fly ash; L lime
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availability of phosphorus in soils. The effects of soil
amendments largely depended on the amendment type.

Conclusions

Application of the three amendments alone and combined
affected the availability and chemical forms of phospho-
rus in soils. The combined application of the three amend-
ments had greater effects on the P availability than indi-
vidual application of biochar, fly ash, and lime. The bio-
char and fly ash increased the available phosphorus con-
tent of Ultisol and Alfisol, whereas lime could reduce the
availability of phosphorus in soils. The biochar and fly
ash are the best choice for increasing available P of acidic
soils. The P bio-availabilities assessed using DGT
methods could predicted P bio-availabilities induced by
soil amendments. The DGT technique could use as a pre-
diction tool for P bioavailability when compared to the
traditional chemical extraction procedures. The use of
DGT can be a promising tool to study bio-available P
concentrations in amended soils.
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