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ABSTRACT: Phosphorus (P) is an essential nutrient for crop production, and animal
manures are rich in P. When using animal manures as alternatives to synthetic fertilizers,
it is important to know the kinetics of P release from different animal manures and the
forms, amounts, and dynamics of P in manure-treated soils. We chose four types of
manure, viz., pig manure (PM), chicken manure (CM), dairy manure (DM), and
commercial organic compost (OM), and evaluated the P release rate and availability in
water solution and flooded/upland paddy soils. The WEP/total P (TP) and the water-
extractable P (WEP) concentrations are highest for OM with the order: OM > PM > CM
> DM. An increase in soil Olsen-P concentration was observed for the addition of
manure with a varying application rate of P from low to moderate to high. The release
capacity of Olsen-P in flooded conditions was higher than that in upland conditions.
Under the flooded soil, PM and OM have faster release rates than CM and OM in the
upland soil. Moreover, PM significantly increased available P by 29% in the flooded
paddy soil while moderately inorganic P increased by 17% in the upland paddy soil.
Olsen-P has a significant linear relationship with available P (Resin-P + NaHCO3-Pi; R

2 = 0.104; P < 0.01) and moderately inorganic
P (NaOH-Pi + HCl-P; R2 = 0.286; P < 0.01). The structural equation model showed that the organic input was beneficial to the
conversion of moderately inorganic P to available P. Our results indicate that PM amendment promotes the release of available P in
paddy soil.

1. INTRODUCTION

Phosphorus (P) is a necessary macroelement for crop growth
and development.1 However, the increasing overapplication of
chemical fertilizers has intensified soil P accumulation and
increased the risk of P loss to surface water. In recent years,
using animal manures as an alternative P source in farmland
has been recognized as an effective method to reduce the
negative impact of chemical fertilizers on the environment.
Animal manures could improve soil total phosphorus (TP)
concentration, combined with the increase in total carbon
(TC), total nitrogen (TN), and other nutrients needed by
crops.2 Furthermore, the addition of manures could mitigate
the soil acidity and improve the soil microbial activity.3−5

Compared to other nutrients, soil P existed in a variety of
forms, which are differed in their availability to crops.
Therefore, it is essential to understand the effect of animal
manures on soil P availability and a number of studies have
been reported on this topic. For instance, Agbenin and
Igbokwe6 indicated that dairy manure increases soil Resin-P
and, however, contributes less to NaHCO3-P and NaOH-P.
Chicken manure increases the concentration of root P and the
labile P (H2O + NaHCO3-Pi), respectively, by 37 and 59%
higher than no fertilization.7 Long-term poultry manure
amendment increased the content of the readily available

inorganic P (Pi) in andisols by 56−286% than unfertilized
control.8 The cattle manure application resulted in a higher
content of TP and organic P (Po) and a greater presence of
Ca-P fraction (ranging from 364.4 to 482.8 mg kg−1) than
those found in soils that received no fertilizer (control) or
mineral fertilizer.9 A meta-analysis of 774 comparisons from
141 published studies found that manure application increased
available P by an average of 66.2% compared to mineral
fertilizer.10 However, given the complex effects of animal
manures on the change of soil P forms and availability, the
release of P from animal manures was vital to understand the
role of animal manure in the soil P pools.
The P release rate of animal manure also depends on animal

types (e.g., ruminant or nonruminant), animal feed, and
manure treatment methods. The form and concentration of P
from animal manures were affected by animal types (e.g.,
ruminant or nonruminant animal), food sources, and treatment
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methods. Only a limited of studies that provide detailed
information of the P release rate from manures have been
published. There were literature reports that they obtained 3.0
g kg−1 (ca. 20.7%) of 1 h water-extractable P (WEP) from
poultry manure (14.5 g of P kg−1).11 The WEP of dairy
manure, pig manure, and chicken manure accounted for 39, 22,
and 32% of TP, respectively.12 When the manures were added
into soil, Agbenin and Igbokwe6 found that animal manures
increased the TP content first (0−40 days) and then decreased
(40−120 days) in sandy clay loam soil and suggested that the
decrease was likely due to the fixation (or mineralization) of P
by soil microorganisms.13 Garg and Bahl14 applied poultry
manure in Samana sandy loam soil and found that soil Olsen-P
increased by 0.23 μg g−1 day−1 compared with green manure
and crop residue.
Paddy soil as the largest arable wetland on earth is the

world’s most important anthrosol for food production.15

Alternation between flooded and upland conditions results in
much more complex changes in P forms in paddy soil.
Numerous studies reported that long-term mid-level swine
manure amendments enhanced the P composition (mainly as
orthophosphate and/or myo-IHP) but only in the plough layer
(20 cm layer) of the paddy soil.16 Swine manure application
into the paddy soil presented significantly (P < 0.05) higher
contents of NaOH-Pi and TP than those in the soil amended
with only chemical fertilizer.17 However, some other studies
also found that Po content increased by adding manures into
paddy soil.18 Studies have shown that 551 megatons (Mt) (dry
weight base) of manure were generated in 2014, which
contained 5.2 Mt of P. Scenario analysis suggests that by 2020,
up to 38% of manure from pig and dairy farm could be
recycled directly into the field.19 Rice paddy fields can be
utilized as natural wetlands for treating manure.20 For example,
swine manure is a relatively inexpensive form of organic
fertilizer and is known to be the most commonly applied
fertilizer in organic rice production in developed agricultural
regions, such as the Taihu Lake region of southeastern
China.21 There is still a lack of information on P release from
animal manures in paddy soil. However, due to the complex
dependence of P availability on manure type, soil property, and
management practice, further exploration of the transformation
of P in paddy soil treated with different kinds of manures is
essential to the rational utilization of manure and reduction of
environmental pollution.
Hence, in this study, we aim to investigate (i) the release

rate and kinetics of P from four different types of animal
manures in water and paddy soils, (ii) the release capacity of
different amounts of manure in flooded and upland paddy
soils, and (iii) how those animal manures affect soil P fraction
change in flooded and upland soils.

2. RESULTS

2.1. Dissolution Kinetics of Water-Extractable P from
Four Manures. The release dynamics of WEP from different
animal manures PM, CM, DM, and OM are shown in Figure 1.
The curves were best fitted to an exponential function of WEP:
Yt = Y0 + A e−kt , with parameters defined in Table S2 note and
values of Y0, A, and k listed in Table S2. WEP rises quickly in
the first few hours (0−4 h) and then slowly becomes flat (4−
168 h) (Figure 1a). The water-extractable P (WEP)/total P
(TP) applied in animal manures after a certain period of
incubation was calculated as follows

= ×WEP
TP(%)

WEP
total P applied

100%
(1)

The release rates of WEP/TP from PM, CM, DM, and OM
were 7.75, 7.29, 0.159, and 24.3%, respectively, at 4th hour and
20.5, 16.2, 0.322, and 31.6%, respectively, at 168th hour
(Figure 1b). The release rate constants (k) of the four manures
were given below in an increasing order: CM (0.016 mg kg−1

h−1; R2 = 0.912), PM (0.076 mg kg−1 h−1; R2 = 0.986), DM
(0.451 mg kg−1 h−1; R2 = 0.715), and OM (0.571 mg kg−1 h−1;
R2 = 0.887) (Table S2).

2.2. Dissolution Kinetics of Olsen-P in Flooded or
Upland Soil Treated with Manure. The release rates of
Olsen-P in flooded and upland soils treated with different
animal manures are shown in Figure 2. Compared to the
control, manure addition by the rates of approximately 60
(LP), 120 (MP), and 200 (HP) kg of P2O5 ha

−1 increased soil
Olsen-P concentration (Figure S1) and there was no
significant difference in the effect of the manure amount

Figure 1. Dissolution kinetics of water-extractable P (a) and the
release rate WEP/TP (b) in four different animal manures. PM, pig
manure; CM, chicken manure; DM, dairy manure; and OM,
commercial organic compost. The value was the average value, and
the error bar (n = 3) represents the standard deviation.

Figure 2. Release rate of Olsen-P under different animal manure
levels under flooded and upland conditions in paddy soil. LP, 60 kg of
P2O5 ha

−1; MP, 120 kg of P2O5 ha
−1; HP, 200 kg of P2O5 ha

−1. PM,
pig manure; CM, chicken manure; DM, dairy manure; and OM,
commercial organic compost. The value was the average value, and
the error bar (n = 3) represents the standard deviation.
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(LP, MP, and HP) on Olsen-P. Taking the LP addition as an
example, we found that animal manures significantly (P <
0.05) increased the release rate of Olsen-P with the order: PM
≈ OM > CM > DM (Figure 2). The release rate of Olsen-P
applied in animal manures after a certain period of incubation
was calculated as follows

−

=
−

×

the release rate of Olsen P (%)
(treatment P CK P)

treatment P
100%manure control

manure (2)

The release rate of Olsen-P was higher (0−10 and 10−50
days) and later plateaued gradually (50−120 days) under
flooded conditions; however, the release rate of Olsen-P was
higher (0−10 days) and later plateaued gradually (10−120
days) under upland conditions (Figure 2). The P release rates
were 24.88, 9.07, 9.36, and 32.19% on the 10th day for PM-,
CM-, DM-, and OM-treated flooded soils, respectively; the
corresponding rates were 27.33, 15.73, 11.47, and 33.65%
under the upland condition, respectively (Figure S2). The data
for LP were best fitted to the same exponential equation shown
in Section 2.1, and the k values for PM, CM, DM, and OM
were found to be 0.3460 (R2 = 0.706), 0.0714 (R2 = 0.661),
0.0472 (R2 = 0.643), and 0.2591 (R2 = 0.558) mg kg−1 day−1,
respectively, for flooded conditions (Table S3). For the upland
conditions, the corresponding values were 0.1080 (R2 =
0.530), 0.2137 (R2 = 0.863), 0.1572 (R2 = 0.805), and 0.1965
(R2 = 0.797) mg kg−1 day−1 (Table S3). PM and OM showed a
faster release rate under the flooded condition; however, the
release rate was higher for CM and OM in the upland soil.
2.3. Change of Soil P Fractions in Flooded or Upland

Soils Treated with Manures. We further analyzed soil P
fractions change on the 50th and 120th days of incubation
(Figure 3). Compared to the control, in the flooded soil
(Figure 3a,c), the addition of PM increased A-P by 30.81 and
27.02%, respectively, on the 50th and 120th days notably (P <

0.05) and then enhanced M-Pi concentration significantly by
11.64% (P < 0.05) on the 120th day; meanwhile, OM and CM
significantly increased A-P and M-Pi by 10.51 and 8.54%,
respectively, on the 120th day (P < 0.05). In the upland soil
(Figure 3b,d), PM increased M-Pi notably by 15.30 and
18.87% on the 50th and 120th days (P < 0.05), and O-P
declined by 8.71, 8.21, and 8.21% with the addition of CM,
DM, and OM, respectively (P < 0.05). Our results showed that
the PM of LP enhanced the P composition (mainly as the
moderately inorganic P and/or available P).

2.4. Relationship between Olsen-P and P Fractions
under Flooded and Upland Conditions. The relationship
between Olsen-P and P fractions in the paddy soils amended
with manures under flooded and upland conditions are shown
in Figure 4. Soil Olsen-P was closely correlated with M-Pi (R2

= 0.286; P < 0.01) and A-P (R2 = 0.104; P < 0.01), while no
significant correlation was found between the fractions of O-P
and Po (Figure 4).

2.5. Transformation of Soil P Pools Evaluated by SEM
under Flooded and Upland Conditions. To further
explore how animal manure applications affect soil P pools
in paddy soil, SEM was used, as shown in Figure 5. The SEM
model explained 65 and 70% of the variation of Resin-P and
NaHCO3-Pi under flooded soil, respectively (χ2 = 2.618, df =
5, χ2/df = 0.524, P = 0.759, and RMSEA = 0.000). In general,
the NaOH-Pi had a positive effect on Resin-P (path coefficient
= 0.97) and NaHCO3-Pi (path coefficient = 0.97), the
NaHCO3-Pi had a positive effect on Resin-P (path coefficient
= 0.35), and however, the NaHCO3-Po had a negative effect
on Resin-P (path coefficient = −0.11) (Figure 5a). Under
upland conditions, the SEM model explained 67% of the
variation of NaHCO3-Pi (χ

2 = 1.463, df = 5, χ2/df = 0.293, P =
0.917, and RMSEA = 0.000). The NaOH-Pi had a positive
effect on NaHCO3-Pi (path coefficient = 0.96), and the Resin-
P had a positive effect by NaOH-Pi (path coefficient = 0.03),
NaHCO3-Pi (path coefficient = 0.28), and NaHCO3-Po (path
coefficient = 0.15) (Figure 5b).

Figure 3. Sequentially extracted soil P fractions of the manure-treated
flooded soil samples after 50 days (a) and 120 days (c) of incubation
and the manure-treated upland soil samples after 50 days (b) and 120
days (d) of incubation. PM, pig manure; CM, chicken manure; DM,
dairy manure; and OM, commercial organic compost. The value was
the average value, and the error bar (n = 3) represents the standard
deviation. The asterisk symbols denote significant differences in CK
and animal manures. A-P = available P = Resin-P + NaHCO3-Pi; M-Pi
= moderately inorganic P = NaOH-Pi + HCl-P; Po = Organic-P =
NaOH-Po + NaHCO3-Po; O-P = Occluded-P = Residual-P. *p <
0.05.

Figure 4. Correlation analysis of Olsen-P and P fractions on the 50th
and 120th days of incubation of flooded and upland soils mixed with
different manures. PM, pig manure; CM, chicken manure; DM, dairy
manure; and OM, commercial organic compost. A-P = Available P =
Resin-P + NaHCO3-Pi; M-Pi = Moderately Inorganic P = NaOH-Pi +
HCl-P; Po = Organic-P = NaOH-Po + NaHCO3-Po; and O-P =
Occluded-P = Residual-P.
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3. DISCUSSION

In this study, it was found that the difference of P content in
different organic fertilizers follows the order of PM ≈ CM >
OM > DM (Table 1). Water extraction of P from animal
manures is fast at 0−4 h (Figure 1a,b), and the maximum WEP
of animal manures follows the order of OM > PM > CM > DM
(Figure 1 and Table S2). The low P content and WEP in DM
may be attributed to the different management systems
adopted in raising cows.13 The pig and chicken were raised
in an intensively managed system where all the nutritional
needs were met, while cows’ main food was grassed with little
nutrient supplement.22 For example, phytate, which is present
in seeds and therefore in manures of livestock fed on grains,
has been considered to be available in soils.23 The WEP/TP
ratios of OM (31.6%), PM (20.5%), and CM (16.2%) are
significantly higher than that of DM (0.32%) (Table S2). The
high WEP/TP ratio of PM may be attributed to the
observation that the enzymes produced by pigs in their
intestines could mineralize Po, so the P in pig manure was
mainly labile P (orthophosphate).16 Compared with cattle,
chicken ingested high P level forage while having weak
digestion capacity,23 which results in higher soluble P in CM.24

In addition to substrate, OM also contains a small amount of
chemical fertilizer, resulting in a higher proportion of WEP/
TP. With a higher proportion of WEP, when added to the soil,
manures can lose a significant portion of its P quickly to
surface runoff if not absorbed by plants or retained by the soil,
thus reducing fertilization efficiency, impairing surface and
ground water quality, and potentially exacerbating eutrophica-
tion.25 In addition, more than 28% of all the P in poultry
manure was released to water in the first hour. Our results
about WEP indicated that the application of PM and CM was
more conducive to the effectiveness of P.
With the analysis of soil Olsen-P change in flooded and

upland paddy soils amended with different application rates of

four manures, we found that the addition of manures increased
soil Olsen-P significantly, and the release rate rose to maximum
exponentially (Figure 2 and Figure S1). This is mainly because
part of the P in manures is soluble, which increases the Olsen-
P in the paddy soil.16 Olsen-P of the control in the flooded
condition was higher than that in the upland condition. This is
due to the increase in the solubility and availability of P caused
by the reduction of Fe3+ to Fe2+ under anaerobic conditions
and the increase in the hydrolysis of Fe-P and Al-P caused by
the increase in pH value in acidic soil.26 We also found that
there was no significant difference in the effect of the manure
amount (LP, MP, and HP) on Olsen-P (Figure 2 and Table
S3). This may be due to excessive application of animal
manures to provide P and organic matter that could not be
recontacted and degraded by microorganisms,16 which showed
that there was a negative correlation between the amount of
manure and the release rate of P. Excessive manure
amendment of soil is a waste of natural resources and is
detrimental to the environment.27 Therefore, the low rates of
manure (LP) used in this study could be a suitable level of
animal manures for the amendment of paddy soil.
Manure application has been reported to increase soil

concentrations of both total and soluble P as well as
concentrations of specific P forms.28−30 From the results of
the detailed P pool change, we found that PM has a positive
effect, which increased soil available P on the 50th and 120th
days notably (P < 0.05) under flooded conditions and
enhanced the moderately-Pi concentration significantly on
the 50th day (Figure 3b) and 120th day (Figure 3c,d). The
results showed that the effect of PM on soil moderately-Pi was
more significant than other manures in the long-term manure
amendment. Due to the management system, food sources,
and animal types (ruminant animal), P in pig manure was
more easily absorbed by plants.31 Moreover, TP losses to pig
production increased by a factor of 95 during the last 5
decades, from 8.7 Gg in 1960 to 829 Gg in 2010. In the

Figure 5. Structural equation model (SEM) analysis of the transformation of different P components with the addition of animal manures in paddy
soil under the flooded condition (a) and upland condition (b). Optimal model fitting results under the flooded condition (a): χ2 = 2.618, df = 5,
χ2/df = 0.524, P = 0.759, and RMSEA = 0.000; optimal model fitting results under the upland condition (b): χ2 = 1.463, df = 5, χ2/df = 0.293, P =
0.917, and RMSEA = 0.000. The number on the arrow represents the standardized path coefficient, the red and blue arrows represent the positive
and negative effects, respectively, and the thickness of the arrow represents the size of the impact effect.

Table 1. Selected Basic Physical and Chemical Properties of Four Kinds of Animal Manurea

manure TC (g kg−1) TN (g kg−1) TK (g kg−1) TP (g kg−1)

PM 187 ± 5.56 b 19.6 ± 0.96 b 32.7 ± 1.01 a 15.3 ± 0.09 a
CM 249 ± 8.01 a 29.2 ± 1.08 a 17.6 ± 0.54 b 15.4 ± 0.17 a
DM 154 ± 5.77 c 19.0 ± 0.98 b 10.0 ± 0.66 d 10.2 ± 0.10 c
OM 146 ± 6.02 c 21.3 ± 1.37 b 12.8 ± 0.79 c 14.4 ± 0.09 b

aTP, total phosphorus; TC, total carbon; TN, total nitrogen; TK, total potassium. PM, pig manure; CM, chicken manure; DM, dairy manure; and
OM, commercial organic compost.
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business as usual scenario, the TP loss was projected to
increase by 55% between 2010 and 2030, respectively.32

Therefore, increasing the utilization of pig manure at a
judicially chosen application rate could not only reduce the
pressure of chemical phosphate fertilizer but also reduce the
pollution of pig manure to the environment. However, the
addition of CM, DM, and OM lowers O-P (P < 0.05) under
the upland condition (Figure 3d). The result indicates that the
application of animal manures improves the activation of
steady P in soil. Similar reports have shown that CM reduced
stable Ca-P, increased Fe-P and inositol hexaphosphate,33 and
increased availability of NaOH-P and HCl-P.7 However, there
was also some literature, which showed that resin recovery
increased, whereas NaHCO3-P and NaOH-P decreased with
increasing dung application.6 The inconsistency might be due
to the different effects of different soil incubation conditions on
adsorption capacity and recovery rate of phosphate in the soil.
Conceptual models of the soil P cycle usually assume that

soluble Pi mediates the transformations between most other P
pools in soil.34 In (semi)natural ecosystems, plant uptake could
deplete soil soluble Pi (represented by Resin-P fraction).35

When soluble Pi was depleted, it could be replenished by solid-
phase P (NaHCO3-P, NaOH-P, and HCl-P) by a combination
of abiotic and biotic processes, which could transfer P from the
solid phase to liquid phase.36 Our study of the transformation
of soil P pools revealed that NaHCO3-Pi and NaOH-Pi could
be directly transferred to Resin-P (Figure 5), NaOH-Pi had
direct positive effects on NaHCO3-Pi under upland conditions
(Figure 5b), and NaOH-Pi had direct positive effects on Resin-
P and NaHCO3-Pi under flooded conditions (Figure 5a).
When Resin-P was consumed, NaHCO3-Pi could rapidly
transform to Resin-P under upland conditions, while
NaHCO3-Pi and NaOH-Pi could rapidly transform to Resin-
P under flooded conditions. This may be because the flooded
condition was conducive to the conversion of moderately
inorganic P to available P.26 The lack of direct influences from
Occluded-P suggests that available P cannot be directly
transformed from low-soluble P pools (Figure 5), which was
consistent with the conceptual model.34 Soil Olsen-P was
significantly correlated with M-Pi and A-P, especially for
NaOH-Pi (Figure 4), suggesting that NaOH-Pi has a central
role in mediating P transformations in soils (Figure 5). The
strong direct influence of NaOH-Pi on NaHCO3-Pi was
consistent with the notion that moderately inorganic P could
rapidly exchange with available P and could act as a short-term,
plant-available P pool.37 Soil Resin-P was a very dynamic P
pool that could be greatly affected by the amount of soil
solution and by the short-term changes in plant and soil
microbial activities and leaching,38 which probably also
explains the relatively weak relations of soluble Pi with other
P pools. In conclusion, through the structural equation model,
we found that manure treatments were conducive to the
activation of soil P pools, especially the transformation from
NaOH-Pi to NaHCO3-Pi. Compared with the upland
condition, the flooded condition was more conducive to the
activation of moderately inorganic P.

4. CONCLUSIONS
In this study, we observed that the P availability of PM and
CM was higher than that of OM and DM. Both the flooded
and upland soils amended with a low rate of manure ([LP], 60
kg P2O5 ha−1) contain levels of Olsen-P that are not
significantly lower than those obtained with MP and HP

amendment. The finding may serve as a guideline for the
rational application of manures to reduce the loss of resources
and environmental pollution. In the flooded soil, the
application of PM and CM increased soil available P and/or
moderately inorganic P, while PM increased the content of
moderately inorganic P in the upland condition, among which
NaOH-Pi played a key role in the transformation of P pools in
paddy soil. Our results indicated that the application of PM
and CM in flooded and upland conditions was beneficial to the
utilization of soil P. This study provides a better understanding
of the effect of animal manures on P availability from the
simulation in the laboratory. The next research direction will
be to conduct field experiments to investigate the forms of P in
field soil with different kinds of animal manures.

5. MATERIALS AND METHODS
5.1. Preparation of Soil and Animal Manures. The soil

samples used in the experiment were collected from Yixing
Agro-Environment Research Base, the National Agroecosystem
Observatory and Research Station of Changshu (31°16′ N,
119°54′ E). The research base is in the subtropical zone with
an annual average temperature of 16.5 °C and an annual
average rainfall of 1516 mm. The rice−wheat rotation is
currently practiced in this region. Surface (0−20 cm) soil
samples were air-dried and passed through a 2 mm sieve for
the incubation study and analysis. The following properties
were obtained for the soil samples: pH 6.2; TC, 11.83 g kg−1;
TN, 2.92 g kg−1; TP, 0.492 g kg−1; soil organic carbon (SOC),
7.47 g kg−1; available potassium (AK), 80 mg kg−1; and Olsen-
P, 23.59 mg kg−1.
Four kinds of animal manures were selected, including pig

manure (PM), chicken manure (CM), dairy manure (DM),
and commercial organic compost (OM). The commercial
organic compost (OM) was made mainly from cow manure
and mushroom residue. PM, CM, and DM were collected from
a ranch at Jiaxing City, Zhejiang Province, and the OM was
collected from a ranch at Wuxi City, Jiangsu Province.
Manures were air-dried and sieved (<2 mm) before analysis.
Their basic physical and chemical properties are given in Table
1.

5.2. Sample Preparation. 5.2.1. Water Extraction of P
from the Four Manure Samples. One gram of animal manure
(PM, CM, DM, and OM) and 30 mL of deionized water were
added to a 50 mL centrifugal tube. The sample in the tube was
incubated in a constant temperature oscillator (180 rpm, 25
°C). Three samples were taken out at each of the following
incubation durations (0, 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 120, and
168 h), and each sample was filtered by a 0.45 μm membrane
filter to obtain the liquid supernatant.

5.2.2. Incubation of Paddy Soil with Different Manures.
The incubation was conducted under simulated flooded and
upland conditions and was lasted 120 days from February 27,
2019 to June 26, 2019. Five soil treatments were conducted,
including no addition of animal manure (CK) and with
addition of PM, CM, DM, and OM. Each manure was applied
at three rates, namely, LP (low P, equivalent to approximately
60 kg of P2O5 ha−1), MP (moderate P, equivalent to
approximately 120 kg of P2O5 ha−1), and HP (high P,
equivalent to approximately 200 kg of P2O5 ha

−1) (soil bulk
density = 1.2 g cm−3 in the 0−20 cm soil depth). The detail is
shown in Table S1. Triplicate samples of 350 g of dry soil were
transferred into 500 mL reagent bottles, weighed, and mixed
with animal manures. To the bottle that simulates the upland
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condition, distilled water of the amount equivalent to 60% of
the water holding capacity was added; to the bottle that
simulates the flooded condition, distilled water was added to a
level 2 cm above the soil surface. The reagent bottles were
sealed and incubated at 25 °C for 120 days. Water was added
to the bottles every 3 days to compensate for the water lost to
evaporation. The soil Olsen-P analysis was performed after 1,
5, 10, 25, 50, 75, 100, and 120 days of incubation, and soil P
fractions of LP were determined after 50 and 120 days of
incubation.
5.3. Sample Analysis. Soil and animal manure samples

were sieved by 2 mm after air-drying. TC and total TN in the
sample were determined by the combustion method using a
vario MAX CNS elemental analyzer (vario MACRO CN,
Elementar Analysensysteme GmbH, Germany). TP and TK
were heat-digested using concentrated H2SO4−H2O2 and
measured by ultraviolet spectrophotometric molybdenum
blue colorimetry (UVmini-1240) and flame photometry,
respectively.39 Soil pH was measured in a 1:2.5 (w/v) soil/
water solution using a pH meter. WEP was analyzed using a
molybdenum blue spectrophotometer (UVmini-1240).40

Olsen-P was extracted using sodium bicarbonate (0.5 mol
L−1 NaHCO3, pH = 8.5) for 0.5 h.40 AK was extracted using 1
M NH4OAc in a ratio of 10 mL of solution per 1 g of soil and
analyzed by atomic absorption spectrophotometry.41

Soil P fractionation was performed using the sequential
extraction method described by Tiessen and Moir42 on 0.5 g of
air-dried soil samples in the following sequential steps: (1)
Resin-P was extracted with deionized water and one resin strip
(Sinopharm Chemical Reagent Co., Ltd.); (2) NaHCO3-Pi
and NaHCO3-Po were extracted with 30 mL of 0.5 M
NaHCO3 (pH 8.5); (3) NaOH-Pi and NaOH-Po were
extracted with 30 mL of 0.5 M NaOH; (4) HCl-P was
extracted with 30 mL of 1 M HCl; and (5) Residual-P was
digested by H2SO4−H2O2 at 360 °C. After adding the solution
in each step, the soil samples were subjected to shaking in a
reciprocating shaker for 16 h (180 rpm, 24 °C) and then
centrifuged at 0 °C for 10 min (8000 rpm). The supernatant
was filtered through a 0.45 μm membrane filter. The NaHCO3
and NaOH extracts were divided into two aliquots to measure
the total P (10 mL of supernatant + 0.9 M H2SO4 and 0.5 g of
ammonium persulphate at 330 °C) and Pi. Soil Po in each
extract was calculated from the difference between TP from
digestion and Pi. Resin-P and NaHCO3-Pi were considered to
be available P (A-P); NaOH-Pi and HCl-P as moderately
inorganic P (M-Pi); NaOH-Po and NaHCO3-Po as Po; and
Residual-P as Occluded-P (O-P). The content of P in the
supernatant was determined with an ultraviolet spectrometer
(UV-2500 Japan) and analyzed by the ascorbic acid
molybdenum blue method.43

5.4. Statistical Analysis. The effect of animal manure on
soil P was analyzed by one-way ANOVA and the Duncan test
at the P < 0.05 level. The relationships between soil Olsen-P
and P fractions were analyzed by linear regression. P < 0.05
was considered statistically significant. The structural equation
model (SEM) was used to study the interaction and
transformation of different P components in soil34 using
IBM SPSS AMOS 22.0 (IBM Corporation 2013). Root-mean-
square-error of approximation (RMSEA) (<0.08), chi-square
(χ2) (χ2/df < 2), and the P value of χ2 (P > 0.05) were used to
evaluate the model fitting. In this study, SPSS 18.0 software
was used for statistical analysis.
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