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Abstract—Phosphorus plays an important role in double rice cropping systems grown on acidic paddy soil. To
improve our knowledge and increase crop utilization of applied phosphorus fertilizers in paddy soils, we inves-
tigated changes in the content of soil inorganic phosphorus fractions in response to long-term application of
chemical and organic phosphorus fertilizers. In this 35-year-long experiment, paddy soil in a double rice crop-
ping system received one of three different fertilizer treatments: (1) cattle manure, M; (2) a chemical fertilizer of
nitrogen (N), phosphorus (P), and potassium (K), NPK; and (3) a combination of NPK and M (NPKM) twice
per year. Results showed that the maximum contents of Olsen-P in M, NPK and NPKM stabilized at 12.9, 31.7
and 52.7 mg/kg, respectively over 35 years. In contrast, the proportions of soil inorganic phosphorus content in
total phosphorus of M, NPK and NPKM changed from 62.2% at the beginning of the experiment to 53.3, 61.9
and 66.2%, respectively. At equal amounts of accumulated phosphorus surplus, the increasing rates of total inor-
ganic phosphorus content and inorganic phosphorus fractions in NPK were much higher than those in M and
NPKM. At an average amount of accumulated phosphorus surplus of 100 kg/ha, the total inorganic phosphorus
content of the NPK and NPKM treatments increased by 39.6 and 21.6 mg/kg, respectively. Fertilization mainly
decreased the ratio of organic phosphorus to inorganic phosphorus and increased the ratio of aluminum-
bound-phosphorus (Al-P) to inorganic phosphorus, especially under the NPK and NPKM treatments. Redun-
dancy analysis showed that total phosphorus and Olsen-P were more closely correlated to iron-bound-phos-
phorus (Fe-P), calcium-bound-phosphorus (Ca-P) and Al-P fractions. This study suggests that the NPK and
NPKM treatments increased phosphorus supply and inorganic phosphorus fractions compared to the manure
application. Therefore, to avoid accumulation of a surplus of unabsorbed phosphorus and minimize phospho-
rus-leaching risk from acidic paddy soil, rates of inorganic phosphorus application, such as the combined appli-
cation of manure and inorganic phosphorus fertilizer, should be reduced.
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INTRODUCTION
Phosphorus (P) is one of the most important

essential nutrients to plant growth. Phosphate fertilizer
plays a major role in crop production and achieving
high yields. From 1961 to 2013, the global total P input
from applied phosphate fertilizer increased from 40.5
to 66.5% in crop production systems [22]. Extensive
use of phosphate fertilizer results in a surplus of P that

exceeds crop needs. The excess is sorbed into aggregates
by soil cations, such as calcium (Ca2+), iron (Fe3+), and
aluminum (Al3+), which builds up soil P pools for crop
use or becomes a long-term source of P loss [17, 40].
Consequently, the response characteristics of P pools
due to various long-term fertilization methods and
improving effective crop use of P in soil has received a
lot of attention in research.
772



LONG-TERM APPLICATION OF CHEMICAL AND ORGANIC FERTILIZERS 773
Phosphorus availability and its fractions have long
been of interest because of their importance in agricul-
tural and aquatic environments. Total P (TP) content,
organic matter content and soil pH are major factors
that affect available P content in typical paddy soils,
and the available P content varies seasonally [35]. Soil
inorganic phosphorus (Pi) is the preferred fraction of
P in crop P uptake. Having knowledge of the different
P fractions within soils is essential to understanding P
availability to crops [27]. Inorganic P is the dominant
form of P in soil applied with fertilizers, accounting for
about 71–83% of total soil P in paddy soils in China [42].
Fractionation of Pi provides an effective approach for
investigating soil Pi availability and Pi inter-conver-
sion among soil Pi fractions from different P pools, as
well as investigating Olsen-P as an indicator for esti-
mating soil P availability [14].

Different types of applied fertilizer can alter soil
physical and chemical properties, which results in
changes of Pi forms in soil. Several recent studies have
shown that long-term fertilization of soil significantly
alters Pi fractions, and the particular method of com-
bined application of manure with inorganic fertilizer is
a promising approach to increase labile P pools [8, 14,
36, 39, 42]. Such as soil organic matter (SOM), avail-
able P content and pH directly affect the conversion of
different stable P fractions in paddy soils [3, 4]. The
type of P fertilizer can also alter P fractions by influ-
encing P sorption capacity of paddy soils via direct or
indirect effects [41]. Besides extrinsic factors, P frac-
tions change because they will adjust to the current
local soil conditions as they naturally reach equilib-
rium with each other [8].

Not only do changes of soil P occur in one crop
growing season, they also change over time with long-
term fertilization. Different fertilizer treatments, as well
as different phosphate sources, such as chemical and
organic fertilizers, and cover crops can produce differ-
ent patterns of interannual variation among soil P frac-
tions [11, 28, 34]. The content of resin-exchange P as
labile P varied slightly in the first three years and then
increased significantly thereafter, and content of mod-
erately-labile organic P fractions decreased in the first
three years, but increased three years later [2]. However,
little is known about the interannual changes in soil P
fractions in paddy soil under long-term application of
chemical fertilizer and cattle manure.

Soil P balance differs according to the different P
source and application rate of P fertilizer [21, 37].
Many studies have found that soil P balance is an
important factor influencing soil P levels. Soil Olsen-
P and P surplus exhibit a significantly positive linear
relationship [34, 40]. Moreover, previous studies have
found that, with the continuous application of chemi-
cal fertilizers (NP and NPK), soil Olsen-P increased
in the absence of P surplus and may be explained by
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the active transformation of residual soil P (Ca-P, Fe-P,
Al-P) into Olsen-P. Their results indicate that the
capacity of soil to fix P depends on the P surplus [37].
Different fertilization strategies can result in varied
rates of TP accumulation and also create a shift of soil
P fractions in the top layer of paddy soils. Knowledge
on the effects of fertilization on accumulation rates
and shifts of soil P would help our understanding of
the effects of P addition on soil P transformations [42].
Unfortunately, there is limited information on a direct
quantitative relationship between P surplus and con-
version rates of Pi fractions in acidic paddy soil.

The main objectives of this study were to: 1) esti-
mate the effects of cattle manure and other factors on
transformations of Pi fractions; (2) quantify the
annual patterns of variation in soil TP, soil Olsen-P,
and Pi fractions in acidic paddy soil; and (3) quantify
the changes of Pi and P balance in response to long-
term (35 years) application of chemical fertilizer and
cattle manure.

OBJECTS AND METHODS
The study was conducted at the National Observa-

tion and Research Station of Farmland Ecosystems in
Qiyang, Hunan province of southern China
(26°45′42″ N, 111°52′32″ E). This region has a sub-
tropical climate with mean annual precipitation of
about 1.258 mm and mean annual temperature of
18.4°C (Fig. S1). The elevation is 160 m above sea
level. The soil is a typical Ultisol, originally developed
from quaternary red clay. Its pH was 5.97 and soil
organic carbon (SOC) content was 12.2 g/kg. The ini-
tial soil properties measured include, total nitrogen
(1.5 g/kg), TP (0.48 g/kg), total potassium (14.2 g/kg),
alkali-hydrolysable nitrogen (158 mg/kg), Olsen-P
(9.6 mg/kg) and available potassium (65.9 mg/kg).

The experiment began in 1982 and consisted of
comparing the effects of application of one of three
fertilizer treatments to paddy soils, (1) cattle manure
only (M); (2) chemical forms of nitrogen, P and potas-
sium fertilizer (NPK) only; and (3) NPK fertilizer in
combination with cattle manure (NPKM). The treat-
ments, each with three replicates, were established in a
randomized complete block design. Each plot had an
area of 27 m2. Local farming practices were adopted to
apply all fertilizer treatments in the experiment. The
cropping system was early rice–late rice–winter fal-
low. Base fertilizer was applied twice per year, once for
each of the early- and late-rice crops. Fertilizer appli-
cation rates are shown in Table 1. Composted cattle
manure was thoroughly decomposed and applied at
the rate of 22.5 t/ha for the early- and late-rice crop-
ping seasons. Cattle manure contained 3.2 g/kg of N,
2.5 g/kg of P2O5, and 1.5 g/kg K2O. The same rates of
N, P and K nutrients were supplied from manure and
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Table 1. Application rates (kg/ha) of fertilizers in the long-term fertilizer experiment

M—cattle manure only; NPK—chemical nitrogen, phosphorus and potassium fertilizer; NPKM—NPK fertilizer in combination with
cattle manure.

Rice season Treatment
Annual cattle manure Annual chemical fertilizer Cumulative application over

35 years

N P K N P K N P K

Early rice M 72.5 24.5 28.0 0 0 0 2537.5 857.5 980.0

NPK 0 0 0 72.5 24.5 28.0 2537.5 857.5 980.0

NPKM 72.5 24.5 28.0 72.5 24.5 28.0 5075.0 1715.0 1960.0

Late rice M 72.5 24.5 28.0 0 0 0 2537.5 857.5 980.0

NPK 0 0 0 72.5 24.5 28.0 2537.5 857.5 980.0

NPKM 72.5 24.5 28.0 72.5 24.5 28.0 5075.0 1715.0 1960.0
inorganic fertilizers. Inorganic compound fertilizers
were applied as urea (N 46%), superphosphate (P2O5
12%), and potassium chloride (K2O 46%).

During the rice growing season, early rice was
transplanted in April and harvested in July while the
late rice was transplanted in July and harvested in
October. All fertilizers were applied as basal fertilizer
prior to transplanting seedlings of both the early- and
late-rice crops into plots. After harvesting, rice straw
was removed from the field and only roots were left in
the field in accordance with the local farming practice.

Soil samples from the plough layer (0–20 cm) were
collected once a year, since 1982, after the late rice was
harvested. Five soil cores were randomly sampled
from each plot using an auger and mixed thoroughly to
form a composite sample. These soil samples were air-
dried and stored in a sealed glass container at room
temperature (25°C). Stored samples from 1982, 1987,
1993, 1998, 2002, 2008, 2012, and 2017 were analyzed
for this study. All soil samples were sieved through
2.0-mm mesh screens to determine contents of avail-
able nutrients and through 0.25-mm mesh screens
prior to total nutrient and P-fractions analyses.

Soil available P was determined using the Olsen-P
[32] method based on extraction of air-dried soil with

0.5 M NaHCO3 at pH 8.5. Total P was determined by
the sodium hydroxide melt-molybdenum antimony
colorimetric method [30].

Inorganic P was fractionated according to the
sequential extraction procedure of Jackson [30].
Sequential chemical fractionation of Pi was performed
as follows to obtain each type of bound P (stated in
parentheses): extraction with 1 mol/L NH4Cl and
0.5 mol/L NH4F (Al-P), then 1 mol/L NaOH (Fe-P),
then 0.3 mol/L Na3C6H5O7·2H2O and Na2S2O4·2H2O
(Occluded-P, Oc-P), and lastly, 0.25 mol/L H2SO4
(Ca-P).

Annual P balance of soil from the 0–20 cm plough
layer was calculated by subtracting P outputs (P in rice
straw and grain) from P inputs (only from applied fer-
tilizers). The accumulated P profit was defined as the
sum of annual apparent P balance from 1982 to 2017.
The change in soil Pi content and Pi fraction was
determined by eq. (1) [34]:

(1)
Where Pn is the soil P contents of the nth year and P0
is the contents of initial soil Pi or Pi fraction.

Cumulative recovery efficiency of P (CPRE) was
calculated by eq. (2) [12]:

(2)

where P uptake included straw and grain P uptake, and
P input only accounts for the P sourced from the fer-
tilizer applications of each year.

All statistical analyses were conducted using SPSS
20.0. Analysis of variance was conducted, and signifi-
cant differences were evaluated using the least signifi-

cant differences (LSD) test at P ≤ 0.05. Redundancy
analysis, a type of linear-constrained ordination based
on principal components analysis, was conducted to
investigate the relationships between soil properties, cli-
matic factors and Pi fractions using Canoco version 5.
All figures were drawn by Sigma-plot 10.0.

( )Δ Δ = n 0total Pi Pi fraction P – P .

= ×Cumulative P uptake for 35 yearsCPRE (%) 100,
Cumulative fertilizer P input for 35 years
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RESULTS AND DISCUSSION
Effects of Organic and Inorganic Fertilizers

on Olsen-P, TP and Pi Accumulation

After 35 years of biannual fertilization, Olsen-P
contents of the M, NPK and NPKM treatments
increased 3~10 times from 4.9 mg/kg in 1982 to 12.7,
30.1 and 48.2 mg/kg, respectively, in 2017 (Fig. S2).
The data of the relationship of Olsen-P in each treat-
ment with years of fertilization fitted well by the
Mitscherlich equation y = a × (1 – exp(–bx)), where a
represents the maximum of the dynamic equilibrium
process for Olsen-P. Equation estimates of the maxi-
mums of Olsen-P for M, NPK and NPKM were
approximately 12.9, 31.7 and 52.7 mg/kg, respectively,
and all were nearly equal to the measured Olsen-P
contents of their respective treatments. We observed
more variation in Olsen-P maximums than compared
to that of another study which determined a maximum
of approximately 15 mg/kg in its NPK treatment of a
calcareous soil planted with a rice monoculture system
in northern China [14]. The average annual tempera-
ture (18°C) at the test site of our study was also higher
than that reported in this previous study (9–12°C) [14].
The different physio-chemical properties of the two
different environments, crop systems, and soils in
which P adsorption and desorption reactions were
likely affected by their respective prevailing tempera-
tures and that affect may explain the differences in
measured amounts of Olsen-P [23]. For example,
mineralization of P from soil organic matter or crop
residues depends on soil biological activity, which
increases with increasing temperature [29]. Phospho-
rus adsorption is also influenced by soil mineralogy
and soil aggregation. Soil with higher clay content and
larger aggregates exhibited greater phosphorus reten-
tion [10, 38]. Our acidic paddy soil had higher clay
content (45%, unpublished data) than calcareous soil,
which was reportedly a silt-loam texture (11.8%) [14].

In our soil, there was no significant difference of
accumulated P profit between the NPK and M treat-
ments, which implies that there was no significant dif-
ference in rice yield between them. The maximum
Olsen-P of NPK and NPKM (31.7 and 52.7 mg/kg)
nearly reached the estimated critical level of leaching
risk of Olsen-P (30–172 mg/kg) in Chinese rice pro-
duction systems in the Yangtze River basin [17]. This
phenomenon supports that low-P organic manure is a
better alternative than chemical fertilizer. Moreover,
application of manure results in less yield loss and has
low non-point pollution risk [18].

Generally, soil total Pi and TP contents of the differ-
ent treatments increased with time and at different rates
(Fig. 1). Of the M treatment, the annual rate of increase
of total Pi estimated for the last 12 years of the study
(6.2 mg/(kg y)) rose by about five times of that esti-
EURASIAN SOIL SCIENCE  Vol. 54  No. 5  2021
mated for the first 23 years of the study (1.3 mg/(kg y)).
There were no significant differences found of total Pi
between NPK (in the first 16 years of study) and
NPKM (in the first 11 years of study); annual rates
were similar at 19.7 mg/(kg y). In subsequent years
through the end of the study, NPK’s rate decreased to
7.1 mg/(kg y) and NPKM’s rate decreased to
9.5 mg/(kg y). The TP contents of M, NPK and
NPKM increased 5.5, 16.3 and 22.1 mg/kg each year,
respectively. The amounts of total Pi and TP, and their
annual rates of increase ranked the treatments in the
following order: NPKM > NPK > M. The results were
similar to those of previous studies, where the contents
of Olsen-P, TP, and each Pi fraction and cumulative P
profit increased with increasing amounts of P inputs in
flooded tropical paddy soil [5, 18]. Other studies have
demonstrated significant increases in Pi fractions
under continuous additions of P fertilizer in paddy
soils [19, 26, 39]. But the contents and interannual
variation of Pi of M were significantly lower than those
of NPK and NPKM. Our results are in line with
results of Lee et al. [6] who applied either compost,
NPK or NPK combined with compost to paddy soils
continuously for 31 years. The total Pi contents of their
three treatments increased by 4.3, 6.4 and 10.6 mg/kg
each year, respectively. These results suggest that
application of chemical P fertilizer or chemical P in
combination with organic fertilizer should be applied
if a rapid increase of Pi content in soil is needed.

The percentage of Pi out of TP at the beginning of
the experiment was 62.2%, and after 35 years of fertil-
ization, the percentages of soil Pi under M, NPK and
NPKM changed to 53.3, 61.9 and 66.2%, respectively.
Long-term application of organic fertilizer decreased
the proportion of Pi, and long-term combined applica-
tion of organic and chemical fertilizer increased the
proportion of Pi. However, long-term application of
chemical fertilizer alone had no effect on the proportion
of soil Pi. This observation supports results of the studies
reporting that P fertilizer and manure applied for many
years led to accumulation of Pi fractions in soil [5, 13].
However, continuous application of M alone decreased
the percentage of soil Pi over time. This difference was
due to the proportional distribution of soil P pools with
different lability and depends on the P sources. Soltang-
heisi et al. reported that rock phosphate increased the
accumulation of Pi as compared to single super phos-
phate [2]. However, the Pi pool in manure is large and
has been reported to vary between 60% and 90% [36].
Moreover, Pi is also readily available to plants because
of its high solubility. Meanwhile long-term application
of animal manure will reduce soil P adsorption capac-
ity, and increase rates of biologically-mediated turnover
of organic P by stimulation of microbial and enzyme
activities [1]. In general, manure application reduces
the ability of the soil to fix P [24].
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Fig. 1. Dynamics of soil total Pi and total P of the three fertilizer treatments. Here and in Figs. 2–4, M, cattle manure only;
NPK, chemical nitrogen, phosphorus, and potassium fertilizer; and NPKM, NPK fertilizer in combination with cattle
manure. *, **, and *** denote significance at the 5.0, 1.0, and 0.1% levels, respectively.

400

200

400

600

800

1000

600

800

1000

1200

1400

0 10 20 30 40
Fertilization years

To
ta

l P
 c

on
te

nt
, m

g/
kg

To
ta

l P
i c

on
te

nt
, m

g/
kg

M
NPK
NPKM

M
NPK
NPKM

y = 5.5x + 513.4, R2 = 0.5659*
y = 16.3x + 535.2, R2 = 0.8661*
y = 22.1x + 573.7, R2 = 0.8380*

y = 1.3x + 304.8, x ≤ 23; y = 6.2x + 194.08, x > 233; R2 = 0.9526**

y = 19.7x + 281.9, x ≤ 11; y = 7.1x + 420.8, x > 11; R2 = 0.9779***

y = 19.7x + 313.4, x ≤ 19; y = 9.5x + 507.2, x > 19; R2 = 0.9916***
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Overall, the contents of Al-P and Fe-P signifi-
cantly increased with the passage of time in all treat-
ments (Fig. 2). In the organic fertilizer treatment (M),
Al-P and Fe-P contents did not change much. The fit-
ted equations estimated that the maximum amounts of
Al-P in M, NPK and NPKM were about 32.6, 121.7
and 220.8 mg/kg, respectively. The amount of Fe-P of
the M treatment increased annually by 1.5 mg/(kg y).
The change in Fe-P content under NPK and NPKM
were divided into two stages. Within the first 10 years
of NPK fertilization and 18 years of NPKM fertiliza-
tion, the annual rates of increase of Fe-P were 11.0 and
10.4 mg/(kg y), respectively. Then in the subsequent
10 years of each treatment, Fe-P decreased to 2.8 and
4.1 mg/(kg y), respectively. In the organic fertilizer
treatment (M), the contents of Oc-P and Ca-P were
not significantly increasing with time. Content of Oc-P
of NPK and NPKM annually increased by 1.8 and
2.8 mg/(kg y), respectively. The changes in Ca-P con-
EURASIAN SOIL SCIENCE  Vol. 54  No. 5  2021
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Fig. 2. Dynamics of soil Pi fractions of the three fertilizer treatments.
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tent under M, NPK and NPKM were also divided into
two stages. In NPK, Ca-P increased more rapidly during
the first eight years of fertilization (2.3 mg/(kg y)), but
decreased eight years later (1.1 mg/(kg y)). However,
the growth rate of Ca-P in soil treated with NPKM
was slower in the first 26 years (1.6 mg/(kg y)), and
faster in the subsequent years (4.1 mg/(kg y)).

In all the treatments after 35 years of fertilization,
Fe-P was the predominant form of P, followed by Oc-
P, Al-P and Ca-P (Fig. 3). The percentage of Oc-P of
total Pi decreased gradually with time. In the M, NPK
and NPKM treatments, Oc-P decreased by 27.4, 22.5
and 14.7%, respectively. The respective proportions of
Al-P, Fe-P, Ca-P out of total Pi increased by 8.8, 13.2,
and 16.5% under M; 4.8, 6.4, and 7.6% under NPK;
and 1.2, 2.9, and 3.3% under NPKM. Fertilization
mainly decreased the percent of Oc-P out of total Pi
and increased the percent of Al-P out of total Pi, espe-
cially after applying chemical P fertilizer or chemical P
fertilizer combined with organic matter.

The contents of Fe–P and Al–P in NPK and
NPKM significantly increased with time during the
EURASIAN SOIL SCIENCE  Vol. 54  No. 5  2021
long-term fertilization. Phosphorus solubility in the
soil was mainly controlled by Fe-P and Al-P. There-
fore, the high content of Al-P may have an important
impact on the soil environment [7]. The contents of
Fe–P and Ca–P in M did not change much, but Oc–P
significantly decreased by 27.4% due to the continu-
ous fertilization. This decrease might be closely related
to the decrease of residual P. Based on the extent of
isotope excursion among different Pi pools, the appli-
cation of manure likely caused a shift in P solid-phase
partitioning. Another study has shown that the HCl-Pi
pool (Ca-P) in long-term P-fertilized soils most likely
should be derived from chemical P fertilizer [25].

Correlations between Soil Pi and P Balance

After 35 years of fertilization, the accumulated P
profit in soil of NPKM (2168 kg/ha) was significantly
(P < 0.01) higher than that of NPK and M, but there
was no significant difference between the NPK and M
treatments (Fig. 4). The cumulative utilization of P
over 35 years for M, NPK and NPKM soils were 52,
58 and 37%, respectively. The contents of total Pi in
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Fig. 3. Dynamics of proportions of Pi fractions of the three
fertilizer treatments.
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the NPK and NPKM treatments increased signifi-
cantly (P < 0.01) with the increase of accumulated
profit of P. With an average accumulated P profit of
100 kg/ha, the total Pi content of NPK and NPKM
increased by 39.6 and 21.6 mg/kg, respectively. The
response of total Pi content to accumulated P profit of
the M treatment was different from that of NPK and
NPKM treatment. Only when the accumulated P
profit exceeded 475 kg/ha did the total Pi content of M
increase significantly with the increase of accumu-
lated P profit (P < 0.01). With an average accumulated
P profit of 100 kg/ha, the total Pi content of M
increased by 24 mg/kg. In addition, at equal levels of
accumulated P profit, the increasing rates of total Pi
content and Pi fractions in NPK were much higher
than those of M and NPKM. Other studies also show
that differences in the P availability in paddy soil can
be caused by different P fertilization strategies [33].
We suspect that (1) cattle manure has a higher C:P
than chemical fertilizer, thus the addition of relatively
more C with less P differentially affects the dissolution
reactions or (2) soluble P might be taking part in pre-
cipitation reactions with Ca and forming secondary
Ca phosphate compounds [20]. Application of cattle
manure can reduce the rate of change of Pi content
with increasing accumulated P profit. In the presence
of equal amounts of P surplus, the application of
chemical P fertilizer can increase the soil Pi content
faster than the application cattle manure. Conse-
quently, chemical sources of fertilizer may exacerbate
the environmental pollution risks associated with their
application, which are not associated with manure
application.

The contents of the Pi fractions, Al-P, Fe-P, Ca-P
and Oc-P, in the NPK and NPKM treatments
increased significantly with the increase of accumu-
lated P surplus (Table 2). At equal amounts of accu-
mulated P profit, the increasing rates of the Pi frac-
tions in NPK were 2–3 times higher than those of
NPKM. However, only the content of Fe-P in M
increased significantly with the increase of accumu-
lated P profit (P < 0.05). With an average accumulated
P profit of 100 kg/ha, the content of Fe-P in M, NPK
and NPKM increased by 5.7, 16.3 and 9.5 mg/kg,
respectively and the rate of increase of Fe-P in M was
less than that in NPK and NPKM.

Relationships between Soil Properties, 
Climatic Factors and Pi Fractions

Redundancy analysis determined significant cor-
relations between Pi fractions and soil properties and
climatic factors (Fig. 5). Soil properties (pH, SOM,
Olsen-P, and TP) significantly influenced the distri-
bution of Pi fractions. Total P and Olsen-P were more
closely correlated to the Fe-P, Ca-P and Al-P frac-
tions. The climatic factors of mean annual tempera-
ture and mean annual precipitation did not signifi-
cantly influence interannual Pi fractions. The first
axis, RDA-1, explained 84% and the second axis,
RDA-2, explained 4% of the total variation. Similar
PCA results for carbonate soils were reported by Milić
et al. [31]. The availability of soil P depends on the
ability of sorbed P, and the sorptive capacity is deter-
mined by how many and what kinds of P sorption
sites are found in the soil [15, 16]. The most abun-
EURASIAN SOIL SCIENCE  Vol. 54  No. 5  2021
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Fig. 4. Correlations between soil total Pi change and P balance of three fertilizer treatments (1982–2012).
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dant P-sorbing particles are Fe/Al-oxyhydroxides,
clay minerals and humic substances. In acid soils,
more acidic milieu fosters P sorption to Fe/Al-oxyhy-
droxides [9]. Similar to the paddy soil in our study, a
large area of paddy soils in subtropical China derived
EURASIAN SOIL SCIENCE  Vol. 54  No. 5  2021

Table 2. Fitted equations of the changes in Pi-fraction conten
treatments

M—cattle manure only; NPK—chemical nitrogen, phosphorus and
cattle manure.

Pi fractions Treatments Lin

Al-P M y = 0.0219x + 1

NPK y = 0.1639x + 2

NPKM y = 0.0606x + 1

Fe-P M y = 0.0568x + 1

NPK y = 0.1629x + 7

NPKM y = 0.0948x + 8

Ca-P M y = 0.0073x + 6

NPK y = 0.0531x + 1

NPKM y = 0.0293x + 2

Oc-P M y = 0.0274x – 2

NPK y = 0.0766x + 5

NPKM y = 0.0310x – 0
from Quaternary red clay also had considerable
amounts of Fe and Al oxyhydroxides [43]. Soil P
amounts, fractions and dynamics depend on numer-
ous factors, including soil type and its utilization. In
agroecosystems, where the P cycle is human-influ-
ts (y) and accumulated P surplus (x) of the different fertilizer

 potassium fertilizer; NPKM—NPK fertilizer in combination with

ear equation R2 P

3.5886 0.5644 0.0516

8.2231 0.9071 0.0009

4.9846 0.9239 0.0006

0.4055 0.6702 0.0243

1.1206 0.7904 0.0074

6.7759 0.9669 <0.0001

.0096 0.3145 0.1903

1.3634 0.8647 0.0024

.9465 0.8927 0.0013

4.8480 0.1566 0.3796

.9637 0.7290 0.0145

.9868 0.5928 0.0429
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Fig. 5. Relationships among soil properties, climatic fac-
tors and Pi fractions by redundancy analysis. Soil pH,
total N, soil organic matter (SOM), Olsen-P, Total-P,
mean annual temperature (MAT), and mean annual pre-
cipitation are explanatory variables that showed significant
effects on Pi fractions (response variables).
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enced, amounts, availability and dynamics of soil P
are largely determined by anthropogenic activities.
Furthermore, the climatic factors of mean annual
temperature and mean annual precipitation did not
significantly influence P fractions (Fig. 5).

CONCLUSIONS

The results of this study demonstrate that fertiliza-
tion regimes significantly impact soil Olsen-P and Pi
fractions in acidic paddy soil. Total P, Olsen-P and Pi
contents increased with time in all three types of fertil-
ization treatments. Long-term application of NPK or
NPKM produced stronger increases in contents and
higher yields than application of M. Total P and
Olsen-P were more closely correlated to Fe-P, Ca-P
and Al-P fractions. Higher TP, Olsen-P and Pi con-
tents in the plough layer from long-term NPK or
NPKM applications than with M application were
observed. At the same amount of accumulated P, the
increasing rate of total Pi content and Pi fractions in
NPK were much higher than those of M and NPKM.
The results suggest that P supply capacity was very
high when chemical P fertilizer was applied alone at a
reasonable level (49 kg P/ha·y). Therefore, replacing a
proportion of applied chemical P fertilizer with cattle
manure can help reduce surplus P accumulation in
soil, as well as reduce the environmental P losses from
the acidic paddy soil in southern China.
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