
Citation: Hayatu, N.G.; Liu, Y.;

Zhang, S.; Huang, J.; Han, T.; Khan,

M.N.; Daba, N.A.; Noma, S.S.; Lv, Z.;

Hou, H.; et al. Long-Term Organic

Manure Substitution Increases Yield

and Phosphorus Use Efficiency in a

Double-Rice System by Altering Soil

Phosphorus Uptake and Apparent

Balance. Agronomy 2023, 13, 1440.

https://doi.org/10.3390/

agronomy13061440

Academic Editor: Juan Jose Rios

Received: 3 May 2023

Revised: 21 May 2023

Accepted: 22 May 2023

Published: 23 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Long-Term Organic Manure Substitution Increases Yield and
Phosphorus Use Efficiency in a Double-Rice System by Altering
Soil Phosphorus Uptake and Apparent Balance
Nafiu Garba Hayatu 1,2,3,† , Yiren Liu 2,†, Shuxiang Zhang 1, Jing Huang 1, Tianfu Han 1,
Muhammad Numan Khan 1, Nano Alemu Daba 1 , Samaila Sani Noma 3, Zhenzhen Lv 2, Hongqian Hou 2,
Xianjin Lan 2, Jianhua Ji 2 and Huimin Zhang 1,*

1 National Engineering Laboratory for Improving Quality of Arable Land, Institute of Agricultural Resources
and Regional Planning (IARRP), Chinese Academy of Agricultural Sciences (CAAS), Beijing 100081, China;
nafiu.hayatu@udusok.edu.ng (N.G.H.)

2 Soil and Fertilizer & Resources and Environmental Institute, Jiangxi Academy of Agricultural Sciences,
Nanchang 330200, China; jxnclyr@163.com (Y.L.)

3 Department of Soil Science and Agricultural Engineering, Faculty of Agriculture, Usmanu Danfodiyo
University, Sokoto 2346, Nigeria

* Correspondence: zhanghuimin@caas.cn; Tel.: +86-10-82105039; Fax: +86-10-82106225
† These authors contributed equally to this work.

Abstract: The excessive use of chemical phosphorus (P) fertilizer can lower grain yield and P use
efficiency (PUE) by aggravating soil acidity. Substituting organic manure for chemical fertilizer can
alleviate the problem, although the long-term effect of organic manure incorporation is unknown.
We conceptualized that substituting organic manure for chemical fertilizer may result in higher
crop yields and PUE. Therefore, the impact of long-term fertilizer treatments: (i) CK (control),
(ii) PK (phosphorus and potassium fertilizer), (iii) NP (nitrogen and P fertilizer), (iv) NK fertilizer,
(v) NPK fertilizer, and (vi) NPKM (30% NPK fertilizer plus 70% manure) on rice yield, PUE, P uptake,
and apparent balance (APB) was investigated. The results showed that rice yield under different
fertilizer treatments ranged from 6.2 to 11.8 t ha−1 (1984–1995), 7.9 to 12.7 t ha−1 (1996–2007), and
6.6 to 12.8 t ha−1 (2008–2018). The rice yield under NPKM was greatly improved compared to
other treatments, except with that of NPK (1984–1995). Soil organic carbon (SOC), available P and
phosphorus activation coefficient (PAC) under NPKM were significantly higher than other treatments
during 1984–2018. Soil pH (1984–2018) was greatly higher under CK and NPKM than under other
treatments. Soil total P under PK, NP, NPK, and NPKM was significantly higher than under CK and
NK (1984–2018). Compared to other treatments, P uptake was significantly higher under NPKM,
except with that of NPK (1984–1995 and 2008–2018). The average PUE (1984–2018) was 10.7, 20.2,
36.1, and 44.2 kg kg−1 under PK, NP, NPK, and NPKM, respectively. The APB under NPKM was
significantly lower as compared to PK, NP, and NPK treatments. Therefore, we conclude that in
addition to improving soil organic carbon, cations inputs from organic manure can be a factor for
the increase in soil pH, making organic manure substitution for chemical fertilizer a more efficient
strategy for increasing PUE and crop yield.

Keywords: acid phosphatase; grain yield; P uptake; paddy; phosphorus activation coefficient

1. Introduction

The double-rice system is a cropping method that played a major part in the food
security of southern China and China as a whole [1]. On the other hand, the sustainability
of the system is threatened by the decline in the growth rate of rice yield [2,3] due to scarcity
of water [4], phosphorus (P) deficiency [5], high consumption of chemical fertilizer [3,6],
and climate change [7]. High chemical P fertilizer consumption was aggravated by the P
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deficiency due to its fixation to the oxides of aluminum (Al) and iron (Fe) [8] and by the
complex nature of the chemistry of soil phosphorus that varied with the kind of soil, rate
and type of fertilization [9], land use category, and management [10]. Different sources of P
affect soil P availability and crop yield differently and can moderate P deficiency [11,12].
For example, Lu et al. [13] observed that the contribution of synthetic fertilizer on soil P
contents differed from that of organic manure. Mineral fertilizer provides easily accessible
P for plant uptake, but overuse can reduce phosphorus usage efficiency (PUE) and increase
the accumulation of surplus soil P [14]. Soil phosphorus is quite sensitive to pH [15]. Lower
PUE is a major issue in acidic Chinese farmland soil [1], affecting crop yield. Phosphorus
availability for plants diminishes in acidic soil due to P fixation with acidic cations such
as Al and Fe [8], which affects plant P uptake [16]. On the contrary, substituting chemical
fertilizer with manure can improve soil P recovery and soil P contents [17,18] by reducing
the absorption of soil P to oxides of Al and Fe [19]. Manure addition can boost microbial
activity [20] and increase soil nutrient availability [21] by increasing soil pH due to manure
alkalinity [22]. For that reason, assessing and managing P under different long-term
fertilizations is necessary to ensure sustainable rice yield and improve P use efficiency.

Long-term field experiments could provide important data on the effects of various
management strategies on the sustainability of farmlands under different fertilization
regimes [23,24]. As a result of chemical P fertilization, for instance, crop P uptake is
usually in the range of 10–25%, and the residual 90–75% is transformed to stable forms
not easily accessible to plants [25], thereby leading to steady saturation of the soil P
buildup and adsorption capability [26], reducing PUE [3,27] and increasing the danger
of eutrophication [28]. This scenario makes long-term P management for optimum crop
yield and environmental protection difficult, especially in acidic soils [28,29]. However,
previous studies indicated that substituting chemical fertilizers with organic manure could
increase PUE via altering the pH of soil [20,30,31], modifying soil properties, optimizing
soil P status and minimizing P losses [23,32]. Furthermore, organic manure addition
was found to increase crop yield by enhancing the soil available P pool [23]. According
to El Sheikha [22], increased crop yield under the replacement of inorganic fertilizer by
organic manure could be attributed to an increase in soil nutrient reserve, implying that
the mechanism of increasing crop yield and PUE under organic manure addition is not the
same. As a result, more research on the responses of rice yield, P uptake, and PUE to the
long-term substitution of inorganic fertilizer with organic manure in subtropical acidic red
soils is needed.

Fertilizer management approaches were aimed at improving crop yield and feeding
the ever-growing population. The cereal production capacity of China in 2017 increased
by 462% relative to 1961 figures in an effort to feed approximately 22% of the global
populace [33]. However, this progress could be retarded owing to the decline in PUE of the
major cereal crops [3,21] and increased soil P accumulation [26] due to long-term excessive
P fertilization [1,3]. Various fertilization methods alter soil P content [34] and regulate
surplus P accumulation differently [35]. Eight distinct long-term field experiments in China
demonstrated a potential risk of surplus P fertilizer accumulation after replacing chemical P
fertilizer with the organic amendment [36]. Also, relative to chemical fertilizer application,
a comparable or even higher risk of P loss was observed in organic manure-amended
treatments [12]. On the contrary, manure application was reported to have improved P
uptake and PUE by increasing SOC and minimizing P leaching to the ground waters [20].
Our hypothesis suggests that substituting organic manure for chemical fertilizer may result
in higher crop yields and PUE than chemical fertilization alone. As a result, the objectives
of this study were to (i) assess the effects of different fertilization regimes on rice grain
yield, P uptake, APB, and PUE, and (ii) assess quantitatively the factors influencing crop
yield, P intake, APB, and PUE in an acidic soil under a double-rice cropping system.
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2. Materials and Methods
2.1. Experimental Site

The study began in 1984 and was carried out at Nanchang Long-term Monitoring
Experimental Station, Jiangxi Academy of Agricultural Sciences, China. The farm is lo-
cated at latitude 28◦57′ N and longitude 115◦94′ E, with an elevation of 25 m. Long-term
monitoring data was used from 1984 to 2018. Nanchang has a subtropical climate with a
mean temperature of 17.5 ◦C, a mean precipitation of 1600 mm, a potential evaporation
of 1800 mm, and a frost-free period of 280 days. In this region, the double-rice cropping
system constituted the major agricultural land use type. The soils were formed from the
Quaternary red clay materials and were classified as Ferralic Cambisols [37]. At the start
of the study, the following topsoil parameters (0–20 cm) were measured: (i) soil pH (6.5);
(ii) soil organic carbon (SOC; 14.88 g C kg−1); (iii) total nitrogen (TN; 1.36 g N kg−1);
(iv) available nitrogen (AN; 81.6 mg N kg−1); (v) total phosphorus (TP; 0.49 g P kg−1); and
(vi) available phosphorus (AP; 20.8 mg P kg−1).

2.2. Experimental Design and Rice Management

This study consisted of six different fertilizer treatments: (i) CK (control), (ii) PK (syn-
thetic phosphorus and potassium fertilizer), (iii) NP (synthetic nitrogen and P fertilizer),
(iv) synthetic NK fertilizer, (v) synthetic NPK fertilizer, and (vi) NPKM (30% synthetic
NPK fertilizer plus 70% organic manure). In this study, NK treatment was considered a
treatment without P addition, whereas PK, NP, NPK, and NPKM treatments were consid-
ered treatments with P addition. The various treatments were spread out in a randomized
complete block design. Each treatment was replicated three times, making a total of 18 plots.
The plots had an area of 33.3 m2 each and were separated using a cement ridge (0.45 m
deep × 0.5 m wide). Milk vetch (early rice) at the rate of 2250 kg h−1 was used as the
organic fertilizer with average nitrogen (3.03 g kg−1), phosphorus (0.8 g kg−1), and potas-
sium (2.3 g kg−1). Every year on November 10th, green manure is sown, and on April
10th of the following year, the green manure is incorporated into the soil. Pig manure (late
rice) at the rate of 2250 kg ha−1 was used as the organic fertilizer with average nitrogen
(4.5 g kg−1), phosphorus (1.9 g kg−1), and potassium (6.0 g kg−1). In contrast to milk vetch,
which is returned to the field directly, pig manure is incorporated into the field after it has
decomposed. The chemical fertilizers applied as sources of N, P, and K, respectively, were:
(i) urea (46% N), (ii) calcium superphosphate (12% P2O5), and (iii) potassium chloride (60%
K2O). Table 1 shows the amount of both inorganic and organic fertilizer inputs used in
each treatment.

Table 1. Annual application rates of net nutrients in the different treatments (kg ha−1) under the
rice–rice cropping system (1984–2018).

Treatment
Early Rice (kg ha−1) Late Rice (kg ha−1)

Nitrogen Phosphorus Potassium Nitrogen Phosphorus Potassium

CK 0 0 0 0 0 0
PK 0 60 150 0 60 150
NP 150 60 0 180 60 0
NK 150 0 150 180 0 150

NPK 150 60 150 180 60 150
NPKM 46 + 104 33 + 27 71 + 79 54 + 126 10 + 50 4 + 146

The first and second values within the columns represent the amount of N, P, and K supplied as inorganic and
organic fertilizers, respectively. Milk vetch and pig dung were the organic manures used during the early and
late rice seasons, respectively. CK (control); PK (synthetic phosphorus and potassium fertilizer); NP (synthetic
nitrogen and P fertilizer); NK fertilizer, synthetic NPK fertilizer and NPKM (30% synthetic NPK fertilizer plus
70% organic manure).

All organic fertilizers were applied as a base fertilizer at once before rice transplanta-
tion. The chemical fertilizers were applied as follows: (i) 100% of P fertilizer and 50% of
urea as basal doses at transplanting stage; (ii) 50% of K fertilizer and 25% of urea as first



Agronomy 2023, 13, 1440 4 of 20

top dressing doses at the tillering stage; and the remaining 50% of K fertilizer and 25% of
urea as second top dressing doses at the young panicle stage. The soil was cultivated every
year to early rice (early April to mid-July), late rice (late July to mid-October), and milk
vetch (late October to mid-March of the successive year). In the course of this long-term
experiment, dominant local rice cultivars were sown. Irrigation, weeding, disease and pest
practices were also performed when necessary during the study. After harvesting, rice
and straw biomass were removed from the plots, and stubbles were left in the fields. The
grain and straw biomass collected were air-dried, and then the quantity of grain and straw
biomass yields was determined.

2.3. Crop Sampling and Analysis

Following the late rice harvest, three rice crop samples were drawn at random from
each plot. Prior to tests, these crop samples were oven dried for 30 min at 105 ◦C and
then dried again at 70 ◦C to a consistent mass. Furthermore, dried rice grain and straw
biomass samples were crushed and sieved through a 0.15-mm mesh. The plant P content
was determined using standard techniques [38].

2.4. Soil Sampling and Analysis

Each year surface (0–20 cm) soil samples were taken once after the late rice harvest.
Randomly, five soil cores were taken using an auger per plot and then assembled together
into various composite samples. Each composite soil sample was kept in aseptic bags,
labeled, and then transported to the laboratory. The samples were air-dried, crushed, and
sieved with a 2 mm mesh in the laboratory. Initially, each composite soil sample was
divided into (i) fresh soil samples that were stored at 4 ◦C and used to assay humic acids
and acid phosphatase activity (AcP) and (ii) air-dry samples that were used to determine
the chemical properties of the soil. Humic acids were assayed using the method described
by agricultural chemical analysis [39]. The AcP activity was determined on fresh and moist
soil samples using p-nitrophenyl phosphate as substrate in an adapted worldwide buffer.
Later, substrate and buffer solutions (pH 6.5) were added to 1 g of soil and then allowed
to stand at 37 ◦C for 1 h [40]. After filtration, the color intensity of the filtered solution
was measured using a spectrophotometer at 400 nm. Soil pH was measured in a glass
electrode meter using a soil suspension in distilled water (soil/water = 1:2.5, w/v). The
oxidation method was used to determine the soil’s organic carbon content [41,42]. Standard
protocols were used to determine the soil TN, AN, TP, and AP contents [38,42–44]. Briefly,
the soil extractable phosphorus concentration (available P) was extracted in a horizontal
shaker using a 0.5 M sodium bicarbonate (NaHCO3) solution (soil/solution ratio = 1:20,
w/v) adjusted with sodium hydroxide (NaOH) solution to pH 8.5. The extraction time was
16 h, and the extraction temperature was fixed at 25 ◦C. For total soil phosphorus, however,
soil samples were digested using a perchloric-sulphuric acid (HClO4-H2SO4) solution and
then measured following the molybdenum blue colorimetric method.

2.5. Calculation

The phosphorus activation coefficient (PAC) was established as the ratio of AP to TP
in soil. High PAC (%) and PAC less than 2% indicate the ease and difficulty of converting
soil TP to AP, respectively [13,34], and were computed as follows:

PAC =
(AP)

(1000× TP)
× 100 (1)

where AP represents available P in mg kg−1, and TP represents total P in g kg−1.
The following formula was used to calculate the phosphorus uptake by grain and

straw biomass yields:

P uptake = (Crop P Content × Yield) (2)
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where yield represents the summation of grain yield and straw biomass yield.
The APB (kg−1 ha−1 yr−1) is the difference between P input and P output. Positive

APB indicates P buildup, while negative APB indicates P deficit [45]. It was expressed in
the following equation as described by Ouyang et al. [46]:

APB = ∑ P input − ∑ P output (3)

where Poutput is the yearly P uptake (kg ha−1), and Pinput is the annual P input (kg ha−1).
Based on P input and rice P uptake (1984–2018), agronomic P use efficiency (kg kg−1)

was calculated [47]:
PUE = (YF − YO)/F (4)

where PUE stands for phosphorus use efficiency, YF represents the yearly rice grain yield
(kg ha−1) under the fertilizer treatments, YO represents the annual rice grain yield (kg ha−1)
under the control treatment, and F represents the annual P input (kg ha−1).

The partial factor productivity of soil P (PFPP; kg kg−1) and the internal efficiency of
soil P (IEP; kg kg−1) were calculated as shown below:

Partial factor productivity of soil P = Y/F (5)

Internal efficiency of soil P = Y/UP (6)

where Y is the rice grain yield, and F is the amount of fertilizer P applied. UP denotes the
amount of P taken up by rice in additional P treatments.

Phosphorus recovery efficiency (REP) was estimated [48] based on rice yield and P
uptake in the treatment without P addition:

Recovery efficiency of soil P = UP − UO/FP × 100 (7)

where UP denotes P uptake in treatments with P addition, UO denotes P uptake in treat-
ments without P addition, and FP denotes the amount of P supplied.

The coefficient of variation (CV, %) was calculated as described [49] in the follow-
ing equation:

CV = (σ/Ymean)× 100 (8)

where Ymean is the average grain yield in a given treatment (t ha−1), and σ is the stan-
dard deviation.

The sustainable yield index (SYI) was determined as described [50] in the follow-
ing equation:

SYI = Ymean − σ/Ymax (9)

where Ymax is the maximum rice grain yield in a given treatment (t ha−1).

2.6. Statistical Analysis

The data in this study was divided into three successive periods (1984–1995, 1996–2007,
and 2008–2018) to allow for a systematic assessment of the variations within the data over
a 35-year period. Using SPSS software (version 20), the analysis of variance (ANOVA) was
utilized to compare the variances between the variables. Tukey’s HSD test was then used
to categorize the significant (p < 0.05) means. Shapiro–Wilk’s normality test (p < 0.05) was
performed first; however, ANOVA on ranks was performed on the data that failed the
normality test. SigmaPlot (version 12.5) software was used to create all graphs. Linear
regression was used to find the linear relationship between the various indicators. Canoco
(version 5.0) software was used to perform the redundancy (RDA plot) analysis. AMOS-
IBM software (version 25) was used for structural equation modeling (SEM).
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3. Results
3.1. Changes in Soil Properties and Grain Yield of Rice

Different fertilizer treatments had a significant (p < 0.05) influence on the pH of soil pH
SOC content (Table 2). During 1984–1995, soil pH fluctuated from 6.17 to 6.56 in P-added
treatments, with a maximum soil pH observed in NPKM treatment. Soil pH ranged from
6.01 to 6.50 in the control and NK treatments, with the NK treatment having the lowest
(1984–1995). Soil pH was lower with PK, NP, NK, and NPK treatments during all study
periods as compared to control and NPKM treatments. Compared with the initial pH
value, soil pH under NPKM increased by 0.06, 0.15, and 0.21 during 1984–1995, 1996–2007,
and 2008–2018, respectively, but was relatively stable under control treatment. Over time,
the lowest soil pH was observed when PK, NP, NK, and NPK treatments were used in
comparison to control and NPKM treatments. Compared to initial values, the SOC content
significantly (p < 0.05) increased under NP, NPK, and NPKM treatments but decreased in
PK, NK and control during 1984–2018. Over the years (1984–2018), the highest SOC among
treatments with P addition was under NPKM, followed by NPK, while PK had the lowest
SOC. Compared to the initial value, SOC under NPKM during 1984–1995, 1996–2007, and
2008–2018 increased by 11.3, 21.2, and 27.9%, respectively. In comparison to the control
treatment, the SOC content increased by 7.9, 19.7, 11.8, 22.9, and 41.1% under PK, NP, NK,
NPK, and NPKM treatments, respectively.

Table 2. Soil pH, soil organic carbon (SOC), total phosphorus (TP), available phosphorus (AP)
and phosphorus activation coefficient (PAC) under different long-term fertilizations in double-rice
cropping systems (1984–2018).

Year Treatment Soil pH SOC (g kg−1) TP (g kg−1) AP (mg kg−1) PAC (%)

Initial 6.5 14.9 0.49 20.8 4.24

1984–1995 CK 6.5 ± 0.53 a 13.1 ± 0.85 c 0.45 ± 0.05 b 13.3 ± 3.16 c 2.96 ± 0.71 d
PK 6.2 ± 0.24 c 13.7 ± 1.11 c 0.70 ± 0.11 a 33.6 ± 6.34 b 4.79 ± 0.76 b
NP 6.2 ± 0.33 c 15.4 ± 1.17 b 0.75 ± 0.15 a 34.3 ± 6.36 b 4.57 ± 0.51 b
NK 6.0 ± 0.38 d 14.5 ± 1.22 bc 0.40 ± 0.08 b 15.0 ± 2.51 c 3.75 ± 0.63 c

NPK 6.4 ± 0.46 b 15.6 ± 0.56 b 0.70 ± 0.09 a 32.9 ± 5.24 b 4.69 ± 0.69 b
NPKM 6.6 ± 0.38 a 16.6 ± 1.18 a 0.73 ± 0.12 a 44.7 ± 12.81 a 6.12 ± 1.64 a

1996–2007 CK 6.5 ± 0.20 a 12.4 ± 0.63 cd 0.43 ± 0.07 c 11.8 ± 1.81 c 2.73 ± 0.58 f
PK 5.5 ± 0.11 b 13.2 ± 0.51 c 0.77 ± 0.05 ab 43.1 ± 5.21 b 5.60 ± 0.60 c
NP 5.4 ± 0.16 c 15.1 ± 1.06 b 0.83 ± 0.10 a 43.9 ± 8.77 b 5.29 ± 0.80 d
NK 5.5 ± 0.21 c 13.9 ± 1.11 c 0.37 ± 0.09 c 13.4 ± 1.19 c 3.66 ± 1.42 e

NPK 5.6 ± 0.18 b 15.5 ± 0.69 b 0.72 ± 0.06 b 44.2 ± 4.38 b 6.14 ± 0.43 b
NPKM 6.7 ± 0.19 a 18.0 ± 1.02 a 0.86 ± 0.14 a 68.6 ± 3.51 a 7.98 ± 1.34 a

2008–2018 CK 6.5 ± 0.54 a 12.6 ± 0.38 c 0.42 ± 0.05 c 10.3 ± 1.27 d 2.46 ± 0.39 c
PK 5.4 ± 0.53 b 14.1 ± 1.07 bc 0.81 ± 0.03 bc 53.3 ± 5.79 b 6.58 ± 0.71 a
NP 5.3 ± 0.50 b 15.0 ± 0.91 b 0.86 ± 0.07 b 55.5 ± 5.16 b 6.45 ± 0.54 a
NK 5.3 ± 0.54 c 14.1 ± 0.73 bc 0.35 ± 0.04 c 8.5 ± 1.30 d 2.42 ± 0.94 c

NPK 5.2 ± 0.51 c 15.6 ± 0.79 b 0.95 ± 0.14 b 48.5 ± 4.42 bc 5.11 ± 0.70 b
NPKM 6.7 ± 0.54 a 19.0 ± 0.81 a 1.32 ± 0.14 a 85.5 ± 7.34 a 6.48 ± 0.84 a

The values are mean standard errors (n = 3). According to Turkey’s HSD test, treatments denoted by various
letters differ significantly (p < 0.05) from one another.

Various long-term fertilizer treatments had a significant (p < 0.05) impact on soil TP,
AP, and PAC (Table 2). During 1984–2018, there was a significant increase in soil TP, AP,
and PAC under PK, NP, NPK, and NPKM treatments compared with initial values. During
the same period, however, soil TP, AP, and PAC significantly (p < 0.05) decreased under
NK and control. Among the various fertilizer treatments, the NPKM treatment had the
highest soil TP, AP, and PAC, while the control had the lowest. Over the years, compared
to the initial value, soil TP under PK, NP, NPK, and NPKM treatments increased by 55.1,
66.0, 261.2, and 493.9%, respectively, and dropped by 11.6 and 23.8% in the control and
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NK treatments, respectively. During 1984–2018, soil AP under PK, NP, NPK, and NPKM
treatments increased by 108.3, 114.3, 101.3, and 218.7%, respectively, but declined by 43.2
and 41.1% in the control and NK treatments, respectively. The PAC increased by 33.4, 119.7,
275.9, and 385.4% under PK, NP, NPK, and NPKM treatments, respectively, and dropped
by 52.3 and 22.7% under control and NK, respectively, during 1984–2018.

The varied treatments had a significant (p < 0.05) effect on rice grain yield, SYI, and
CV (Table 3). NPKM obtained the highest rice yield (12.4 t ha−1) between 1984 and 2018,
followed by NPK, NK, NP, PK, and control treatments, which produced rice yields of 11.4,
10.2, 9.4, 8.2, and 6.9 t ha−1, respectively. Over the years, rice yield had shown a discernable
increase under NPK and NPKM treatments and vice versa in the PK and NP treatments.
Rice yield declined by 5.13 and 10.11%, respectively, under NK during 1996–2007 and
2008–2018, compared to 1984–1995. Compared to the control, rice yield under PK, NP, NK,
NPK, and NPKM treatments increased by 18.8, 36.2, 47.8, 65.2, and 79.7%, respectively. For
the three experimental periods, the highest SYI value was observed under NPKM treatment,
followed by NPK treatment, and the lowest was under control (Table 3). Compared with
control, SYI value under NPK and NPKM treatments increased by 17, 34, and 27% and by
25, 50, and 46% during 1984–1995, 1996–2007, and 2008–2018, respectively. Contrarily, the
highest and lowest CV values were obtained under control and NPKM treatments over
the same periods. Compared with control, CV value under NPK and NPKM treatments
decreased by 57, 42, and 40% and by 63, 62%, and 59% during 1984–1995, 1996–2007, and
2008–2018, respectively.

Table 3. Grain yield, sustainable yield index (SYI) and coefficient of variation (CV) under different
long-term fertilizations in double-rice cropping system (1984–2018).

Year Treatment Grain Yield (t ha−1)
Yield Sustainability

σ Ymax SYI CV (%)

1984–1995 CK 5.98 ± 0.61 e 1.02 7.16 0.69 e 17.01 a
PK 7.13 ± 0.68 d 0.68 8.31 0.78 c 9.50 c
NP 9.27 ± 0.74 c 0.86 10.70 0.79 c 9.23 c
NK 10.62 ± 0.98 c 1.12 12.45 0.76 d 10.51 b

NPK 11.07 ± 1.08 b 0.80 12.62 0.81 b 7.24 d
NPKM 12.17 ± 1.02 a 0.76 13.24 0.86 a 6.28 e

1996–2007 CK 8.04 ± 1.02 d 1.45 11.77 0.56 e 18.01 a
PK 9.23 ± 0.94 c 1.18 12.06 0.67 c 12.74 c
NP 9.76 ± 1.54 c 1.54 12.52 0.66 c 15.81 b
NK 10.08 ± 1.52 c 1.51 13.30 0.64 d 14.95 b

NPK 11.38 ± 1.28 b 1.18 13.60 0.75 b 10.38 d
NPKM 13.23 ± 1.22 a 0.89 14.66 0.84 a 6.72 e

2008–2018 CK 6.6 ± 1.25 e 1.25 9.50 0.56 e 18.99 a
PK 8.4 ± 1.03 d 1.03 10.75 0.68 c 12.36 c
NP 9.2 ± 1.31 c 1.31 11.85 0.67 c 14.23 b
NK 9.7 ± 1.39 c 1.39 13.30 0.62 d 14.38 b

NPK 11.6 ± 1.32 b 1.32 14.50 0.71 b 11.33 d
NPKM 12.8 ± 1.65 a 1.13 16.45 0.82 a 7.71 e

Treatment * - - * *

Year ns - - ns ns

Treatment × Year ns - - ns ns
The values are mean standard errors (n = 3). According to Turkey’s HSD test, treatments denoted by various
letters differ significantly (p < 0.05) from one another. σ: standard deviation; Ymax: the maximum grain yield.
*: significantly different at p ≤ 0.05; ns: non-significant.

3.2. Changes in P Uptake, Apparent P Balance and P Use Efficiency

Long-term phosphorus inputs enhanced P uptake significantly (p < 0.05) in the PK,
NP, NPK, and NPKM treatments compared to the control and NK treatments (Figure 1A).
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The NPKM treatment had the highest P uptake among the P fertilizer treatments, followed
by NPK and NP, and the PK treatment had the lowest P uptake (Figure 1B). The APB was
significantly (p < 0.05) impacted by the various long-term fertilizer treatments (Figure 2A).
Soil APB ranged from −72.3 to 51.4 kg ha−1 from 1984 to 2018 and was negative in both the
control and NK treatments (Figure 2B). During the same period, however, soil APB under
NK treatment was significantly lower as compared to the control.
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3A–D). During 1984–2018, the average PUE was 10.6, 20.2, 35.9, and 44.1 kg kg−1 under 

Figure 1. Variations in the distribution of P uptake (A,B) in response to various treatments. CK
(control); PK (synthetic phosphorus and potassium fertilizer); NP (synthetic nitrogen and P fertilizer);
NK fertilizer, synthetic NPK fertilizer and NPKM (30% synthetic NPK fertilizer plus 70% organic ma-
nure). Tukey’s HSD test shows that means separated by various lowercase letters differ considerably
(p < 0.05). The bars represent the standard error (n = 3).
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Figure 2. Variation in the distribution of apparent phosphorus (P) balances (A,B) in response to
various treatments. CK (control); PK (synthetic phosphorus and potassium fertilizer); NP (synthetic
nitrogen and P fertilizer); NK fertilizer, synthetic NPK fertilizer and NPKM (30% synthetic NPK
fertilizer plus 70% organic manure). Tukey’s HSD test shows that means separated by various
lowercase letters differ considerably (p < 0.05). The bars represent the standard error (n = 3).

Long-term P inputs had a significant (p < 0.05) effect on the P use efficiency (Figure 3A–D).
During 1984–2018, the average PUE was 10.6, 20.2, 35.9, and 44.1 kg kg−1 under PK, NP,
NPK, and NPKM treatments, respectively. The PUE under NPKM treatment was signifi-
cantly (p < 0.05) higher relative to other P-added treatments. The PUE under NPKM treat-
ment increased by 316, 118, and 23% compared to PK, NP and NPK treatments, respectively.
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Compared to other study periods, the PFPp was considerably higher during 2008–2018, and
the PFPp value varied between 38 to 174 kg kg−1 under P-added treatments (Table 4). The
PFPp under different P addition treatments was in the order: NPKM > NPK > NP > PK,
with the highest value under NPKM treatment. The REp varied between 10 and 54% and
followed a similar trend with PFPp, except that there was no significant (p > 0.05) difference
between NPK and NPKM treatments during 1984–1995 (Table 4). The lowest and highest
REp during 2008–2018 and 1984–1995 were under PK and NPKM treatments, respectively.
The REp under P-added treatments was in the order: NPKM > NPK > NP > PK during
1984–2018. The IEp varied between 114 to 205 kg kg−1, with the lowest and highest values
under NPKM and PK treatments during 1984–2018. Over the years, the IEp under NPK
and NP treatments was statistically at par. During the same period, the IEp among the
different IEp treatments was in the order: NPKM > NPK = NP > PK.
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Figure 3. Variation in the distribution of phosphorus (P) use efficiency (A–D) under long-term
fertilization. PK (synthetic phosphorus and potassium fertilizer); NP (synthetic nitrogen and P
fertilizer); synthetic NPK fertilizer and NPKM (30% synthetic NPK fertilizer plus 70% organic manure).
Tukey’s HSD test shows that means separated by various lowercase letters differ considerably
(p < 0.05). The bars represent the standard error (n = 3). In the boxes, the black and red lines reflect
the mean and median values, respectively. The upper and lower whiskers’ black dots (B–D) represent
the 95th and 5th percentile values, respectively.
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Table 4. Partial factor productivity (PFPp), recovery efficiency (REp) and internal efficiency (IEp)
of phosphorus under different long-term fertilizations (1984–2018) in double-rice cropping system
(1984–2018).

Treatment
PFPp (kg kg−1) REp (%) IEp (kg kg−1)

1984–1995 1996–2007 2008–2018 1984–1995 1996–2007 2008–2018 1984–1995 1996–2007 2008–2018

PK 38 ± 0.23 d 74 ± 1.13 d 114 ± 1.43 d 10 ± 0.01 c 12 ± 0.01 d 21 ± 0.03 d 114 ± 1.11 b 152 ± 1.13 c 190 ± 1.01 c
NP 48 ± 0.32 c 92 ± 1.23 c 130 ± 1.47 c 22 ± 0.02 b 26 ± 0.03 c 32 ± 0.04 c 117 ± 1.25 b 156 ± 1.32 b 196 ± 1.32 b

NPK 59 ± 0.44 b 114 ± 1.33 b 144 ± 1.56 b 31 ± 0.04 b 38 ± 0.04 b 43 ± 0.06 b 117 ± 1.25 b 158 ± 1.32 b 195 ± 1.31 b
NPKM 64 ± 0.48 a 124 ± 1.36 a 174 ± 1.62 a 39 ± 0.04 a 47 ± 0.06 a 54 ± 0.08 a 123 ± 1.29 a 164 ± 1.38 a 205 ± 1.42 a

The values are mean standard errors (n = 3). According to Turkey’s HSD test, treatments denoted by various
letters differ significantly (p < 0.05) from one another.

3.3. Relationships among Soil Properties, Rice Yield, and Phosphorus Use Efficiency

Soil total P had a significant (p < 0.0001) and positive relationship with soil organic
carbon (R2 = 0.48), phosphorus uptake (R2 = 0.22), apparent phosphorus balance (R2 = 0.32),
and phosphorus use efficiency (R2 = 0.37) (Figure 4A–D). The relationship among the
rice yield with soil organic carbon content (R2 = 0.28), phosphorus activation coefficient
(R2 = 0.28), phosphorus uptake (R2 = 0.66) and phosphorus use efficiency (R2 = 0.46) was
significantly (p < 0.0001) positive (Figure 5A–D).
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Figure 5. Linear relationship between grain yield and soil organic carbon (A), grain yield and
phosphorus activation coefficient (B), grain yield and phosphorus uptake (C), and grain yield and
phosphorus use efficiency (D) in acidic paddy soil after long-term fertilization.

The RDA plot indicates the correlation between soil properties, P input, and P dynam-
ics (Figure 6). Here, soil properties (soil pH, SOC, TP, AP) and P input were taken to be
the response variables, whereas PAC, P uptake, APB and PUE were considered to be the
explanatory variables. About 72% and 15% of the overall deviations were explained by
RDA-1 and RDA-2 ordination axes, respectively. The PAC, P uptake, APB and PUE had
significant (p < 0.05) relation with SOC, TP, AP, and P input. Based on the SEM, rice yield,
P uptake and APB were directly affected by P inputs (Figure 7). Similarly, P input directly
affected P uptake, and P uptake indirectly affected APB and PAC. The rice yield indirectly
affected PAC by directly affecting P uptake and APB. The total variance in P uptake (99%)
and APB (56%) were explained by SEM analysis. The Linear relationship between humic
acid with soil total P, available P, and P activation coefficient was depicted (Figure 8A–C).
Similarly, the relationship between acid phosphatase with soil total P, available P, and
phosphorus activation coefficient was also indicated (Figure 8D–F).
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Figure 6. RDA plot demonstrating the link between soil characteristics and phosphorus dynamics. P
input, annual phosphorus input; SOC, soil organic carbon; TP, total phosphorus input; AP, available
phosphorus input; PAC, P activation coefficient; PU, phosphorus uptake; P bal, phosphorus balance;
PUE, phosphorus utilization efficiency. The red lines represent the response variables, while the blue
lines represent the explanatory variables.
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Figure 7. The direct and indirect impacts of P input on crop yield and PAC are depicted using a
structural equation model (SEM). The explained variance is represented by the numbers next to the
endogenous variables. The standardized path coefficients are represented by the numbers next to the
arrows. A solid blue line path implies a significant positive influence; a light blue line path suggests a
significant negative effect. P stands for phosphorus; PAC stands for phosphorus activation coefficient;
X2, Chi-square, and P level stands for probability level (%).



Agronomy 2023, 13, 1440 13 of 20
Agronomy 2022, 12, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 8. Humic acid shows a linear relationship with (A) total P, (B) available P, and (C) phospho-
rus activation coefficient (PAC); acid phosphatase shows a linear relationship with (D) total P, (E) 
available P, and (F) P activation coefficient. 

4. Discussion 
4.1. Effect of Different Fertilizations on Soil pH, SOC and Yield of Rice 

There was a decrease in the pH of the soil under treatments with chemical P addition, 
whereas substituting chemical fertilizer with manure increased the pH of the soil (Table 
2). Earlier studies revealed that mineral fertilization could promote the acidification of soil 
[51], whereas co-application of chemical fertilizer with manure can decrease soil acidifi-
cation via increasing soil pH [52]. Mineral fertilizer can increase soil acidity through the 
release of protons in the process of nitrification [53]. A different potential mechanism is 
the net hydrogen (H+) ions released by plants and the release of net excess carboxylic 
(HCO3–) ions and hydroxyl (OH–) ions when anions uptake surpassed cations uptake [54]. 
An increase in the concentration of available calcium (Ca) and magnesium (Mg), Al3+ ac-
tivity, and H+ concentration can lead decline in P uptake [55]. According to Qaswar et al. 
[52], mineral N fertilizer can lower the pH of soil by decreasing the concentration of Ca2+, 
Mg2+ etc., and by fluctuating and shifting soil buffer to Al3+ buffering stage. 

The highest soil pH was under NPKM in our results could be due to improved SOC 
following the disintegration of soil organic matter (SOM). The RDA analysis indicated a 
substantial and negative association between SOC and soil pH (Figure 6), suggesting that 
coupled with SOC improvement, the inputs of cations from organic manure could partly 
be responsible for soil pH increase under NPKM treatment corroborating Qaswar et al. 
[52]. Manure application was found to increase the pH of soil by improving the supply of 
base-forming cations (Ca2+, Mg2+ and K+ ions), which compete with acid-forming cations, 
and via isomorphous substitution, replace base-forming cations from the binding sites 
[56]. Over the years and regardless of with or without P addition, the highest SOC was 
under NPKM treatment (Table 2), agreeing with previous findings [57,58]. High C input 

Figure 8. Humic acid shows a linear relationship with (A) total P, (B) available P, and (C) phosphorus
activation coefficient (PAC); acid phosphatase shows a linear relationship with (D) total P, (E) available
P, and (F) P activation coefficient.

4. Discussion
4.1. Effect of Different Fertilizations on Soil pH, SOC and Yield of Rice

There was a decrease in the pH of the soil under treatments with chemical P addition,
whereas substituting chemical fertilizer with manure increased the pH of the soil (Table 2).
Earlier studies revealed that mineral fertilization could promote the acidification of soil [51],
whereas co-application of chemical fertilizer with manure can decrease soil acidification
via increasing soil pH [52]. Mineral fertilizer can increase soil acidity through the release
of protons in the process of nitrification [53]. A different potential mechanism is the net
hydrogen (H+) ions released by plants and the release of net excess carboxylic (HCO3

–) ions
and hydroxyl (OH–) ions when anions uptake surpassed cations uptake [54]. An increase
in the concentration of available calcium (Ca) and magnesium (Mg), Al3+ activity, and H+

concentration can lead decline in P uptake [55]. According to Qaswar et al. [52], mineral N
fertilizer can lower the pH of soil by decreasing the concentration of Ca2+, Mg2+ etc., and
by fluctuating and shifting soil buffer to Al3+ buffering stage.

The highest soil pH was under NPKM in our results could be due to improved SOC
following the disintegration of soil organic matter (SOM). The RDA analysis indicated a
substantial and negative association between SOC and soil pH (Figure 6), suggesting that
coupled with SOC improvement, the inputs of cations from organic manure could partly
be responsible for soil pH increase under NPKM treatment corroborating Qaswar et al. [52].
Manure application was found to increase the pH of soil by improving the supply of
base-forming cations (Ca2+, Mg2+ and K+ ions), which compete with acid-forming cations,
and via isomorphous substitution, replace base-forming cations from the binding sites [56].
Over the years and regardless of with or without P addition, the highest SOC was under
NPKM treatment (Table 2), agreeing with previous findings [57,58]. High C input due to
manure addition and turnover of crop residues could possibly explain higher SOC under
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manure amended treatment. Previous report indicated that C inputs depend on the crop
residues (roots and stubbles) return [52]. In our results, the highest yield of rice over the
study periods was achieved under NPKM treatment (Table 3), which could partly explain
the highest residue return under NPKM, thus the increase in SOC content. High input of
organic matter and slow mineralization rate of SOM coupled with the anoxic characteristic
of paddy soils could lead to C accumulation [59].

Furthermore, increased SOC and crop yield under NPKM could be ascribed to im-
provement in the quality of soil, particularly SOC content, soil microbial biomass carbon
and carbon-acquiring enzymes [60]. In our result, NPK treatment had relatively similar AP
content compared to PK and NP treatments but a higher yield of rice and lower apparent P
balance. This indicated a possibility of P mining from other non-available P pools due to
balanced fertilization and/or a supply of the available P pool from plant residue returns
under NPK. Compared to manure-amended treatment, nearly 62% of P was recuperated
under chemical NPK fertilizer by crop uptake in a 35-year study, indicating that a balanced
chemical fertilization with P addition can guarantee a higher supply of P for uptake by the
roots compared to PK and NP treatments [61]. This explanation can be further strengthened
by our results on SYI and CV (Table 3). The sustainable yield index is a measure of crop
yield sustainability, whereas a CV is a measure of crop yield stability [58]. It follows that the
higher and lower the SYI and CV values, respectively, the more sustainable and stable the
crop yield and vice versa. The highest SYI and lowest CV values under NPKM followed by
NPK observed in this study are consistent with earlier findings [58]. The increased SYI and
reduced CV under NPKM relative to NPK could be due to a reduction in the anthropogenic,
biological, and environmental factors on crop yield [57] and reduced risk of crop failure
when NPK was applied in combination with organic manure [62].

4.2. Effect of Fertilizations on Soil P Availability

The soil TP and AP contents were significantly affected by the different fertilizations,
possibly due to differences in P input and changes in the pH of soil and SOC content
(Table 2). This result is consistent with earlier studies that ascribed changes in soil P to P
input, moisture content, particle size distribution, soil pH, SOC, soil microbial activity, and
land use management [35]. The low TP and AP under treatments without P addition are
anticipated owing to the lack of P addition and mining of intrinsic soil P for plant uptake.
Continuous application of P input can improve soil P reserves. However, these soil P pools
could be exhausted due to continuous cultivation without P exogenous P input [63]. Song
et al. [64] attributed the reduction in soil labile organic P content to a lack of P inputs. The
RDA plot result indicated a negative correlation between soil pH with TP and AP contents
(Figure 6), which explains lower TP and AP contents under PK, NP and NPK as a result of
increased soil acidity [15,58], fixation of soil P to oxides of Al and Fe [8], increased soluble
P pool (H2PO4

– and HPO4
2−) and changes in SOM [13].

Phosphorus deficiency due to long-term cultivation without fertilizer input (CK) and
sole application of NK fertilizer could greatly influence P-cycling and reduce available
P for plant uptake due to the acidic nature of the soils (Table 2). Reasonable mineral P
fertilization can increase soil AP, but this could be limited by soil acidification due to long-
term N addition, noting that soil P is subtle to soil acidification [15]. This could possibly
explain the lower soil AP under chemical fertilizer alone treatments (especially the NK
treatment). Substituting chemical fertilizer with manure considerably increased soil P
contents (Table 2), probably due to improved soil pH and enhanced soil quality following
the addition of organic matter [60]. A significant increase in soil TP, AP and their stocks
were reported under the long-term substitution of chemical fertilizer by organic manure
and after the application of farmyard manure for 22 years [24]. The synergic effects of
combining chemical fertilizer use with manure can be explained as follows: (i) manure
incorporation could serve as physical protection, and (ii) manure addition could prompt
mobilization of the inherent soil P [20]. The highest TP and AP contents under NPKM
during the periods 1996–2007 and 2008–2018, as compared to other P-added treatments,
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might be linked to an increase in soil pH following manure addition. Manure as a source of
Ca and Mg [54] and as a C-source for soil microbes [63] could help increase soil pH [52,63],
mineralized soil organic P content [60], and serve as a source of organic acids to complex
and chelate Al and Fe oxides and desorb P [8].

In our results, acid phosphatase activity decreased with an increase in soil TP, AP
content, and PAC (Figure 8D–F), suggesting P deficiency under control and NK treatments,
hence recording higher AcP. The PAC values were in the order: control (2.72%) < without
P (3.26%) < with P (5.82%). It implies that coupled with high soil P contents, treatments
with P addition could easily convert TP to AP, thereby increasing PAC as compared to
NK and control. Wu et al. [34] reported PAC values lower than 2% in treatments without
P addition. In our study, however, PAC ranged from 2 to 3%, probably owing to the
differences in the study period and dare need to supply P for plant uptake. The higher PAC
under NPKM as compared to other P-added treatments during 1984–2018 could be due
to differences in soil pH, SOC, and P input. The effect of SOM content on PAC is via the
decay of humified OM and secretion of humic acids, which could impact the adsorption
and availability of soil P [65]. Humic acids contain carboxyl (-COOH), hydroxyl (-OH), and
phenolic hydroxyl (-C6H5OH) groups that act as hotspots of P adsorption on SOM [65]. We
found that TP, AP contents, and PAC values were increased with an increase in humic acid
concentrations (Figure 8A–C). Contrary to Wu et al. [34], PAC was significantly influenced
by both soil properties and P inputs, possibly due to dissimilarities in soil type, cropping
system, location, and duration of the study.

The long-term use of sole chemical P fertilizer and/or in combination with organic ma-
nure certainly increases soil TP and AP contents, especially with an increase in fertilization
years [66,67]. As a result, the relatively higher concentrations of TP and AP under P-added
treatments were justified. Similarly, the higher APB under PK and NP treatments in our
study agrees with prior findings [63,66,67]. Accumulation of soil P in the surface layer is
principally governed by difficulty in soil P movement owing to the slow diffusion rate
of soil P (about 10−12–10−15 m2 s−1), fixation of soil P to minerals and SOM [68]. Earlier
studies indicated that Olsen-P and total inorganic-P increased by 3.24 to 7.27 mg kg−1 yr−1

and 21.6 to 39.6 mg kg−1 yr−1, respectively, following a 100 kg ha−1 yr−1 P surplus in the
soil. It shows that increases in the concentrations of soil P contents are largely influenced
by soil P balance [63,69] and continuous high P fertilization [67]. In our present results, the
observed relatively higher TP and AP contents and lower APB (1984–2018) under NPK
and NPKM treatments as compared to PK and NP treatments corroborates Garba et al. [63]
and could be ascribed to differences in P loss [34] among the treatments. Consistent with
Liu et al. [12], manure incorporation could result in a similar or even greater risk of soil P
loss as compared to chemical fertilization alone. Excessive P application was reported to
increase soil P reserve and alters the quantity of soil AP concentration [70], thereby leading
to steady saturation of the soil P buildup and adsorption capability [67] and increasing the
danger of eutrophication [71].

4.3. Effect of Fertilizations on P Uptake, Apparent P Balance and P Use Efficiency

Long-term P input significantly influenced P uptake by changing the concentration of
soil P contents agreeing with prior studies [30,63]. Manure addition significantly increased
soil P contents and P uptake by changing soil properties (Figures 1 and 6). The application of
compost was found to enhance soil AP directly by triggering stable soil P mineralization [23].
The P uptake, PUE and rice yield under NPKM and NPK were significantly increased as
compared with PK, NP, NK, and control. It shows that balanced fertilization, both as NPK
or NPKM, could moderate P accumulation via increasing rice yield, P uptake and PUE.
During 1996–2007, the highest P uptake and PUE under NPKM relative to NPK could
probably be due to an increase in soil pH and crop yield following manure addition that
could have favored crop residue turnover and improved SOC [63]. Previously, low PUE
and crop yield under NPK relative to NPKM were ascribed to low SOM, deficiency of
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macronutrients, and increased soil acidification [58]. Already, manure application was
found to increase the pH of soil by improving the supply of Ca2+, Mg2+ and K+ [56].

Phosphorus uptake, PUE, and crop yield can be impacted negatively by the low
fertility of the soil, loss of nutrients, low availability of nutrients, and accumulation of
soil nutrients [16,20,63]. In this study, NPKM could have alleviated the adverse effects,
thereby improving PUE via increasing P uptake and yield of rice [63]. According to
Qaswar et al. [16], combining chemical fertilizers with wheat straw can increase PUE by
improving P availability and changing soil AcP activity. It shows that higher P uptake and
PUE under NPKM in our study could be due to improved P availability and enhanced soil
microbial activities [60]. According to Negassa and Leinweber [28], substituting mineral
fertilizer with organic manure increased crop yield by enhancing soil quality and other soil
properties. In our study, variation in soil APB under different fertilizer treatments could
be ascribed to changes in P uptake, PUE (Figures 1 and 3) and changes in soil properties
(Table 2). Previous studies attributed changes in PUE and APB under different green
manure treatments to variations in soil pH and SOC [35].

The capacity to recover P from applied phosphorus fertilizer resources is referred
to as PUE. Phosphorus use efficiency is very crucial for nutrient cycling [30]. The PFPp,
Rep, and IEp were significantly higher under NPKM compared to PK, NP and NPK over
the years (Table 4). The PUE in a wheat-maize cropping system in China under organic
manure application was considerably increased, reaching about 62 percent [30], which was
slightly superior to the average 46 percent reported in Europe under a similar P fertilization
rate [35]. The higher PFPp values under NPKM could be ascribed to higher crop yields and
more efficient utilization of P fertilizer [24]. Similarly, NPK recorded significantly higher
PFPp compared to PK and NP over the years (Table 4), implying that balanced chemical
NPK fertilization could utilize P resources more efficiently than the imbalanced chemical
PK and NP fertilizers. Also, the PFPp was significantly higher when K is missing than
when N is missing, suggesting that crop P uptake and PUE could be limited more by N than
K. In our study, the actual yield of crop per kilogram crop P uptake (IEp) was higher under
the substitution of chemical fertilizer with manure as compared to chemical fertilization
alone, corroborating the earlier finding [24].

Over the years, APB in the NK and control treatments was negative (Figure 2),
suggesting P deficiency due to the reduction and mining of intrinsic soil P reserves to
support plant growth. The APB was positive in the P addition treatments in the order:
PK > NP > NPK > NPKM, showing a higher tendency of P buildup under PK and NP
treatments than under NPK and NPKM treatments. The higher APB under NPK treat-
ment as compared to NPKM treatment during 1996–2007 (Figure 2) could be ascribed to
a concomitant decrease in P uptake and PUE under NPK during the same period [63].
As the P input under P-added treatments was the same, the lower APB under NPKM in
our results could be due to high P uptake, PUE and crop yield [63], agreeing with the
study by Ahmed et al. [20] who attributed lower APB and higher P uptake under NPKM
to improved soil nutrients concentration. Excessive P application and imbalance P rates
under substituting chemical fertilizer with manure can lead to surplus P buildup [1,16,20].
Das et al. [72] reported a net P loss (9 kg ha−1 year−1) under control treatment due to
P uptake and a net P gain (23–47 kg ha−1 year−1) under P-added treatments either as
sole chemical fertilization or chemical fertilizer plus organic manure under long-term
wheat-rice rotation.

5. Conclusions

The results of this study showed that in typical subtropical Ferralic Cambisols, the
quantity of phosphorus fertilization had surpassed the crop growth requirements, leading
to a drastic buildup of soil phosphorus. This is far more alarming under chemical phos-
phorus fertilizer application. The concentrations of total and available phosphorus in the
phosphorus-added treatments were significantly higher than in the control and treatment
without phosphorus addition. Substituting 70% of chemical fertilizer use with manure led
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to higher phosphorus use efficiency and relatively lower apparent phosphorus balance
by increasing rice yield and crop phosphorus uptake. The apparent phosphorus balance
was higher under chemical fertilization alone than under combined chemical and organic
fertilization. This suggests that chemical fertilization alone could be associated with more
phosphorus loss to the environment. It is recommended that chemical fertilization alone
should be done cautiously. The strength of the relationship between total phosphorus and
soil organic carbon suggests that the mineralization of soil organic carbon could change
the path of phosphorus cycling through a chemical linkage, where phosphorus could be
available for crop uptake. This outcome infers that continuous incorporation of organic
manure could increase the risks of surplus phosphorus buildup and loss to the environment.
We recommended that manure incorporation into paddy soils should be done cautiously
to avert excessive accumulations and loss to the groundwater. Our results suggested that,
in addition to the enhancement of soil organic carbon, the inputs of cations from organic
manure could partly be responsible for the increase in soil pH, thereby making organic
manure substitution for chemical fertilizer a more efficient strategy for increasing PUE
and crop yield. Therefore, the mechanistic role of macronutrients to improve phosphorus
availability and reduce surplus phosphorus accumulation without penalty on crop yield
under different fertilization with manure as the sole application or to replace chemical
fertilizers merits future study.
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