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Abstract
Purpose Phosphorus (P) fertilizer has been applied in regions with red soils to ensure high crop yield. However, the supply of
bioavailable P for crop plants is insufficient due to the strong adsorption and fixing behaviors in red soils. In this study, we
explored P adsorption and desorption characteristics in red soils under different long-term cropping systems. We also analyzed
how the cropping systems affect P adsorption and desorption through changing soil physicochemical properties under the
experimental conditions.
Materials and methods Eighteen red soil samples were collected at depths of 0–20 cm from six cropping systems (abandoned
farmland, corn continuous cropping, taro continuous cropping, pea–corn rotation, canola–tobacco rotation, and walnut–tobacco
intercropping for at least 10 years) in Miyi County, Sichuan Province, China. Soil physicochemical properties, zeta potentials,
and P adsorption and desorption characteristics were evaluated.
Results and discussion The P adsorption capacity of soils increased at a decreasing rate with increasing exogenous P concen-
tration, while the P desorption capacity increased constantly; however, the change in the percentage of desorbed P had no clear
trend. The soils under pea–corn rotation and taro continuous cropping had lower P adsorption capacities and higher P desorption
capacities compared to those under the other cropping systems. The maximum P adsorption capacities (Qm) of pea–corn rotation
and taro continuous cropping soils were 16.1% and 32.4% of abandoned farmland soil, while the corresponding desorption
coefficients were 6.93 and 1.62 times higher than that of abandoned farmland soil, respectively. Soil available P (AP), cation
exchange capacity (CEC), and clay content were positively correlated with a and readily desorbable P (RDP), while they were
negatively correlated with Qm (P < 0.05); opposite trends were found in the sand content. In addition, the zeta potential of soil
colloids decreased with increasing soil pH. Among the cropping systems, the absolute value of zeta potential was lowest for
tobacco–walnut intercropping, while its isoelectric point was the highest, resulting in the highest P adsorption capacity.
Conclusions The long-term cropping systems affect P adsorption and desorption characteristics and P availability in red soils by
influencing soil physicochemical properties. The main factors driving the changes in P adsorption behavior were AP, CEC, free
Fe oxides, and sand content, while AP, sand, and clay contents were the major factors for the P desorption.
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1 Introduction

Phosphorus (P) is a limiting nutrient for agricultural produc-
tion, and it plays a critical role in ensuring high crop quality
and yield (Tilman et al. 2002; Atere et al. 2018). Red soil is
widely distributed in regions with abundant rainfall and high
temperatures. In particular, red soil is the most prominent soil
resource in tropical and subtropical South America, Africa,
and Southeast Asia (Li et al. 2017). Due to the strong adsorp-
tion of P by iron–aluminum (Fe–Al) oxides, the supply of
bioavailable P for crop plants is insufficient in red soil (Foy
et al. 1992; Messiga et al. 2011). In the past three decades, to
ensure high crop yield, large amounts of chemical P fertilizer
have been applied in regions with red soils. This practice
directly causes the gradual depletion of phosphate rock re-
sources (Gilbert 2009). In addition, because P fertilizer is eas-
ily adsorbed and fixed, approximately 80% of it accumulates
in the soil (Withers et al. 2001; Zhu et al. 2018). Subsequent
migration of excessive P via rainwater runoff and/or farmland
drainage results in eutrophication of water bodies (Hively
et al. 2006). Therefore, reducing P adsorption and improving
the P use efficiency in red soils is an important area of envi-
ronmental research.

P adsorption and desorption behaviors are important compo-
nents of P migration and transformation processes in soils, thus
having profound effects on P availability and the environment
(Pizzeghello et al. 2011, 2016). P adsorption is a continuous
process of adsorption and precipitation. The adsorption process
is rapid and reversible, while the precipitation process is slow
and irreversible; thus, it is difficult to distinguish the two pro-
cesses (Arias et al. 2006). As the inverse process of adsorption, P
desorption plays a greater role in the availability of soil P and its
environmental effects (Heidari et al. 2017; McDonald et al.
2019). Numerous studies have shown that soil Fe–Al oxides,
pH, and organic matter (SOM) are the main factors affecting P
adsorption and desorption in soils (Boparai and Sharma 2006;
Quesada et al. 2011; Fang et al. 2017; Bornø et al. 2018). Fe–Al
oxides are the main carriers of variable charge in red soils.
Higher pH is associated with a more negative charge on the
surface of soil colloids, resulting in the stronger electrostatic
rejection of phosphate and reduced P adsorption (Xu et al.
2016; Barrow, 2017). However, the effects of SOM on P ad-
sorption and desorption remain uncertain. Many studies have
shown that SOM occupies part of the phosphate adsorption site,
resulting in competitive adsorption between P and SOM
(Hutchison and Hesterberg 2004; Liu et al. 2018; Zhang et al.
2019). However, a study has suggested that SOM can enhance P
adsorption capacity in sandy soils (Debicka et al. 2016).

The effects of cropping systems on soil physical properties
(mechanical resistance, particle size composition, and total
porosity) and chemical properties (pH and available nutrients)
have been well documented (Balota et al. 2014; Viaud et al.
2018). For example, Tran Ba et al. (2016) showed that the

quality of soil was improved (e.g., increased organic carbon
concentration) under rice–maize rotation and rice–mung bean
rotation compared to under intensive rice continuous
cropping. Cheng et al. (2019) found that among cropping
systems, SOM content and electrical conductivity were the
lowest for corn–wheat rotation, while soil total P concentra-
tion was highest for cotton single cropping. Changes in soil
properties resulting from the cropping system affect crop
growth by regulating the levels of water, gas, heat, and nutri-
ents along with their migration and transformation in the soil;
thus, soil properties should be taken into consideration when
assessing the effects of cropping systems on P availability
(Vinhal-Freitas et al. 2017). Song et al. (2015) found that
under different cropping systems, the P adsorption capacity
of soils decreased in the following order: paddy soil > rape soil
> corn soil > cypress forest soil > wasteland > loquat garden
soil in the hilly purple soil areas of southwestern China. Due
to intensive weathering and leaching, the response of red soil
to cropping systems may differ substantially compared with
those of other soils; however, few studies have evaluated the
effects of different long-term cropping systems on the P ad-
sorption and desorption characteristics of red soil.

In this paper, we explored the differences in P adsorption
and desorption characteristics in red soils under different long-
term cropping systems. The specific objectives of this study
were (1) to characterize the soil physicochemical properties
under different long-term cropping systems; (2) to investigate
the soil P adsorption and desorption characteristics within var-
ious cropping systems; and (3) to analyze how the cropping
systems affect P adsorption–desorption behaviors based on
soil physicochemical properties under the experimental con-
ditions. We expect that this study could help design strategies
for improving the P availability of the red soil.

2 Materials and methods

2.1 Site description and soil sampling

Soil samples were collected at six locations separated by dis-
tances of ~ 1 km in Miyi County, Sichuan Province, China,
before sowing in spring 2018. This region has a subtropical
climate, with an average annual temperature of 19.7 °C and an
average annual rainfall of 1112.6 mm. Farmland soils in this
region are mainly red soils based on the China’s soil classifi-
cation system and ultisols according to the US Soil taxonomy
(Soil Survey Staff 1999; Zhang et al. 2014). This study fo-
cused on red soils whose parent material is viscous alluvium.
Six typical cropping systems were selected (one per location):
abandoned farmland (control, CK), corn continuous cropping
(CC, traditional rotations system), taro continuous cropping
(CT), pea–corn rotation (RPC), canola–tobacco rotation
(RCT), and walnut–tobacco intercropping (IWT). All these
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cropping systems had been converted from traditional rotation
systems for more than 10 years along with the social and
economic development. The geographical locations and
cropping system of each location are listed in Table 1.

Three adjacent plots were selected in each cropping sys-
tem. The plots were separated by 30 m, and the dimensions of
each plot were 20 m × 100 m (n = 18). In each plot, six soil
cores (diameter = 7.0 cm) were taken from depths of 0–20 cm,
avoiding special areas such as fertilization or ridges. Field-
moist soil cores from each plot were pooled together to form
plot-level composite samples, which were sieved (< 2 mm) to
remove any visible rocks, large roots, and coarse plant mate-
rial. Each soil sample was air-dried and stored at room tem-
perature before analysis.

2.2 Physicochemical analysis

Soil pHwasmeasured in a soil–water (1:2.5,w/v) slurry with a
compound electrode (PE-10; Sartorious, Germany). Soil or-
ganic matter (SOM) was determined using the potassium di-
chromate oxidation method with 0.167 M K2Cr2O7

(Schollenberger 1931). Total P (TP) was extracted by diges-
tion with HF–HClO4 and determined via molybdenum-blue
colorimetry (Jackson 1958). Available P (AP) was extracted
using a solution containing 0.03 M NH4F and 0.025 M HCl
(Bray and Kurtz 1945). Soil texture was analyzed using the
hydrometer method (Gee and Bauder 1986). Cation exchange
capacity (CEC) was determined by sodium acetate method
(US EPA Method 9081). Free Fe–Al oxides were extracted
using the sodium dithionite–sodium citrate–bicarbonate
(DCB) method, while amorphous Fe–Al oxides were extract-
ed with ammonium oxalate (pH 3.0). Fe and Al in the extracts
were determined by inductively coupled plasma–atomic emis-
sion spectroscopy (Prodigy 7, Leeman Labs Inc., USA)
(Mehra and Jackson 1960).

2.3 Zeta potential measurement

Zeta potential is the potential at the shear plane of the electric
double layer on colloidal particles. The value and sign (positive
or negative) of the zeta potential depend on the surface charges

of the soil particles. The isoelectric point (IEP) indicates the pH
value at which the zeta potential is 0 mV (Xu et al. 2016). The
zeta potentials of soil colloids were measured by electrophore-
sis using a Zetasizer Nano ZS particle size analyzer (ZEN3600,
Malvern, Worcestershire, UK). Briefly, 0.05 g of soil sample
(0.05 mm) was weighed into a 250-mL Erlenmeyer flask in
duplicate followed by the addition of 200 mL of KCl solution
(0.01 M). Each suspension was dispersed under ultrasound and
then dispensed into four 50-mL plastic bottles (~ 30 mL each).
The pH was adjusted to 3, 4, 5, 6, or 7 with HCl or KOH. The
zeta potential was measured after 2 h of equilibration (Jiang
et al. 2008).

2.4 P adsorption and desorption experiments

The P adsorption and desorption experiments followed the
method of Sui and Thompson (2000). In the adsorption exper-
iment, 2.50 g of soil sample was added into a 50-mL centrifugal
tube followed by the addition of 25 mL of P working solution
(0.01 M CaCl2 with a P concentration of 0, 10, 20, 40, 60, 100,
or 150 mg L−1) and three drops of phenol to prevent microbial
growth. The mixture was shaken for 24 h (180 rpm at 25 °C)
and centrifuged (4000×g) for 10 min. Then, 5 mL of superna-
tant was transferred into a 25-mL tube, and molybdenum blue
spectrophotometry was used to measure the P concentration. In
the desorption experiment, the soil samples used in the adsorp-
tion experiment were washed twice with saturated NaCl solu-
tion and then centrifuged (4000×g for 10min). After removal of
the supernatant, 25 mL of CaCl2 solution (0.01 M) and three
drops of phenol were added to each soil sample, followed by
shaking for 24 h (180 rpm at 25 °C). After centrifugation
(4000×g for 10min), 5mL of supernatant was taken to measure
the P concentration by molybdenum blue spectrophotometry.
The experiments were repeated three times.

2.5 Modeling of P adsorption and desorption

The Langmuir and Freundlich models are most commonly
used to quantitatively describe the adsorption characteristics
of P on the surfaces of soil particles (Lu et al. 2014). These
two adsorption isothermmodels are respectively expressed as:

Table 1 General characteristics of the six sampling sites of red soils in Miyi County, Sichuan Province, China

Sample ID Geographical coordinates Cropping system Seasonal gap Preceding crop Average P fertilizer application rate
(kg ha−1 year−1)

CK (Control) 26°48′35″ N; 102°09′25″ E Abandoned farmland Weed Weed 0

CC 26°48′03″ N; 102°09′21″ E Corn continuous cropping Fallow Corn 126.7

CT 26°50′12″ N; 102°06′42″ E Taro continuous cropping Fallow Taro 225.6

RPC 26°47′34″ N; 102°09′20″ E Pea–corn rotation Pea Corn 686.6

RCT 26°45′28″ N; 102°07′25″ E Canola–tobacco rotation Canola Tobacco 272.7

IWT 26°48′26″ N; 102°08′32″ E Walnut–tobacco intercropping Walnut Tobacco 155.8
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C=Q ¼ C=Qm þ 1= K � Qmð Þ; ð1Þ

and

Q ¼ KC1=n; ð2Þ

where C is the P concentration in solution at equilibrium
(mg L−1); Q is the P adsorption capacity (mg kg−1); Qm is the
maximum P adsorption capacity (mg kg−1), which is related to
the number of phosphate adsorption sites on the surfaces of
soil colloids; K (a constant) is the intensity factor of soil P
adsorption, with a higher value corresponding to a higher P
adsorption intensity (Bache and Williams 1971); and n is a
heterogeneity constant related to adsorption intensity.

According to a series of parameters derived from the
Langmuir and Freundlich models, the following indices were
calculated. The maximum buffer capacity of soil P (MBC, mg
kg−1) is a comprehensive parameter that combines P adsorp-
tion capacity (Qm) and intensity (K). It describes the resistance
of soil to changes in solution P concentration (Holford 1979).
MBC is expressed as

MBC ¼ K � Qm ð3Þ

The equilibrium P concentration at zero adsorption (EPC0)
indicates the ability of the soil to hold P. A smaller EPC0 value
corresponds to a greater ability of the soil to hold P (House
and Denison 2000). The formulae for EPC0 are as follows:

Langmuir model : EPC0 ¼ Q0
K Qm−Q0ð Þ ; ð4Þ

and

Freundlich model : EPC0 ¼ Q0
a

� �b

; ð5Þ

where Q0 is the P concentration in solution when the ex-
ogenous P concentration is 0 mg L−1.

The standard Gibbs free energy (ΔG) is an important ther-
modynamic parameter that indicates the degree of spontaneity
of the adsorption process. In this study, the thermodynamic
parameters of P adsorption, such as the equilibrium constant
(Kc) andΔGwere calculated according to the following Van’t
Hoff equations (Adhikari and Singh 2003; Huang et al. 2007):

Kc ¼ Q=Ce ð6Þ

ΔG kJ mol−1
� � ¼ −RT ln Kc ð7Þ

where the Kc value calculated in this paper is the average
value at different P concentrations; Q and Ce represent the
equilibrium concentration of P on soil and in solution (mg
L−1), respectively; R is the gas constant (0.008314 kJ mol−1

K−1); and T is the absolute temperature in Kelvin.

The degree of P saturation (DPS) indicates the amount of P
adsorbed by soil and predicts the P release capacity (Kleinman
et al. 2002). The formula of DPS is expressed as:

DPS ¼ AP= APþ Qmð Þ � 100% ð8Þ

where AP is the soil available P concentration (mg kg−1)
and Qm is the maximum P adsorption capacity (mg kg−1).

Readily desorbable P (RDP) is the amount of P transferred
from the solid phase to the liquid phase in 0.01 M CaCl2
solution. The P desorption model (y = ax + b) was constructed
by plotting the amount of desorbed P on the ordinate and the
amount of adsorbed P on the abscissa for each soil sample
under exogenous P concentrations of 0, 10, 20, 40, 60, 100,
and 150 mg L−1 using the methods of Lair et al. (2009). In the
model, x and y represent the amounts of P adsorption and
desorption in soil (mg kg−1), a indicates the concentration of
P that can be desorbed on unit P adsorption capacity. A larger
a value corresponds to a lower P adsorption capacity and a
higher desorption capacity.

2.6 Statistical analysis

All statistical analyses were performed using SPSS 20.0 (IBM
SPSS, Somers, NY, USA) and Excel 2013 (Microsoft Corp.,
Redmond, WA, USA). Data fitting and mapping were con-
ducted using Origin 9.0 (OriginLab Corp., Northampton, MA,
USA). Data were subjected to one-way analysis of variance
with Tukey’s test for pairwise mean comparisons. The rela-
tionships between P adsorption–desorption behaviors and soil
physicochemical properties were examined by redundancy
analysis (RDA) and Pearson’s correlation analysis. A P value
of less than 0.05 was considered statistically significant.

3 Results

3.1 Soil physicochemical properties under different
long-term cropping systems

The physicochemical properties of red soils under the six dif-
ferent cropping systems are listed in Table 2. All soils were
acidic or slightly acidic soil conditions. Among all the
cropping systems, CC soil had the highest SOM concentration
(19.99 g kg−1). RPC soil was a sandy loam, and its sand
content was significantly higher (1.56–1.69 times) than those
of the other soils (loam clay). RPC soil had the highest TP and
AP concentrations (1.01–3.01 and 2.65–11.66 times those in
the other soils, respectively). The concentrations of DCB–Fe
and DCB–Al were highest in IWTsoil (95.72 and 8.28 g kg−1,
respectively) and lowest in RPC soil (35.08 and 1.63 g kg−1,
respectively). The concentration of Ox–Fe ranged from 2.05 g
kg−1 (RPC soil) to 3.60 g kg−1 (CK soil), while the
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concentration of Ox–Al ranged from 0.52 g kg−1 (RPC soil) to
1.60 g kg−1 (CT soil).

3.2 Soil P adsorption characteristics under different
long-term cropping systems

The P adsorption capacity of red soils increased with increas-
ing exogenous P concentration, although the increase rate was
gradually decreasing (Fig. 1). The differences in P adsorption
capacity among the cropping systems became increasingly
pronounced with increasing exogenous P concentration.
Among cropping system soils, P adsorption capacity at the
exogenous P concentration of 150 mg L−1 was highest for
CK soil (6.58–223.75% higher than those of the other soils).
In general, the P adsorption capacity was highest in CK soil
and lowest in RPC soil.

To better understand the P adsorption process in red soils,
the adsorption data were fitted by the Langmuir and
Freundlich models. The Langmuir model was more suitable
for fitting the experimental data in terms of the fitting degree
(R2 ≥ 0.910). Based on the Langmuir model, the Qm values of
red soils under the different cropping systems ranged from
0.62 to 3.86 g kg−1. The highest value of Qm was observed
in CK soil followed by RCT soil, while RPC soil had the
lowest Qm. The KL value of RPC soil was 0.033 L mg−1,
1.74–5.50 times those of the other soils. The MBC value
ranged from 18.89 L kg−1 (CC soil) to 30.69 L kg−1 (IWT
soil). Compared to the EPC0 value of CK soil, those of RPC
and CTsoils were 699.42% and 57.35% higher, whereas those
of CC, RCT, and IWT soils were 175.40%, 15.28%, and
106.55% lower. Among the cropping systems, the DPS value

was highest in RPC soil and lowest in RCTsoil. NegativeΔG
values were observed for all studied soils, indicating the fea-
sibility and spontaneity of the P adsorption (Table 3).

3.3 Soil P desorption characteristics under different
long-term cropping systems

The P desorption capacity of red soils under the different
cropping systems increased with increasing exogenous P con-
centration, although the change in the percentage desorbed P
had no clear trend (Table S2 – Electronic Supplementary
Material - ESM; Fig. 2). The soil P desorption capacity at
the same exogenous P concentration considerably differed
among the cropping systems. When the exogenous P concen-
tration was 10 or 100 mg L−1, RPC soil had the highest P
desorption capacity (49.91 or 107.19 mg kg−1, respectively),
while CK soil had the lowest P desorption capacity (6.45 or
32.63 mg kg−1, respectively). When the exogenous P concen-
tration was 150 mg L−1, the P desorption capacity of RPC soil
was the highest (122.83 mg kg−1), while that of RCT soil was
the lowest (43.82 mg kg−1; 35.68–85.82% lower than those of
the other soils; Table S2 - ESM).

To better understand the soil P desorption process, the de-
sorption capacity of soil P was plotted against its adsorption
capacity (Fig. 2), and the data were fitted by a linear model
(Table S3 - ESM). The a values of the soils under different
cropping systems decreased in the following order: RPC > CC
> CT = IWT > CK > RCT. Furthermore, most adsorbed P
remained in the soil after the desorption experiment, indicating
that the adsorption of P was partly irreversible.

Table 2 Basic physicochemical properties of red soils under the six different long-term cropping systems

Soil property CK CC CT RPC RCT IWT

pH 5.18 ± 0.01b 5.26 ± 0.04b 5.29 ± 0.05b 6.78 ± 0.10a 5.46 ± 0.03b 5.36 ± 0.13b

SOM (g kg−1) 11.74 ± 3.85ab 26.70 ± 5.42a 19.99 ± 6.09ab 9.37 ± 2.94b 12.32 ± 4.35ab 12.57 ± 1.47ab

TP (g kg−1) 2.13 ± 0.15b 2.32 ± 0.35b 3.98 ± 0.51a 4.03 ± 0.60a 2.24 ± 0.07b 2.70 ± 0.21b

AP (mg kg−1) 12.54 ± 2.26b 12.82 ± 2.68b 43.96 ± 7.12b 116.64 ± 30.55a 10.07 ± 1.44b 19.55 ± 3.34b

CEC (cmol kg−1) 7.08 ± 1.19bc 6.32 ± 1.26bc 8.25 ± 0.67b 20.08 ± 4.50a 6.45 ± 1.39bc 3.72 ± 1.25c

DCB-Fe (g kg−1) 84.25 ± 5.78ab 79.92 ± 2.97b 75.83 ± 5.25b 35.08 ± 4.38c 84.08 ± 4.56ab 95.72 ± 3.18a

DCB-Al (g kg−1) 5.27 ± 0.28b 5.11 ± 0.20c 5.27 ± 0.49b 1.63 ± 0.49c 6.26 ± 0.40b 8.28 ± 0.32a

Ox-Fe (g kg−1) 3.60 ± 0.18a 2.81 ± 0.39a 3.25 ± 1.07a 2.05 ± 0.21a 2.20 ± 0.42a 3.20 ± 0.38a

Ox-Al (g kg−1) 1.19 ± 0.07a 1.45 ± 0.30a 1.60 ± 0.11a 0.52 ± 0.14b 1.24 ± 0.21a 1.48 ± 0.20a

Texture (%)

Sand 48.5 ± 3.4b 48.7 ± 2.6b 51.3 ± 1.3b 79.8 ± 4.9a 49.7 ± 2.0b 47.1 ± 1.4b

Clay 38.3 ± 1.9a 37.9 ± 2.3a 33.6 ± 1.1a 8.8 ± 1.1b 32.3 ± 1.2a 39.6 ± 1.9a

Silt 13.2 ± 1.7a 13.4 ± 4.9a 15.1 ± 0.3a 11.4 ± 3.9a 18.0 ± 3.2a 13.3 ± 3.3a

Abbreviations of cropping systems are described in Table 1. Data points represent sample means ± standard error (n = 3); different lowercase letters in
each row represent significant difference among the cropping systems (P < 0.05)

SOM soil organic matter, TP total phosphorus, AP available phosphorus, CEC cation exchange capacity, DCB-Fe dithionite extractable Fe oxide, DCB-
Al dithionite extractable Al oxide, Ox-Fe oxalate extractable Fe oxide, Ox-Al oxalate extractable Al oxide
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3.4 Relationship between soil physicochemical
properties and P adsorption–desorption behavior

The RDA analysis revealed the contribution of soil physio-
chemical properties to the adsorption and desorption process-
es of P in red soils as they were affected by different
cropping systems (Fig. 3; Table S4 - ESM). For P adsorp-
tion, the first two RDA axes respectively explained 69.49%
and 19.21% of the total variation. According to the Monte
Carlo permutation test (9999 permutations), soil pH, SOM,
TP, AP, CEC, free and amorphous Fe–Al oxides, sand and
clay contents were significantly correlated with P adsorption;
hence, these environmental factors can be used to explain
and predict P adsorption behavior in red soils (Fig. 3).
Among these factors, AP (R2 = 0.960), DCB-Fe (R2 =
0.896), sand content (R2 = 0.887), and CEC (R2 = 0.866)
had the greatest explanatory power, making them the main
environmental drivers of P adsorption. For P desorption, the

first two RDA axes explained 98.41% of the total variation.
All the soil physicochemical properties evaluated in this
study were significantly correlated with P desorption.
Among them, sand content (R2 = 0.978), clay content (R2

= 0.937), AP (R2 = 0.937), and CEC (R2 = 0.932) had the
greatest explanatory power (Table S4 - ESM).

According to the Pearson correlations (Table S5 - ESM),
Qm was negatively correlated with soil pH, P concentration
(TP and AP), CEC, and sand content, while positive correla-
tion was observed with Fe oxides (DCB-Fe and Ox-Fe), clay
content, and silt content (P < 0.05). The values of KL, EPC0,
DPS, a, and RDP were positively correlated with soil pH, P
concentration, CEC, and sand content but negatively correlat-
ed with Fe–Al oxides (DCB-Fe, DCB-Al, Ox-Fe, and Ox-Al),
clay content, and silt content (P < 0.01). Surprisingly, negative
correlations were observed between SOM and the P adsorp-
tion and desorption parameters, although the correlations were
not strong (except MBC and RDP).
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Fig. 1 The adsorption isotherms
of P in red soils under the six
different cropping systems.
Abbreviations of cropping
systems are defined in Table 1

Table 3 Isotherm parameters of the Langmuir and Freundlich models for soil P adsorption

Soil Langmuir parameters Freundlich parameters

Qm (mg kg−1) KL (L mg−1) R2 MBC (L kg−1) EPC0 (mg L−1) ΔG (kJ mol−1) DPS (%) n KF R2 EPC0 (mg L−1)

CK 3856.68 0.006 0.995 23.49 0.347 − 6.56 0.33 1.40 53.08 0.979 0.071

CC 1865.09 0.010 0.959 18.89 0.126 − 3.78 0.69 1.66 57.02 0.975 0.005

CT 1253.99 0.016 0.999 19.68 0.546 − 1.73 3.51 1.90 66.04 0.980 0.032

RPC 619.86 0.033 0.910 20.29 2.774 − 0.69 18.82 2.55 76.82 0.947 0.369

RCT 3477.17 0.007 0.989 23.47 0.301 − 5.53 0.29 1.44 55.15 0.968 0.054

IWT 1626.27 0.019 0.937 30.69 0.168 − 5.53 1.20 2.03 105.73 0.845 0.002

Abbreviations of cropping systems are described in Table 1

Qm the maximum P adsorption capacity,K the P adsorption constant, R2 the model fitting degree,MBC the maximum buffer capacity of soil P, EPC0 the
equilibrium P concentration at zero adsorption, ΔG the Gibbs free energy, DPS the degree of P saturation
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The absolute value of zeta potential increased with
increasing soil pH and ranked in the following order
for the different soils: IWT < CK < CC < RCT < CT
< RPC (Fig. 4). This result indicates that the P adsorp-
tion capacity of RPC soil was the lowest, while that of

IWT soil was the highest among the cropping systems.
The high P adsorption capacity of IWT soil was con-
firmed by its high IEP, which indicates that the soil
surface was positively charged and advantageous to P
adsorption.

Fig. 3 Ordination plots based on redundancy analysis (RDA) created to
explore the relationships between soil P adsorption/desorption and select-
ed soil properties under the six different cropping systems. (a) P adsorp-
tion. (b) P desorption. The arrows indicate the lengths and angles between
explanatory and response variables and reflect their correlations. Samples

from different long-term cropping systems are marked with different
colors and shapes. The numbers following the sample abbreviations in-
dicate the replications. Abbreviations of cropping systems are defined in
Table 1. Abbreviations of explanatory and response variables are defined
in Tables 2 and 3, respectively
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4 Discussion

4.1 Effects of different long-term cropping systems
on soil physicochemical properties

Cropping system is an important factor affecting the soil physi-
cochemical properties (Wang et al. 2011; Jiao et al. 2014). First,
there are differences in management measures (e.g., fertilization
and tillage) and nutrient input across different cropping systems;
second, different cropping systems result in varied root morphol-
ogies, exudates, and soil microorganisms, which could directly
affect the soil physicochemical properties and fertilizer use effi-
ciency (Hartmann et al. 2015; Ai et al. 2018). In the current study,
the red soils were acidic or slightly acidic, and the results of zeta
potential measurements showed that there was a net negative
charge for all the soils (Table 2; Fig. 4). This is probably due to
the naturally acidic parent material (granitic) which is characteris-
tic of oxisols. The weathering of the granitic parent material could
result in abundant Fe-Al oxides, leading to substantial leaching of
soluble soil minerals and basic cations (Tellen and Yerima 2018).

Among the cropping systems studied herein, CC soil result-
ed in the highest concentration of SOM (Table 2), likely be-
cause the biomass of corn straw is high, and organic matter is
the main component resulting from the decomposition of crop
stubble; thus, most of the carbon is eventually incorporated
into the soil (Abiven et al. 2007). The CC field was covered
by grasses after corn harvesting, and the huge root biomass of
grasses was incorporated into the soil by subsequent plowing.
Hence, the CC system could facilitate organic matter inputs
into soil for a long term (> 10 years), leading to a positive
carbon balance or net increase in SOC stock in the soil profile
(Mandal et al. 2012). Moreover, the clay content of CC soil

was high (Table 2), providing physical protection for organic
carbon and contributing to the accumulation of organic matter
(Six et al., 2000). In addition, among the cropping systems, the
AP concentration was highest for RPC soil followed by CTsoil
(Table 2). First, the high P availability was partly attributed to
the high applications of P fertilizer in these soils (Table 1).
Second, corn and taro are monocotyledons, and their fibrous
root systems could release more organic acids or anions to
improve soil P availability by competing for sorption sites with
inorganic and organic P, ligand-promoted mineral dissolution
(e.g., by affecting the speciation in solution of ions such as
Al3+), and stimulating plant growth-promoting microorgan-
isms (e.g., arbuscular mycorrhizal or ectomycorrhizal fungi)
(Oburger et al. 2011; Sawers et al. 2017; Lu et al. 2019).

4.2 Effects of different long-term cropping systems
on soil P adsorption–desorption behavior

The adsorption and desorption of P in soil can affect P mobility
and bioavailability, thus influencing P use efficiency and crop
growth (Xiong and Mahmood 2010; Wang and Liang 2014).
With increasing exogenous P concentration, the P adsorption
capacity of red soils increased, while the differences in P adsorp-
tion capacity among the cropping systems became more pro-
nounced (Fig. 1; Table S1 - ESM). This might be related to the
differences in the adsorption sites and binding energies of the
soils under different cropping systems (Wang et al. 2013). The
process of soil P adsorption can be divided into two stages: fast
adsorption (chemical) and slow adsorption (physicochemical)
(Yang et al. 2019; Lai and Lam 2009). The chemical adsorption
dominates the adsorption process at relatively low added P con-
centrations, and the exchange of ion and ligand is probably the
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dominant mechanisms contributing to the high P adsorption rate.
However, the chemical adsorption process drops rapidly at higher
P concentrations, as the available adsorption sites are saturated
quickly and the adsorption behavior shifts into physicochemical
absorption (Lai and Lam 2009; Wang and Liang 2014).
Moreover, numerous studies have found that the P adsorbed by
soil cannot be completely desorbed, and most P is retained in the
soil. Thus, hysteresis is observed in the kinetics of P adsorption,
and the adsorbed P is closely bound to the soil, primarily through
bidentate and binucleated bonds (Sander et al. 2005; Guedes et al.
2016; Bai et al., 2018; Bender et al. 2018). In the present study,
the a values indicate that the P desorption capacity was highest in
RPC soil and lowest in RCT soil (Table S3 - ESM). The low P
desorption capacity in the RCT soil was related to its high con-
centration of amorphous Fe–Al oxides, which resulted in a high
activation energy for P adsorption and a high P retention capacity,
thereby enhancing the hysteresis effect (Guedes et al. 2016).

The P adsorption and desorption data were fitted by the
Langmuir and Freundlich models. Among the cropping systems
studied herein, the Qm was lowest for RPC soil (Table 3), indi-
cating a low P adsorption capacity for this soil. RPC soil had the
largest pH, CEC, and absolute value of zeta potential among the
studied soils (Table 2; Fig. 4) along with the most negative
surface charge and strongest rejection of phosphate anion
(Murphy and Stevens 2010; Zhao et al. 2018). The high pH
could inhibit the formation of HPO4

2−, which would be first
adsorbed by soil colloids (Haynes 1982). Moreover, RPC soil
had the lowest concentration of free and amorphous Fe–Al ox-
ides (Table 2). The adsorption of P in acidic soils depends pri-
marily on Fe–Al oxides, especially amorphous Fe–Al oxides
(Anderson et al. 1974). Compared to crystalline Fe–Al oxides,
amorphous Fe–Al oxides have larger specific surface areas and
higher densities of active sites (Ruttenberg and Sulak 2011). In
summary, the cropping system affected the soil pH through the
root exudation of organic acids and application of physiological
acidic fertilizers, etc., which indirectly changed the surface
charge and altered the adsorption sites of Fe–Al oxides, thereby
influencing P adsorption and desorption.

In the Langmuir model, a K value less than 0.4 L mg−1

indicates that P removal from soil solution is attributed to
adsorption rather than precipitation (Castro and Torrent
1998). Herein, the K values ranged from 0.007 to 0.033 L
mg−1 (Table 3), suggesting that P removal occurred via ad-
sorption in all the red soils under different cropping systems.
RPC soil had the highest EPC0 among cropping system soils,
indicating that it had the lowest ability to hold P, followed by
CT soil. Other studies have found that P leaching occurs in
strongly weathered loam clay with DPS exceeding 23%,
whereas the threshold DPS value for sandy loam is 14%
(Sims et al. 2002; Abdala et al. 2012; Withers et al. 2016).
In this study, given the continuous P fertilizer application and
low P use efficiency, the soils in which the same cropping
system was in place for a long time had high residual P

adsorption capacity and low P saturation. With the exception
of the RPC soil, the DPS values of all red soils were far below
the threshold value (Table 3). This is because the RPC soil was
sandy loam with a low clay content (8.80%; Table 2) but a
high proportion of Fe–Al oxides in the clay. The low clay
content was not beneficial for the adsorption and fixation of
P in RPC soil, resulting in a high risk of P loss from the soil to
the environment (Wang et al. 2007).

4.3 Contributions of soil properties to P adsorption
and desorption

The effects of soil physicochemical properties on P adsorption–
desorption behavior have been discussed previously (Jalali and
Jalali 2016; Fang et al. 2017; Liu et al. 2018). Herein, soil clay
and silt contents were positively correlated with Qm and nega-
tively correlated with a in red soils (Table S5 - ESM; P < 0.01).
The opposite result was observed with sand content in this
study, which is consistent with the conclusions of Gérard
(2016) and Zhang et al. (2019). This result is attributed to the
larger specific surface area and higher CEC of soil clayminerals
compared to sand, which facilitated P adsorption (Valladares
et al. 2003; Gérard 2016). Furthermore, soil pH, CEC, SOM,
Fe–Al oxides, and clay content are reported to be the main
physicochemical properties affecting P dynamics in acidic soils
(Hartono et al. 2005; Weng et al. 2011; Wang and Liang 2014;
Fink et al. 2016). Slightly different conclusions were obtained
in the current study. Herein, RDA revealed that the main envi-
ronmental drivers of P adsorption process in red soils under
different long-term cropping systems were AP, CEC, DCB–
Fe, and sand content, while AP, sand, and clay contents were
the major factors for the P desorption process. In contrast, the
effect of SOM on P adsorption was lower than the effects of
other soil properties (Table S4), which might be related to or-
ganic matter type and soil type (Yang et al. 2019). Notably,
SOM was negatively correlated with the P adsorption and de-
sorption parameters (Table S5 - ESM). The possible reasons
could be that during P adsorption process, SOM reduced the
amount of P adsorbed by competing for adsorption sites and
decreasing the binding energy of P adsorption (Fink et al.
2016). During P desorption process, SOM formed smaller
and more complex compounds with other ions, thereby
blocking channels and preventing the desorption of phosphate
adsorbed in the interlayer (Xue et al. 2009).

5 Conclusions

In this study, the long-term cropping systems implemented in
red soils altered the characteristics of P adsorption and desorp-
tion mainly by affecting soil physicochemical properties.
There were considerable differences in soil physicochemical
properties among the six cropping systems, especially the
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concentrations of P, SOM, Fe–Al oxides, and soil texture,
which led to the distinct characteristics of P adsorption and
desorption. RPC soil had the lowest P adsorption capacity and
highest P desorption capacity among the six cropping systems
studied, reflecting in the lowest Qm value and the highest a
value. Furthermore, the main factors driving the changes in P
adsorption behavior were AP, CEC, DCB–Fe, and sand con-
tent, while AP, sand, and clay contents were the major factors
for P desorption in red soils.
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