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ABSTRACT

Soil phosphorus (P) pools are intimately connected to organic carbon (OC), especially mineral-associated OC (MAOC). However, the relationships
between MAOC fractions and P fractions and their responses to fertilization remain unclear. In a long-term field experiment established on a black soil
(Mollisol) in Gongzhuling, Jilin Province, Northeast China, in 1989, topsoils with no fertilizer (control, CK), conventional application of chemical fertilizer
(CF), and chemical fertilizer combined with straw addition (CFS) were sampled in 2010 (21 years) and 2018 (29 years), and organo-mineral complexes (< 20
pum) were separated and analyzed. Compared to CK, the CF treatment resulted in soil acidification, increasing the content of the MAOC fraction bound to
minerals by weak linkages in complexes. The CFS treatment maintained soil pH at 7.84 in 2010 and 7.53 in 2018, with significantly higher contents of four
MAOC fractions, remaining water-soluble OC, OC bound by cations, OC encapsulated by resistant carbonate, and insoluble OC (humin), than those in the
CF treatment. Fertilization application increased total P content in the organo-mineral complexes, with similar total P content between the CF and CFS
treatments. Chemical fertilizer mainly increased highly labile inorganic P (P;) extracted by resin strips + deionized water, NaHCO3, and NaOH, as well as
organic P (P,) extracted by NaHCOg, and straw addition mainly increased moderately labile P; extracted by dilute HCI. Correlation analysis showed that the
dominant MAOC fractions had positive relationships with the increased P fractions. X-ray absorption near-edge structure spectroscopy further identified that
the CF treatment increased the proportion of AIPOy4, suggesting that MAOC promoted the retention of labile P via association with aluminum (Al) under
weakly acidic conditions. The CFS treatment increased the proportion of Caz(PO4)2 and Cas(PO4)30H; moreover, it also increased the maximum P sorption
capacity of the organo-mineral complexes, suggesting that MAOC enhanced P sorption via association with calcium (Ca) under weakly alkaline conditions
and that adsorbed P would transform into more stable Ca-associated P. Our findings demonstrated that MAOC promoted P accumulation via association with
different P fractions, and these processes were mineral- and pH-dependent.
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INTRODUCTION Soil P pools are mainly influenced by fertilization. Che-
mical fertilizer application mainly increases labile/mode-
rately labile P based on chemical fractionation (Audette et
al., 2016; Liu et al., 2017). Compared to chemical fertilizer
alone, straw addition can promote labile P and decrease
stable P (Cao et al., 2022; Zhang Y J et al., 2022). Straw
addition enhances the microbial transformation of soil P
and thus promotes P availability in short order (Cao et al.,

2022). In the long run, differences in soil P pools between

Phosphorus (P) is necessary for crop growth. Human
survival depends on a large input of P fertilizer for crop
production (Cordell et al., 2009; Mogollén et al., 2018).
However, over the past decades, the fixation of P in soil has
led to its accumulation (MacDonald et al., 2011), as well
as the environmental problem that accumulated P tends to
enter waterbodies, causing eutrophication (Wu et al., 2022).
As the front end of the P flow chain, the transformation and

availability of soil P pools are crucial for the back end, such
as plant uptake and environmental behavior (Shen et al.,
2019). Therefore, understanding the characteristics of soil
P pools and their influencing factors is essential for soil P
management.

treatments with organic fertilizers and chemical fertilizers
alone may be explained by different soil properties such
as pH, organic matter (OM), and iron (Fe)/aluminum (Al)
(hydro)oxides (Yan et al., 2018; Ando et al., 2022; Zhang Y
Jetal., 2022).
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Soil OM is crucial for soil structure and function, es-
pecially in regulating soil P (Jindo et al., 2023). Generally,
soil OM and P contents exhibit positive correlations or simi-
lar spatial distributions in bulk soils (de Oliveira et al., 2022),
soil aggregates (Tian et al., 2022), or soil density fracti-
ons (Takamoto et al., 2021). According to previous reports,
the maximum P sorption capacity (Qy,) of soils increases
with increasing OM (Kang et al., 2009). Yang et al. (2019)
demonstrated that increasing OM in a black soil by adding
humic acid also increased the Q)y,. In another study, it was
found that the @), in peat soils increased with the application
of Fe-OM associations and was much higher than that with
the application of Fe alone (Yang et al., 2022).

Soil OM regulates P by many mechanisms, such as
competition, complexation, and cation bridge (Fink ez al.,
2016; Jindo et al., 2023). Among them, cation bridges are
widely present in soil and conducive to P accumulation (Li
et al., 2021; Takamoto ef al., 2021). Typically, humus-like
OM associated with calcium (Ca) can bind P to form ternary
complexes of OM-Ca-P, delaying the conversion of amor-
phous Ca-associated P to the more stable state (Sindelar
et al., 2015; Ge et al., 2020). Similarly, OM can enhance
Fe/Al (hydro)oxides to bind P and occur as OM-Fe/Al-P in
soil (Fink et al., 2016; Takamoto et al., 2021; Jindo et al.,
2023). The sorption or accumulation of soil P depends on the
characteristics (such as solubility, stability, and humification
degree) of OM (Yang et al., 2019; Li et al., 2021, 2022).
Although many reports have assessed quantitative relation-
ships between soil OM and P sorption or accumulation, the
effects of OM fractions with different characteristics on soil
P pools, as well as their responses to fertilization practices,
remain unclear.

Organic carbon (OC) is the skeleton of soil OM, and
it is estimated that more than half of OC is associated
with soil minerals (Georgiou et al., 2022). Organo-mineral
complexes, as the core of mineral-associated OC (MAOC)
storage and active components of soil, are formed by the
binding of OC and minerals (Schmidt ef al., 2011; Zheng et
al., 2023). Based on chemical sequential extractions, both
MAOC and P pools can be separated into different fractions
with specific characteristics (Tiessen and Moir, 1993; Lopez-
Sangil and Rovira, 2013), which contribute to elucidating
the relationship and mechanisms between MAOC and P
fractions in the organo-mineral complexes.

We investigated the impacts of different fertilization
practices on the P and MAOC fractions in the organo-
mineral complexes, as well as the relationships between the
P fractions and the MAOC fractions. We hypothesized that: 1)
fertilization would influence the P and MAOC fractions in the
organo-mineral complexes, ii) there would be strongly posi-
tive correlations between different P fractions and specific
MAOC fractions, and iii) MAOC association with different
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soil minerals would contribute to the accumulation of the
corresponding P fractions under different fertilization practi-
ces. These results might provide fresh insight into how soil
OM regulates P and guide future P management.

MATERIALS AND METHODS
Experimental design

A long-term field experiment was conducted in Gong-
zhuling, Jilin Province, Northeast China, in 1989 (124.809°
E, 43.506° N). The experimental site had a continental
monsoon climate in the mid-temperate humid zone. The
area has an average annual precipitation of 525 mm (ranging
from 450 to 650 mm) and an average annual temperature of
4.5 °C (ranging from —35 to 34 °C). The soil in the study
area is classified as a black soil in Chinese Soil Taxonomy
(Mollisol in US Department of Agriculture Soil Taxonomy
and Phaeozem in World Reference Base). The initial topsoil
(0-20 cm) had a pH of 7.6, soil OM of 21.9 g kg~ !, CaCO3
of 14.6 g kg™, total nitrogen (N) of 1.4 g kg, total P of
0.61 g kg1, total potassium (K) of 18.4 g kg ™!, available N
(alkali hydrolyzable N) of 114 mg kg—!, Olsen-P of 11.8 mg
kg~!, and available K of 158.3 mg kg~!. The cropping
system was a maize monoculture with one crop per year.
The fertilization treatments were performed in a completely
randomized block design with three replications. Tillage was
carried out using a mechanical rotary plough after harvest
each year. More detailed information about the experiment
was introduced in previous reports (Cui et al., 2022; Zhang
N Y etal., 2022). After the maize harvest in October each
year, five cores of the topsoil (020 cm) were randomly
drilled in each plot based on an S pattern and mixed into a
single sample. After removing the rocks and thick roots, the
soil samples were air-dried, sieved through a 2-mm sieve,
and finally archived in plastic bottles.

We selected soil samples archived in 2010 and 2018 from
three typical fertilization practices: no fertilizer (control,
CK), conventional application of chemical fertilizer (CF),
and chemical fertilizer combined with straw addition (CFS).
The chemical fertilizers applied were urea for N, triple
superphosphate for P, and potassium chloride for K. For the
CF treatment, the chemical N-P-K fertilizer rates were 165-
36-68.5 kg ha=?. For the CFS treatment, the chemical N-P-K
fertilizer rates were 112-36-68.5 kg ha—!, with the addition
of all maize straw containing 7 500 kg ha—! dry mass and
53-6-58 kg ha=! of N-P-K. Straw was returned to the field
by crushing and mulching. We assumed that the additional
6 kg P ha~! in straw would contribute less to P variation
per unit mass of soil. Furthermore, we would focus on the
synergistic mechanism of SOC storage and P accumulation
and the contributing factors. Therefore, this experiment is
still valuable despite the limitation of inconsistent nutrient
inputs.
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Soil organo-mineral complex separation and property deter-
mination

In order not to introduce chemical reagents, the organo-
mineral complexes in soil were separated and collected using
a modified physical fractionation procedure according to
previous reports (Lopez-Sangil and Rovira, 2013; Sayer et
al., 2019). Soil samples (30 g) were weighed into 250-mL
triangular flasks with a dozen small glass marbles and 100-
mL distilled water. The flasks were shaken for 60 min (20
r min~1). After removing the glass marbles, the soil-water
mixtures were dispersed by ultrasound for 10 min, with the
samples immersed in an ice-water bath to prevent heating.
The dispersed mixtures were transferred to a 1 000-mL glass
cylinder, stirred up and down with a stirrer for 30 strokes,
and left to stand. A sedimentation process was used instead
of passing through a 20-um sieve. According to Stokes’
Law, < 20 um organo-mineral complexes were obtained by
aspirating 10 cm of the upper layer of the suspension after
4 min 15 s of standing at 25 °C, and this was repeated until
all the suspension was depleted. The suspension collected
was dried at 60 °C and sieved (0.15 mm) for subsequent
analyses. The soil pH, the same as the pH of the organo-
mineral complexes, was measured at a soil/water ratio of
1:2.5 (weight/volume). Selected chemical properties of the
organo-mineral complexes were determined as follows. Total
P was determined using the NaOH melting method (Lu,
2000), amorphous Fe and Al (Fe, and Al,, respectively)
were extracted using 0.2 mol L~! ammonium oxalate at
pH 3 (McKeague and Day, 1966), organically complexed
Fe and Al (Fe,, and Al,, respectively) were extracted using
0.1 mol L~! Na,P507 at pH 10 (Mikutta et al., 2006), and
exchangeable Ca and magnesium (Mg) (Caex and Mgy,
respectively) were extracted with 1 mol L~! ammonium
acetate (Lu, 2000). The concentrations of Fe, Al, Ca, and
Mg in the extract solutions were measured by an inductively
coupled plasma optical emission spectrometer (Varian 715-
ES, Agilent Technologies, USA).

Sequential fractionation of MAOC in the organo-mineral
complexes

The MAOC fractions in soil organo-mineral com-
plexes were determined by chemical sequential fractionation.
Briefly, 1 g organo-mineral complexes was weighed into
a 50-mL centrifuge tube, and 35 mL various chemical ex-
tractants were added sequentially and individually in the
order of: i) 0.5 mol L~! K5S0Oy, ii) 0.1 mol L~! Na;,B,0~
(pH 9.7), iii) 0.1 mol L~! Na,P,07 (pH 10.2), iv) 0.1 mol
L~! NaOH (pH 12), v) 0.33 mol L~! H,SO, + 0.1 mol
L~! NaOH, vi) 0.1 mol L~! NayS,0, (pH 8) + 0.1 mol
L~! NaOH, and vii) 8 mol L~! HF + 0.1 mol L~! NaOH
to obtain MAOC fractions, the remaining water-soluble
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OC (K2S04-0C), OC bound to minerals by weak linkages
(NagsB40O7-0OC), OC bound by cations (NayP2O7-OC), OC
extracted in massive quantities by NaOH (NaOH-OC), OC
encapsulated by resistant carbonate (HoSO4-OC), OC sta-
bilized by Fe (hydro)oxides (NazS204-OC), and OC bound
to minerals by strong bonds (HF-OC), respectively. Each
step of the extraction was repeated at least twice. The OC
in the final soil residues was insoluble compounds (humin).
The detailed MAOC fractionation procedure was described
in Lopez-Sangil and Rovira (2013). The extracts collected
and final soil residues were digested using 0.17 mol L~*
K5Cry07 and concentrated sulfuric acid, followed by co-
lorimetric determination of OC content at 600 nm (Soon and
Abboud, 1991). The sum of all MAOC fractions was treated
as the total MAOC in the organo-mineral complexes. In this
study, HF-OC was not detected.

Sequential fractionation of P in the organo-mineral com-
plexes

The separation of the organo-mineral complexes was
carried out by a physical method without the introduction of
chemical reagents, which may have had fewer impacts on the
inorganic (P;) and organic P (P,) pools. Therefore, the pos-
sible impacts were ignored. Nine P fractions were extracted
and quantified by chemical sequential fractionation follo-
wing Tiessen and Moir (1993) (Table SI, see Supplementary
Material for Table SI). Briefly, 0.5 g of organo-mineral com-
plexes was added to a 50-mL centrifuge tube and extracted
sequentially by resin strips + deionized water (resin-P;), 0.5
mol L~! NaHCO3 at pH 8.5 (NaHCO3-P;/P,,), 0.1 mol L1
NaOH (NaOH-P;/P,,), 1 mol L~! dilute HC1 (Dil. HCI-P;), 12
mol L~! concentrated HCI (Con. HCI-P;/P,,), and 30% H504
+ 18 mol L~ HySOy, (residual P). The concentrations of P;
in the extracts collected were analyzed by spectrophotometry
(Murphy and Riley, 1962). The extracts of NaHCOg3, NaOH,
and Con. HCI were digested with HoSO4-(NH,4)2S2Og solu-
tion in an autoclave to measure total P content. The P, was
calculated as the difference between total P and P;.

Identification of P species in soil organo-mineral comple-
xes by X-ray absorption near-edge structure (XANES) spec-
troscopy

The possible P species in the organo-mineral complexes
were identified by P K-edge XANES spectroscopy at Beijing
Synchrotron Radiation Facility, China. Seven references for
P species were selected according to Liu ef al. (2019), inclu-
dlng CaHPO4, Ca(H2P04)2, Ca3 (PO4)2, Ca5 (PO4)3OH,
FePOy4, AIPOy, and inositol hexaphosphate. In black soils,
Ca is abundant and a potential phosphate adsorbent, so we
chose more references for Ca-associated P compounds. The
spectra of P references were collected in total electron yield



Pedosphere 36(2): 484-496, 2026

mode, while samples of organic-mineral complexes were co-
llected in partial fluorescence yield mode. The spectral data
collected were normalized and calibrated for background
and baseline using Athena software (version 0.9.26, Inc.,
Boston, USA), and linear combination fitting based on the
spectra of references was carried out to identify possible P
species in the organo-mineral complexes. The energy range
of the linear combination fitting was 2 140-2 180 eV. The
combination with the highest number of P references was
selected as the possible P species.

Organo-mineral complex P sorption test

The sorption test was conducted to further evaluate
the impact of fertilization on the P sorption capacity of
the separated organo-mineral complexes. Briefly, a 0.5 g
sample of organo-mineral complexes was weighed into a
50-mL centrifuge tube and filled with 12.5 mL of P standard
solutions with P concentrations of 0, 5, 10, 20, 40, 80, and
160 mg L', which were configured with KH,POy, in a
0.01 mol L~! NaCl solution. One drop of chloroform was
added into each tube to prevent microbial growth. Then,
the mixtures in tubes were shaken (150 r min~1!) for 24 h
at 25 °C and centrifuged (5 000 r min—! for 10 min at 25
°C) to separate the soil solids and supernatant. After passing
a 0.45-um filter membrane, the P in the supernatant was
determined by colorimetry as described above. According
to the Langmuir isotherm equation (Langmuir, 1918), the
isothermal sorption data were fitted as follows:

_ QmKCe

1+ KC. M

Qe
where Q. (mg kg~!) is the quantity of P adsorbed on soil
organo-mineral complexes at equilibrium, C, (mg L™1) is
the P concentration in solution at equilibrium, Q,,, (mgkg 1)
is the maximum capacity of P sorption, and K is the equation
constant associated with sorption binding energy.

Statistical analysis

All data for analysis of variance (ANOVA) conformed to
normal distribution and variance homogeneity (P > 0.05)
after the Shapiro-Wilk test and Levene test in SPSS version
23 (IBM Corp., USA). One-way ANOVA was carried out to
compare the differences in the properties of organo-mineral
complexes, MAOC fractions, P fractions, and P sorption
parameters between fertilization treatments and between
years, and post-hoc multiple comparison was performed
using the least significant difference test at P < 0.05 level.
Two-way ANOVA was used to identify the effects of year,
treatment, and their interactions on the above properties.
Redundancy analysis was used to explain the variations in P
fractions using the vegan package in R version 4.2.2 (R Core
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Team, 2023), and hierarchical partitioning was performed to
estimate the individual effect of each explanatory variable
using the rdacca.cn package (Lai et al., 2022). OriginPro
version 2023 (OriginLab Corporation, USA) was employed
for Pearson’s correlation analysis of variables and fitting the
Langmuir isotherm equation to calculate the @), and K.

RESULTS
Properties of the organo-mineral complexes

Properties of the organo-mineral complexes were in-
fluenced by long-term fertilization (Table I). Compared to
CK, the CF treatment significantly decreased the pH of the
organo-mineral complexes by 19.1% in 2010 and 16.3%
in 2018, while the CFS treatment maintained the pH. Both
the CF and CFS treatments significantly increased total P
content in the organo-mineral complexes by an average of
36.86% (33.3%—45.2%). Moreover, the contents of Fe,, Fe,,
and Al, were the highest in the CF treatment among the
treatments in 2010 and 2018, whereas Ca., content was the
highest in the CFS treatment.

MAOC fractions in the organo-mineral complexes

The contents of different MAOC fractions in the organo-
mineral complexes were considerably impacted by long-term
fertilization. Overall, total MAOC in the organo-mineral
complexes accounted for approximately 44% of the initial
OC in bulk soil (Fig. S1, see Supplementary Material for
Fig. S1). Compared to CK, total MAOC content significantly
increased by 13% and 41.3% in the CF and CFS treatments,
respectively, in 2018 (Fig. 1). In 2010 and 2018, compared
to CK, the CF treatment significantly decreased the content
of K3SO,4-OC while increasing the content of NasB4O7-
OC, whereas the CFS treatment significantly increased the
content of HySO4-OC. Notably, the CFS treatment showed
significantly higher contents of K9SO4-OC, NayP»,O7-OC,
H5>S04-0C, and humin in the organo-mineral complexes
than the CF treatment in both 2010 and 2018.

P fractions in the organo-mineral complexes

Phosphorus in the organo-mineral complexes accounted
for 29.2%—50.2% of the total P in bulk soil (Fig. S1). The
content of each P fraction is shown in Fig. 2. Compared to CK,
the CF treatment significantly increased resin-P;, NaHCO3-
P;, NaHCOj3-P,,, and NaOH-P; contents by 207.5%—-603.7%
in 2010 and 2018. The CFS treatment significantly increased
Dil. HCI-P; and Con. HCI-P,, contents by 56.99%—78.50%,
with a larger increase in Dil. HCI-P; content than in Con.
HCI-P, content. The relative contribution of each P fraction
to total P is shown in Fig. S2 (see Supplementary Material
for Fig. S2). Compared to CK, the CF treatment increased the
proportions of resin-P;, NaHCOs3-P;, NaHCO3-P,, NaOH-
P;, and NaOH-P,,, while the CFS treatment mainly increased
the proportions of Dil. HCI-P; and Con. HCI-P,,.
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TABLE I

Selected propertiesa) of the organo-mineral complexes in soil samples under different fertilization treatments collected in 2010 and 2018 from a long-term
field experiment established on a black soil in Gongzhuling, Jilin Province, Northeast China, in 1989

Year Treatment pH TP Caex Mgex Feo Alg Fep Al
) (M)
gkg™!

2010 CK 7.75 4+ 0.379 Aa®) 0.57 & 0.03Ab 12.39 & 2.35Aab 0.36 + 0.11Aa 3.17 & 0.10Ab 3.76 £ 0.36Aa  0.14 + 0.03Ab 0.93 + 0.07Ab
CF 6.27 £ 0.11Ab 0.76 = 0.00Ba  9.54 4+ 0.20Ab 0.45 4+ 0.12Aa 3.56 £+ 0.14Aa 3.20 £+ 0.06Bb 0.25 + 0.02Ba 1.07 £+ 0.07Ba
CFS 7.84 £+ 0.05Aa 0.77 £ 0.01Aa 13.10 4+ 1.89Aa 0.28 4+ 0.02Aa 2.70 £ 0.04Ac 3.37 £+ 0.06Aab 0.12 + 0.00Ab 0.86 + 0.06Ab

2018 CK 7.35 £0.13Aa 0.62 = 0.03Ab 8.57 & 0.95Ab 0.32 4+ 0.07Aa 2.25 £ 0.55Bb 2.98 £ 0.37Ab 0.17 £ 0.04Ab 0.96 £ 0.06Ab
CF 6.15 + 0.17Ab 0.90 + 0.06Aa 6.76 £ 0.32Bb 0.36 + 0.01Aa 3.92 + 0.54Aa 4.05 + 0.31Aa 0.37 + 0.05Aa 1.31 £0.11Aa
CFS 7.53 £ 0.25Aa 0.83 = 0.04Aa 11.10 4+ 1.30Aa 0.24 4+ 0.02Bb 2.76 + 0.38Ab 3.85 + 0.40Aa 0.13 £+ 0.01Ab 0.87 + 0.03Ab

Analysis of variance

Y * KoKk XS nse) ns ns wE *

T sfekosk sfesksk dek * seksk ns sfeskesk sekosk

Y xT ns ns ns ns * K * *

* %% and ***Significant at P < 0.05, P < 0.01, and P < 0.001, respectively.

a) TP = total P; Caex and Mgey, = exchangeable Ca and Mg, respectively; Fe, and Al, = amorphous Fe and Al extracted by ammonium oxalate, respectively;
Fep and Alp = organically complexed Fe and Al extracted by NagP2O7, respectively.

b)CK = no fertilizer control; CF = chemical fertilizer; CFS = chemical fertilizer combined with straw addition.

©)Means + standard deviations (n =3).

d) Different lowercase letters within the same column indicate significant differences among different fertilization treatments for the same year at P < 0.03,
and different uppercase letters within the same column indicate significant differences between different years for the same fertilization treatment at P < 0.05.
©)Not significant.

26 7 : . 61
97 ¢ ??Z%%gll d Y:P=0.92
001, 6| : : 5 T: P=0.01
. Wla Y x T: P<0.001 T ool
3 4 * a
4
18 s 3
2
o 14 2
2 1 1
on
= 10 0 0
= CK CF  CFS
s 10 25 Ih Y: P<0.001
Bt T: P<0.001
2 s 2.0 5T %« YXT:P=0.01 a
a

4 b
6 1.5
3
4 1.0
2
2 0.5 1
0 0 0.0 0
CK CF CFS CK CF CFS CK CF CFS CK CF CFS

Treatment

Fig. 1 Contents of total mineral-associated organic C (MAOC, a) and different MAOC fractions, including the remaining water-soluble organic C (OC)
(extracted by K2SOy4, K2S04-0C, b), OC bound to minerals by weak linkages (extracted by NagB4O7, NaaB407-OC, ¢), OC bound by cations (extracted by
NaygP207, NagP2O7-0OC, d), OC extracted in massive quantities by NaOH (NaOH-OC, e), OC encapsulated by resistant carbonate (extracted by H2SO4
and NaOH, H2S04-0C, f), OC stabilized by Fe (hydro)oxides (extracted by Na2S204 and NaOH, Na2S204-OC, g), and insoluble OC (humin, h), of the
organo-mineral complexes in soil samples under different fertilization treatments collected in 2010 and 2018 from a long-term field experiment established
on a black soil in Gongzhuling, Jilin Province, Northeast China, in 1989. Error bars are standard deviations of means (n = 3). Different letters indicate
significant differences between different fertilization treatments for the same year at P < 0.05, and the asterisk * indicates significant differences between
different years for the same fertilization treatment at P < 0.05. CK = no fertilizer control; CF = chemical fertilizer; CFS = chemical fertilizer combined
with straw addition; Y = year; T = treatment.

P species in the organo-mineral complexes mineral complexes were identified (Table II). The organo-
mineral complexes were rich in P species, primarily AIPOy,

Based on the linear combination fitting of P K-edge Ca3(POy)2, Cas(PO4)30H, and inositol hexaphosphate. For
XANES spectra (Fig. 3), the species of P in the organo- CK, the dominant P species were mainly AIPO4 and inosi-
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Fig. 2 Contents of different P fractions extracted sequentially by resin strips + deionized water (resin-inorganic P (P;)), NaHCO3 (NaHCO3-P;/organic
P (Po)), NaOH (NaOH-P;/P,), dilute HCI (Dil. HCI-P;), concentrated HCI (Con. HCI-P;/P,), and H2O2 + H2SO4 (residual P) of the organo-mineral
complexes in soil samples under different fertilization treatments collected in 2010 and 2018 from a long-term field experiment established on a black soil in
Gongzhuling, Jilin Province, Northeast China, in 1989. Error bars are standard deviations of means (n = 3). Different letters indicate significant differences
between different fertilization treatments for the same year at P < 0.05, and the asterisk * indicates significant differences between difterent years for the
same fertilization treatment at P < 0.05. CK = no fertilizer control; CF = chemical fertilizer; CFS = chemical fertilizer combined with straw addition; Y =

year; T = treatment.

tol hexaphosphate in 2010, whereas they were Ca3(POy)2
and Cas(PO4)30H in 2018. The dominant P species was
AIPOy in the CF treatment, whereas the dominant P species
was Ca-associated P, consisting mainly of Cag(PO4)2 and
Ca;(PO,4)3O0H, in the CFS treatment, and the proportions of
these dominant P species increased over time.

P sorption on the organo-mineral complexes

The P sorption on the organo-mineral complexes was
simulated using the Langmuir isotherm equation (Fig. 4), and
the fitted parameters are summarized in Table III. Obviously,
@ was notably higher in the CFS treatment than in CK
and the CF treatment by 33.1% and 42.1%, respectively, in
2010. The @y, in the CFS treatment was significantly lower

in 2018 than in 2010, but remained 30.3% higher than in the
CF treatment.

Relationships between P fractions, MAOC fractions, chemi-
cal properties, and P sorption capacity of the organo-mineral
complexes

Redundancy analysis showed that 71% of the variations
in P fractions could be explained by the chemical proper-
ties and MAOC fractions of the organo-mineral complexes
(Fig. 5a). Some individual MAOC fractions (Na;B407-OC,
K2S50,4-0C, and H2SO4-OC) and Fe/Al minerals (Fe,, Fe,,
Al,,, and Al,) had relatively significant effects on P fractions,
with individual effect ranging from 9.4% to 13.3% (Fig. 5b).
Further pairwise correlation analysis revealed that NagB,O7-
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Normalized absorption (a.u.)
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Energy (keV)

Fig. 3 Linear combination fitting of P K-edge X-ray absorption near-edge structure spectra of the organo-mineral complexes in soil samples under different
fertilization treatments collected in 2010 and 2018 from a long-term field experiment established on a black soil in Gongzhuling, Jilin Province, Northeast
China, in 1989. CK = no fertilizer control; CF = chemical fertilizer; CFS = chemical fertilizer combined with straw addition; a.u. = arbitrary units.

TABLE II

P species identified by the linear combination fitting of P K-edge X-ray absorption near-edge structure spectra in the organo-mineral complexes in soil
samples under different fertilization treatments collected in 2010 and 2018 from a long-term field experiment established on a black soil in Gongzhuling, Jilin
Province, Northeast China, in 1989

Year Treatment?) Proportion®) R-factor®)
AIPO4 FePO4 CaHPO4 Ca(H2POy4)2 Caz(POy4)2 Cas(PO4)30H Ca-P IHP

%o

2010 CK 21.35 -4 16.73 - 15.90 14.83 47.46 31.20 0.027
CF 35.24 - - 2.14 25.60 12.14 39.88 24.88 0.010
CFS 22.12 - 4.56 - 32.61 22.35 59.52 18.36 0.010
2018 CK 18.72 9.74 12.69 - 23.33 35.51 71.53 - 0.030
CF 42.84 5.31 - - 17.55 9.01 26.56 25.29 0.008
CFS 14.03 - - - 42.21 40.67 82.88 3.09 0.037

a)CK = no fertilizer control; CF = chemical fertilizer; CFS = chemical fertilizer combined with straw addition.

b)[HP = inositol hexakisphosphate; Ca-P = Ca-associated P, the sum of CaHPO,4, Ca(H2PO4)2, Caz(PO4)2, and Cas(PO4)30H.
©) R-factor indicates the goodness-of-fit of linear combination fitting.

d)Not detected.
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Fig. 4 Quantity of P adsorbed and P sorption isotherms of organo-mineral complexes in soil samples under different fertilization treatments collected in
2010 and 2018 from a long-term field experiment established on a black soil in Gongzhuling, Jilin Province, Northeast China, in 1989. CK = no fertilizer

control; CF = chemical fertilizer; CFS = chemical fertilizer combined with straw addition; Q)¢ = quantity of P adsorbed on organo-mineral complexes at
equilibrium; Ce = P concentration in solution at equilibrium.

OC had positive relationships with resin-P;, NaHCOs3-P;, humin had positive relationships with residual P. Moreover,
NaHCO3-P,, NaOH-P;, and NaOH-P,, whereas Ko SO,4-OC, resin-P;, NaHCOs3-P;, NaOH-P;, and NaOH-P, were posi-
NayP>0O7-0OC, and H2SO4-OC were positively correlated tively correlated with Fe,, Fe,, and Aly, and @y, had a
with Dil. HCI-P; and @, (Fig. 5¢). The NasS204-OC and positive relationship with Cacy.
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Fig. 5 Redundancy analysis (RDA) of the relationships between mineral-associated organic C (MAOC) fractions, chemical properties, and P fractions (a),
individual effect of MAOC fractions and chemical properties on P fractions (b), Pearson’s correlation analysis of P fractions, MAOC fractions, chemical
properties, and P sorption capacity (c) of organo-mineral complexes in soil samples under different fertilization treatments collected in 2010 and 2018 from a
long-term field experiment established on a black soil in Gongzhuling, Jilin Province, Northeast China, in 1989. Asterisks *, **, and *** indicate significant
correlations at P < 0.05, P < 0.01, and P < 0.001, respectively. Q@ = maximum P sorption capacity; CK = no fertilizer control; CF = chemical fertilizer;
CFS = chemical fertilizer combined with straw addition. See Fig. 1, Fig. 2, and Table I for the details of the MAOC fractions, P fractions, and chemical

properties, respectively.

DISCUSSION

Effect of fertilization on the properties and MAOC fractions
of organo-mineral complexes

Organo-mineral complexes, which are formed by the
interaction of OM and minerals, are the prerequisite of soil
OM preservation and aggregate structure development (New-
comb et al., 2017; Yu et al., 2017). As a result, due to the
sequestration of P-containing OM and the aggregation of
P-fixing substances, the organo-mineral complexes are more
actively involved in P transformation and accumulation com-
pared to silt and sand (Spohn, 2020; Takamoto et al., 2021).
The organo-mineral complexes (< 20 um) were abundant in
the black soil, accounting for approximately 40% of the bulk
soil mass (Fig. S1), and their properties were affected by
fertilization. The CF treatment caused a significant reduction

in soil pH and a significant increase in Fe,, Fep, and Al
contents in the organo-mineral complexes (Table I), similar
to recent reports on other soil types (Du et al., 2022; Bai et
al., 2023). This could be due to N leaching and base cation
removal, leading to soil acidification (Lucas et al., 2011),
which accelerates soil weathering and solubilization of soil
minerals (Bunn et al., 2002; Meyer et al., 2021). Specifically,
acidification promotes the solubilization of crystalline Fe and
Al oxides, contributing to the formation of non-crystalline
minerals (Guo et al., 2007). Straw substitution of 32% che-
mical N fertilizer (the CFS treatment) maintained soil pH
and increased Caex contents in the organo-mineral com-
plexes (Table I), agreeing with the study of Wang et al.
(2023) found that straw addition with proportions of N >
20% had less effect on soil acidification compared to straw
addition at proportions of < 20%. Moreover, the input of
Ca derived from organic and mineral fertilizers promoted
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TABLE III

Parameters of P sorption characteristics® simulated using the Langmuir
isotherm equation

Year  Treatment Qpm K R?
) (»
mg kg~

2010 CK 1069.16 + 34.979AbY  0.10 £ 0.01Aa  0.95
CF 1 001.15 4 78.63Ab 0.07 & 0.02Aa 0.93
CFS 1422.54 + 7.19Aa 0.04 + 0.00Bb  0.95

2018 CK 1 105.96 4+ 153.98Aa 0.08 = 0.01Aa 0.95
CF 864.38 + 43.94Ab 0.08 + 0.01Aa 0.96
CFS 1126.37 + 36.93Ba 0.06 + 0.01Ab 0.95

Analysis of variance

% *k ns®)

T etk sekock

YT ok ns

** and ***Significant at P < 0.01 and P < 0.001, respectively.

a)Qm = maximum P sorption capacity; K = the equation constant
associated with sorption binding energy.

b)CK = no fertilizer control; CF = chemical fertilizer; CFS = chemical
fertilizer combined with straw addition.

©)Means = standard deviations (n = 3).

d) Different lowercase letters within the same column indicate significant
differences among different fertilization treatments for the same year at
P < 0.05, and different uppercase letters within the same column indicate
significant differences between different years for the same fertilization
treatment at P < 0.05.

©)Not significant.

the accumulation of Caey (Table I) (Chen M M et al., 2021),
which can buffer the changes in soil pH (Zhao et al., 2023).

The total P in the organo-mineral complexes accounted
for approximately 38.62% of the initial total P in the bulk
soil (Fig. S1), indicating that the organo-mineral complexes
are an important P reservoir. The content of total P in the
organo-mineral complexes in the CF treatment increased
with time (Table I). In the same experiment, a previous
study showed that P input was higher than P output; and
therefore, soil P was in surplus (Wu et al., 2020). Surplus
P can be adsorbed and fixed by soil minerals, resulting in
soil P accumulation (MacDonald et al., 2011; Zou et al.,
2022). The organo-mineral complexes were rich in minerals,
facilitating the retention of surplus P. However, compared
to the CF treatment, there was no significant difference in
the total P content despite an annual increase of 6 kg ha™!
P in the CFS treatment, possibly because fresh OC input
stimulated microbial turnover of P, which in turn may be
transferred or consumed by the crops (Pu et al., 2023).
Overall, the accumulation of surplus P in the organo-mineral
complexes may inhibit losses as free P and could also support
the long-term P demand for maize.

After 29 years of fertilization, the CFS treatment re-
sulted in greater promotion of MAOC compared to the CF
treatment (Fig. 1), which was consistent with earlier findings
from the same experiment (Mustafa et al., 2022). Straw
addition increases OC from microbial sources by stimulating
microbial growth (Shang et al., 2023). However, total MAOC
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content did not increase after 21 years of fertilization, sugges-
ting that the impact of fertilization on MAOC is dependent
on fertilization history. In the early stage of cultivation, the
content of OC in bulk soil was similar among the different
fertilization practices (Fig. S3, see Supplementary Material
for Fig. S3) (Zhang et al., 2010); however, the rate of OC
promotion in the CFS treatment increased with time (Fig.
S4). The change in total MAOC content may show similar
patterns to OC in bulk soil, which could explain the diffe-
rence observed between 2010 and 2018. Nonetheless, the
MAOC fractions showed similar trends in 2010 and 2018,
i.e., the CF treatment decreased K2SO,4-OC and increased
NayB4O7-OC (Fig. 1). Itis likely that N and P inputs increase
C limitation and enhance biodegradation of high-labile C,
such as dissolved OC (Li Z L et al., 2023), which may be con-
verted to more stable OC by weak sorption of soil minerals at
lower soil pH. The CFS treatment significantly increased the
H>S0,4-0OC (Fig. 1), which could be due to the abundance of
Ca-bound and encapsulated OC by Ca bridging at higher soil
pH (Chen et al., 2014; Rowley et al., 2018). Additionally,
the changes in the MAOC fractions under the fertilization
treatments (CF and CFS) were almost continuously enhanced
from 2010 to 2018, whereby some significant differences
occurred in different years under the same treatment (Fig. 1).
However, for CK, except for NayP>O7-OC and humin, the
contents of other MAOC fractions were reduced to varying
degrees from 2010 to 2018 (Fig. 1), which could be due
to the reduced microbial contribution to MAOC caused by
climate warming (Chen et al., 2023). Chemical fertilizer
and straw addition counteracted this change, possibly by
decreasing the dependency of the organisms released from
soil OM decomposition via nutrient supply (Liu et al., 2023),
as well as promoting the mineralogical capacity of OC via
increasing extractable minerals (Table I).

Effect of fertilization on P fractions in the organo-mineral
complexes

The CF treatment over 21 years increased the contents
of resin-P;, NaHCO3-P;, NaHCO3-P,,, and NaOH-P; in the
organo-mineral complexes and their relative contributions
to total P (Figs. 2 and S2). According to Tiessen and Moir
(1993), resin-P; is freely exchangeable P;; NaHCOs3-P; is
plant-available since the chemical changes introduced are
minor and somewhat representative of root action; correspon-
dingly, NaHCO3-P,, is likely to be utilized by microorga-
nisms; and NaOH-P; represents a continuum of Fe/Al-
associated P extractable with increasing pH, indicating that
this pool exhibits higher solubility in the black soil relative
to the soil with lower pH. These P fractions have higher
plant availability and are usually classified as labile or mode-
rately labile P (Cross and Schlesinger, 1995; Gatiboni e?
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al., 2021). According to the XANES results, the propor-
tion of Al-associated P (AIPO,) increased significantly in
the CF treatment (Table II), suggesting that the increased
labile/moderately labile P is mainly associated with Al. This
is supported by Wang et al. (2022a), who found that Al-
associated P is a potential pool of available P in the black soil.
Although almost no Fe-associated P (FePO,) was detected,
this does not mean that it is absent from the soil, because the
accuracy of XANES-linear combination fitting depends on
various factors such as the content of P species (Beauchemin
etal.,2003; Kizewski er al., 2011). However, based on the pH
dependence of P fixation, i.e., the predominance of P fixation
by Al under weakly acidic conditions (Barrow, 2017), our
results are sufficiently plausible. In this experiment, triple
superphosphate was used as P fertilizer, but the increase
in Ca-associated P was not observed, which indicated that
acidification promoted the solubilization of Ca-associated
P (Andersson et al., 2016). Meanwhile, soil acidification
also provides additional P sorption sites by enhancing the
solubilization of soil Al (Table I), and solubilized P can be
secondary sorbed by Al to form Al-associated P (Meyer et
al., 2021).

The CFS treatment increased the content and proportion
of Dil. HCI-P; (Figs. 2 and S2), which was Ca-associated P
(Tiessen and Moir, 1993). The XANES results further re-
vealed that the molecular species of increased Ca-associated
P were Ca3(POy)2 and Ca;(PO4)3OH (Table II). The soil pH
was weakly alkaline in the CFS treatment (Table I), which
contributed to the sorption and precipitation of Ca-associated
P (Tunesi et al., 1999; Barrow, 2017). The CFS treatment
also notably increased the content of Con. HCI-P,, in the
organo-mineral complexes (Fig. 2), similar to the results
of a recent study that the return of maize straw increased
highly resistant P, content in the 0-20 cm topsoil (Cao et
al., 2021). Straw enhanced the accumulation of soil P, such
as P monoesters (Li et al., 2019), which can be coprecipi-
tated with soil minerals to form stabilized P, (Wang et al.,
2017). Overall, the accumulation of all P; forms in soil was
pH-dependent, regardless of fertilization practices, whereas
P, may depend on C input.

Relationships between P forms and MAOC fractions in the
organo-mineral complexes

In this study, corn yield showed no significant difference
between the CF and CFS treatments (Fig. S4, see Supple-
mentary Material for Fig. S4), implying that maize uptake of
P barely explained the variations in soil P. We found that the
chemical properties and MAOC fractions of organo-mineral
complexes explained 71% of the variations in P fractions
(Fig. 5a). The MAOC fractions, especially NasB,07-OC,
K5S0O,4-OC, and Hy,SO4-OC, and the Fe/Al minerals had
an individual effect on P fraction variations, ranging from
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9.4% to 13.3% (Fig. 5b), suggesting that these properties of
organo-mineral complexes were the contributing factors and
predictors of the P fractions. Previous studies have also found
that soil properties, especially metal minerals and OM, are
important factors influencing P pools (Fan ez al., 2019; Chen
S et al., 2021) and that each P fraction may have specific
drivers (Deiss et al., 2018). Furthermore, it was also previ-
ously found that OM in bulk soil is the main factor affecting
changes in P fractions (Wang et al., 2022b; Zhang N'Y et al.,
2022); however, a deeper understanding of this effect remains
unclear. In this study, almost all labile and moderately P
fractions in the organo-mineral complexes were positively
correlated with Nap;B4O07-OC, Fe,,, Fe,, and Al (Fig. 5¢),
and these P fractions and chemical properties were domi-
nant in the CF treatment. Despite the significant increase
in total P (Table I), the @, of organo-mineral complexes
after 21 years of chemical fertilizer application was similar
to that of CK (Table III), implying that more sorption sites
were created to compensate for the sites occupied by earlier
P. This was supported by our and other research findings
that chemical fertilizer application increased the P sorption
sites, such as amorphous Fe/Al (Table I) (Abdala et al.,
2015). The amorphous Fe/Al can be adsorbed by OM, thus
preventing the formation of Fe/Al-P co-precipitates (Chen
and Thompson, 2018; Ge et al., 2020). Moreover, Fe/Al can
exist as a cationic bridge between P and OM to form a ternary
mixture of OM-Fe/Al-P that maintains the availability of P
(Gerke, 2010; Takamoto et al., 2021). Our results further
supported that liable P fractions in the organo-mineral com-
plexes were more likely to be associated with Al. Therefore,
the potential mechanism may be that MAOC bound to Al
minerals by weak linkages promotes the retention of highly
labile P fractions in weakly acidic environments.

The Dil. HCI-P; and @, of organo-mineral complexes
were significantly positively correlated with KoSO4-OC,
NayP>07-OC, and H3SO4-OC, and @Q,,, was positively cor-
related with Ca,y (Fig. 5c). The Dil. HCI-P;, @, and these
MAQOC fractions were dominant in the CFS treatment. It
has been reported that the @),,, of black soil at another site
increased with increasing OM content (Yang et al., 2019).
Therefore, we suggested that OM promoted the sorption
and retention of P in weakly alkaline conditions via the
association with Ca. Similar to Fe/Al, OM association with
amorphous Ca minerals can adsorb P to form ternary mixtures
of OM-Ca-P (Ge et al., 2020; Li et al., 2021). These ternary
mixtures can inhibit the precipitation of Ca-P in a short
period (Sindelar et al., 2015; Ge et al., 2020); however, the
increase in the proportion of Caz(PO4)2 and Cas(PO4)30H
in the CFS treatment (Table II) suggested that after the mobi-
lization of OM, this accumulated OM-Ca-P might transform
to the more stable Ca-P. Therefore, regardless of whether
chemical fertilizer was applied or straw was added, MAOC
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could promote the accumulation and transformation of the
corresponding P fractions or forms, and these processes were
mineral- and pH-dependent.

The sequestration of soil OM is essential for peak carbon
emissions and carbon neutrality (Li M et al., 2023), as well
as soil fertility and health (Li X ef al., 2023). Statistically,
global MAOC in soil surface accounts for only 42% of the
mineralogical capacity (Georgiou et al., 2022), implying a
huge potential for OC sequestration. The OC sequestration
enhances soil functioning and crop productivity by promo-
ting the formation of soil macro-aggregates (Tian et al.,
2022). Meanwhile, soil aggregation can reduce P loss via
the occlusion of P into aggregates (Garland et al., 2018). In
this study, the application of chemical fertilizer increased
the mineralogical capacity due to the increase in extractable
Fe and Al, but the MAOC content was limited by the C
input. The organo-mineral complexes promoted the storage
of Ca-related C in the CFS treatment, because of richer Ca
and higher pH compared to the CF treatment. Regardless
of the fertilization practices, the presence of MAOC associ-
ated with metal minerals enhanced the accumulation of P
related to those metal minerals. For the CFS treatment, the
organo-mineral complexes exhibited higher P adsorption
capacity and had more stable P forms, suggesting higher P
retention capacity and fewer P loss. A combination of corn
yield, MAOC sequestration, and P retention suggests that
CFS is better suited for the black soil. This study was carried
out under the same climatic conditions and a single cropping
system, and the effects of additional factors such as cropping
system, tillage practices, and climatic conditions on OC, P
pools, and their interactions in the organo-mineral complexes
still need to be further explored.

CONCLUSIONS

The MAOC fractions in the organo-mineral complexes
of the black soil were affected by fertilization. Compared
to CK, the CF treatment significantly reduced soil pH and
increased NayB4O7-OC. The CFS treatment had higher
soil pH and MAOC fractions (K2SO4-OC, NayP,07-OC,
H5S04-0OC, and humin) than the CF treatment. The CF and
CFS treatments significantly increased total P content in
the organo-mineral complexes. The CF treatment mainly
increased highly labile P fractions, which may be mainly
associated with Al, while the CFS treatment increased mode-
rately labile Ca-associated P and stable P,,. In addition, the
CFS treatment also increased the )y, of the organo-mineral
complexes. These results indicated that MAOC promoted the
retention of highly labile P via the association with Al in the
CF treatment, while MAOC enhanced the P sorption capacity
and the accumulation of Ca-associated P via the association
with Ca ions in the CFS treatment. Our findings revealed the
synergistic effects and mechanisms between MAOC and P
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accumulation and provided a basis for regulating P with OC
to achieve sustainable P utilization in agriculture.
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