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Abstract

Phosphorus (P) is a critical factor in enhancing agricultural yield improvement, but the
over-application of P fertilizers has led to the widespread accumulation of ineffective P
in soils worldwide. Artificial humic acid (AHA) has gained recognition as a new method
for enhancing P effectiveness in soils. This study aims to explore the patterns and mech-
anisms underlying the effect of AHA on P effectiveness. A 60-day indoor incubation
experiment was conducted using a soil column system, in which the soil was fractionated
into five distinct particle size classes: 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm. Findings
revealed that AHA effectively promoted the accumulation of Olsen-P in fine-textured soils.
Following the application of AHA, the fraction of particles with a size of 2 mm exhibited
the highest increase in Olsen-P, at 15.4%, whereas the fraction with a size of 8 mm showed
the lowest increase, at 0.2% relative to the control, at the 60th day. Additionally, AHA
promoted the migration of HCl-P while enhancing the immobilization of Olsen-P. During
the initial cultivation phase, the concentrations of HCl-P in the topsoil (0 cm) differed little
from those in the deeper soil (40 cm). As cultivation progressed, the concentrations of
NaOH-P and HCl-P in the 0 cm soil decreased more markedly than those at the 40 cm depth
by the later cultivation stage. Finally, the structural equation modeling results indicated
that among NaHCO3-P, NaOH-P, and HCl-P, NaOH-P had the most significant effect on
Olsen-P. These findings offer valuable insights into how AHA could be used to improve
the effectiveness of P in soils.

Keywords: phosphorus migration; artificial humic acid; soil particle size; Hedley method;
phosphorus effectiveness; application depth

1. Introduction
Phosphorus (P), as one of the most active elements in soil fertility, is also a funda-

mental material for the growth and development of crops [1]. However, the unreasonable
application of P in global agricultural areas has led to problems such as soil degradation
and environmental pollution. There is a large amount of P in soil. However, most of it
exists in forms unavailable to crops, and this leads to a generally low level of available
P [2]. Therefore, how to efficiently activate and utilize the P reserve pool in soil has become
a crucial issue in the international fields of soil science and agricultural environment [3,4].
Cross and Schlesinger studied the biogeochemical P cycle in soil based on the Hedley P
classification method [5]. They divided the P in the soil into different components and con-
structed an analytical framework for the transformation of organic–inorganic P forms [6].

Agronomy 2025, 15, 2482 https://doi.org/10.3390/agronomy15112482

https://doi.org/10.3390/agronomy15112482
https://doi.org/10.3390/agronomy15112482
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-8395-7558
https://doi.org/10.3390/agronomy15112482
https://www.mdpi.com/article/10.3390/agronomy15112482?type=check_update&version=1


Agronomy 2025, 15, 2482 2 of 13

These components include the readily available labile P (including Resin-P and NaHCO3-P),
the moderately stable P (such as NaOH-P associated with iron and aluminum, and HCl-P
associated with calcium), and the highly stable residual P that is extremely difficult to
utilize. Among these, Resin P and Olsen-P, as readily soluble P fractions, are more readily
absorbed and utilized by plants. Conversely, HCl-P, Residual P, and NaOH-P, being less
soluble P fractions, are more prone to leaching and less readily available to plants [7,8].
Nevertheless, the distribution pattern of these P components is not static. The dynamics of
soil P transport and transformation under different environmental conditions will directly
affect the environmental fate and ecological effects of P. Therefore, studying the dynamics
of P in soil is essential for exploiting stored P. Research has demonstrated that balanced P
management in wheat–maize rotation systems can effectively reduce soil fertilizer residues
and leaching risks [9]. Concurrently, studies on switchgrass indicate that its root systems,
along with associated microbiota, significantly reshape the soil’s available P pool [10].
Furthermore, genetic insights have enabled the proposal of targeted plant cultivation strate-
gies to enhance P cycling [11]. Research on P migration and transformation during the
cropping season has been intensive, while recent scientific inquiry is increasingly shifting
toward the fallow stage [12,13]. The fallow period is a tillage system conducive to soil
health restoration and is also a critical stage for soil internal nutrient cycling and recovery.
Therefore, researching the dynamics of P during this period holds significant value [13].
Additionally, studies on the transformation between different P forms and their vertical
distribution patterns during the fallow period are still relatively scarce. Key environmental
changes during the fallow period can significantly affect soil aggregate structure [14], which
in turn triggers the redistribution of P fractions [7]. Critically, the forms and reserves of
P formed during the fallow period directly determine the soil’s P supply capacity at the
beginning of the subsequent growing season [13]. Therefore, elucidating the patterns of P
transformation and migration during the fallow period is essential for developing scientific
fertilization strategies and promoting the sustainable enhancement of soil fertility.

A novel type of organic material—artificial humic acid (AHA)—is garnering increas-
ing attention [15]. Previous studies indicate that AHA not only enhances soil P fixation
capacity through its inherent phenolic, hydroxyl, and carboxyl groups, but also increases P
availability and uptake by boosting calcium P precipitation rates. It forms P complexes,
enhances competing adsorption sites to elevate soil P concentrations, and promotes the
conversion of insoluble P minerals into forms more readily absorbed and utilized by
plants [16]. In investigations of soil P transport and transformation, the role of aggregate
size is essential [17]. It has been found that there are significant differences in soil nutrients
between micro-aggregates and macro-aggregates, with micro-aggregates exhibiting a more
pronounced impact on the immobilization of soil nutrient elements C, N, and P [15]. The
formation of soil aggregates, in conjunction with other soil properties, exerts a substantial
influence on P adsorption and bioavailability in soil [18]. However, it remains unclear how
AHA affects P dynamics across soils with different grain sizes. In addition, the influence of
the depth of AHA addition on soil P migration and transformation remains unknown. This
lack of clarity hinders the optimal utilization of AHA in agricultural production.

Therefore, we designed column experiments to discuss the effects of soil particle sizes,
AHA addition, and the depth of addition on soil P migration and transformation. This
paper aims to investigate (I) the role of AHA in P transformation in soils with different
particle size fractions, (II) the impact of AHA addition on soil P migration, and (III) the
impact of AHA addition depth on soil P migration and transformation.
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2. Materials and Methods
2.1. Experimental Materials

Soil samples for testing were collected from Qianjin Farm in Jiamusi City (N 47◦34′12′′,
E 125◦23′38.50′′), located southeast of the Sanjiang Plain and situated on the eastern mar-
gin of the Jiamusi Massif, where Middle Devonian Heitai Formation sandstone is widely
distributed. Based on the Chinese Soil Classification System, the experimental soil was
classified as Alfisol [19]. The study area is classified as having a cold temperate continental
climate, characterized by mild and rainy summers, alongside cold and dry winters. The
region exhibits an average annual temperature of 3.9 ◦C at 350 m a.s.l. In 2022, soil samples
were systematically obtained at a depth of 0–20 cm with a sampling spade. The initial soil
Olsen-P content was 7.44 ± 1.64 mg/kg. Soil samples were collected using a five-point
sampling method: a plot was selected, with the midpoint of its diagonal serving as the
central sampling point. Four additional sampling points were then positioned equidistant
from the central point along the diagonals, ensuring consistent soil type. Collected sam-
ples were thoroughly mixed before being sealed in sample bags for subsequent analysis.
Following collection, soil samples were placed in a well-ventilated, sunlit location [20]. In
order to circumvent the extreme impact of clay or gravel, the experiment was designed
with five distinct particle sizes (2 mm, 4 mm, 6 mm, 8 mm, and 10 mm). The air-dried soil
was subjected to a series of sieves of five distinct sizes to obtain the specified sizes.

The AHA raw material was sourced from mature corn stalks collected within the
campus of Northeast Agricultural University. After collection, the stalks were first washed,
then dried in a constant-temperature oven at 105 ◦C, followed by pulverization. Liquid
artificial humic acid was prepared via hydrothermal humification technology [16]. Solid
humic acid was obtained using 6 mol/L hydrochloric acid through precipitation and
centrifugation. This solid was dissolved in a 3% ammonia solution (Shanghai Hushi
Laboratory Equipment Co., Ltd., Shanghai, China), adjusted to neutral pH, and ultimately
yielded a 1 g/L concentration of liquid AHA. The C/N ratio, determined using an elemental
analyzer (Olivetti, Ivrea, Italy), was approximately 10.9:1. Scanning electron microscopy
(SEM) (Hitachi Ltd., Tokyo, Japan), transmission electron microscopy (TEM) (Hitachi Ltd.,
Tokyo, Japan) images and Fourier transform infrared spectroscopy (FTIR) (Thermo Fisher
Scientific Inc., Waltham, MA, USA) analyses of the synthetic humic substance are presented
in Figure 1.

Figure 1. SEM, TEM, and FTIR spectra of artificial humic acid.

2.2. Column Experimental Design

The experiment was conducted in a soil cultivation device made of cylindrical
polyvinyl chloride (PVC). The experimental device was 50 cm in height and 10 cm in
diameter. Three holes, each 2 cm in diameter, were created 5 cm from the bottom of the
unit, with three more holes of the same size spaced every 10 cm along its height. The device
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was prepared with approximately 4 cm of quartz sand at the bottom of the soil column.
A nylon filter layer with a mesh size of 150 µm was placed on top of the sand to prevent
soil-sand mixing and clogging.

To achieve uniform density across the samples, the same mass of soil was placed
layer by layer into the same volume of PVC columns. Since the normal growth range of
crop roots is 10–40 cm, the experiment was set up to investigate the effects of AHA on
soil nutrients at different depths by applying AHA at 10–20 cm and 30–40 cm. The soil
incubation experiment was organized into three groups: (I) Soil was sieved into particle size
fractions of 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm, which were then placed into separate
PVC columns. These columns received only water supplementation with no additional
treatments (Control, CK). (II) The same soil fractions were subjected to the addition of
300 mg/kg of AHA. (III) AHA was applied to the different particle size fractions at depths
of 10–20 cm and 30–40 cm. Liquid AHA was added to the filled soil columns prior to the
start of the experiment along with supplemental water to bring the soil moisture content
to 20%.

2.3. Sample Collection and Measurement

The experiment was conducted over a 60-day period, with soil sampling performed
at 10-day intervals. The experiment was designed to simulate the changes in soil P frac-
tions during the fallow period, so no crops were planted. At each sampling event, the
rubber plugs on the PVC columns were removed, and soil samples were collected from
5 depths (0, 10, 20, 30, and 40 cm) in triplicate. Over the entire experimental duration, a
total of six sampling campaigns were carried out. Immediately after collection, the soil
samples were placed in labeled aluminum boxes and oven-dried. After removing stones
and residual grass roots, the samples were ground. NaHCO3-P, NaOH-P, HCl-P, and Olsen-
P were leached using the Hedley method and Maranguit method [21]. For NaHCO3-P
determination, 0.5 g of air-dried soil was placed into a 50 mL polyethylene centrifuge
tube. A total of 30 mL of 0.5 mol/L NaHCO3 solution (pH 8.5) was added, before being
agitated at 25 ◦C and 180 rpm in a water bath shaker (Shanghai Boxun Medical Biolog-
ical Instrument Corp., Shanghai, China) for 16 h. Following shaking, the mixture was
centrifuged at 3500 rpm for 8 min (Hunan Kaida Science Instrument Co., Ltd, Changsha,
China) to determine NaHCO3-P content. The remaining solid phase was preserved for
subsequent extraction cycles. This procedure was iterated to isolate NaOH-P and HCl-P
fractions, following established sequential extraction principles [5]. Olsen-P was deter-
mined following the method described in Maranguit [22]. Air-dried soil (<2 mm) was
weighed into a conical flask, followed by the addition of 0.5 mol/L NaHCO3 solution and
activated carbon. The mixture was shaken horizontally in a temperature-controlled water
bath oscillator (180 rpm) for 30 min. The supernatant was used to determine the Olsen-P.
The soil P content was measured by the Smartchem 200 Automated Discrete Analyzer
(LICA United Technology Limited, Beijing, China).

2.4. Statistical Analyses

The effects of three factors—AHA application method, soil depth, and incubation
time—on four P fractions were evaluated using multi-way ANOVA. Post hoc comparisons
were performed using the Least Significant Difference (LSD) test. The experimental results
were evaluated using IBM SPSS Statistics 27. Pearson correlation analysis was conducted
to examine the relationships among NaHCO3-P, NaOH-P, HCl-P, and Olsen-P. Reliability
analysis and factor analysis were performed on the data.

IBM SPSS Amos 24.0 software was used to develop a structural equation model
(SEM) using the covariance matrix of variables, including NaHCO3-P, NaOH-P, HCl-P,
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and Olsen-P, to investigate the relative importance of these variables. The correlation
coefficients are presented in Table 1.

Table 1. Evaluation parameters of the structural equation model.

CMIN/DF GFI CFI NFI RMSEA

1.826 0.921 0.996 0.990 0.071
CMIN/DF: Chi-square Minimum/Degrees of Freedom; GFI: Goodness-of-Fit Index; CFI: Comparative Fit Index;
NFI: Normed Fit Index; RMSEA: Root Mean Square Error of Approximation.

The best model was selected based on 5 fit indices, including CMIN/DF. A good fit is
indicated by an RMSEA value less than 0.1, a CMIN/DF value less than 3, and values of
the other indices greater than 0.9 [23].

3. Results
3.1. Transformation Pattern of Soil P with the Addition of AHA in Different Soil Particle
Size Fractions

Basic soil parameters are shown in Table 2. Under both treatments, NaHCO3-P, NaOH-P,
and HCl-P were all converted to Olsen-P, a form more readily absorbed by crops. Overall,
NaHCO3-P and HCl-P concentrations decreased sharply for both treatments, while Olsen-P
concentration progressively increased. During the initial 20 days of incubation, NaOH-P
exhibited an increasing trend and its concentration began to decline after this period. The
application of AHA effectively facilitated the conversion of NaHCO3-P, NaOH-P, and
HCl-P to Olsen-P. During soil cultivation, the P component with the greatest variation was
HCl-P after the application of AHA, which decreased by 0.05–6.40 mg/kg. Olsen-P content
increased by 7.17–9.10 mg/kg.

Table 2. Basic physical and chemical properties of soil.

pH Conductivity Olsen-P Total
Nitrogen

Organic
Matter

Cation Exchange
Capacity Zeta

µS/cm mg/kg g/kg g/kg mmolc/kg mV

soil 7.15
±0.05

196.53
±5.42

7.44
±1.64

1.44
±0.19

6.51
±0.38

3.1
±0.1

−3.65
±0.16

A comparison of P concentrations across five particle size fractions found that AHA
increased the effective conversion of P in the majority of particle size fractions (Figure 2).
In the presence of AHA, NaHCO3-P, NaOH-P, HCl-P and Olsen-P concentrations increased
in the 2 mm, 4 mm, 6 mm, and 8 mm soil particle size fractions. The Olsen-P content in
these four particle size fractions grew by 15.4%, 7.3%, 3.1%, and 0.2%. Therefore, AHA was
most effective in promoting the conversion of NaHCO3-P, NaOH-P, and HCl-P to Olsen-P
in the 2 mm particle size fraction.

The experimental results showed that AHA most significantly influenced the trans-
formation of P in the 2 mm fraction. Therefore, in the following experiments, the 2 mm
fraction will be utilized to further investigate the effects of AHA on the migration and
transformation of P.
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Figure 2. Concentrations of NaHCO3-P (A), NaOH-P (B), HCl-P (C), and Olsen-P (D) in soils with
the addition of AHA in different soil particle sizes. (The significance analysis labeled in the figure
is for different particle size treatments. The bar graphs represent the average values of different P
components under each treatment, and the lines above the bars indicate the standard error. The
letters a, b, c, and d in the figure denote statistically distinct groups from the significance analysis.
The red line in the figure represents the comparison of phosphorus content in the 2mm soil fraction
between day 10 and day 60 after the addition of AHA. The blue line in the figure represents the
comparison of phosphorus content in the 2mm soil fraction of the CK group between day 10 and
day 60.)

3.2. Migration Patterns of Soil P Influenced by AHA

A multi-way ANOVA revealed distinct effects on the different P fractions (Table 3).
For Olsen-P, significant main effects were found for AHA application method (F = 5.21,
p < 0.05) and incubation time (F = 44.91, p < 0.001), but not for soil depth (F = 1.29, p = 0.274).
A similar pattern was observed for NaHCO3-P and NaOH-P, where both AHA application
method (NaHCO3-P: F = 3.14, p < 0.05; NaOH-P: F = 2.33, p = 0.05) and incubation time
(NaHCO3-P: F = 48.49, p < 0.001; NaOH-P: F = 50.06, p < 0.001) had significant main effects,
while soil depth did not (NaHCO3-P: F = 0.55, p = 0.702; NaOH-P: F = 1.15, p = 0.335). In
contrast, for HCl-P, the main effects of AHA application method, incubation time, and soil
depth were all significant. A significant interaction between AHA application method and
soil depth was detected (p < 0.001). The results of the aforementioned analysis indicate that
the experimental data in this study are statistically significant.

Table 3. Analysis of variance summary table.

df F p

Olsen-P
Application Method of AHA 3 5.123 0.002

Incubation Time 5 44.907 <0.001
Soil depth 4 1.294 0.274
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Table 3. Cont.

df F p

NaHCO3-P
Application Method of AHA 3 3.140 0.026

Incubation Time 5 48.492 <0.001
Soil depth 4 0.547 0.702

NaOH-P
Application Method of AHA 3 2.332 0.050

Incubation Time 5 50.056 <0.001
Soil depth 4 1.148 0.335

HCl-P

Application Method of AHA 3 9.673 <0.001
Incubation Time 5 87.084 <0.001

Soil depth 4 6.034 <0.001
Application Method of

AHA—Soil depth 10 4.107 <0.001

df: degree of freedom; F: F = between-groups variance/within-groups variance; p: probability value.

Figure 3 showed that Olsen-P levels peaked in the 0–10 cm layer and declined with
depth across both treatments. After the addition of AHA, Olsen-P concentration increased
throughout the 0–40 cm soil profile, indicating that a greater amount of Olsen-P was
retained in the soil treated with AHA. At the initial stage of the incubation test, the levels
of NaOH-P and HCl-P in the topsoil (0 cm) were similar to those at 40 cm. Post-incubation
analysis revealed that the concentrations of HCl-P in the 0 cm soil had decreased by
0.95 mg/kg compared to the 40 cm soil treated with AHA. This vertical gradient disparity
exceeded the control group, where the difference was 0.131 mg/kg. This indicates that
AHA promotes the downward transport of HCl-P.

 

Figure 3. Changes in the concentrations of Olsen-P (A), NaHCO3-P (B), NaOH-P (C) and HCl-P
(D) in the soil incubation cycle without and with the addition of AHA and at different depths in the
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soil profile Olsen-P (E,I), NaHCO3-P (F,J), NaOH-P (G,K) and HCl-P (H,L). (The bar graphs represent
the average values of different P components under each treatment, and the lines above the bars
indicate the standard error. The yellow dashed line denotes the HCl-P content in CK at 30 cm; the red
dashed line denotes the Olsen-P content following AHA amendment at 20 cm; and the blue dashed
line denotes the HCl-P content at 40 cm. These dashed lines are designated to serve as a visual aid for
the direct comparison of P levels across the specified depths.)

In the experiment, we added AHA to the surface layer to investigate its effects on
soil P migration and transformation. To study whether the different application depths
of AHA would influence soil P migration and transformation, we conducted soil column
experiments, adding AHA at depths of 10–20 cm and 30–40 cm for further investigation.

3.3. Migration and Transformation Patterns of Soil P Under Different Humic Acid
Addition Depths

The application of AHA significantly elevated NaOH-P and HCl-P levels in the imme-
diate vicinity of the treatment zones (Figure 4). Notably, when AHA was applied at the
10–20 cm depth, it did not significantly alter the distribution of Olsen-P and NaHCO3-P
within the soil profile. However, at the 10–20 cm depth, NaOH-P and HCl-P concentrations
increased. NaOH-P at 10–20 cm increased by 0.27 times relative to the surface layer as
cultivation time increased, while HCl-P at 10–20 cm increased by 0.62 times relative to
the surface layer over the same period. Similarly, AHA application at the 30–40 cm depth
significantly elevated both NaOH-P and HCl-P concentrations.

Figure 4. Concentration changes in Olsen-P (A), NaHCO3-P (B), NaOH-P (C), and HCl-P (D) during
the soil incubation cycle under conditions of AHA addition at 10–20 cm depth and AHA addition at
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30–40 cm depth, and concentration changes in Olsen-P (E,I), NaHCO3-P (F,J), NaOH-P (G,K), and
HCl-P (H,L) at different depths in the soil profile. (The bar graphs represent the average values of
different P components under each treatment, and the lines above the bars indicate the standard
error. The green dashed line indicates the Olsen-P content at 10 cm soil depth when applying AHA at
10–20 cm intervals. The blue and red dashed lines represent the soil Olsen-P content on day 60 under
the conditions of AHA addition at the 10–20 cm and 30–40 cm. These dashed lines are designated to
serve as a visual aid for the direct comparison of P levels.)

Comparative analysis of the effects of the two AHA application depths on Olsen-P,
NaHCO3-P, NaOH-P, and HCl-P concentrations revealed that AHA application at 10–20 cm
significantly enhanced soil P effectiveness. Compared with AHA application at 30–40 cm,
AHA application at 10–20 cm is more effective in promoting the transformation of P into
other forms. From the perspective of the whole soil column, the Olsen-P concentration
tended to increase with prolonged incubation time, while NaHCO3-P, NaOH-P, and HCl-P
concentrations generally exhibited a decreasing trend. Specifically, AHA application at
10–20 cm resulted in a higher Olsen-P concentration compared to application at 30–40 cm.
On day 60 of incubation, the Olsen-P concentration of the addition of AHA at 10–20 cm
was 7.83% higher than that of the other treatment. The NaOH-P concentration exhibited a
similar trend, with higher concentrations observed at depths of 10–20 cm, representing a
6.12% increase compared to other treatments.

3.4. Structural Equation Model of Factors Affecting Soil P

As shown in Figure 5, the structural equation model results revealed that NaOH-P
was the most significant factor influencing the conversion of Olsen-P. NaHCO3-P, NaOH-P,
and HCl-P exhibited a negative effect on the conversion of Olsen-P, which is consistent
with the findings in Section 3.1. Specifically, NaOH-P showed the strongest negative
effect (p < 0.001), with a path coefficient of −0.33. A causal relationship was observed
among NaHCO3-P, NaOH-P, and HCl-P, with HCl-P showing the weakest significance
(p < 0.05) and a path coefficient of 0.09, suggesting that HCl-P has minimal influence
on the transformation of NaOH-P. Consistent with our prior observations, NaOH-P and
Olsen-P maintained relatively constant concentrations during the first 20 days (Figure 2).
After 20 days of incubation, the changes in Olsen-P and NaOH-P concentrations exhibited
opposing trends, and NaHCO3-P and HCl-P consistently showed an increasing trend
throughout the incubation period. Consequently, the structural equation model reveals a
stronger significant relationship between Olsen-P and NaOH-P compared to the significance
of NaHCO3-P and HCl-P in relation to Olsen-P.

Figure 5. Structural equation model of Olsen-P, NaHCO3-P, NaOH-P, and HCl-P transforma-
tions. Numbers next to the arrows indicate standardized path coefficients and asterisks mark
their significance: *** p < 0.001, ** p < 0.01. (CMIN/DF: Chi-square Minimum/Degrees of Freedom;
GFI: Goodness-of-Fit Index; CFI: Comparative Fit Index; NFI: Normed Fit Index; RMSEA: Root Mean
Square Error of Approximation. Positive and negative path coefficients are represented by red and
blue lines with arrows.)
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4. Discussion
The effective P pools are influenced by the activity of plant roots [24]. Under conditions

devoid of plant-mediated regulation, Olsen-P exhibited less variability compared to other
P fractions during the incubation period. The secondary P pools (NaOH-P and HCl-P)
exhibited a higher environmental response sensitivity in comparison to Olsen-P. NaHCO3-P
was loosely pooled on the surface of soil particles [16], and this fraction of P exhibited
characteristics similar to those of effective P. In conjunction with the data presented in
Figure 2A, the levels of NaHCO3-P in soils augmented with AHA exceeded those observed
in the control group over a period of 10–30 days. This phenomenon can be attributed to the
inhibition of the immobilization of NaHCO3-P by the reactive functional groups present
on the surface of the AHA, which resulted in its binding to mineral adsorption sites [25].
The observed decrease in NaHCO3-P concentration during the incubation period was
attributed to its conversion into water-soluble P, which is more readily available for plant
uptake [10]. In Figure 2B,C, it can be seen that NaOH-P and HCl-P also exhibited a trend
towards conversion to Olsen-P. Previous research has demonstrated that HCl-P functions
both as a P source and a reservoir, similar to NaOH-P, and can serve as a supplement to
the readily available forms of P [26–29]. AHA competes with P for binding sites on the
soil surface and promotes the conversion of NaOH-P and HCl-P into a more water-soluble
form, thereby increasing the effective P concentration [29,30]. Therefore, in the absence of P
supply, there was a soil P deficit and all three forms were converted to Olsen-P to replenish
the effective P pool, as corroborated by Figure 2.

NaHCO3-P, NaOH-P, and HCl-P were converted to effective P pools and the conver-
sion of P was more pronounced in the soil with a 2 mm particle size fraction compared to
other particle size fractions. The effect is attributed to the abundant phenolic hydroxyl and
carboxyl groups in AHA [11], which are strongly adsorbed onto specific aluminum and
iron oxides due to their high affinity for these surfaces [31]. AHA promotes the effective
conversion of P by competing for adsorption sites [25]. In addition, soils with smaller
particle sizes have a larger specific surface area and also undergo more adsorption and
desorption reactions [12]. Therefore, the incorporation of AHA enhances the uptake of
nutrients by soils with a small particle size, increasing the effective P concentration in the
soil. The retention of Olsen-P by AHA is attributed to its ability to physically facilitate
the formation of water-soluble humic acid–metal–phosphate complexes. The formation of
stable P complexes substantially increases the soil’s potassium sequestration efficiency [25].
The carboxyl and hydroxyl groups on the surface of AHA are known to interact with
hydroxyl groups on the soil surface, competing for adsorption sites with both organic
and inorganic P [30,32]. This interaction activates potential P sources within the soil and
promotes the mobilization of NaOH-P and HCl-P.

The experiment revealed a distinct enrichment of NaOH-P and HCl-P within the
treated range. This effect is attributed to the large specific adsorption surface area of
humic acid for P ions in the soil [33,34], combined with P’s strong affinity to soil solids.
When P concentrations are excessive, P tends to preferentially adsorb onto soil particles,
interacting with compounds such as calcium and transforming into more stable fractions,
including NaOH-P and HCl-P [35–37]. Thus, a localized increase in NaOH-P and HCl-P
content occurred.

In this experiment, the addition of AHA at 10–20 cm was found to be effective in
promoting the conversion of P. This effect is attributed to the greater pore space and
enhanced gas mobility in the mid-layer soil compared to the subsoil. Indeed, previous
studies have demonstrated that humic acid enhances the growth of phosphorus-solubilizing
microorganisms in the soil, some of which are strictly aerobic [38]. Consequently, the
concentration of oxygen and soil aeration significantly influence the effectiveness of AHA
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in P transformation [39]. Aeration was more favorable at the 10–20 cm depth compared
to the 30–40 cm depth, leading to a more pronounced increase in P effectiveness with
AHA application at 10–20 cm. A decreasing trend in NaOH-P concentration was observed
throughout the incubation period in the experiment.

5. Conclusions
This study demonstrated that AHA can promote the conversion of P from other com-

ponents to Olsen-P within the 2 mm particle size fraction. Notably, Olsen-P concentrations
showed a marked elevation after 20 days of incubation. Additionally, AHA can inhibit
the migration of Olsen-P to a certain extent, thereby further immobilizing Olsen-P and
reducing nutrient consumption. We found that the transformation processes of the four soil
P components were interrelated. When the application depth of AHA was 10 to 20 cm,
NaHCO3-P, NaOH-P, and HCl-P were able to transform into Olsen-P. This study presents a
viable strategy for enhancing soil P utilization efficiency through AHA amendment and
provides theoretical support for sustainable soil P management in cold black soil regions.
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