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Abstract
To ameliorate the widespread phosphorus (P) deficiency in soils of subtropi-
cal eucalyptus plantations in China, this study utilized biochar (BC) as a soil
amendment, with soil from a 15-year-old eucalyptus plantation as the research
subject. Through a laboratory incubation experiment, different proportions
of BC were added at rates of 0 (CK), 2%, 5%, 10%, and 20% to investigate
the effects of different BC application rates on soil P fractions and transforma-
tion and their relationships with soil physicochemical properties. The results
showed that: (1) Compared with CK, the 20% BC addition rate significantly
increased soil ammonium nitrogen (NO3–N), total phosphorus (TP), microbial
biomass phosphorus (MBP) content, and pH value (P<0.05), while the 2%,
5%, and 10% BC addition rates only significantly increased MBP and pH value
(P<0.05), with no significant effects on other soil physicochemical indicators.
(2) Compared with CK, the 2% BC addition rate significantly increased labile
P (LP) (P<0.05); the 5% and 10% BC addition rates significantly increased
both very labile P (AP) and LP (P<0.05); and the 20% BC addition rate sig-
nificantly increased AP, LP, and occluded P (OP) (P<0.05), while moderately
labile P (MP) showed no significant changes under the four BC addition rates.
(3) The activities of 𝛽-glucosidase (BG), N-acetylglucosaminidase (NAG), pro-
tease (LAP), and acid phosphatase (ACP), which are related to C, N, and
P transformations, were all significantly higher than CK under the 10% and
20% BC addition rates (P<0.05). (4) Correlation analysis results showed that
both ln(BG) and ln(NAG+LAP) were significantly positively correlated with
ln(ACP) (P<0.05); redundancy analysis (RDA) indicated that pH, TN, and TP
were the most important factors driving changes in soil P fractions in eucalyp-
tus plantations, while structural equation model (SEM) further demonstrated
that pH, C:P, and N:P were the key factors driving soil P transformation. In
summary, different BC application rates primarily improved enzyme activities
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related to C and N cycling by influencing soil physicochemical properties, and
consequently enhanced the P supply potential of eucalyptus plantation soils to
some extent, with the high BC addition rate (20%) showing the best effect.
This study holds important significance for guiding soil nutrient management
in eucalyptus plantations and promoting sustainable forestry development in
China.
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Abstract

To address the widespread phosphorus (P) deficiency in subtropical eucalyptus
plantation soils in China, this study investigated the effects of biochar (BC)
as a soil amendment on soil P fractions and transformation. Using soil from a
15-year-old eucalyptus plantation, we conducted a laboratory incubation exper-
iment with different BC application rates [0 (CK), 2%, 5%, 10%, and 20%] to
examine how varying BC amounts influence soil P composition and transforma-
tion and their relationships with soil physicochemical properties. The results
showed: (1) Compared to CK, the 20% BC addition rate significantly increased
soil nitrate nitrogen (NO3

−-N), total phosphorus (TP), microbial biomass phos-
phorus (MBP) content, and pH (P<0.05), while 2%, 5%, and 10% BC addi-
tion rates only significantly increased MBP and pH (P<0.05) without signif-
icantly affecting other soil physicochemical indicators. (2) Compared to CK,
the 2% BC addition rate significantly increased labile P (LP) (P<0.05); the
5% and 10% rates significantly increased both readily available P (AP) and
LP (P<0.05); and the 20% rate significantly increased AP, LP, and occluded
P (OP) (P<0.05), while moderately available P (MP) showed no significant
changes across all four BC addition rates. (3) The activities of 𝛽-glucosidase
(BG), N-acetyl-glucosaminidase (NAG), protease (LAP), and acid phosphatase
(ACP)—enzymes related to C, N, and P transformation—were all significantly
higher at 10% and 20% BC addition rates compared to CK (P<0.05). (4) Corre-
lation analysis revealed that ln(BG) and ln(NAG+LAP) were both significantly
positively correlated with ln(ACP) (P<0.05). Redundancy analysis (RDA) in-
dicated that pH, TN, and TP were the primary factors driving changes in soil P
fractions in eucalyptus plantations, while structural equation modeling (SEM)
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further demonstrated that pH, C:P, and N:P ratios were the most critical fac-
tors driving soil P transformation. In conclusion, different BC application rates
primarily improved enzyme activities related to C and N cycling by influenc-
ing soil physicochemical properties, thereby enhancing the P supply potential
of eucalyptus plantation soils to varying degrees, with the highest concentra-
tion (20%) showing the optimal effect. This study provides important guidance
for soil nutrient management and sustainable forestry development in China’s
eucalyptus plantations.

Keywords: biochar, eucalyptus plantation, soil phosphorus fraction, soil en-
zyme activity, subtropics

Introduction

Phosphorus (P) is an essential mineral nutrient element throughout the plant
life cycle (Cao et al., 2014), participating in the synthesis of sugars, proteins,
chlorophyll, and other substances, and involved in all physiological and bio-
chemical processes from individual development to natural death. Soil P is
the source for plant P acquisition, and its form and structure directly affect
soil P bioavailability (Li et al., 2015). Soil P exists in two forms: inorganic
phosphorus (Pi) and organic phosphorus (Po) (Gao et al., 2022). Pi mostly
occurs as orthophosphate, which in southern China—dominated by eroded red
acidic soils—often combines with Fe and Al to form phosphates that are dif-
ficult for plants to absorb. Po is abundant in global soil P pools, accounting
for approximately 15%–80% of total P, but must undergo biological mineral-
ization to become soluble phosphate before plant uptake (Achat et al., 2009).
Due to the rainy climate conditions in subtropical regions, available P in soils
experiences “leaching” and is lost in large quantities with percolating water,
resulting in insufficient soil P supply (Zhang et al., 2021). Consequently, P has
long been considered one of the most critical factors limiting productivity and
sustainable management of plantation ecosystems in this region (Crous et al.,
2015). In-depth study of P fraction changes and transformation mechanisms in
subtropical plantation soils can help improve soil P effectiveness and maintain
ecosystem productivity and sustainable development of ecological processes.

Biochar (BC) is the product of biomass pyrolysis under anoxic or hypoxic con-
ditions (Liu et al., 2019). Research shows that BC, as a novel material, can
effectively improve soil and enhance soil fertility after artificial input into soil
ecosystems (Gao et al., 2021). The porosity of BC benefits soil porosity increase
and bulk density reduction (Zhao et al., 2021), while its large specific surface
area can release substantial charges, effectively adsorbing N, P, and other ele-
ments to promote soil nutrient retention (Wu et al., 2014). Studies indicate that
BC maintains strong capacity for sustaining soil productivity and fertility even
at low application rates (Schulz et al., 2013). Additionally, BC’s adsorption of
cations such as Ca2+, Fe3+, and Al3+ can reduce cation-P binding, increasing
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available P content in soil (Liu et al., 2017). Xu et al. (2014) evaluated four
BC application rates (0, 1%, 5%, and 10%, w/w) on soil P and found that
BC application could alter soil P adsorption and desorption capacity, thereby
changing soil P availability. BC addition not only directly increases available
P content but also modifies soil physicochemical properties and microbial com-
munities, subsequently affecting soil P adsorption and mineralization (Kloss et
al., 2014). Pandit et al. (2018) found that soil pH increased with BC addition,
enhancing negative charges on soil mineral surfaces, reducing P adsorption, and
increasing soil P availability. Furthermore, BC can influence microbial activity
and promote P mineralization in soil (Li et al., 2019), possibly because: (1)
active functional groups on BC surfaces enhance interactions with soil, creating
suitable habitats for microorganisms involved in soil nutrient cycling (Zhao et
al., 2021); and (2) BC can increase soil organic carbon content, thereby enhanc-
ing soil microbial activity (Demisie et al., 2014). Soil enzyme activity is an
important indicator for evaluating soil quality and microbial activity (Liu et al.,
2017). Therefore, investigating the effects of different BC application rates on
soil nutrients and enzyme activities to analyze P fraction changes and transfor-
mation processes is crucial for improving BC application methods, increasing
soil available P content, reducing P loss, enhancing soil quality, and maintaining
plantation ecosystem stability.

Eucalyptus, characterized by fast growth, multiple uses, high economic value,
and wide adaptability, has been extensively planted in southern China,
making important contributions to forestry production and economic devel-
opment (Wang et al., 2021). However, extensive planting and continuous
multi-generation cultivation of eucalyptus plantations can easily lead to soil
compaction, poor aeration, and rapid fertility decline, seriously affecting soil
quality and sustainable plantation management (Wen et al., 2019). Costa et
al. (2016) found that available P pools are affected by Pi dissolution and Po
mineralization, with available P deficiency occurring in P-deficient eucalyptus
forest sites or under low P fertilizer supply conditions. Although eucalyptus
plantations can significantly increase growth rates through P fertilizer addition
(Valadares et al., 2020), excessive P fertilizer application causes soil P surplus,
which enters rivers and lakes with rainfall or surface runoff, wasting resources
and causing environmental pollution (Ji et al., 2021). While reports exist on
BC application altering soil P availability (Xu et al., 2014), the effects of BC on
P form transformation in subtropical eucalyptus plantation soils and its regula-
tory mechanisms remain poorly understood (Foltran et al., 2019), and specific
interactions between BC application rates and soil P transformation have been
relatively understudied, greatly limiting BC application and promotion in this
region. Therefore, this study used subtropical long-term managed eucalyptus
plantation soil (red soil) as the research object, employing laboratory incubation
experiments to investigate the effects of different BC application rates on soil P
fraction changes, and to elucidate the main pathways and key driving factors of
BC-regulated soil P transformation, providing scientific guidance for selecting
appropriate BC application rates to improve soil P availability in eucalyptus
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plantations.

1. Materials and Methods

1.1 Experimental Materials and Design The study area is located
in Shaoping Forest Farm, Tropical Forestry Experimental Center, Chinese
Academy of Forestry, in Pingxiang City, Guangxi Zhuang Autonomous Region,
China (106°51�–106°53� E, 22°02�–22°04� N). The region has a typical subtrop-
ical monsoon climate with abundant sunlight, mean annual temperature of
20.5–21.7°C, and concentrated rainfall from April to September with mean
annual precipitation of approximately 1,401 mm. The main landform is low
hills, and the soil type is acidic red soil formed from granite weathering under
high temperature and alternating wet-dry conditions.

Based on the principle that P in BC has more stable thermochemical properties
when carbonization temperature exceeds 600°C (Johan et al., 2021), this exper-
iment selected biochar produced from rice straw at 600°C as the amendment
material. Surface soil (0–10 cm) was randomly collected from a 15-year-old eu-
calyptus plantation as the test soil. The basic physicochemical properties of BC
and test soil are detailed in Table 1 . The collected soil (~30 kg) was air-dried,
passed through a 2 mm sieve, and bagged for later use. A laboratory incubation
experiment was conducted with five BC addition treatments: 0 (CK), 2% (2B),
5% (5B), 10% (10B), and 20% (20B), with five replicates per treatment. BC
and soil were thoroughly mixed, placed in incubation bottles (125 ml capacity
with ventilated caps), and compacted to approximate field bulk density. Sam-
ples were incubated in darkness at constant temperature (25°C), with water
added periodically to maintain 40% of maximum water-holding capacity. After
one year of incubation, soil physicochemical properties, P fractions, and enzyme
activities were measured.

1.2 Experimental Methods Soil bulk density and maximum water-holding
capacity were measured using the ring knife method (Liu, 1996). Soil pH was de-
termined at a soil-to-water mass ratio of 1:2.5. Soil total organic carbon (SOC)
was measured using the potassium dichromate-sulfuric acid external heating
method (Nelson et al., 1982). Total nitrogen (TN) was determined by the Kjel-
dahl method. Ammonium nitrogen (NH4

+-N) and nitrate nitrogen (NO3
−-N)

were extracted with 50 mL of CaCl2 (0.01 mol・L−1) solution added to fresh
soil equivalent to 10 g dry weight, and measured using a continuous flow ana-
lyzer (Huang et al., 2014). Total phosphorus (TP) was digested with HClO4-
H2SO4 (Vance et al., 1987) and determined by the molybdenum-antimony anti-
colorimetric method (Murphy & Riley, 1962).

Soil microbial biomass phosphorus (MBP) was measured using the chloroform-
fumigation extraction method (Vance et al., 1987). Three 5 g soil samples were
prepared: the first two for fumigated and non-fumigated comparison, and the
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third non-fumigated sample with 250 µL KH2PO4 (250 mol・mL−1) added. All
three samples were extracted with 40 mL NaHCO3 (0.5 mol・mL−1) solution and
determined by the molybdenum-antimony anti-colorimetric method (Murphy &
Riley, 1962).

Soil enzyme activities involved in C, N, and P cycling were determined using
fluorometric microplate assays (Saiya-Cork et al., 2002). Fresh soil equivalent
to 1.25 g dry weight was added to 125 mL ultrapure water and homogenized for
55 s at 4°C using a micro-blender to create a soil suspension. Each sample had
eight replicates. After adding enzyme substrates, samples were incubated in
darkness at 25°C for 4 h, then measured using a microplate reader (wavelength
365–450 nm). All enzyme activities were uniformly expressed in nmol・h−1・g−1

soil. Enzyme types, functions, and substrate information are detailed in Table
2 .

Soil P fractionation was performed using the Hedley method (Zhang et al.,
2009), which simultaneously considers Pi and Po fractions including Resin-P,
NaHCO3-P, microbial cell P (Microbial-P), NaOH-soluble P (NaOH-P), intra-
aggregate P (ultrasonic dispersion/NaOHs-P), apatite P (HCl-P), and residual
P (Residual-P). All seven P fractions were determined by the molybdenum-
antimony anti-colorimetric method (Demisie et al., 2014). These fractions were
categorized into four groups based on plant and microbial availability: readily
available P (AP), labile P (LP), moderately available P (MP), and occluded
P (OP) (Yang & Post, 2011). Resin-P was classified as AP; NaHCO3-P and
Microbial-P as LP; NaOH-P as MP; and NaOHs-P, HCl-P, and Residual-P as
OP.

1.3 Data Analysis Statistical analyses were performed using SPSS 25.0
(SPSS Inc., Chicago, IL, USA). One-way ANOVA was used to analyze
differences in soil physicochemical properties, MBP, soil P fractions, and
enzyme activities among different BC addition rates, with least significant
difference (LSD) tests for mean comparisons at P<0.05 significance level.
Pearson correlation analysis was used to examine relationships between enzyme
stoichiometries. Principal components analysis (PCA) was used to differentiate
changes in soil P fractions after different BC additions, and redundancy anal-
ysis (RDA) was used to identify main factors influencing P fraction changes.
PCA and RDA were performed using Canoco 5.0 (Biometris-Plant Research
International, Wageningen, The Netherlands). Structural equation modeling
(SEM) was used to construct regulatory pathways of BC addition affecting
ACP transformation, analyzed using Amos 24.0 (SPSS Inc., Chicago, IL). All
figures were created using Sigma Plot 12.0 and Microsoft Office Visio 2007.
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2. Results

2.1 Effects of Different Biochar Application Rates on Soil Physico-
chemical Properties Different BC application rates caused varying degrees
of change in soil pH, SOC, TN, NH4

+-N, NO3
−-N, TP, and MBP in eucalyptus

plantations. As shown in Table 3 , compared to CK, soil pH significantly in-
creased by 10.1%, 20.8%, 24.8%, and 40.1% under the four addition rates (2%,
5%, 10%, and 20%), respectively (P<0.05). At the 20% addition rate, NO3

−-N
and TP significantly increased by 51.6% and 110.7%, respectively (P<0.05).
MBP significantly increased by 149.7%, 258.7%, 205.4%, and 350.5% under the
four BC addition rates, respectively (P<0.05). In contrast, SOC and TN showed
no significant changes under any of the four BC addition rates compared to CK.

2.2 Effects of Different Biochar Application Rates on Soil P Fractions
Compared to CK, AP increased after BC addition, reaching significant levels
at 10% and 20% addition rates with increases of 10.0% and 24.9%, respectively
(Figure 1 [Figure 1: see original paper]A). LP significantly increased by 1.6%,
5.4%, 14.9%, and 22.4% at 2%, 5%, 10%, and 20% addition rates, respectively
(Figure 1B) (P<0.05). MP showed no significant effects across the four BC
addition rates (Figure 1C). Additionally, OP significantly increased by 42.5%
at the 20% addition rate (Figure 1D) (P<0.05).

2.3 Effects of Different Biochar Application Rates on Soil Enzyme
Activities and Enzyme Stoichiometry Compared to CK, BG activity sig-
nificantly increased by 63.8%, 68.0%, 80.8%, and 131.8% under the four addition
rates, respectively (Figure 2 [Figure 2: see original paper]A) (P<0.05). NAG
significantly increased by 14.1%, 15.3%, and 30.6% at 2%, 10%, and 20% addi-
tion rates, respectively (Figure 2B) (P<0.05). LAP significantly increased by
160.0%, 90.3%, and 231.0% at 5%, 10%, and 20% addition rates, respectively
(Figure 2C) (P<0.05). ACP significantly increased by 17.2% and 44.4% at 10%
and 20% addition rates, respectively (Figure 2D) (P<0.05).

As shown in Figure 3 [Figure 3: see original paper], both ln(BG) and
ln(NAG+LAP) showed significant positive linear correlations with ln(ACP)
(P<0.05).

2.4 Effects of Different Biochar Application Rates on Soil P Fractions
and Transformation As shown in Figure 4 [Figure 4: see original paper],
compared to CK, P fractions changed to varying degrees under 5%, 10%, and
20% addition rates and were clearly separated by the first axis, while the 2%
addition rate showed minor changes and was only separated by the second axis.
RDA sorting of 12 main environmental factors identified pH (F=66.6, P=0.002),
TN (F=6.1, P=0.002), and TP (F=4.1, P=0.012) as the most critical factors
influencing P fractions, explaining 74.3%, 5.6%, and 3.3% of P fraction variation,
respectively (Figure 4).
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Structural equation modeling (SEM) showed that different BC addition rates
(Biochar Amounts, BA) affected soil physicochemical properties, which in turn
influenced C and N cycling-related enzyme activities (BG, NAG, LAP), ulti-
mately promoting soil P transformation (ACP activity). The model explained
72.4% of P transformation variation (�2=7.530, P=0.582, CMIN/df=0.830,
NFI=0.964, CFI=1.000, RMSEA<0.050) (Figure 5 [Figure 5: see original
paper]A). BA, pH, and soil C:P stoichiometry had direct positive effects on
ACP activity, while soil N:P stoichiometry had a direct negative effect. The
overall effects on P transformation were ranked as: BA > N:P > C:P > pH
(Figure 5B).

3. Discussion

3.1 Effects of Different Biochar Application Rates on Soil Physico-
chemical Properties and P Fractions Most BC is produced through py-
rolysis of plant biomass, thus preserving many essential nutrient elements re-
quired for plant growth and development, and the concentration effect results
in high nutrient element content, making it an excellent soil amendment. Nu-
merous studies have found that BC input can change soil physical properties
(e.g., porosity, aeration, water content) (Oguntunde et al., 2008; Tian et al.,
2013) and chemical properties (e.g., SOC, TN, TP, pH) (Schneider & Hader-
lein, 2016). In this study, TP content in eucalyptus plantation soil only showed
significant effects at the 20% BC addition rate, possibly because BC input pro-
moted the transformation of P fractions in soil TP toward plant-absorbable AP
and LP, enhancing soil P availability. MBP is an important active P source in
soil that can reflect soil P supply capacity to some extent (Song et al., 2021). The
significant increase in MBP content under all BC addition rates in this study
indicates that BC input significantly promoted the transformation of soil TP
to MBP. This may be because BC’s well-developed porosity and large specific
surface area facilitate microbial reproduction and growth, and microbial-driven
assimilation of organic P and mineralized inorganic P promotes MBP increase
(Li et al., 2019). Additionally, microorganisms using organic carbon or other
effective nutrients in BC for growth can partially explain the observed increase
in microbial biomass (Lehmann et al., 2011). Furthermore, although different
BC addition rates had no significant effect on soil TN, NO3

−-N content showed
an upward trend with increasing BC input, particularly reaching significant lev-
els at the 20% addition rate—a result also confirmed in Anderson et al. (2011).
The reason may be that BC input affects soil nitrification and ammonia oxida-
tion by releasing specific volatile organic substances, adsorbing soil nitrification
inhibitors and N substances, and changing soil physicochemical properties.

Based on the different availability and occurrence states of various P fractions
in soil for microorganisms and plants according to the Hedley P fractionation
method, combined with existing classification methods, this study categorized P
fractions into four types: AP, LP, MP, and OP. Among them, AP, LP, and MP
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are relatively easily absorbed and utilized by plants and can serve as available P
sources, while OP is stored within soil minerals or aggregates and is generally in-
accessible to plants and microorganisms. Numerous studies have found that soil
P transformation is interactively affected by soil physicochemical properties and
environmental conditions (Liu & Zhang, 2000; Li et al., 2022). In this study,
different BC addition rates had varying effects on P fractions. Redundancy
analysis revealed that P fractions were correlated with basic soil physicochem-
ical properties, with pH being one of the most critical factors affecting soil P
fraction changes (Figure 4). This is consistent with Tian et al. (2020), possibly
because BC addition produces a positive “liming effect,” and higher soil pH can
increase microbial biomass and activity, ultimately affecting soil P transforma-
tion. The improvement of P availability is the main manifestation of BC effects
on soil P form transformation. AP and LP contents increased with BC addition
rate, with AP reaching significant levels compared to CK at 10% and 20% con-
centrations, and LP showing significant increases under all BC addition rates.
This indicates that different BC addition rates affect soil P solubility (Gundale
& Deluca, 2007), promoting the transformation of occluded P to available P
(Cai et al., 2014). The main reasons for BC increasing soil available P may
include: (1) soluble P salts contained in BC become direct sources of soluble
and exchangeable P after soil input (Gundale & Deluca, 2006); (2) when soil pH
increases with BC addition, increased negative charges on soil mineral surfaces
reduce P adsorption, and BC application may promote P desorption from active
metal oxide components, thereby increasing soil P availability (Hosseini et al.,
2015); and (3) BC input provides energy substances (e.g., C sources) for soil
microorganisms, promoting microbial degradation and immobilization of soil P,
ultimately increasing available P content (Huang et al., 2003). Additionally,
this study found significant increases in NaHCO3-P, NaOH-P, and HCl-P con-
tents after different BC addition rates, which differs from Xu et al. (2014, 2016)
who found no effect of BC addition on soil P fractions and slight decreases in
NaOH-P in acidic soils. This discrepancy may be related to soil fertilization sta-
tus, pH values, different BC addition rates, and pyrolysis temperatures (Chen
et al., 2022).

3.2 Effects of Different Biochar Application Rates on Soil Enzyme
Activities and P Transformation Many factors affect soil P transforma-
tion, and numerous studies have investigated biotic and abiotic factors such as
soil weathering degree, different soil types, and fertilization and tillage practices
(Guo & Yost, 1998; Shi et al., 2014). Soil microorganisms are major contributors
to energy transformation and material cycling in nature, and their metabolic
activities can drive soil P turnover and improve soil fertility (Zhang et al., 2014),
making them one of the most important factors affecting P transformation. BC
can create suitable living spaces for microorganisms involved in soil P trans-
formation, and its input can affect soil P transformation by altering microbial
biomass, community structure, and activity (Warnock et al., 2007). Enzymes se-
creted by microorganisms are key to material cycling in soil ecosystems (Zornoza
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et al., 2006). In this study, most hydrolytic enzyme activities related to soil C,
N, and P cycling showed varying degrees of increase after BC addition (Figure
2), indicating that BC input promoted soil enzyme activity (Paz-Ferreiro et al.,
2014). This may be because BC addition increases the content of trace elements
such as Zn, Mn, and Cu, which are closely related to soil enzyme structure and
activity expression (Li et al., 2014). Second, BC can adsorb and immobilize
microorganisms in soil through electrostatic and hydrophobic attraction (Bai-
ley et al., 2011), thereby altering microbial biomass and community structure
and benefiting soil enzyme activity improvement (You et al., 2014). Soil acid
phosphatase (ACP) activity directly affects soil organic P decomposition, trans-
formation, and bioavailability. In this study, lower BC addition rates (2% and
5%) reduced soil ACP activity, indicating that low BC input inhibited soil P
hydrolase activity. The reasons may be that BC-soil binding increased enzyme
stability, hindering substrate contact, and that aldehydes and phenols present
during BC preparation could have toxic effects on adsorbed enzymes, thus neg-
atively affecting ACP (Yang et al., 2021). The significant positive correlations
between ln(BG) and ln(NAG+LAP) with ln(ACP) (Figure 3) indicate that BC
input increased soil C and N hydrolase activities (Nasto et al., 2014), promot-
ing C and N transformation. To maintain microbial nutrient element balance,
soil microorganisms secrete more ACP to acquire available P to meet their P
demands (Xie et al., 2020). The soil C:P ratio can serve as an indicator of
microbial potential to mineralize soil organic matter and release P (Liu et al.,
2022). In this study, soil C:P ratio had a significant positive effect on ACP
(Figure 5), possibly because BC addition increased the soil C:P ratio, causing P
limitation and stimulating soil microorganisms to secrete P hydrolase, thereby
promoting soil P transformation (You et al., 2020). The N:P ratio can serve as
a threshold for determining soil nutrient limitation (Feng et al., 2020). In this
study, soil N:P stoichiometry had a significant negative effect on ACP. Since
BC itself contains limited N and N can volatilize in gaseous forms (N2O, NH3)
over incubation time, increasing BC addition rates decreased the soil N:P ratio,
causing severe N limitation. Microorganisms then secrete large amounts of N
hydrolase to maintain nutrient balance, and improved N availability can affect
soil ACP activity by promoting microbial reproduction (Liu et al., 2022). SEM
results showed that different BC addition rates affected soil physicochemical
properties to varying degrees, thereby increasing enzyme activities related to
C and N cycling and ultimately promoting soil P transformation (ACP activ-
ity) (Wang et al., 2020). However, the release characteristics of P from BC
itself and its long-term slow-release mechanism after soil input remain unclear,
requiring more long-term, systematic field experiments to provide scientific sup-
port for BC application and promotion in degraded plantation soil restoration
in southern China.
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4. Conclusion

In this study, all four BC addition rates significantly increased NO3
−-N, MBP,

and pH values in eucalyptus plantation soils. Soil AP and LP were only signif-
icantly increased at 10% and 20% BC addition rates, while pH, TN, and TP
were likely the most important factors altering soil P fractions in eucalyptus
plantations. Furthermore, BC primarily improved enzyme activities related to
C and N cycling by affecting soil physicochemical properties, thereby enhancing
soil P transformation in eucalyptus plantations to some degree, with the high-
est BC concentration (20%) showing the optimal effect. The pH, C:P, and N:P
ratios were the most critical factors driving soil P transformation. In summary,
this study demonstrates that BC has potential application value for improving
P supply in subtropical eucalyptus plantation soils in China.
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