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Nanozeolite‑coupled biochar‑based 
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constraints in Moso bamboo forests
Zhenhui Jiang1, Caixian Tang2, Yunying Fang3, Tida Ge4, Shuokang Liu1, Yu Luo5, Bing Yu1, Yanjiang Cai1, 
Jason C. White6 and Yongfu Li1*    

Abstract 

Using nanozeolite-coupled biochar-based phosphate fertilizers (NanoBP) has been proposed as a promising strategy 
to improve phosphorus-use efficiency in intensive crop systems, yet the effects of NanoBP on soil organic carbon 
(SOC) mineralization and its temperature sensitivity (Q10) in forests remain poorly understood. In this 56-day incuba-
tion study, we examined how NanoBP and conventional chemical phosphorus fertilizer (CP), supplying comparable 
amounts of phosphorus, influenced SOC mineralization and its apparent Q10 in a Moso bamboo forest soil. Compared 
with the unfertilized control, CP application increased SOC-derived CO2 emissions but showed little effect on Q10. 
In contrast, NanoBP lowered SOC mineralization rates and Q10 across both active and slow carbon pools. Variations 
in Q10 were primarily driven by microbial enzyme activities and the abundance of cellulolytic functional genes. 
Despite higher soil microbial biomass and phosphorus availability, NanoBP suppressed β-glucosidase and cellobio-
hydrolase activities and reduced the abundance of GH48 and cbhI genes. These findings indicate that NanoBP may 
dampen the Q10 through constraining microbial functional traits. The study provides mechanistic insights into SOC 
mineralization responses under controlled conditions and may inform carbon management strategies in intensively 
managed bamboo forests, pending field-scale validation.

Highlights 

•	 Conventional phosphate fertilizer increased soil organic carbon (SOC) mineralization.
•	 Nanozeolite-coupled biochar-based phosphate reduced both SOC mineralization and Q10.
•	 Active and slow carbon pools exhibited similar Q10.
•	 Q10 was driven by β-glucosidase, cellobiohydrolase, GH48, and cbhI.
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Graphical Abstract

1  Introduction
Soil organic carbon (SOC) constitutes one of the larg-
est carbon (C) pools in terrestrial ecosystems and plays a 
critical role in regulating climate feedbacks (IPCC 2021). 
Climate warming is widely recognized to accelerate SOC 
mineralization, thereby increasing the risk of long-term 
C loss from soils (Crowther et  al. 2016; Sáez-Sandino 
et al. 2024). These effects are expected to be particularly 
pronounced in subtropical regions, where high tempera-
ture and moisture conditions favor rapid soil organic 
matter turnover (Liu et al. 2023; Song et al. 2017). Moso 
bamboo (Phyllostachys edulis) forests are a representative 
subtropical ecosystem that cover more than 4.7 million 
hectares in southern China and contribute substantially 
to regional C sequestration because of their high pro-
ductivity and rapid biomass cycling (Liu et  al. 2025; 
Xiao et al. 2026; Zhou et al. 2024). However, this rapid C 
cycling may also enhance the temperature sensitivity of 
SOC mineralization (Q10) and increase its responsiveness 
to management practices, thereby creating uncertainty 
about the stability of soil C stocks in intensively managed 
Moso bamboo systems (Liu et al. 2023; Song et al. 2013).

Conventional phosphorus (CP) fertilizers (e.g., super-
phosphate) are widely used to sustain the high productiv-
ity of bamboo plantations (Islam et  al. 2025; Jiang et  al. 
2025). Highly weathered tropical and subtropical soils are 
commonly limited by phosphorus (P) deficiency because 
of strong fixation processes (Duan et  al. 2025; Solangi 
et  al. 2023). Although fertilizer inputs can alleviate P 
limitation and enhance plant growth, fertilization may 
also stimulate microbial activity and increase C turno-
ver, potentially amplifying SOC mineralization under 

warming conditions (Zhu et al. 2022; Li et al. 2023). Pre-
vious studies have shown that P fertilization can increase 
Q10 (Chen et al. 2022; Zang et al. 2020). Given the poten-
tial negative effects of CP on SOC turnover and Q10, 
alternative fertilizer formulations are needed to better 
regulate SOC temperature responses in Moso bamboo 
soils.

Nanozeolite-coupled biochar-based phosphate ferti-
lizer (NanoBP) has recently been proposed as an alter-
native strategy to improve P-use efficiency (Dong et  al. 
2025; Li et al. 2025). By integrating nanozeolite, biochar, 
and phosphate into a composite material, NanoBP differs 
fundamentally from soluble chemical fertilizers and can 
regulate P availability through controlled release, spatial 
distribution, and interactions with soil surfaces (Dong 
et al. 2025; Feng et al. 2022; Gul et al. 2026; Zhang et al. 
2025). These properties may alter soil physicochemical 
conditions and microbial functional traits, thereby poten-
tially influencing the processes that regulate SOC turno-
ver and Q10 (Song et al. 2026; Wu et al. 2025). However, 
it remains unclear whether such fertilizer formulations 
modify SOC mineralization and its Q10 relative to CP, 
particularly in bamboo ecosystems exposed to warming.

Understanding these effects requires considering that 
SOC is composed of multiple pools with contrasting 
turnover rates that can respond differently to warming 
(von Lützow et  al. 2007; Wu et  al. 2026). The minerali-
zation of more stable SOC fractions is often assumed to 
exhibit higher Q10 compared with labile fractions based 
on kinetic theory (Conant et al. 2011; Knorr et al. 2005). 
Distinguishing how different SOC pools respond to novel 
fertilization strategies is therefore essential for improving 
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predictions of soil C dynamics under global warm-
ing (Qin et  al. 2019). However, evidence remains scarce 
regarding how NanoBP influences SOC pool-specific 
responses in managed bamboo forest soils.

To address this knowledge gap, we conducted an 
incubation experiment using subtropical bamboo soils 
to compare the effects of NanoBP and CP supplied at 
equivalent P levels. The objectives of our study were to 
(i) quantify their effects on SOC mineralization and Q10, 
(ii) evaluate whether active and slow SOC pools differ in 
Q10, and (iii) identify the primary factors associated with 
observed changes. We tested the following hypotheses. 
First, SOC mineralization would be higher under CP 
than under NanoBP because NanoBP provides a more 
controlled P supply and may limit microbial decomposi-
tion processes by modifying nutrient availability. Second, 
NanoBP would exhibit a lower Q10 than CP because its 
distinct fertilizer properties may impose stronger con-
straints on microbial C-decomposition processes. Third, 
fertilization effects on SOC mineralization and Q10 
would be more pronounced in the slow SOC pool than in 
the active pool because decomposition of more stable C 
is more strongly constrained by P availability.

2 � Materials and methods
2.1 � Soil sampling and fertilizers
The experimental design and soil sampling procedures 
followed those described in Jiang et  al. (2026a). Briefly, 
topsoil (0–20 cm) was collected from a subtropical Moso 
bamboo (Phyllostachys edulis) stand in Langbi Village, 
Hangzhou, China (30°13′ N, 119°47′ E). The site has a 
monsoonal climate and a Ferralsol soil (WRB classifica-
tion). The site had been under intensive management 
since 2009, when the original evergreen broadleaf for-
est was converted to a bamboo plantation. Fertilization 
had been applied annually with urea (200  kg N ha–1), 
superphosphate (57  kg P ha–1), and potassium chlo-
ride (66 kg K ha–1). The sampled bamboo stand covered 
approximately 1.2 ha. Soil samples were collected within 
a 100  m × 120  m area to capture within-site spatial het-
erogeneity. Eight composite samples were obtained, each 
composed of five soil cores (0–20 cm) collected randomly 
within a 20  m × 20  m subplot. After visible roots and 
stones were removed, soils were passed through a 2-mm 
sieve and stored at 4 °C for less than one month prior to 
incubation. The soil had the initial properties including 
an acidic pH (4.9), SOC (18.6 g kg–1 soil), δ13C (–27.4‰), 
total N (1.82  g  kg–1 soil), available P (8  mg  kg–1 soil), 
available K (88  mg  kg–1 soil), and a texture comprised 
of 42% sand, 31% silt, and 27% clay. This low available P 
indicated P deficiency (≤ 10 mg kg–1 soil) in the soil.

Two P types were used: (1) analytical-grade sodium 
dihydrogen phosphate (NaH2PO4) (CP) and (2) NanoBP. 

The NanoBP was formulated by mixing nano-zeolite 
with kaolinite, biochar, and NaH2PO4 (Dong et al. 2025). 
The biochar was produced by pyrolyzing maize straw at 
500 °C under O2 limitation, and had a pH of 9.6, a specific 
surface area of 11.3 m2 g–1, C 598 g kg–1, δ13C –15.3‰, N 
13 g kg–1, and a cation exchange capacity of 17 cmol kg–1. 
Fly-ash zeolite and biochar were ball-milled (600  rpm, 
6 h) prior to composite formulation. Biochar, NaH2PO4, 
nano-zeolite, and kaolinite were homogenized at a ratio 
of 15: 25: 50: 10 (w/w). Kaolinite was incorporated as a 
structural stabilizer and mineral matrix component to 
enhance granule integrity and regulate P release kinet-
ics. The mixture was moistened to 20–25% water content 
before granulation to facilitate aggregation and prevent 
dust formation. The granules were air-dried at 60  °C, 
sieved to 2–4  mm to ensure uniform particle size, and 
used for incubation experiments.

The final product of NanoBP was alkaline (pH 9.2) with 
a P content of 6.8% (w/w), a cation exchange capacity of 
39 cmol kg−1, and a specific surface area of 86 m2  g−1. 
Based on a 24-h controlled-release assay (Dong et  al. 
2025), the NanoBP had slower P release than CP (29% vs. 
54%). The X-ray diffraction analysis identified CaSO4 and 
CaHPO4·2H2O as the main crystalline phases, confirm-
ing successful incorporation of phosphate into the com-
posite matrix. X-ray photoelectron spectroscopy spectra 
showed that P predominantly existed as HPO4

2− and 
PO4

3−, while Fourier transform infrared spectroscopy 
further verified the presence of characteristic functional 
groups associated with the zeolitic and phosphate com-
ponents. Dynamic Light Scattering analysis indicated an 
average nano-zeolite particle size of 575 nm (Dong et al. 
2025).

2.2 � Experimental design
The incubation experiment consisted of three P treat-
ments (control, no fertilizer input; CP; and NanoBP) and 
temperature regimes (25 °C and 35 °C), with three repli-
cates in a fully randomized design. The incubation tem-
perature of 35  °C was selected to represent a high-end 
warming scenario for subtropical Moso bamboo forests, 
where summer soil temperatures can reach that level. It 
represents an intensified but environmentally plausible 
warming condition in the region.

For each replicate treatment, 200  g (dry-mass equiva-
lent) of homogenized soil was placed in a 500-mL incuba-
tion jar. The soils were adjusted to 55% of water-holding 
capacity (WHC) and subsequently pre-incubated in the 
dark at 25  °C for 7 d. Both P fertilizers were added at a 
rate of 0.1 mg P g–1 dry soil and thoroughly mixed with 
the soil, the addition rate corresponding to approximately 
120  kg P ha–1 under field conditions (0–10  cm depth). 
The moisture was readjusted to 60% WHC, and the jars 
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were sealed during 56-day incubation at the target tem-
peratures. The 56-day incubation period was chosen to 
capture short-term SOC mineralization dynamics at dif-
ferent temperatures and to support reliable kinetic model 
fitting, consistent with previous studies assessing Q10 
(Qin et al. 2019), rather than to evaluate long-term SOC 
stabilization.

Soil respiration was monitored on days 2, 7, 14, 28, 
42, and 56 of the incubation. Soil CO2 released from the 
soil was trapped in 10  mL of 0.1  M NaOH and quanti-
fied by back-titration with 0.1  M HCl. To determine its 
isotopic composition, excess BaCl2 solution was added to 
the remaining NaOH to precipitate dissolved carbonate 
as BaCO3, after which the 13C abundance was analyzed 
using an isotope ratio mass spectrometer (Sercon Hydra 
20–22 IRMS, Crewe, Cheshire, UK). At the end of the 
incubation (day 56), destructive sampling was performed 
to measure soil pH, available P, microbial biomass C 
(MBC), water-extractable organic C (WEOC), and activi-
ties of extracellular enzymes including β-glucosidase 
(BG), cellobiohydrolase (CBH), acid phosphatase (AP), 
and polyphenol oxidase (PO). The abundance and com-
munity composition of the cellulolytic genes cbhI and 
GH48 were also determined.

2.3 � Soil‑derived CO2
To trace the sources of soil-derived CO2 in the NanoBP 
treatments, the natural δ13C abundance technique was 
applied. The biochar derived from maize straw (C4, 
δ13C = –15.3‰) differed isotopically from the bamboo 
soil (C3, δ13C = –27.4‰), which allowed for the partition-
ing of CO2 emissions between the added biochar within 
the NanoBP and native SOC. Preliminary tests confirmed 
that the δ13C values of the biochar (–15.3‰) and native 
soil (–27.4‰) remained stable throughout the 56-day 
incubation (variation < 0.2‰). These values were there-
fore treated as constant end-members in the two-source 
isotopic mixing model as follows.

where fSOM indicates the fraction of CO2 derived from 
soil organic matter (CSOM) relative to the total CO2 (Cto-

tal) under NanoBP treatments; δ13Ctotal refers to the iso-
topic signature of the total CO2 emitted from the soil; 
δ13Cbiochar represents the isotopic composition of bio-
char-derived C; and δ13CSOM denotes the isotopic signa-
ture of soil-derived CO2, which was determined using 
CO2 from the control treatment.

(1)fSOM =

δ
13Ctotal − δ

13Cbiochar

δ13CSOM − δ13Cbiochar

(2)CSOM = Ctotal × fSOM

2.4 � Calculation of temperature sensitivity
The apparent temperature sensitivity of soil C miner-
alization was expressed as Q10, calculated as the ratio 
of cumulative soil-derived CO2 emissions measured at 
35 °C (T35°C) to those at 25 °C (T25°C).

2.5 � Estimation of CO2 emission rates using single‑ 
and double‑exponential models

To quantify the potential SOC mineralization rate, tem-
porally cumulative CO2 emissions were initially fitted 
using a first-order kinetic one-compartment model:

where C(t) is the cumulative CO2 emission at time t 
(days); C0 is the potentially mineralizable C pool (termed 
“bulk soil, μg C g–1 soil); k is the first-order rate constant 
(day–1), and e is the base of the natural logarithm.

The distinction between active and stable C pools fol-
lowed the kinetic definition widely used in SOC miner-
alization models, where the active pool represents the 
rapidly decomposable substrate and the stable pool rep-
resents a relatively slower-turnover component under the 
incubation conditions (Liang et al. 2015). This approach 
has been validated in incubation studies of soils and pro-
vides a robust means to estimate pool-specific Q10 (Qin 
et al. 2019). To identify whether the active and stable C 
pools differed in CO2 release under P amendments, the 
cumulative CO2 emissions were also fitted using a two-
pool model:

where C1  and C2  are the magnitudes of CO2 emissions 
from the active and stable C pools (μg C g–1 soil), respec-
tively, and k1  and k2 are their corresponding first-order 
decomposition rate constants (day–1). The model param-
eters (C1, C2, k1, k2) were estimated by nonlinear regres-
sion using the least-squares method, while the model 
performance was assessed based on the coefficient of 
determination (R2) and the associated significance level 
(P-value).

Notably, the active and slow C pools estimated from 
the double-exponential model represent operational 
kinetic pools defined by fitted turnover rate constants 
rather than physically isolated SOC fractions. These 
pools reflect differences in apparent decomposition rates 
under incubation conditions and should not be directly 

(3)Q10 = (
Soil − derived CO2−35◦C

Soil − derived CO2−25◦C

)
10

T35◦C−T25◦C

(4)C(t) = C0 ×

(

1 − e−kt
)

(5)
C(t) = C1 ×

(

1 − e−k1t
)

+ C2 ×

(

1 − e−k2t
)
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interpreted as discrete physicochemical C fractions in 
soil.

2.6 � Determination of soil physicochemical properties
Soil pH was measured with a potentiometer using a soil–
water suspension prepared at a ratio of 1:2.5 (w/v). Avail-
able P was extracted with a mixture of 0.03 M NH4F and 
0.025 M HCl following the Bray–Kurtz method (Bray and 
Kurtz 1945), and the extract was then analyzed by col-
orimetry. For WEOC, 20 g of freshly sieved soil (2 mm) 
was extracted in deionized water at a 1:2 (w/v) ratio and 
shaken at 120  rpm for 30 min at 25  °C. The suspension 
was subsequently centrifuged at 4,000  rpm for 20  min, 
after which the supernatant was filtered through a 0.45-
µm membrane. A 5-mL portion of the filtrate was diluted 
to 50 mL, and organic C was quantified using a TOC ana-
lyzer (TOC-L CSH/CPN, Shimadzu, Kyoto, Japan).

Soil MBC was quantified using the chloroform fumi-
gation–extraction approach (Vance et  al. 1987). Briefly, 
fresh soil (10  g) was divided into two subsamples. One 
subsample was exposed to ethanol-free chloroform 
vapor in a sealed vacuum desiccator for 24 h in darkness, 
whereas the other remained unfumigated as a reference. 
Following fumigation, both soil portions were extracted 
with 0.5 M K2SO4 (50 mL) by shaking for 30 min at 25 °C. 
The resulting suspensions were centrifuged at 3,000 rpm 
for 20  min, and the supernatants were passed through 
0.45-µm membrane filters. A 5-mL aliquot of each fil-
trate was diluted to 50 mL prior to determining dissolved 
organic C. The MBC was estimated from the difference 
in extractable C between fumigated and non-fumigated 
samples, applying a conversion coefficient of 0.45 (Joer-
gensen 1996).

2.7 � Analysis of substrate quality
To evaluate the chemical characteristics of SOC as an 
indicator of substrate quality, the molecular structure 
of SOC was analyzed using solid-state 13C nuclear mag-
netic resonance (13C NMR) spectroscopy following the 
approach of Li et  al. (2017). Prior to analysis, soil sam-
ples were treated with hydrofluoric acid (HF) to remove 
mineral components and enrich the organic fraction. 
The pretreated samples were then subjected to 13C NMR 
measurement, and the resulting spectra were integrated 
over defined chemical shift regions. Four major SOC 
functional groups were quantified based on their chemi-
cal shift ranges: alkyl C (0–46  ppm), O-alkyl C (46–
114  ppm), aromatic C (114–164  ppm), and carbonyl C 
(164–220 ppm).

2.8 � Determination of soil enzyme activities
The activities of key soil enzymes, including BG, CBH, 
AP, and PO, were determined to assess their microbial 

functional potential. All measurements were performed 
on fresh soil, and the enzyme activities were expressed as 
µmol g–1 soil h–1. Six blanks and controls were included 
to correct for background absorbance.

The activities of BG, CBH, and AP were measured 
using p-nitrophenyl (pNP) substrates (Alef and Nannip-
ieri 1995; German et  al. 2011; Tabatabai and Bremner 
1969). Fresh soil (1 g) was incubated at 37 °C for 1 h with 
4 mL buffer and 1 mL substrate solution. Specifically, the 
BG assays used a modified universal buffer (pH 6.0) with 
0.05  M of p-nitrophenyl-β-D-glucopyranoside (pNPG); 
the CBH assays used a 50  mM acetate buffer (pH 5.5) 
with 0.025  M p-nitrophenyl-β-D-cellobioside (pNPC); 
and the AP assays employed a modified universal buffer 
(pH 6.5) with 0.05  M p-nitrophenyl phosphate (pNPP). 
The reactions were terminated by adding 1 mL of 0.5 M 
CaCl2 and 4 mL of an alkaline solution (0.1 M Tris, pH 
12.0 for BG; 0.1 M NaOH for CBH; 0.5 M NaOH for AP), 
followed by centrifugation. The release of p-nitrophenol 
(PNP) was quantified spectrophotometrically (400  nm 
for BG and CBH; 410 nm for AP).

The PO activity was assayed following the method 
described by German et al. (2011) using L-DOPA as the 
reaction substrate. Briefly, 1 g of fresh soil was suspended 
in 5 mL of 50 mM sodium acetate buffer (pH 5.0), after 
which 1  mL of 25  mM L-DOPA solution was added to 
initiate the reaction. The mixture was incubated at 25 °C 
in darkness for 20  min and subsequently centrifuged to 
obtain the supernatant. The formation of dopachrome 
was then measured spectrophotometrically at 460 nm.

2.9 � Quantification of GH48 and cbhI abundance 
and community composition

The soil DNA was extracted from 0.5 g of fresh soil using 
the FastDNA™ Spin Kit for Soil (MP Biomedicals, USA) 
according to the manufacturer’s instructions. The DNA 
concentration and purity were measured with a Nan-
oDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, USA). Quantitative PCR (qPCR) was performed to 
determine the absolute abundances of GH48 and cbhI 
genes. Each 20 µL reaction contained 10 µL of SYBR 
Green Master Mix (Applied Biosystems, USA), 0.5 µM of 
forward and reverse primers specific for GH48 or cbhI, 
2 µL of template DNA, and nuclease-free water. Ther-
mal cycling conditions included initial denaturation at 
95 °C for 3 min; 35 cycles of 95 °C for 30 s, 55 °C for 30 s, 
and 72 °C for 45 s; followed by a melting curve analysis. 
Standard curves were generated using serial dilutions of 
plasmids that contained cloned target gene fragments, 
while gene copy numbers were expressed as copies per 
gram of dry soil.

To determine the composition of the functional gene 
community, PCR amplicons of GH48 and cbhI were 
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generated from the soil DNA using primers with sam-
ple-specific barcodes. The amplicons were purified and 
sequenced using an Illumina MiSeq platform (Shang-
hai Majorbio Bio-Pharm Technology Co., Ltd, China) 
with the TruSeq™ DNA Sample Preparation Kit. Raw 
sequences were processed using QIIME 2, and ampli-
con sequence variants (ASVs) were generated using the 
DADA2 denoising algorithm. Taxonomic assignments 
were performed against a curated GH48 and cbhI refer-
ence database, and the relative abundances of detected 
phyla were calculated to reveal the functional gene com-
munity structure at the phylum level.

2.10 � Statistical analyses
Statistical analyses were performed using R 4.5.1 (R 
Core Team 2025) and Origin 2025 (OriginLab, USA). 
Data normality and variance homogeneity were checked 
via the Shapiro–Wilk and Levene’s tests, respectively. 
One-way ANOVA with Tukey’s HSD was used to evalu-
ate the effects of fertilization on cumulative soil-derived 
CO2 under each temperature, while two-way ANOVA 
assessed the influences of fertilization and the C pool on 
Q10.

Pearson correlation analysis was conducted to exam-
ine the relationships between the soil-derived CO2 and 
soil variables, including substrate availability (WEOC, 
available P, and the WEOC/available P ratio), substrate 
quality (alkyl C, O-alkyl C, aromatic C, and carbonyl C), 
enzyme activities (BG, CBH, PO, and AP), and microbial 
properties (MBC, GH48, and cbhI gene abundance). To 
investigate how inherent soil characteristics influenced 
Q10 under warming, correlations between soil variables 
measured at 25 °C and Q10 were assessed. Variables that 
showed significant correlations with Q10 (P < 0.05) were 
included in a Random Forest (RF) model to assess their 
relative contributions to Q10 variability. The RF analy-
sis was performed using the randomForest package in R 
with 500 trees and mtry set to one-third of the predic-
tors. Variable importance was evaluated based on the 
percent increase in mean square error (%IncMSE). Given 
the limited sample size (n = 18), the results should be 
interpreted cautiously due to potential model instability 
and overfitting.

The responses of each soil variable to fertilization, rela-
tive to the control, were quantified using the natural log 
response ratio (ln RR), calculated as:

where XF and XC are the means of the fertilized and con-
trol treatments, respectively. The standard error (SE) of 
ln RR was estimated following Hedges et al. (1999):

(6)ln RR = ln (
XF

XC

)

where SDF and SDC are the standard deviations, while nF 
and nC are the sample sizes for the fertilized and control 
treatments, respectively. For each lnRR estimate, a 95% 
confidence interval (CI) was calculated as:

with tα/2, df being the critical value from the t-distribu-
tion at df = nF + nC − 2. A given response was considered 
statistically significant when the 95% CI did not include 
zero.

The above method was chosen because the absolute 
values of soil variables at 25 °C were already reported in 
Jiang et al. (2026a) based on the same experimental sys-
tem. To avoid duplication of previously published base-
line data, we used ln RR to focus on the relative changes 
induced by fertilization, enabling direct comparison of 
treatment effects across temperatures.

3 � Results
3.1 � Soil‑derived CO2 and Q10
At the end of incubation (day 56), CP increased the 
cumulative soil-derived CO2 by 31–36% relative to 
the control, whereas NanoBP reduced it by 11–18% 
(Fig.  1a). Warming stimulated the soil-derived CO2 
release for all treatments, with increases of 68% for the 
control, 75% for CP, and 55% for NanoBP (Fig. 1a).

Both the single- and double-exponential decay mod-
els provided excellent fits to the data, with adj R2 > 0.98 
and P < 0.001 (Table  S1), indicating that both models 
could reliably capture the dynamics of SOC minerali-
zation. Soil-derived CO2 emissions demonstrated con-
sistent patterns across the bulk soil, active C pool, and 
slow C pool (Fig. 1b–d). Specifically, CP increased CO2 
emissions from the bulk soil, active C, and slow C pools 
by 31–35%, 31–36%, and 31–34% compared with the 
control, respectively (Fig.  1b–d). In contrast, NanoBP 
reduced the emissions from these pools by 11–18%. 
Warming enhanced CO2 release from the bulk soil by 
54–73%, active C pool by 55–74%, and slow C pool by 
54–72% (Fig. 1b–d).

The effects on Q10 differed between the treatments. 
The CP had no significant influence on Q10 in any of the 
three C pools, whereas NanoBP consistently reduced 
Q10 by 8% for the bulk soil, active C pool, and slow C 
pool, respectively (Fig. 2). No significant differences in 
Q10 were observed between the three C pools under the 
same treatment (Fig. 2).

(7)SEln RR =

√

SD2
F

nFX
2
F

+
SD2

C

nCX
2
C

(8)95%CI = ln RR± tα/2, df × SEln RR
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3.2 � Soil variables
Relative to the control, CP decreased the soil pH by 0.15–
0.16 units, while NanoBP increased the pH by 0.29–0.31 
units (Fig.  3a and b). Both CP and NanoBP increased 
WEOC relative to the control; however, the enhance-
ment was substantially greater under NanoBP (61–62%) 

than under CP (11–12%). Similarly, available P rose by 
146–147% under CP and by 171–172% under NanoBP 
(Fig. 3a, b). Despite these increases, the WEOC/available 
P ratio declined under both P-added treatments, with a 
larger reduction under CP (55%) than NanoBP (40–41%; 
Fig. 3a and b).

Fig. 1  a Cumulative soil-derived CO2 emissions; soil-derived CO2 emissions from b bulk soil estimated using a first-order kinetic one-compartment 
model, from c the active carbon (C) pool, and d the slow C pool estimated using a two-pool model. Different lowercase letters indicate significant 
differences between the three P treatments at 25 °C or 35 °C. Error bars are ± standard errors (n = 3). Control, no fertilizer; CP, chemical phosphorus 
fertilizer; NanoBP, nanozeolite-coupled biochar-based phosphate fertilizer

Fig. 2  Temperature sensitivity of soil organic carbon (C) mineralization (Q10) for bulk soil, active C pool, and slow C pool. Different lowercase letters 
indicate significant differences between the fertilization treatments. Values are means ± standard errors (n = 3). Control, no fertilizer; CP, chemical 
phosphorus fertilizer; NanoBP, nanozeolite-coupled biochar-based phosphate fertilizer
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Relative to the control, fertilization also shifted the 
chemical composition of SOC (Fig. 3a and b). Alkyl C 
decreased under both the CP (16–17%) and NanoBP 
(27–28%; Fig.  3a and b). O-alkyl C increased in both 
cases, albeit with a stronger effect under CP (33–40%) 
than NanoBP (11–12%; Fig. 3a and b). The two fertiliz-
ers had opposing effects on aromatic C; CP reduced it 
by 8–9%, while NanoBP increased it by 34–38%. Nei-
ther treatment altered the carbonyl C (Fig. 3a and b).

The enzyme activities responded divergently to CP 
and NanoBP (Fig.  3a and b), with CP increasing the 
activities of BG and CBH by 41–43% and 24–26% com-
pared with the control, respectively, while NanoBP 
decreased them by 22–25% and 22–23%, respectively 
(Fig.  3a and b). While opposite effects on PO activi-
ties were observed, the AP activities declined under 
both CP (19%) and NanoBP (20%), with no difference 
between the two P types (Fig. 3a and b).

Soil MBC and abundances of C-degrading genes also 
shifted (Fig. 3a and b). The MBC increased by 23–35% 
under CP and 65–97% under NanoBP (Fig.  3a and b). 
In contrast, CP increased GH48 by 31–34%, whereas 
NanoBP decreased it by 37–42%. The cbhI abundance 
followed the same pattern as GH48 as a function of P 
treatment type (Fig. 3a and b).

Importantly, all fertilization responses described above 
were consistent at both 25 °C and 35 °C (Fig. 3a and b).

3.3 � Factors influencing soil‑derived CO2 and Q10
Across all three C pools (bulk soil, active and slow C 
pools), neither the pH nor substrate availability met-
rics (WEOC, available P, and WEOC/available P ratio) 
were correlated with soil-derived CO2 (P > 0.05; Fig. 4a). 
Among substrate quality indicators, only carbonyl C 
exhibited a negative correlation with soil-derived CO2 
(r = –0.68 to –0.69, P < 0.01; Fig.  4a). Conversely, the 
activities of BG (r = 0.70, P < 0.01) and CBH (r = 0.62–
0.63, P < 0.01) were positively correlated with soil-derived 
CO2 release, while PO and AP activities showed no rela-
tionship (P > 0.05; Fig.  4a). In terms of microbial func-
tional genes, the abundances of GH48 (r = 0.79–0.80, 
P < 0.01) and cbhI (r = 0.50–0.51, P < 0.01) were positively 
associated with soil-derived CO2 emissions, while MBC 
showed no significant correlation (Fig. 4a).

The Q10 was negatively correlated with soil pH across 
all C pools (r = –0.30 to –0.76, P < 0.05), but not with 
the substrate availability parameters (P > 0.05; Fig.  4b). 
Within the substrate quality metrics, only aromatic 
C negatively correlated with Q10 (r = –0.77 to –0.80, 
P < 0.05; Fig. 4b). The Q10 was positively associated with 
the activities of BG (r = 0.74–0.79, P < 0.05) and CBH 
(r = 0.73–0.78, P < 0.05) but negatively with the PO activ-
ity (r = –0.81 to –0.85, P < 0.01; Fig. 4b). The abundances 
of GH48 (r = 0.77–0.80, P < 0.01) and cbhI (r = 0.82–0.86, 

Fig. 3  Response ratios of soil variables to chemical phosphorus fertilizer (CP) and nanozeolite-coupled biochar-based phosphate fertilizer (NanoBP) 
under a 25 °C and b 35 °C. Substrate availability includes water-extractable organic carbon (WEOC), available phosphorus (P), and the WEOC/
available P ratio; substrate quality includes alkyl carbon (C), O-alkyl C, aromatic C, and carbonyl C; enzyme activity includes β-glucosidase 
(BG), cellobiohydrolase (CBH), polyphenol oxidase (PO), and acid phosphatase (AP); microbial properties include microbial biomass C (MBC), 
GH48, and cbhI abundance. Values are log-transformed response ratios with 95% confidence intervals (CI); responses are considered significant 
when the 95% CI does not overlap with zero (P < 0.05)
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P < 0.01) were also positively related to Q10, while MBC 
showed no significant relationship (Fig. 4b).

3.4 � Key factors regulating Q10
Random forest analysis identified the abundance of cbhI, 
as well as BG and CBH activities as the most influential 
variables of Q10 variability in bulk soil (Fig.  5a). For the 
active C pool, cbhI and GH48 abundances, together with 
BG activity, were the most important variables (Fig. 5b). 
For the slow C pool, BG activity, cbhI abundance, and PO 
activity emerged as the top variables (Fig. 5c).

Given the strong associations between functional 
gene abundance and Q10, we examined the taxonomic 
composition of GH48- and cbhI-associated communi-
ties. However, community composition varied only 
slightly among the treatments, and its relationship 
with Q10 was weak compared with the effects on gene 
abundances (Fig. 5d–f ). Therefore, Q10 variation in this 
study appears to be more closely linked to functional 
gene abundance than to major shifts in taxonomic 
structure.

4 � Discussion
This study examined how NanoBP and CP influenced 
SOC mineralization and its Q10 in an intensively man-
aged Moso bamboo forests. Although both P treat-
ments supplied comparable amounts of P, NanoBP 
led to lower SOC mineralization rates and Q10 values 
across C pools compared with the control, whereas CP 
increased SOC-derived CO2 emissions without alter-
ing Q10. These contrasting patterns suggest that P form, 
rather than P input alone, influences how fertilization 
regulates microbial C processing and Q10.

4.1 � Phosphorus form rather than phosphorus input 
is associated with contrasting Q10 responses 
under NanoBP and CP

Despite comparable P inputs, NanoBP and CP pro-
duced contrasting effects on SOC mineralization and 
Q10 (Figs.  1 and 2), indicating that total P supply alone 
did not fully explain decomposition responses. Chemi-
cal P fertilizer provides readily soluble orthophosphate 
that can rapidly alleviate microbial P limitation in highly 
weathered subtropical soils (Shi et  al. 2023). In this 
study, CP increased SOC-derived CO2 emissions and 

Fig. 4  Relationships between a soil-derived CO2 and soil variables from bulk soil, the active carbon (C) pool, and the slow C pool (n = 18), and b 
temperature sensitivity of soil organic C mineralization (Q10) and soil variables at 25 °C (n = 9). Substrate availability includes water-extractable 
organic carbon (WEOC), available phosphorus (P), and the WEOC/available P ratio; substrate quality includes alkyl C, O-alkyl C, aromatic C, 
and carbonyl C; enzyme activity includes β-glucosidase (BG), cellobiohydrolase (CBH), polyphenol oxidase (PO), and acid phosphatase (AP); 
microbial properties include microbial biomass C (MBC), GH48, and cbhI abundance. *, P < 0.05; **, P < 0.01; ***, P < 0.001
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available P relative to the control (Figs.  1 and 3), con-
sistent with the stimulation of immediate P availability 
in SOC decomposition (Han et  al. 2026). However, this 
stimulation occurred proportionally at both incubation 
temperatures, resulting in little change in Q10 (Fig.  2). 
These findings suggest that immediate P supply enhanced 
microbial activity (e.g., MBC) but may not have substan-
tially altered the physicochemical constraints governing 
Q10.

In contrast, P in NanoBP is embedded within a com-
posite matrix composed of nanozeolite, biochar, and 
mineral components (Dong et al. 2025). The nanozeolite 
fraction provides a high specific surface area and reactive 
aluminosilicate domains, whereas biochar contributes 
porous C structures, alkalinity, functional groups, and 
organo–mineral interfaces (Jiang et  al. 2026b; Li et  al. 
2025; Wu et al. 2025; Zhou et al. 2026b). Together, these 
components may create heterogeneous sorption sites 
and diffusion pathways that influence P retention and the 
spatial accessibility of organic substrates (Shahjahan et al. 
2025; Yuan et al. 2025).

Consistent with this interpretation, NanoBP increased 
available P (Fig.  3) but resulted in lower SOC minerali-
zation rates than CP (Fig. 1), indicating that enhanced P 
availability alone did not stimulate CO2 emission (Not-
tingham et  al. 2015). One possible explanation is that 
the composite structure of NanoBP alters the physico-
chemical context in which SOC decomposition occurs. 
Mineral components such as kaolinite, together with the 
porous surfaces of biochar and nanozeolite, may provide 
additional sorption sites that promote organo–mineral 
associations (Miranda-Trevino and Coles 2003). These 
interactions can reduce the accessibility of organic sub-
strates to decomposers, thereby constraining SOC min-
eralization. Reduced substrate accessibility may also 
dampen the response of decomposition to warming 
(Conant et al. 2011).

Moreover, NanoBP further elevated soil pH, a response 
attributable to the inherently alkaline nature of its bio-
char fraction (Fig.  3). Changes in soil pH can influ-
ence mineral surface charge, P sorption equilibria, and 
organo–mineral interactions in acid soils, thereby poten-
tially affecting substrate accessibility and decomposition 

Fig. 5  Importance of predictors for the temperature sensitivity of soil organic carbon (C) mineralization (Q10), based on Random Forest models for a 
bulk soil, b the active C pool, and c the slow C pool; the relative abundances of d GH48 and e cbhI; and relationships between Q10 and the relative 
abundances of GH48 and cbhI. MSE, mean squared error; BG, β-glucosidase; CBH, cellobiohydrolase; PO, polyphenol oxidase. Control, no fertilizer; CP, 
chemical phosphorus fertilizer; NanoBP, nanozeolite-coupled biochar-based phosphate fertilizer. *, P < 0.05; **, P < 0.01
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processes (Malik et  al. 2018). The negative correlation 
between soil pH and Q10 across treatments (Fig. 4) sug-
gests that the NanoBP-induced amelioration of soil acid-
ity may have contributed to the reduced Q10 observed 
under NanoBP.

Taken together, these structural and chemical charac-
teristics indicate that NanoBP likely functions not only as 
a P source but also as a material that modifies the phys-
icochemical environment of decomposition and moder-
ates its response to warming compared with soluble P 
fertilizer.

4.2 � Variations in Q10 are more closely linked to microbial 
functional traits than to substrate availability

While differences in materials and soil physicochemi-
cal properties may explain treatment-level contrasts in 
Q10, the variation in Q10 across the treatments was more 
closely associated with microbial functional traits than 
with substrate availability per se. Across the treatments, 
Q10 showed weak relationships with the substrates, 
including WEOC and available P (Fig. 4), consistent with 
previous studies suggesting that substrate pool size alone 
is often a poor predictor of Q10 (Conant et al. 2011).

The composite structure of NanoBP may have indi-
rectly influenced microbial functional expression by 
modifying microsite nutrient dynamics and substrate 
accessibility (Dong et  al. 2025). Spatial constraints of P 
release and mineral-associated SOC could alter microbial 
resource conditions without proportionally increasing 
C mineralization (Enebe et al. 2025). Although available 
P did not show significant relationships with Q10 across 
the treatments, P availability can still influence micro-
bial metabolic strategies and enzyme allocation patterns 
(Chen et  al. 2024). Previous studies have shown that 
alleviation of P limitation may reduce microbial invest-
ment in C-acquiring enzymes, thereby moderating SOC 
mineralization responses to warming (Bednik et al. 2023; 
Fanin et al. 2022). In this context, the elevated available P 
observed under NanoBP may have contributed to shifts 
in microbial metabolic allocation rather than directly 
controlling Q10. Under such conditions, microbial com-
munities may adjust resource allocation strategies and 
reduce investment in extracellular enzyme production for 
C acquisition (German et al. 2012; Whalen et al. 2024).

Consistent with this interpretation, the NanoBP treat-
ment exhibited reduced activities of BG and CBH and 
reduced abundances of cellulolytic functional genes such 
as GH48 and cbhI (Fig. 4), which emerged as important 
predictors in the Random forest analysis (Fig. 5). Because 
extracellular depolymerization is widely regarded as a 

rate-limiting step in SOC decomposition, the decreased 
investment in enzyme production may have moderated 
SOC mineralization and attenuated its responsiveness 
to increasing temperature (Alvarez et  al. 2018; Fanin 
et  al. 2022). These findings are broadly consistent with 
trait-based microbial frameworks in which Q10 emerges 
from shifts in enzyme production and resource alloca-
tion rather than from changes in substrate quantity alone 
(Allison et al. 2010; Frey et al. 2013). Thus, the proximate 
regulation of Q10 in this study appears to reflect variation 
in microbial functional expression.

4.3 � Reduced Q10 of slow C pools under NanoBP may reflect 
accessibility constraints

Theoretical frameworks often predict higher Q10 val-
ues for chemically complex SOC due to greater energy 
requirements (Bosatta and Ågren 1999; Craine et  al. 
2010). However, in this study, Q10 values did not differ 
markedly between active and slow C pools across the 
treatments (Fig.  2), suggesting that chemical recalci-
trance alone did not dominate Q10 patterns in this bam-
boo forest soil. Instead, both pools appeared subject 
to similar accessibility and enzymatic constraints. This 
outcome may also reflect limitations of model structure 
and incubation duration, and should not be interpreted 
as definitive evidence of thermodynamic equivalence 
among distinct SOC fractions.

Notably, NanoBP lowered Q10 for the slow C pool 
despite higher proportions of aromatic C (Fig.  2). This 
apparent mismatch suggests that factors beyond intrin-
sic chemical recalcitrance may influence Q10. One pos-
sible explanation is that the biochar–nanozeolite matrix 
altered the physicochemical accessibility of organic 
substrates, potentially enhancing sorption interactions 
or microstructural protection (Jiang et  al. 2026a; Raut 
et al. 2025). If diffusion constraints or substrate accessi-
bility limitations became more prominent, decomposi-
tion rates may have been less responsive to temperature 
increases, leading to lower apparent Q10 values (Li et al. 
2013; Moinet et al. 2018). However, as sorption capacity, 
pore structure, and enzyme diffusion were not directly 
measured in this study, this interpretation should be 
considered plausible and requires further experimental 
verification.

The concurrent reduction in cellulolytic enzyme activi-
ties and functional gene abundances (Fig. 3) further sup-
ports the proposition that microbial exploitation of slow 
SOC pools was constrained under NanoBP. These com-
bined physicochemical and biological constraints may 
outweigh the intrinsic thermodynamic sensitivity of 
chemically complex SOC.
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4.4 � Implications for nano‑enabled phosphate fertilizer 
design in bamboo systems

This study showed that NanoBP may influence SOC 
dynamics not only by supplying nutrients but also by 
modifying Q10. In intensively managed bamboo forests, 
CP application increased SOC mineralization with-
out substantially altering Q10, which may contribute to 
enhanced C losses under future warming scenarios (Sun 
et  al. 2018). In contrast, NanoBP lowered SOC miner-
alization rates and Q10, indicating a potential to mod-
erate warming-induced C losses while maintaining P 
availability.

From a fertilizer design perspective, NanoBP may offer 
a pathway to decouple P supply from accelerated soil C 
loss. By embedding P within nanozeolite-coupled bio-
char–mineral matrices, fertilizer functionality can extend 
beyond nutrient delivery to include regulation of micro-
bial access to C substrates (Wu et al. 2025). This implies 
that future fertilizer development could integrate mate-
rial properties, such as surface reactivity and pore struc-
ture, as design variables (e.g., modifying specific surface 
area or tailoring pore size distribution to regulate nutri-
ent diffusion and microbial access) to influence below-
ground biogeochemical processes, rather than focusing 
solely on nutrient release kinetics.

At the evaluation level, Q10 emerges as a potentially 
informative indicator for assessing the climate-relevant 
impacts of novel fertilizers. Fertilizers that maintain crop 
nutrient supply while reducing Q10 may help limit unin-
tended increases in soil C loss under warming. Incor-
porating Q10 alongside conventional agronomic metrics 
could therefore support more comprehensive screening 
of NanoBP formulations, particularly in high-input sys-
tems characterized by rapid C turnover. For industrial 
bamboo systems and other intensively managed peren-
nial crops, these implications are especially relevant. 
Such systems require sustained nutrient inputs to sup-
port their high productivity, yet they also exhibit strong 
microbial activity and sensitivity of soil C cycling to man-
agement (Zhou et al. 2024, 2026a). NanoBP designed to 
moderate Q10 may contribute to reconciling productivity 
demands with soil C conservation goals. While field vali-
dation is required, this study provides a process-based 
rationale for considering NanoBP design as part of cli-
mate-resilient nutrient management strategies in indus-
trial crop production.

It should be noted that this study did not directly track 
nanoparticle dispersion or quantify nanoscale inter-
actions in soil. The nanozeolite was incorporated into 
granulated composite particles during fertilizer formula-
tion, and its role was inferred from retained surface and 
structural properties within the composite, rather than 

from free nanoparticle mobility. The study evaluated 
formulation-level effects of a multi-component mate-
rial (biochar, nano-zeolite, kaolinite, and phosphate) 
without single-component controls to resolve individual 
effects. The observed short-term effects on CO2 release 
and Q10 under controlled conditions represent changes 
in temperature responsiveness, rather than long-term 
SOC stabilization, which is confounded by plant growth, 
root–microbe interactions, aggregation dynamics, and 
environmental heterogeneity. Additionally, kinetic mod-
els partition SOC into operational pools based on fitted 
parameters, and the absence of clear Q10 differences may 
reflect model structure, parameter uncertainty, or incu-
bation duration.

The use of a constant 35  °C treatment could impose 
physiological stress on microbial taxa, potentially influ-
encing apparent Q10. Furthermore, using just two tem-
peratures (25  °C and 35  °C) to calculate a single Q10 
assumes constant temperature sensitivity across this 
10 °C range, which may not hold true, particularly when 
treatments alter the temperature response curve. Finally, 
only a single P application rate was tested, so formulation 
effects cannot be separated from possible dose responses. 
These limitations suggest that the findings should be 
interpreted as evidence of composite-fertilizer influences 
under controlled conditions. Future studies with broader 
temperature ranges, multiple treatments, factorial con-
trols, varying application rates, and advanced imaging or 
isotope tracing are needed to clarify in situ mechanisms 
and field-scale relevance.

5 � Conclusion
This study revealed that P fertilization regulated Q10 in 
bamboo forest soils, with chemical fertilizer accelerating 
SOC mineralization without altering Q10, while NanoBP 
lowered both SOC mineralization and Q10 of slow C pool 
during short-term incubation. The Q10 was controlled 
primarily by cellulolytic enzyme activities and functional 
gene abundances, rather than by substrate supply, with 
BG, CBH, GH48, and cbhI as key determinants. Our find-
ings indicate that formulation of NanoBP may provide a 
pathway to moderate soil C losses under warming. Future 
research should assess the persistence of these effects 
under field conditions and diverse management regimes.
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