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Biochar‑driven biological regulation 
dominates acid‑hydrolyzable nitrogen 
accumulation in plantation soils under acid rain 
stress
Yuanyuan Feng1,2*†   , Yuanhao Liu1†, Jiaxuan Liu1, Haibo Hu1*, Meijia Zhou1, Yanfang Feng2 and Lihong Xue2 

Abstract 

Acid-hydrolysable nitrogen (AHN), a crucial fraction of bioavailable soil organic nitrogen (N), is highly sensitive to soil 
acidification. Alkaline biochar (BC) has been shown to effectively mitigate acid rain (AR)-induced soil acidification. 
However, its regulatory effects and underlying mechanisms on AHN fractions remain largely unexplored. In this 
study, a field-scale simulated AR experiment was conducted in a Quercus acutissima plantation, utilizing BC derived 
from Q. acutissima litter to evaluate its impacts on AHN fractions and associated soil chemical-biological drivers. The 
results showed that after 2 years of simulated AR spraying, BC application elevated soil pH by 0.19 units under AR 
stress and increased total AHN content by 64.8%. Specifically, acid-ammonia N, acid-amino sugar N, acid-amino acid 
N, and acid-hydrolyzable unidentified N increased by 45.0%, 61.3%, 80.6%, and 60.7%, respectively. BC-amended soils 
under AR exhibited the highest bacterial network complexity (0.8), whereas fungal network connectivity was reduced. 
Soil chemo-biological interactions explained 23.1−39.7% of the variations in AHN fractions. Random forest modeling 
identified microbial N use efficiency as the primary factor influencing acid-ammonia N, and microbial biomass N 
as the key factor governing the accumulation of acid-amino acid N and acid-amino sugar N. Furthermore, the regula-
tory effects of BC on AHN fractions (0.77–0.98) surpassed those of AR stress. This study elucidates the mechanistic 
pathways through which BC modulates acid-induced N dynamics, providing insights for sustainable N management 
in plantation ecosystems affected by AR.

Highlights 

•	 Biochar increased soil acid-hydrolyzable nitrogen (AHN) by 65% under acid rain (AR).
•	 Biochar under AR maximized bacterial, but minimized fungal network complexity.
•	 Soil chemo-biological interactions explained 23-40% of AHN fraction variability.
•	 Biotic factors outweighed chemical factors in regulating soil AHN fractions.
•	 Regulatory effects of biochar on soil AHN fractions surpassed those of AR stress.
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1  Introduction
Nitrogen (N) is an essential nutrient constraining plant 
and microbial productivity in terrestrial ecosystems 
(Knorr et al. 2024). It predominantly exists as soil organic 
N (SON) (accounting for >90% of global soil N), play-
ing central roles in ecosystem functioning and N cycling 
(Chen et al. 2024a, b). Chemically distinct SON fractions 
include acid-hydrolyzable N (AHN) and non-hydrolyz-
able N. AHN serves as the primary bioavailable indica-
tor of soil N supply capacity due to its high sensitivity to 
environmental perturbations (Lin et  al. 2023). Despite 
the reduced frequency of acid rain (AR) in some regions, 
the persistence of its legacy effects, including progressive 
soil acidification, base cation depletion, and aluminum 
toxicity, continues to threaten the stability and transfor-
mation of AHN and the underlying ecosystem functions 
(Du et al. 2025; Wu et al. 2024; Yu et al. 2025). Therefore, 
a deeper investigation into the dynamic responses of 
AHN under AR is crucial for understanding the terres-
trial N cycle under global change.

AHN primarily comprises components such as acid-
ammonia N (AN), acid-amino acid N (AAN), acid-amino 
sugar N (ASN), and acid-hydrolyzable unidentified N 
(AUN) (Xia et al. 2021). Among these, AN can be directly 

absorbed and utilized by plants and is the primary source 
of inorganic N. AAN and ASN are derived from soil 
microbial metabolites and residues. They represent an 
intermediate pool between stable and available N, exhib-
iting slow-release characteristics (Ning et al. 2025). AUN, 
with its complex structure and high stability, plays a cru-
cial role in long-term soil N retention (Lin et  al. 2023). 
AR-induced soil acidification disrupts N mineraliza-
tion and nitrification, depleting AHN pools (particularly 
ASN and AAN), exacerbating N leaching, and impair-
ing N fixation (Zhou et al. 2023). These shifts are ampli-
fied through altered microbial communities and enzyme 
activities, which reduce microbial N use efficiency and 
decouple C-N cycles, ultimately threatening ecosystem 
productivity (Du et al. 2025; Marinos et al. 2024).

Biochar (BC) emerges as a promising alkaline amend-
ment for AR-affected soils (Arwenyo et al. 2023; Liu et al. 
2025). Produced via biomass pyrolysis (300  °C–700  °C), 
it retains base cations (e.g., Ca2⁺, Mg2⁺, and K⁺) for pH 
buffering (He et al. 2022; Shi et al. 2019). Meanwhile, BC 
leverages high surface area and cation exchange capacity 
to enhance NH4

+ adsorption, thereby prolonging soil N 
retention (Toczydlowski et  al. 2023). Furthermore, BC 
modulates C-N enzyme (e.g., β-glucosidase (BG) and 
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leucine aminopeptidase (LAP)) activities and associated 
microorganisms (e.g., N cycle-related bacteria and fungi) 
to regulate N transformation pathways (Liu et  al. 2021; 
Yang et al. 2025). Given the differences in bioavailability 
among AHN components, their responses to AR stress 
and BC application may exhibit heterogeneity. However, 
the regulatory effects of BC on AHN fractions under 
AR conditions and their underlying mechanisms remain 
largely unexplored. We hypothesized that BC may pref-
erentially stimulate active AHN fractions (i.e., AN, ASN, 
and AAN) by reconfiguring chemo-biological interac-
tions under AR stress.

Herein, an in  situ AR simulation platform in Quercus 
acutissima plantations was established, with Q. acutis-
sima litter-derived BC applied to assess its effects on soil 
AHN fractions, enzyme activities, microbial biomass, and 
microbial communities. The objectives of this study were 
to: (1) reveal the effects of BC and AR stress interaction 
on soil AHN fractions; (2) analyze the dominant chemi-
cal and biological factors, as well as the mechanisms gov-
erning BC-mediated AHN regulation under AR stress. 
Our findings will provide a scientific basis for developing 
targeted strategies using BC for soil N management and 
ecological restoration in AR-affected ecosystems.

2 � Materials and methods
2.1 � Preparation of BC and simulated AR solution
The BC was produced from Q. acutissima leaf litter col-
lected at Xiashu forest farm (Nanjing, China). The feed-
stock underwent oxygen-limited pyrolysis at 500  °C for 
2 h in a muffle furnace. The resulting BC was then cooled, 
homogenized by sieving through a 2-mm mesh, and 
stored for use. The concentrations of metallic elements 
(K, Ca, Mg, Fe, Mn, Cu, and Zn) were determined using 
inductively coupled plasma optical emission spectrom-
etry (ICP-OES, PerkinElmer Optima 8000, USA) follow-
ing acid digestion. The specific surface area (SSA), pore 
size, and pore volume were determined from N adsorp-
tion–desorption isotherms using the Brunauer–Emmett–
Teller method (Micromeritics ASAP 2460, USA) (Wang 
et  al. 2025). The BC properties were characterized as 
follows: pH, 10.0; Organic carbon (OC), 589.8  g  kg− 1; 
Total N (TN), 4.6  g  kg− 1; K, 5.7  g  kg− 1; Ca, 8.4  g  kg− 1; 
Mg, 5.4 mg kg− 1; Fe, 230.1 mg kg− 1; Mn, 193.0 mg kg− 1; 
Cu, 64.7 mg kg− 1; Zn, 51.1 mg kg− 1; specific surface area 
(SSA), 1.8 m2 g− 1; average pore size, 1.375 nm; and aver-
age pore volume, 0.008 cm3 g− 1.

Based on AR composition evolution in the North Sub-
tropical Region of China, where the sulfate-nitrate mixed 
type is shifting to the nitrate-dominant type, nitrate-
based AR was simulated (Zhou et  al. 2023). The stock 
solution was prepared by mixing 0.5 mol L− 1 H2SO4 and 
0.5  mol L− 1 HNO3 at a SO4

2 −:NO3
− molar ratio of 1:5, 

followed by dilution with deionized water to a final pH 
of 4.5. The concentration of NO3

−-N concentration in the 
applied AR solution was 0.316 g N L− 1.

2.2 � Experimental design
The experiment was conducted at the Yangtze River 
Delta Farmland Shelterbelt Ecosystem Observatory 
(32°7′49′′N, 119°12′7′′E), Jiangsu Province, China. 
This region experiences a subtropical monsoon climate 
with a mean annual temperature of 15.1 °C and precipi-
tation of 1184.3 mm. The site (elevation: 180 m) features 
hilly terrain with yellow-brown soils characterized by 
the following properties: bulk density, 1.4 g cm− 3; mois-
ture content, 14.6%; soil pH, 5.0; organic matter (OM), 
11.1 g kg− 1; SOC, 33.5 g kg− 1; and TN, 3.2 g kg− 1.

A Q. acutissima plantation with a mean height of 15 m 
and density of 430 trees ha− 1 was selected for the study. 
Twelve plots (3 m × 3 m) were established in a completely 
randomized block design, with the spatial distribution 
of the plots shown in Fig. S1. To prevent lateral leaching 
and cross-treatment interference, each plot was isolated 
by PVC barriers (30  cm in height and 0.5  cm in thick-
ness), installed to a depth of 25 cm (leaving 5 cm above 
ground). A 3-m buffer zone was maintained between 
adjacent plots. The experiment consisted of four treat-
ments, each with three replicates: (1) Control (CK): no 
BC, sprayed with deionized water; (2) BC application 
only (BC): BC applied, sprayed with deionized water; (3) 
AR spraying only (AR): no BC, sprayed with simulated 
AR; and  (4) BC and AR (AR-BC): BC applied, sprayed 
with simulated AR.

In June 2021, BC was surface-applied at a rate of 
0.5 kg  m− 2 to BC and AR-BC plots and lightly incorpo-
rated into the topsoil. To isolate the impacts of AR from 
the effect of water input, all plots received spray applica-
tions of equal volumes of liquid. The CK and BC treat-
ments were sprayed with deionized water, while the AR 
and AR-BC treatments were sprayed with simulated 
AR. From June 2021 to June 2022, the simulated AR 
was applied monthly. The application volume per event 
was designed to reflect local monthly precipitation pat-
terns, corresponding to a water depth of 11.1 mm in June, 
11.8  mm in July, and 9.2  mm in August, with amounts 
in other months ranging from 2.0  mm to 5.2  mm. The 
details shown in Fig. S2.

2.3 � Soil AHN fractions
Surface soil samples (0–10  cm depth) were collected 
in June 2022 using a five-point sampling method. After 
removing stones, roots, litter, and visible BC particles, 
samples were processed for subsequent measurements. 
Soil AHN fractions were quantified via a  modified acid 
hydrolysis method described by Ren et al. (2023). Briefly, 
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soil samples were digested with 6 mol L− 1 HCl for 12 h. 
Total AHN content was quantified by Kjeldahl steam 
distillation after H2SO4 digestion. Soil AN content was 
measured by MgO oxidation distillation. AAN content 
was quantified via ninhydrin oxidation coupled with 
phosphate-borate buffer steam distillation. ASN content 
was assessed through steam distillation under phosphate-
borate buffer (pH = 11.2). AUN content was calculated as 
the difference between AHN and the sum of AN, AAN, 
and ASN. NHN content was determined as the difference 
between soil TN and AHN.

2.4 � Soil basic chemical properties
Soil pH and electrical conductivity (EC) were measured 
using a pH meter (Sartorius GmbH, Göttingen, Ger-
many) and a conductivity meter (Universal Conductiv-
ity Meter, Ghm Group, Germany), respectively. SOC and 
TN contents were determined with an elemental analyzer 
(Vario EL III, Elementar, Germany). Dissolved organic C 
(DOC) and dissolved total N (DTN) were quantified via 
0.5  M K2SO4 extraction followed by analysis on a TOC 
analyzer (TOC-VCPH, Shimadzu, Japan). Soil exchange-
able calcium was determined by extraction with 1  mol 
L− 1 ammonium acetate, and the concentration in the 
extract was quantified by inductively coupled plasma 
optical emission spectrometry (ICP-OES, PerkinElmer 
Optima 8000, USA).

2.5 � Soil enzyme activity, microbial metabolic efficiency 
and microbial biomass

Activities of soil BG, β-N-acetylglucosaminidase (NAG), 
and acid phosphatase (AP) were quantified using nitro-
phenol-based colorimetric assays. Soil LAP activity was 
determined via fluorogenic substrate methods (Xia et al. 
2025).

Soil microbial C use efficiency (CUE) and N use effi-
ciency (NUE) were calculated based on ecological stoi-
chiometry using the following equations (Sinsabaugh 
et al. 2016; Sun et al. 2022):

CUEmax and NUEmax represent the theoretical maxi-
mum C and N supply rates for microbial growth, set at 
0.6 and 1.0, respectively. The saturation constant K was 
assigned a value of 0.5. EEAC: N and EEAN: C represent 

CUE = CUEmax ×
SC: N

(K+ SC: N)

SC: N =
1

EEAC: N

×
BC: N

LC: N

NUE = NUEmax ×
SN: C

(K+ SN: C)

SN:C = (1− EEAN:C)×
BN: C

LN: C

the C: N and N: C ratios of total extracellular enzyme 
activity, respectively. BC: N and BN: C refer to the C: N 
and N: C ratios of microbial biomass, respectively. LC: N 
and LN: C represent the C: N and N: C ratios of soil OM, 
respectively.

To further explore the transition between C and N 
limitation in soil microbial metabolism reflecting the 
relative efficiency of C versus N utilization under specific 
resource conditions, the Threshold Element Ratio (TER) 
was calculated using the equation of Mooshammer et al. 
(2014):

BN: C represents the N to C ratio of ecological enzyme 
activity.

Soil microbial biomass C (MBC) and microbial bio-
mass N (MBN) were determined using the chloroform 
fumigation extraction method (Li et al. 2023).

2.6 � Soil microbial sequencing and functional prediction
Soil DNA was extracted using the FastDNA™ Spin Kit 
(MP Biomedicals, USA), with concentration and purity 
assessed via NanoDrop 2000. The bacterial 16S rRNA 
V3-V4 region was amplified with primers 341F and 806R, 
while the fungal ITS region was amplified with ITS1F and 
ITS2R. PCR products were verified by agarose gel electro-
phoresis, purified, and sequenced on the Illumina MiSeq 
PE250 platform. Bioinformatic processing employed the 
QIIME2 pipeline. Based on the SILVA database (bacteria) 
and the UNITE database (fungi), operational taxonomic 
units (OTUs) with 97% similarity were clustered and tax-
onomically annotated. Soil bacterial functional potential 
was predicted via Phylogenetic Investigation of Com-
munities by Reconstruction of Unobserved States (PIC-
RUSt2) with Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway mapping. Soil fungal function was pre-
dicted using FUNGuild for ecological trait annotation.

2.7 � Statistical analysis
Statistical analysis was performed using SPSS 20.0 soft-
ware (SPSS Inc., Chicago, IL, USA). Differences between 
treatment groups were assessed using one-way analysis 
of variance (ANOVA), followed by post hoc compari-
sons with Duncan’s multiple range test (mean ± SD). The 
Mantel Test was performed using the “ade4” R package 
to assess correlations between soil chemical and biologi-
cal factors with soil AHN fractions. Variance decompo-
sition analysis (VPA) based on Hellinger transformation 
statistics was employed to determine the independent 
and combined contributions of soil chemical and biologi-
cal variables in explaining the variation in AHN fractions. 
The random forest (RF) model was constructed using the 

TER =
NUE

CUE
× BN: C
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“randomForest” R package to identify essential predic-
tors influencing AHN fractions. The partial least squares 
path model (PLS-PM) was developed using the “plspm” R 
package to elucidate the direct and indirect effects of BC 
application, AR stress, and soil factors on AHN fractions.

3 � Results
3.1 � Effects of BC on soil ANH fractions under AR stress
Figure 1a shows that the TN content of AR was signifi-
cantly reduced by 37.2% compared to CK (p < 0.05), while 
the TN content of AR-BC was 2.03 times that of BC. The 
AR-BC treatment significantly increased soil AHN con-
tent by 55.6% compared to BC and by 64.8% relative to 
AR, and the AHN content of AR was reduced by 33.7% 
compared to CK (p < 0.05, Fig. 1b). Soil AN and ASN con-
tents of AR-BC were 45.0% and 61.3% higher than those 
of AR, respectively (p < 0.05, Fig.  1c, d). Concurrently, 
AR-BC markedly enhanced AAN content, with increases 
of 67.5% over BC and 80.6% over AR (p < 0.05, Fig.  1e). 
Compared to BC and AR treatments, AR-BC signifi-
cantly raised AUN levels by 30.0% and 60.7%, respectively 
(p < 0.05, Fig. 1f ).

3.2 � Effects of BC on soil basic chemical properties 
under AR stress

Compared to CK and AR, the AR-BC treatment signifi-
cantly increased soil pH by 0.05 units and 0.19 units, 
respectively (p < 0.05, Fig. 2a). Both AR and AR-BC treat-
ments increased soil EC by 42.0% and 27.4% compared to 
CK (p < 0.05, Fig.  2b). Relative to AR, AR-BC increased 
SOC content by 62.7% (p < 0.05, Fig.  2c). The AR-BC 
treatment significantly reduced DOC by 28.8% and 14.0% 
compared to BC and AR, respectively (p < 0.05, Fig. 2d). 
The BC treatment decreased DTN by 11.5% compared to 
CK, while AR-BC reduced DTN by 11.4% relative to AR 
(p < 0.05, Fig. 2e).

3.3 � Effects of BC on soil enzyme activity, microbial 
metabolic efficiency and microbial biomass under AR 
stress

Compared to CK, the AR-BC treatment significantly 
reduced soil BG activity by 19.9% (p < 0.05, Fig. 2f ). Com-
pared to CK and AR, AR-BC treatment significantly 
reduced soil NAG activity by 35.7% and 54.4%, respec-
tively (p < 0.05, Fig. 2g). Soil LAP activity was significantly 
increased by 47.9% and 15.6% in AR-BC compared to 
CK and AR (p < 0.05, Fig. 2h). The AR-BC treatment sig-
nificantly decreased soil AP activity by 53.2% and 35.7% 
compared to CK and AR, respectively (p < 0.05, Fig.  2i). 
The AR-BC treatment significantly increased soil CUE 
by 41.8% relative to AR (p < 0.05, Fig.  2j). Meanwhile, 
the AR-BC treatment increased soil NUE by 21.4% com-
pared to AR (p < 0.05, Fig. 2k). AR exhibited significantly 

higher TER than the BC and AR-BC treatments (p < 0.05, 
Fig. 2l).

Regarding microbial biomass, the AR-BC treatment 
significantly increased soil MBC by 92.3% compared to 
AR (p < 0.05, Fig. 3a). AR-BC significantly increased soil 
MBN content by 62.9% in comparison with AR (p < 0.05, 
Fig.  3b). Linear regression analysis revealed a  positive 
correlation between AN and MBN (R2 = 0.46, p < 0.05, 
Fig.  3c). Soil MBN exhibited positive correlations with 
ASN (R2 = 0.36, p < 0.05, Fig.  3d) and AAN (R2 = 0.68, 
p < 0.001, Fig.  3e). There was no significant correla-
tion between soil MBN and AUN (R2 = 0.25, p > 0.05, 
Fig. 3f ). Soil SOC showed a significant positive correla-
tion with MBC (R2 = 0.54, p < 0.01, Fig. 3g). A significant 
positive correlation was observed between MBN and TN 
(R2 = 0.64, p < 0.01, Fig. 3h).

3.4 � Effects of BC on the structure and function of soil 
bacterial and fungal communities under AR stress

Figure 4a shows that Acidobacteriota and Proteobacteria 
were the dominant bacterial phyla, collectively account-
ing for 68.6–83.3% of total sequences. AR significantly 
altered the relative abundances of Acidobacteriota, Pro-
teobacteria, Actinobacteriota, and Chloroflexi (p < 0.05, 
Fig. S4). Under AR conditions, BC application reduced 
the abundance of Acidobacteriota by 17.2% while 
increasing the abundance of Proteobacteria by 12.9% 
(p < 0.05). Soil fungal communities were primarily com-
posed of Basidiomycota, Unnamed taxa, Ascomycota, 
and Unassigned lineages (Fig. 4b). Both BC (p < 0.05) and 
AR (p < 0.001) significantly influenced the abundance of 
Basidiomycota (Fig. S5). Figure  4c shows that bacterial 
co-occurrence networks exhibited the highest complex-
ity under AR with BC (complexity index: 0.8; 45 nodes, 
36 edges). In contrast, fungal networks showed reduced 
complexity (complexity index: 0.65) under the same 
treatment (Fig. 4d).

Bacterial metabolic pathways remained unaltered 
under BC application without AR stress (p > 0.05, Fig. 4e). 
Critically, under AR stress, BC significantly suppressed 
five pathways while enhancing two others (p < 0.05, 
Fig.  4f ). Specifically, compared to CK, AR-BC upregu-
lated Anchor biosynthesis and Spliceosome pathways but 
downregulated mRNA surveillance pathway, Basal tran-
scription factors, Cell cycle, Hepatitis C, and Pancreatic 
cancer pathways (Fig. 4g). Fungal functional predictions 
revealed that BC significantly affected three ecological 
guilds, including Epiphyte-Plant Pathogen, Ectomycor-
rhizal-Fungal Parasite-Soil Saprotroph-Undefined Sap-
rotroph and Wood Saprotroph (p < 0.05, Fig.  4h, i). The 
effects of these functions under AR stress and non-AR 
conditions exhibited opposing patterns (Fig. 4j).
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3.5 � Soil chemo‑biological factors of AHN fractions
As shown in Fig.  5a, soil AN content was positively 
correlated with SOC (r = 0.58, p < 0.01), TN (r = 0.48, 

p < 0.01), DTN (r = 0.48, p < 0.01), MBC (r = 0.43, p < 0.01), 
MBN (r = 0.41, p < 0.01), LAP (r = 0.39, p < 0.01), and 
AP (r = 0.32, p < 0.05). Soil ASN and AAN content were 

Fig. 1  Soil nitrogen (N) pool contents among all treatments. a Total N; b Acid-hydrolysable N; c Acid-ammonia N; d Acid-amino sugar N; e 
Acid-amino acid N; f Acid-hydrolysable unidentified N. BC, biochar; AR, Acid rain; AR-BC, Treatment with BC and AR; CK, Control without BC and AR. 
Different lowercase letters represent significant differences, according to Duncan’s test (p < 0.05)
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Fig. 2  Soil basic chemical properties, enzyme activity and carbon (C) and nitrogen (N) use efficiency among all treatments. a Soil pH; b 
Soil electrical conductivity (EC); c Soil organic C; d Dissolved organic C; e Dissolved total N; f β−1,4-glucosidase (BG) activity; g β-N-acetyl 
glucosaminidase (NAG) activity; h Leucine aminopeptidase (LAP) activity; i Acid phosphatase (AP) activity; j C use efficiency; k N use efficiency; l 
Threshold elemental ratio. BC, biochar; AR, Acid rain; AR-BC, Treatment with BC and AR; CK, Control without BC and AR. Different lowercase letters 
represent significant differences, according to Duncan’s test (p < 0.05)
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primarily influenced by MBN (r = 0.47 and 0.60, p < 0.01) 
and NAG (r = 0.54 and 0.81, p < 0.01). Additionally, 
soil AUN content was significantly correlated with pH 
(r = 0.39, p < 0.05), SOC (r = 0.28, p < 0.05), TN (r = 0.28, 
p < 0.05), NAG (r = 0.34, p < 0.05), and NUE (r = 0.26, 
p < 0.05).

Soil TN content showed significant positive corre-
lations with SOC (r = 0.93, p < 0.001), MBC (r = 0.88, 
p < 0.001), MBN (r = 0.87, p < 0.001), and NUE (r = 0.70, 
p < 0.05). Meanwhile, TN was significantly nega-
tively correlated with DOC (r = −0.59, p < 0.05), NAG 
(r = −0.93, p < 0.001), and AP (r = −0.59, p < 0.05). Soil 
MBN was influenced by SOC (r = 0.83, p < 0.001), DOC 
(r = −0.58, p < 0.05), MBC (r = 0.91, p < 0.001), NAG 
(r = −0.87, p < 0.001), AP (r = −0.70, p < 0.05), and NUE 
(r = 0.86, p < 0.001). NUE was significantly correlated 
with pH (r = 0.62, p < 0.05), SOC (r = 0.76, p < 0.01), 
MBC (r = 0.79, p < 0.01), and NAG (r = −0.69, p < 0.05).

Figure  5b shows that the contribution rates of soil 
chemical and biological factors to soil AN were 2.4% 
and 32.5%, respectively. The combined contribution 
rate of soil chemical and biological factors to soil ASN 
was 36.7% (Fig.  5c). The chemo-biological interaction 
explained 39.7% of the variation in soil AAN (Fig. 5d). 
The explanation rates of soil chemical and biological 
factors to soil AAN were 15.4% and 27.6%, respectively. 
The explanation rate of biological factors (24.5%) on 
soil AUN exceeded that of chemical factors (18.5%), 
with their interaction explaining 37.7% (Fig. 5e).

3.6 � Dominant drivers influencing soil ANH fractions
Figure 6a shows that soil DTN was the dominant pre-
dictor of BC-induced changes in soil AN, with a rela-
tive importance of 7.2%. Soil chemical and biological 
factors explained 34.2% and 65.8% of AN variations, 
respectively. Soil MBN showed the highest predictive 
power for ASN (7.2%), followed by LAP (6.4%) and TN 
(6.0%) (Fig.  6b). Concurrently, LAP, DTN, and MBN 
were identified as the primary predictors of AAN, with 
contribution rates of 7.6%, 6.7% and 6.5%, respectively 
(Fig.  6c). Soil NAG activity exhibited the strongest 
influence (5.7%) in soil AUN modulation (Fig. 6d).

3.7 � Pathway analysis of BC effects on soil ANH fractions 
under AR stress

PLS-PM models demonstrated excellent fit, with 
goodness-of-fit indices ranging from 0.55 to 0.77, 
explaining 70%, 89%, 91%, and 90% of the variance in 
AN, ASN, AAN, and AUN, respectively (Fig.  7). Fig-
ure  7a shows that BC directly affected soil AN content 
(λ = 0.86, p < 0.05). Meanwhile, BC indirectly promoted 
soil AN by increasing soil pH (λ = 0.73, p < 0.05) and 
NUE (λ = 0.58, p < 0.05). BC increased soil LAP activity 
(λ = 0.77, p < 0.05) and MBN content (λ = 0.65, p < 0.05), 
thereby promoting soil ASN accumulation (λ = 0.76 and 
0.86, p < 0.01, Fig.  7b). BC increased soil MBN content 
(λ = 0.64, p < 0.05), thereby indirectly leading to the accu-
mulation of soil AAN content (λ = 0.81, p < 0.01, Fig. 7c). 
BC application exhibited a significant negative correla-
tion with soil AUN content (λ = − 0.43, p < 0.05, Fig. 7d). 
The total effects of BC application on soil AN, ASN, 
AAN, and AUN were 0.98, 0.77, 0.92, and 0.80, respec-
tively. They were higher than corresponding values under 
AR stress (0.57, 0.09, 0.09, and 0.31, Fig. 7e).

4 � Discussion
4.1 � BC‑mediated accumulation of soil AHN under AR stress
This study demonstrates the promotive effect of BC 
on soil AHN under AR stress. While AR significantly 
reduced soil TN content (Fig. 1), likely due to enhanced 
mineral N leaching and suppressed SON accumulation 
(Du et al. 2025), BC application effectively mitigated this 
TN loss. The decline in TN under AR stress typically cor-
responds to a depletion of the SON pool and a parallel 
decrease in AHN fractions, including AN, AAN, ASN, 
and AUN (Ning et al. 2025). In contrast, the recovery of 
TN induced by BC coincided with the restoration and 
augmentation of these AHN components (Fig. 8). These 
findings underscore the critical role of BC in enhancing 
soil N availability and maintaining the stability of the N 
cycle, highlighting its potential utility in mitigating envi-
ronmental stressors such as AR.

The absence of a significant difference in AN content 
between the AR and CK treatments indicates that the 
direct input of NO3

− from AR was not the primary fac-
tor for AN accumulation (Fig.  1). Consequently, the 
pronounced increase in AN observed in the AR-BC 
treatment originates from shifts in internal soil N 

(See figure on next page.)
Fig. 3  Soil microbial biomass among all treatments. a Microbial biomass carbon (MBC). b Microbial biomass nitrogen (MBN). Different lowercase 
letters represent significant differences, according to Duncan’s test (p < 0.05). Relationships between MBN and c acid-ammonia N, d acid-amino 
sugar N, e acid-amino acid N, and f acid-hydrolysable unidentified N. g Relationships between MBC with soil organic C and dissolved organic C. h 
Relationships between MBN with soil total N and dissolved total N. The solid lines represent the significant linear fit at p < 0.05 and the dashed lines 
represent the insignificant linear fit at p > 0.05
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Fig. 3  (See legend on previous page.)
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Fig. 4  Soil microbial community structure and predicted function among all treatments. a Top 10 soil bacterial phyla in relative abundance. b 
Top 6 soil fungi phyla in relative abundance. c Co-expression network diagram of soil bacteria community. d Co-expression network diagram 
of soil fungi community. Variation of soil bacteria community predicted function between CK and BC e, as well as AR with AR-BC f. Variation 
of soil fungi community predicted function between CK and BC h, as well as AR with AR-BC i. Relative changes of soil bacteria (g) and fungi (j) 
community predicted function between CK and BC, as well as AR with AR-BC. Predicted functions with 2 times significant changes are highlighted 
in the volcano plots



Page 11 of 18Feng et al. Biochar            (2026) 8:55 	

transformation processes, likely induced by the interac-
tion between BC and AR. This interaction may presuma-
bly alter the soil microenvironment, impacting microbial 
community structure and the activity of enzymes govern-
ing N mineralization and nitrification (Tables S1-S4). We 

propose that the increased AN primarily resulted from 
enhanced microbial turnover and the release of N from 
acid-labile organic compounds under AR stress.

The significantly higher AHN accumulation under the 
AR-BC treatment, compared to BC or AR alone (Fig. 1), 

Fig. 5  a Relationships between soil chemical with biological factors, and their effects on soil acid-hydrolysable nitrogen (N). Asterisks (*, ** and ***) 
indicate significant differences (p < 0.05, < 0.01, and < 0.001). Individual and joint variance contributions of soil chemical and biological properties 
to soil acid-ammonia N b, acid-amino sugar N c, acid-amino acid N d, and acid-hydrolysable unidentified N e. Percentages indicate the individual 
and interaction joint explanatory rates of each indicator on soil acid-hydrolysable N fractions
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likely results from a synergistic interaction between N 
supply and retention mechanisms. AR provides a contin-
uous input of nitrate, which enlarges the soil N substrate 
pool, while BC elevates soil pH and buffering capacity, 
alleviating acid stress and improving microbial habitat 
(Feng et  al. 2025). This may enhance microbial N use 

efficiency and promote the transformation and stabiliza-
tion of N, leading to greater retention within the AHN 
fraction (Lee et al. 2025). In contrast, AR alone promotes 
leaching and acidification, limiting net AHN accumula-
tion, whereas BC alone is constrained by limited native N 
availability.

Fig. 6  Important factors affecting soil acid-ammonia nitrogen (N) a, acid-amino sugar N b, acid-amino acid N c, and acid-hydrolysable unidentified 
N d. Asterisks (* and **) indicate significant differences (p < 0.05 and < 0.01). Percentages in the pie charts indicate the percentage of soil chemical 
and biological factors contributing to soil acid-hydrolysable N fractions. EC, electrical conductivity; SOC, soil organic C; TN, total N; DOC, dissolved 
organic C; DTN, dissolved total N; MBC, microbial biomass C; MBN, microbial biomass N; BG, β-1,4-glucosidase; NAG, β-N-acetyl glucosaminidase; 
LAP, leucine aminopeptidase; AP, acid phosphatase; CUE, C use efficiency; NUE, N use efficiency; TER, threshold elemental ratio
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Fig. 7  Effects of different chemical and biological factors on soil acid-ammonia nitrogen (N) a, acid-amino sugar N b, acid-amino acid N c, and 
acid-hydrolysable unidentified N d, based on partial least squares path modeling. e Standard effects of soil chemical and biological properties 
on soil acid-hydrolysable N fractions. Orange and green colors indicate significant positive and negative effects (p < 0.05) between the two variables, 
respectively. The dashed lines indicate no significant effect (p > 0.05). Asterisks (* and **) indicate significant differences (p < 0.05 and p < 0.01)
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The differential stimulation of AN and ASN by BC con-
trasts with the findings of Wang et al. (2023), likely attrib-
utable to feedstock-specific properties (Qi et  al. 2024). 
On one hand, Q. acutissima leaf-derived BC exhibits high 
ash content and SSA, enhancing its capacity to adsorb 
free AN and ASN in soil, thereby promoting their accu-
mulation (Liu et  al. 2025; Shi et  al. 2019). On the other 
hand, the macropore-rich structure of BC may improve 
soil aeration and microbial activity, fostering microbial 
residue accumulation and ASN production (Jia et  al. 
2024).

Under AR stress, BC application significantly increased 
soil AAN content (Fig. 1), a result diverging from Zhang 
et  al. (2022). This discrepancy may stem from differ-
ences in BC application rates. Low-dose BC can effec-
tively improve soil nutrient status and OM content, 
providing microorganisms with abundant nutrient 
resources to enhance metabolic residue accumulation 
(Cheng et  al. 2023). Nevertheless, high-dose BC may 
disrupt soil nutrient ratios, inhibiting microbial assimi-
lation of OM and reducing microbial-derived N pro-
duction (Chen et  al. 2024a, b). These findings highlight 
a dose-dependent relationship between BC application 
and N transformation processes. Future studies should 

quantify dose-dependent mechanisms of BC in regulat-
ing N cycling within AR-stressed plantation soils, ena-
bling field-relevant optimization across environmental 
gradients.

4.2 � Soil chemo‑biological drivers influencing soil AHN 
accumulation under AR stress

The BC application significantly increased soil LAP activ-
ity under AR stress (Fig. 2). We propose that concurrent 
reduction in soil DTN may compel microbes toward 
enzymatic N acquisition (Li et al. 2024). This is evidenced 
by the significant negative correlation between soil LAP 
activity and DTN content (Fig.  5). This metabolic com-
pensation might enhance NUE through BC-mediated 
microbial optimization (Xu et  al. 2025). BC application 
significantly increased soil MBC and MBN contents 
under AR stress (Fig.  3), which contrasts with the find-
ings of Jia et al. (2024). This may be attributed to carbon-
ate buffering and niche specialization (Liu et  al. 2025; 
Yang et  al. 2025). Firstly, BC ash may neutralize acidity 
via CO3

2−  + 2H+  → 2H2O + CO2, alleviating acid inhibi-
tion on microbiota (Arwenyo et al. 2023; Liu et al. 2025). 
Secondly, BC may promote diazotrophs and ammonia-
oxidizing bacteria (e.g., AOB) (Shi et  al. 2019), boosting 

Fig. 8  Conceptual diagram of biochar (BC) amendment effects on soil acid-hydrolyzed nitrogen (N) fractions under acid rain (AR) and non-acid rain 
stress conditions. Orange and green numbers indicate ercentage changes relative to soil control without and with AR stress, respectively
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microbial N assimilation (Chen et al. 2024a, b; He et al. 
2022).

Under AR stress, BC amendment promoted a marked 
restructuring of the microbial community toward bacte-
rial dominance. This transition was evidenced by a dis-
tinct peak in bacterial network complexity in the AR-BC 
treatment, which contrasted sharply with the concurrent 
simplification of the fungal network topology (Fig.  4). 
Such topological divergence highlights a specialized 
ecological response of the fungal community to mul-
tiple stressors. On one hand, such network simplifica-
tion may reflect weakened interspecific interactions and 
a concentration of associations among a few core taxa, 
leading to increased functional specialization (Silver-
stein et  al. 2024). This could enhance the efficiency of 
key fungal groups in executing specific processes, such 
as lignin degradation or SON transformation (Yang et al. 
2025). On the other hand, the decline in connectivity 
may also reflect impaired fungal resilience to environ-
mental disturbances (Hannula et  al., 2025). We propose 
that although BC amendment partially counteracted 
AR-induced soil acidification, it also intensified niche 
competition and functional differentiation among fungi, 
ultimately driving the assembly of a sparser and more 
specialized network (Zhou et al. 2022).

Notably, essential shifts included increased abundance 
of Proteobacteria (i.e., N fixers) (Zhang et  al. 2020) and 
decreased abundance of Acidobacteriota (Fig. S4). Stim-
ulation of those two phyla by exogenous OM has been 
reported previously (Yang et  al. 2022; Feng et  al. 2022). 
Acidobacteria are considered to be acidophilic oligo-
trophic bacteria that grow and decompose relatively 
recalcitrant materials (e.g., lignin, aromatic C, and ole-
fin C) contained in the soil (Watzinger et al. 2014). The 
reduction in its relative abundance under AR conditions 
after the BC amendment explains the sequestration of 
soil C. Basidiomycota remained the dominant fungal 
phylum (Fig. S5), consistent with acidic soil ecotypes 
(Muneer et  al. 2021). Fungal network reduction may 
reflect AR-induced soil dysbiosis (Yuan et al. 2020), while 
suppressed Ascomycota (i.e., humic acid biomarkers 
often associated with pathogens) suggests altered C and 
N cycling (Jin et al. 2022). Notably, BC altered microbial 
metabolic pathways, warranting metagenomic validation 
to quantify functional gene responses.

4.3 � Mechanism of BC‑mediated AHN regulation under AR 
stress

Contrary to the generally observed inverse relationship 
between soil AHN content and pH (Jia et  al. 2024), we 
observed that the application of alkaline BC increased 
AHN while simultaneously raising soil pH (Figs. 1 and 2). 
This apparent paradox can be explained by distinguishing 

between the direct and indirect effects of BC on soil 
properties (Tang et  al. 2025). The increase in soil pH 
may be primarily a direct effect attributable to the inher-
ent alkalinity of the BC itself, which originates from its 
carbonates, ash, and the substantial content of base cati-
ons such as Ca (Fig. S6). The dissolution and hydrolysis 
of these alkaline components, including CaO/Ca(OH)2 
derived from the biogenic Ca in the Q. acutissima leaf 
feedstock, may directly neutralize soil acidity (Xu et  al. 
2013).

In contrast, the enhancement of AHN content may be 
mainly driven by a series of indirect effects mediated by 
BC. Firstly, the pH increase promotes deprotonation of 
oxygen-containing functional groups (–OH, –COO−) 
on BC surfaces, enhancing anion exchange capac-
ity and facilitating complexation with organic N mol-
ecules, thereby stabilizing AHN fractions (Wang et  al. 
2024). Secondly, BC-mediated acid stress alleviation may 
improve microbial growth and N use efficiency, increas-
ing the production and preservation of acid-hydrolyzable 
microbial residues (e.g., amino sugars) that directly con-
tribute to the AHN pool (Parasar et al., 2025).

Notably, the response pattern of soil EC provides fur-
ther support for the predominance of these indirect 
effects. Under AR conditions, BC amendment resulted 
in a decrease in EC (Fig.  2), indicating that its indirect 
effects (e.g., promoting microbial immobilization of ions 
and retaining soluble nutrients through its porous struc-
ture) outweighed the direct contribution of soluble salts 
from the BC itself (Sadegh-Zadeh et al. 2018).

BC application significantly enhanced soil AN content 
under AR stress by optimizing soil conditions and micro-
bial N utilization. RF analysis identified soil chemical 
properties (e.g., DTN and pH) as primary regulators of 
AN dynamics (Fig. 6). Although AR typically exacerbates 
N leaching (Wen et  al. 2024), BC counteracted this by 
increasing microbial NUE, thereby maintaining soil avail-
able N. This inference was further supported by PLS-PM 
analysis (Fig. 7).

Soil ASN and AAN accumulation were co-regulated by 
MBN and LAP activity (Fig. 6). Enhanced MBN reflects 
greater microbial N assimilation, where active organic N 
is converted to microbial biomass and subsequently sta-
bilized as ASN and AAN through necromass pathways 
(e.g., intracellular N compounds) (Liu et al. 2025). Con-
currently, BC-stimulated LAP activity catalyzes protein/
peptide hydrolysis into amino acids, directly supplying 
AAN precursors (Yu et al. 2021). Thus, MBN (necromass 
pathway) and LAP (substrate conversion) synergistically 
drive AHN enrichment.

The positive correlation between soil AUN and NAG 
activity (Fig.  5) indicates a synergistic relationship in 
BC-amended soil. NAG primarily participates in the 
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degradation of chitin and other amino polysaccharides 
(Xia et  al. 2025). Enhanced NAG activity likely acceler-
ates the depolymerization of labile SON, generating pre-
cursors that promote the formation of more stable N (i.e., 
AUN) (Zhou et al. 2023). Thus, BC may trigger a priming 
effect whereby NAG-mediated decomposition ultimately 
channels more N into stable AUN pools, highlighting its 
role in redirecting microbial enzymatic pathways toward 
long-term N sequestration.

4.4 � Research limitations and implications for BC 
amendment under AR stress

Notably, the observed increases in soil TN and AHN 
components under BC amendment likely result from a 
combination of direct N input from the BC itself and its 
indirect mediation of soil N processes. N-containing BC 
may directly supplement the soil N pool. Nevertheless, it 
is challenging to distinguish BC-derived N from native 
soil N under field conditions. Therefore, the overall effect 
of BC represents an integration of external N input and 
enhanced retention of indigenous N. Future studies using 
15N isotopic tracing are needed to quantitatively partition 
the BC-derived N and track its allocation across mineral 
N, SON, and AHN fractions.

Moreover, the environmental risks posed by AR to 
plantation forest soil ecosystems warrant serious atten-
tion. In light of increasing AR pollution, the application 
of engineered BC (e.g., pyrochar) may exert positive 
ecosystem-level influences on soil C and N cycling. Our 
findings thus provide a scientific basis for predicting bio-
geochemical cycles under global change and for devel-
oping targeted AR mitigation strategies. To advance 
practical implementation, the following limitations and 
research priorities warrant further investigation: (1) The 
low background pH of the selected Q. acutissima planta-
tions may modulate BC efficacy. Controlled experiments 
across soil pH gradients are needed to dissect BC-medi-
ated N dynamics under AR stress. (2) High-resolution 
depth-resolved sampling must quantify BC-induced 
N sequestration profiles, assessing long-term efficacy 
against AR constituent leaching. (3) Integrating 15N trac-
ing and climate projections will elucidate the role of BC 
in mitigating gaseous N losses (e.g., N2O) while stabiliz-
ing labile N pools under dynamic AR scenarios.

5 � Conclusion
This study demonstrates that biochar (BC) applica-
tion effectively mitigated acid rain (AR) stress on acid-
hydrolyzable nitrogen (N) fractions. Specifically, BC 
significantly enhanced acid-ammonium N, acid-amino 
acid N, acid-amino sugar N, and acid-hydrolyzable uni-
dentified N accumulation. The regulatory effect was 
driven by chemo-biological synergy with multi-model 

validation confirming biological dominance. Under AR 
stress, the BC amendment increased the complexity of 
the bacterial network, contrasting with the simultane-
ous simplification of the fungal network. Crucially, posi-
tive regulatory effects of BC on soil acid-hydrolyzable N 
fractions surpassed AR-induced negative impacts. These 
findings advance the biogeochemical understanding of N 
cycling in AR-affected soils and establish a mechanistic 
framework for sustainable N management in plantation 
ecosystems.
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