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Soil acidification severely limits peanut productivity. Although lime and biochar can individually 
improve soil conditions, the effects are often short-lived. The combined effect of biochar and lime (BL) 
across multiple growing seasons remains unclear. This three-year field study investigated the synergy 
of biochar-lime co-application (BL) in remediating acidic soils and sustaining peanut yields under 
continuous cropping. BL was more effective than single amendments (BC/LM), operating through a 
dual mechanism: (1) Lime rapidly neutralized toxic aluminum (Ex-Al³⁺), while biochar helped retain 
Ca²⁺, prolonging the pH buffering effect and further reducing aluminum toxicity; (2) Biochar enriched 
soil microbial communities, which increased the activity of key enzymes involved in nutrient cycling 
(urease: +49.84%; phosphatase: +46.14%). This improved soil environment reduced oxidative stress 
in peanuts (MDA: −20.01%) and enhanced their antioxidant defense system (SOD: +27.46%; POD: 
+34.60%), leading to higher and more stable yields (+ 11.07–27.26% vs. CK) with less year-to-year 
variation (− 4.66% yield decline). Economically, the lasting effects of BL allowed for a 53% reduction in 
amendment inputs by the third year, resulting in a 22.91% higher net income than using lime alone. 
These results demonstrate that BL co-application is a promising strategy for managing acidic soils by 
simultaneously addressing chemical and biological constraints in continuous cropping systems.

Keywords  Biochar-lime synergy, Soil acidification reversal, Microbial-nutrient coupling, Yield resilience, 
Degraded monoculture systems

Soil degradation, particularly acidification which affects 30–50% of the world’s arable land, poses a major 
threat to agricultural sustainability, especially in tropical and subtropical regions1,2. In the red soil areas o 
South China, where peanut (Arachis hypogaea L.) is an important oil crop, long-term monoculture aggravates 
soil acidification (pH < 5.0), increases exchangeable aluminum (Ex-Al3+) to phytotoxic levels (> 2 cmol/kg) 
and causes nutrient imbalances that can reduce yields by 30–50%3,4. Empirical studies show a 15% decline in 
peanut yield as soil pH decreases from 5.4 to 4.75, highlighting soil acidity as a key constraint to productivity. 
Conventional amendments such as lime (CaCO3) or biochar provide partial remediation but have inherent 
drawbacks. Lime rapidly neutralizes acidity, but over-application can induce secondary nutrient deficiencies 
(Mg, K), phosphorus fixation, and microbial suppression6–8. Biochar, characterized by its alkalinity, high surface 
area, and stable carbon structure, can improve soil physical properties, nutrient retention, and long-term carbon 
storage. However, its effectiveness in acidic soils varies with feedstock, pyrolysis conditions, and application rate, 
and it often fails to sufficiently raise soil pH or alleviate aluminum toxicity in strongly acidic conditions with a 
practical timeframe, making it economically challenging for rapid remediation9,10. These limitations underscore 
the need for integrated strategies that combine rapid pH adjustment with long-term fertility improvement.

Emerging evidence suggests that biochar–lime co-application (BL) could address these challenges through 
synergistic mechanisms11–13: (i) geochemical synergy, where biochar’s high surface area and functional groups 
(e.g., carboxyl, phenolic-OH) adsorb Ca²⁺ from lime, slowing its dissolution and prolonging pH stabilization, 
while also immobilizing Al³⁺ via ligand exchange; and (ii) biochemical synergy, whereby lime-induced pH 
optimization enhances biochar’s ability to stimulate microbial biomass, in turn promoting enzyme-driven 
nutrient cycling14. Nonetheless,, mechanistic links between soil physicochemical changes, microbial responses, 
and crop physiology under long-term monocropping remain poorly understood15,16.
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To address this gaps, a three-year field study was conducted to evaluate the interactive effects of biochar 
and lime on acidic soil remediation and peanut yield sustainability. The study aimed to (i) decouple the roles of 
biochar and lime in Al³⁺ immobilization, pH buffering, and nutrient availability; (ii) quantify microbial mediation 
by biomass C and key enzyme activities(urease, phosphatase) in soil-crop feedbacks; and (iii) establish causal 
pathways linking soil improvement to peanut antioxidant activity and yield stability. The findings are expected 
to support the design of integrated soil management strategies for enhancing productivity and soil health in 
acid-affected regions.

Materials and methods
Experimental site characterization
The experimental site is located in Baima Village, Sanfu Town, Xingan County, Jiangxi Province (115°24 ' 52″E, 
27°51 ' 47″N). It belongs to the mid-subtropical climate, with an average annual temperature of 17.7  °C, an 
accumulated temperature of ≥ 10 °C of 5648 °C, an annual rainfall of 1627 mm, and an annual evaporation of 
1268 mm. The frost-free period was 274 d, and the annual sunshine duration was 1809 h. Peanut fields that had 
been continuously planted for 3 years and had never applied biochar and lime were selected. The test soil was 
red soil developed from Quaternary red clay. Before the test, the soil pH was 4.78, the soil organic matter was 
18.3 g kg−1, and the contents of alkali-hydrolyzable nitrogen, available phosphorus and available potassium were 
81.36, 26.69 and 89 mg kg−1, respectively. The cation exchange capacity (CEC) and exchangeable aluminum 
(Ex-Al3+) content were 10.57 and 2.32 cmol kg−1, respectively. Interannual variability in weather conditions was 
observed during the three-year study period. Notably, the growing season in Year 1 (Y2022) was characterized 
by a distinct dry during the pod-filling stage (July), with precipitation approximately 20% lower than the 10-year 
average. In contrast, Year 2 (Y2023) and Year 3 (Y2024) experienced weather conditions closer to the historical 
average.

Experimental design and amendments
Amendment materials
Lime  CaO-dominant (75% purity, pH 12.2; Jiangxi Dingsheng Lime Co., China). Lime (CaO-dominant) was 
selected based on prevalent local amendment practices for its rapid neutralization capacity, which is critical for 
immediate alleviation of aluminium toxicity in strongly acidic soils at the onset of the cropping season. Its faster 
dissolution kinetics, compared to CaCO3, were considered integral to establishing the initial conditions for syn-
ergy with the slower-release biochar.

Biochar  Rice straw and husk feedstock pyrolyzed at 500 °C under oxygen-limited conditions17, with pH 9.30, 
total carbon 605.7 g kg⁻¹, and total N/P/K contents of 7.6, 4.23, and 0.88 g kg⁻¹, respectively. Specific Surface Area 
is 6.25 m² g−1, an average pore volume of 0.15 cm³ g⁻¹, cation exchange capacity (CEC) is 33.22 cmol kg−1 and 
ash content with 32.16%. The cadmium (Cd) content is 0.10 mg kg−1.

Field trial setup (2022–2024)
A randomized complete block design with four treatments:

CK: Control (no amendments).
BC: Biochar alone (6,000 kg ha⁻¹ yr⁻¹).
LM: Lime alone (900 kg ha⁻¹ yr⁻¹).
BL: Biochar + lime co-application (In the BL treatment, amendment rates were reduced in Years 2 and 3 based 

on the observed strong residual effect from the initial application, to assess the potential for sustained benefits 
with lower long-term inputs).

Each treatment was replicated four times (plot size: 30 m²; planting density: 20 cm × 40 cm spacing, two 
seeds per hole). The peanut cultivar Ganhua 5 which was purchased from local agricultural supply companies 
was sown mid-April and harvested late August annually. Fertilization followed local practices (Table 1): 40% 
of urea-N and KCl-K applied as basal fertilizer, 60% top-dressed at early flowering, with calcium-magnesium 
phosphate fertilizer (P), lime, and biochar fully incorporated into the 0–20 cm soil layer during tillage. The 
biochar application rate was selected based on previous research demonstrating its efficacy for ameliorating 
degraded acidic red soils in South China18,19.

Treatment

Fertilization amount(kg hm−2)

Soil conditioner(kg hm−2)

Y2022 Y2023 Y2024

N
(kg hm–2)

P2O5
(kg hm–2)

K2O
(kg hm–2) BC LM BC LM BC LM

CK 120 75 120 / / / / / /

BC 120 75 120 6000 / 6000 / 6000 /

LM 120 75 120 / 900 / 900 / 900

BL 120 75 120 9000 1200 4500 750 3000 300

Table 1.  Application rates of fertilizers and amendments for each treatment. In the BL treatment, amendment 
rates were reduced in Y2023 and Y2024 based on the observed strong residual effect from the initial 
application, to assess the potential for sustained benefits with lower long-term inputs.
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Sampling and analytical methods
Soil sampling
Post-harvest composite soil samples (0–20 cm depth) were collected annually from five random points per plot. 
Air-dried soils were sieved (< 2 mm) for physicochemical analyses (pH, SOM, available nutrients, Ex-Al³⁺, CEC).

Soil pH was measured with a PB-10 pH meter (soil-water mass ratio was 1: 2.5) and soil organic matter 
(SOM) was determined by the potassium dichromate oxidation capacity method20. Available N, available P, 
available K, Ex-Al³⁺ and cation exchange capacity (CEC) are measured by the method21.

Fresh subsamples (stored at 4 °C) were analyzed for microbial biomass carbon (chloroform fumigation-
extraction22, urease (indophenol colorimetry) and phosphatase (Sodium phenylphosphate colorimetric method) 
activities23.

Plant sampling
Physiological assays: Fully expanded leaves from podding-stage plants were analyzed for superoxide dismutase 
(SOD, NBT photoreduction), peroxidase (POD, guaiacol oxidation), and malondialdehyde (MDA, thiobarbituric 
acid reaction)24.

Yield components: At maturity, five plants per plot were assessed for pods per plant, 100-pod weight, and 
kernel ratio. Plot yields (kg ha⁻¹) were calculated as:

	
P od yield = Plot yield (kg)

Plot area (m2) × 10000 � (1)

	
Y ield Reduction Rate =

(
1 − Yield yearn

Yield year1

)
× 100% � (2)

where year 1 is the first year of amendment application (Y2022).

Statistical analysis
Data were processed using Microsoft Excel 2019 and SPSS 26.0. Treatment effects were evaluated via one-way 
ANOVA with LSD post-hoc tests (p < 0.05). Results represent means ± standard deviation (SD) (n = 4, based on 
independent field plot replicates).

Result and analysis
Process-driven soil remediation
BL sustainably reversed soil acidification by integrating two complementary processes: Geochemical buffering: 
Lime can rapidly enhance H⁺ neutralization, while biochar may act as a Ca²⁺ reservoir, potentially slowing 
lime dissolution and contributing to pH stability. This three-year study indicates that biochar lime (BL) can 
synergistically remediate acidified soils, BL elevated soil pH by 19.25–25.31% relative to initial conditions, 
outperforming CK (control), BC (biochar alone), and LM (lime alone) (Fig. 1a). BL also increased soil organic 
matter (SOM) by 31.17–46.67% annually compared to CK, establishing a positive feedback loop with pH 
stabilization (Fig. 1b). Concurrently, cation exchange capacity (CEC) under BL rose by 36.29% yearly (Fig. 1c), 
strongly correlating with SOM accumulation (R² = 0.81, p < 0.001). Soil Ex-Al³⁺ content of BLwas the lowest, 
which was lower than CK, BC and LM by 60.08%, 48.70% and 31.78%, respectively (Fig. 1d).

Nutrient activation: Biochar’s alkaline functional groups (e.g., carbonates, silicates) solubilized fixed 
phosphorus, while lime prevented P re-fixation by Fe/Al oxides, elevating available P by 34.73%. Concurrently, 
biochar’s porous structure retained K⁺, reducing leaching losses (Table 2). These findings align with the research25, 
confirming BL’s dual role in nutrient activation and aluminum toxicity alleviation.

Microbial mediation of nutrient cycling
BL enhanced microbial biomass C (SMBC) by 53.24% over CK by alleviating Al³⁺ toxicity and supplying labile C 
(Fig. 2a; Table 3). SMBC dynamics strongly correlated with SOM (R² = 0.77, p < 0.001) (Fig. 2b), underscoring 
carbon availability as a microbial activity regulator. This stimulated extracellular enzyme production:

Urease activity increased 49.84% under BL, potentially due to lime-facilitated improved conditions for 
ureolytic microorganisms (Fig. 3a). Phosphatase activity rose 46.14%, likely driven by enhanced microbial P 
demand and activity stimulated by biochar (Fig. 3b). The synergy fostered a self-sustaining pH-microbe-enzyme 
system, critical for long-term soil fertility.

Crop physiological and yield responses
Superoxide dismutase (SOD) and peroxidase (POD) are used to evaluate the activity of antioxidant enzymes in 
organisms, in order to understand their resistance to oxidative stress and health status27–29. BL enhanced peanut 
oxidative stress resilience, elevating superoxide dismutase (SOD) and peroxidase (POD) activities by 29.24% and 
37.53%, respectively, over CK (Fig. 4a,b). Malondialdehyde (MDA), a lipid peroxidation marker, decreased by 
20.01% in BL versus CK, indicating reduced oxidative damage (Fig. 4c; Table 4).

Yield data revealed BL’s systemic benefits across all three years, despite the interannual climatic variations 
(Tables 5 and 6). BL treatment consistently achieved the highest pod yield, with a significant yield of 16.80%, 
26.59%, and 38.39% over CK in Y2022, Y2023, and Y2024, respectively. It is noteworthy that the high yield 
achieved by BL compared to CK occurred in relatively dry years in Y2022. This suggests that the synergy in BL 
treatment, particularly biochar’s documented ability to enhance soil water retention30, may have provided greater 
resilience against water stress, thereby amplifying its yield advantage under adverse conditions. The lowest yield 
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reduction rate was also observed under BL (−4.66% and CK’s −19.53% from Y2022 to Y2024), underscoring its 
role in enhancing yield stability.

BL reduces Al³⁺ toxicity (a major abiotic stressor) and improves nutrient availability.

Economic feasibility of amendment strategies
BL demonstrated superior long-term profitability despite higher initial costs (Table 6). Economic calculations 
were based on local market prices (2022–2024) in Jiangxi Province. Biochar cost: 800 CNY (Chinese Yuan) t⁻¹ 
(including transportation). Lime cost: 500 CNY t⁻¹ (including transportation). Transportation cost: 50 CNY 
t⁻¹. Application cost: 30 CNY t⁻¹.Peanut price: 8.6 CNY kg⁻¹. Over three years, BL reduced lime inputs annually 
(from 1,200 to 300 kg ha⁻¹) while supplementing biochar (from 9,000 to 3,000 kg ha⁻¹). Although BL’s net income 
was initially 3,192 CNY ha⁻¹ lower than LM, residual effects (≥ 3 years) saved 4,698 CNY in cumulative lime 
costs. Coupled with yield premiums (15,480 CNY ha⁻¹), BL’s three-year net income surpassed LM by 22.91%. 
While LM maximized short-term returns, BL offered sustainable advantages: enhanced yield stability, reduced 
environmental risks, and alignment with site-time-material-specific agricultural practices.

Treatment

Available P(mg/kg) Available k(mg/kg)

Y2022 Y2023 Y2024 Y2022 Y2023 Y2024

CK 24.96(23.46,26.45)d 23.98(22.34,25.61)b 23.03(21.74,24.33)d 80.05(76.34,83.76)d 78.01(74.36,81.66)d 74.98(71.54,78.41)d

BC 31.97(30.47,33.46)b 30.07(28.43,31.70)a 28.05(26.75,29.35)b 105.08(101.37,108.79)b 100.00(96.35,103.65)b 95.05(91.62,98.49)b

LM 28.06(26.56,29.56)c 26.07(24.44,27.70)b 25.09(23.79,26.38)c 90.01(86.30,93.72)c 85.02(81.37,88.66)c 80.04(76.60,83.47)c

BL 35.01(33.52,36.51)a 32.05(30.41,33.68)a 30.00(28.70,31.30)a 115.06(111.35,118.77)a 108.00(104.35,111.64)a 100.09(96.65,103.52)a

F value 47.20 27.31 27.14 157.14 127.29 114.72

p-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

η²p 0.85 0.82 0.87 0.92 0.91 0.90

Table 2.  Soil available nutrient content under different treatments. Values are presented as mean. Within each 
treatment, means followed by different lowercase letters are significantly different according to LSD post-hoc 
test (p ≤ 0.05). The F-value and p-value are from a one-way ANOVA for each nutrient and year. η²p = partial eta 
squared (small effect ≥ 0.01, medium effect ≥ 0.06, large effect ≥ 0.14).

 

Fig. 1.  Differences in physical and chemical properties of soils in different treatments (a) Effects of different 
treatments on soil pH; (b) Effects of different treatments on the soil organic matter; (c) Effects of different 
treatments on the soil CEC; (d) Effects of different treatments on the content of soil Ex-Al³⁺. Different 
lowercase letters in the same column mean significant difference among treatments at 0.05. Error bars 
represent ± standard deviation (SD) (n = 4).
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Discussion
This three-year field study shows that using biochar and lime together (BL) creates a synergistic effect in repairing 
acidic soil and supporting sustainable peanut production. The BL treatment helped build a self-reinforcing 
“soil-microbe-crop” system, leading to better results than using either amendment alone. The main mechanism 
involves a connected series of changes starting from soil chemistry and ending with plant physiological responses.

How soil chemistry influences crop productivity
The combined use of biochar and lime (BL) showed synergistic effects starting from complementary soil 
chemical processes. Lime quickly neutralized soil acidity and reduced toxic aluminum (Al³⁺) levels. Biochar 
acted like a slow-release reservoir, absorbing calcium (Ca²⁺) from the lime, which reduced nutrient loss and 
helped maintain a stable soil pH for a longer time. This “carbon-calcium complementarity” led to a more 
balanced soil environment31–34.

The improved soil conditions, along with the extra carbon from biochar, increased soil microbial biomass 
carbon (SMBC). More SMBC was linked to higher soil organic matter, showing that carbon is important for 
microbial growth35. Notably, BL’s efficacy intensified over time despite reduced inputs. By Year 3, SMBC in BL 
exceeded BC by 17.27%, contradicting traditional models of amendment attenuation36,37. These active microbes 
then increased the activity of enzymes (urease and phosphatase) that break down nutrients. This improved 

Fig. 3.  Soil urease and phosphatase activity (a) Effects of different treatments on soil urease activity; (b) Effects 
of different treatments on soil phosphatase activity.

 

Treatment

Compared to CK 
increase(%)

Compared to 
BCincrease
(%)

Compared to LM 
increase(%)

Y2022 Y2023 Y2024 Y2022 Y2023 Y2024 Y2022 Y2023 Y2024

BC 40.25 33.12 27.04

LM 15.00 7.54 6.07

BL 60.00 50.72 48.99 14.08 13.22 17.27 39.13 40.15 40.46

Table 3.  The increase in soil MBC content under different treatments.

 

Fig. 2.  The relationship between Soil MBC and SOM (a) Effects of different treatments on soil MBC; (b) The 
relationship between SOM and Soil MBC (Linear regression, R² = 0.77, p < 0.001)). Different lowercase letters 
in the same column mean significant difference among treatments at 0.05. Error bars represent ± standard 
deviation (SD) (n = 4).
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“microbial-nutrient cycling” released more phosphorus and nitrogen from organic matter, increasing soil 
nutrient supply and reducing the need for fertilizer.

These positive changes in the soil further enhanced peanut plant health. With less aluminum stress and 
better nutrient availability, the plants experienced less oxidative damage (lower MDA) and showed stronger 
antioxidant activity (higher SOD and POD). These physiological improvements led to better yield outcomes—
more pods per plant, heavier pods, and an overall yield increase of 11.07–27.26%. The greater yield benefit 
under drier conditions in the first year suggests that BL may help crops cope with climate-related stresses such 
as drought.

Comparison with related research
The study on synergistic effect between carbon and calcium builds upon earlier reports of synergistic yield effects 
from biochar–lime amendments in other cropping systems, such as maize grown in tropical acidic soils38. The 
combined application of lime and biochar improves acid soil and promotes increased yield of cowpea39.Here, 
we identify a multi-year pathway under field conditions by which sustained improvements in soil chemistry 
influence microbial function and, in turn, crop physiology. The strength of these effects is expected to vary with 
soil type, climate, and biochar properties40.Therefore, while the results are relevant to peanut production in red 
soil regions, their applicability to other cropping systems and environments requires local validation.

Prospects and challenges for field application
The high application rates (e.g., biochar at 6000–9000 kg ha⁻¹) present an economic barrier to adoption. However, 
the significant residual effect observed, which allowed for a 53% reduction in amendment rates in subsequent 
years without yield loss, improved the three-year net income for BL compared to lime alone by 22.91%. This 
suggests that the combined application of biochar and lime can be viewed as a long-term investment in soil 

Treatment

Decrease compared to 
CK(%)

Decrease compared to 
BC(%)

Decrease compared to 
LM(%)

Y2022 Y2023 Y2024 Y2022 Y2023 Y2024 Y2022 Y2023 Y2024

BC 9.31 14.57 15.68 / / / / / /

LM 11.99 18.02 18.34 / / / / / /

BL 15.46 21.86 22.71 6.94 8.69 8.33 3.94 4.68 5.34

Table 4.  The decrease in MDA content in peanut leaves under different treatments.

 

Fig. 4.  (a) changes in SOD under different treatment, (b) changes in POD under different treatments, (c) 
changes in MDA under different treatments).
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health. Therefore, subsidies to offset initial expenses or the development of low-cost technologies are crucial to 
enable smallholder adoption.

Potential limitations require consideration. Although the biochar used in this study had low heavy metal 
content, feedstock source dictates inherent safety. This practice may result in reduced fertilizer efficiency due to 
nutrient leaching, at high application rates warrants further investigation41–43. Once initial soil remediation is 
achieved, a reduced maintenance dosage could enhance the long-term sustainability of the practice.

Limitations and future research
This study had several limitations. Microbial analysis was confined to biomass and enzyme activity; employing 
molecular techniques would provide deeper insight into community structure. Soil moisture dynamics were 
not quantitatively monitored, so the role of biochar in drought mitigation remains inferred. Future research 
should prioritize (i) determining optimal BL application rates for soils with varying initial acidification levels, 
(ii) quantifying the long-term (> 5 years) soil carbon sequestration potential, and (iii) evaluating the adaptability 
of this approach across diverse agro-ecological zones.

Conclusion
This three-year study shows that using biochar and lime together improves acidic soil, supports microbial 
nutrient cycles, and enhances crop function, leading to higher and more stable peanut yields. The interaction 
between carbon and calcium supports long-term soil improvement. Although the initial cost is greater, it should 
be considered a long-term investment, as the persistent benefits over multiple seasons can lead to favorable 
economic returns. This combined method helps manage soil acidity and common problems in continuous 
cropping systems in southern China’s red soil areas. For farmers to use it more widely, support is needed to 
reduce initial costs, methods must be made more practical, and its effectiveness should be confirmed through 
longer-term testing in various farming environments.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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