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Dose-dependent effects of
biochar amendment on early
rice seedling growth and
nursery substrate properties
in Southern China
Liming Chen*, Jiahong Ao, Zihong Gao, Ziyi Xu, Hanxuan Yu,
Haixuan Zhang, Changjie Yu, Linshan Wei and Shaochen Li

Jingdezhen University, Jingdezhen, China
Introduction: Biochar regulates rice growth and development as well as

improves soil quality, and shows application potential for early rice seedling

cultivation in double-cropping rice systems in South China.

Methods: This study applied biochar at rates of 0%, 10%, 20%, 30%, 40%, and 50%

of total nursery soil volume to systematically evaluate its impacts on early rice

seedling agronomic traits, root architecture, nutrient uptake, and soil

physicochemical properties.

Results and Discussion: The results demonstrate that that the biochar

application rate had a significant dose-dependent effect on rice seedling

growth indicators. The 30% treatment showed the best overall performance,

with seedling leaf length (increased by 42.1% compared to the 0% treatment),

plant height, dry matter accumulation, SPAD value, and leaf area (increased by

54.6%) all being significantly higher than those in other treatments. Concurrently,

this treatment achieved the highest values for root length (increased by 18.6%),

root volume, and number of root tips, along with a significant 58.8% increase in

potassium content within the root zone. The 20% and 30% treatments

significantly promoted stem base width (increased by 12.7%–18.0%) and the

strong seedling index (increased by 84.6%). Conversely, the 40% and 50%

treatments had inhibitory effects, resulting in significant reductions in seedling

leaf length, stem base width (decreased by 24.9%), dry weight, and leaf area. Root

fresh weight also decreased by 11.9%–17.1%. Biochar application significantly

enhanced substrate water-holding capacity, reduced bulk density, and increased

total porosity (by 23.0%) and organic matter content. Notably, the 40% and 50%

treatments caused a dramatic increase in available potassium levels within the

substrate (increasing by 29.7 times), accompanied by abnormally significant

elevations in pH and EC. Correlation analysis further revealed that the strong

seedling index was highly significantly positively correlated with leaf area and
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seedling sturdiness, while being highly significantly negatively correlated with the

root-shoot ratio. In conclusion, a 30% biochar application rate was identified as

the optimal dosage, synergistically enhancing early rice seedling morphological

development, root system growth, and the soil microenvironment.
KEYWORDS

biochar, early-season rice, seedling growth, nursery substrate properties,
nutrient dynamics
1 Introduction

Rice (Oryza sativa L.) serves as the staple food crop for over half

of the global population, with seedling vigor constituting a critical

foundation for population establishment post-transplanting and

ultimate yield (Feng et al., 2024; He et al., 2023). However, the

seedling nursery for early-season rice in southern China frequently

encounters multiple stresses, including low temperature, insufficient

sunlight, soil acidification, and nutrient imbalance. Concurrently,

conventional nursery substrates commonly suffer from structural

degradation and exhibit weak water- and nutrient-retention

capacities, severely constraining the cultivation of high-quality

seedlings (Huang et al., 2016). Biochar demonstrates significant

potential for enhancing soil physicochemical properties and

promoting crop growth owing to its well-developed pore

structure, alkaline nature, and pronounced capacity for nutrient

adsorption and slow release (Alkharabsheh et al., 2021; Khan et al.,

2024). Particularly during the seedling nursery stage, biochar is

recognized for optimizing the rhizosphere microenvironment

through improvements in water retention, aeration, nutrient

availability, and pH—thereby promoting seedling morphological

development and physiological metabolism (Sui et al., 2024; Sun

et al., 2024). This offers a novel approach for addressing the

aforementioned nursery constraints.

Research on biochar application in crop production has been

extensively conducted in recent years (Blanco-Canqui, 2017).

Substantial evidence indicates that biochar effectively improves

soil physical structure by enhancing water-holding capacity and

reducing bulk density (Razzaghi et al., 2020; Acharya et al., 2024).

Furthermore, its surface functional groups enhance nutrient

adsorption and retention capabilities, reducing the leaching of

nutrients such as nitrogen and phosphorus (Haider et al., 2016).

At the crop physiological level, biochar amendment has been shown

to significantly promote root development in tomato and increase

chlorophyll content in maize leaves by modulating soil pH (Guo

et al., 2021; Wan et al., 2023; Cong et al., 2023). Nevertheless,

existing research predominantly focuses on the performance of field

crops during their growth stages, with systematic investigations

specifically targeting the critical early phase of rice seedling nursery

being notably deficient (Gu et al., 2022; Ali et al., 2025; Khan et al.,

2024). There is a pronounced scarcity of systematic, quantitative
02
research examining the effects of biochar application rates on

seedling growth and development, dynamic nutrient uptake, and

their interaction mechanisms with the rhizosphere soil

environment. Notably, excessive biochar may inhibit seed

germination or seedling growth through physical obstruction,

excessive adsorption, or alterations in the rhizosphere

microenvironment, and these effects exhibit significant crop

species- and system-specificity (Ali et al., 2021). This underscores

the critical importance and urgency of precisely quantifying the

dose-response relationship of biochar, identifying its optimal

application threshold for promoting seedling growth, and

elucidating the underlying mechanisms within the specific context

of the early-season rice nursery system.

Therefore, to overcome the constraints in early-season rice

seedling nursery in southern China, optimize the nursery

technology system, and deepen the understanding of biochar’s

role in early crop development, this study focuses on the early-

season rice nursery system. Employing treatments with varying

biochar application gradients, this study systematically investigates

the comprehensive effects of biochar amendment rates on seedling

growth and development, as well as the physicochemical properties

of the nursery substrate. The specific research objectives are: (1) To

quantify the dose-response relationship of biochar application rates

on key morphological and physiological traits of early-season rice

seedlings; (2) To elucidate the coupling mechanisms between

biochar-mediated improvements in the physical structure of the

nursery substrate and enhanced nutrient availability, and their

synergistic regulatory effects on seedling growth; (3) To quantify

the interactive feedback relationships between seedling nutrient

uptake and critical soil environmental factors.
2 Materials and methods

2.1 Nursery soil preparation

The nursery substrate soil was collected from the plow layer of a

conventional paddy field in Jingdezhen City, Jiangxi Province,

China. After natural air-drying, the soil was ground and passed

through a 2-mm mesh sieve. Baseline soil nutrient contents were as

follows: pH 6.75, organic matter 18.75 g·kg-1, total nitrogen 2.17 g·kg-1,
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total phosphorus 0.889 g·kg-1, total potassium 13.94 g·kg-1, available

phosphorus 35.82 mg·kg-1, available potassium 200 mg·kg-1, and alkali-

hydrolyzable nitrogen 17.93 mg·kg-1.
2.2 Biochar production and
characterization

Rice straw-derived biochar was produced via anaerobic

pyrolysis in a muffle furnace. The pyrolysis program was set to

heat at 20 °C min-1 to 500 °C, followed by a 2-h holding period at

the target temperature. The resulting biochar was ground and

sieved through a 0.25-mm mesh. Its fundamental properties were:

pH 8.85, total nitrogen 4.14 g·kg-1, total phosphorus 3.12 g·kg-1,

total potassium 295.57 g·kg-1, available phosphorus 350.66 mg·kg-1,

and available potassium 500.00 mg·kg-1.
2.3 Experimental design

Six biochar application rates (based on biochar v/soil v) were

established: 0%, 10%, 20%, 30%, 40%, and 50%. Each treatment was

replicated three times using eighteen rigid plastic nursery trays (24.5

× 17.0 × 7.5 cm). Biochar and nursery soil were thoroughly

homogenized at predetermined volumetric ratios to prepare

composite substrates. Deionized water was added to adjust the

moisture content to 70% field capacity, followed by 24-h

equilibration period.

The conditioned substrates were uniformly packed into nursery

trays (GZX-III, Shanghai CIMO Medical Instrument Manufacturing

Co., Ltd.). Uniformly germinated seeds of early-season rice (Oryza

sativa L. cv. Xiangzaoxian 45) at the radicle emergence stage were

hand-sown at a rate of 15 g per tray. Trays were transferred to an

intelligent growth chamber programmed to simulate local early-rice

nursery conditions (March-April): average daily temperature 23.5–

25.0 °C, relative humidity 70–80%, with dynamically regulated

photosynthetic photon flux density (800–1200 mmol m-2 s-1) and

photoperiod (12-h light/12-h dark) to maintain natural seedling

biorhythms. Substrate moisture was maintained at 70% field

capacity by replenishing deionized water every three days based on

gravimetric measurements. Representative photographs of the

nursery trays and seedlings from different treatments are provided

in Supplementary Figures S1, S2.
2.4 Measurements

2.4.1 Seedling growth parameters
Thirty days after the seedling emergence stage, one hundred

representative seedlings per tray were randomly selected for

parameter measurements. Leaf area of rice seedlings was

measured using a handheld laser leaf area meter (CI-203; CID

Bio-Science, Inc., Camas, WA, USA). The SPAD value was

measured at the midpoint of the youngest fully expanded leaf

using a SPAD-502 chlorophyll meter (Konica Minolta, Japan).
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Morphological parameters, including plant height, maximum leaf

length, stem base width, and maximum leaf width, were measured

using a ruler. Subsequently, one hundred randomly selected

seedlings per tray were carefully washed to remove soil, after

which roots were separated from shoots. The fresh weights of the

roots and shoots from these one hundred seedlings were recorded

separately, enabling calculation of the root-to-shoot ratio based on

fresh weight. Seedling sturdiness was defined as the ratio of shoot

dry weight to seedling height. The strong seedling index was

calculated as the ratio of stem base width to seedling sturdiness.

Intact root samples from these seedlings were washed with

deionized water, scanned using a root scanner (Epson Expression

1680 Scanner, Seiko Epson Corp, Tokyo, Japan), and analyzed with

the accompanying software (Regent Instruments Inc., Quebec,

Canada) to determine morphological parameters for hundred

seedlings. Finally, plant samples were dried, ground, and analyzed

for carbon (C), nitrogen (N), phosphorus (P), and potassium

(K) concentrations.

2.4.2 Physicochemical properties of composite
substrates

Substrate physical properties were assessed using intact core

samples collected with the core method to determine bulk density,

total porosity, capillary porosity, and non-capillary porosity.

Gravimetric water content was determined by oven-drying at 105

°C for 24 hours. For chemical analyses, substrates were extracted at

a 2.5:1 water-to-solid ratio; the supernatant pH and electrical

conductivity (EC) were measured using a precision pH meter and

EC meter, respectively. Organic matter content was determined by

the potassium dichromate volumetric method. Total nitrogen (TN)

was analyzed by the Kjeldahl method, total phosphorus (TP) by the

molybdenum-antimony ascorbic acid colorimetric method, and

total potassium (TK) by flame photometry. Available phosphorus

(AP) was extracted with sodium bicarbonate and quantified by the

molybdenum-antimony ascorbic acid colorimetric method;

available potassium (AK) was extracted with ammonium acetate

and measured by flame photometry; alkali-hydrolyzable nitrogen

(AN) was determined by the alkali diffusion method.
2.5 Statistical analysis

One-way analysis of variance (ANOVA) was performed to

determine the significant effects of different biochar amendment

treatments on seedling growth parameters and substrate

physicochemical properties. All statistical analyses were

conducted using SPSS 27.0 software (SPSS Inc. Chicago, USA).
3 Results

3.1 Rice seedling growth

The application rate of biochar exhibits a significant dose-effect

relationship on rice seedling quality (Table 1). Seedlings treated
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with 30% biochar demonstrated a significantly greater leaf length

compared to all other treatments, representing a 42.1% increase

over the 0% application rate. No significant differences in leaf length

were observed among the 0%, 10%, and 20% treatments, while the

40% and 50% treatments yielded the significantly lowest values. Leaf

width was significantly greater within the 10%, 20%, and 30%

application range than in the 0% treatment. However, leaf widths

for the 40% and 50% treatments did not differ significantly from the

0% treatment. Stem base width was significantly greater under the

10%, 20%, and 30% application rates compared to the 0% treatment,

showing increases of 12.7%, 13.2%, and 18.0%, respectively.

Conversely, the 40% and 50% treatments resulted in a significant

reduction in stem base width, with the 50% treatment exhibiting the

lowest value—a significant 24.9% decrease relative to the 0%

treatment. Seedling height reached its maximum at the 30%

application rate, significantly exceeding that of the 0% and 40%

treatments. While no significant difference in height existed

between the 20% and 30% treatments, the 20% treatment was

significantly taller than the 40% treatment. Dry weight per 100

plants exhibited an initial increase followed by a decrease with

increasing biochar application. It peaked significantly at the 30%

rate compared to the 0% and 50% rates. Dry weights for the 10%

and 20% treatments were significantly higher than the 0%

treatment, while no significant difference was found between the

40% and 10% treatments. The root-shoot ratio demonstrated a

continuous decreasing trend with increasing application rate. The

0% treatment resulted in a significantly higher ratio than the 30%

treatment, and all biochar treatments yielded ratios significantly
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lower than the 0% treatment. SPAD values reached their maximum

at the 30% application rate, significantly exceeding those of the 0%,

40%, and 50% treatment. No significant difference was observed

between the 20% and 30% treatment, although the 20% treatment

was significantly higher than the 0% treatment. SPAD values for the

40% treatment did not differ significantly from the 0% treatment,

while the 50% treatment caused a significant reduction.
3.2 Root morphological characteristics

Biochar application rate significantly influenced rice seedling

root development (Table 2). Root length peaked in the 30%

treatment group, demonstrating a significant increase of 18.6%

compared to the 0% treatment, and was significantly greater than

all other treatments. Conversely, the 10% and 50% treatments

significantly inhibited root elongation, resulting in significantly

shorter roots than the 0% treatment. The 0%, 30%, and 40%

treatments maintained significantly higher root surface area and

projected area than the 10%, 20%, and 50% treatments, which

exhibited significant reductions. No significant differences in

average root diameter were detected among the treatments,

except that the 40% treatment was significantly smaller than the

10% treatment. The 30% treatment yielded the optimal values for

root volume and number of root tips. While these parameters

showed no significant difference from the 0% treatment, they were

significantly higher than those observed in the 20%, 40%, and 50%

treatments. Notably, despite having relatively high root length, the
TABLE 2 Effects of biochar application rates on root growth per hundred rice seedlings.

Treatments
Root

length (cm)
Surface area

(cm2)
Average

diameter (mm)
Projected
area (cm²)

Volume
(cm3)

Root tip
number

Root fresh
weight (g)

0% 840.34b 157.73a 0.57ab 52.33a 4.19a 1385a 6.21ab

10% 658.75c 120.90b 0.59a 38.48b 4.03a 770b 6.23ab

20% 823.68b 120.87b 0.54ab 38.47b 2.82b 844b 6.38a

30% 996.70a 161.37a 0.56ab 51.37a 4.03a 1143a 6.56a

40% 886.55b 147.69a 0.48b 46.1ab 2.71b 1294a 5.15b

50% 663.12c 122.53b 0.51ab 39.00b 2.55b 788b 5.47b
Different lowercase letters within a column indicate significant differences among treatments at P < 0.05.
TABLE 1 Effects of biochar application rates on rice seedling quality.

Treatments
Leaf blade
length (cm)

Leaf blade
width (mm)

Stem base
width (mm)

Seedling
height (cm)

Dry weight per
hundred seedlings (g)

Root to
shoot ratio

SPAD

0% 17.29b 3.14b 1.89b 25.76bc 2.64c 0.54a 32.64c

10% 17.11b 3.50a 2.13a 26.56bc 3.14b 0.46ab 33.27bc

20% 16.98b 3.60a 2.14a 27.81ab 3.39ab 0.40bc 33.97ab

30% 24.57a 3.56a 2.23a 29.50a 3.93a 0.32c 34.50a

40% 15.5bc 2.98b 1.74b 24.70c 3.04b 0.36bc 32.64c

50% 14.68c 3.01b 1.42c 25.20bc 2.86c 0.37bc 31.59d
front
Different lowercase letters within a column indicate significant differences among treatments at P < 0.05.
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20% treatment exhibited significantly lower root volume and

number of root tips. Fresh root weight reached its maximum in

the 20% and 30% treatments, showing a marginal increase

compared to the 0% treatment. In contrast, the 40% and 50%

treatments resulted in significant reductions of 17.1% and

11.9%, respectively.
3.3 Nutrient content

In above-ground, N content demonstrated a significant

declining trend with increasing biochar application (Table 3). The

0% treatment exhibited the highest N content, while the 40% and

50% treatments showed the lowest levels, representing a significant

reduction of 22% compared to the 0% treatment. P content showed

no significant differences among most treatments. However, the

50% treatment resulted in significantly lower P content than both

the 0% and 20% treatments. K content was significantly elevated in

the 10% and 50% treatments, showing increases of 8.9% and 9.7%,

respectively, relative to the 0% treatment. Carbon content was

highest in the 0% treatment. The 20% treatment yielded

significantly lower C content than the 0% treatment, while the

remaining treatments showed no significant differences. In roots, N

content was maintained at relatively high levels across all

treatments, except for the 40% application rate, which resulted in

a significant decrease. P content peaked significantly in the 50%
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treatment compared to all other treatments. No significant

differences in P content were observed among the other

application rates. K content exhibited an initial increase followed

by a decrease with increasing biochar application. The 30%

treatment yielded significantly higher K content than all other

treatments, representing a significant 58.8% increase relative the

0% treatment. Carbon content was significantly highest in the 40%

treatment, showing a significant increase of 24.6% compared to the

0% treatment. Conversely, the 10% and 20% treatments resulted in

significantly lower C content than the 0% treatment.
3.4 Physical properties of seedling soil

Biochar application significantly influenced the physical

properties of rice seedling growth media (Table 4). Substrate

moisture content increased progressively with increasing biochar

application. The 50% treatment reached the highest moisture

content, representing a significant 54.0% increase compared to

the 0% treatment. Moisture levels in the 40% and 50% treatments

were significantly higher than those in the 10%, 20%, and 30%

treatments. Bulk density was significantly reduced in all biochar-

amended treatments. The highest bulk density was observed in the

0% treatment, while the lowest occurred in the 50% treatment,

reflecting a significant 31.7% reduction. Total porosity exhibited a

continuous increasing trend with higher biochar application. The
TABLE 3 Effects of biochar application rates on nutrient content in rice seedlings.

Treatments

Above-ground (g/kg) Roots (g/kg)

Total N
content

Total P
content

Total K
content

Total C
content

Total N
content

Total P
content

Total K
content

Total C
content

0% 46.14a 3.90a 39.32b 389.48a 29.87a 3.34b 11.39d 352.86b

10% 41.37b 3.58ab 42.81a 376.45ab 28.60a 3.26b 14.74c 295.83c

20% 43.12ab 4.03a 38.18b 350.01b 32.17a 3.86b 16.46b 295.59c

30% 40.30b 3.26ab 39.8ab 361.44ab 28.56a 3.50b 18.09a 371.72b

40% 35.93c 3.11ab 40.99ab 374.44ab 21.10b 3.78b 15.08c 439.53a

50% 36.09c 2.77b 41.33a 375.38ab 29.58a 4.59a 14.81c 368.56b
Different lowercase letters within a column indicate significant differences among treatments at P < 0.05.
TABLE 4 Effect of biochar application rates on physical properties of seedling soil.

Treatments
Water content

(%)
Bulk density

(g/cm3)
Total porosity (%)

Capillary porosity
(%)

Non-capillary
porosity (%)

0% 37.99d 1.20a 54.37d 45.65c 8.72c

10% 47.61c 1.05b 59.19c 49.51b 9.68c

20% 49.67c 1.03b 59.90c 49.73b 10.17b

30% 51.23c 1.02b 60.24c 49.52b 10.72b

40% 57.64b 0.90c 64.11b 51.62a 12.48b

50% 58.49a 0.82d 66.88a 49.45b 17.43a
Different lowercase letters within a column indicate significant differences among treatments at P < 0.05.
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50% treatment yielded the significantly highest total porosity,

showing a significant 23.0% increase over the 0% treatment.

Furthermore, the 40% and 50% treatments demonstrated

significantly greater total porosity than all other treatments.

Capillary porosity was significantly highest in the 40% treatment,

exceeding that of the 0% treatment. However, the 50% treatment

showed significantly lower capillary porosity than the 40%

treatment. Non-capillary porosity exhibited a substantial increase

in the 50% treatment, which represented a significant 99.9%

increase relative to the 0% treatment. Furthermore, all treatments

with ≥20% biochar application resulted in significantly higher non-

capillary porosity than the 0% treatment.
3.5 Physiochemical properties of seedling
soil

Biochar application significantly altered the soil chemical

properties of the soil (Table 5). Soil organic matter content

exhibited a significant increasing trend with higher biochar

application rates. The 0% treatment yielded the lowest soil

organic matter content, while the 50% treatment resulted in the

significantly highest level, representing a substantial increase of

530.4% compared to the 0% treatment. Total N content was

significantly highest in the 40% and 50% treatments. However, no

significant differences were observed among the 10%, 20%, 30%,

and 0% treatments. The C/N Ratio increased significantly with

increasing biochar application. The C/N ratio in the 50% treatment

was 375.3% higher than that of the 0% treatment. Total P content

showed no significant differences among the treatments. Available P

content increased significantly with higher biochar application

rates. The 50% treatment resulted in a significant 95.1% increase

compared to the 0% treatment. Total K content was significantly

elevated in all biochar treatments. The highest total K content

occurred in the 50% treatment, reflecting a significant increase of

32.9%. Available K content responded highly significantly to

biochar application. The 50% treatment yielded available K levels

that were 29.7 times higher than those of the 0% treatment. Alkali-

hydrolyzable N content was significantly higher in the 10%

treatment than in all other treatments, showing a 92.6% increase

over the 0% treatment. Soil pH was significantly elevated only in the
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40% and 50% treatments. The 40% treatment exhibited a

significantly higher EC value than all other treatments. The lowest

EC occurred in the 0% treatment. The EC value in the 50%

treatment was significantly lower than that in the 40% treatment.
3.6 Leaf area, seedling sturdiness, and
strong seedling index

The 30% treatment resulted in significantly greater leaf area

compared to all other treatments, representing a significant 54.6%

increase over the 0% treatment (Figure 1A). No significant differences

in leaf area were observed among the 0%, 10%, and 20% treatments.

Conversely, leaf area was significantly reduced in the 40% and 50%

treatments, showing decreases of 52.3% and 54.9%, respectively,

relative to the 30% treatment. Furthermore, leaf area in the 40% and

50% treatments was significantly lower than in the 0% treatment.

Seedling sturdiness was significantly lowest in the 0% treatment

(Figure 1B). The highest sturdiness was observed in the 30%

treatment, reflecting a significant 58.8% increase compared to the 0%

treatment. While no significant differences in sturdiness were found

among the 10%, 20%, 40%, and 50% treatments, all these biochar-

amended treatments yielded significantly higher sturdiness than the 0%

treatment. The strong seedling index was significantly highest in the

30% treatment compared to all other application rates, demonstrating a

significant 84.6% increase relative to the 0% treatment (Figure 1C). The

lowest strong seedling indices were observed in the 0% and 50%

treatments. No significant differences were detected in the strong

seedling index among the 10%, 20%, and 40% treatments. However,

the index for the 40% treatment was significantly lower than that of the

30% treatment, representing a 33.3% decrease.

Root-shoot ratio exhibited a significant negative correlation

with total N, total P, total K, and EC (Table 6). Furthermore, it

showed a highly significant negative correlation with soil organic

matter, available P, available K, and the C/N ratio. Leaf area

demonstrated a significant negative correlation with available K

and a highly significant negative correlation with soil pH. Seedling

sturdiness showed a significant positive correlation with total P and

available P, while exhibiting a highly significant negative correlation

with the root to shoot ratio. The strong seedling index displayed a

highly significant negative correlation with the root to shoot ratio.
TABLE 5 Effect of biochar application rates on physiochemical properties of the seedling soil.

Treatments
Organic
matter
(g/kg)

Total N
(g/kg)

Total P
(g/kg)

Total K
(g/kg)

Alkali-
hydrolyzable N

(mg/kg)

Available
P (mg/kg)

Available
K (mg/kg)

EC
(mS/cm)

pH C/N

0% 10.51e 1.84c 0.64a 11.93c 35.19c 32.73e 99.60f 0.15c 6.30c 3.32d

10% 24.15d 1.97bc 0.70a 13.26b 67.74a 38.46de 432.01e 0.37b 6.27c 7.13c

20% 29.81c 2.01bc 0.72a 13.22b 41.11b 40.39d 795.77d 0.34b 6.34c 8.67b

30% 36.09b 2.22ab 0.72a 13.91b 40.48b 47.51c 1289.71c 0.33b 6.28c 9.46b

40% 40.55b 2.36a 0.77a 14.55b 42.94b 53.91b 1890.93b 0.68a 6.52b 10.02b

50% 66.25a 2.43a 0.74a 15.86a 40.98b 63.89a 2964.67a 0.38b 6.73a 15.78a
frontie
Different lowercase letters within a column indicate significant differences among treatments at P < 0.05.
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Conversely, it exhibited highly significant positive correlations with

leaf area and seedling sturdiness.
4 Discussion

4.1 Effects of biochar on rice seedling
morphogenesis and physiological activity

This study revealed significant dose-dependent effects of biochar

on the morphological and physiological parameters of rice seedlings,

with a distinct optimal range for growth promotion. The 30% biochar

treatment yielded the highest values for several key morphological

parameters, including maximum leaf length, leaf width, stem base

diameter, plant height, and dry weight per hundred seedlings. This

clearly demonstrates that the moderate incorporation of 30% (v/v)

biochar significantly enhances the expansion of photosynthetic

organs (leaves), stem robustness, and overall biomass accumulation.

The underlying mechanism likely involves biochar-mediated

optimization of the rhizosphere environment, potentially providing

more favorable root growth space through its porous structure

(Ibrahim et al., 2020; Suliman et al., 2017). Additionally, recent

global studies indicate that biochar provides microhabitats for

beneficial microorganisms, enhancing microbial-mediated nutrient

cycling and potentially contributing to long-term soil health (Zhao

et al., 2024). However, increasing the application rate to 40% and 50%

resulted in significant reductions in leaf length, stem base diameter,

plant height, and dry weight, falling below the levels observed in the

0% treatment. This indicates the induction of physicochemical stress

by high biochar doses (Feng et al., 2021). The growth inhibition at

high doses may be attributed to multiple factors, including ion

imbalance (particularly Na+ accumulation and K+/Ca2+ disruption),

microbial dysbiosis, and osmotic stress, which collectively impair

seedling development (Zhou et al., 2024).

Leaf SPAD values (indicating relative chlorophyll content)

peaked under the 30% treatment, showing significantly higher

values compared to both the 0% treatment and the high-dose

treatments (40% and 50% treatment), but no significant difference
Frontiers in Agronomy 07
compared to the 20% treatment. This suggests that a 20-30%

biochar application rate optimally enhances leaf chlorophyll

content and photosynthetic capacity, consistent with the superior

plant morphogenesis observed within this dosage range (Jiang et al.,

2022). The reduced SPAD values under high biochar doses imply

potential inhibition of chlorophyll synthesis, possibly due to

decreased nutrient availability or ion stress (Zhang et al., 2023).

The root-to-shoot ratio exhibited a consistent decreasing trend with

increasing biochar dosage, with all biochar treatments significantly

lower than the 0% treatment. This reflects a general pattern where

the increase in shoot biomass outweighed the increase in root

biomass following biochar addition. Notably, even though root

development was promoted under the optimal 30% dose, the

vigorous shoot growth resulted in a significantly reduced root-to-

shoot ratio. While this resource allocation pattern towards the

shoots typically favors the development of strong stems and

leaves during the seedling stage—promoting robust seedling

growth—an excessive reduction in the root-to-shoot ratio may

compromise stress tolerance after transplanting (Zhang et al.,

2019). Previous greenhouse trial results also indicated that 25%

biochar application significantly promoted shoot growth in cabbage

seedlings and markedly reduced the root-to-shoot ratio. While this

enhancement benefits the cultivation of strong seedlings, it may

compromise transplant survival rates under drought stress

conditions (Yildirim et al., 2021). Therefore, this warrants further

investigation to achieve a balance. Crucially, the comprehensive

seedling quality indicator, the strong seedling index, reached its

maximum value under the 30% treatment, significantly exceeding

all other treatments and showing an 84.6% increase compared to

the 0% treatment. Seedling stem hardness was also highest under

the 30% treatment. These two integrated metrics strongly

corroborate the significant advantage of 30% biochar application

in cultivating high-quality rice seedlings. Although the current

study focused on the seedling stage, numerous studies have

established strong correlations between robust seedling traits and

ultimate grain yield, suggesting that our optimized nursery practice

could translate to improved field performance and economic

returns for farmers (Liu et al., 2013; Brinton and Uauy, 2019).
FIGURE 1

Effects of biochar application rates on leaf area (A), seedling sturdiness (B), and strong seedling index (C) in rice seedlings. Different lowercase letters
denote significant differences at P < 0.05.
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4.2 Biochar regulates root development
and nutrient uptake by improving the
rhizosphere environment

The dose-dependent effects of biochar on rice seedling growth

are closely linked to its significant alteration of the physicochemical

properties of the seedling substrate, which in turn influences root

development and nutrient uptake efficiency, and rhizosphere

microbial ecology (Dong et al., 2015; Pratiwi and Shinogi, 2016).

Roots are the key organs for sensing and responding to changes in

the rhizosphere environment (Hossain et al., 2020). In this study,

the 30% biochar treatment also yielded optimal or near-optimal

results for several root parameters, including maximum root length,

highest root volume, root tip number, and fresh weight (comparable

to the 20% treatment). This indicates that moderate biochar

application (30% treatment) is most conducive to promoting

coordinated increases in root length, branching (root tip

number), and biomass, forming an efficient root architecture for

absorption (Wan et al., 2023). The improved root development at

optimal biochar doses is likely mediated by both physical (e.g.,

porosity) and biological mechanisms, where biochar fosters a

beneficial microbiome that enhances root growth and function

through the production of phytohormones and suppression of

pathogens (Zhang et al., 2023; Ibrahim et al., 2020). Notably,

while the 20% treatment resulted in high root length, its root

volume and root tip number were significantly lower than those

in both the 30% treatment and the 0% treatment, suggesting a

potentially sparser and finer root system with limited absorption

efficiency. High-dose biochar treatments (40% and 50% treatment)

significantly inhibited root length, root surface area, projected area,

and root volume, severely impeding root development. This

suppression may be primarily attributed to excessive levels of

available K, sodium, and other ions disrupting ionic balance

along with concomitant sharp elevations in pH (Olmo et al.,

2016). The altered ion balance (e.g., elevated K+/Ca2+ or K+/Mg2+

ratios) and high pH under excessive biochar application can

negatively affect membrane integrity, nutrient uptake selectivity,

and microbial symbiosis, ultimately impairing root system

development and function (Xia et al., 2024; Wu et al., 2023).

Biochar significantly improved the physical structure of the

seedling substrate. All biochar treatments significantly reduced bulk

density while increasing total porosity and non-capillary porosity.

Specifically, substrate water content increased significantly and

continuously with increasing biochar dosage, with the 50%

treatment being 54.0% higher than the 0% treatment. Capillary

porosity peaked under the 40% treatment. These changes

substantially enhanced the substrate’s water-holding capacity and

aeration, creating a more favorable physical environment for root

growth and microbial activity (Adekiya et al., 2019; Njoku et al.,

2015). However, the dramatic surge in non-capillary porosity under

high biochar doses, particularly the 99.9% increase in the 50%

treatment compared to the 0% treatment, may lead to rapid water

drainage or poor root-substrate contact (Singh et al., 2022). This

could be one reason for the inhibition of root growth and function

observed at high doses.
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Biochar addition significantly increased soil organic matter,

available P, available K, total K content, and the C/N ratio, with

particularly large increments observed at high doses. These changes

create a complex interplay between chemical fertility and microbial

processes, ultimately determining nutrient bioavailability. However,

the impact of these chemical alterations on nutrient uptake is

complex. Shoot N content exhibited a significant decreasing trend

with increasing biochar dosage, with the 40% and 50% treatments

were significantly lower than the 0% treatment by about 22%. Root

N content was also significantly reduced in the 40% treatment.

Although substrate total N was highest in the 40% and 50%

treatments, the high C/N ratio likely enhanced microbial N

immobilization, reducing N availability to plants (Jaffar et al.,

2025; Kalu et al., 2021). This transient N immobilization, while

potentially limiting short-term N availability, can contribute to

long-term N retention and soil organic matter build-up, reducing

leaching losses and benefiting soil health over time (Elrys et al.,

2022; Jaffar et al., 2025). Only the 40% and 50% treatments

significantly increased pH, which could also affect ammonium

volatilization or nitrification processes (Obia et al., 2015), and

significantly alter the composition and function of microbial

communities involved in N cycling (Liu et al., 2018). Substrate

available P increased significantly with biochar dosage, being 95.1%

higher in the 50% treatment than in the 0% treatment. However,

shoot P content was significantly lower only in the 50% treatment

compared to the 0% and 20% treatments, while root P content was

highest in the 50% treatment. This indicates complex adsorption/

desorption dynamics of P by biochar, especially at high doses, where

it may influence bioavailability by providing adsorption sites (Xu

et al., 2014). Furthermore, biochar can modulate the activity of

phosphate-solubilizing microorganisms, adding another layer of

regulation to P bioavailability, which may not always synchronize

with plant demand, particularly at high application rates. Substrate

total K and available K content increased sharply with biochar

dosage; available K in the 50% treatment was 29.7 times higher than

that in the 0% treatment. Correspondingly, root K content peaked

under the 30% treatment (58.8% higher than that in the 0%

treatment), while shoot K content was significantly higher than

that in the 0% treatment in the 10% and 50% treatments. Although

high-dose biochar supplied considerable K, the increased shoot K

content under the 50% treatment, along with its non-maximal root

K content and observed growth suppression, indicates that K uptake

and utilization were likely compromised by salinity stress, as

evidenced by high EC values (Mandal et al., 2018). Additionally,

antagonistic interactions with cations such as Ca2+ and Mg2+, which

play vital roles in cellular homeostasis and stress tolerance but were

not quantified here, might have contributed to these effects (Xing

et al., 2024). High-dose biochar applications (40-50%) induced

significant increases in substrate pH and EC. The 40% treatment

exhibited the highest EC value, closely followed by the 50%

treatment, which remained significantly higher than both low-

dose treatments and the 0% treatment. This salinization-

alkalinization trend represents a primary contributing factor to
Frontiers in Agronomy 09
the inhibition of seedling growth (morphological, physiological, and

root-related) and nutrient uptake (particularly N) observed under

high biochar doses (Xing et al., 2024; Liu et al., 2018). The high EC

likely reflects not only K+ accumulation but also the release of other

ions from the biochar, disrupting ionic balance and causing osmotic

stress. Future studies explicitly measuring these cations would

provide a more complete mechanistic understanding of the

salinity stress induced by high biochar doses.
4.3 Interaction of soil-root-shoot
parameters under biochar influence and
implications for vigorous seedling
formation

Correlation analysis (Table 6) further elucidated the intrinsic

relationships among parameters, clarifying the physiological,

biochemical, and ecological mechanisms by which biochar

promotes vigorous seedling development. The root-to-shoot ratio

exhibited significant or highly significant negative correlations with

soil fertility indices (organic matter, total N, total P, total K,

available P, available K, C/N ratio) and EC values. This indicates

that in biochar-amended substrates, higher soil fertility, particularly

available nutrients, and elevated salinity (indicated by EC) were

associated with a reduced root-to-shoot ratio, signifying a resource

allocation shift favoring shoot growth (Wan et al., 2023; Mawof

et al., 2021; Cao et al., 2021). This shift suggests a reduced nutrient

acquisition cost for the plant, potentially mediated by improved

nutrient availability and enhanced microbial nutrient cycling

services, allowing greater carbon investment in aerial parts

(Kocsis et al., 2020; Ghorbani et al., 2022). Critically, the root-to-

shoot ratio showed highly significant negative correlations with

both the seedling vigor index and stem hardness. This directly

explains why, despite a reduced root-to-shoot ratio under biochar

application (especially at the 20% and 30% treatments), both the

strong seedling index and stem hardness were significantly

enhanced. Moderate biochar application optimizes the

rhizosphere environment (water, nutrients, aeration, and

microbial balance), efficiently driving shoot biomass accumulation

and robust stem development while ensuring essential root

functionality (Kocsis et al., 2020; Ghorbani et al., 2022; Yang

et al., 2022). This optimization represents a key mechanism for

cultivating vigorous seedlings. For practical nursery management,

the 30% biochar amendment not only ensures high-quality

seedlings but also likely initiates beneficial microbial shifts that

could contribute to long-term soil health and productivity if the

seedling substrate is incorporated back into the field, although this

long-term effect requires further validation.

The strong seedling index exhibited highly significant positive

correlations with both leaf area and stem hardness. This delineates

two core synergistic pathways through which biochar (particularly at

the 30% treatment) cultivates strong seedlings: (1) Enhancing

photosynthetic capacity by promoting leaf growth, increasing leaf
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area, and elevating chlorophyll content; and (2) Strengthening

mechanical support by promoting stem thickening and hardening,

thereby increasing stem hardness. The 30% biochar treatment

achieved optimal results simultaneously across both pathways. Leaf

area exhibited a highly significant negative correlation with soil pH

and a significant negative correlation with available K. This result is

consistent with observations under high biochar doses (40% and

50%), where sharp rises in pH and available K were accompanied by

marked reductions in leaf area. This correlation suggests that

salinization-alkalinization stress triggered by high biochar

application inhibits leaf expansion (Xia et al., 2024; Wu et al.,

2023), likely via disruption of ion homeostasis, osmotic stress, and

compromised photosynthetic function.

Therefore, when applying biochar in early rice seedling

cultivation, careful dosage control (approximately 30% is

recommended) is essential to fully leverage its positive effects on

substrate improvement and vigorous seedling formation while

mitigating the adverse effects associated with high doses. This

optimal rate promotes a balanced ionic environment and supports

a healthy microbial community, crucial for nutrient cycling and plant

health. Future research should further investigate how optimal

application rates may vary with different biochar sources and

properties, as well as among diverse rice varieties, and should

include a broader characterization of ionic composition and

microbial community dynamics to fully elucidate the underlying

mechanisms. Furthermore, extending investigations to the entire

crop life cycle, including yield formation under field conditions,

would be invaluable to confirm the long-term agronomic and

economic benefits of using biochar-amended seedlings.
5 Conclusions

This study demonstrates that biochar application significantly

influences rice seedling growth, root development, nutrient content,

and substrate properties, with a clear dose-dependent effect. An

application rate of 30% was identified as optimal, consistently

enhancing seedling quality through maximized leaf area, seedling

sturdiness, strong seedling index, root length, and selective nutrient

accumulation. In contrast, rates exceeding 40% predominantly

induced inhibitory effects, including diminished growth

performance, reduced shoot N content, and imbalanced nutrient

partitioning. Beyond the direct growth response, biochar

amendment substantially altered substrate physicochemical

properties, enhancing moisture retention, porosity, and nutrient

availability (e.g., organic matter, available P and K). However,

excessive application provoked adverse alterations, including

elevated pH, excessively high EC, and a significantly widened C/N

ratio, which may contribute to the observed growth inhibition at

high doses. The strong seedling index correlated positively with leaf

area and sturdiness, and negatively with root-shoot ratio,

emphasizing the role of balanced resource partitioning and

nutrient acquisition in mediating seedling vigor. Therefore, while
Frontiers in Agronomy 10
biochar proves to be a beneficial soil amendment for rice seedling

production, its application requires precise dosage control. We

recommend a 30% biochar application rate as an effective strategy

for enhancing nursery seedling quality and establishing a robust

foundation for subsequent field performance.
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