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Abstract
Biochar, a soil amendment, is gaining attention for its potential in enhancing carbon sequestration and improving 
soil fertility. The conventional application rate for biochar is 2 t ha− 1; however, achieving maximum carbon 
sequestration requires higher inputs, necessitating investigation into optimal application methods to sustain crop 
productivity. This study evaluated the impact of a 10-times higher biochar application (20 t ha− 1) on root vegetable 
(Raphanus raphanistrum L.) cultivation and soil carbon sequestration, focusing on two methods broadcasting 
(O-BC) and band application (B-BC). The O-BC treatment improved root growth in Raphanus raphanistrum L. by 
increasing biomass and enhancing the uptake of P and K, thereby boosting productivity and nutrient assimilation. 
This demonstrates the key functions of P in energy transfer and root development, and K in osmoregulation and 
carbohydrate transport, which are crucial for root growth and development. The O-BC treatment offers the most 
balanced and robust enhancement of Raphanus raphanistrum L. growth and nutrient acquisition across plant 
parts. In contrast, the B-BC treatment provided only modest benefits, likely due to localized, high concentrations 
of biochar creating temporary imbalances in soil physicochemical properties (e.g., pH, EC) that limited optimal 
root development. The O-BC treatment resulted in greater biomass accumulation and enhanced P, K uptake in 
root tissue, leading to the highest yield (4.67 t ha⁻¹), followed by B-BC (4.51 t ha⁻¹) and the control treatment 
(4.28 t ha⁻¹). Biochar application at 20 t ha⁻¹ enhanced soil carbon sequestration, reaching 43.75 t ha⁻¹, which is 
10 times the conventional amount. These findings demonstrate that a high amount of biochar applications with 
the optimal application method, can effectively overcome the potential risks of high-rate application and improve 
root vegetable productivity while simultaneously contributing to long-term climate mitigation through increased 
carbon sequestration.
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Introduction
Carbon sequestration captures and stores atmospheric 
CO₂ in natural sinks such as soils, forests, and oceans, 
playing a critical role in mitigating climate change by 
lowering greenhouse gases (GHGs). To support this, 
various low-carbon technologies including carbon farm-
ing practices such as cover cropping, conservation tillage, 
and biochar application are being adopted to enhance 
soil health, improve nutrient and water retention, and 
strengthen both emissions reduction and agricultural 
productivity, aligning with global efforts toward carbon 
neutrality by 2050 [1, 2].

Biochar is a carbon-rich substance produced through 
biomass pyrolysis under limited oxygen conditions. 
Typically derived from agricultural and livestock waste, 
biochar has demonstrated multiple benefits, including 
improved soil fertility and crop productivity, enhanced 
carbon sequestration, and reduced GHG emissions 
[3–10]. In April 2024, the Rural Development Adminis-
tration (RDA) of the Republic of Korea announced and 
implemented the Fertilizer Legal Standards for biochar, 
made from agricultural residues and livestock manure, to 
improve soil and reduce GHGs.

To maximize carbon sequestration in agricultural sec-
tor, it is necessary to apply more biochar than the con-
ventional amount (2–5 t ha⁻¹) [11–13]. However, some 
researchers have reported that the excessive applica-
tion of biochar potentially inhibits the growth of certain 
crops, indicating the need for systematic carbon seques-
tration techniques. Kang et al. (2017) reported that corn 
grown with 5–20 t ha⁻¹ of biochar derived from corn by-
products showed improved corn growth compared to 
the control [12]. A meta-analysis by Jeffery et al. (2011) 
found that biochar application could increase crop yield 
by up to 39% when applied at amounts as high as 100 t 
ha⁻¹, indicating potential positive effects of high biochar 
treatments under certain conditions [14]. In contrast, 
Oh et al. (2017) reported that applying woody biochar at 
90 t ha⁻¹ inhibited Chinese cabbage growth at amounts 
above 54 t ha⁻¹, attributing the adverse effect to elevated 
soil pH [15]. Lee et al. (2024) investigated that the band 
application of biochar at an amount of 20 t ha⁻¹, which 
concentrates biochar in targeted soil zones, increased 
nutrient availability. As a result, the study found that this 
application method maximized carbon sequestration and 
maintained or improved lettuce yields, demonstrating its 
effectiveness in simultaneously delivering environmental 
and agricultural benefits [16].

Field research on biochar has largely concentrated 
on leafy vegetables, particularly lettuce and Chinese 

cabbage, as their characteristics are easily observable. 
Lettuce is often chosen for cultivation tests due to its 
rapid growth and relatively short cultivation cycles. Leafy 
vegetables have a high nutrient (mainly N) demand to 
support an increase in leaf yield and chlorophyll synthe-
sis. They are sensitive to changes in soil pH and EC, as 
physicochemical alterations in the soil, including those 
induced by biochar application, can affect the availabil-
ity of essential nutrients such as N, K, Ca, and other ele-
ments [12, 15, 16, 34].

In contrast, root vegetables such as radish (Raphanus 
sativus L.) and carrot (Daucus carota L.) allocate a major 
proportion of assimilated carbon to the development 
of storage roots. This morphological strategy requires 
extended cultivation to support the progressive thick-
ening and physiological maturation of storage tissues, 
which in turn determines both yield and quality [17–19].

Unlike leafy vegetables, root crops have greater 
demands for P and K, which are essential for root cell 
division and starch accumulation. In contrast, exces-
sive N often promotes disproportionate leaf growth at 
the expense of root yield, producing underdeveloped or 
less dense roots. Although root vegetables may not show 
immediate visual symptoms of nutrient deficiencies in 
their shoots, an imbalanced nutrient supply can still sig-
nificantly impact root quality, including shape, size, and 
internal composition [20–22]. Given these fundamen-
tal differences in nutrient partitioning and requirements 
compared to leafy crops, research specific to root vegeta-
bles is essential to develop optimized biochar application 
guidelines.

Although extensive research has examined the effects 
of varying biochar application amounts, few studies have 
addressed the influence of different application methods. 
As interest in biochar continues to grow due to its poten-
tial for enhancing soil fertility and mitigating climate 
change through carbon sequestration, establishing more 
practical guidelines for its use in agricultural systems 
has become increasingly important. While high applica-
tion amounts of biochar can significantly enhance soil 
carbon sequestration, they may also negatively affect soil 
properties and crop productivity [15], posing a barrier 
to its widespread adoption in farming practices. Criti-
cally, recent studies have suggested that specific applica-
tion methods, such as banding, may mitigate the adverse 
effects of high application rates while maintaining the 
benefits of carbon sequestration [16].

In order to enhance carbon sequestration and optimize 
biochar application methods in root vegetable cultivation, 
this study investigated the effects of excessive amount of 
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biochar, applied at 10 times the conventional application 
amount (20 t ha− 1), on Raphanus raphanistrum L. pro-
ductivity and carbon sequestration under banding and 
broadcasting fertilization methods. This research focused 
on the following objectives: (1) to compare Raphanus 
raphanistrum L. growth characteristics, nutrient uptake, 
nutrient absorption trends, and soil physicochemical 
properties, (2) to obtain carbon sequestration amount 
by calculating it based on the IPCC guidelines for green-
house gas reduction, (3) to select the optimal application 
method of excessive biochar in Raphanus raphanistrum 
L. cultivation, considering both yield and carbon seques-
tration. These findings offer a strategy for carbon farm-
ing that simultaneously maximizes crop yield and carbon 
sequestration.

Materials and methods
Materials
The biochar used in this study was obtained from a ther-
mal power plant that generates electricity using wood 
pellets as fuel, producing a solid byproduct during the 
process. This biochar was generated through a fast 
pyrolysis process at a high temperature of approximately 
650 °C with a residence time of less than 1 s. The high-
temperature biochar used in this experiment has been 
reported by Park et al. (2023) to be utilized as a fertilizer 
and agricultural material [23]. The biochar and soil prop-
erties are shown in Table 1.

Wild radish (Raphanus raphanistrum L.) is one of the 
major root vegetables cultivated in South Korea, along 
with garlic and onion. Raphanus raphanistrum L. was 
selected as a representative crop for this study.

Experimental methods
This study investigated the impact of excessive biochar 
application on Raphanus raphanistrum L. growth. The 
Raphanus raphanistrum L. cultivation experiment under 
excessive biochar application was conducted in a green-
house located in Sacheon-si, Gyeongsangnam-do, South 
Korea (35°06’32.3"N, 128°07’09.5"E). The biochar treat-
ments were divided into band application (B-BC) and 
broadcasting application (O-BC), each with a plot size 
of 100 cm × 100 cm, for a total area of 10,000 cm². Each 
treatment was replicated three times in a completely 
randomized design. All treatments were fertilized with 
NPK according to soil test-based fertilizer recommenda-
tions for Raphanus raphanistrum L. cultivation under 
greenhouse conditions. Basal fertilization applied NPK (t 
ha− 1) at 0.035-0.03-0.018, and topdressing applied NPK 
(t ha− 1) at 0.035-0-0.018. Biochar was used at 20 t ha, 10 
times the conventional amount. In the B-BC treatment, 
furrows approximately 15 cm deep and 20 cm wide were 
dug in the center of the ridges, biochar was added, and 
then lightly covered with soil. In the O-BC treatment, 
biochar was spread on the soil surface and mixed evenly 
to a depth of 15 cm.

 Raphanus raphanistrum L. seedlings were grown for 
a few weeks until they developed a couple of leaves, then 
transplanted in the field at a spacing of 30 cm × 40 cm 
and cultivated for 40 days. Crop growth surveys were 
conducted weekly (every 8 days) by the crop growth sur-
vey guidelines of the RDA [24]. After 40 days, the har-
vested Raphanus raphanistrum L. plants were analyzed 
for shoot length, leaf width, leaf count, fresh weight, dry 
weight, inorganic nutrient content (including N, P, K, 
Ca, Mg, etc.), and the yield was determined based on the 
fresh root weight to compare the effects of biochar treat-
ment on both the Raphanus raphanistrum L. plants and 
soil conditions relative to the control.

The greenhouse gas reduction was calculated using the 
following equation presented in the IPCC (Intergovern-
mental Panel on Climate Change) guidelines [25]:

	 By =
∑

n
p=1

(
BCT OT p

x Fcp
x Fpermp

)
x 3.664� (1)

 = total biochar-based CO₂ sequestration in year y (in 
tonnes CO₂-eq yr−1).

n = the number of different production types of biochar.
P = biochar production type
BCT OT p  = total dry mass of biochar applied in each 

production type p (tonnes yr−1)

Table 1  Physicochemical properties of soil and Biochar used in 
this study
Properties Soil Biochar
pH (1:5 H2O) 7.10 ± 0.22a) -
pH (1:5 CaCl2) - 9.02 ± 0.05
EC (dS m− 1) 0.87 ± 0.13 25.1 ± 0.8
C (%) - 72.6 ± 2.4
H/C - 0.31 ± 0.04
O/C - 0.07 ± 0.003
OM (g kg− 1) 13.00 ± 0.10 -
TN (%) 0.025 ± 0.018 0.40 ± 0.03
TP (mg kg− 1) 46.1 ± 1.1 1,913 ± 51
K (mg kg− 1) 10,476 ± 765 125 ± 12
Ca (mg kg− 1) 2,792 ± 272 19,466 ± 470
Mg (mg kg− 1) 2,674 ± 562 4,116 ± 1
Na (mg kg− 1) 600 ± 146 2,335 ± 271
Fe (mg kg− 1) - 1,025 ± 543
Mn (mg kg− 1) - 626 ± 51
Cu (mg kg− 1) - 32 ± 18
Zn (mg kg− 1) - 81 ± 5
SSAb) (m2 g− 1) - 301 ± 5
PSDc) D10

d) (mm) - 0.16
Cu

e) D60/D10 (mm) - 4.375
(a) Data are presented as mean values ± standard deviation (n = 3), (b) SSA: Specific 
surface area, (c) Particle Size Distribution, (d) De: Effective Particle Diameter, (e) Cu: 
Coefficient of Uniformity
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Fcp  = fraction of biochar that is organic carbon for 
each production type p (tonnes C tonne−1 biochar dry 
matter)

Fpermp
 = fraction of biochar carbon expected to 

remain sequestered after 100 years (tonnes sequestered C 
tonne−1 biochar C)

3.664 = molecular conversion factor from C to CO₂ (1 
tonne of C = 3.664 tonnes of CO₂)

Analytical methods
Soil chemical properties were analyzed using the soil 
chemical analysis method by the RDA (2010) [26]. Soil 
pH and EC were measured in a 1:5 soil-to-distilled water 
using a pH meter (Orion 2 Star, Thermo Scientific, Sin-
gapore) and an EC meter (COM-100, HH Digital, USA), 
respectively. Organic matter was analyzed using the 
Tyurin method. TN was determined using the Kjeldahl 
method (K-365 BasicKjel, Buchi, Switzerland). Inorganic 
nutrients and heavy metals were prepared through acid 
digestion and measured using ICP-OES (iCAP Pro X 
Duo, Thermo Fisher Scientific, USA).

Harvested Raphanus raphanistrum L. was separated 
into shoot and root parts, and measurements were taken 
for shoot length, leaf width, leaf number, taproot length, 
taproot width, fresh weight, and dry weight. Raphanus 
raphanistrum L. yield was determined based on fresh 
weight at 40 days of cultivation. Total contents of N, P, K, 
Ca, Mg, and micronutrients in Raphanus raphanistrum 
L. tissues were analyzed according to the RDA’s standard 
methods for soil and plant analysis (RDA, 2000) [27].

Biochar analysis was performed according to the stan-
dards for fertilizer quality inspection methods and sam-
pling (RDA, 2022) [28].

Statistical analysis
The SPSS program (IBM SPSS Statistics 27) calculates 
means and standard deviations. To statistically analyze 
the differences between control and biochar treatments 
in Raphanus raphanistrum L. cultivation, analysis of vari-
ance (ANOVA) and Duncan’s Multiple Range Test were 
conducted with statistical significance set at p < 0.05.

Results and discussion
The effect of excessive Biochar application on Raphanus 
raphanistrum L. Growth
Raphanus raphanistrum L. Growth characteristics
To evaluate the effects of excessive biochar application on 
the growth of root vegetables, the growth characteristics 
of Raphanus raphanistrum L. were investigated over 40 
days under different fertilization methods with excessive 
amounts of biochar, as shown in Table 2.

Raphanus raphanistrum L. shoot length in the bio-
char treatments ranged from 15.9 to 17.0  cm after 8 
days of growth, approximately 2.2–3.3  cm shorter than 
that in the control treatment (19.2 cm), likely due to ini-
tial growth inhibition. However, after 40 days of growth, 
shoot length in the O-BC treatment reached 30.6  cm, 
which was 1.7–2.0  cm longer than in the control and 
B-BC treatments. The taproot length showed a simi-
lar pattern to shoot length, while leaf and taproot width 
followed comparable trends. In contrast, the number of 
leaves remained relatively consistent across treatments 
throughout the growth period.

Overall, the O-BC treatment improved shoot elonga-
tion, leaf development, and taproot thickening compared 
to the other treatments. While B-BC underperformed in 
shoot length, leaf and taproot width compared to O-BC, 

Table 2  Growth status of Raphanus raphanistrum L. over 40 days from transplanting to harvest
Items Treatments 8 16 24 32 40

At days after transplanting
Shoot length
(cm)

Control 19.2±1.5*b† 22.9±1.0a 28.1±1.6b 28.7±2.4a 28.9±2.3a
B-BC 15.9±0.7a 23.2±1.6a 24.9±0.7a 27.2±1.7a 28.6±1.6a
O-BC 17.0±2.5ab 26.1±0.7b 27.6±1.3b 28.3±0.95a 30.6±2.9a

Leaf width
(cm)

Control 7.7±1.1b 11.4±1.1a 13.6±1.2a 15.1±2.5a 16.6±0.7a
B-BC 6.4±0.4a 11.5±0.8a 12.1±0.8a 13.8±0.8a 16.1±0.6a
O-BC 6.5±1.0a 12.4±1.1a 13.0±1.2a 15.9±1.1a 17.8±1.4b

Leaf number (ea) Control 8.0±1.4a 13.2±0.8a 14.5±3.9a 14.8±0.8a 15.0±2.0a
B-BC 8.4±0.5a 11.8±1.3a 14.6±0.5a 15.6±2.7a 16.4±3.2a
O-BC 8.8±0.5a 12.0±1.0a 15.6±1.5a 16.4±2.5a 16.6±3.0a

Roota) length (cm) Control 4.2±0.3b NAb) NA NA 22.2±1.2a
B-BC 3.6±0.1a NA NA NA 22.6±1.1a
O-BC 3.8±0.1a NA NA NA 22.1±1.0a

Root width (cm) Control 2.6±0.2b NA NA NA 13.2±0.8a
B-BC 2.0±0.2a NA NA NA 12.7±0.7a
O-BC 2.0±0.2a NA NA NA 14.2±1.3b

*Data are presented as mean values ± standard deviation (n=8). †Means sharing the same letter are not significantly different according to Duncan’s multiple range 
test (p < 0.05). a)The main root of the Raphanus raphanistrum L., excluding fine root structures. b)Not applicable:root data were not available for this period, as the 
Raphanus raphanistrum L. was not harvested for growth analysis
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its growth patterns were similar to or slightly less favor-
able than the control.

In the study by Lee et al. (2024), which investigated 
the effects of excessive biochar application on lettuce 
growth, the B-BC treatment resulted in the best growth 
performance in lettuce cultivation, contrasting with 
the findings of the present study [16]. This difference is 
presumed to be due to the variation in shoot and root 
growth characteristics between leafy and root vegetables. 
For root vegetables such as Raphanus raphanistrum L., 
which require well-developed roots, the O-BC treatment 
appears to be more effective. These findings suggest that 
applying biochar at 10 times the conventional amount led 
to an improvement in crop growth compared to standard 
application levels.

Raphanus raphanistrum L. plants harvested 40 days 
after transplanting showed weights and yields as pre-
sented in Fig.  1. The total dry weight (shoot + root) was 
highest in the O-BC treatment (38.9 g), followed by B-BC 
(37.6 g), and the control (35.6 g) (Fig. 1A). The O-BC and 
B-BC treatments increased shoot dry weight by 9.1% and 
13.6% compared to the control. Similarly, the O-BC and 
B-BC treatments increased root dry weight by 3.5% and 
6.6%, and total dry weight of the whole plant rose by 5.4% 
and 9.0%, respectively. The fresh weight followed a simi-
lar trend to that of the dry biomass (Fig. 1B).

The O-BC led to the highest total crop yield (4.67 t 
ha⁻¹), followed by B-BC (4.51 t ha⁻¹) and the control (4.28 
t ha⁻¹). The O-BC treatment yielded 6.61% compared 
to the control treatment (Fig. 1C). Lee et al. (2024) also 
reported that excessive biochar application increased 
yield by 10.58% compared with the control [16].

Biochar produced at higher temperatures exhibits a 
higher carbon content due to increased aromaticity com-
pared to biochar produced at lower temperatures. Its 
larger surface area and more developed pore structure 
enhance its capacity to retain water and nutrients, while 
its stable carbon form contributes to improved carbon 
sequestration. Consequently, high-temperature biochar 
is considered more suitable for agricultural use due to 
its enhanced physicochemical properties [3–5, 23]. In 
contrast, low-temperature biochar has a lower carbon 
content but contains higher mineral nutrients than high-
temperature biochar, making it suitable as an agricultural 
amendment. However, its specific surface area and pore 
structure are less developed, resulting in lower water 
retention and nutrient-holding capacity compared to 
high-temperature biochar.

Although low-temperature biochar is more energy-
efficient to produce, the IPCC’s greenhouse gas reduction 
estimates indicate that only about 65% (Fpermp in Eq. 1) 
of its carbon is expected to remain sequestered after 100 
years. In contrast, approximately 89% (Fpermp in Eq. 1) 
of the carbon in high-temperature biochar is estimated to 

persist over the same period, demonstrating significantly 
greater long-term carbon stability and superior potential 
for enhancing crop productivity compared with low-tem-
perature biochar [25].

The improved crop productivity observed under exces-
sive biochar application is consistent with the results of 
Singh et al. (2022) and Mon & Ueno (2024), who reported 
increases of 10–57% at application amounts ranging from 
10 to 80 t ha⁻¹ [29]– [30]. On the other hand, Oh et al. 
(2017) reported a decline in productivity at high biochar 
amounts, linking the adverse effects to increased soil pH, 
reduced nutrient availability, and higher EC [15]. These 
contrasting findings highlight the significant role that soil 
conditions and biochar properties such as feedstock type, 
pyrolysis temperature, particle size, and carbon content 
play important roles in determining crop productivity.

In this study, O-BC treatment resulted in a 2.97% 
higher Raphanus raphanistrum L. yield than B-BC. In 
contrast, Lee et al. (2024) reported that under excessive 
biochar application in lettuce cultivation, B-BC produced 
the highest yield, outperforming O-BC by 102% [16]. 
This discrepancy may be due to the inherent differences 
between root and leafy vegetables, which also influence 
how each crop responds to fertilization methods and bio-
char placement, ultimately affecting nutrient uptake effi-
ciency and biomass distribution.

Nutrient absorption characteristics
The concentrations and uptake of TN, TP, TK, and min-
erals in Raphanus raphanistrum L. plants 40 days after 
transplanting under excessive biochar application are 
presented in Fig. 2, and Tables 3-4.

The O-BC treatment resulted in a higher shoot TN 
concentration (1.60%) compared to the control (1.50%) 
and the B-BC treatment (1.28%). Root TN concentrations 
were similar across all treatments, ranging from 1.30% 
to 1.43% (Fig. 2A). Nitrogen promotes leafy growth [31], 
and the higher TN uptake observed in the O-BC treat-
ment suggests improved nitrogen assimilation efficiency, 
likely due to the enhanced effectiveness of the broadcast 
application method, as reflected in the results shown in 
Table 2. For total phosphorus, the O-BC and B-BC treat-
ments showed a lower TP concentration in the shoot 
compared to the control. All treatments resulted in TP 
concentrations in roots ranging from 6,900 to 7,276 mg 
kg− 1 (Fig. 2C).

Phosphorus is essential for root development and cru-
cial during early growth stages for proper root forma-
tion. Notably, phosphorus accumulation was greater in 
the roots than in the shoots under the O-BC treatment, 
suggesting enhanced P translocation or retention in root 
tissues associated with this method [32]. The O-BC and 
B-BC treatments showed higher TK concentrations both 
in the shoot and root compared to the control (Fig. 2E). 
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Fig. 1  Biomass (A, B) and yield (C) of Raphanus raphanistrum L. under different biochar treatments after harvest. Data are presented as mean values with 
error bars indicating standard deviation (n=8). One-way ANOVA followed by Duncan’s multiple range test (p < 0.05) was performed for statistical analysis. 
Lowercase letters show significant differences in shoots; uppercase letters show differences in roots
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Potassium plays a key role in disease resistance and pro-
motes root thickening [33].

These concentration trends were reflected in TP and 
TK uptake in roots, which was significantly enhanced in 
the O-BC treatment, while TN uptake was similar among 
all the treatments. Uptake was calculated using nutrient 
concentrations and dry weight. Based on this, the O-BC 
treatment resulted in 5.05% higher TN uptake in the 
whole plant compared to the control and 9.75% higher 
than the B-BC treatment. The O-BC treatment showed 
the highest root uptake of both TP and TK, surpass-
ing the other treatments by 11.7–13.6% and 6.2–17.4%, 
respectively (Fig. 2B, D, and F) ( ).

The shoot-to-root (S/R) ratios varied by treatment and 
nutrient type. For TN, the ratios were 0.68 in O-BC, 0.55 
in the control, and 0.53 in B-BC. A different trend was 

seen for TP, with the lowest ratio in O-BC (0.26) and 
higher ratios in the control (0.38) and B-BC (0.40). In the 
case of TK, O-BC had the highest ratio (0.24), followed 
by B-BC (0.20) and the control (0.18) (Table 5).

Overall, all treatments showed a similar root TN pat-
tern, while the O-BC treatment enhanced TP and TK 
availability in Raphanus raphanistrum L. roots. Biochar 
can improve nutrient availability by increasing soil pH 
from acidic soils, cation exchange capacity (CEC), total 
organic carbon (TOC), porosity, and microbial diversity. 
However, excessive changes, such as elevated pH, may 
reduce the availability of certain nutrients (e.g. NH₄⁺) and 
cause micronutrient deficiencies. Studies have reported 
that high biochar levels can hinder plant establishment 
and nutrient uptake, ultimately reducing crop productiv-
ity [29, 34].

Fig. 2  The concentrations of TN (A), TP (C), and TK (E), and the uptake of TN (B), TP (D), and TK (F) of Raphanus raphanistrum L. under different biochar 
treatments after harvest. Data are presented as mean values with error bars indicating standard deviation (n=5). One-way ANOVA followed by Duncan’s 
multiple range test (p < 0.05) was performed for statistical analysis. Lowercase letters show significant differences in shoots; uppercase letters show dif-
ferences in roots
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Soil physicochemical characteristics
Soil physicochemical properties after Raphanus 
raphanistrum L. harvest are shown in Table 5. Soil pH 
was slightly higher in the B-BC (7.85) and O-BC (7.70) 
treatments compared to the control (7.45). Electrical 
conductivity increased significantly with biochar appli-
cation, particularly in the B-BC treatment (2.49 dS m⁻¹). 
Considering the pH and EC values, B-BC is likely to 
inhibit nutrient uptake [33, 34].

The OM, TN, Ca, and Mg contents of the soil exhibited 
similar trends, with no significant differences observed 
among the treatment conditions. Total P and K levels 
were slightly lower in the biochar treatments compared 
to the control, likely as a result of plant uptake. This nutri-
ent uptake difference likely arises from the distinct soil 
mobility and physiological characteristics of these nutri-
ents. The increase in soil pH may limit NH4

+ by reducing 
plant nutrient absorption, and N in the soil may be less 
available to crops during the early growth stage due to its 
adsorption by biochar [34]. Similarly, P is highly sensitive 
to soil microbial activity and pH changes, and biochar 
may have influenced P fixation or reduced its availability 
[32, 34]. Potassium is relatively more mobile in the soil 
and can be more readily adsorbed and supplied through 

biochar application [33]. Therefore, the differences in 
nutrient uptake efficiency among N, P and K under bio-
char treatments can be attributed to their chemical prop-
erties and interactions within the soil environment.

These results indicate that excessive application of bio-
char altered the nutrient solubilization and utilization 
efficiency in the soil, particularly enhancing the uptake 
amounts of P and K, with this effect being especially pro-
nounced under O-BC application [35, 36].

Growth trends across different plant components
The Raphanus raphanistrum L. growth trends in relation 
to biomass (dry weight, yield) and nutrient uptake (N, P, 
and K) under excessive biochar treatments with B-BC 
and O-BC are shown in Fig. 3.

The Raphanus raphanistrum L. growth patterns over 
40 days after transplanting showed differences between 
the biochar treatments and the control. In the shoots, the 
biochar treatments showed slightly delayed growth com-
pared to the control at the early stage (day 8), although 
the differences were not significant.

By the late growth stage (day 40), the biochar treat-
ments generally promoted better growth than the control, 
except in P uptake. The uptake of N and P in the shoots 

Table 4  Mineral uptake of Raphanus raphanistrum L. after harvest under different excessive Biochar treatments
Parts Treatments Ca Mg Na B Fe Mn Cu Zn

mg plant− 1

Shoot Control 301 ± 28*a† 88 ± 2b 42 ± 4b 0.49 ± 0.03b 2.16 ± 0.21a 3.73 ± 0.21b ND 1.53 ± 0.12a
B-BC 331 ± 94a 84 ± 1a 42 ± 2b 0.26 ± 0.08a 2.24 ± 0.24a 2.95 ± 0.08a ND 1.84 ± 0.89a
O-BC 279 ± 25a 88 ± 2b 37 ± 1a 0.23 ± 0.04a 2.79 ± 0.35b 2.79 ± 0.15a ND 1.75 ± 0.03a

Root Control 102 ± 4a 35 ± 2a 79 ± 6a 0.12 ± 0.14a 1.01 ± 0.42a 0.78 ± 0.14b ND 1.78 ± 0.23b
B-BC 104 ± 3a 33 ± 1a 80 ± 2a 0.25 ± 0.20a 0.91 ± 0.22a 0.54 ± 0.04a ND 1.48 ± 0.08a
O-BC 135 ± 3b 49 ± 1b 84 ± 2a 0.36 ± 0.33a 2.61 ± 0.89b 0.80 ± 0.03b ND 2.36 ± 0.13c

* Data are presented as mean values ± standard deviation (n = 5). † The same letters are not significantly different (Duncan test, p < 0.05)

Table 5  Physicochemical properties of the soil after harvest under different excessive Biochar treatments
Treatments pH EC OM TN TP K Ca Mg Na

1:5 H2O dS m− 1 g kg− 1 % mg kg− 1

Control 7.45 ± 0.04*a† 1.63 ± 0.01a 26.4 ± 0.2a 0.051 ± 0.004a 497 ± 14b 9,548 ± 1,084a 5,499 ± 1,273a 2,236 ± 497a 381 ± 41c
B-BC 7.85 ± 0.03b 2.49 ± 0.02c 46.0 ± 0.4c 0.053 ± 0.001b 440 ± 43a 9,815 ± 826a 6,449 ± 1,110a 2,193 ± 674a 240 ± 30b
O-BC 7.70 ± 0.05b 2.26 ± 0.02b 37.8 ± 0.3b 0.051 ± 0.002a 390 ± 12a 10,280 ± 1,000a 5,267 ± 949a 2,102 ± 853a 168 ± 33a
* Data are presented as mean values ± standard deviation (n=3). †The same letters are not significantly different (Duncan test, p < 0.05)

Table 3  Mineral content of Raphanus raphanistrum L. after harvest under different excessive Biochar treatments
Parts Treatments Ca Mg Na B Fe Mn Cu Zn

mg kg− 1

Shoot Control 22,346 ± 2,093*a† 6,549 ± 162b 3,135 ± 332b 36.8 ± 2.0b 161 ± 15.7a 277 ± 15.9b ND 114 ± 9a
B-BC 24,991 ± 7,125a 6,355 ± 103a 3,156 ± 141b 19.8 ± 5.9a 169 ± 17.8a 222 ± 5.75a ND 139 ± 67a
O-BC 20,748 ± 1,827a 6,561 ± 115b 2,757 ± 91a 17.2 ± 2.9a 208 ± 25.9b 208 ± 11.4a ND 130 ± 2a

Root Control 4,354 ± 171a 1,473 ± 75b 3,380 ± 258a 6.5 ± 5.8a 43.0 ± 17.8a 33.6 ± 5.85b ND 76 ± 10b
B-BC 4,294 ± 120a 1,362 ± 25a 3,291 ± 98a 10.4 ± 8.5a 37.5 ± 9.09a 22.6 ± 1.50a ND 61 ± 3a
O-BC 5,074 ± 124b 1,826 ± 57c 3,141 ± 83a 13.6 ± 12.3a 97.7 ± 33.3b 30.3 ± 1.13b ND 88 ± 5c

* Data are presented as mean values ± standard deviation (n = 5). † The same letters are not significantly different (Duncan test, p < 0.05)
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showed opposite trends. The O-BC treatment resulted in 
higher N uptake, but lower P uptake compared to B-BC 
and the control, while B-BC and the control showed simi-
lar N and P uptake levels. The O-BC treatment demon-
strated the enhanced Raphanus raphanistrum L. growth 
across the growth parameters most notably in biomass, 
and N and K uptake, indicating a positive effect on shoot 
growth and nutrient absorption. The control recorded 
the lowest values overall except P uptake in shoot, sug-
gesting limited development and nutrient uptake without 
biochar amendment.

In the roots, the biochar treatments showed improved 
growth in terms of biomass and K uptake compared to 
the control, which followed the same pattern as in the 
shoots. Nitrogen uptake was similar across all treat-
ments, while P uptake in the O-BC treatment was sig-
nificantly higher than in both the B-BC and the control, 
which were similar to each other. The O-BC showed bet-
ter root growth in biomass, P, and K uptake, indicating 
enhanced root productivity and nutrient assimilation. 
B-BC showed moderate improvements, particularly in 
biomass, and K uptake suggesting beneficial but milder 
effects. Interestingly, the control exhibited slightly higher 
nitrogen uptake than biochar treatments, highlighting an 
imbalance in nutrient acquisition and limited contribu-
tion to overall biomass.

By day 40 after transplanting, shoot and root biomass 
were higher in all biochar treatments compared to the 
control. Potassium uptake was also enhanced in both 
plant parts under biochar treatments. However, contrast-
ing patterns were observed for N and P uptake. Phos-
phorus uptake in the O-BC treatment was lowest in the 

shoot but highest in the root, whereas nitrogen uptake 
was highest in the shoot but slightly lower in the root 
compared to the control and B-BC treatment.

Overall, at the initial growth stage (day 8), the excessive 
biochar treatments exhibited slightly reduced Rapha-
nus raphanistrum L. growth compared to the control. 
However, by the final growth stage (day 40), all biochar 
treatments (band and broadcast applications) demon-
strated improved Raphanus raphanistrum L. growth 
relative to the control. In particular, the broadcast appli-
cation (O-BC) resulted in greater biomass content and 
enhanced K uptake in both shoot and root tissues, along 
with increased P uptake in the root. This result reveals 
that O-BC offers the most balanced and robust enhance-
ment of Raphanus raphanistrum L. growth and nutrient 
acquisition across plant parts, while B-BC provides mod-
est benefits.

Biochar treatments increased shoot dry weight and 
yield by 86.3–86.5%, compared to a 77.0% increase in the 
control from day 8 to day 40 after transplanting. Shoot 
N uptake followed a similar trend to biomass, with the 
control showing a 66.7% increase approximately 15% 
lower than the biochar treatments (80.8–81.3%). Shoot 
P uptake was highest in the B-BC treatment (87.5%), fol-
lowed by O-BC (84.7%) and the control (81.3%). Biochar 
treatments also resulted in higher shoot K uptake (76.4–
78.0%), while the control showed only a 45.1% increase.

Root dry weight and yield increased by 97.4–98.4% 
across all treatments. Nutrient uptake in roots showed a 
similar trend with N uptake increased by 99.0–99.3%, P 
by 98.5–99.1%, and K by 97.8–98.9% in all treatments.

Fig. 3  Growth trends of five major components in shoots and roots of Raphanus raphanistrum L. under different biochar treatments during the cultiva-
tion period
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Raphanus raphanistrum L. Growth and carbon 
sequestration effect
Greenhouse gas reduction from the agricultural byprod-
uct biochar used in this experiment was calculated 
according to IPCC guidelines. Based on Eq. 1, with a 
carbon content of 72.6%, moisture content of 7.6%, and 
a 100-year residual carbon ratio of 89% for high-temper-
ature biochar, the CO₂ reduction was estimated at 2.19 
tons per ton of biochar. The greenhouse gas reduction in 
Raphanus raphanistrum L. cultivation soil with an exces-
sive biochar application amount of 20 t ha⁻¹ was calcu-
lated to be 43.75 t ha⁻¹, which is 10 times higher than the 
4.38 t ha⁻¹ reduction observed at the conventional bio-
char application amount of 2 t ha⁻¹ [11–13].

Although excessive application of biochar may 
adversely affect crop growth or soil health [15], select-
ing appropriate application methods depending on crop 
type is important. Broadcasting application may simul-
taneously promote the growth of root vegetables such as 
Raphanus raphanistrum L. and enhance greenhouse gas 
mitigation.
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