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Stress resistance enhancing with biochar 
application and promotion on crop growth
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Abstract 

Environmental stressors such as drought, salinity, and heavy metals pose significant obstacles to achieving sustain-
able food security, necessitating the development of universally applicable and cost-effective solutions to amelio-
rate soil under stress. Biochar, an eco-friendly material to increase crop yield, has been researched for almost two 
decades and has great potential for global use in enhancing stress resistance. However, there hasn’t been compre-
hensive research on the impact of biochar application on soil properties, and root and crop growth. To optimize 
and promote biochar application in agriculture under stress, this study integrates over 100 peer-reviewed articles 
to explain how biochar promotes crop growth by enhancing soil resistance to stress. Biochar’s distinctive properties, 
such as porous structure, alkaline nature, enriched surface functional groups, and nutrient content, are responsible 
for the following soil environment benefits: improved soil physiochemical properties, increased nutrient cycling, 
and boosted microbial growth. Moreover, the research emphasizes that the enhanced stress resistance of biochar 
optimizes nutrient absorption, alleviates soil pollutants, and thereby enhances overall crop productivity. The study 
discusses the roles and mechanisms of biochar on soil under stress, as well as the challenges linked to the sustainable 
and economical implementation of biochar in extreme soil conditions. This review aims to provide a theoretical basis 
for the widespread and cost-effective use of biochar in improving soil under stresses, thereby enhancing soil health 
and food security.

Highlights 

• Biochar’s physicochemical properties help with stress resilience.
• Biochar’s effect on multiple stresses mitigation promotes soil nutrients circulating.
• Biochar provides virtuous cycles for crop stress resistance and root growth.
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1 Introduction
Ensuring food and nutrition security remains a signifi-
cant challenge outlined in the United Nations’ Sustaina-
ble Development Goals (SDGs). The global food demand 
is expected to surge by 35–56% between 2010 and 2050 
due to the projected population growth to over 9.7 bil-
lion by 2050 (UNDESA 2024; van Dijk et al. 2021). How-
ever, urbanization, industrialization, climate change, and 
excessive use of fertilizers and pesticides have led to soil 
pollution and degradation, including heavy metal and 
pesticide contaminants, physical degradation, soil acidi-
fication, and salinization (Masmoudi et al. 2023; Pawlak 
and Kolodziejczak 2020). These factors have affected over 
40% of agricultural land (Singh et al. 2022). Agricultural 
production has become even more challenging as crops 
exposed to abiotic stresses such as heat, waterlogging, 
drought, and nutritional deficiencies tend to grow poorly 
with low yield and quality (Ali et al. 2017; Hasnain et al. 
2023; Radha et al. 2023). Therefore, the need for effective 
soil improvement is highly urgent.

Biochar is a soil amendment that is highly regarded for 
its potential to improve soil quality. Biochar is a highly 
porous and aromatic black substance derived from the 
pyrolysis of biomass under oxygen-deprived (anaerobic 
or oxygen-limited) conditions. After a news feature titled 
"Black is the new green" (Marris 2006) first revealed that 
the large amount of black char produced by primitive 

tribes is the key factor behind the soil fertility mystery of 
Terra Preta in 2006, the carbon storage capacity of bio-
char has been demonstrated through meticulous data 
analysis (Lehmann 2007). Additionally, considering the 
economic benefits of agricultural residue management 
(Sheer et  al. 2024), pyrolyzed biomass amendment to 
farmland was encouraged, which could enhance crop 
yield in the meantime. Subsequently, scientists have 
conducted a series of studies to investigate how differ-
ent biochar returning strategies can affect crop yields 
even under environmental stresses. Biochar possesses 
numerous excellent physicochemical properties, includ-
ing a rich pore structure and high specific surface area, 
abundant ash content (as nutrients for crops), alkaline 
(most biochar is alkaline, but a small part of biochar is 
still acidic acidic), and highly stable nature (Sheer et  al. 
2024). Its stability, unique physical structure, and chemi-
cal composition make it a powerful tool for increasing 
stress tolerance and crop yield. The advanced surface 
functional groups and pore structure of biochar have the 
potential to mitigate the presence of heavy metals and 
organic pollutants in soil by adsorption or microbial deg-
radation. Its physical properties also improve soil aggre-
gates stability and water-holding capacity (WHC), which 
provides a buffer against drought (Zhang et al. 2024; Park 
et al. 2023; Raza et al. 2023) and overcomes the moisture 
defect of saline soil (Ran et  al. 2020; Wang et  al. 2023), 
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thus protecting roots (Hazman et al. 2023). Additionally, 
biochar is rich in nitrogen (N), phosphorus (P), potas-
sium (K), calcium (Ca), magnesium (Mg), and other min-
eral nutrients (Okebalama and Marschner 2023). With its 
high cation exchange capacity (CEC) and alkaline charac-
ter, biochar aids in nutrient retention and soil pH adjust-
ment under stresses such as saline (Duan et  al. 2023), 
drought (Park et al. 2023), or pollution (Sha et al. 2023). 
As a result, biochar amendment stimulates soil microbial 
activity and promotes nutrient cycling and uptake, thus 
improving soil quality, root development, crop produc-
tivity, and grain quality (Anwar et al. 2023; Zhang et al. 
2024; Irfan et  al. 2022). The wide optimal utilization of 
biochar into the soil can aid in developing a healthy and 
productive agricultural system and enhancing food secu-
rity and sustainability.

Biochar has been shown to enhance soil physico-
chemical properties, consequently improving soil 
resistance to stresses and stimulating crop root devel-
opment. This phenomenon creates a conducive envi-
ronment for crop growth. To obtain a comprehensive 
overview of the present application of biochar in soil 
under stress, we collected 913 papers from the "Web 
of Science" and google scholar database related to bio-
char and soil stress resistance in the last 20 years since 
2004. VOSviewer software (version 1.6.20) was used 
to analyze the co-occurrence of the keywords. Fig-
ure 1 shows a network consisting of 148 keywords cat-
egorized into 4 clusters, which demonstrates that (1) 
effects of biochar on crop growth under stresses such 
as saline and drought, as well as in contaminated soil 
have been widely studied, and (2) biochar affects crop 
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Fig. 1 Co-occurrence bibliometric map of 113 keywords of 913 publications from 1st February, 2004 to 1st February, 2024. The bibliographic 
data was retrieved from the “Web of Science Core Collection” with “TS = (biochar) AND TS = (soil) AND (TS = (crop yield) OR TS = (crop growth)) 
AND (TS = (stress) OR TS = (resistance) OR TS = (tolerance) OR TS = (salt) OR TS = (acidic) OR TS = (heat) OR TS = (pesticide) OR TS = (saline) 
OR TS = (waterlogging) OR TS = (compaction) OR TS = (crop lodging) OR TS = (drought) OR TS = (heavy metal))”. The data was visualized using 
VOSviewer (version 1.6.20).
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growth under stresses by influencing soil properties, 
including nutrient elements, organic matter, and physi-
cal properties. The existing literature has extensively 
explored the intricate relationship between biochar and 
crop resilience in stress conditions. However, there is a 
lack of holistic and structured insight into how biochar 
bolsters stress tolerance and influences crop growth 
through root development. Therefore, this review 
endeavors to integrate current research in order to 
methodically and comprehensively delve into the intri-
cate workings of enhanced stress resistance and growth 
facilitation in crops facilitated by biochar application. 
The specific objectives include elucidating: (1) The 
holistic impact of biochar amendments on soil’s physi-
cal, chemical, and microbial attributes under stress 
conditions. (2) The intricate ways biochar amendments 
stimulate crop root development in stress scenarios, 
consequently nurturing enhanced crop growth. This 
review critically dissects the role of biochar in enhanc-
ing crop resilience under stress, offering a nuanced 
perspective on the future challenges and prospects 
associated with utilizing biochar for soil enhancement.

2  Biochar incorporation improves soil physical 
properties

Soil’s physical characteristics significantly impact its 
function and crop growth (Yang and Lu 2021). Plants 
need well-aerated, moist soil with proper mechanical 
strength to thrive (Mckenzie et  al. 2011). However, the 
use of modern agricultural machinery, irrational farming, 
and geographical conditions have led to soil compaction 
stress (Nawaz et al. 2013), which can degrade soil physi-
cal structure, thus stunting crop root growth (Moraes 
et  al. 2020). As a potential alleviation management, 
biochar has several significant characteristics that can 
greatly benefit soil physical structure. Biochar’s ample 
pores and vast specific surface area can help optimize 
compaction parameters by reducing soil bulk density and 
tensile strength (Blanco-Canqui 2017) while increasing 
water retention (Razzaghi et  al. 2020). Additionally, by 
increasing the number of soil macroaggregates, biochar 
can further improve soil structure, thereby mitigating 
other stresses such as drought or saline (Fig. 2).

2.1  Improve soil porous structure
A healthy agricultural soil structure is achieved by a 
combination of well-developed soil aggregates and 
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Fig. 2 The effect of biochar on promoting soil structure by improving soil physical properties and aggregate stability (Hardie et al. 2014; Yang 
and Lu 2021; Zong and Lu 2020; Ali and Elshaikh 2022)



Page 5 of 25Chi et al. Biochar            (2024) 6:43  

pore systems (Amoakwah et  al. 2017). Soil pore plays 
an important role in improving water content and gas 
exchange, which is related to soil resistance to mechani-
cal stress, hypoxia stress, and water stress (Moraes et al. 
2020). Optimal levels of biochar input have been found to 
enhance soil pore structure (Sun et al. 2015) by increas-
ing soil porosity and pore connectivity (Fang et al. 2019; 
Zhou et  al. 2021), thereby improving crop growth by 
affecting root development in coastal salt-affected soil 
(Saifullah et al. 2018). The mechanisms behind biochar’s 
ability to enhance soil porous structure are as follows 
(Hardie et  al. 2014): (1) Large biochar particles cre-
ate new voids, increasing soil porosity. (2) The inherent 
high porosity of the biochar allows for its integration 
into the soil porosity, introducing additional pores into 
the soil. (3) Small soil particles may enter the large pore 
size of biochar and build new pores, thus increasing the 
soil’s porous structure. It is worth noting that the effec-
tiveness of biochar in improving soil pore structure is 
intricately linked to several factors, including the size 
of biochar particles, soil properties, and the quantity of 
biochar input. Overuse of biochar actually reduces soil 
porosity and pore connectivity when an excess of biochar 
is introduced to the soil, filling up soil pores and reduc-
ing soil pore connectivity (An et al. 2022). Pore destruc-
tion caused by biochar aging also makes its effect on 
improving soil structure disappear (Yi et al. 2020), which 
decreases the melioration effect several years after bio-
char application (Yue et  al. 2023). However, biochar’s 
ability to enhance soil porous structure in saline soil can 
be improved by acid-modification, ball milling, or high 
pyrolysis temperature with larger pores and more inter-
nal pores (Lin et al. 2024; Wang et al. 2023).

2.2  Increase soil aggregates stability
The ability of soil to withstand mechanical stresses 
caused by rainfall, puddles, and compaction depends 
largely on soil aggregate stability (Canasveras et al. 2010). 
Soil aggregates are unstable and prone to disintegrating 
into fine particles, resulting in water and wind erosion, 
sedimentation that obstructs soil pores, and the devel-
opment of surface crusts (Haque et  al. 2021). Strength-
ening the stability of soil aggregate offers numerous 
benefits, including preserving and protecting organic 
matter, fostering soil porosity and structure, promoting 
root growth, facilitating crop available water infiltra-
tion, improving downward movement of salts, enhancing 
drought and saline resistance, and supporting microbial 
activity (Alghamdi 2018; Luo et al. 2018).

Enhancing the formation and stability of soil macroag-
gregates by incorporating biochar also contributes to alle-
viating soil mechanical and water stress. Incorporating 
biochar into the soil can increase soil macroaggregates 

(> 2  mm) quantity and reduce soil micro aggregates 
(< 0.25  mm) quantity, resulting in enhanced soil aggre-
gates mean weight diameter (MWD) (Chen et al. 2022a) 
and stability. Biochar input is particularly important in 
drought, saline, or coastal clayey soil as it increases the 
aggregate stability and soil resistance to mechanical 
stress and thus enhances crop growth (Ali et  al. 2017, 
2021b; Zong et al. 2023). Three primary factors contrib-
ute to the efficacy of biochar in improving soil aggregate 
size and stability. First, biochar can promote soil micro-
bial activity, leading to the formation of soil aggregates. 
Biochar input generally increases soil pH, which further 
improves soil microbial biomass carbon utilization and 
nutrient concentration (Cusack et  al. 2009). Addition-
ally, the newly formed pores after biochar incorporation, 
ranging from a few microns to tens of microns, provide 
habitats for microorganisms. The labile carbon from bio-
char serves as a carbon source to jointly promote micro-
bial activities. This leads to increased exudate production 
by microorganisms and soil aggregates forming (Palan-
sooriya et al. 2019; Zong and Lu 2020), thereby enhanc-
ing soil aggregation and stability. Secondly, biochar input 
can increase soil organic carbon, which can bind soil par-
ticles together and facilitate the aggregation of soil par-
ticles, leading to enhanced soil aggregate stability (Yang 
and Lu 2021). In addition, the pore structure and surface 
of biochar can encapsulate, adsorb, and protect soil min-
eral and organic matter, thereby facilitating the forming 
of stable soil organic–inorganic complexes, which can 
also accelerate the formation of aggregates (Burgeon 
et al. 2021; Prayogo et al. 2014). To further enhance the 
stability of aggregates in saline-alkaline soil, Fe-modified 
biochar has been prepared to form organo–Fe complexes 
and thus increase the soil organic carbon content (Chen 
et al. 2024).

2.3  Decrease soil bulk density
Bulk density is a crucial factor that affects soil produc-
tivity, indicating soil compaction (Blanco-Canqui 2021), 
affecting crop resistance to drought and salt stress (Ali 
et  al. 2017), and thus contributing to the facilitation 
of root growth. Biochar incorporation has been found 
to play a pivotal role in determining soil bulk density, 
water-holding capacity, nutrient availability to plants, 
and microbial processes (Haque et  al. 2021). Add-
ing biochar to sandy soil with high water stress can 
increase porosity and macroaggregates and reduce bulk 
density (Chen et  al. 2022a; Tran et  al. 2022). Blanco-
Canqui (2021) found that biochar addition significantly 
reduced soil bulk density in 60% of cases after conduct-
ing 126 tests in sandy soil. Nevertheless, the impact 
of biochar on soil density is still a subject of debate, 
as it depends on several factors, including feedstock, 
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biochar input amount, and soil properties. In addition, 
biochar’s long-term effectiveness in reducing bulk den-
sity is controversial due to the rapidly declining trend 
of change in bulk density (Blanco-Canqui 2021). After 
years of aging, biochar in the soil may transfer down-
wards (Dong et  al. 2019) and be mechanically frag-
mented, causing a mass loss and turning it into smaller 
particles that can enter soil pores and fill the sand voids 
(Madari et  al. 2017), and potentially cause an increase 
in soil bulk density.

2.4  Increase soil water holding capacity
As mentioned earlier, applying biochar to soil can also 
increase soil water retention capacity, thereby alleviat-
ing saline and drought stress in crops (Ali and Elshaikh 
2022). This is mainly due to its rich pore structure and 
hydrophilic functional groups (Alessandrino et  al. 2023; 
Amoakwah et al. 2017). Biochar can potentially enhance 
pore distribution, which is closely associated with water 
storage (Novak et  al. 2012). Although the porosity and 
pore size of biochar prepared from various source mate-
rials differ significantly (Lu and Zong 2018), most biochar 
pores are over 5  μm in diameter (Zong and Lu 2020). 
These large voids can directly increase the water storage 
ability and improve soil water retention capacity under 
high matric potential (More than or equal to −0.1 MPa). 
Meso-porosity is also a key biochar characterization to 
increase water-holding capacity and decrease hydro-
phobicity (Adebajo et  al. 2022). In drought conditions, 
biochar’s porous structure facilitates rainwater infiltra-
tion into the topsoil through large pores while retaining 
water in its small pores after heavy rain. This results in an 
elevation of soil moisture content (Abel et al. 2013; Asai 
et  al. 2009). Additionally, applying biochar with porous 
structure and low-density characteristics to soil has been 
found to result in a physical dilution effect, increase the 
diameter size of soil aggregates (Zong and Lu 2020), and 
create fillers or pores by changing the soil pore system 
(Haque et al. 2021), increasing the new pores in soil and 
storing moisture. Studies have shown that biochar can 
effectively stabilize soil water-holding capacity by reduc-
ing its hydraulic conductivity (Amoozegar and Warrick 
1986). Soil with high hydraulic conductivity does not 
retain water and nutrients, leading to reduced soil pro-
ductivity (Chen et  al. 2018). In soils with different tex-
tures, sandy soils present a significant increase in water 
retention capacity after biochar input due to enhanced 
soil pores, pore-throat size, and tortuosity (Liu et  al. 
2017). Blanco-Canqui (2017) mentioned that biochar 
enhances saturated hydraulic conductivity in fine-tex-
tured soils and conversely decreases it in coarse-textured 
soils.

2.5  Improve soil mechanical properties
Tensile strength and cohesion are indicators of soil com-
paction that depend on soil aggregate strength and influ-
ence root growth and erosion resistance of root-soil 
composite (Chen et  al. 2022b). By improving soil pore 
structure and increasing soil aggregate size, biochar 
amendment into the soil also reduces soil tensile strength 
and cohesion. Awe et  al. (2021) demonstrated that in 
paddy soils, biochar input enhanced soil shear strength, 
reduced stiffness degradation, and improved soil micro-
structural stability. The soil tensile strength and cohesion 
reduction can improve the soil cultivability of farm-
ing operations and reduce the mechanical resistance of 
the root system to promote crop growth (Yang and Lu 
2021). There are several mechanisms for biochar’s effect 
on reducing soil tensile strength and cohesion. Firstly, 
biochar input reduces tensile strength and cohesion by 
creating physical segmentation. The large biochar size 
can physically separate soil particles after incorporation. 
Biochar inner pores enable some soil particles to enter, 
which also physically divides soil particles. Secondly, 
biochar increases the number of soil macroaggregates, 
creating extra voids between soil particles, reducing the 
binding force between them, and further reducing the 
tensile strength and cohesion. In addition, biochar input 
increases soil organic carbon, promoting plant growth 
in soil micro-cracks, thus reducing the binding force 
between soil particles.

3  Biochar effects on soil chemical properties
Biochar boasts particular physical and structural char-
acteristics that establish an ideal environment for plant 
roots to flourish even under stress. Moreover, biochar 
is replete with substantial ash components alongside 
abundant N, P, and K fertilizers and mineral nutrient 
elements, making it beneficial to the soil under nutrient 
starvation and crop uptake under other stresses (Bagues 
et  al. 2024; Pandit et  al. 2018). Biochar’s surface is also 
enriched with oxygen-containing functional groups, ren-
dering it a superior preference for augmenting soil with 
nutrients while mitigating heavy metal and organic pollu-
tion stresses (Fig. 3).

3.1  Supplements soil nutrients
3.1.1  Adjusts soil pH
Soil acidification can reduce nutrient availability and 
increase the mobility of some toxic heavy metals (Huang 
et  al. 2023). Maintaining proper soil pH is essential for 
maximizing crop growth, and biochar is a valuable tool 
for achieving this goal and alleviating acid stress (Bolan 
et al. 2023). Biochar is effective in buffering soil pH due 
to its alkaline properties resulting from its carboxyl and 
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phenolic functional groups on the surface. Additionally, 
the dissolved alkaline cations inherent in biochar ash can 
raise soil pH (Mosharrof et al. 2021), known as the liming 
effect. It’s important to note that this effect is more obvi-
ous but less long-lasting than the soil pH regulation effect 
brought by carboxyl and phenolic groups, which have a 
more stable impact on soil pH that becomes more appar-
ent with time (Ch’Ng et  al. 2019; El-Naggar et  al. 2018; 
Jiang et  al. 2022). However, the liming effect of biochar 
does not always have a positive impact. It could result in 
lower yield of some pH-sensitive crops like legumes in 
the short term but increase the yield several years later 
due to biochar’s slow release effect of nutrients and its 
long-term impact on soil pH. In saline soil, acid modifi-
cation by increasing oxygen-containing functional groups 
has been widely used (El-Sharkawy et al. 2022).

3.1.2  Supplements soil nutrients
Natural geographical conditions, excessive tillage, or 
saline or water stress can negatively affect soil fertility 
and crop growth, leading to nutrient deficiency or imbal-
ance (Baijukya et  al. 2021). Biochar input is effective in 
increasing soil nutrient content of low-fertile soils, espe-
cially nitrogen (N), phosphorus (P), and potassium (K) 
levels (Liu et  al. 2013). These elements are crucial for 
plant growth and are present in the biomass materials for 
biochar preparation. During biochar pyrolysis, most of 
the N, P, and K elements are concentrated and enriched 
in the resulting biochar. Wu et  al. (2015) discovered 

that the total N, P, and K contents of common biochars 
are 0.1–7.8%, 0.27–7.3%, and 0.09–5.8%, respectively. 
Therefore, biochar incorporation can greatly enhance the 
content of N, P, and K in soil. In addition, biochar incor-
poration can significantly increase K largely by increas-
ing the exogenous water-soluble K content, which in 
turn promotes the crop’s absorption of K. Compared 
to N and P, the available K content of biochar is gener-
ally higher after biomass pyrolysis (Wu et al. 2015). The 
water-soluble K content in biochar is typically the highest 
among these nutrients (Yu et al. 2005), although the con-
tent of N, P, and K varies depending on the raw materials 
and pyrolysis processes used to yield biochar. Generally, 
herbal biochar tends to exhibit higher N, P, and K content 
than woody biochar.

Apart from increasing the N, P, and K levels, biochar 
increases the mineral nutrients that are essential for 
plant growth, such as calcium (Ca), magnesium (Mg), 
copper (Cu), manganese (Mn), zinc (Zn), iron (Fe), 
and other trace elements. Ca and Mg, in particular, are 
crucial for the metabolic activities of plants, as Ca is 
an essential component of plant cell walls, while Mg is 
the central element of plant chlorophyll molecules, an 
important part of plant enzymes. According to previ-
ous studies, Ca and Mg content can be as high as 0.18–
350 and 0.36–27  g   kg−1 (Bourke 2007; Raveendran 
et  al. 1995; Skodras et  al. 2006) in biochar. Biochar 
addition to soil can not only directly increase avail-
able nutrient levels (Zhao et al. 2014), but also enhance 
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Fig. 3 The impact of biochar on promoting soil chemical properties under stresses (Mosharrof et al. 2021; Wu et al. 2015; Tomczyk et al. 2019; Li 
et al. 2017; Kookana et al. 2011)
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crop nutrient acquisition under saline-alkali stress 
(Zhao et  al. 2020). To further decrease salinization 
indexes in saline-alkali soil, calcium-modified biochar 
with more Ca and Mg ions can reduce total alkalinity 
through precipitation and ion exchange (Li et al. 2023).

3.1.3  Increases soil cation exchange capacity
Increased soil CEC is one of the key factors in enhanc-
ing soil resistance to drought or saline stress (Akinbile 
et  al. 2016; Artiola et  al. 2012). To enhance soil CEC, 
biochar amendment is a common strategy (Afaf et  al. 
2023; Nguyen et  al. 2018). The formation of oxygen-
containing functional groups resulting from biomass 
pyrolysis, namely carboxyl and hydroxyl groups, is 
considered the principal factor behind the CEC of 
biochar (Tomczyk et  al. 2019). Biochar CEC varies 
depending on the raw material and pyrolysis tempera-
ture during production. Generally, biochar prepared 
from biomass with high ash content exhibits a higher 
CEC (Lehmann et al. 2011) owing to the promotion of 
oxygen-containing functional groups on the biochar 
surface by alkali metals. In addition, when the tem-
perature of biomass pyrolysis rises, volatile organic 
acids are gradually lost (Lehmann et  al. 2011), and 
the specific surface area increases, thereby reducing 
the surface electrical density of the biomass (Hossain 
et al. 2020), resulting in a decrease in biochar CEC and 
its ability to increase soil CEC. However, a review by 
Laghari et  al. (2016) demonstrated that the feedstock 
played a more critical role in determining CEC than 
the pyrolysis temperature.

Furthermore, the increased cation exchange capac-
ity of biochar helps relieve heavy metal stress tolerance 
by working on reducing pollution through adsorbing 
and precipitating heavy metal ions (Dai et  al. 2020). 
Wang et al. (2024) found that biochar with higher CEC 
showed higher adsorption efficiency for Cu and Pb.

However, fresh biochar does not have a desirable CEC 
compared to aged biochar (Lehmann et al. 2011). After 
experiencing the aging process and being oxidized in 
soil, the oxygen functional groups develop (even the 
aromatic rings may be replaced by COO–  oxygen-
containing functional groups (Mao et  al. 2012) after a 
long aging process). Organic matter adsorption ena-
bles it to increase the charge density (Li et  al.  2018b), 
thereby enhancing the soil CEC. The retention effect 
of nutrients and mineral elements is also the main rea-
son why one-time biochar returning to the field can 
increase crop yield continuously (Gai et  al. 2014; Gao 
et al. 2016).

3.2  Reduces soil pollutant concentration
3.2.1  Reduces metal pollution in soil
Trace elements, such as Cu, Mn, Zn, and Fe, are cru-
cial to crop growth. However, excessive trace elements 
can negatively affect the structure and function of plant 
cells, thereby impeding crop growth and leading to crop 
pollution (Xiang et al. 2021b). Biochar can be an effec-
tive solution for reducing the mobility of toxic metal 
elements in soil contaminated with trace elements and 
heavy metals. Research has shown that biochar demon-
strated significant potential in reducing the availability 
of Cu, Zn, Mn, Fe, Al, Cd, and Pb in the soil through 
adsorption (Albert et  al. 2021; Hailegnaw et  al. 2020; 
Mosharrof et  al. 2021; Yang et  al. 2016; Yuan and Xu 
2011). Biochar is also remarkable in alleviating heavy 
metal stress in crops under other stresses. For instance, 
biochar has been recognized as a beneficial amendment 
for alleviating Cd stress in wheat and Pb stress in maize 
under drought stress (Adejumo et al. 2020; Anwar et al. 
2023).

One of the fundamental processes by which biochar 
can alleviate heavy metal toxicity in soil is its strong 
CEC. This mechanism can transfer heavy metal ele-
ments from carbonate or phosphate precipitation, 
effectively reducing their biological toxicity. Biochar 
contains abundant P, Ca, and Mg elements, and metal 
elements in the soil, including Mn, Cu, Zn, and Cd, can 
exchange cations with Ca and Mg carbonates, forming 
insoluble formations (Lei et al. 2020; Muhammad et al. 
2021). In addition, enriched with P, biochar enhances 
its alkaline property, thereby facilitating the release of 
phosphorus from the soil, which further limits the bio-
availability of Zn and Cd from the formation of phos-
phates. Hodson et al. (2000) even considered the P/Zn 
molar ratio as a crucial indicator affecting Zn stability 
in soil treated with biochar.

The huge surface area and surface functional groups of 
biochar can enhance the binding affinity of heavy metals 
to its surface. The presence of organic functional groups, 
namely carboxyl, amino, and hydroxyl, facilitates the 
adsorption of heavy metals in soil (Li et al. 2017). Apart 
from the precipitation mechanism, the organic functional 
groups of biochar also provide adsorption sites for metals 
through complexation or ion exchange, effectively reduc-
ing their bioavailability. According to He et  al. (2017), 
fruit tree biochar prepared at 400  °C has been shown 
to carry humic acid as high as 100  mg  L−1 carbon, and 
these biochar-loaded organics increased Cu adsorption 
by up to 28.2%. In addition, the labile carbon carried by 
biochar increases soil dissolved organic carbon content 
while providing a new adsorption site for heavy metals, 
including Cu, Mn, and Cd (Hailegnaw et al. 2020; Jansen 
et  al. 2002; Lu et  al. 2017; Pietikäinen et  al. 2000). This 
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highlights biochar’s potential as a promising solution for 
mitigating heavy metal toxicity in soil.

Biochar’s liming effect is also important for heavy met-
als adsorption and precipitation enhancement. The ash 
component of biochar is rich in alkaline cations. After 
incorporation into the soil and dissolution in water, bio-
char helps regulate soil pH, thus promoting the precipi-
tation of heavy metals, including Cd, Fe, Al, Zn, and Cu 
(Siebers and Leinweber 2013). Furthermore, increased 
soil pH also facilitates the complexation and electro-
static adsorption of organic matter and heavy metals 
(Mcbride 1982). For example, a pH increase can promote 
the adsorption of hydrolyzed  CuOH+ species by biochar 
(Atanassova and Okazaki 1997). As a result, the bioavail-
ability of heavy metals is reduced, thus minimizing their 
potential harm.

Additionally, biochar application leads to a rise in soil 
pH, which subsequently causes the precipitation of  Al3+ 
as insoluble Al oxide/hydroxide (Ritchie 1994) or the con-
version of Al species into Al(OH)2+ and Al(OH)2

+ mono-
mers. These substances can be readily adsorbed through 
ion exchange with –COOH or phenolic –OH groups 
on the biochar surface (Qian and Chen 2014; Qian et al. 
2013). Furthermore, the increase of soil pH accelerates 
the separation of organic matter, thereby increasing the 
deprotonated acidic functional groups (increasing the 
CEC) in the soil, further promoting metals’ adsorption 
onto the organic matter surface. For instance, biochar has 
been found to facilitate the binding of Al, thus reducing 
its bioavailability (Evans 1989). Additionally, rice straw 
biochar is rich in Si, which creates Al–Si compounds 
after incorporation, further decreasing Al availability in 
soil (Qian et al. 2016).

3.2.2  Reduces pesticide concentration
Pesticide application is common in modern agriculture 
to foster healthy crop growth. However, given the long 
persistence of pesticides, excessive use of pesticides can 
reduce soil quality and harm soil microbes (Anwar et al. 
2023; Khorram et al. 2016; Meng et al. 2019; Vangrons-
veld et al. 2009; Zhou and Song 2004). To address these 
negative effects under pesticide stress, incorporating 
biochar into the soil is an excellent solution. Biochar can 
not only enhance the adsorption of different pesticides 
but also reduce their bioavailability (Kookana et al. 2011; 
Yang and Sheng 2003; Yu et al. 2006), thus mitigating pes-
ticide contamination risks to groundwater (Ahmad et al. 
2014; Laird et  al. 2010). Ali et  al. (2019) demonstrated 
a noteworthy decrease (86–95%) in organochlorine 
biological uptake in growing vegetables after incorpo-
rating various biochars. Although reversible and irrevers-
ible biochar adsorption occurs for pesticides, irreversible 
adsorption is primarily dominated by surface-specific 

adsorption, micropore entrapment, and coordination 
into the condensed structure (Sopeña et al. 2012; Wang 
et  al. 2010; Yu et  al. 2010). In addition, biochar input 
increases new soil organic carbon, which stimulates soil 
microbial activity, further facilitating microbial degrada-
tion of pesticides (López-Piñeiro et  al. 2013; Qiu et  al. 
2009; Zhang et  al. 2006). Therefore, biochar’s capability 
to reduce pesticide pollution is directly proportional to 
its organic carbon level, specific surface area, and pore 
structure (Kookana et al. 2011).

4  Biochar input promotes soil nutrient cycling
Soil nutrient cycling can be improved by using biochar as 
it helps alleviate multiple stresses (Carr et al. 2019; Parida 
and Das 2005; Xia et  al. 2023). The surface characteris-
tics of biochar, such as its abundant oxygenated func-
tional groups and porous structure, make it effective in 
retaining nutrient content, reducing nutrient loss in the 
soil, optimizing soil microbial community structure, and 
promoting nutrient cycling. All these benefits help crops 
resist various stresses (Egamberdieva et  al. 2019; Kul 
et al. 2021).

4.1  Promotes soil nitrogen cycle
Nitrogen is a major factor that limits crop growth and 
yield (Xia et  al. 2023). However, nutrient starvation is 
not the only stress that can adversely affect the nitrogen 
cycle. Waterlogging (Lian et al. 2023), drought (Hu et al. 
2023), and saline (Rupp et al. 2021; Sun et al. 2022) soils 
can limit the availability of nitrogen to crops by promot-
ing denitrification, reducing nitrogen fixation and nitri-
fication, or increasing leaching loss. Although nitrogen 
fertilizers have been admitted as an ameliorator of soil 
under stress, excess nitrogen can lead to soil acidifica-
tion (Zhang et al. 2016) and water pollution. In contrast, 
biochar has an advantage in ameliorating soils. Apart 
from directly increasing the nitrogen content, biochar 
also promotes nitrogen utilization of crops by retaining 
nitrogen and reducing leaching loss (Liu et  al. 2022; Lu 
et  al. 2020; Pratiwi et  al. 2016; Xia et  al. 2023) (Fig.  4). 
Moreover, Azadi and Raiesi (2023) also found that apply-
ing sugarcane bagasse biochar increased potential net 
ammonification (177–218%), nitrification (70–83%), and 
N mineralization (92–110%), thus enhancing micro-
bial biomass N (MBN) and urease activity in saline Pb-
polluted soils. Biochar can effectively reduce nitrogen 
loss induced by surface runoff, which is the main route 
for nitrogen loss. Biochar incorporation can also reduce 
nitrogen loss by promoting the nitrogen metabolism pro-
cess. Firstly, biochar can accelerate the process of trans-
forming organic nitrogen into ammonia by increasing 
soil urease activity and the abundance of ammonia-oxi-
dizing bacteria (AOB) and ammonia-oxidizing archaea 
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(AOA). Then, the elevated ammonia nitrogen can be con-
verted into nitrate nitrogen through nitrifying bacteria 
for root utilization (Liu et al. 2022). Biochar can also trap 
nitrogen through functional groups that exchange with 
N through positively/negatively charged ions and porous 
structures that retain nitrogen (Van Zwieten et al. 2010). 
Specifically, carboxyl can adsorb ammonia nitrogen 
through electrostatic attraction, hindering denitrifica-
tion and reducing nitrous oxide and ammonia emissions 
in soil. Nevertheless, it is not clear how effective biochar 
is in reducing soil nitrous oxide and ammonia volatiliza-
tion emissions under different soil management modes 
and soil physicochemical properties. However, biochar 
input can provide many benefits, such as reducing soil 
bulk density and improving soil structure, thus increas-
ing microbial activity and root biomass (Song et al. 2020), 
improving N uptake by crop roots, and increasing nitro-
gen utilization. Therefore, biochar can help retain soil 
TN, improve nitrogen uptake and utilization by roots 
through affecting the nitrogen transformation process, 
consequently leading to a rise in nitrogen use efficiency 
of crops even under stresses.

4.2  Promotes soil phosphorus cycle
Phosphorus is an essential plant macronutrient that plays 
a vital role in various physiological processes, such as 
photosynthesis and energy transfer (Kahura et al. 2018), 
which makes it also a key role in regulating plants’ physi-
ological responses to abiotic stresses, including drought, 
saline, heat, and heavy metal (Khan et al. 2023a). By add-
ing biochar to the soil, the availability of P can increase 

through multiple mechanisms. Biochar acts as a nutri-
ent supplement and adsorbs P through hydrogen bond-
ing mechanism due to its huge specific surface area and 
rich charge density from the oxygen functional group 
(Soinne et al. 2014). In acidic soils, biochar also promotes 
the release of available P by increasing soil pH due to 
the immobilization of P binding with Al and Fe miner-
als (Maru et al. 2020). Biochar can also increase alkaline 
phosphatase activity and increase available P content 
by increasing the expression of alkaline phosphatase 
(phoD) with increased soil pH (Yang and Lu 2022). Liu 
et  al. (2022) discovered that, on account of increasing 
soil pH, adding wheat straw biochar reduced cumula-
tive TP leaching in soils, confirming great importance of 
biochar’s liming effect on soil P availability. Additionally, 
biochar can promote P uptake by plant roots (Dey et al. 
2021) and total soil P (Egamberdieva et  al. 2022) under 
saline stress by increasing the abundance of tricalcium 
phosphate-solubilizing bacteria. Modified biochar has 
also been found to increase available P levels in Cd- and 
Pb-contaminated alkaline soil (Zhang et al. 2022).

4.3  Improves soil microbial community structure and soil 
enzyme activity

4.3.1  Soil microbial community structure
The preservation of soil integrity, functionality, and sus-
tainability is contingent upon the diversity and richness 
of microbial populations (Abdullah et  al. 2021; Zhao 
et  al. 2014). These properties play a crucial role in sev-
eral essential biochemical processes, including nutri-
ent cycling and biodegradation of toxic contaminants 

Fig. 4 The effect of biochar on promoting soil nitrogen cycle under stresses (Liu et al. 2022; Lu et al. 2020; Pratiwi et al. 2016; Xia et al. 2023)
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through enzymatic reactions (Xu et  al. 2019). However, 
soil microbial communities are sensitive to stresses 
(Raiesi and Dayani 2021), which can be optimized after 
biochar application by enhancing biological function-
ing and diversity, and enzyme activity (Azadi and Raiesi 
2021; Zhao et al. 2024; Zhu et al. 2022b).

After incorporation, biochar changes soil bacterial 
and fungal community structure by affecting soil nutri-
ent availability and physical structure. Herrmann et  al. 
(2019) proposed four mechanisms for biochar interaction 
on microbial communities: (1) the pore structure of bio-
char may prevent predators or competitors, thereby cre-
ating a favorable ecological niche for bacteria and fungi; 
(2) increased nutrient and labile organic carbon input; (3) 
reduced nutrient leaching and contaminates toxicity, and 
(4) enhanced water holding capacity. However, present 
studies hold different opinions on bacterial and fungal 
community structure changes following biochar incor-
poration into soil (Ali et al. 2019, 2022b; Herrmann et al. 
2019; Yabe et  al. 2017), which result from various feed-
stock and soil physiochemical environments. Hence, the 
function of biochar within the microbe community is dif-
ferent, especially when it is applied to reduce organic and 
inorganic contaminants pollution (Herrmann et al. 2019). 
Generally, after biochar application, bacteria showed lit-
tle to no significant community structure change in many 
soil environments, while fungal community structure 
showed a significant change. This is because bacteria are 
relatively more flexible and responsive than fungi. There-
fore, many studies reported that biochar application into 
soil showed limited bacterial community structure, but it 
is widely acknowledged that biochar input improves the 
abundance of Proteobacteria and Actinomycetes, while 
decreasing the abundance of Chloroflexi and Acidobac-
teria (Ali et al. 2019; Cole et al. 2019; Li et al. 2019). The 
reason is that Proteobacteria mainly exit in eutrophic 
environments, and Actinomycetes are known to play a 
critical role in the turnover of organic matter (Ali et  al. 
2019; Fierer et al. 2007), while Chloroflexi and Acidobac-
teria are often found when soil is oligotrophic and with 
low pH (Jenkins et al. 2017).

Compared to bacteria, fungi tend to adapt more slowly 
to new environments. Hence, the fungal community usu-
ally changes significantly after biochar incorporation 
into the soil (Luo et  al. 2017; Yao et  al. 2017). Gener-
ally, biochar input reduces fungal abundance (Imparato 
et al. 2016; Kolton et al. 2017; Zheng et al. 2016) due to 
enhanced saprophytic competition from readily degrada-
ble organic carbon sources and increased soil pH. This, in 
turn, reduces fungal diversity while inhibiting the growth 
of fungal pathogens (Dai et  al. 2018). Nonetheless, 
recent studies have presented a contrary finding (Gao 
et al. 2021b; Luo et al. 2017). Importantly, soil microbial 

community changes mainly benefit crop growth after 
biochar input, which can significantly improve soil qual-
ity, structure, and stress tolerance. For instance, Khan 
et  al. (2023c) found that date palm waste biochar addi-
tion promoted sandy soil fertility under drought, heat, 
and saline stress by enriching plant growth-promoting 
microorganisms. Xia et al. (2023) showed that adding 2% 
maize straw biochar to acidified soil enhanced the utiliza-
tion of soil carbon sources by influencing soil microbial 
activity, thus reducing the  Al3+ stress. Azadi and Raiesi 
(2021) also indicated that 1% sugarcane bagasse biochar 
at 400 ℃ protected soil microbial communities under Cd 
and saline stresses by retaining Cd and supplying C sub-
strate for microbial uptake and activity.

4.3.2  Soil enzyme activity
Soil enzyme activity is a crucial parameter in assessing 
soil health, as it is highly sensitive to soil contaminants 
and closely interacts with microbial activity (Bandara 
et  al. 2020; He et  al. 2019). Biochar application can 
increase enzyme activity that enhances stress resistance, 
such as catalase and dehydrogenase (Beheshti et al. 2018; 
Campos et al. 2020; Chen et al. 2019; Das et al. 2021; Liu 
et  al. 2023; Mierzwa-Hersztek et  al. 2020). In addition, 
soil enzymes are also essential for nutrient cycling, such 
as N, P, K, and their impact on plant nutrient absorption 
(Nie et  al. 2018; Sarkar et  al. 2016). Extensive research 
has concurred on the advantageous effects of biochar on 
enzyme activity promotion related to nutrient cycling, 
such as urease, sucrase, and phosphatase (Cao et al. 2023; 
Du Qian et  al. 2021; Xiaotong et  al. 2022; Zhao et  al. 
2022). Chen et al. (2020) reported a rise of urease activity 
by 19–213%, sucrase activity by 4.6–12.5 times, and cata-
lase activity by 19–150.8% in the soil after incorporating 
different biochar. The mechanism for enzyme activity 
enhancement is the improved soil environment brought 
by biochar application, which includes high mineral and 
nutrient content input and high porosity. Further, the 
huge surface area of biochar also promotes soil enzyme 
activity by creating an ideal habitat for microorganisms 
to thrive, leading to its robust growth and reproduction 
(Bandara et al. 2020; Gul et al. 2015). Moreover, organic 
pollutants and heavy metal ions can inactivate enzyme 
proteins and inhibit soil enzyme activity (Chen et  al. 
2019; Tan et  al. 2018). Adding biochar reduces heavy 
metal and organic contaminants in soil, thereby promot-
ing soil enzyme activity. Chen et al. (2008) demonstrated 
a significant reduction of Cd and phthalate diester con-
centrations in soil after biochar application and further 
established a significant and negative correlation between 
the enzyme activities and the contaminants above. Fur-
thermore, the enzyme activity is inhibited under acidic 
conditions, which leads to the disruption of ionic and 
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hydrogen bonds in the active center of the enzyme and 
the alteration in the three-dimensional shape (Frank-
enbergerr and Johanson 1982). Campos et  al. (2020) 
revealed that biochar incorporation positively correlated 
soil pH and dehydrogenase activity. Hence, the liming 
effect of biochar is also important for promoting enzyme 
activities.

5  Biochar application benefits on crop growth
Various studies have substantiated the efficacy of biochar 
incorporation into the soil to enhance stress tolerance by 
improving the soil’s physicochemical properties alongside 
the composition of its microbial community and enzyme 
activities. Furthermore, it has been found to decrease 
soil metal and organic contaminants. These benefits are 
attributed to the promotion of root development, which 
leads to stronger stress resistance of roots, better nutri-
ent uptake, increased photosynthesis, and improved crop 
quality and production. (Fig. 5).

5.1  Biochar promotes crop root growth
Biochar input generally improves the whole plant 
root growth, including root volume, uptake capabil-
ity (Ali et al. 2022c; Li et al. 2022; Maccarthy et al. 2020; 
Zhang et al. 2013), and root biomass (Xiang et al. 2017). 
Research has indicated that biochar application in soil 
can effectively improve root shape mainly by creating 
a conducive physical space environment and nutrient 
supplementation. Biochar can also reduce root growth 

resistance by decreasing soil bulk density and improv-
ing soil mechanical environment (Bengough and Mullins 
1990; Haifeng et al. 2016). This results in an increase in 
the open angle, root system width, and fine roots (Abi-
ven et  al. 2015). Under heat stress, biochar input can 
improve soil bulk density, bacterial community structure, 
and organic matter content, thereby improving root and 
rhizome traits (Huang et al. 2021). Additionally, biochar 
input directly supplements soil nutrient content, indi-
rectly enhances nutrient cycling, and augments nutri-
ent availability, guaranteeing crop roots have enough 
nutrients for growth (Prendergast-Miller et al. 2014). By 
increasing essential nutrient availability and soil enzyme 
activity, biochar input can enhance root diameter, sur-
face area, and volume under drought and saline stress 
(Jabborova et al. 2023, 2022). Biochar also improves the 
rhizosphere environment of crop plants by enhancing the 
proportion of Proteobacteria to Acidobacteria, in which 
Proteobacteria are responsible for symbiotic nitrogen fix-
ation and nutrient cycling remineralization (Babujia et al. 
2016; Smit et  al. 2001), while Acidobacteria are  often 
accompanied by a reduction in plant productivity (Lewis 
et al. 2012). Notably, Han et al. (2023) observed that cot-
ton straw biochar led to the maintenance of maize root 
length during the grain-filling stage, whereas the control 
group showed a reduction of 21–34%, which indicated 
that biochar could delay root senescence.

Biochar’s effect on crop roots is more prominent 
in improving root system development. Xiang et  al. 
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Fig. 5 The effect of biochar on enhancing crop growth under stresses (Jabborova et al. 2023; Chaganti and Crohn 2015; Xiang et al. 2017; Huang 
et al. 2021; Qian et al. 2024; Abideen et al. 2020; Chen et al. 2021)
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(2017) further noted that the increase in root tip and 
root length caused by biochar input was much greater 
than that of biomass. According to most studies, rather 
than taproot (Zhang et  al. 2013), biochar input primar-
ily increases the growth of lateral roots (Ghassemi-
Golezani and Farhangi-Abriz 2021; von Wangenheim 
et al. 2020), which are beneficial to the effective absorp-
tion of water and mineral elements (von Wangenheim 
et  al. 2020), especially to ensure plant water absorption 
under drought stress. Furthermore, biochar incorpora-
tion promotes lateral root formation through auxin accu-
mulation, abscisic acid, ethylene reduction, and nitrate 
transporters repression (Huang et al. 2021; Kazan 2013).

However, compared to germination, root elongation is 
more sensitive to harmful components that biochar may 
carry, such as heavy metals, polycyclic aromatic hydro-
carbons (PAHs), environmentally persistent free radi-
cals (EPFRs) (Xiang et al. 2021a). Therefore, the type and 
dosage of biochar should be carefully considered. Visioli 
et al. (2016) found that the root length of cucumber and 
sorghum could be affected at 0.5% of conifer and pop-
lar biochar input, with marked impairment at > 5% of all 
biochars. To promote root growth, it is recommended to 
add biochar within 2%. Additionally, the enhancement 
of some biochar properties may lead to negative effects 
on the root system. For example, biochar nanoparticles 
play an important role in the immobilization of pollut-
ants due to their negatively charged surfaces and small 
sizes (Bhandari et al. 2023). However, it can attach to root 
surfaces and probably form a shell-like structure, which 
can greatly inhibit the net influx of heavy metal ions into 
root cells (Yue et al. 2019) but hinder nutrient uptake and 
growth of roots simultaneously (Yin et al. 2024). There-
fore, the application effects and risks of new biochar 
materials need to be carefully evaluated.

5.2  Mechanisms for root development in improving 
the ability to resist stress

5.2.1  Increases the ability of soil to resist saline stress
In soils with high salt ion concentrations and high pH, 
plant root growth is limited due to ion toxicity, osmotic 
imbalance, high pH, and lower soil organic matter lev-
els (Alkaraki 2008; Elgharably 2011). However, biochar 
application can alleviate this stress and further improve 
crop growth (Chaganti and Crohn 2015). In addition to 
guaranteeing a favorable physicochemical environment 
(Akhtar et  al. 2015) for crop root growth, biochar can 
also increase the permeability coefficient by improving 
the  K+/Na+ ratio and K availability (Abrishamkesh et al. 
2015; Chakraborty et  al. 2016) and enhancing rhizos-
phere microorganisms activity (Khorram et al. 2016; Van 
Zwieten et al. 2010) under saline stress. A good root sys-
tem development after biochar application can further 

enhance the oxidase activity, which can further enhance 
the antioxidant defense system and plant cell resistance in 
saline soils. Recent research has highlighted the remark-
able influence of biochar on promoting plant growth in 
saline-alkali soils. Biochar application can lead to a sub-
stantial rise in superoxide dismutase, catalase, and perox-
idase activities, thus increasing the stomatal conductance 
and chlorophyll content of growing plants (Abbas et  al. 
2022). In addition, biochar utilization can improve plant 
growth by degrading  O2

•− and  H2O2 levels and elevating 
the antioxidant activity and malondialdehyde content in 
plant cells exposed to salinity stress (Farhangi-Abriz and 
Torabian 2017). Mehmood et  al. (2020) also discovered 
that biochar minimized the deleterious effects of exces-
sive salinity on soybean growth under saline stress con-
ditions by altering root architecture and enhancing key 
role genes such as antioxidant defense systems and stress 
responses.

5.2.2  Increases soil resistance to drought stress
The porous structure is important for biochar to assist 
crops in combating drought stress. As mentioned 
before, biochar application can develop crop roots that 
are crucial for water absorption and survival in drought 
conditions. The size and morphology of root biomass 
determine its resistance to drought stress (Brennan et al. 
2014; Xiang et al. 2017). Coarse roots are responsible for 
anchoring and determining the penetration depth into 
the soil layer, while fine plant roots explore soil mois-
ture and increase the water quantity (Kim et  al. 2020). 
Therefore, plants adopt various survival strategies under 
drought-stressed conditions, including deep root pen-
etration, increased fine root density, and enhanced capa-
bility of roots to penetrate small soil pores (Bañon et al. 
2004). Studies have highlighted the capability of bio-
char to enhance the water-absorbing capacity of crops 
by increasing their fine root growth and length under 
drought stress conditions (Kartika et  al. 2021; Zhang 
et al. 2023).

5.2.3  Increases soil resistance to waterlogging stress
Recent research has shown that incorporating biochar 
into soil is a promising solution for water retention and 
the prevention of waterlogging. Biochar has the ability 
to facilitate soil moisture infiltration and drainage capac-
ity (Liu et al. 2017). Under anoxic conditions, crop roots 
can struggle to breathe, and low redox potential can 
result in the accumulation of harmful matters, namely 
 Fe2+,  Mn2+, organic acids like  H2S, and other toxins to 
levels beyond the required limit (Xie et al. 2015), inhibit-
ing nutrients absorption by roots. Fortunately, biochar’s 
high porosity increases soil permeability, decreasing the 
likelihood of waterlogging. Biochar’s macropores and the 
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reconstructed soil pore structure can also increase the 
hydrophobicity, further increasing water repellency. In 
particular, biochar can reduce toxic substances in soil, 
further promoting the development of crop root systems, 
which is an important reason for enhancing crop stress 
resistance.

5.2.4  Increases soil heat stress resistance
Biochar can potentially enhance resistance to heat stress 
by increasing soil nutrients, improving soil structure, 
and promoting root growth, ultimately leading to better 
rhizome traits. This can accelerate the water transport 
of soil–plant–atmosphere systems, which can help with 
evapotranspiration cooling and thus prevent heat dam-
age (Jagadish et al. 2015; Mcbride 1982). Nitrogen is also 
crucial in enhancing the heat resistance of crops, and 
biochar has been found to promote its utility, thus allevi-
ating the adverse impacts of heat stress on various crops 
such as rice, maize, barley, and potato (Liu et  al. 2019; 
Martinez-Gomez et al. 2022; Ordóñez et al. 2015; Tawfik 
et al. 1996). This is because nitrogen availability correlates 
with the cumulative pattern of crop heat shock proteins, 
which play an essential role in pyrolysis tolerance (Parsell 
et  al. 1993). Studies have shown that biochar input can 
optimize rice root morphology, architecture, and physi-
ological traits, including N assimilation and transport 
proteins, shoot N uptake and utilization, while down-
regulating heat-shock and related proteins in roots and 
leaves, thus improving its heat stress tolerance (Huang 
et al. 2021). Additionally, increased soil K and P content 
after biochar input also helps reduce heat stress damage 
to plants (Hasanuzzaman et  al. 2013). Biochar may also 
aid in P consumption, increasing antioxidant levels and 
ATP production, thus alleviating damage caused by heat 
stress-induced reactive oxygen species (ROS) and provid-
ing energy to resist heat stress (Bamagoos et al. 2021).

5.2.5  Increases crop lodging resistance
The lodging of rice can lead to lower yields and decreased 
quality, and inadequate root support leads to easy lodg-
ing of tall stalk crops (Sparks 2023). Deep and luxuriant 
roots after biochar input may reduce root lodging risk 
due to the improved root-pulling power (Jia et al. 2018; 
Qian et  al. 2024). Additionally, biochar can reduce the 
length of the rice straw base while increasing its flex-
ural section modulus, outer diameter, and wall thickness 
(Miao et al. 2021). Meng et al. (2021) also demonstrated 
that biochar incorporation could significantly increase 
the area, xylem area, and phloem area of the large vas-
cular bundle, helping increase the bending resistance of 
rice stalks. Furthermore, Miao et al. (2023) found that 30 
t  ha−1 rice husk biochar application increases the stem 
plumpness and wall thickness of rice cultivars by 18–21% 

and 28–32%, respectively, due to co-deposited silica, 
hemicellulose, and lignin in cell walls, thus enhancing 
lodging resistance and rice yield.

5.3  Promotes crop photosynthesis
Photosynthesis is a vital process for C assimilation and 
growth in diverse plants, affecting carbohydrate synthesis 
and dry matter partitioning processes (Song et al. 2012; 
Zlatev and Lidon 2012). However, it is sensitive to saline 
and drought stresses (Kamran et al. 2021). Several factors 
influence it, including leaf structure (e.g., leaf mass per 
area) and soil chemical properties (e.g., nitrogen level) 
(Xu et  al. 2015). Biochar has been shown to promote 
plant photosynthesis directly by optimizing soil physical 
properties and increasing soil nutrients, and indirectly by 
improving leaf structure and nutrient accumulation. A 
meta-analysis by Gao et al. (2021b) found that although 
biochar had varying effects on the photosynthesis rate 
in different scenarios, its application increased the 
photosynthesis rate by an average of 23% owing to the 
improved soil nutrients. Additionally, biochar application 
improves soil nutrients such as N, P, K, and Mg, which 
promotes the absorption and utilization of  CO2 by crops 
and dry matter accumulation (Lu et  al. 2016; Nan et  al. 
2020; Singh et al. 2018; Zhang et al. 2014). Biochar input 
improves N accumulation in plant leaves, further improv-
ing chlorophyll fluorescence traits (Ali et  al. 2021a). 
Increasing P after biochar addition can prevent photo-
synthesis inhibition due to stomatal conductance recov-
ery, thus enhancing plant resilience to abiotic stresses 
(Khan et al. 2023a). Under drought stress, the activity of 
photosynthesis can be improved by increasing water use 
efficiency, stomatal conductance, chlorophyll content, 
and photosynthetic rates after biochar input (Abideen 
et  al. 2020; Batool et  al. 2015). Under saline stress, bio-
char application can increase stomatal conductance and 
keep stomata open by adjusting the  Na+/K+ ratio, sus-
taining the plant osmotic adjustment and improving the 
leaf area index, leaf water status, and foliar chlorophyll 
thus improving the photosynthesis and yield (Chen et al. 
2023; Ran et al. 2020).

5.4  Increases crop quality and yield
Biochar application in cropland has several advantages 
that could improve plant growth and enhance crop yield, 
even under stress (Chen et al. 2021). A meta-study review 
by Ahmed et al. (2016) discovered a 13% rise in crop yield 
after biochar input. Furthermore, biochar amendment 
has been proven to increase the yield of rice (Anwari 
et al. 2019), maize (Soothar et al. 2021), wheat (Raza et al. 
2023), soybean (Zhang et  al. 2020c), and more, under 
abiotic stresses including drought, saline, heat stress. In 
addition to the widely recognized production-increasing 
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effect, biochar can also improve crop quality, particularly 
in rice, by increasing the ratio of amylose and amylo-
pectin, which is an important parameter for promoting 
rice quality. Higher proportions of amylose represent 
better crop grain quality. Ali et al. (2022a) recently dem-
onstrated that biochar input improved the amylose and 
amylopectin levels by 14% and 8%, respectively. Apart 
from increasing soil nutrients and improving soil struc-
ture for crop growth, biochar promotes the absorption 
and utilization of nitrogen fertilizers, which are essential 
for rice grain quality traits such as appearance, starch 
content, and protein content (Anas et al. 2019; Ying et al. 
2020). Firstly, biochar complexes carry several soluble 
active molecules (benzoic acid, acetoxy acid, carboxylic 
acid, triol, and phenolic substances) that allow direct 
plant uptake, promoting the formation of organic (Gong 
et al. 2020). These molecules are involved in starch syn-
thesis-specific protein/gene binding, activating new 
metabolic pathways that affect grain quality. Secondly, 
biochar promotes crops’ nitrogen utilization, which 
can increase the biosynthesis of starch and sucrose, the 
related activities of amylase and protease (Ali et al. 2020a, 
2020b), and related gene transportation. This improves 
crop photosynthesis and carbohydrate accumulation (Li 
et  al. 2018a). Furthermore, biochar also increases total 
amino acid content in the crop grain with high available 
soil nitrogen (Khan et al. 2023b). The rich silicon brought 
by biochar also helps to improve the photosynthesis of 
plants by promoting the transportation and synthesis of 
carbohydrates for higher-quality crops (Gong et al. 2020; 
Kim et al. 2002).

Studies have also demonstrated that biochar input in 
tobacco cultivation is beneficial to both yield and quality. 
Biochar input can significantly improve the appearance 
quality, total nitrogen, nicotine, and potassium content, 
and smoking properties of tobacco leaves (Pan et al. 2015; 
Zhang et  al. 2020b; Zhu et  al. 2016). It can also modu-
late the nicotine content in tobacco leaves to an opti-
mal range (Zhang et  al.  2020c). Nonetheless, additional 
research is required to understand the mechanism of the 
impact of biochar on tobacco leaf quality. Biochar input 
has also been found to enhance the quality of fruits and 
vegetables. As a soil conditioner, biochar can significantly 
promote fruit flowering, growth, and yield. According 
to Sharma et  al. (2022), biochar input has been associ-
ated with potential benefits for the growth and yield of 
fruit plants such as grapes, peaches, citrus, and apples. 
Furthermore, Zhang et al. (2020a) discovered the poten-
tial of biochar input in reducing the total acidity of Red 
Globe grapes and increasing soluble protein and firm-
ness. Notably, several studies have reported significant 
improvements in tomato fruit quality with biochar input. 
The glucose, fructose-ascorbic acid content, total acidity, 

vitamin C, lycopene, and sugar-acid ratio in tomato fruit 
significantly increase after biochar input (Almaroai and 
Eissa 2020; Suthar et al. 2018). However, the direct mech-
anism behind improving tomato quality through biochar 
is unclear and requires further investigation.

6  Future prospective
This review offers a thorough and systematic integration 
of various mechanisms of biochar affecting soil stress 
tolerance and crop growth. It also serves as a reference 
guide for those seeking to implement biochar into their 
crop management strategies in order to boost yield. The 
effects of biochar on crop growth and yield enhancement 
can vary depending on the environmental conditions and 
the feedstocks of the biochar. However, biochar’s physi-
cal and chemical properties, the main influencing factor 
of crop yield under stresses, could be filtered through 
checking and experimentation. Furthermore, biochar is 
a cost-effective material with great potential for targeted 
modifications to enhance its functionality and minimize 
any negative effects.

However, geographical location can greatly affect the 
efficacy of biochar in continuously enhancing soil devel-
opment, particularly in soils under stress, such as coastal 
saline-alkali soil. While some research has shown that 
biochar can alleviate crop damage caused by environ-
mental stresses, its efficiency may decline over time 
due to mass loss and field aging (Blanco-Canqui 2021). 
Additionally, excessive biochar input can also inhibit the 
improvement of crop grain quality and destroy origi-
nal soil properties under stress (Khan et  al. 2023b). To 
maximize the potential of biochar and explore the ben-
efits of modified biochar for further canonical applica-
tion and strategy design, it would be helpful to establish 
a database for each explored case, taking economic and 
environmental considerations into account. While cur-
rent research suggests that biochar input generally aids 
in resisting stresses and improving crop yield, the direct 
mechanisms and key factors behind this are not yet fully 
understood. Identifying these factors and exploring the 
long-term effectiveness of biochar can help optimize its 
use for agricultural benefits.

In addition, microplastics have emerged as a signifi-
cant soil pollutant that has recently attracted attention. 
Recent studies have highlighted the promising potential 
of biochar in addressing the negative impacts of micro-
plastic pollution on soil quality, but the exact mechanism 
is still unclear. Clarifying the underlying mechanism of 
how biochar interacts with soil microplastics can lay the 
groundwork for developing specific biochar products 
that degrade microplastics.



Page 16 of 25Chi et al. Biochar            (2024) 6:43 

It is important to consider both carbon sequestra-
tion and emission reduction benefits, as well as eco-
nomic benefits when implementing biochar strategies 
to increase crop production and make rational use of 
land resources, especially in the context of increas-
ing demand for carbon neutrality. Notably, only a small 
amount of biochar is prepared with feedstocks harvested 
from the field in situ. Long transportation distances can 
result in a large amount of carbon emissions (Yang et al. 
2020), which may offset the advantages of large-scale 
distributed-centralized system such as higher pyrolysis 
efficiency, low workforce input, and co-product energy 
offsets (Zhu et al. 2022a). On the contrary, decentralized 
and mobile systems are more flexible in space and time 
to achieve on-site conversion, which is more applicable 
to developing countries and off-grid communities (Kang 
et  al. 2021). When promoting and applying on a large 
scale, the performance characteristics of biochar, bio-
mass resources in neighboring areas, and carbonization 
methods (centralized or decentralized system) should 
be fully considered. The full life cycle impact of biochar 
amendment to soil under stresses should also be included 
in evaluating treatment effects. It is critical to establish 
a practical biochar incorporation strategy that can be 
widely implemented (Fig. 6).

Acknowledgements
We value constructive feedback from the editors and reviewers.

Author contributions
All authors contributed to the study conception and design. Wenchen 
Chi: material preparation and analysis, writing-original draft. Qiong Nan: 

Conceptualization, writing-original draft, supervision, revising, writing-review, 
and editing. Yuxue Liu: Revising, writing-review, and editing. Da Dong: 
Revising, writing-review, and editing. Yong Qin: Revising, writing-review, and 
editing. Shengjie Li: Revising, writing-review, and editing. Weixiang Wu: Con-
ceptualization, funding acquiring, review.

Funding
Our research was made possible thanks to support from the National Natural 
Science Foundation of China [Grant Nos. 42077032 and 41571241], the 
National Key Technology Research and Development Program of the Ministry 
of Science and Technology of China [Grant No. 2015BAC02B01], and the China 
Scholarship Council [Grant No. 202106320251]. We express our sincere grati-
tude to the Doctoral student Academic Nova Training Program of Zhejiang 
University and the editors and reviewers for their insightful comments and 
suggestions.

Data availability
All data in the manuscript are previously published.

Declarations

Competing interests
The authors declare no conflicts of interest.

Author details
1 Institute of Environment Pollution Control and Treatment, College of Environ-
ment and Resource Science, Zhejiang University, Hangzhou 310058, People’s 
Republic of China. 2 State Key Laboratory for Managing Biotic and Chemical 
Threats to the Quality and Safety of Agro-Products, Institute of Environment, 
Resource, Soil and Fertilizers, Zhejiang Academy of Agricultural Sciences, 
Hangzhou 310021, China. 3 College of Environmental and Resource Sciences, 
Zhejiang A&F University, Lin’an, Hangzhou 311300, China. 4 Dept Biogeochem, 
Max Planck Inst Marine Microbiol, 28359 Bremen, Germany. 

Received: 23 December 2023   Revised: 7 April 2024   Accepted: 16 April 
2024

Crop growth Transportation

Biomass (agricultural  residue) collection

Biochar transportation

Biochar 
preparation

Biochar 
incorporation

sserts
rednulioS

ht
worg

porc
ecnahnE

R
em

ed
ia

te
 so

il

D
ecentralized and m

obile system
D

istributed-centralized system
O

ptim
ize production conditions

M
odify biochar

Sustainable Agriculture

Agricultural waste disposal

Biochar application strategies
(does, time, and farming methods...)

So
il 

pr
op

er
tie

s
B

iochar properties

Fig. 6 A potential strategy of biochar for sustainable agricultural management



Page 17 of 25Chi et al. Biochar            (2024) 6:43  

References
Abbas G, Abrar MM, Naeem MA, Siddiqui MH, Ali HM, Li Y, Ahmed K, Sun N, Xu 

M (2022) Biochar increases salt tolerance and grain yield of quinoa on 
saline-sodic soil: Multivariate comparison of physiological and oxidative 
stress attributes. J Soil Sediment 22:1446–1459. https:// doi. org/ 10. 1007/ 
s11368- 022- 03159-2

Abdullah K, Ziting W, Zhengxia C, Junyao B, Muhammad A, Muqing Z 
(2021) Investigation of soil nutrients and associated rhizobacterial 
communities in different sugarcane genotypes in relation to sugar 
content. Chem Biol Technol Agric 8:59. https:// doi. org/ 10. 1186/ 
s40538- 021- 00244-5

Abel S, Peters A, Trinks S, Schonsky H, Facklam M, Wessolek G (2013) Impact of 
biochar and hydrochar addition on water retention and water repel-
lency of sandy soil. Geoderma 202:183–191. https:// doi. org/ 10. 1016/j. 
geode rma. 2013. 03. 003

Abideen Z, Koyro H, Huchzermeyer B, Bilquees G, Khan MA (2020) Impact of 
a biochar or a biochar-compost mixture on water relation, nutri-
ent uptake and photosynthesis of Phragmites karka. Pedosphere 
30:466–477. https:// doi. org/ 10. 1016/ S1002- 0160(17) 60362-X

Abiven S, Hund A, Martinsen V, Cornelissen G (2015) Biochar amendment 
increases maize root surface areas and branching: a shovelomics 
study in Zambia. Plant Soil 395:45–55. https:// doi. org/ 10. 1007/ 
s11104- 015- 2533-2

Abrishamkesh S, Gorji M, Asadi H, Bagheri-Marandi GH, Pourbabaee AA (2015) 
Effects of rice husk biochar application on the properties of alkaline 
soil and lentil growth. Plant Soil Environ 61:475–482. https:// doi. org/ 10. 
17221/ 117/ 2015- PSE

Adebajo S, Oluwatobi F, Akintokun P, Ojo A, Akintokun A, Gbodope I (2022) 
Impacts of rice-husk biochar on soil microbial biomass and agronomic 
performances of tomato (Solanum lycopersicum L). Sci Rep-Uk 12:1787. 
https:// doi. org/ 10. 1038/ s41598- 022- 05757-z

Adejumo SA, Arowo DO, Ogundiran MB, Srivastava P (2020) Biochar in combi-
nation with compost reduced Pb uptake and enhanced the growth of 
maize in lead (Pb)-contaminated soil exposed to drought stress. J Crop 
Sci Biotechnol 23:273–288

Afaf A et al (2023) The importance of initial application of biochar on soil 
fertility to improve growth and productivity of tomato plants (Solanum 
lycopersicum L.) under drought stress. Gesunde Pflanz. https:// doi. org/ 
10. 1007/ s10343- 023- 00868-7

Ahmad M, Rajapaksha AU, Lim JE, Zhang M, Bolan N, Mohan D, Vithanage M, 
Lee SS, Ok YS (2014) Biochar as a sorbent for contaminant management 
in soil and water: a review. Chemosphere 99:19–33. https:// doi. org/ 10. 
1016/j. chemo sphere. 2013. 10. 071

Ahmed A, Kurian J, Raghavan V (2016) Biochar influences on agricultural 
soils, crop production, and the environment: a review. Environ Rev 
24:495–502. https:// doi. org/ 10. 1139/ er- 2016- 0008

Akhtar SS, Andersen MN, Liu F (2015) Biochar mitigates salinity stress in potato. 
J Agron Crop Sci 201:368–378. https:// doi. org/ 10. 1111/ jac. 12132

Akinbile C, Adegbola O, Akande S (2016) Determining the effect of salt-
induced soil on paddy rice development and yield using GIS 
mapping. Paddy Water Environ 14:313–323. https:// doi. org/ 10. 1007/ 
s10333- 015- 0501-3

Albert HA, Li X, Jeyakumar P, Wei L, Huang L, Huang Q, Kamran M, Shaheen 
SM, Hou D, Rinklebe J, Liu Z, Wang H (2021) Influence of biochar and 
soil properties on soil and plant tissue concentrations of Cd and Pb: 
a meta-analysis. Sci Total Environ. https:// doi. org/ 10. 1016/j. scito tenv. 
2020. 142582

Alessandrino L, Pavlakis C, Colombani N, Mastrocicco M, Aschonitis V (2023) 
Effects of graphene on soil water-retention curve, van Genuchten 
parameters, and soil pore size distribution—a comparison with tradi-
tional soil conditioners. Water-Sui. https:// doi. org/ 10. 3390/ w1507 1297

Alghamdi AG (2018) Biochar as a potential soil additive for improving soil 
physical properties—a review. Arab J Geosci. https:// doi. org/ 10. 1007/ 
s12517- 018- 4056-7

Ali AB, Elshaikh NA (2022) Review: performance of biochar under diminish 
water stress in plants. Commun Soil Sci Plan 53:1–16. https:// doi. org/ 10. 
1080/ 00103 624. 2021. 19845 08

Ali S, Rizwan M, Qayyum M, Ok Y, Ibrahim M, Riaz M, Arif M, Hafeez F, Al-Wabel 
M, Shahzad A (2017) Biochar soil amendment on alleviation of drought 
and salt stress in plants: a critical review. Environ Sci Pollut R 24:12700–
12712. https:// doi. org/ 10. 1007/ s11356- 017- 8904-x

Ali N, Khan S, Yao H, Wang J (2019) Biochars reduced the bioaccessibility and 
(bio)uptake of organochlorine pesticides and changed the microbial 
community dynamics in agricultural soils. Chemosphere 224:805–815. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 02. 163

Ali I, He L, Ullah S, Quan Z, Wei S, Igbal A, Munsif F, Shah T, Xuan Y, Luo Y, Li T, 
Jiang L (2020a) Biochar addition coupled with nitrogen fertilization 
impacts on soil quality, crop productivity, and nitrogen uptake under 
double-cropping system. Food Energy Secur. https:// doi. org/ 10. 1002/ 
fes3. 208

Ali I, Ullah S, He L, Zhao Q, Iqbal A, Wei S, Shah T, Ali N, Bo Y, Adnan M, Amanul-
lah JL (2020b) Combined application of biochar and nitrogen fertilizer 
improves rice yield, microbial activity and N-metabolism in a pot 
experiment. PeerJ. https:// doi. org/ 10. 7717/ peerj. 10311

Ali I, Ullah S, Iqbal A, Quan Z, Liang H, Ahmad S, Muhammad I, Amanullah I, 
Guo Z, Wei S, Jiang L (2021a) Combined application of biochar and 
nitrogen fertilizer promotes the activity of starch metabolism enzymes 
and the expression of related genes in rice in a dual cropping system. 
Bmc Plant Biol. https:// doi. org/ 10. 1186/ s12870- 021- 03384-w

Ali L, Manzoor N, Li X, Naveed M, Nadeem S, Waqas M, Khalid M, Abbas A, 
Ahmed T, Li B, Yan J (2021b) Impact of corn cob-derived biochar in 
altering soil quality, biochemical status and improving maize growth 
under drought stress. Agronomy-Basel. https:// doi. org/ 10. 3390/ agron 
omy11 112300

Ali I, Iqbal A, Ullah S, Muhammad I, Yuan P, Zhao Q, Yang M, Zhang H, Huang 
M, Liang H, Gu M, Jiang L (2022a) Effects of biochar amendment and 
nitrogen fertilizer on RVA profile and rice grain quality attributes. Foods. 
https:// doi. org/ 10. 3390/ foods 11050 625

Ali I, Yuan P, Ullah S, Iqbal A, Zhao Q, Liang H, Khan A, Imran ZH, Wu X, Wei 
S, Gu M, Jiang L (2022b) Biochar amendment and nitrogen fertilizer 
contribute to the changes in soil properties and microbial communities 
in a paddy field. Front Microbiol. https:// doi. org/ 10. 3389/ fmicb. 2022. 
834751

Ali I, Zhao Q, Wu K, Ullah S, Iqbal A, Liang H, Zhang J, Muhammad I, Amanullah 
KA, Khan AA, Jiang L (2022c) Biochar in combination with nitrogen 
fertilizer is a technique: to enhance physiological and morphological 
traits of rice (Oryza sativa L.) By improving soil physio-biochemical 
properties. J Plant Growth Regul 41:2406–2420. https:// doi. org/ 10. 
1007/ s00344- 021- 10454-8

AlKaraki GN (2008) Barley response to salt stress at varied levels of phosphorus. 
J Plant Nutr 20:1635–1643. https:// doi. org/ 10. 1080/ 01904 16970 93653 
62

Almaroai YA, Eissa MA (2020) Effect of biochar on yield and quality of tomato 
grown on a metal-contaminated soil. Sci Hortic-Amsterdam. https:// 
doi. org/ 10. 1016/j. scien ta. 2020. 109210

Amoakwah E, Frimpong KA, Okae-Anti D, Arthur E (2017) Soil water reten-
tion, air flow and pore structure characteristics after corn cob biochar 
application to a tropical sandy loam. Geoderma 307:189–197. https:// 
doi. org/ 10. 1016/j. geode rma. 2017. 08. 025

Amoozegar A, Warrick AW (1986) Hydraulic conductivity of saturated soils: 
field methods. pp 735–770.

An N, Zhang L, Liu Y, Shen S, Li N, Wu Z, Yang J, Han W, Han X (2022) Biochar 
application with reduced chemical fertilizers improves soil pore struc-
ture and rice productivity. Chemosphere 298. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2022. 134304

Anas I, Liang H, Aziz K, Shangqin W, Kashif A, Izhar A, Saif U, Fazal M, Quan Z, 
Ligeng J (2019) Organic manure coupled with inorganic fertilizer: an 
approach for the sustainable production of rice by improving soil prop-
erties and nitrogen use efficiency. Agronomy 9:651. https:// doi. org/ 10. 
3390/ agron omy91 00651

Anwar T, Shehzadi A, Qureshi H, Shah M, Danish S, Salmen S, Ansari M (2023) 
Alleviation of cadmium and drought stress in wheat by improving 
growth and chlorophyll contents amended with GA3 enriched deashed 
biochar. Sci Rep-Uk. https:// doi. org/ 10. 1038/ s41598- 023- 45670-7

Anwari G, Feng J, Alio Moussa A (2019) Multiple beneficial effects of using 
biochar (as a great organic material) on tolerance and productivity of 
rice under abiotic stress. J Modern Mater 6:40–51. https:// doi. org/ 10. 
21467/ jmm.6. 1. 40- 51

Artiola J, Rasmussen C, Freitas R (2012) Effects of a biochar-amended alkaline 
soil on the growth of romaine lettuce and bermudagrass. Soil Sci 
177:561–570. https:// doi. org/ 10. 1097/ SS. 0b013 e3182 6ba908

https://doi.org/10.1007/s11368-022-03159-2
https://doi.org/10.1007/s11368-022-03159-2
https://doi.org/10.1186/s40538-021-00244-5
https://doi.org/10.1186/s40538-021-00244-5
https://doi.org/10.1016/j.geoderma.2013.03.003
https://doi.org/10.1016/j.geoderma.2013.03.003
https://doi.org/10.1016/S1002-0160(17)60362-X
https://doi.org/10.1007/s11104-015-2533-2
https://doi.org/10.1007/s11104-015-2533-2
https://doi.org/10.17221/117/2015-PSE
https://doi.org/10.17221/117/2015-PSE
https://doi.org/10.1038/s41598-022-05757-z
https://doi.org/10.1007/s10343-023-00868-7
https://doi.org/10.1007/s10343-023-00868-7
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1139/er-2016-0008
https://doi.org/10.1111/jac.12132
https://doi.org/10.1007/s10333-015-0501-3
https://doi.org/10.1007/s10333-015-0501-3
https://doi.org/10.1016/j.scitotenv.2020.142582
https://doi.org/10.1016/j.scitotenv.2020.142582
https://doi.org/10.3390/w15071297
https://doi.org/10.1007/s12517-018-4056-7
https://doi.org/10.1007/s12517-018-4056-7
https://doi.org/10.1080/00103624.2021.1984508
https://doi.org/10.1080/00103624.2021.1984508
https://doi.org/10.1007/s11356-017-8904-x
https://doi.org/10.1016/j.chemosphere.2019.02.163
https://doi.org/10.1002/fes3.208
https://doi.org/10.1002/fes3.208
https://doi.org/10.7717/peerj.10311
https://doi.org/10.1186/s12870-021-03384-w
https://doi.org/10.3390/agronomy11112300
https://doi.org/10.3390/agronomy11112300
https://doi.org/10.3390/foods11050625
https://doi.org/10.3389/fmicb.2022.834751
https://doi.org/10.3389/fmicb.2022.834751
https://doi.org/10.1007/s00344-021-10454-8
https://doi.org/10.1007/s00344-021-10454-8
https://doi.org/10.1080/01904169709365362
https://doi.org/10.1080/01904169709365362
https://doi.org/10.1016/j.scienta.2020.109210
https://doi.org/10.1016/j.scienta.2020.109210
https://doi.org/10.1016/j.geoderma.2017.08.025
https://doi.org/10.1016/j.geoderma.2017.08.025
https://doi.org/10.1016/j.chemosphere.2022.134304
https://doi.org/10.1016/j.chemosphere.2022.134304
https://doi.org/10.3390/agronomy9100651
https://doi.org/10.3390/agronomy9100651
https://doi.org/10.1038/s41598-023-45670-7
https://doi.org/10.21467/jmm.6.1.40-51
https://doi.org/10.21467/jmm.6.1.40-51
https://doi.org/10.1097/SS.0b013e31826ba908


Page 18 of 25Chi et al. Biochar            (2024) 6:43 

Asai H, Samson BK, Stephan HM, Songyikhangsuthor K, Homma K, Kiyono Y, 
Inoue Y, Shiraiwa T, Horie T (2009) Biochar amendment techniques for 
upland rice production in Northern Laos 1. Soil physical properties, 
leaf SPAD and grain yield. Field Crop Res 111:81–84. https:// doi. org/ 10. 
1016/j. fcr. 2008. 10. 008

Atanassova I, Okazaki M (1997) Adsorption-desorption characteristics of high 
levels of copper in soil clay fractions. Water Air Soil Poll 98:213–228. 
https:// doi. org/ 10. 1007/ BF020 47035

Awe GO, Reichert JM, Holthusen D, Ambus JV, de Faccio Carvalho PC (2021) 
Characterization of microstructural stability of biochar-amended plano-
sol under conventional tillage for irrigated lowland rice ecosystem. Soil 
till Res. https:// doi. org/ 10. 1016/j. still. 2021. 105051

Azadi N, Raiesi F (2021) Salinity-induced changes in cadmium availability affect 
soil microbial and biochemical functions: mitigating role of biochar. 
Chemosphere 274:129924. https:// doi. org/ 10. 1016/j. chemo sphere. 
2021. 129924

Azadi N, Raiesi F (2023) Minimizing salinity-induced Pb toxicity to microbial 
N cycling processes in saline Pb-polluted soils amended with biochar. 
Pedobiologia. https:// doi. org/ 10. 1016/j. pedobi. 2022. 150861

Babujia LC, Silva AP, Nakatani AS, Cantao ME, Ribeiro Vasconcelos AT, 
Visentainer JV, Hungria M (2016) Impact of long-term cropping of 
glyphosate-resistant transgenic soybean [Glycine max (L.) Merr.] on 
soil microbiome. Transgenic Res 25:425–440. https:// doi. org/ 10. 1007/ 
s11248- 016- 9938-4

Bagues M, Neji M, Karbout N, Boussora F, Triki T, Guasmi F, Nagaz K (2024) Miti-
gating salinity stress in barley (Hordeum vulgare L.) Through biochar and 
NPK fertilizers: impacts on physio-biochemical behavior and grain yield. 
Agronomy. https:// doi. org/ 10. 3390/ agron omy14 020317

Baijukya F, Van Heerwaarden J, Franke A, van den Brand G, Foli S, Keino L, Seitz 
T, Servan L, Vanlauwe B, Giller K (2021) Nutrient deficiencies are key 
constraints to grain legume productivity on “non-responsive” soils in 
Sub-Saharan Africa. Front Sustain Food Syst. https:// doi. org/ 10. 3389/ 
fsufs. 2021. 678955

Bamagoos A, Alharby H, Fahad S (2021) Biochar coupling with phosphorus 
fertilization modifies antioxidant activity, osmolyte accumulation and 
reactive oxygen species synthesis in the leaves and xylem sap of rice 
cultivars under high-temperature stress. Physiol Mol Biol Pla 27:2083–
2100. https:// doi. org/ 10. 1007/ s12298- 021- 01062-7

Bandara T, Franks A, Xu J, Bolan N, Wang H, Tang C (2020) Chemical and 
biological immobilization mechanisms of potentially toxic elements in 
biochar-amended soils. Crit Rev Env Sci Tec 50:903–978. https:// doi. org/ 
10. 1080/ 10643 389. 2019. 16428 32

Bañon S, Fernandez JA, Franco JA, Torrecillas A, Alarcón JJ, Sánchez-Blanco MJ 
(2004) Effects of water stress and night temperature preconditioning 
on water relations and morphological and anatomical changes of Lotus 
creticus plants. Sci Hortic-Amsterdam 101:333–342. https:// doi. org/ 10. 
1016/j. scien ta. 2003. 11. 007

Batool A, Taj S, Rashid A, Khalid A, Qadeer S, Saleem AR, Ghufran MA (2015) 
Potential of soil amendments (Biochar and Gypsum) in increasing water 
use efficiency of Abelmoschus esculentus L. Moench Front Plant Sci 
6:733. https:// doi. org/ 10. 3389/ fpls. 2015. 00733/ epub

Beheshti M, Etesami H, Alikhani HA (2018) Effect of different biochars amend-
ment on soil biological indicators in a calcareous soil. Environ Sci Pollut 
R 25:14752–14761. https:// doi. org/ 10. 1007/ s11356- 018- 1682-2

Bengough AG, Mullins CE (1990) Mechanical impedance to root-growth—a 
review of experimental-techniques and root-growth responses. J Soil 
Sci 41:341–358. https:// doi. org/ 10. 1111/j. 1365- 2389. 1990. tb000 70.x

Bhandari G, Gangola S, Dhasmana A (2023) Nano-biochar: recent progress, 
challenges, and opportunities for sustainable environmental remedia-
tion. https:// doi. org/ 10. 3389/ fmicb. 2023. 12148 70/ full

Blanco-Canqui H (2017) Biochar and soil physical properties. Soil Sci Soc Am J 
81:687–711. https:// doi. org/ 10. 2136/ sssaj 2017. 01. 0017

Blanco-Canqui H (2021) Does biochar application alleviate soil compaction? 
Review and data synthesis. Geoderma 404:115317. https:// doi. org/ 10. 
1016/j. geode rma. 2021. 115317

Bolan N, Sarmah AK, Bordoloi S, Bolan S, Padhye LP, Van Zwieten L, Sooriya-
kumar P, Khan BA, Ahmad M, Solaiman ZM, Rinklebe J, Wang H, Singh 
BP, Siddique KHM (2023) Soil acidification and the liming potential of 
biochar. Environ Pollut 317:120632. https:// doi. org/ 10. 1016/j. envpol. 
2022. 120632

Bourke J (2007) Preparation and properties of natural, demineralized, pure, 
and doped carbons from biomass; Model of the chemical structure of 
carbonized charcoal. University of Waikato; The University of Waikato: 
Hamilton, New Zealand.

Brennan A, Moreno Jimenez E, Puschenreiter M, Antonio Alburquerque J, 
Switzer C (2014) Effects of biochar amendment on root traits and con-
taminant availability of maize plants in a copper and arsenic impacted 
soil. Plant Soil 379:351–360. https:// doi. org/ 10. 1007/ s11104- 014- 2074-0

Burgeon V, Fouche J, Leifeld J, Chenu C, Cornelis J (2021) Organo-mineral asso-
ciations largely contribute to the stabilization of century-old pyrogenic 
organic matter in cropland soils. Geoderma. https:// doi. org/ 10. 1016/j. 
geode rma. 2020. 114841

Campos P, Miller AZ, Prats SA, Knicker H, Hagemann N, De la Rosa JM (2020) 
Biochar amendment increases bacterial diversity and vegetation cover 
in trace element-polluted soils: a long-term field experiment. Soil Biol 
Biochem. https:// doi. org/ 10. 1016/j. soilb io. 2020. 108014

Canasveras JC, Barron V, Del Campillo MC, Torrent J, Gomez JA (2010) Estima-
tion of aggregate stability indices in Mediterranean soils by diffuse 
reflectance spectroscopy. Geoderma 158:78–84. https:// doi. org/ 10. 
1016/j. geode rma. 2009. 09. 004

Cao D, Lan Y, Yang X, Chen W, Jiang L, Wu Z, Li N, Han X (2023) Phosphorus 
fractions in biochar-amended soil—chemical sequential fractionation, 
31p nmr, and phosphatase activity. Arch Agron Soil Sci 69:169–181. 
https:// doi. org/ 10. 1080/ 03650 340. 2021. 19673 27

Carr P, Cavigelli M, Darby H, Delate K, Eberly J, Gramig G, Heckman J, Mallory E, 
Reeve J, Silva E, Suchoff D, Woodley A (2019) Nutrient cycling in organic 
field crops in Canada and the United States. Agron J 111:2769–2785. 
https:// doi. org/ 10. 2134/ agron j2019. 04. 0275

Chaganti VN, Crohn DM (2015) Evaluating the relative contribution of physi-
ochemical and biological factors in ameliorating a saline-sodic soil 
amended with composts and biochar and leached with reclaimed 
water. Geoderma 259:45–55. https:// doi. org/ 10. 1016/j. geode rma. 2015. 
05. 005

Chakraborty K, Bhaduri D, Meena HN, Kalariya K (2016) External potassium  (K+) 
application improves salinity tolerance by promoting  Na+-exclusion, 
 K+-accumulation and osmotic adjustment in contrasting peanut 
cultivars. Plant Physiol Bioch 103:143–153. https:// doi. org/ 10. 1016/j. 
plaphy. 2016. 02. 039

Chen G, Shan X, Wang Y, Pei Z, Shen X, Wen B, Owens G (2008) Effects of 
copper, lead, and cadmium on the sorption and desorption of atrazine 
onto and from carbon nanotubes. Environ Sci Technol 42:8297–8302. 
https:// doi. org/ 10. 1021/ es801 376w

Chen C, Wang R, Shang J, Liu K, Irshad MK, Hu K, Arthur E (2018) Effect of 
biochar application on hydraulic properties of sandy soil under dry and 
wet conditions. Vadose Zone J. https:// doi. org/ 10. 2136/ vzj20 18. 05. 0101

Chen H, Yang X, Gielen G, Mandal S, Xu S, Guo J, Shaheen SM, Rinklebe J, Che 
L, Wang H (2019) Effect of biochars on the bioavailability of cadmium 
and di-(2-ethylhexyl) phthalate to Brassica chinensis L in contaminated 
soils. Sci Total Environ 678:43–52. https:// doi. org/ 10. 1016/j. scito tenv. 
2019. 04. 417

Chen H, Yang X, Wang H, Sarkar B, Shaheen SM, Gielen G, Bolan N, Guo J, Che 
L, Sun H, Rinklebe J (2020) Animal carcass- and wood-derived biochars 
improved nutrient bioavailability, enzyme activity, and plant growth in 
metal-phthalic acid ester co-contaminated soils: a trial for reclamation 
and improvement of degraded soils. J Environ Manag. https:// doi. org/ 
10. 1016/j. jenvm an. 2020. 110246

Chen X, Yang S, Ding J, Jiang Z, Sun X (2021) Effects of biochar addition on rice 
growth and yield under water-saving irrigation. Water-Sui. https:// doi. 
org/ 10. 3390/ w1302 0209

Chen C, Zhu H, Lv Q, Tang Q (2022a) Impact of biochar on red paddy soil 
physical and hydraulic properties and rice yield over 3 years. J Soil Sedi-
ment 22:607–616. https:// doi. org/ 10. 1007/ s11368- 021- 03090-y

Chen Y, Tang H, He B, Yan Z, Liu X, Qiang J (2022b) Root tensile strength of ter-
race hedgerow plants in the karst trough valleys of SW China: Relation 
with root morphology and fiber content. Int Soil Water Conserv Res 
10:677–686. https:// doi. org/ 10. 1016/j. iswcr. 2022. 01. 008

Chen R, Zheng L, Zhao J, Ma J, Li X (2023) Biochar application maintains 
photosynthesis of cabbage by regulating stomatal parameters in salt-
stressed soil. Sustainability-Basel. https:// doi. org/ 10. 3390/ su150 54206

Chen M, Wu L, Ding X, Liu L, Li Y, Fei C, Zhang S (2024) Fe-modified biochar 
improved the stability of soil aggregates and organic carbon: evidence 

https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1007/BF02047035
https://doi.org/10.1016/j.still.2021.105051
https://doi.org/10.1016/j.chemosphere.2021.129924
https://doi.org/10.1016/j.chemosphere.2021.129924
https://doi.org/10.1016/j.pedobi.2022.150861
https://doi.org/10.1007/s11248-016-9938-4
https://doi.org/10.1007/s11248-016-9938-4
https://doi.org/10.3390/agronomy14020317
https://doi.org/10.3389/fsufs.2021.678955
https://doi.org/10.3389/fsufs.2021.678955
https://doi.org/10.1007/s12298-021-01062-7
https://doi.org/10.1080/10643389.2019.1642832
https://doi.org/10.1080/10643389.2019.1642832
https://doi.org/10.1016/j.scienta.2003.11.007
https://doi.org/10.1016/j.scienta.2003.11.007
https://doi.org/10.3389/fpls.2015.00733/epub
https://doi.org/10.1007/s11356-018-1682-2
https://doi.org/10.1111/j.1365-2389.1990.tb00070.x
https://doi.org/10.3389/fmicb.2023.1214870/full
https://doi.org/10.2136/sssaj2017.01.0017
https://doi.org/10.1016/j.geoderma.2021.115317
https://doi.org/10.1016/j.geoderma.2021.115317
https://doi.org/10.1016/j.envpol.2022.120632
https://doi.org/10.1016/j.envpol.2022.120632
https://doi.org/10.1007/s11104-014-2074-0
https://doi.org/10.1016/j.geoderma.2020.114841
https://doi.org/10.1016/j.geoderma.2020.114841
https://doi.org/10.1016/j.soilbio.2020.108014
https://doi.org/10.1016/j.geoderma.2009.09.004
https://doi.org/10.1016/j.geoderma.2009.09.004
https://doi.org/10.1080/03650340.2021.1967327
https://doi.org/10.2134/agronj2019.04.0275
https://doi.org/10.1016/j.geoderma.2015.05.005
https://doi.org/10.1016/j.geoderma.2015.05.005
https://doi.org/10.1016/j.plaphy.2016.02.039
https://doi.org/10.1016/j.plaphy.2016.02.039
https://doi.org/10.1021/es801376w
https://doi.org/10.2136/vzj2018.05.0101
https://doi.org/10.1016/j.scitotenv.2019.04.417
https://doi.org/10.1016/j.scitotenv.2019.04.417
https://doi.org/10.1016/j.jenvman.2020.110246
https://doi.org/10.1016/j.jenvman.2020.110246
https://doi.org/10.3390/w13020209
https://doi.org/10.3390/w13020209
https://doi.org/10.1007/s11368-021-03090-y
https://doi.org/10.1016/j.iswcr.2022.01.008
https://doi.org/10.3390/su15054206


Page 19 of 25Chi et al. Biochar            (2024) 6:43  

from enzymatic activity and microbial composition. Land Degrad Dev 
35:732–743. https:// doi. org/ 10. 1002/ ldr. 4948

Ch’Ng HY, Haruna AO, Majid NMNA, Jalloh MB (2019) Improving soil phos-
phorus availability and yield of Zea mays I. Using biochar and compost 
derived from agro-industrial wastes. Ital J Agron 14:34–42. https:// doi. 
org/ 10. 4081/ ija. 2019. 1107

Cole EJ, Zandvakili OR, Blanchard J, Xing B, Hashemi M, Etemadi F (2019) Inves-
tigating responses of soil bacterial community composition to hard-
wood biochar amendment using high-throughput PCR sequencing. 
Appl Soil Ecol 136:80–85. https:// doi. org/ 10. 1016/j. apsoil. 2018. 12. 010

Cusack DF, Silver W, McDowell WH (2009) Biological nitrogen fixation in two 
tropical forests: ecosystem-level patterns and effects of nitrogen 
fertilization. Ecosystems 12:1299–1315. https:// doi. org/ 10. 1007/ 
s10021- 009- 9290-0

Dai Z, Enders A, Rodrigues JLM, Hanley KL, Brookes PC, Xu J, Lehmann J (2018) 
Soil fungal taxonomic and functional community composition as 
affected by biochar properties. Soil Biol Biochem 126:159–167. https:// 
doi. org/ 10. 1016/j. soilb io. 2018. 09. 001

Dai Y, Zheng H, Jiang Z, Xing B (2020) Combined effects of biochar properties 
and soil conditions on plant growth: a meta-analysis. Sci Total Environ. 
https:// doi. org/ 10. 1016/j. scito tenv. 2020. 136635

Das SK, Ghosh GK, Mishra VK, Choudhury BU, Dutta SK, Hazarika S, Kalita H, 
Roy A, Singh NU, Gopi R, Devi EL, Mukherjee I, Balusamy A, Singh M, 
Yadav A, Kapoor C, Baruah K (2021) Utilizing dissimilar feedstocks 
derived biochar amendments to alter soil biological indicators in acidic 
soil of Northeast India. Biomass Convers Bior. https:// doi. org/ 10. 1007/ 
s13399- 021- 01670-z

Dey G, Banerjee P, Sharma R, Maity J, Etesami H, Shaw A, Huang Y, Huang 
H, Chen C (2021) Management of phosphorus in salinity-stressed 
agriculture for sustainable crop production by salt-tolerant phosphate-
solubilizing bacteria—a review. Agronomy-Basel. https:// doi. org/ 10. 
3390/ agron omy11 081552

Dong X, Singh BP, Li G, Lin Q, Zhao X (2019) Biochar has little effect on soil 
dissolved organic carbon pool 5 years after biochar application under 
field condition. Soil Use Manag 35:466–477. https:// doi. org/ 10. 1111/ 
sum. 12474

Duan M, Yan R, Wang Q, Zhou B, Zhu H, Liu G, Guo X, Zhang Z (2023) Inte-
grated microbiological and metabolomics analyses to understand 
the mechanism that allows modified biochar to affect the alkalinity 
of saline soil and winter wheat growth. Sci Total Environ 866:161330. 
https:// doi. org/ 10. 1016/j. scito tenv. 2022. 161330

Egamberdieva D, Li L, Ma H, Wirth S, Bellingrath-Kimura S (2019) Soil amend-
ment with different maize biochars improves chickpea growth under 
different moisture levels by improving symbiotic performance with 
Mesorhizobium ciceri and soil biochemical properties to varying 
degrees. Front Microbiol. https:// doi. org/ 10. 3389/ fmicb. 2019. 02423

Egamberdieva D, Ma H, Shurigin V, Alimov J, Wirth S, Bellingrath-Kimura S 
(2022) Biochar additions alter the abundance of p-cycling-related 
bacteria in the rhizosphere soil of Portulaca oleracea L. under salt stress. 
Soil Syst. https:// doi. org/ 10. 3390/ soils ystem s6030 064

Elgharably A (2011) Wheat response to combined application of nitrogen and 
phosphorus in a saline sandy loam soil. Soil Sci Plant Nutr 57:396–402. 
https:// doi. org/ 10. 1080/ 00380 768. 2011. 582588

El-Naggar A, Lee SS, Awad YM, Yang X, Ryu C, Rizwan M, Rinklebe J, Tsang 
DCW, Ok YS (2018) Influence of soil properties and feedstocks on bio-
char potential for carbon mineralization and improvement of infertile 
soils. Geoderma 332:100–108. https:// doi. org/ 10. 1016/j. geode rma. 2018. 
06. 017

El-Sharkawy M, El-Naggar AH et al (2022) Acid-modified biochar impacts on 
soil properties and biochemical characteristics of crops grown in saline-
sodic soils. Sustainability-Basel. https:// doi. org/ 10. 3390/ su141 38190

Evans LJ (1989) Chemistry of metal retention by soils—Several processes are 
explained. Environ Sci Technol 23:1046. https:// doi. org/ 10. 1021/ es000 
67a001

Fang H, Rong H, Hallett PD, Monney SJ, Zhang W, Zhou H, Peng X (2019) 
Impact of soil puddling intensity on the root system architecture of rice 
(Oryza sativa L.) Seedlings. Soil till Res 193:1–7. https:// doi. org/ 10. 1016/j. 
still. 2019. 05. 022

Farhangi-Abriz S, Torabian S (2017) Antioxidant enzyme and osmotic adjust-
ment changes in bean seedlings as affected by biochar under salt 

stress. Ecotox Environ Safe 137:64–70. https:// doi. org/ 10. 1016/j. ecoenv. 
2016. 11. 029

Fierer N, Bradford MA, Jackson RB (2007) Toward an ecological classification of 
soil bacteria. Ecology 88:1354–1364. https:// doi. org/ 10. 1890/ 05- 1839

FrankenbergerR WT, Johanson JB (1982) Effect of pH on enzyme stability 
in soils. Soil Biol Biochem 14:433–437. https:// doi. org/ 10. 1016/ 0038- 
0717(82) 90101-8

Gai X, Wang H, Liu J, Zhai L, Liu S, Ren T, Liu H (2014) Effects of feedstock and 
pyrolysis temperature on biochar adsorption of ammonium and nitrate. 
PLoS ONE. https:// doi. org/ 10. 1371/ journ al. pone. 01138 88

Gao S, Hoffman-Krull K, Bidwell AL, DeLuca TH (2016) Locally produced wood 
biochar increases nutrient retention and availability in agricultural soils 
of the San Juan Islands, USA. Agr Ecosyst Environ 233:43–54. https:// doi. 
org/ 10. 1016/j. agee. 2016. 08. 028

Gao M, Yang J, Liu C, Gu B, Han M, Li J, Li N, Liu N, An N, Dai J, Liu X, Han X 
(2021a) Effects of long-term biochar and biochar-based fertilizer appli-
cation on brown earth soil bacterial communities. Agr Ecosyst Environ. 
https:// doi. org/ 10. 1016/j. agee. 2020. 107285

Gao Y, Shao G, Yang Z, Zhang K, Lu J, Wang Z, Wu S, Xu D (2021b) Influences 
of soil and biochar properties and amount of biochar and fertilizer on 
the performance of biochar in improving plant photosynthetic rate: A 
meta-analysis. Eur J Agron. https:// doi. org/ 10. 1016/j. eja. 2021. 126345

Ghassemi-Golezani K, Farhangi-Abriz S (2021) Biochar-based metal oxide 
nanocomposites of magnesium and manganese improved root devel-
opment and productivity of safflower (Carthamus tinctorius L.) Under 
salt stress. Rhizosphere. https:// doi. org/ 10. 1016/j. rhisph. 2021. 100416

Gong D, Xu X, Wu L, Dai G, Zheng W, Xu Z (2020) Effect of biochar on rice 
starch properties and starch-related gene expression and enzyme 
activities. Sci Rep-UK. https:// doi. org/ 10. 1038/ s41598- 020- 73888-2

Gul S, Whalen JK, Thomas BW, Sachdeva V, Deng H (2015) Physico-chemical 
properties and microbial responses in biochar-amended soils: mecha-
nisms and future directions. Agr Ecosyst Environ 206:46–59. https:// doi. 
org/ 10. 1016/j. agee. 2015. 03. 015

Haifeng J, Songtao J, Cheng Z, Chen W, Pervaiz T, Zhongjie L, Baoju W, Liwen 
C, Jinggui F (2016) Abscisic acid and sucrose regulate tomato and 
strawberry fruit ripening through the abscisic acid-stress-ripening 
transcription factor. Plant Biotechnol J 14:2045–2065. https:// doi. org/ 
10. 1111/ pbi. 12563

Hailegnaw NS, Mercl F, Pracke K, Praus L, Szakova J, Tlustos P (2020) The role of 
biochar and soil properties in determining the available content of Al, 
Cu, Zn, Mn, and Cd in soil. Agronomy-Basel. https:// doi. org/ 10. 3390/ 
agron omy10 060885

Han S, Li H, Rengel Z, Du Z, Hu N, Wang Y, Zhang A (2023) Biochar application 
promotes crops yield through regulating root development and the 
community structure of root endophytic fungi in wheat-maize rotation. 
Soil till Res. https:// doi. org/ 10. 1016/j. still. 2023. 105827

Haque ANA, Uddin MK, Sulaiman MF, Amin AM, Hossain M, Solaiman ZM, 
Mosharrof M (2021) Biochar with alternate wetting and drying irriga-
tion: a potential technique for paddy soil management. Agriculture-
Basel 11:367. https:// doi. org/ 10. 3390/ agric ultur e1104 0367

Hardie M, Clothier B, Bound S, Oliver G, Close D (2014) Does biochar influence 
soil physical properties and soil water availability? Plant Soil 376:347–
361. https:// doi. org/ 10. 1007/ s11104- 013- 1980-x

Hasanuzzaman M, Nahar K, Alam MM, Roychowdhury R, Fujita M (2013) 
Physiological, biochemical, and molecular mechanisms of heat stress 
tolerance in plants. Int J Mol Sci 14:9643–9684. https:// doi. org/ 10. 3390/ 
ijms1 40596 43

Hasnain M, Abideen Z, Dias D, Naz S, Munir N (2023) Utilization of saline water 
enhances lipid accumulation in green microalgae for the sustainable 
production of biodiesel. Bioenerg Res 16:1026–1039. https:// doi. org/ 10. 
1007/ s12155- 022- 10467-5

Hazman M, Fawzy S, Hamdy A, Khaled A, Mahmoud A, Khalid E, Ibrahim HM, 
Gamal M, Abo Elyazeed N, Saber N (2023) Enhancing rice resilience 
to drought by applying biochar-compost mixture in low-fertile sandy 
soil. Beni-Suef Univ J Basic Appl Sci 12:74. https:// doi. org/ 10. 1186/ 
s43088- 023- 00411-7

He P, Yu Q, Zhang H, Shao L, Lu F (2017) Removal of copper (II) by biochar 
mediated by dissolved organic matter. Sci Rep-UK. https:// doi. org/ 10. 
1038/ s41598- 017- 07507-y

He D, Cui J, Gao M, Wang W, Zhou J, Yang J, Wang J, Li Y, Jiang C, Peng Y (2019) 
Effects of soil amendments applied on cadmium availability, soil 

https://doi.org/10.1002/ldr.4948
https://doi.org/10.4081/ija.2019.1107
https://doi.org/10.4081/ija.2019.1107
https://doi.org/10.1016/j.apsoil.2018.12.010
https://doi.org/10.1007/s10021-009-9290-0
https://doi.org/10.1007/s10021-009-9290-0
https://doi.org/10.1016/j.soilbio.2018.09.001
https://doi.org/10.1016/j.soilbio.2018.09.001
https://doi.org/10.1016/j.scitotenv.2020.136635
https://doi.org/10.1007/s13399-021-01670-z
https://doi.org/10.1007/s13399-021-01670-z
https://doi.org/10.3390/agronomy11081552
https://doi.org/10.3390/agronomy11081552
https://doi.org/10.1111/sum.12474
https://doi.org/10.1111/sum.12474
https://doi.org/10.1016/j.scitotenv.2022.161330
https://doi.org/10.3389/fmicb.2019.02423
https://doi.org/10.3390/soilsystems6030064
https://doi.org/10.1080/00380768.2011.582588
https://doi.org/10.1016/j.geoderma.2018.06.017
https://doi.org/10.1016/j.geoderma.2018.06.017
https://doi.org/10.3390/su14138190
https://doi.org/10.1021/es00067a001
https://doi.org/10.1021/es00067a001
https://doi.org/10.1016/j.still.2019.05.022
https://doi.org/10.1016/j.still.2019.05.022
https://doi.org/10.1016/j.ecoenv.2016.11.029
https://doi.org/10.1016/j.ecoenv.2016.11.029
https://doi.org/10.1890/05-1839
https://doi.org/10.1016/0038-0717(82)90101-8
https://doi.org/10.1016/0038-0717(82)90101-8
https://doi.org/10.1371/journal.pone.0113888
https://doi.org/10.1016/j.agee.2016.08.028
https://doi.org/10.1016/j.agee.2016.08.028
https://doi.org/10.1016/j.agee.2020.107285
https://doi.org/10.1016/j.eja.2021.126345
https://doi.org/10.1016/j.rhisph.2021.100416
https://doi.org/10.1038/s41598-020-73888-2
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1111/pbi.12563
https://doi.org/10.1111/pbi.12563
https://doi.org/10.3390/agronomy10060885
https://doi.org/10.3390/agronomy10060885
https://doi.org/10.1016/j.still.2023.105827
https://doi.org/10.3390/agriculture11040367
https://doi.org/10.1007/s11104-013-1980-x
https://doi.org/10.3390/ijms14059643
https://doi.org/10.3390/ijms14059643
https://doi.org/10.1007/s12155-022-10467-5
https://doi.org/10.1007/s12155-022-10467-5
https://doi.org/10.1186/s43088-023-00411-7
https://doi.org/10.1186/s43088-023-00411-7
https://doi.org/10.1038/s41598-017-07507-y
https://doi.org/10.1038/s41598-017-07507-y


Page 20 of 25Chi et al. Biochar            (2024) 6:43 

enzyme activity, and plant uptake in contaminated purple soil. Sci Total 
Environ 654:1364–1371. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 11. 059

Herrmann L, Lesueur D, Robin A, Robain H, Wiriyakitnateekul W, Brau L (2019) 
Impact of biochar application dose on soil microbial communities 
associated with rubber trees in Northeast Thailand. Sci Total Environ 
689:970–979. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 06. 441

Hodson ME, Valsami-Jones É, Cotter-Howells JD (2000) Bonemeal additions 
as a remediation treatment for metal contaminated soil. Environ Sci 
Technol 34:3501–3507. https:// doi. org/ 10. 1021/ es990 972a

Hossain MZ, Bahar MM, Sarkar B, Donne SW, Ok YS, Palansooriya KN, Kirkham 
MB, Chowdhury S, Bolan N (2020) Biochar and its importance on nutri-
ent dynamics in soil and plant. Biochar 2:379–420. https:// doi. org/ 10. 
1007/ s42773- 020- 00065-z

Hu J, Ma W, Wang Z (2023) Effects of nitrogen addition and drought on 
the relationship between nitrogen- and water-use efficiency in a 
temperate grassland. Ecol Process 12:36. https:// doi. org/ 10. 1186/ 
s13717- 023- 00448-7

Huang M, Yin X, Chen J, Cao F (2021) Biochar application mitigates the effect 
of heat stress on rice (Oryza sativa L.) By regulating the root-zone envi-
ronment. Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2021. 711725

Huang K, Li M, Li R, Rasul F, Shahzad S, Wu C, Shao J, Huang G, Li R, Almari S, 
Hashem M, Aamer M (2023) Soil acidification and salinity: The impor-
tance of biochar application to agricultural soils. Front Plant Sci. https:// 
doi. org/ 10. 3389/ fpls. 2023. 12068 20

Imparato V, Hansen V, Santos SS, Nielsen TK, Giagnoni L, Hauggaard-Nielsen 
H, Johansen A, Renella G, Winding A (2016) Gasification biochar has lim-
ited effects on functional and structural diversity of soil microbial com-
munities in a temperate agroecosystem. Soil Biol Biochem 99:128–136. 
https:// doi. org/ 10. 1016/j. soilb io. 2016. 05. 004

Irfan M, Dawar K, Fahad S, Mehmood I, Alamri S, Siddiqui M, Saud S, Khattak J, 
Ali S, Hassan S, Nawaz T, Hammad H, Banout J, Nasim W (2022) Explor-
ing the potential effect of Achnatherum splendens L.-derived biochar 
treated with phosphoric acid on bioavailability of cadmium and wheat 
growth in contaminated soil. Environ Sci Pollut R 29:37676–37684. 
https:// doi. org/ 10. 1007/ s11356- 021- 17950-0

Jabborova D, Annapurna K, Azimov A, Tyagi S, Pengani K, Sharma P, Vikram K, 
Poczai P, Nasif O, Ansari M, Sayyed R (2022) Co-inoculation of biochar 
and arbuscular mycorrhizae for growth promotion and nutrient fortifi-
cation in soybean under drought conditions. Front Plant Sci. https:// doi. 
org/ 10. 3389/ fpls. 2022. 947547

Jabborova D, Abdrakhmanov T, Jabbarov Z, Abdullaev S, Azimov A, Mohamed 
I, AlHarbi M, Abu-Elsaoud A, Elkelish A (2023) Biochar improves the 
growth and physiological traits of alfalfa, amaranth and maize grown 
under salt stress. PeerJ. https:// doi. org/ 10. 7717/ peerj. 15684

Jagadish SVK, Murty MVR, Quick WP (2015) Rice responses to rising tem-
peratures—challenges, perspectives and future directions. Plant Cell 
Environ 38:1686–1698. https:// doi. org/ 10. 1111/ pce. 12430

Jansen B, Nierop K, Verstraten JM (2002) Influence of pH and metal/carbon 
ratios on soluble organic complexation of Fe(II), Fe(III) and Al(III) in soil 
solutions determined by diffusive gradients in thin films. Anal Chim 
Acta 454:259–270. https:// doi. org/ 10. 1016/ S0003- 2670(01) 01551-3

Jenkins JR, Viger M, Arnold EC, Harris ZM, Ventura M, Miglietta F, Girardin C, 
Edwards RJ, Rumpel C, Fornasier F, Zavalloni C, Tonon G, Alberti G, Taylor 
G (2017) Biochar alters the soil microbiome and soil function: results of 
next-generation amplicon sequencing across Europe. GCB Bioenergy 
9:591–612. https:// doi. org/ 10. 1111/ gcbb. 12371

Jia Q, Xu Y, Ali S, Sun L, Ding R, Ren X, Zhang P, Jia Z (2018) Strategies of supple-
mental irrigation and modified planting densities to improve the root 
growth and lodging resistance of maize (Zea mays L.) under the ridge-
furrow rainfall harvesting system. Field Crop Res 224:48–59. https:// doi. 
org/ 10. 1016/j. fcr. 2018. 04. 011

Jiang C, Zu C, Wang H, Yan Y, Liu Y, Shen J (2022) Straw return with biochar 
increased soil macro-aggregates and improved flue-cured tobacco 
(Nicotiana tabacum L.) yield and quality. Appl Ecol Env Res 20:207–219. 
https:// doi. org/ 10. 15666/ aeer/ 2001_ 207219

Kahura MW, Min H, Suk KM, Kim J (2018) Assessing phosphorus availability in 
a high Ph, biochar amended soil under inorganic and organic fertiliza-
tion. Ecol Resilient Infrastruct 5:11–18. https:// doi. org/ 10. 17820/ eri. 
2018.5. 1. 011

Kamran M, Wang D, Xie K, Lu Y, Shi C, Sabagh EL, A, Gu W, Xu P, (2021) Pre-
sowing seed treatment with kinetin and calcium mitigates salt induced 

inhibition of seed germination and seedling growth of choysum (Bras-
sica rapa var. parachinensis). Ecotox Environ Safe. https:// doi. org/ 10. 
1016/j. ecoenv. 2021. 112921

Kang K, Klinghoffer NB, ElGhamrawy I, Berruti F (2021) Thermochemical 
conversion of agroforestry biomass and solid waste using decentralized 
and mobile systems for renewable energy and products. Renew Sustain 
Energy Rev 149:111372. https:// doi. org/ 10. 1016/j. rser. 2021. 111372

Kartika K, Sakagami J, Lakitan B, Yabuta S, Akagi I, Widuri LI, Siaga E, Iwanaga 
H, Nurrahma AHI (2021) Rice husk biochar effects on improving soil 
properties and root development in rice (Oryza glaberrima steud.) 
exposed to drought stress during early reproductive stage. Aims Agric 
Food 6:737–751. https:// doi. org/ 10. 3934/ agrfo od. 20210 43

Kazan K (2013) Auxin and the integration of environmental signals into plant 
root development. Ann Bot-London 112:1655–1665. https:// doi. org/ 10. 
1093/ aob/ mct229

Khan F, Siddique AB, Shabala S, Zhou M, Zhao C (2023a) Phosphorus plays key 
roles in regulating plants’ physiological responses to abiotic stresses. 
Plants. https:// doi. org/ 10. 3390/ plant s1215 2861

Khan I, Luan C, Qi W, Wang X, Yu B, Rehman A, Khan A, Khan J, Wang L (2023b) 
The residual impact of straw mulch and biochar amendments on grain 
quality and amino acid contents of rainfed maize crop. J Plant Nutr 
46:1283–1295. https:// doi. org/ 10. 1080/ 01904 167. 2022. 20564 83

Khan M, Salman A, Khan S (2023c) Indigenously produced biochar retains 
fertility in sandy soil through unique microbial diversity sustenance: a 
step toward the circular economy. Front Microbiol. https:// doi. org/ 10. 
3389/ fmicb. 2023. 11587 84

Khorram MS, Zhang Q, Lin D, Zheng Y, Fang H, Yu Y (2016) Biochar: a review of 
its impact on pesticide behavior in soil environments and its potential 
applications. J Environ Sci-China 44:269–279. https:// doi. org/ 10. 1016/j. 
jes. 2015. 12. 027

Kim SG, Kim KW, Park EW, Choi D (2002) Silicon-induced cell wall fortification 
of rice leaves: a possible cellular mechanism of enhanced host resist-
ance to blast. Phytopathology 92:1095–1103. https:// doi. org/ 10. 1094/ 
PHYTO. 2002. 92. 10. 1095

Kim Y, Chung YS, Lee E, Tripathi P, Heo S, Kim K (2020) Root response to 
drought stress in rice (Oryza sativa L.). Int J Mol Sci. https:// doi. org/ 10. 
3390/ ijms2 10415 13

Kolton M, Graber ER, Tsehansky L, Elad Y, Cytryn E (2017) Biochar-stimulated 
plant performance is strongly linked to microbial diversity and meta-
bolic potential in the rhizosphere. New Phytol 213:1393–1404. https:// 
doi. org/ 10. 1111/ nph. 14253

Kookana RS, Sarmah AK, Van Zwieten L, Krull E, Singh B (2011) Biochar applica-
tion to soil: Agronomic and environmental benefits and unintended 
consequences. In: Advances in Agronomy. Sparks DL (ed). pp 103–143.

Kul R, Arjumend T, Ekinci M, Yildirim E, Turan M, Argin S (2021) Biochar as an 
organic soil conditioner for mitigating salinity stress in tomato. Soil Sci 
Plant Nutr 67:693–706. https:// doi. org/ 10. 1080/ 00380 768. 2021. 19989 24

Laghari M, Naidu R, Xiao B, Hu Z, Mirjat MS, Hu M, Kandhro MN, Chen Z, Guo D, 
Jogi Q, Abudi ZN, Fazal S (2016) Recent developments in biochar as an 
effective tool for agricultural soil management: a review. J Sci Food Agr 
96:4840–4849. https:// doi. org/ 10. 1002/ jsfa. 7753

Laird D, Fleming P, Wang B, Horton R, Karlen D (2010) Biochar impact on nutri-
ent leaching from a midwestern agricultural soil. Geoderma 158:436–
442. https:// doi. org/ 10. 1016/j. geode rma. 2010. 05. 012

Lehmann J (2007) A handful of carbon. Nature 447:143–144. https:// doi. org/ 
10. 1038/ 44714 3a

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D (2011) 
Biochar effects on soil biota—a review. Soil Biol Biochem 43:1812–1836. 
https:// doi. org/ 10. 1016/j. soilb io. 2011. 04. 022

Lei S, Zhu L, Xue C, Hong C, Wang J, Che L, Hu Y, Qiu Y (2020) Mechanistic 
insights and multiple characterizations of cadmium binding to animal-
derived biochar. Environ Pollut. https:// doi. org/ 10. 1016/j. envpol. 2019. 
113675

Lewis DE, Chauhan A, White JR, Overholt W, Green SJ, Jasrotia P, Wafula D, 
Jagoe C (2012) Microbial and geochemical assessment of baux-
itic un-mined and post-mined chronosequence soils from Mocho 
mountains, Jamaica. Microb Ecol 64:738–749. https:// doi. org/ 10. 1007/ 
s00248- 012- 0020-3

Li H, Dong X, da Silva EB, de Oliveira LM, Chen Y, Ma LQ (2017) Mechanisms of 
metal sorption by biochars: biochar characteristics and modifications. 

https://doi.org/10.1016/j.scitotenv.2018.11.059
https://doi.org/10.1016/j.scitotenv.2019.06.441
https://doi.org/10.1021/es990972a
https://doi.org/10.1007/s42773-020-00065-z
https://doi.org/10.1007/s42773-020-00065-z
https://doi.org/10.1186/s13717-023-00448-7
https://doi.org/10.1186/s13717-023-00448-7
https://doi.org/10.3389/fpls.2021.711725
https://doi.org/10.3389/fpls.2023.1206820
https://doi.org/10.3389/fpls.2023.1206820
https://doi.org/10.1016/j.soilbio.2016.05.004
https://doi.org/10.1007/s11356-021-17950-0
https://doi.org/10.3389/fpls.2022.947547
https://doi.org/10.3389/fpls.2022.947547
https://doi.org/10.7717/peerj.15684
https://doi.org/10.1111/pce.12430
https://doi.org/10.1016/S0003-2670(01)01551-3
https://doi.org/10.1111/gcbb.12371
https://doi.org/10.1016/j.fcr.2018.04.011
https://doi.org/10.1016/j.fcr.2018.04.011
https://doi.org/10.15666/aeer/2001_207219
https://doi.org/10.17820/eri.2018.5.1.011
https://doi.org/10.17820/eri.2018.5.1.011
https://doi.org/10.1016/j.ecoenv.2021.112921
https://doi.org/10.1016/j.ecoenv.2021.112921
https://doi.org/10.1016/j.rser.2021.111372
https://doi.org/10.3934/agrfood.2021043
https://doi.org/10.1093/aob/mct229
https://doi.org/10.1093/aob/mct229
https://doi.org/10.3390/plants12152861
https://doi.org/10.1080/01904167.2022.2056483
https://doi.org/10.3389/fmicb.2023.1158784
https://doi.org/10.3389/fmicb.2023.1158784
https://doi.org/10.1016/j.jes.2015.12.027
https://doi.org/10.1016/j.jes.2015.12.027
https://doi.org/10.1094/PHYTO.2002.92.10.1095
https://doi.org/10.1094/PHYTO.2002.92.10.1095
https://doi.org/10.3390/ijms21041513
https://doi.org/10.3390/ijms21041513
https://doi.org/10.1111/nph.14253
https://doi.org/10.1111/nph.14253
https://doi.org/10.1080/00380768.2021.1998924
https://doi.org/10.1002/jsfa.7753
https://doi.org/10.1016/j.geoderma.2010.05.012
https://doi.org/10.1038/447143a
https://doi.org/10.1038/447143a
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.envpol.2019.113675
https://doi.org/10.1016/j.envpol.2019.113675
https://doi.org/10.1007/s00248-012-0020-3
https://doi.org/10.1007/s00248-012-0020-3


Page 21 of 25Chi et al. Biochar            (2024) 6:43  

Chemosphere 178:466–478. https:// doi. org/ 10. 1016/j. chemo sphere. 
2017. 03. 072

Li G, Hu Q, Shi Y, Cui K, Nie L, Huang J, Peng S (2018a) Low nitrogen application 
enhances starch-metabolizing enzyme activity and improves accumu-
lation and translocation of non-structural carbohydrates in rice stems. 
Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2018. 01128

Li Y, Hu S, Chen J, Mueller K, Li Y, Fu W, Lin Z, Wang H (2018b) Effects of biochar 
application in forest ecosystems on soil properties and greenhouse 
gas emissions: a review. J Soil Sediment 18:546–563. https:// doi. org/ 10. 
1007/ s11368- 017- 1906-y

Li Y, Yang Y, Shen F, Tian D, Zeng Y, Yang G, Zhang Y, Deng S (2019) Partition-
ing biochar properties to elucidate their contributions to bacterial 
and fungal community composition of purple soil. Sci Total Environ 
648:1333–1341. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 08. 222

Li X, Yao T, Huang X, Li X, Li P, Du S, Wang W, Miao S, Wang D, Jin F, Shao X 
(2022) Biochar increases rice yield by improving root morphological 
and root physiological functions in heavily saline-sodic paddy soil of 
Northeast China. BioResources 17:1241–1256. https:// doi. org/ 10. 15376/ 
biores. 17.1. 1241- 1256

Li H, Wang B, Siri M, Liu C, Feng C, Shao X, Liu K (2023) Calcium-modified 
biochar rather than original biochar decreases salinization indexes of 
saline-alkaline soil. Environ Sci Pollut R 30:74966–74976. https:// doi. org/ 
10. 1007/ s11356- 023- 27701-y

Lian T, Cheng L, Liu Q, Yu T, Cai Z, Nian H, Hartmann M (2023) Potential rel-
evance between soybean nitrogen uptake and rhizosphere prokaryotic 
communities under waterlogging stress. ISME Commun 3:71. https:// 
doi. org/ 10. 1038/ s43705- 023- 00282-0

Lin Y, Yu C, Zhang Y, Lu L, Xu D, Peng X (2024) Biochar modification methods 
and mechanisms for salt-affected soil and saline-alkali soil improve-
ment: a review. Soil Use Manag. https:// doi. org/ 10. 1111/ sum. 12992

Liu X, Zhang A, Ji C, Joseph S, Bian R, Li L, Pan G, Paz-Ferreiro J (2013) Biochar’s 
effect on crop productivity and the dependence on experimental 
conditions—a meta-analysis of literature data. Plant Soil 373:583–594. 
https:// doi. org/ 10. 1007/ s11104- 013- 1806-x

Liu Y, Liu X, Shi C, Xuan S, Sun B (2017) Effect of biochar alleviating waterlog-
ging stress of winter wheat in rice-wheat rotation systems. Acta Pedol 
Sin 54:1518–1526. https:// doi. org/ 10. 11766/ trxb2 01705 120210

Liu K, Deng J, Lu J, Wang X, Lu B, Tian X, Zhang Y (2019) High nitrogen levels 
alleviate yield loss of super hybrid rice caused by high temperatures 
during the flowering stage. Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 
2019. 00357

Liu Y, Li J, Jiao X, Li H, Hu T, Jiang H, Mahmoud A (2022) Effects of biochar on 
water quality and rice productivity under straw returning condition in 
a rice-wheat rotation region. Sci Total Environ. https:// doi. org/ 10. 1016/j. 
scito tenv. 2021. 152063

Liu Z, Yang R, Xiang X, Niu L, Yin D (2023) Enhancement of phytoextraction 
efficiency coupling Pteris vittata with low-dose biochar in arsenic-
contaminated soil. Int J Phytoremediat 25:1810–1818. https:// doi. org/ 
10. 1080/ 15226 514. 2023. 21998 76

López-Piñeiro A, Pena D, Albarrán A, Sánchez-Llerena J, Becerra D (2013) 
Behavior of MCPA in four intensive cropping soils amended with fresh, 
composted, and aged olive mill waste. J Contam Hydrol 152:137–146. 
https:// doi. org/ 10. 1016/j. jconh yd. 2013. 07. 003

Lu S, Zong Y (2018) Pore structure and environmental serves of biochars 
derived from different feedstocks and pyrolysis conditions. Environ Sci 
Pollut R 25:30401–30409. https:// doi. org/ 10. 1007/ s11356- 018- 3018-7

Lu Z, Lu J, Pan Y, Lu P, Li X, Cong R, Ren T (2016) Anatomical variation of 
mesophyll conductance under potassium deficiency has a vital role 
in determining leaf photosynthesis. Plant Cell Environ 39:2428–2439. 
https:// doi. org/ 10. 1111/ pce. 12795

Lu K, Yang X, Gielen G, Bolan N, Ok YS, Niazi NK, Xu S, Yuan G, Chen X, Zhang 
X, Liu D, Song Z, Liu X, Wang H (2017) Effect of bamboo and rice straw 
biochars on the mobility and redistribution of heavy metals (Cd, Cu, Pb 
and Zn) in contaminated soil. J Environ Manag 186:285–292. https:// 
doi. org/ 10. 1016/j. jenvm an. 2016. 05. 068

Lu H, Feng Y, Gao Q, Xing J, Chen Y, Yang L, Xue L (2020) Surface soil mixing is 
more beneficial than the plough layer mixing mode of biochar applica-
tion for nitrogen retention in a paddy system. Sci Total Environ. https:// 
doi. org/ 10. 1016/j. scito tenv. 2020. 137399

Luo S, Wang S, Tian L, Li S, Li X, Shen Y, Tian C (2017) Long-term biochar appli-
cation influences soil microbial community and its potential roles in 

semiarid farmland. Appl Soil Ecol 117:10–15. https:// doi. org/ 10. 1016/j. 
apsoil. 2017. 04. 024

Luo S, Wang S, Tian L, Shi S, Xu S, Yang F, Li X, Wang Z, Tian C (2018) Aggregate-
related changes in soil microbial communities under different amelio-
rant applications in saline-sodic soils. Geoderma 329:108–117. https:// 
doi. org/ 10. 1016/j. geode rma. 2018. 05. 023

MacCarthy DS, Darko E, Nartey EK, Adiku SGK, Tettey A (2020) Integrating 
biochar and inorganic fertilizer improves productivity and profitability 
of irrigated rice in Ghana, West Africa. Agronomy-Basel. https:// doi. org/ 
10. 3390/ agron omy10 060904

Madari BE, Silva MAS, Carvalho MTM, Maia AHN, Petter FA, Santos JLS, Tsai SM, 
Leal WGO, Zeviani WM (2017) Properties of a sandy clay loam haplic 
ferralsol and soybean grain yield in a five-year field trial as affected 
by biochar amendment. Geoderma 305:100–112. https:// doi. org/ 10. 
1016/j. geode rma. 2017. 05. 029

Mao JD, Johnson RL, Lehmann J, Olk DC, Neves EG, Thompson ML, Schmidt-
Rohr K (2012) Abundant and stable char residues in soils: Implica-
tions for soil fertility and carbon sequestration. Environ Sci Technol 
46:9571–9576. https:// doi. org/ 10. 1021/ es301 107c

Marris E (2006) Black is the new green. Nature 442:624–626. https:// doi. org/ 10. 
1038/ 44262 4a

Martinez-Gomez A, Poveda J, Escobar C (2022) Overview of the use of biochar 
from main cereals to stimulate plant growth. Front Plant Sci. https:// doi. 
org/ 10. 3389/ fpls. 2022. 912264

Maru A, Haruna AO, Asap A, Abd Majid NM, Maikol N, Jeffary AV (2020) Reduc-
ing acidity of tropical acid soil to improve phosphorus availability and 
Zea mays L. Productivity through efficient use of chicken litter biochar 
and triple superphosphate. Appl Sci-Basel. https:// doi. org/ 10. 3390/ 
app10 062127

Masmoudi F, Alsafran M, Jabri AL, H, Hosseini H, Trigui M, Sayadi S, Tounsi S, 
Saadaoui I, (2023) Halobacteria-based biofertilizers: a promising alterna-
tive for enhancing soil fertility and crop productivity under biotic and 
abiotic stresses—a review. Microorganisms. https:// doi. org/ 10. 3390/ 
micro organ isms1 10512 48

McBride MB (1982) Electron-spin resonance investigation of  Mn2+ complexa-
tion in natural and synthetic organics. Soil Sci Soc Am J 46:1137–1143. 
https:// doi. org/ 10. 2136/ sssaj 1982. 03615 99500 46000 60004x

McKenzie BM, Tisdall JM, Vance WH (2011) Soil physical quality. In: Gliński J, 
Horabik J, Lipiec J (eds) Encyclopedia of Agrophysics. Springer, Nether-
lands, Dordrecht, pp 770–777

Mehmood S, Ahmed W, Ikram M, Imtiaz M, Mahmood S, Tu S, Chen D (2020) 
Chitosan modified biochar increases soybean (Glycine max L.) resistance 
to salt-stress by augmenting root morphology, antioxidant defense 
mechanisms and the expression of stress-responsive genes. Plants-
Basel. https:// doi. org/ 10. 3390/ plant s9091 173

Meng L, Sun T, Li M, Saleem M, Zhang Q, Wang C (2019) Soil-applied biochar 
increases microbial diversity and wheat plant performance under 
herbicide fomesafen stress. Ecotox Environ Safe 171:75–83. https:// doi. 
org/ 10. 1016/j. ecoenv. 2018. 12. 065

Meng X, Liang Y, Zou Z, Wang R, Su Y, Gong X, Huang H, Chen C (2021) Effects 
of biochar application on stem and lodging characters of rice in the 
rice-duck farming system. Shengtaixue Zazhi 40:3125–3134. https:// doi. 
org/ 10. 13292/j. 1000- 4890. 202110. 011

Miao Z, Shao G, Fang K, Wang X, Meng J, Tang S (2021) Effects of different 
water and biochar treatments on lodging resistance and yields of rice. J 
Drain Irrigat Mach Eng 39:193–199. https:// doi. org/ 10. 3969/j. issn. 1674- 
8530. 19. 0099

Miao W, Li F, Lu J, Wang D, Chen M, Tang L, Xu Z, Chen W (2023) Biochar 
application enhanced rice biomass production and lodging resistance 
via promoting co-deposition of silica with hemicellulose and lignin. Sci 
Total Environ. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 158818

Mierzwa-Hersztek M, Wolny-Koladka K, Gondek K, Galazka A, Gawryjolek K 
(2020) Effect of coapplication of biochar and nutrients on microbio-
cenotic composition, dehydrogenase activity index and chemical 
properties of sandy soil. Waste Biomass Valori 11:3911–3923. https:// doi. 
org/ 10. 1007/ s12649- 019- 00757-z

Moraes MTD, Debiasi H, Franchini JC, Mastroberti AA, Levien R, Leitner D, 
Schnepf A (2020) Soil compaction impacts soybean root growth in an 
oxisol from Subtropical Brazil. Soil till Res 200:104611. https:// doi. org/ 
10. 1016/j. still. 2020. 104611

https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.3389/fpls.2018.01128
https://doi.org/10.1007/s11368-017-1906-y
https://doi.org/10.1007/s11368-017-1906-y
https://doi.org/10.1016/j.scitotenv.2018.08.222
https://doi.org/10.15376/biores.17.1.1241-1256
https://doi.org/10.15376/biores.17.1.1241-1256
https://doi.org/10.1007/s11356-023-27701-y
https://doi.org/10.1007/s11356-023-27701-y
https://doi.org/10.1038/s43705-023-00282-0
https://doi.org/10.1038/s43705-023-00282-0
https://doi.org/10.1111/sum.12992
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.11766/trxb201705120210
https://doi.org/10.3389/fpls.2019.00357
https://doi.org/10.3389/fpls.2019.00357
https://doi.org/10.1016/j.scitotenv.2021.152063
https://doi.org/10.1016/j.scitotenv.2021.152063
https://doi.org/10.1080/15226514.2023.2199876
https://doi.org/10.1080/15226514.2023.2199876
https://doi.org/10.1016/j.jconhyd.2013.07.003
https://doi.org/10.1007/s11356-018-3018-7
https://doi.org/10.1111/pce.12795
https://doi.org/10.1016/j.jenvman.2016.05.068
https://doi.org/10.1016/j.jenvman.2016.05.068
https://doi.org/10.1016/j.scitotenv.2020.137399
https://doi.org/10.1016/j.scitotenv.2020.137399
https://doi.org/10.1016/j.apsoil.2017.04.024
https://doi.org/10.1016/j.apsoil.2017.04.024
https://doi.org/10.1016/j.geoderma.2018.05.023
https://doi.org/10.1016/j.geoderma.2018.05.023
https://doi.org/10.3390/agronomy10060904
https://doi.org/10.3390/agronomy10060904
https://doi.org/10.1016/j.geoderma.2017.05.029
https://doi.org/10.1016/j.geoderma.2017.05.029
https://doi.org/10.1021/es301107c
https://doi.org/10.1038/442624a
https://doi.org/10.1038/442624a
https://doi.org/10.3389/fpls.2022.912264
https://doi.org/10.3389/fpls.2022.912264
https://doi.org/10.3390/app10062127
https://doi.org/10.3390/app10062127
https://doi.org/10.3390/microorganisms11051248
https://doi.org/10.3390/microorganisms11051248
https://doi.org/10.2136/sssaj1982.03615995004600060004x
https://doi.org/10.3390/plants9091173
https://doi.org/10.1016/j.ecoenv.2018.12.065
https://doi.org/10.1016/j.ecoenv.2018.12.065
https://doi.org/10.13292/j.1000-4890.202110.011
https://doi.org/10.13292/j.1000-4890.202110.011
https://doi.org/10.3969/j.issn.1674-8530.19.0099
https://doi.org/10.3969/j.issn.1674-8530.19.0099
https://doi.org/10.1016/j.scitotenv.2022.158818
https://doi.org/10.1007/s12649-019-00757-z
https://doi.org/10.1007/s12649-019-00757-z
https://doi.org/10.1016/j.still.2020.104611
https://doi.org/10.1016/j.still.2020.104611


Page 22 of 25Chi et al. Biochar            (2024) 6:43 

Mosharrof M, Uddin MK, Sulaiman MF, Mia S, Shamsuzzaman SM, Haque AN 
(2021) Combined application of biochar and lime increases maize yield 
and accelerates carbon loss from an acidic soil. Agronomy 11:1313. 
https:// doi. org/ 10. 3390/ agron omy11 071313

Muhammad A, Amjad A, Arockiam Jeyasundar PGS, Yiman L, Hamada A, Abdul 
L, Ronghua L, Nicholas B, Gang L, Sabry MS, Rinklebe J, Zenqqiang Z 
(2021) Bone-derived biochar improved soil quality and reduced Cd and 
Zn phytoavailability in a multi-metal contaminated mining soil. Environ 
Pollut 277:116800. https:// doi. org/ 10. 1016/j. envpol. 2021. 116800

Nan Q, Wang C, Yi Q, Zhang L, Ping F, Thies JE, Wu W (2020) Biochar amend-
ment pyrolysed with rice straw increases rice production and mitigates 
methane emission over successive three years. Waste Manage 118:1–8. 
https:// doi. org/ 10. 1016/j. wasman. 2020. 08. 013

Nawaz MF, Bourrié G, Trolard F (2013) Soil compaction impact and model-
ling. A review. Agron Sustain Dev 33:291–309. https:// doi. org/ 10. 1007/ 
s13593- 011- 0071-8

Nguyen B, Trinh N, Le C, Nguyen T, Tran T, Thai B, Le T (2018) The interactive 
effects of biochar and cow manure on rice growth and selected prop-
erties of salt-affected soil. Arch Agron Soil Sci 64:1744–1758. https:// doi. 
org/ 10. 1080/ 03650 340. 2018. 14551 86

Nie C, Yang X, Niazi NK, Xu X, Wen Y, Rinklebe J, Ok YS, Xu S, Wang H (2018) 
Impact of sugarcane bagasse-derived biochar on heavy metal avail-
ability and microbial activity: a field study. Chemosphere 200:274–282. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 02. 134

Novak JM, Busscher WJ, Watts DW, Amonette JE, Ippolito JA, Lima IM, Gaskin J, 
Das KC, Steiner C, Ahmedna M, Rehrah D, Schomberg H (2012) Biochars 
impact on soil-moisture storage in an ultisol and two aridisols. Soil Sci 
177:310–320. https:// doi. org/ 10. 1097/ SS. 0b013 e3182 4e5593

Okebalama CB, Marschner B (2023) Reapplication of biochar, sewage waste 
water, and NPK fertilizers affects soil fertility, aggregate stability, and 
carbon and nitrogen in dry-stable aggregates of semi-arid soil. Sci Total 
Environ 866:161203. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 161203

Ordóñez RA, Savin R, Mariano Cossani C, Slafer GA (2015) Yield response to 
heat stress as affected by nitrogen availability in maize. Field Crop Res 
183:184–203. https:// doi. org/ 10. 1016/j. fcr. 2015. 07. 010

Palansooriya KN, Wong JTF, Hashimoto Y, Huang L, Rinklebe J, Chang SX, 
Bolan N, Wang H, Ok YS (2019) Response of microbial communities to 
biochar-amended soils: a critical review. Biochar 1:3–22. https:// doi. org/ 
10. 1007/ s42773- 019- 00009-2

Pan J, Zhuang S, Shi X, Cao Z, Cai X (2015) Effects of soil amendment on 
growth, yield and output of flue-cured tobacco in south Anhui prov-
ince. Agric Sci Technol 16:2682–2687. https:// doi. org/ 10. 16175/j. cnki. 
1009- 4229. 2015. 12. 022

Pandit NR, Mulder J, Hale SE, Martinsen V, Schmidt HP, Cornelissen G (2018) 
Biochar improves maize growth by alleviation of nutrient stress in a 
moderately acidic low-input Nepalese soil. Sci Total Environ 625:1380–
1389. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 01. 022

Parida A, Das A (2005) Salt tolerance and salinity effects on plants: a review. 
Ecotox Environ Safe 60:324–349. https:// doi. org/ 10. 1016/j. ecoenv. 2004. 
06. 010

Park J, Yun J, Kim S, Park J, Acharya B, Cho J, Kang S (2023) Biochar improves 
soil properties and corn productivity under drought conditions in 
South Korea. Biochar. https:// doi. org/ 10. 1007/ s42773- 023- 00267-1

Parsell DA, Taulien J, Lindquist S (1993) The role of heat-shock proteins in ther-
motolerance. Mol Chaperones. https:// doi. org/ 10. 1098/ rstb. 1993. 0026

Pawlak K, Kolodziejczak M (2020) The role of agriculture in ensuring food 
security in developing countries: considerations in the context of the 
problem of sustainable food production. Sustainability-Basel. https:// 
doi. org/ 10. 3390/ su121 35488

Pietikäinen J, Kiikkilä O, Fritze H (2000) Charcoal as a habitat for microbes and 
its effect on the microbial community of the underlying humus. Oikos 
89:231–242. https:// doi. org/ 10. 1034/j. 1600- 0706. 2000. 890203.x

Pratiwi EPA, Hillary AK, Fukuda T, Shinogi Y (2016) The effects of rice husk char 
on ammonium, nitrate and phosphate retention and leaching in loamy 
soil. Geoderma 277:61–68. https:// doi. org/ 10. 1016/j. geode rma. 2016. 
05. 006

Prayogo C, Jones JE, Baeyens J, Bending GD (2014) Impact of biochar on 
mineralisation of C and N from soil and willow litter and its relation-
ship with microbial community biomass and structure. Biol Fert Soils 
50:695–702. https:// doi. org/ 10. 1007/ s00374- 013- 0884-5

Prendergast-Miller MT, Duvall M, Sohi SP (2014) Biochar-root interactions are 
mediated by biochar nutrient content and impacts on soil nutrient 
availability. Eur J Soil Sci 65:173–185. https:// doi. org/ 10. 1111/ ejss. 12079

Qian L, Chen B (2014) Interactions of aluminum with biochars and oxidized 
biochars: Implications for the biochar aging process. J Agr Food Chem 
62:373–380. https:// doi. org/ 10. 1021/ jf404 624h

Qian L, Chen B, Hu D (2013) Effective alleviation of aluminum phytotoxicity by 
manure-derived biochar. Environ Sci Technol 47:2737–2745. https:// doi. 
org/ 10. 1021/ es304 7872

Qian L, Chen B, Chen M (2016) Novel alleviation mechanisms of aluminum 
phytotoxicity via released biosilicon from rice straw-derived biochars. 
Sci Rep-UK. https:// doi. org/ 10. 1038/ srep2 9346

Qian Du, Huang R, Li B, Wang C, Wen D, Xie Y, Chen Y, Feng L (2021) Effect 
of biochar returning on labile organic carbon and enzyme activity in 
tobacco-growing soil. J Nuclear Agric Sci 35:1440–1450

Qian R, Guo R, Guo G, Ren X, Chen X, Jia Z (2024) Impact of straw and its 
derivatives on lodging resistance and yield of maize (Zea mays L.) under 
rainfed areas. Eur J Agron 153:127055. https:// doi. org/ 10. 1016/j. eja. 
2023. 127055

Qiu Y, Pang H, Zhou Z, Zhang P, Feng Y, Sheng GD (2009) Competitive biodeg-
radation of dichlobenil and atrazine coexisting in soil amended with 
a char and citrate. Environ Pollut 157:2964–2969. https:// doi. org/ 10. 
1016/j. envpol. 2009. 06. 003

Radha B, Sunitha N, Sah R, Azharudheen M, Krishna G, Umesh D, Thomas S, 
Anilkumar C, Upadhyay S, Kumar A, Manikanta C, Behera S, Marndi B, 
Siddique K (2023) Physiological and molecular implications of multiple 
abiotic stresses on yield and quality of rice. Front Plant Sci. https:// doi. 
org/ 10. 3389/ fpls. 2022. 996514

Raiesi F, Dayani L (2021) Compost application increases the ecological 
dose values in a non-calcareous agricultural soil contaminated 
with cadmium. Ecotoxicology 30:17–30. https:// doi. org/ 10. 1007/ 
s10646- 020- 02286-1

Ran C, Gulaqa A, Zhu J, Wang X, Zhang S, Geng Y, Guo L, Jin F, Shao X (2020) 
Benefits of biochar for improving ion contents, cell membrane perme-
ability, leaf water status and yield of rice under saline-sodic paddy field 
condition. J Plant Growth Regul 39:370–377. https:// doi. org/ 10. 1007/ 
s00344- 019- 09988-9

Raveendran K, Ganesh A, Khilar KC (1995) Influence of mineral matter on 
biomass pyrolysis characteristics. Fuel 74:1812–1822. https:// doi. org/ 10. 
1016/ 0016- 2361(95) 80013-8

Raza MAS, Ibrahim MA, Ditta A, Iqbal R, Aslam MU, Muhammad F, Ali S, Çiğ F, 
Ali B, Muhammad Ikram R (2023) Exploring the recuperative potential 
of brassinosteroids and nano-biochar on growth, physiology, and yield 
of wheat under drought stress. Sci Rep-UK 13:15015. https:// doi. org/ 10. 
1038/ s41598- 023- 42007-2

Razzaghi F, Obour PB, Arthur E (2020) Does biochar improve soil water reten-
tion? A systematic review and meta-analysis. Geoderma 361:114055. 
https:// doi. org/ 10. 1016/j. geode rma. 2019. 114055

Ritchie G (1994) Role of dissolution and precipitation of minerals in controlling 
soluble aluminum in acidic soils. In: Advances in Agronomy. Sparks DL 
(ed). pp 47–83.

Rupp H, Tauchnitz N, Meissner R (2021) The effects of soil drying out and 
rewetting on nitrogen and carbon leaching—Results of a long-term 
lysimeter experiment. Water-Sui. https:// doi. org/ 10. 3390/ w1318 2601

Saifullah DS, Naeem A, Rengel Z, Naidu R (2018) Biochar application for the 
remediation of salt-affected soils: challenges and opportunities. Sci 
Total Environ 625:320–335. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 12. 
257

Sarkar B, Choi HL, Zhu K, Mandal A, Biswas B, Suresh A (2016) Monitoring of soil 
biochemical quality parameters under greenhouse spinach cultivation 
through animal waste recycling. Chem Ecol 32:407–418. https:// doi. 
org/ 10. 1080/ 02757 540. 2016. 11504 57

Sha H, Li J, Wang L, Nong H, Wang G, Zeng T (2023) Preparation of phospho-
rus-modified biochar for the immobilization of heavy metals in typical 
lead-zinc contaminated mining soil: Performance, mechanism and 
microbial community. Environ Res 218:114769. https:// doi. org/ 10. 
1016/j. envres. 2022. 114769

Sharma S, Rana VS, Rana N, Prasad H, Sharma U, Patiyal V (2022) Biochar from 
fruit crops waste and its potential impact on fruit crops. Sci Hortic-
Amsterdam. https:// doi. org/ 10. 1016/j. scien ta. 2022. 111052

https://doi.org/10.3390/agronomy11071313
https://doi.org/10.1016/j.envpol.2021.116800
https://doi.org/10.1016/j.wasman.2020.08.013
https://doi.org/10.1007/s13593-011-0071-8
https://doi.org/10.1007/s13593-011-0071-8
https://doi.org/10.1080/03650340.2018.1455186
https://doi.org/10.1080/03650340.2018.1455186
https://doi.org/10.1016/j.chemosphere.2018.02.134
https://doi.org/10.1097/SS.0b013e31824e5593
https://doi.org/10.1016/j.scitotenv.2022.161203
https://doi.org/10.1016/j.fcr.2015.07.010
https://doi.org/10.1007/s42773-019-00009-2
https://doi.org/10.1007/s42773-019-00009-2
https://doi.org/10.16175/j.cnki.1009-4229.2015.12.022
https://doi.org/10.16175/j.cnki.1009-4229.2015.12.022
https://doi.org/10.1016/j.scitotenv.2018.01.022
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1007/s42773-023-00267-1
https://doi.org/10.1098/rstb.1993.0026
https://doi.org/10.3390/su12135488
https://doi.org/10.3390/su12135488
https://doi.org/10.1034/j.1600-0706.2000.890203.x
https://doi.org/10.1016/j.geoderma.2016.05.006
https://doi.org/10.1016/j.geoderma.2016.05.006
https://doi.org/10.1007/s00374-013-0884-5
https://doi.org/10.1111/ejss.12079
https://doi.org/10.1021/jf404624h
https://doi.org/10.1021/es3047872
https://doi.org/10.1021/es3047872
https://doi.org/10.1038/srep29346
https://doi.org/10.1016/j.eja.2023.127055
https://doi.org/10.1016/j.eja.2023.127055
https://doi.org/10.1016/j.envpol.2009.06.003
https://doi.org/10.1016/j.envpol.2009.06.003
https://doi.org/10.3389/fpls.2022.996514
https://doi.org/10.3389/fpls.2022.996514
https://doi.org/10.1007/s10646-020-02286-1
https://doi.org/10.1007/s10646-020-02286-1
https://doi.org/10.1007/s00344-019-09988-9
https://doi.org/10.1007/s00344-019-09988-9
https://doi.org/10.1016/0016-2361(95)80013-8
https://doi.org/10.1016/0016-2361(95)80013-8
https://doi.org/10.1038/s41598-023-42007-2
https://doi.org/10.1038/s41598-023-42007-2
https://doi.org/10.1016/j.geoderma.2019.114055
https://doi.org/10.3390/w13182601
https://doi.org/10.1016/j.scitotenv.2017.12.257
https://doi.org/10.1016/j.scitotenv.2017.12.257
https://doi.org/10.1080/02757540.2016.1150457
https://doi.org/10.1080/02757540.2016.1150457
https://doi.org/10.1016/j.envres.2022.114769
https://doi.org/10.1016/j.envres.2022.114769
https://doi.org/10.1016/j.scienta.2022.111052


Page 23 of 25Chi et al. Biochar            (2024) 6:43  

Sheer A, Fahad Sardar M, Younas F, Zhu P, Noreen S, Mehmood T, Ur Rahman 
Farooqi Z, Fatima S, Guo W (2024) Trends and social aspects in the 
management and conversion of agricultural residues into valuable 
resources: a comprehensive approach to counter environmental 
degradation, food security, and climate change. Bioresour Technol 
394:130258. https:// doi. org/ 10. 1016/j. biort ech. 2023. 130258

Siebers N, Leinweber P (2013) Bone char: a clean and renewable phospho-
rus fertilizer with cadmium immobilization capability. J Environ Qual 
42:405–411. https:// doi. org/ 10. 2134/ jeq20 12. 0363

Singh SK, Reddy VR, Fleisher DH, Timlin DJ (2018) Phosphorus nutrition affects 
temperature response of soybean growth and canopy photosynthesis. 
Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2018. 01116

Singh D, Patra S, Mishra AK, Mariappan S, Singh N (2022) Temporal varia-
tion of saturated and near-saturated soil hydraulic conductivity and 
water-conducting macroporosity in a maize-wheat rotation under 
conventional and conservation tillage practices. Land Degrad Dev 
33:2208–2219. https:// doi. org/ 10. 1002/ ldr. 4251

Skodras G, Grammelis P, Basinas P, Kakaras E, Sakellaropoulos G (2006) Pyrolysis 
and combustion characteristics of biomass and waste-derived feed-
stock. Ind Eng Chem Res 45:3791–3799. https:// doi. org/ 10. 1021/ ie060 
107g

Smit E, Leeflang P, Gommans S, van den Broek J, van Mil S, Wernars K (2001) 
Diversity and seasonal fluctuations of the dominant members of the 
bacterial soil community in a wheat field as determined by cultivation 
and molecular methods. Appl Environ Microb 67:2284–2291. https:// 
doi. org/ 10. 1128/ AEM. 67.5. 2284- 2291. 2001

Soinne H, Hovi J, Tammeorg P, Turtola E (2014) Effect of biochar on phospho-
rus sorption and clay soil aggregate stability. Geoderma 219:162–167. 
https:// doi. org/ 10. 1016/j. geode rma. 2013. 12. 022

Song H, Gao J, Gao X, Dai H, Zhang P, Feng B, Wang P, Chai Y (2012) Relations 
between photosynthetic parameters and seed yields of adzuki bean 
cultivars (Vigna angularis). J Integr Agr 11:1453–1461. https:// doi. org/ 10. 
1016/ S2095- 3119(12) 60145-2

Song X, Razavi BS, Ludwig B, Zamanian K, Zang H, Kuzyakov Y, Dippold MA, 
Gunina A (2020) Combined biochar and nitrogen application stimulates 
enzyme activity and root plasticity. Sci Total Environ. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 139393

Soothar MK, Mounkaila Hamani AK, Kumar Sootahar M, Sun J, Yang G, Bhatti 
SM, Traore A (2021) Assessment of acidic biochar on the growth, 
physiology and nutrients uptake of maize (Zea mays L.) seedlings under 
salinity stress. Sustainability-Basel 13:3150. https:// doi. org/ 10. 3390/ 
su130 63150

Sopeña F, Semple K, Sohi S, Bending G (2012) Assessing the chemical and 
biological accessibility of the herbicide isoproturon in soil amended 
with biochar. Chemosphere 88:77–83. https:// doi. org/ 10. 1016/j. chemo 
sphere. 2012. 02. 066

Sparks EE (2023) Maize plants and the brace roots that support them. New 
Phytol 237:48–52. https:// doi. org/ 10. 1111/ nph. 18489

Sun ZC, Arthur E, de Jonge LW, Elsgaard L, Moldrup P (2015) Pore structure 
characteristics after 2 years of biochar application to a sandy loam field. 
Soil Sci 180:41–46. https:// doi. org/ 10. 1097/ SS. 00000 00000 000111

Sun Y, Chen X, Shan J, Xian J, Cao D, Luo Y, Yao R, Zhang X (2022) Nitrogen 
mitigates salt stress and promotes wheat growth in the Yellow River 
delta China. Water-Sui. https:// doi. org/ 10. 3390/ w1423 3819

Suthar RG, Wang C, Nunes MCN, Chen J, Sargent SA, Bucklin RA, Gao B (2018) 
Bamboo biochar pyrolyzed at low temperature improves tomato plant 
growth and fruit quality. Agric Basel. https:// doi. org/ 10. 3390/ agric ultur 
e8100 153

Tan X, He Y, Wang Z, Li C, Kong L, Tian H, Shen W, Megharaj M, He W (2018) 
Soil mineral alters the effect of Cd on the alkaline phosphatase activity. 
Ecotox Environ Safe 161:78–84. https:// doi. org/ 10. 1016/j. ecoenv. 2018. 
05. 069

Tawfik AA, Kleinhenz MD, Palta JP (1996) Application of calcium and nitrogen 
for mitigating heat stress effects on potatoes. Am Potato J 73:261–273. 
https:// doi. org/ 10. 1007/ BF028 49276

Tomczyk A, Boguta P, Sokolowska Z (2019) Biochar efficiency in copper 
removal from haplic soils. Int J Environ Sci Technol 16:4899–4912. 
https:// doi. org/ 10. 1007/ s13762- 019- 02227-4

Tran TTH, Tsubota T, Taniguchi T, Shinogi Y (2022) Comparison of consecutive 
impacts of wood and rice husk gasification biochars with nitrogen 
fertilizer on soybean yield. Paddy Water Environ 20:303–313. https:// doi. 
org/ 10. 1007/ s10333- 021- 00875-2

UNDESA (2024) World population clock: 8.1 billion people (live, 2024)—worl-
dometer. pp 8–15, 2022.

van Dijk M, Morley T, Rau ML, Saghai Y (2021) A meta-analysis of projected 
global food demand and population at risk of hunger for the 
period 2010–2050. Nature Food 2:494–501. https:// doi. org/ 10. 1038/ 
s43016- 021- 00322-9

Van Zwieten L, Kimber S, Morris S, Chan KY, Downie A, Rust J, Joseph S, Cowie 
A (2010) Effects of biochar from slow pyrolysis of papermill waste 
on agronomic performance and soil fertility. Plant Soil 327:235–246. 
https:// doi. org/ 10. 1007/ s11104- 009- 0050-x

Vangronsveld J, Herzig R, Weyens N, Boulet J, Adriaensen K, Ruttens A, Thewys 
T, Vassilev A, Meers E, Nehnevajova E, van der Lelie D, Mench M (2009) 
Phytoremediation of contaminated soils and groundwater: Lessons 
from the field. Environ Sci Pollut R 16:765–794. https:// doi. org/ 10. 1007/ 
s11356- 009- 0213-6

Visioli G, Conti FD, Menta C, Bandiera M, Malcevschi A, Jones DL, Vamerali T 
(2016) Assessing biochar ecotoxicology for soil amendment by root 
phytotoxicity bioassays. Environ Monit Assess 188:166. https:// doi. org/ 
10. 1007/ s10661- 016- 5173-y

von Wangenheim D, Banda J, Schmitz A, Boland J, Bishopp A, Maizel A, Stelzer 
EHK, Bennett M (2020) Early developmental plasticity of lateral roots in 
response to asymmetric water availability. Nat Plants 6:73–77. https:// 
doi. org/ 10. 1038/ s41477- 019- 0580-z

Wang H, Lin K, Hou Z, Richardson B, Gan J (2010) Sorption of the herbicide 
terbuthylazine in two New Zealand forest soils amended with biosolids 
and biochars. J Soil Sediment 10:283–289. https:// doi. org/ 10. 1007/ 
s11368- 009- 0111-z

Wang J, Shi D, Huang C, Zhai B, Feng S (2023) Effects of common biochar and 
acid-modified biochar on growth and quality of spinach in coastal 
saline soils. Plants 12:3232. https:// doi. org/ 10. 3390/ plant s1218 3232

Wang Y, Wang K, Wang X, Zhao Q, Jiang J, Jiang M (2024) Effect of different 
production methods on physicochemical properties and adsorption 
capacities of biochar from sewage sludge and kitchen waste: Mecha-
nism and correlation analysis. J Hazard Mater. https:// doi. org/ 10. 1016/j. 
jhazm at. 2023. 132690

Wu W, Sun X, Dong D, Wang H (2015) Environmental effect of biochar in soil. 
Science Press, Beijing

Xia H, Riaz M, Babar S, Yan L, Li Y, Wang X, Wang J, Jiang C (2023) Assessing the 
impact of biochar on microbes in acidic soils: alleviating the toxicity of 
aluminum and acidity. J Environ Manag 345:118796. https:// doi. org/ 10. 
1016/j. jenvm an. 2023. 118796

Xiang Y, Deng Q, Duan H, Guo Y (2017) Effects of biochar application on root 
traits: a meta-analysis. Gcb Bioenergy 9:1563–1572. https:// doi. org/ 10. 
1111/ gcbb. 12449

Xiang L, Liu S, Ye S, Yang H, Song B, Qin F, Shen M, Tan C, Zeng G, Tan X (2021a) 
Potential hazards of biochar: The negative environmental impacts of 
biochar applications. J Hazard Mater 420:126611. https:// doi. org/ 10. 
1016/j. jhazm at. 2021. 126611

Xiang M, Li Y, Yang J, Lei K, Li Y, Li F, Zheng D, Fang X, Cao Y (2021b) Heavy 
metal contamination risk assessment and correlation analysis of heavy 
metal contents in soil and crops. Environ Pollut 278:116911. https:// doi. 
org/ 10. 1016/j. envpol. 2021. 116911

Xiaotong Y, Zhifang R, Rui L, Lei F, Jie Z, Lanping G (2022) Effects of biochar on 
the growth, ginsenoside content, and soil microbial community com-
position of Panax quinquefolium L. J Soil Sci Plant Nut 22:2670–2686. 
https:// doi. org/ 10. 1007/ s42729- 022- 00835-7

Xie K, Xu P, Yang S, Lu Y, Jiang R, Gu W, Li W, Sun L (2015) Effects of supplemen-
tary composts on microbial communities and rice productivity in cold 
water paddy fields. J Microbiol Biotechn 25:569–578. https:// doi. org/ 10. 
4014/ jmb. 1407. 07066

Xu C, Hosseini-Bai S, Hao Y, Rachaputi RCN, Wang H, Xu Z, Wallace H (2015) 
Effect of biochar amendment on yield and photosynthesis of peanut 
on two types of soils. Environ Sci Pollut R 22:6112–6125. https:// doi. 
org/ 10. 1007/ s11356- 014- 3820-9

https://doi.org/10.1016/j.biortech.2023.130258
https://doi.org/10.2134/jeq2012.0363
https://doi.org/10.3389/fpls.2018.01116
https://doi.org/10.1002/ldr.4251
https://doi.org/10.1021/ie060107g
https://doi.org/10.1021/ie060107g
https://doi.org/10.1128/AEM.67.5.2284-2291.2001
https://doi.org/10.1128/AEM.67.5.2284-2291.2001
https://doi.org/10.1016/j.geoderma.2013.12.022
https://doi.org/10.1016/S2095-3119(12)60145-2
https://doi.org/10.1016/S2095-3119(12)60145-2
https://doi.org/10.1016/j.scitotenv.2020.139393
https://doi.org/10.1016/j.scitotenv.2020.139393
https://doi.org/10.3390/su13063150
https://doi.org/10.3390/su13063150
https://doi.org/10.1016/j.chemosphere.2012.02.066
https://doi.org/10.1016/j.chemosphere.2012.02.066
https://doi.org/10.1111/nph.18489
https://doi.org/10.1097/SS.0000000000000111
https://doi.org/10.3390/w14233819
https://doi.org/10.3390/agriculture8100153
https://doi.org/10.3390/agriculture8100153
https://doi.org/10.1016/j.ecoenv.2018.05.069
https://doi.org/10.1016/j.ecoenv.2018.05.069
https://doi.org/10.1007/BF02849276
https://doi.org/10.1007/s13762-019-02227-4
https://doi.org/10.1007/s10333-021-00875-2
https://doi.org/10.1007/s10333-021-00875-2
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1038/s43016-021-00322-9
https://doi.org/10.1007/s11104-009-0050-x
https://doi.org/10.1007/s11356-009-0213-6
https://doi.org/10.1007/s11356-009-0213-6
https://doi.org/10.1007/s10661-016-5173-y
https://doi.org/10.1007/s10661-016-5173-y
https://doi.org/10.1038/s41477-019-0580-z
https://doi.org/10.1038/s41477-019-0580-z
https://doi.org/10.1007/s11368-009-0111-z
https://doi.org/10.1007/s11368-009-0111-z
https://doi.org/10.3390/plants12183232
https://doi.org/10.1016/j.jhazmat.2023.132690
https://doi.org/10.1016/j.jhazmat.2023.132690
https://doi.org/10.1016/j.jenvman.2023.118796
https://doi.org/10.1016/j.jenvman.2023.118796
https://doi.org/10.1111/gcbb.12449
https://doi.org/10.1111/gcbb.12449
https://doi.org/10.1016/j.jhazmat.2021.126611
https://doi.org/10.1016/j.jhazmat.2021.126611
https://doi.org/10.1016/j.envpol.2021.116911
https://doi.org/10.1016/j.envpol.2021.116911
https://doi.org/10.1007/s42729-022-00835-7
https://doi.org/10.4014/jmb.1407.07066
https://doi.org/10.4014/jmb.1407.07066
https://doi.org/10.1007/s11356-014-3820-9
https://doi.org/10.1007/s11356-014-3820-9


Page 24 of 25Chi et al. Biochar            (2024) 6:43 

Xu Y, Seshadri B, Bolan N, Sarkar B, Ok Y, Zhang W, Rumpel C, Sparks D, 
Farrell M, Hall T, Dong Z (2019) Microbial functional diversity and 
carbon use feedback in soils as affected by heavy metals. Environ Int 
125:478–488. https:// doi. org/ 10. 1016/j. envint. 2019. 01. 071

Yabe S, Sakai Y, Abe K, Yokota A (2017) Diversity of Ktedonobacteria with 
actinomycetes-like morphology in terrestrial environments. Microbes 
Environ 32:61–70. https:// doi. org/ 10. 1264/ jsme2. ME161 44

Yang C, Lu S (2021) Effects of five different biochars on aggregation, water 
retention and mechanical properties of paddy soil: a field experiment 
of three-season crops. Soil till Res. https:// doi. org/ 10. 1016/j. still. 2020. 
104798

Yang C, Lu S (2022) Straw and straw biochar differently affect phosphorus 
availability, enzyme activity and microbial functional genes in an Ulti-
sol. Sci Total Environ. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 150325

Yang YN, Sheng GY (2003) Enhanced pesticide sorption by soils contain-
ing particulate matter from crop residue burns. Environ Sci Technol 
37:3635–3639. https:// doi. org/ 10. 1021/ es034 006a

Yang X, Liu J, McGrouther K, Huang H, Lu K, Guo X, He L, Lin X, Che L, Ye Z, 
Wang H (2016) Effect of biochar on the extractability of heavy metals 
(Cd, Cu, Pb, and Zn) and enzyme activity in soil. Environ Sci Pollut R 
23:974–984. https:// doi. org/ 10. 1007/ s11356- 015- 4233-0

Yang X, Han D, Zhao Y, Li R, Wu Y (2020) Environmental evaluation of a 
distributed-centralized biomass pyrolysis system: a case study in 
Shandong. China. Sci Total Environ 716:136915. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 136915

Yao Q, Liu J, Yu Z, Li Y, Jin J, Liu X, Wang G (2017) Three years of biochar 
amendment alters soil physiochemical properties and fungal com-
munity composition in a black soil of Northeast China. Soil Biol 
Biochem 110:56–67. https:// doi. org/ 10. 1016/j. soilb io. 2017. 03. 005

Yi Q, Liang B, Nan Q, Wang H, Zhang W, Wu W (2020) Temporal physico-
chemical changes and transformation of biochar in a rice paddy: 
Insights from a 9-year field experiment. Sci Total Environ. https:// doi. 
org/ 10. 1016/j. scito tenv. 2020. 137670

Yin Y, Li J, Zhu S, Chen Q, Chen C, Rui Y, Shang J (2024) Effect of biochar 
application on rice, wheat, and corn seedlings in hydroponic culture. 
J Environ Sci-China 135:379–390. https:// doi. org/ 10. 1016/j. jes. 2023. 
01. 023

Ying X, Yang Y, He L, Shanqing W, Nianping C, Ligeng J, Izhar A, Saif U, 
Xiuchan W, Tianyi C, Quan Z, Tianyuan L (2020) Amylose content and 
RVA profile characteristics of noodle rice under different conditions. 
Agron J 112:117–129. https:// doi. org/ 10. 1002/ agj2. 20079

Yu C, Tang Y, Fang M, Luo Z, Cen K (2005) Experimental study on alkali 
emission during rice straw pyrolysis. J Zhejiang Univ Eng Sci 
39:1435–1438

Yu X, Ying G, Kookana RS (2006) Sorption and desorption behaviors of diuron 
in soils amended with charcoal. J Agr Food Chem 54:8545–8550. 
https:// doi. org/ 10. 1021/ jf061 354y

Yu X, Pan L, Ying G, Kookana RS (2010) Enhanced and irreversible sorption of 
pesticide pyrimethanil by soil amended with biochars. J Environ Sci-
China 22:615–620. https:// doi. org/ 10. 1016/ S1001- 0742(09) 60153-4

Yuan JH, Xu RK (2011) The amelioration effects of low temperature biochar 
generated from nine crop residues on an acidic ultisol. Soil Use Manag 
27:110–115. https:// doi. org/ 10. 1111/j. 1475- 2743. 2010. 00317.x

Yue L, Lian F, Han Y, Bao Q, Wang Z, Xing B (2019) The effect of biochar 
nanoparticles on rice plant growth and the uptake of heavy metals: 
Implications for agronomic benefits and potential risk. Sci Total Environ 
656:9–18. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 11. 364

Yue Y, Lin Q, Li G, Zhao X, Chen H (2023) Biochar amends saline soil and 
enhances maize growth: Three-year field experiment findings. 
Agronomy 4:1111. https:// doi. org/ 10. 3390/ agron omy13 041111

Zhang P, Sheng GY, Feng YH, Miller DM (2006) Predominance of char sorption 
over substrate concentration and soil pH in influencing biodegrada-
tion of benzonitrile. Biodegradation 17:1–8. https:// doi. org/ 10. 1007/ 
s10532- 005- 1919-x

Zhang W, Meng J, Wang J, Fan S, Chen W (2013) Effect of biochar on root 
morphological and physiological characteristics and yield in rice. Acta 
Agron Sin 39:1445–1451. https:// doi. org/ 10. 3724/ SP.J. 1006. 2013. 01445

Zhang K, Liu H, Tao P, Chen H (2014) Comparative proteomic analyses provide 
new insights into low phosphorus stress responses in maize leaves. 
PLoS ONE. https:// doi. org/ 10. 1371/ journ al. pone. 00982 15

Zhang W, Cao G, Li X, Zhang H, Wang C, Liu Q, Chen X, Cui Z, Shen J, Jiang R 
(2016) Closing yield gaps in China by empowering smallholder farmers. 
Nature 537:671–674. https:// doi. org/ 10. 1038/ natur e19368

Zhang C, Zhang Z, Zhang L, Li Q, Li C, Chen G, Zhang S, Liu Q, Hu X (2020a) 
Evolution of the functionalities and structures of biochar in pyrolysis of 
poplar in a wide temperature range. Bioresource Technol. https:// doi. 
org/ 10. 1016/j. biort ech. 2020. 123002

Zhang J, Huang Y, Lin J, Chen X, Li C, Zhang J (2020b) Biochar applied to con-
solidated land increased the quality of an acid surface soil and tobacco 
crop in Southern China. J Soil Sediment 20:3091–3102. https:// doi. org/ 
10. 1007/ s11368- 019- 02531-z

Zhang Y, Ding J, Wang H, Su L, Zhao C (2020c) Biochar addition alleviate the 
negative effects of drought and salinity stress on soybean productiv-
ity and water use efficiency. BMC Plant Biol 20:288. https:// doi. org/ 10. 
1186/ s12870- 020- 02493-2# Sec8

Zhang P, Xue B, Jiao L, Meng X, Zhang L, Li B, Sun H (2022) Preparation of ball-
milled phosphorus-loaded biochar and its highly effective remediation 
for Cd- and Pb-contaminated alkaline soil. Sci Total Environ 813:152648. 
https:// doi. org/ 10. 1016/j. scito tenv. 2021. 152648

Zhang J, Liu X, Wu Q, Qiu Y, Chi D, Xia G, Arthur E (2023) Mulched drip irriga-
tion and maize straw biochar increase peanut yield by regulating soil 
nitrogen, photosynthesis and root in arid regions. Agr Water Manage 
289:108565. https:// doi. org/ 10. 1016/j. agwat. 2023. 108565

Zhang D, Jie H, Zhang W, Yuan Q, Ma Z, Wu H, Rao W, Liu S, Wang D (2024) 
Combined biochar and water-retaining agent application increased 
soil water retention capacity and maize seedling drought resistance in 
Fluvisols. Sci Total Environ 907:167885. https:// doi. org/ 10. 1016/j. scito 
tenv. 2023. 167885

Zhao J, Zhang R, Xue C, Xun W, Sun L, Xu Y, Shen Q (2014) Pyrosequencing 
reveals contrasting soil bacterial diversity and community structure 
of two main winter wheat cropping systems in China. Microb Ecol 
67:443–453. https:// doi. org/ 10. 1007/ s00248- 013- 0322-0

Zhao W, Zhou Q, Tian Z, Cui Y, Liang Y, Wang H (2020) Apply biochar to ame-
liorate soda saline-alkali land, improve soil function and increase corn 
nutrient availability in the Songnen plain. Sci Total Environ. https:// doi. 
org/ 10. 1016/j. scito tenv. 2020. 137428

Zhao R, Liu J, Xu N, He T, Meng J, Liu Z (2022) Urea hydrolysis in different farm-
land soils as affected by long-term biochar application. Front Environ 
Sci. https:// doi. org/ 10. 3389/ fenvs. 2022. 950482

Zhao W, Hu T, Ma H, Li D, Zhao Q, Jiang J, Wei L (2024) A review of micro-
bial responses to biochar addition in anaerobic digestion system: 
community, cellular and genetic level findings. Bioresource Technol 
391:129929. https:// doi. org/ 10. 1016/j. biort ech. 2023. 129929

Zheng J, Chen J, Pan G, Liu X, Zhang X, Li L, Sian R, Cheng K (2016) Biochar 
decreased microbial metabolic quotient and shifted community 
composition four years after a single incorporation in a slightly acid rice 
paddy from Southwest China. Sci Total Environ 571:206–217. https:// 
doi. org/ 10. 1016/j. scito tenv. 2016. 07. 135

Zhou Q, Song Y (2004) Contaminated soil remediation: principles and meth-
ods. Science Press, Beijing

Zhou H, Whalley WR, Hawkesford MJ, Ashton RW, Atkinson B, Atkinson JA, 
Sturrock CJ, Bennett MJ, Mooney SJ (2021) The interaction between 
wheat roots and soil pores in structured field soil. J Exp Bot 72:747–756. 
https:// doi. org/ 10. 1093/ jxb/ eraa4 75

Zhu K, Sun X, Cheng S, Zhang W, Cai X, Tang Y, Sun P, Cao Z, Liu Q, Zhao G 
(2016) Effects of different soil amendments on South Anhui tobacco 
growing soil and flue-cured tobacco yield and quality. Soils 48:720–725

Zhu X, Labianca C, He M, Luo Z, Wu C, You S, Tsang DCW (2022a) Life-cycle 
assessment of pyrolysis processes for sustainable production of biochar 
from agro-residues. Bioresour Technol 360:127601. https:// doi. org/ 10. 
1016/j. biort ech. 2022. 127601

Zhu Y, Ge X, Wang L, You Y, Cheng Y, Ma J, Chen F (2022b) Biochar rebuilds the 
network complexity of rare and abundant microbial taxa in reclaimed 
soil of mining areas to cooperatively avert cadmium stress. Front Micro-
biol. https:// doi. org/ 10. 3389/ fmicb. 2022. 972300

Zlatev Z, Lidon FC (2012) An overview on drought induced changes in plant 
growth, water relations and photosynthesis. Emir J Food Agr 24:57–72. 
https:// doi. org/ 10. 9755/ EJFA. V24I1. 10599

https://doi.org/10.1016/j.envint.2019.01.071
https://doi.org/10.1264/jsme2.ME16144
https://doi.org/10.1016/j.still.2020.104798
https://doi.org/10.1016/j.still.2020.104798
https://doi.org/10.1016/j.scitotenv.2021.150325
https://doi.org/10.1021/es034006a
https://doi.org/10.1007/s11356-015-4233-0
https://doi.org/10.1016/j.scitotenv.2020.136915
https://doi.org/10.1016/j.scitotenv.2020.136915
https://doi.org/10.1016/j.soilbio.2017.03.005
https://doi.org/10.1016/j.scitotenv.2020.137670
https://doi.org/10.1016/j.scitotenv.2020.137670
https://doi.org/10.1016/j.jes.2023.01.023
https://doi.org/10.1016/j.jes.2023.01.023
https://doi.org/10.1002/agj2.20079
https://doi.org/10.1021/jf061354y
https://doi.org/10.1016/S1001-0742(09)60153-4
https://doi.org/10.1111/j.1475-2743.2010.00317.x
https://doi.org/10.1016/j.scitotenv.2018.11.364
https://doi.org/10.3390/agronomy13041111
https://doi.org/10.1007/s10532-005-1919-x
https://doi.org/10.1007/s10532-005-1919-x
https://doi.org/10.3724/SP.J.1006.2013.01445
https://doi.org/10.1371/journal.pone.0098215
https://doi.org/10.1038/nature19368
https://doi.org/10.1016/j.biortech.2020.123002
https://doi.org/10.1016/j.biortech.2020.123002
https://doi.org/10.1007/s11368-019-02531-z
https://doi.org/10.1007/s11368-019-02531-z
https://doi.org/10.1186/s12870-020-02493-2#Sec8
https://doi.org/10.1186/s12870-020-02493-2#Sec8
https://doi.org/10.1016/j.scitotenv.2021.152648
https://doi.org/10.1016/j.agwat.2023.108565
https://doi.org/10.1016/j.scitotenv.2023.167885
https://doi.org/10.1016/j.scitotenv.2023.167885
https://doi.org/10.1007/s00248-013-0322-0
https://doi.org/10.1016/j.scitotenv.2020.137428
https://doi.org/10.1016/j.scitotenv.2020.137428
https://doi.org/10.3389/fenvs.2022.950482
https://doi.org/10.1016/j.biortech.2023.129929
https://doi.org/10.1016/j.scitotenv.2016.07.135
https://doi.org/10.1016/j.scitotenv.2016.07.135
https://doi.org/10.1093/jxb/eraa475
https://doi.org/10.1016/j.biortech.2022.127601
https://doi.org/10.1016/j.biortech.2022.127601
https://doi.org/10.3389/fmicb.2022.972300
https://doi.org/10.9755/EJFA.V24I1.10599


Page 25 of 25Chi et al. Biochar            (2024) 6:43  

Zong Y, Lu S (2020) Does long-term inorganic and organic fertilization affect 
soil structural and mechanical physical quality of paddy soil? Arch 
Agron Soil Sci 66:625–637. https:// doi. org/ 10. 1080/ 03650 340. 2019. 
163082

Zong Y, Liu Y, Li Y, Ma R, Malik Z, Xiao Q, Li Z, Zhang J, Shan S (2023) Changes in 
salinity, aggregates and physicomechanical quality induced by biochar 
application to coastal soil. Arch Agron Soil Sci 69:2721–2738. https:// 
doi. org/ 10. 1080/ 03650 340. 2023. 21721 67

https://doi.org/10.1080/03650340.2019.163082
https://doi.org/10.1080/03650340.2019.163082
https://doi.org/10.1080/03650340.2023.2172167
https://doi.org/10.1080/03650340.2023.2172167

	Stress resistance enhancing with biochar application and promotion on crop growth
	Abstract 
	Highlights 
	1 Introduction
	2 Biochar incorporation improves soil physical properties
	2.1 Improve soil porous structure
	2.2 Increase soil aggregates stability
	2.3 Decrease soil bulk density
	2.4 Increase soil water holding capacity
	2.5 Improve soil mechanical properties

	3 Biochar effects on soil chemical properties
	3.1 Supplements soil nutrients
	3.1.1 Adjusts soil pH
	3.1.2 Supplements soil nutrients
	3.1.3 Increases soil cation exchange capacity

	3.2 Reduces soil pollutant concentration
	3.2.1 Reduces metal pollution in soil
	3.2.2 Reduces pesticide concentration


	4 Biochar input promotes soil nutrient cycling
	4.1 Promotes soil nitrogen cycle
	4.2 Promotes soil phosphorus cycle
	4.3 Improves soil microbial community structure and soil enzyme activity
	4.3.1 Soil microbial community structure
	4.3.2 Soil enzyme activity


	5 Biochar application benefits on crop growth
	5.1 Biochar promotes crop root growth
	5.2 Mechanisms for root development in improving the ability to resist stress
	5.2.1 Increases the ability of soil to resist saline stress
	5.2.2 Increases soil resistance to drought stress
	5.2.3 Increases soil resistance to waterlogging stress
	5.2.4 Increases soil heat stress resistance
	5.2.5 Increases crop lodging resistance

	5.3 Promotes crop photosynthesis
	5.4 Increases crop quality and yield

	6 Future prospective
	Acknowledgements
	References


