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1  Introduction
Water conservation is a critical issue across the globe and is further pressured by rapid 
climate change [1]. Extreme weather events, such as a rise in average temperatures and 
fluctuation in precipitation patterns, are expected to cause serious challenges to water 
management and availability. Furthermore, the water cycles are shifting due to climate 
change, leading to prolonged droughts or frequent floods in many regions [2, 3]. All 
these unexpected changes intensify existing water stress, affect the ecosystem, disrupt 
agricultural and industrial activities, and adversely impact human health [4].

Globally, the agricultural sector consumes majority of freshwater resources, and 
the resilience of farming systems is compromised by reduced water availability. This 
impacts crop yields and exacerbates soil degradation, salinization, and desertification 
[5, 6]. These stresses challenge efficient water management practices that are crucial 
for ensuring food security and improving livelihoods. Furthermore, the race for water 
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resources is intensifying among several other sectors, including industry, urban devel-
opment, and precision agriculture [7]. Currently, metropolitan regions hardly meet the 
growing demand for drinking water due to unplanned urbanization and rapid popula-
tion growth, creating inadequate sanitation and hygiene standards [8]. Water scarcity 
also affects aquatic ecosystems and biodiversity. The ecological balance is disturbed by 
declining freshwater habitats and drying wetlands, while aquatic species are threatened 
by decreasing river flows [9, 10].

Global water scarcity is being exacerbated by climate change, which alters precipita-
tion patterns, increases the frequency and severity of droughts, and reduces snowpack. 
In water-stressed regions, these changes intensify shortages of water by disturbing 
hydrological cycles, affecting surface water, and further changing groundwater recharge. 
Reduced water availability during crucial growth seasons directly impacts agricultural 
productivity [11]. These effects of climate change promote selective water conservation 
requirements and include ecosystem-based adaptation, demand management, water 
recycling and reuse, and the deployment of advanced water-efficient technologies [12, 
13]. Additionally, measures such as reforestation, restoration of watersheds, soil con-
servation, and managed aquifer recharges are valuable for enhancing water retention 
[14–18]. Implementing these measures is challenging under rapid urbanization and 
uncertain climate conditions. Furthermore, climate change poses a serious threat to 
both water quantity and quality, worsens existing water stress, and introduces new water 
management challenges. In agricultural areas, rising temperatures further worsen water 
deficits, reduce soil moisture content, and enhances evaporation rates [19, 20].

The water shortages have also been intensified by changes in land use and land-cover 
patterns due to urbanization and deforestation. These changes reduce water storage 
capacity and accelerate surface runoff and erosion [21, 22]. Simultaneously, climate 
change-induced phenomena, such as sea-level rise and saltwater intrusion damage 
coastal aquifers, and ultimately hamper the existing freshwater sources. This raises seri-
ous concerns for drinking water availability in communities along coastal areas [6, 23, 
24]. Therefore, building resilience and ensuring reasonable access to water resources for 
all societal sectors is essential. This requires holistic and adaptive approaches to water 
resource management that integrate climate adaptation strategies. Finding technical 
solutions over conventional methods is especially important, particularly in developing 
nations.

Biochar, a carbon-rich substance obtained from the oxygen-limited pyrolysis of 
organic biomass, is gaining attention due to its various applications in environmental 
remediation, agriculture, and climate change mitigation [25, 26]. Biochar has a porous 
structure and high surface area and is thus considered an effective soil amendment for 
improving soil quality, enhancing carbon sequestration, and retaining soil moisture [26, 
27]. Biochar can be used as soil amendment either on the top soil or mixed into deeper 
layers, with varying quantities and frequencies [28].

Several studies have demonstrated that the application of biochar can enhance car-
bon sequestration, reduce greenhouse gas emissions, improve soil fertility and structure, 
and increase crop production [29]. Some authors have also reported the role of biochar 
in addressing water scarcity issues in agricultural systems [28]. The capacity of biochar 
to enhance soil water retention and infiltration is one of the key applications for water 
conservation. By absorbing water through its micro-pores, biochar acts as a sponge to 
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reduce runoff, evaporation, and water loss [30]. Both micro- and macro-pores within 
biochar enhance water availability for plants in sandy or degraded soils [31, 32]. This 
property likely mitigates plant stress, promotes efficient water use, and increases crop 
productivity and resilience to climate variability. Biochar enhances soil porosity and per-
meability, improves soil structure and aggregation, facilitates water infiltration, reduces 
surface runoff, minimizes soil erosion, and reduces nutrient leaching [33, 34].

Biochar also induces microbial communities and biochemical processes in soil, which 
can further enhance water retention and nutrient cycling and promote sustainable agri-
cultural practices [31, 35, 36]. By stabilizing organic carbon in soil and reducing green-
house gas emissions, biochar indirectly contributes to water conservation through 
carbon sequestration and climate change mitigation [26, 37]. As a result, biochar 
emerges as a flexible tool for improving water security, reducing climate change impact 
on agriculture and the environment, supporting climate-resilient irrigation, and promot-
ing sustainable land management.

The main objective of this study is to critically evaluate the potential of biochar as 
a sustainable solution for minimizing water scarcity under the rapidly changing cli-
matic condition. The study first investigates biochar’s role in agriculturally dominated 
areas to conserve water resources effectively and economically. Then, the article high-
lights how the agriculture sector can use biochar synthesized using locally available 
biomass to reduce water requirements effectively. Further, the study assesses the envi-
ronmental implications, trade-offs, and scalability of biochar applications for water 
conservation and climate-resilient agricultural systems across agroecosystems and geo-
graphical regions. Finally, the article discusses future research directions and associated 
challenges.

2  Review methodology
For this study, systematic searches were conducted in the Scopus database for journals 
indexed between January 2010 to October 2024. Keywords such as “biochar in agricul-
ture, water conservation, climate change” and related terms were used to collect relevant 
articles. The database search was restricted to scientific research, and review articles 
published only in English (Fig. 1a). Repetitive articles and those published in non-Scopus 
journals were excluded at the preliminary stage.

Further, bibliographic analysis was conducted for the last 14 years, from 2010 to 2024 
(Fig. 1b). The VOSviewer identified 50 potential interlinked keywords and is represented 
as a network graphs in Fig. 1b. Figures 1a and b form the basis for this study. VOSviewer 
correlates and quantifies potential publications to examine keyword inter-relationships 
as a network graph to better visualize topic co-occurrences across articles from the last 
14 years. The final number for bibliographic analysis after eliminating duplicates and 
irrelevant articles was 50.

3  Biochar production and properties
3.1  Biochar production methods

Biochar production entails mainly organic waste pyrolysis, such as wood chips, animal 
dung, or crop leftovers, in a controlled environment with little to no air. Depending 
on the desired properties of the biochar, pyrolysis is typically carries out at tempera-
tures between 300 °C and 800 °C, with variable heating rates and residence times [36]. 
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During production, the heating rate is a significant factor influencing biochar proper-
ties. Higher heating rates yield biochar with enhanced surface area, whereas lower heat-
ing rates produce biochar with greater porosity [38]. This may be because rapid heating 
provides insufficient time for volatile chemicals to fully escape, thereby reducing overall 
porosity. In contrast, slower heating rates facilitate gradual pyrolysis, allowing volatiles 
compounds sufficient time to escape, resulting in increased porosity and broader pore 
formation [39].

Many techniques are used to produce biochar such as fast pyrolysis, slow pyrolysis, 
gasification, torrefaction and Hydrothermal Carbonization (HTC) [29]. Slow pyroly-
sis involves the gradual heating of biomass to produce biochar, bio-oil, and syngas. In 
contrast, fast pyrolysis entails heating biomass quickly and at a higher temperature to 
generate a higher percentage of bio-oil. Furthermore, the gasification operations, turns 
biomass into a gaseous fuel (syngas) through partial oxidation [30]. HTC is the process 
of thermal decomposition of an organic substrate in the subcritical aqueous substrate 
to obtain a high carbon-containing product [25, 29]. Another thermal pre-treatment 

Fig. 1  a Framework showing methodology used for the selection of articles (b) Co-occurrence network of key-
words, biochar, water conservation, and climate change -based on the Scopus database. Note: VOSviewer software 
(available at https://www.vosviewer.com/) was used for creating the bibliometric network graph
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method called torrefaction is mostly used to enhance the qualities of biomass as a solid 
fuel. It involves heating biomass, such as wood, agricultural waste, or biological waste, 
to temperatures usually between 200 °C and 300 °C while maintaining an anoxic or inert 
environment to prevent oxygen entry. A dry, carbon-rich material known as torrefied 
biomass or bio-coal is the end result of this process, which also removes moisture and 
volatile organic components [29, 40].

During biochar synthesis, pressure also acts as a variable that modifies its proper-
ties, particularly porosity and surface area [41]. The application of high pressure in 
biochar production results in a more porous structure with increased surface area, i.e., 
high water retention in soil. The increased pressure utilized in HTC method results 
in a denser and more uniform biochar structure [40, 42]. Supercritical carbon dioxide 
(sc-CO2) activation is an example, it is a technique for modifying biochar that utilizes 
pressure. The process involves exposing biochar to high-pressure carbon dioxide, which 
enhances its surface area and pore volume. The use of sc-CO2 can change the chemical 
composition of biochar, resulting in alterations to its functional groups and adsorption 
properties [43]. The application of pressure during biochar production influences the 
types and quantities of surface functional groups on the biochar. Elevated pressure con-
ditions can result in the formation of supplementary carboxyl and phenolic functional 
groups, i.e., biochar’s affinity for polar contaminants as well as water retention [44]. 
Moreover, different production methods yield different qualities of biochar and develop 
unique stability, pore structure, surface area, and chemical composition, which affect the 
material for different uses. Biochar serves as an effective soil amendment and carbon 
sequestration agent due to its physical, chemical, and biological properties (Fig. 2). It 
further increases soil water retention, improves soil aggregation, binds labile carbon, and 
inhibits microbial degradation.

3.2  Properties of biochar

3.2.1  Physical properties

Biochar possesses several physical properties that are particularly relevant for retain-
ing water and conserving soil moisture. Biochar consists of high surface area, porosity, 
and surface functional groups, which facilitate water retention, nutrient adsorption, and 
microbial habitat provision [36]. One of the key characteristics of biochar is its porous 
structure. The pores provide a large surface area for water adsorption and retention. 

Fig. 2  Schematic representation of the role of biochar in soil organic carbon enhancement, labile carbon binding, 
water retention, aggregation, and microbial degradation
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Biochar’s micro-, meso-, and macropores create a lot of surface area and improve its 
ability to hold water and nutrients, which is crucial in improving the inherent properties 
of the soil. It creates a sponge-like matrix within the soil [28, 32]. The extensive porosity 
of biochar allows biochar to absorb and hold water molecules, thereby reducing water 
loss through drainage, and evaporation. Additionally, the porous nature of biochar facili-
tates water infiltration and distribution throughout the soil profile, encouraging deeper 
root penetration and enhances plant access to moisture [45, 46]. This property is espe-
cially beneficial in sandy or degraded soils with poor water-holding capacity, where 
biochar amendments can improve soil moisture retention 11.22% to 14.82% and itigate 
drught stress in plants [47]. Ultimately, the porous nature of biochar contributes to its 
effectiveness as a soil amendment tool for enhancing water retention and conservation 
in agricultural and environmental settings.

3.2.2  Chemical properties

Biochar exhibits several chemical properties pertinent to water retention and conser-
vation. Chemically, the composition of biochar varies depending on the feedstock type 
and pyrolysis conditions but typically consists of carbon, hydrogen, oxygen, and nitro-
gen content [30, 48]. One crucial aspect is the presence of surface functional groups, 
such as hydroxyl (-OH), carboxyl (-COOH), and phenolic (-C-OH) groups, which con-
tribute to its water retention capacity [49]. At the same time, surface functional groups, 
such as hydroxyl-, carboxyl-, and phenolic- groups, contribute to biochar’s reactivity 
and ability to sorb nutrients, metals, and organic compounds from the soil environment 
[50–52]. These functional groups facilitate water adsorption through hydrogen bonding 
and other interactions, which ultimately enhance soil moisture retention [51]. Addition-
ally, biochar’s high cation exchange capacity (CEC) helps in adsorbing various potential 
cations, such as potassium, calcium, and magnesium, which are essential in soil struc-
ture and moisture retention [53]. By retaining these nutrients in the soil, biochar main-
tains optimal soil moisture levels, reduces the risk of nutrient leaching, and promotes 
soil fertility and plant growth [46, 54]. Furthermore, biochar’s ability to modify soil pH 
can influence water retention, as certain soil pH ranges are conducive to optimal water-
holding capacity. In a previously conducted study, biochar neutralized acidic soil and 
simultaneously improved the water-holding capacity by 10–20% [29]. Hence it has been 
observed that the chemical properties of biochar, including its surface functional groups, 
CEC, and pH-modifying capabilities, significantly conserve the soil moisture.

3.2.3  Biological properties

Biochar’s biological properties also facilitate the soil moisture retention, primarily 
through its interactions with soil microorganisms. Biochar serves as both a habitat and 
carbon source for soil microorganisms, influencing soil microbial communities, nutrient 
cycling, and plant-microbe interactions [31, 55]. As a habitat and carbon source for soil 
microbes, biochar also enhances microbial activity, diversity in the soil, and nutrient-
cycling processes [56]. Microorganisms colonize the porous structure of biochar and 
form biofilms and bio-aggregates that stabilize soil aggregates and improve soil struc-
ture [57]. These microbial communities play crucial roles in organic matter decomposi-
tion, nutrient mineralization, and humus formation to indirectly impact the soil water 
retention [58]. Furthermore, by enhancing soil aggregation and organic matter content, 
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biochar promotes the formation of stable soil aggregates that resist compaction and ero-
sion, thereby maintaining soil porosity and permeability for improved water infiltration 
and retention. Additionally, microbial degradation of organic compounds within bio-
char releases by-products that contribute to soil organic matter and humus formation. 
It further enhances soil moisture conservation and nutrient retention [59]. Overall, the 
biological properties of biochar facilitate synergistic interactions with soil microorgan-
isms, leading to improvements in soil structure, nutrient cycling, and water retention, 
and contributing to sustainable water management in agricultural and environmental 
applications.

4  Traditional agriculture and its impacts on soil and water resources
Traditional irrigation practices had also caused water quality degradation, water scar-
city, and obstructed water resources. For instance, extensive irrigation has led to the 
unsustainable extraction of groundwater and the depletion of available surface water [5]. 
Prominent examples include north-western India and adjacent Pakistan, where excessive 
water resource utilization has reduced the availability of fresh water to other users, and 
increased the susceptibility of ecosystems that rely on those water sources [60]. Addi-
tionally, the widespread use of chemical pesticides and fertilizers in conventional agri-
culture severely threatens water quality [61]. Excess nutrients from agricultural areas 
such as nitrogen and phosphorus, are also carried into water bodies by runoff, causing 
eutrophication, and toxic algal blooms [62–64]. Ultimately, these pollutants endanger 
both human health and aquatic ecosystems.

Some traditional agricultural methods further jeopardize the health of ecosystems 
and water resources, which can often provoke soil erosion [65]. The soil structure is 
disturbed by conventional tillage techniques which are prevalent in many developing 
nations [66]. They leave the soil susceptible to erosion by wind and/or water. The effects 
of drought and water shortages are exacerbated when productive topsoil is lost to ero-
sion, which also reduces the soil water retention capacity. Erosion that leads to sedimen-
tation in water bodies further decreases water storage capacity. This complicates water 
management in areas dependent on reservoirs for agriculture and water delivery, hin-
dering efforts to prevent flooding [67].

The environmental effects on water resources are exacerbated by the drainage of wet-
lands and the conversion of natural landscapes for agriculture, leading to habitat and 
biodiversity loss and changes in hydrological regimes [68]. Wetlands are essential for 
controlling water flow, removing environmental pollutants, and providing habitat for 
various faunas and floras [69]. Water quality, flood control, and groundwater recharge 
rates are affected when these ecosystem services are disrupted by their degradation or 
conversion for agricultural use. Furthermore, the water shortage problem in both farm-
ing and urban regions is the loss of natural vegetation, which lowers the infiltration 
capacity of soils and increases surface runoff while reducing groundwater recharge [68]. 
This creates a need of natural soil amendment for soil nutrient and moisture preserva-
tion in water scarce regions.
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5  Role of biochar in water retention and soil moisture management
In agriculture, biochar amendments improve soil fertility, water retention, and crop 
productivity while sequestering carbon and mitigating greenhouse gas emissions [30, 
70–72]. Biochar promotes aeration, root penetration, and water infiltration by enhanc-
ing soil structure and aggregation, improving soil water retention, and reducing nutrient 
leaching [31, 46, 73]. Additionally, biochar amendments can increase soil pH, enhance 
CEC, and adsorb toxic contaminants, thereby improving soil quality and reducing envi-
ronmental risks associated with soil degradation [36, 74]. These benefits highlight the 
potential of biochar as a sustainable soil amendment tool over traditional methods for 
enhancing agricultural resilience to climate change while mitigating its environmental 
impacts. It is possible to employ locally accessible biomass and combine biochar produc-
tion with renewable energy systems for decentralized pyrolysis units for biochar produc-
tion in large-scale farms. This would be more useful in water-scarce areas while lowering 
costs and emissions. Application-specific biochar formulations and precision farming 
methods can maximize their efficacy in enhancing soil moisture retention and reducing 
water stress across diverse agricultural environments.

5.1  Change in soil water dynamics

Biochar improves soil water retention, increases water holding capacity and reduces 
water loss through several physical, chemical, and biological processes (Fig. 3). As 

Fig. 3  Schematic representation of the factors influencing biochar efficacy on increasing infiltration, soil moisture, 
and water holding capacity
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mentioned earlier, the porous structures of biochar improve the water-holding capac-
ity of the soil, and form a network of micro- and macro-pores within the soil matrix 
[36, 75]. These fine pores serve as a reservoir for water molecules, restrict evaporation, 
enhance infiltration, and lower surface runoff. Biochar significantly increased the water 
content in the coarse-textured soils by 45%, indicating greater benefits for such soils. In 
the medium- and fine-textured soils, it increased the accessible water content by 21% 
and 14%, respectively [76]. Biochar particles also act as a binding agent, i.e., agglom-
erate and stabilize the soil particles against erosion [31, 57, 77]. Furthermore, biochar 
improves soil structure, reduces surface runoff by facilitating water penetration into 
deeper soil layers, and substantially enhances soil’s physical qualities, preserves water 
resources, and lowers the risk of soil degradation [78]. Hossain et al. [27] and other 
researchers compiled global examples of biochar application in maintaining the pH, and 
increasing CEC, and organic matter [79, 80]. Biochar also significantly increases poros-
ity and soil water content, maintains soil temperature for crop production, and controls 
overall bulk density [27].

Because of biochar’s high porosity and ability to retain water, past studies have shown 
that biochar additions improve soil moisture content and alter different soil proper-
ties (Fig. 3). For instance, a meta-analysis revealed that applying biochar to soils greatly 
increased soil water content across various soil types and climates [30]. The sandy soils 
were benefited the most from biochar applications, with water retention increasing by 
15–30% at 10–20 t/ha biochar application, while loamy soils showed a 10–20% improve-
ment only [29]. Due to biochar porous nature, it forms a matrix in the soil that resem-
bles a sponge and may absorb and hold onto water molecules. This likely minimizes the 
water loss through evaporation and drainage. Moreover, biochar amendments improve 
the organic matter content and soil aggregation, which improves plant growth and water 
retention [31]. Adding biochar to soil can increase infiltration rates, which enhances 
water moving into the soil profile and reduces surface runoff [45]. Biochar also lowers 
the risk of soil erosion and nutrient leaching by improving porosity and structure of the 
soil. This makes paths for water infiltration easier. Improved water penetration and dis-
tribution within the soil profile are indicated by the higher soil hydraulic conductivity 
and water infiltration rates in forest soils by biochar addition [81–83]. Hence, adding 
biochar to soil can improve soil permeability and decrease surface runoff, which ulti-
mately improves the water conservation and management in environmental and agricul-
tural contexts.

Previous researches have also shown that biochar addition to soil not only boosts its 
ability to retain water, and maintain soil moisture levels but also strengthens plant resis-
tance to drought [84]. The presence of biochar in the soil create an environment condu-
cive to water storage and availability, enabling plants to get moisture in dry weather. The 
soil’s capability to store water and availability of nutrients is further enhanced by bio-
char’s ability to retain nutrients and minimize nutrient leaching [29, 54]. These findings 
indicates that biochar has the potential to be a win-win solution for farmers involved in 
sustainable water management, and agricultural resilience under rapid climate change 
conditions.
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5.2  Impact on soil erosion and runoff

Biochar’s substantial contribution to reducing soil erosion and runoff supports water 
resource preservation and environmental sustainability. Its network of interconnected 
pores promotes soil aggregation and stability, reducing the soil’s vulnerability to wind 
and water erosion.

Biochar acts as a binding agent to keep soil particles adhered to one another and pre-
vents erosion and soil separation during heavy rainfall events [85]. Additionally, biochar 
improves water penetration and distribution throughout the soil profile by increasing 
soil hydraulic conductivity and water infiltration rates [30]. These findings suggest that 
adding biochar to soil can reduce erosion by improving soil stability and decreasing sur-
face flow, thereby protecting soil integrity, and preventing the loss of priceless topsoil. 
Biochar develops solid soil aggregates that withstand compaction and erosion. Addition-
ally, Biochar amendments stimulate microbial activity and promote the production of 
biofilms and bio-aggregates, hence stabilizing soil aggregates and enhancing soil struc-
ture [31]. There is a lower chance of soil loss and deterioration since these stable soil 
aggregates are less likely to be eroded by wind and water. Furthermore, biochar raises 
its organic matter content in soil, which promotes soil stability and aggregation. Bio-
char amendments increase the organic matter content in the soil and develop stable soil 
aggregates, which decrease soil erosion and improve soil quality [50]. These results dem-
onstrate how biochar supplements can protect soil integrity, reduce erosion, conserve 
water resources, and advance sustainable land management practices.

Nutrient runoff from agricultural fields is a major cause of eutrophication and water 
pollution, which harms human health and aquatic ecosystems. Studies have also shown 
that biochar absorbs excess nutrients from the soil environment, such as phosphorus 
and nitrogen, and minimizes pollution and nutrient runoff in agriculture [86]. Adding 
biochar to the soil creates a matrix resembling a sponge that absorbs and retains nutri-
ents, preventing them from seeping into surface and groundwater sources. The danger 
of nutrient runoff and pollution could be lowered by applying biochar to soils, which 
enhances nutrient retention and decreases nutrient leaching [30, 54]. Furthermore, cat-
ions that are vital to soil fertility and nutrient availability, such as potassium, calcium, 
and magnesium, can be adsorbed by biochar due to its high CEC [50, 74]. Biochar addi-
tives improve soil fertility and nutrient cycling by holding onto nutrients in the soil, 
hence lowering the likelihood of pollution and nutrient runoff. Consequently, biochar 
can reduce soil erosion, encourage soil aggregation, and lower nutrient discharge, mak-
ing it a valuable tool for protecting surface and groundwater resources.

5.3  Improvement of soil by increasing nutrient availability

An overall increase in nutrient availability has also been observed in soil after the appli-
cation of biochar. Previous studies have shown that the total nitrogen of soil substan-
tially increases after biochar addition. For instance, Gonzaga et al. [87], Yue et al. [88] 
and Brantley et al. [89] proved how biochar shows good results by increasing the total 
nitrogen of soil. Moreover, biochar also has huge potential to remove contaminants from 
the soils [29].

Biochar interactions with organic matter and soil microorganisms affect soil micro-
bial activity and nutrient cycling, which indirectly affect soil water dynamics. Biochar in 
the soil provides an environment beneficial to soil microbes, and imperative for nutrient 
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cycling, soil aggregation, and the breakdown of organic matter [90]. It supports the 
growth and activity of advantageous soil microorganisms by giving them a home and 
carbon sources [26, 91]. These microorganisms not only impact soil water retention but 
also positively affects plant growth through their activities in nutrient cycling, organic 
matter breakdown, and soil aggregation. As an illustration, biochar addition enhances 
the breakdown of soil organic matter and releases organic chemicals that improve soil 
structure and water retention [31]. Biochar changes the pH and nutrient availability of 
the soil, which can affect the plant’s transpiration and water adsorption [50]. Overall, 
these biological interactions in soils treated with biochar improve soil water retention 
and reduce water loss through linked chemical, biological, and physical mechanisms. 
Furthermore, sustainable land management techniques can be developed to improve soil 
fertility, encourage water conservation, and lessen the effects of climate change on agri-
cultural productivity and ecosystem resilience.

5.4  Biochar effects on plant-water relations

Research on the effects of biochar on transpiration rates, plant water intake, and water 
usage efficiency has provided valuable insights into the potential advantages of biochar 
additions for boosting plant-water relations and enhancing agricultural productivity. 
These effects depend on three major factors; biochar production, application method, 
and site specific conditions (Fig. 4). The addition of biochar to soil has improved water 
retention and increased the soil water content, which raised plant transpiration rates and 
water absorption [76]. Furthermore, adding biochar to the soil improves its aggregation 
and structure, which improves root penetration and soil moisture uptake. These results 
imply that charcoal/biochar amendments can enhance plant water uptake and transpira-
tion rates by increasing soil moisture availability and root water absorption capacity.

Biochar can improve the efficiency of plants in using water, leading to higher crop 
yields and better utilization of available resources. Because biochar increases soil water 
availability and retention, plants can use water effectively and become more resilient 
to drought and water stress. Studies have shown that biochar addition improves water 
usage efficiency in drought-stricken maize crops, resulting in higher biomass production 
and grain yields [92, 93]. Furthermore, plant growth and development can also be opti-
mized in biochar-amended soils due to improved water retention and nutrient availabil-
ity, which eventually enhances agricultural productivity and water use efficiency. These 

Fig. 4  Demonstration of biochar impacts on water usages efficiency of plants, transpiration rates, and plant-water 
uptake
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results demonstrate how biochar amendments can strengthen agricultural resilience to 
climate variability and sustainability by optimizing water use.

Stomatal conductance and photosynthesis are two physiological processes linked to 
water intake and transpiration in plants. These processes are likely impacted by biochar 
additions. They indicate improved plant water intake and usage and, enhance the physi-
ological properties following biochar incorporation into soils [30, 94]. The impacts of 
biochar on soil properties, such as improved soil structure, nutrient availability, and 
microbial activity, may contribute to these physiological changes. These features improve 
the plant-water relations and overall water usage efficiency. Therefore, the effects of bio-
char on plant water uptake, transpiration rates, and water use efficiency suggest that 
biochar amendments can improve agricultural sustainability and resilience under water 
stress conditions.

5.4.1  Biochar amendments on crop yield and resilience to drought stress

Biochar additions significantly impact crop productivity, and drought stress toler-
ance and provide viable options for water-constrained sustainable agriculture. Biochar 
enables soil to retain and release nutrients more effectively, providing plants a consistent 
supply of essential nutrients. Furthermore, biochar’s capacity to enhance soil aggregation 
and structure encourages greater root penetration and nutrient access, which further 
enhances plant growth and development [75]. These results imply that biochar amend-
ments can optimize soil fertility and nutrient availability, which can significantly improve 
crop production and increase agricultural productivity and overall food security.

Furthermore, biochar enhances plant resilience to drought stress and mitigates the 
negative impacts of water scarcity on plant growth and yield. Biochar amendments 
enhance crop water use efficiency, and soil water retention as well as strengthen drought 
resistance and resilience [30, 93]. During periods of water stress, the porous structure of 
biochar generates a reservoir for water storage inside the soil, giving plant roots a steady 
supply of moisture. These results demonstrate, how biochar application can increase 
crop resistance to drought stress and reduce the negative effects of climate variability on 
agricultural productivity.

The physiological activities of plants, includes photosynthesis, antioxidant activity, and 
stomatal conductance. They are linked to drought tolerance and impacted by biochar 
addition. The application of biochar to soils alters the physiological responses of plants, 
leading to improvements in drought tolerance and stress resilience. These changes 
include higher stomatal conductance, photosynthetic rates, and antioxidant enzyme 
activity [76, 95] i.e., impacts of biochar on soil characteristics, such as increased nutri-
ent availability, soil water retention, and microbial activity. They might improve plant-
water relations, and overall drought stress resilience, contributing to these physiological 
changes.

5.4.2  Biochar for saline water

Biochar can improve soil properties, and alleviate salt stress to reduce the negative 
impacts of saline water on crop productivity [84]. In an estimate, over one billion hect-
ares of land are affected by salinity, which generates a negative effect on crop yield and 
growth, particularly in arid and semi-arid areas [96]. Due to its capacity to improve soil 
structure, increase nutrient availability, and decrease sodium toxicity in salt-affected 
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soils, biochar has drawn great attention as a means of providing improved plant growth 
and yield in saline soil environment. Additionally, adding biochar to soil can improve 
nitrogen utilization efficiency, raise the concentrations of K+, Ca2+, and Mg2+, and 
increase phosphorus availability by developing the growth of soil bacteria for phospho-
rus solubilization [54]. Biochar has a high CEC, which can adsorb and retain Na+ and 
Cl¯, minimize ion toxicity, and lower their availability to plants. Furthermore, biochar 
encourages the formation of salt-tolerant plant and growth-promoting rhizobacteria to 
overcome the salinity stress [58]. By facilitating nutrient uptake and producing phyto-
hormones, these bacteria enhance the general health of plants. Few studies have demon-
strated the potential of biochar as a technique for reducing salt stress in agriculture [58]. 
For example, biochar enhanced the growth and yield of wheat watered with saline water 
[96, 97] and showed comparable benefits for tomato plants [98].

6  Environmental implications and trade-offs
There are many potential environmental advantages associated with the widespread use 
of biochar for water conservation. One of the key benefits of biochar application is the 
improvement in soil moisture retention, which helps in reducing the effect of drought 
and water scarcity. Water utilization in agricultural systems can more efficiently be 
achieved by adding biochar amendments, which can improve water infiltration rates, 
and increase soil water holding capacity [30, 93]. By reducing water runoff and increas-
ing soil water availability, biochar maintains soil moisture levels, encourages plant 
development, and increases ecosystem resilience to climatic variability. Furthermore, 
biochar’s capacity to enhance soil aggregation, and structure can lessen nutrient runoff 
and soil erosion, enhance water quality, and promote environmental sustainability.

There might also be negative effects from the extensive use of biochar, especially 
regarding the long-term impact on the environment and the carbon cycle dynamics. 
Biochar is a stable form of carbon that can be sequestered and used to reduce green-
house gas emissions since it can linger in soils for extended periods [50]. This is still a 
concern regarding the durability and stability of biochar carbon storage in soils and its 
possible interactions with soil microbial populations and nutrient cycling mechanisms. 
Even though this could provide a viable solution for climate change mitigation. Further-
more, energy and carbon costs associated with biochar production and application may 
arise, particularly if large-scale biomass feedstocks are used, or inefficient production 
techniques are applied. To ensure that the environmental benefits of biochar production 
and use outweigh any potential disadvantages, it is crucial to analyse the life cycle conse-
quences of these processes thoroughly.

To minimize potential hazards of biochar application to soil fertility, biodiversity, and 
ecosystem functioning, it is crucial to consider the selection of biochar feedstock, pro-
duction methods, and application rates [31, 85]. It is important to carefully assess and 
monitor the use of biochar in various contexts since different feedstocks or produc-
tion techniques might produce biochar with variable characteristics and environmen-
tal implications. One such concern could be the use of contaminated feedstocks that 
may introduce heavy metals such as cadmium, lead, or arsenic into soils, posing risks to 
plants and food chains [99]. Furthermore, additional investigation is required to under-
stand the long-term impacts of biochar on soil microbial communities, dynamics of 
nutrient cycling, and greenhouse gas emissions. This can guarantee the sustainable and 
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ethical deployment of biochar for environmental management and water conservation 
in agriculture.

Notwithstanding these advantages, a number of environmental trade-offs need to 
be taken into account. One such example is the use of invasive species or crop wastes, 
but harvesting forest biomass for energy might have negative effects on biodiversity 
and land-use change [100]. Furthermore, energy used in the pyrolysis process, if not 
adequately managed, it may emit polycyclic aromatic hydrocarbons (PAHs), volatile 
organic compounds (VOCs), or other dangerous by-products [44]. Moreover, overuse 
or misaligned biochar applications can change the pH of the soil negatively or immo-
bilize nutrients, potentially reducing crop yields [101]. Although biochar generally has 
a net positive environmental impact, life cycle evaluations (LCA) have revealed that 
these advantages differ greatly depending on the type of feedstock, the circumstances 
of pyrolysis, and the end-use applications [100]. Therefore, to maximize environmen-
tal benefits without unforeseen ecological effects, a sustainable biochar approach must 
carefully analyze the entire value chain, from feedstock selection and processing to site-
specific soil and climate conditions [102, 103]. It is also imperative to critically evaluate 
the possible drawbacks of using biochar for environmental management, including but 
not limited to its effects on soil and ecosystem health, energy and emissions costs, and 
carbon cycle dynamics. Further research and monitoring are necessary to fully under-
stand the long-term environmental effects of applying biochar and to guide decision-
making regarding its widespread use as a water conservation tactic.

6.1  Carbon sequestration, nutrient leaching, and interactions with soil microbiota

Important questions about the dynamics of carbon sequestration, nutrient leaching, and 
interactions with soil microbes arise when using biochar for water conservation. Biochar 
is a stable form of carbon that can persist in the soil for long periods, potentially storing 
carbon and reducing greenhouse gas emissions [50]. However, several variables, such as 
the type of feedstock, production method, and the characteristics of the soil longevity 
and stability of biochar carbon storage in soils.

Nitrogen cycling and nutrient leaching in soils may also be impacted by biochar 
amendments, which in turn affect water quality and soil fertility. Biochar-containing 
amendments likely improve plant growth and productivity by increasing the nutrient 
availability and retention in the soil [30, 93]. Furthermore, high CEC and adsorption 
capability of biochar also retain nutrients in the soil, lower the possibility of runoff, and 
reduce the nutrient leaching [74]. However, there are worries, especially in soils deficient 
in nutrients, that excessive nutrient retention by biochar may lead to nutrient immobi-
lization and decreased nutrient availability to plants. Thus, factors such as properties of 
the biochar, soil characteristics, and land management practices determine the extent to 
which biochar additions affect the dynamics of nutrient leaching and the water quality 
[31].

Biochar amendments also affect soil health, nutrient cycling, and ecosystem function-
ing by influencing the microbiota and microbial activity of the soil. Biochar can shape 
the structure and activity of microbial communities by providing habitat and a carbon 
source for soil bacteria [31]. Its amendments can improve soil nutrient cycle mecha-
nisms, increase microbial diversity and abundance, and stimulate beneficial microbial 
activity [50, 85]. Biochar could also change the way ecosystem’s function and microbial 
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communities grow in the soil. This may affect how nutrients are exchanged, how much 
greenhouse gas is released into the atmosphere, and how much fertile soil is available. 
It is also important to understand the relationships between soil microbiota and bio-
char and their consequences for soil health, nutrient cycling, and long-term ecosystem 
sustainability.

6.2  Biochar utilization in agriculture and land management

Biochar improves soil moisture retention and water use efficiency in various environ-
mental contexts. It is evidenced by real-world applications in land management and 
agriculture (Table 1). In Australia, agricultural systems utilize biochar to mitigate the 
effects of drought and water scarcity on crop productivity. For instance, an investigation 
of the impact of biochar additives on crop yield and soil water retention in vineyards was 
carried out in South Australia [81]. Previous research indicates that the use of biochar 
for water conservation shows adaptability to a variety of soil types, climates, and farm-
ing methods. In Sub-Saharan Africa, adding 10–20 t/ha of biochar to damaged soils have 
improved the drought resilience in key crops such as sorghum and maize by increasing 
water retention by 15%–25% [104]. In another study, biochar has increased the agro-
forestry yields in South America by improving moisture retention in heavily worn Oxi-
sols by 10–15% [105]. Similarly, on acidic soils in Southeast Asia, applying 5–10 t/ha of 
biochar has enhanced the soil water-holding capacity by up to 12% and improved the 
plantation output of crops in water-scarce environments [29]. These regional examples 
from certain regions demonstrate how biochar can be used globally to alleviate water 
constraint and advance sustainable agriculture. The findings also showed that biochar 
enhanced the soil’s ability to retain water and promoted vine growth and yield, especially 
in dry spells [106]. These results imply that, in water-limited settings, biochar amend-
ments can improve soil moisture availability, and reduce the adverse effects of water 
stress on agricultural productivity.

  
Similarly, biochar is used for land management techniques in the United States to 

enhance soil water retention and reduce erosion in degraded ecosystems. For example, 

Table 1  Effects of biochar application on soil moisture retention and water use efficiency across 
diverse environmental contexts globally
Region Application Soil type Crops Findings References
 India Smallholder 

farming
Sandy and 
degraded 
soils

Wheat, rice Improved soil moisture retention, 
increased crop yield

 [107]

 China Paddy fields Saline soils Rice Enhanced water holding capacity, 
reduced soil salinity, improved 
yield

 [73, 108]

 Australia Dryland farming Sandy soils Wheat, 
barley

Increased soil water retention, 
improved drought resilience

 [109, 110]

 United 
States 

Irrigated 
agriculture

Loam and 
clay soils

Maize, 
soybeans

Improved soil structure, increased 
water use efficiency

 [111, 112]

 Brazil Agroforestry 
systems

Oxisols (high-
ly weathered 
soils)

Maize, beans Enhanced soil moisture retention, 
improved crop productivity

 [113, 114]

 Sub-Saha-
ran Africa 

Subsistence 
farming

Degraded 
soils

Maize, 
sorghum

Increased water holding capacity, 
improved food security

 [92, 115]

 Southeast 
Asia 

Plantation crops Acidic soils Oil palm, 
rubber

Improved soil porosity, increased 
water retention

 [31]
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in dry and semi-arid areas, biochar has been used in land restoration efforts to improve 
soil fertility and encourage vegetation growth [42, 116]. A study conducted in the foot-
hills of the Sierra Nevada in California showed that biochar enhanced the ability of soil 
to retain moisture and provide nutrients, which in turn promoted plant growth and bio-
diversity in the degraded land [76]. These findings demonstrate how biochar can restore 
damaged landscapes’ ecological resilience and water-saving initiatives. The application 
of biochar in agroforestry and forestry systems has the potential to improve soil water 
retention as a part of sustainable land management techniques. For example, in Brazil, 
biochar was used for reforestation initiative to enhance water availability and soil fer-
tility in damaged areas. A study conducted in Amazon examined how biochar amend-
ments affect the characteristics of the soil and the growth of trees in degraded rainforest 
soils [117]. The results showed that biochar improved soil nutrient availability and water 
retention and promoted tree growth and ecosystem recovery.

Recently, Asia has seen a surge in the use of biochar in land management and agri-
culture due to its ability to increase soil fertility, retain more water, and promote sus-
tainable farming methods. For example, smallholder farmers in India use biochar to 
combat challenges related to degraded soil and water scarcity [118], especially in arid 
and semi-arid areas of Haryana, Punjab, and many southern states. Although few pilot 
projects and training programs were conducted by the institutions in India; several agri-
cultural research organizations promoted the application of biochar and showcased its 
benefits in better crop yield and good soil health [119] Its applicability on a larger scale 
in the country is required. Furthermore, Southeast Asian countries such as Vietnam and 
Thailand are investigating the potential of biochar to improve soil resilience to mitigate 
drought, and to lower the greenhouse gas emission [120]. According to studies con-
ducted in these areas, biochar enhances the soil qualities, stores more water, and reduces 
dependence on chemical fertilizers. This makes the application of biochar to soil an 
effective and long-term approach to promote agricultural productivity while maintain-
ing the environmental sustainability. For instance, studies on crop plantations have indi-
cated that biochar can improve crop resistance to nutrient shortages and water stress 
and provide a viable approach to sustainable land management across Asia’s varied agri-
cultural environments [121]. Thus, it could be adopted in the rapidly depleting ground-
water regions of north-western India. These findings suggest that biochar amendments 
can also support reforestation efforts and contribute to water conservation and ecosys-
tem restoration in tropical forest ecosystems.

6.3  Effectiveness of biochar in different soil and climatic conditions

Variables, such as soil type, climate, biochar characteristics, and land management tech-
niques, determine the effectiveness of biochar under diverse soil and climatic circum-
stances. For instance, a meta-analysis on the application of biochar to soils revealed 
higher soil water content and enhanced agricultural productivity in a range of crop vari-
eties, climates, and soil types [30, 122, 123]. Biochar performs well in sandy and clayey 
soils due to its porous nature, which improves soil water retention and lowers the water 
loss through drainage and evaporation. Biochar also enhances soil aggregation and 
structure, facilitates improved water infiltration and dispersion throughout the soil pro-
file, and enhances plant water absorption and drought tolerance.
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The feedstock type, pyrolysis temperature, and application rate of biochar determines 
its effectiveness in certain soil and climatic conditions. The porosity, surface area, and 
nutrient content of biochar produced from various feedstocks at different pyrolysis 
temperatures might fluctuate the biochar’s ability to water retention and its agronomic 
performance. Researchers have examined how biochar affects water retention in two 
distinct types of soil used for growing maize [122]. Although, the best way to apply bio-
char varies based on crop type, climate, and soil properties. In general, higher applica-
tion rates tend to yield greater benefits in crop productivity, and soil moisture retention.

Interactions with soil bacteria and nutrient cycling processes also affect the efficiency 
of biochar in various soil, and climatic conditions. For soil microorganisms, biochar pro-
vides them a home and a carbon source, which affects their composition and activity 
[31, 124]. Studies have demonstrated the potential of biochar amendments to augment 
soil nutrient cycle processes, foster beneficial microbial activity, and increase microbial 
diversity and abundance [124]. However, depending on the type of soil, climate, and land 
management techniques, biochar may have different impacts on the microbiota in the 
soil and the dynamics of nutrients. Further research is required to elucidate the relation-
ships between soil microbiota and biochar, as well as how they affect soil health, nutrient 
cycling, and ecosystem functioning across diverse environmental conditions.

6.4  Economic viability for farmers

The economic viability of biochar as a soil amendment presents a promising opportunity 
for enhancing farm-level profitability and sustainability. Biochar, produced from locally 
accessible agricultural waste and applied in appropriate quantity, can greatly enhance 
crop yield, soil health, and nutrient usage efficiency while lowering the input costs of 
chemical fertilizers [125]. Its long-term advantages, such as improved soil structure and 
water retention, also support consistent agricultural production. When biochar pro-
duction costs are minimized and application rates are adjusted to optimize agronomic 
results without experiencing diminishing returns, it becomes financially appealing. Its 
economic value is further enhanced by the potential to earn income through carbon 
sequestration incentives [126]. However, a number of variables, including feedstock 
availability, production technology, market accessibility, and institutional backing influ-
ence the feasibility of biochar utilization.

In a study conducted by Patel and Panwar [127], it was observed that a biochar appli-
cation rate of 8 t/ha was found to be optimal, offering the highest economic returns with 
a benefit-cost ratio of 1.48, a net present worth of $932.85/ha, and an internal rate of 
return as 85.71%. While biochar production and application entail initial costs, these are 
outweighed by long-term agronomic and financial benefits, particularly when they are 
produced on-site using agricultural residues. However, higher application rates beyond 
20 t/ha were economically unviable. These findings suggest that moderate and well-cali-
brated use of biochar can play a significant role in promoting sustainable agriculture and 
environmental stewardship, provided there is adequate policy support, cost-effective 
production systems, and greater farmer awareness.
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7  Challenges and future directions
7.1  Limitations and knowledge gaps

A study on the long-term impact of biochar on soil moisture dynamics, plant-water rela-
tions, and ecosystem functioning across diverse soil types and climatic conditions is 
required to fully understand the exact impact of biochar on water-saving applications. 
Several studies have demonstrated the potential benefits of biochar in improving water 
use efficiency in agricultural systems [28, 128]. However, the mechanisms underlying 
these effects and their interactions with soil microbiota and nutrient cycling processes 
are poorly understood. Additionally, the synthesis, characterization, and use of biochar 
lack standardized techniques, further complicating the comparison of study results and 
the extrapolation of findings to practical use. Further research is required to fill these 
knowledge gaps and identify optimal conditions for applying biochar, which can opti-
mize its efficacy in water-saving practices while reducing possible environmental con-
cerns and trade-offs.

For cost-effectiveness, environmental effects, and long-term sustainability of biochar 
applications, analysis of the technical economy and life cycle analysis (LCA) of biochar 
is essential. The technical economy considers the financial viability of producing biochar 
by taking into account the expenses for pyrolysis, transportation, and feedstock sourc-
ing in addition to possible income from carbon credits, soil enhancement, and water 
conservation benefits. However, LCA evaluates biochar’s environmental performance 
throughout its entire lifecycle, including feedstock collection, production, application, 
and final soil degradation [129, 130]. These studies demonstrate how biochar can reduce 
greenhouse gas emissions, enhance resource efficiency, and sequester carbon. They also 
support the development of sustainable and scalable biochar solutions for environmen-
tal management and agriculture by determining trade-offs and improving production 
techniques.

7.2  Future research and technological advancements

Subsequent investigations and technological developments may focus on approaches to 
maximize the effectiveness of biochar in water-saving scenarios and improve its sustain-
able application in agriculture and environmental management. More study is required 
to deepen our understanding of the mechanisms that underlie the effects of biochar on 
soil-water dynamics, plant-water connections, and ecosystem functioning across vari-
ous soil types and climates. This includes examining how soil microbes, nutrient cycling, 
and soil structure interact with biochar and how it can improve soil organic matter and 
carbon sequestration. Along with improving microbial activity, water retention, and 
fertility; biochar’s solid carbon structure enables efficient carbon sequestration, which 
reduces greenhouse gas emissions and improves long-term soil health. However, the use 
of low-quality feedstock may result in nutrient imbalances, unanticipated change in soil 
microbial populations, and the possible release of pollutants. Future studies should also 
focus on developing standardized procedures for manufacturing, characterizing, and 
using biochar to maintain uniformity and repeatability across studies.

Enhancing the scalability and effectiveness of biochar can also be facilitated by 
technological advancements in production processes. This includes creating novel 
pyrolysis techniques to produce biochar with improved stability and customized charac-
teristics, such as hydrothermal carbonization and rapid pyrolysis techniques. Moreover, 
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improvements in biochar activation methods, both chemical and thermal activation, 
can enhance the material’s surface area and pore structure. It may improve the capac-
ity to retain water and adsorb nutrients. Biochar production systems can become more 
environmentally and economically sustainable by integrating them with other sustain-
able biomass usage technologies, such as waste management and bioenergy production. 
Despite many advantages, biochar still faces many challenges and therefore, its use is 
limited on a local level. Brantley et al. [131] compiled the long-term adverse effects of 
biochar, noting that its unscientific use can have implications on soil fertility, soil loss, 
and soil salinity. Similarly, Xiang et al. [132] highlighted that biochar can pose potential 
environmental risks to soil, sediments and, aqueous environments.

Future studies should examine the possible trade-offs and interactions between 
applying biochar and other potential techniques for managing water and soil, such as 
conservation tillage, crop rotation, and cover crops. Maximizing water and nutrient 
management in agricultural system involves examining the combined impacts of biochar 
with organic and inorganic soil amendments, microbial inoculants, and precision irri-
gation techniques. Research should focus on the long-term effects of applying biochar 
on soil health, agricultural productivity, and ecosystem resilience, considering variables 
including biochar stability, land use history, and climate change projections. By address-
ing these research goals and technological advancements, one may effectively harness 
the full potential of biochar as a sustainable solution for water conservation and environ-
mental management in the context of climate change and resource scarcity.

8  Conclusion
This study emphasizes the potential application of biochar as a sustainable approach to 
water conservation under changing climatic conditions. The study shows that biochar 
additives can improve soil moisture retention, water infiltration rates, and water use 
efficiency across various agricultural and environmental contexts. Biochar offers signifi-
cant potential to reduce the negative effects of drought, soil erosion, and water shortage 
on crop productivity and ecosystem resilience by improving soil structure, enhancing 
nutrient retention, and fostering positive interactions with soil microbes. Policymakers, 
researchers, and practitioners are encouraged to prioritize future studies on the effec-
tiveness and optimization of biochar. Such research would support the development of 
customized guidelines for the application of biochar and land management practices, 
while promoting interdisciplinary collaborations to facilitate knowledge exchange and 
technology transfer for sustainable water conservation and agricultural development in 
a changing climate. These recommendations highlight the importance of integrated soil 
and water management approaches.
Author contributions
Prabhakar Sharma conceived and planned the study, wrote and reviewed the manuscript, and prepared the figures. 
Shakir Ali modified the figures, and reviewed and edited the paper. Anamika Shrivastava and Krishna Kumar Yadav wrote 
and reviewed the paper.

Funding
The authors declare that no funds, grants, or other support were received during the preparation of this manuscript.

Data availability
No datasets were generated or analysed during the current study.



Page 20 of 24Sharma et al. Discover Soil            (2026) 3:51 

Declarations

Ethics approval and consent to participate
The authors declare no competing interests and have complied with the ethical standards given by the journal. No 
human or animal subjects were involved in this research.

Consent for publication
The submitted research has not been published before and is not under consideration for publication elsewhere. This 
manuscript has been approved by all co-authors.

Competing interests
The authors declare no competing interests.

Author details
1Department of Agricultural Engineering and Technology, School of Engineering and Technology, Nagaland 
University, Meriema, Kohima, Nagaland 797004, India
2Department of Civil Engineering Science, Faculty of Engineering & The Built Environment, University of 
Johannesburg, P.O. Box 524, Auckland Park, Johannesburg 2006, South Africa
3Amity Institute of Environmental Sciences (AIES), Amity University Uttar Pradesh (AUUP), Noida, India
4Department of Environmental Science, Parul Institute of Applied Sciences, Parul University, Vadodara,  
Gujarat 391760, India
5Environmental and Atmospheric Sciences Research Group, Scientific Research Center, Al-Ayen University, Nasiriyah, 
Thi-Qar 64001, Iraq

Received: 16 July 2025 / Accepted: 10 April 2026

References
1.	 du Plessis A. Persistent degradation: Global water quality challenges and required actions. One Earth. 2022;5:129–31. 

https://doi.org/10.1016/j.oneear.2022.01.005.
2.	 Tabari H. Climate change impact on flood and extreme precipitation increases with water availability. Sci Rep. 

2020;10:13768. https://doi.org/10.1038/s41598-020-70816-2.
3.	 Sharma A, Maharana P, Sahoo S, Sharma P. Environmental change and groundwater variability in South Bihar, India. 

Groundw Sustain Dev. Elsevier B V. 2022;19:100846. https://doi.org/10.1016/j.gsd.2022.100846.
4.	 Mehran A, AghaKouchak A, Nakhjiri N, Stewardson MJ, Peel MC, Phillips TJ, et al. Compounding Impacts of Human-

Induced Water Stress and Climate Change on Water Availability. Sci Rep. 2017;7:6282. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​1​
7​-​0​6​7​6​5​-​0​​​​​.​​​

5.	 Ingrao C, Strippoli R, Lagioia G, Huisingh D. Water scarcity in agriculture: An overview of causes, impacts and approaches 
for reducing the risks. Heliyon. 2023;9:e18507. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​h​e​l​i​y​​o​n​.​2​0​2​​3​.​e​1​​8​5​0​7.

6.	 Tarolli P, Luo J, Park E, Barcaccia G, Masin R. Soil salinization in agriculture: Mitigation and adaptation strategies combining 
nature-based solutions and bioengineering. iScience. 2024;27:108830. https://doi.org/10.1016/j.isci.2024.108830.

7.	 Teotónio C, Rodríguez M, Roebeling P, Fortes P. Water competition through the ‘water-energy’ nexus: Assessing the eco-
nomic impacts of climate change in a Mediterranean context. Energy Econ. 2020;85:104539. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​n​e​
c​o​.​2​0​1​9​.​1​0​4​5​3​9​​​​​.​​​

8.	 He C, Liu Z, Wu J, Pan X, Fang Z, Li J, et al. Future global urban water scarcity and potential solutions. Nat Commun. 
2021;12:4667. https://doi.org/10.1038/s41467-021-25026-3.

9.	 Pan Y, García-Girón J, Iversen LL. Global change and plant-ecosystem functioning in freshwaters. Trends Plant Sci. 
2023;28:646–60. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​t​p​l​a​n​​t​s​.​2​0​2​​2​.​1​2​​.​0​1​3.

10.	 He F, Thieme M, Zarfl C, Grill G, Lehner B, Hogan Z, et al. Impacts of loss of free-flowing rivers on global freshwater mega-
fauna. Biol Conserv. 2021;263:109335. https://doi.org/10.1016/j.biocon.2021.109335.

11.	 Swain S, Taloor AK, Dhal L, Sahoo S, Al-Ansari N Impact of climate change on groundwater hydrology: a comprehensive 
review and current status of the Indian hydrogeology. Appl Water Sci. 2022. . https://doi.org/10.1007/s13201-022-01652-0.

12.	 Das S, Singh CK, Sodhi KK, Singh VK. Circular economy approaches for water reuse and emerging contaminant mitigation: 
innovations in water treatment. Environ Dev Sustain. 2023. https://doi.org/10.1007/s10668-023-04183-z.

13.	 Voulvoulis N. Water reuse from a circular economy perspective and potential risks from an unregulated approach. Curr 
Opin Environ Sci Health. 2018;2:32–45. https://doi.org/10.1016/j.coesh.2018.01.005.

14.	 Buma B, Gordon DR, Kleisner KM, Bartuska A, Bidlack A, DeFries R, et al. Expert review of the science underlying nature-
based climate solutions. Nat Clim Chang. 2024;14:402–6. https://doi.org/10.1038/s41558-024-01960-0.

15.	 Waylen KA, Wilkinson ME, Blackstock KL, Bourke M. Nature-based solutions and restoration are intertwined but not identi-
cal: Highlighting implications for societies and ecosystems. Nature-Based Solutions. 2024;5:100116. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​n​b​s​j​.​2​0​2​4​.​1​0​0​1​1​6​​​​​.​​​

16.	 Bandyopadhyay S, Sharma A, Sahoo S, Dhavala K, Sharma P. Potential for aquifer storage and recovery (ASR) in South Bihar, 
India. Sustainability (Switzerland). MDPI AG. 2021;13:3502. https://doi.org/10.3390/su13063502.

17.	 Sharma P, Verma A, Sharma A, Verma P, Bandyopadhyay S. An integrated site selection criterion for aquifer storage and 
recovery. J Irrig Drain Eng Am Soc Civil Eng (ASCE). 2022;148:04022009. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​6​1​/​(​a​s​c​e​)​i​r​.​1​9​4​3​-​4​7​7​4​.​0​0​0​1​6​7​
4.

18.	 Sahoo S, Singha C, Govind A, Sharma P. Review of aquifer storage and recovery opportunities and challenges in India. 
Environ Earth Sci. 2025;84:122. https://doi.org/10.1007/s12665-025-12124-4.

19.	 Qing Y, Wang S, Yang Z-L, Gentine P, Zhang B, Alexander J. Accelerated soil drying linked to increasing evaporative 
demand in wet regions. NPJ Clim Atmos Sci. 2023;6:205. https://doi.org/10.1038/s41612-023-00531-y.

https://doi.org/10.1016/j.oneear.2022.01.005
https://doi.org/10.1038/s41598-020-70816-2
https://doi.org/10.1016/j.gsd.2022.100846
https://doi.org/10.1038/s41598-017-06765-0
https://doi.org/10.1038/s41598-017-06765-0
https://doi.org/10.1016/j.heliyon.2023.e18507
https://doi.org/10.1016/j.isci.2024.108830
https://doi.org/10.1016/j.eneco.2019.104539
https://doi.org/10.1016/j.eneco.2019.104539
https://doi.org/10.1038/s41467-021-25026-3
https://doi.org/10.1016/j.tplants.2022.12.013
https://doi.org/10.1016/j.biocon.2021.109335
https://doi.org/10.1007/s13201-022-01652-0
https://doi.org/10.1007/s10668-023-04183-z
https://doi.org/10.1016/j.coesh.2018.01.005
https://doi.org/10.1038/s41558-024-01960-0
https://doi.org/10.1016/j.nbsj.2024.100116
https://doi.org/10.1016/j.nbsj.2024.100116
https://doi.org/10.3390/su13063502
https://doi.org/10.1061/(asce)ir.1943-4774.0001674
https://doi.org/10.1061/(asce)ir.1943-4774.0001674
https://doi.org/10.1007/s12665-025-12124-4
https://doi.org/10.1038/s41612-023-00531-y


Page 21 of 24Sharma et al. Discover Soil            (2026) 3:51 

20.	 Hsu H, Dirmeyer PA. Soil moisture-evaporation coupling shifts into new gears under increasing CO2. Nat Commun. 
2023;14:1162. https://doi.org/10.1038/s41467-023-36794-5.

21.	 Guzha AC, Rufino MC, Okoth S, Jacobs S, Nóbrega RLB. Impacts of land use and land cover change on surface runoff, 
discharge and low flows: Evidence from East Africa. J Hydrol Reg Stud. 2018;15:49–67. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​j​r​h​.​2​0​1​7​.​1​
1​.​0​0​5​​​​​.​​​

22.	 Roy PS, Ramachandran RM, Paul O, Thakur PK, Ravan S, Behera MD, et al. Anthropogenic Land Use and Land Cover 
Changes—A Review on Its Environmental Consequences and Climate Change. J Indian Soc Remote Sens. 2022;50:1615–
40. https://doi.org/10.1007/s12524-022-01569-w.

23.	 Griggs G, Reguero BG. Coastal Adaptation to Climate Change and Sea-Level Rise. Water (Basel). 2021;13:2151. ​h​t​t​p​s​:​/​/​d​o​i​.​o​
r​g​/​1​0​.​3​3​9​0​/​w​1​3​1​6​2​1​5​1​​​​​.​​​

24.	 Roy P, Pal SC, Chakrabortty R, Chowdhuri I, Saha A, Shit M. Effects of climate change and sea-level rise on coastal habitat: 
Vulnerability assessment, adaptation strategies and policy recommendations. J Environ Manage. 2023;330:117187. ​h​t​t​p​s​:​​/​/​
d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​e​n​v​m​​a​n​.​2​0​2​​2​.​1​1​​7​1​8​7.

25.	 Abhishek K, Shrivastava A, Vimal V, Gupta AK, Bhujbal SK, Biswas JK, et al. Biochar application for greenhouse gas 
mitigation, contaminants immobilization and soil fertility enhancement: A state-of-the-art review. Sci Total Environ. 
2022;853:158562. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​2​.​​1​5​8​5​6​2.

26.	 Pan Y, Yin Y, Sharma P, Zhu S, Shang J. Field aging slows down biochar-mediated soil carbon dioxide emissions. J Environ 
Manage. 2024;370:122811. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​e​n​v​m​​a​n​.​2​0​2​​4​.​1​2​​2​8​1​1.

27.	 Hossain MZ, Bahar MM, Sarkar B, Donne SW, Ok YS, Palansooriya KN, et al. Biochar and its importance on nutrient dynam-
ics in soil and plant. Biochar. 2020;2:379–420. https://doi.org/10.1007/s42773-020-00065-z.

28.	 Fischer BMC, Manzoni S, Morillas L, Garcia M, Johnson MS, Lyon SW. Improving agricultural water use efficiency with 
biochar – A synthesis of biochar effects on water storage and fluxes across scales. Sci Total Environ. 2019;853–62. ​h​t​t​p​s​:​​/​/​d​
o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​1​8​.​​1​1​.​3​1​2.

29.	 Yadav SPS, Bhandari S, Bhatta D, Poudel A, Bhattarai S, Yadav P, et al. Biochar application: A sustainable approach to 
improve soil health. J Agric Food Res. 2023;11:100498. https://doi.org/10.1016/j.jafr.2023.100498.

30.	 Jeffery S, Verheijen FGA, van der Velde M, Bastos AC. A quantitative review of the effects of biochar application to soils on 
crop productivity using meta-analysis. Agric Ecosyst Environ. 2011;144:175–87. https://doi.org/10.1016/j.agee.2011.08.015.

31.	 Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D. Biochar effects on soil biota – A review. Soil Biol 
Biochem. 2011;43:1812–36. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​o​i​l​b​​i​o​.​2​0​1​​1​.​0​4​​.​0​2​2.

32.	 Adhikari S, Mahmud MAP, Nguyen MD, Timms W. Evaluating fundamental biochar properties in relation to water holding 
capacity. Chemosphere. 2023;328:138620. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​h​e​m​o​​s​p​h​e​r​e​​.​2​0​2​​3​.​1​3​8​6​2​0.

33.	 Kabir E, Kim K-H, Kwon EE. Biochar as a tool for the improvement of soil and environment. Front Environ Sci. 2023;11. 
https://doi.org/10.3389/fenvs.2023.1324533.

34.	 Sharma P. Biochar application for sustainable soil erosion control: a review of current research and future perspectives. 
Front Environ Sci. 2024;12. https://doi.org/10.3389/fenvs.2024.1373287.

35.	 Bekchanova M, Campion L, Bruns S, Kuppens T, Lehmann J, Jozefczak M, et al. Biochar improves the nutrient cycle in 
sandy-textured soils and increases crop yield: a systematic review. Environ Evid. 2024;13:3. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​8​6​/​s​1​3​7​5​
0​-​0​2​4​-​0​0​3​2​6​-​5​​​​​.​​​

36.	 Lehmann J, Joseph S. Biochar for environmental management: an introduction. In: Lehmann J, Joseph S, editors. Biochar 
for Environmental Management: Science, Technology, and Implementation. Earthscan.; 2009. pp. 1–12.

37.	 Smith P. Soil carbon sequestration and biochar as negative emission technologies. Glob Chang Biol. 2016;22:1315–24. 
https://doi.org/10.1111/gcb.13178.

38.	 Laishram D, Kim S, Bin, Lee SY, Park SJ Advancements in Biochar as a Sustainable Adsorbent for Water Pollution Mitigation. 
Adv Sci. 2025. . https://doi.org/10.1002/advs.202410383.

39.	 Shrivastava A, Abhishek K, Gupta AK, Jain H, Kumari M, Patel M, et al. Removal of micro- and nano-plastics from aqueous 
matrices using modified biochar – A review of synthesis, applications, interaction, and regeneration. J Hazard Mater Adv. 
2024;16:100518. https://doi.org/10.1016/j.hazadv.2024.100518.

40.	 Ndede EO, Kurebito S, Idowu O, Tokunari T, Jindo K. The Potential of Biochar to Enhance the Water Retention Properties of 
Sandy Agricultural Soils. Agron MDPI. 2022;12. https://doi.org/10.3390/agronomy12020311.

41.	 Ganie ZA, Khandelwal N, Tiwari E, Singh N, Darbha GK. Biochar-facilitated remediation of nanoplastic contaminated water: 
Effect of pyrolysis temperature induced surface modifications. J Hazard Mater. 2021;417:126096. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​
h​a​z​m​​a​t​.​2​0​2​​1​.​1​2​​6​0​9​6.

42.	 Ayaz M, Feizienė D, Tilvikienė V, Akhtar K, Stulpinaitė U, Iqbal R. Biochar role in the sustainability of agriculture and environ-
ment. Sustainability (Switzerland). MDPI AG; 2021. pp. 1–22. https://doi.org/10.3390/su13031330.

43.	 Noori A, Bartoli M, Frache A, Piatti E, Giorcelli M, Tagliaferro A. Development of pressure-responsive polypropylene and 
biochar-based materials. Micromachines (Basel). 2020;11:339. https://doi.org/10.3390/mi11040339.

44.	 Dutta T, Kwon E, Bhattacharya SS, Jeon BH, Deep A, Uchimiya M, et al. Polycyclic aromatic hydrocarbons and volatile 
organic compounds in biochar and biochar-amended soil: a review. GCB Bioenergy. Blackwell Publishing Ltd; 2017. pp. 
990–1004. https://doi.org/10.1111/gcbb.12363.

45.	 Abrol V, Ben-Hur M, Verheijen FGA, Keizer JJ, Martins MAS, Tenaw H, et al. Biochar effects on soil water infiltration and ero-
sion under seal formation conditions: rainfall simulation experiment. J Soils Sediments. 2016;16:2709–19. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​0​7​/​s​1​1​3​6​8​-​0​1​6​-​1​4​4​8​-​8​​​​​.​​​

46.	 Xu L, Wu K-C, Deng Z-N, Huang C-M, Verma KK, Pang T, et al. Biochar and its impact on soil profile and plant development. 
J Plant Interact. 2024;19. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​8​0​/​1​7​​4​2​9​1​4​​5​.​2​0​2​4​​.​2​4​0​​1​3​5​6.

47.	 Xiao L, Lin Y, Chen D, Zhao K, Wang Y, You Z, et al. Maximizing crop yield and water productivity through biochar applica-
tion: A global synthesis of field experiments. Agric Water Manag. 2024;305:109134. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​g​w​a​t​.​2​0​2​4​.​1​
0​9​1​3​4​​​​​.​​​

48.	 Amalina F, Krishnan S, Zularisam AW, Nasrullah M. Recent advancement and applications of biochar technology as a 
multifunctional component towards sustainable environment. Environ Dev. 2023;46:100819. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​n​v​
d​e​v​.​2​0​2​3​.​1​0​0​8​1​9​​​​​.​​​

49.	 Lopez-Tenllado FJ, Motta IL, Hill JM. Modification of biochar with high-energy ball milling: Development of porosity and 
surface acid functional groups. Bioresour Technol Rep. 2021;15:100704. https://doi.org/10.1016/j.biteb.2021.100704.

https://doi.org/10.1038/s41467-023-36794-5
https://doi.org/10.1016/j.ejrh.2017.11.005
https://doi.org/10.1016/j.ejrh.2017.11.005
https://doi.org/10.1007/s12524-022-01569-w
https://doi.org/10.3390/w13162151
https://doi.org/10.3390/w13162151
https://doi.org/10.1016/j.jenvman.2022.117187
https://doi.org/10.1016/j.jenvman.2022.117187
https://doi.org/10.1016/j.scitotenv.2022.158562
https://doi.org/10.1016/j.jenvman.2024.122811
https://doi.org/10.1007/s42773-020-00065-z
https://doi.org/10.1016/j.scitotenv.2018.11.312
https://doi.org/10.1016/j.scitotenv.2018.11.312
https://doi.org/10.1016/j.jafr.2023.100498
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.chemosphere.2023.138620
https://doi.org/10.3389/fenvs.2023.1324533
https://doi.org/10.3389/fenvs.2024.1373287
https://doi.org/10.1186/s13750-024-00326-5
https://doi.org/10.1186/s13750-024-00326-5
https://doi.org/10.1111/gcb.13178
https://doi.org/10.1002/advs.202410383
https://doi.org/10.1016/j.hazadv.2024.100518
https://doi.org/10.3390/agronomy12020311
https://doi.org/10.1016/j.jhazmat.2021.126096
https://doi.org/10.1016/j.jhazmat.2021.126096
https://doi.org/10.3390/su13031330
https://doi.org/10.3390/mi11040339
https://doi.org/10.1111/gcbb.12363
https://doi.org/10.1007/s11368-016-1448-8
https://doi.org/10.1007/s11368-016-1448-8
https://doi.org/10.1080/17429145.2024.2401356
https://doi.org/10.1016/j.agwat.2024.109134
https://doi.org/10.1016/j.agwat.2024.109134
https://doi.org/10.1016/j.envdev.2023.100819
https://doi.org/10.1016/j.envdev.2023.100819
https://doi.org/10.1016/j.biteb.2021.100704


Page 22 of 24Sharma et al. Discover Soil            (2026) 3:51 

50.	 Lehmann J, Gaunt J, Rondon M. Biochar sequestration in terrestrial ecosystems – A review. Mitig Adapt Strateg Glob 
Chang. 2006;11:403–27. https://doi.org/10.1007/s11027-005-9006-5.

51.	 Janu R, Mrlik V, Ribitsch D, Hofman J, Sedláček P, Bielská L, et al. Biochar surface functional groups as affected by biomass 
feedstock, biochar composition and pyrolysis temperature. Carbon Resour Convers. 2021;4:36–46. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​
/​j​.​c​r​c​o​n​.​2​0​2​1​.​0​1​.​0​0​3​​​​​.​​​

52.	 Sharma P, Kumar A, Shang J. Transport and retention of co-existing contaminants with biochar colloids in porous media: A 
review. Total Environ Eng. 2025;3:100021. https://doi.org/10.1016/j.teengi.2025.100021.

53.	 Domingues RR, Sánchez-Monedero MA, Spokas KA, Melo LCA, Trugilho PF, Valenciano MN, et al. Enhancing cation 
exchange capacity of weathered soils using biochar: Feedstock, pyrolysis conditions and addition rate. Agronomy. 
2020;10:824. https://doi.org/10.3390/agronomy10060824.

54.	 Alkharabsheh HM, Seleiman MF, Battaglia ML, Shami A, Jalal RS, Alhammad BA, et al. Biochar and its broad impacts in soil 
quality and fertility, nutrient leaching and crop productivity: A review. Agronomy. 2021;11:993. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​a​g​r​
o​n​o​m​y​1​1​0​5​0​9​9​3​​​​​.​​​

55.	 Deshoux M, Sadet-Bourgeteau S, Gentil S, Prévost-Bouré NC. Effects of biochar on soil microbial communities: A meta-
analysis. Sci Total Environ. 2023;902:166079. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​3​.​​1​6​6​0​7​9.

56.	 Kolton M, Graber ER, Tsehansky L, Elad Y, Cytryn E. Biochar-stimulated plant performance is strongly linked to microbial 
diversity and metabolic potential in the rhizosphere. New Phytol. 2017;213:1393–404. https://doi.org/10.1111/nph.14253.

57.	 Sun Q, Meng J, Lan Y, Shi G, Yang X, Cao D, et al. Long-term effects of biochar amendment on soil aggregate stability and 
biological binding agents in brown earth. Catena (Amst). 2021;205:105460. https://doi.org/10.1016/j.catena.2021.105460.

58.	 Gu Y, Liang X, Zhang H, Fu R, Li M, Chen C. Effect of biochar and bioorganic fertilizer on the microbial diversity in the 
rhizosphere soil of Sesbania cannabina in saline-alkaline soil. Front Microbiol. 2023;14. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​f​m​i​c​b​.​2​0​2​3​.​
1​1​9​0​7​1​6​​​​​.​​​

59.	 Singh H, Northup BK, Rice CW, Prasad PVV. Biochar applications influence soil physical and chemical properties, microbial 
diversity, and crop productivity: a meta-analysis. Biochar. 2022;4:8. https://doi.org/10.1007/s42773-022-00138-1.

60.	 Dangar S, Asoka A, Mishra V. Causes and implications of groundwater depletion in India: A review. J Hydrol (Amst). 
2021;596:126103. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​h​y​d​r​​o​l​.​2​0​2​​1​.​1​2​​6​1​0​3.

61.	 Tatavarthi P, Katam K, Sharma P, Singh P. Assessing Downstream Heavy Metal Contamination and Risks in the Godavari 
River Basin: Implications for Irrigation and Water Quality Management. J Irrig Drain Eng. 2025;151. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​6​1​/​
J​I​D​E​D​H​.​I​R​E​N​G​-​1​0​4​8​4​​​​​.​​​

62.	 Luna Juncal MJ, Masino P, Bertone E, Stewart RA. Towards nutrient neutrality: A review of agricultural runoff mitigation 
strategies and the development of a decision-making framework. Sci Total Environ. 2023;874:162408. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​
1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​3​.​​1​6​2​4​0​8.

63.	 Verma A, Kumar A, Sharma P, Sharma A, Sinha RK, Phartyal S. Hydrogeochemical processes and anthropogenic impacts on 
groundwater quality in the middle gangetic plains. J Hazard Mater Adv. 2025;19:100818. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​h​a​z​a​d​v​.​2​
0​2​5​.​1​0​0​8​1​8​​​​​.​​​

64.	 Verma A, Sharma A, Kumar R, Sharma P. Nitrate contamination in groundwater and associated health risk assessment for 
Indo-Gangetic Plain, India. Groundw Sustain Dev Elsevier B V. 2023;23:100978. https://doi.org/10.1016/j.gsd.2023.100978.

65.	 Hamadani H, Rashid SM, Parrah JD, Khan AA, Dar KA, Ganie AA, et al. Traditional Farming Practices and Its Consequences. 
Microbiota and Biofertilizers. Volume 2. Cham: Springer International Publishing; 2021. pp. 119–28. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​
/​9​7​8​-​3​-​0​3​0​-​6​1​0​1​0​-​4​_​6​​​​​.​​​

66.	 Xia R, Shi D, Ni S, Wang R, Zhang J, Song G. Effects of soil erosion and soil amendment on soil aggregate stability in the 
cultivated-layer of sloping farmland in the Three Gorges Reservoir area. Soil Tillage Res. 2022;223:105447. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​1​6​/​j​.​s​t​i​l​l​.​2​0​2​2​.​1​0​5​4​4​7​​​​​.​​​

67.	 Gonzalez Rodriguez L, McCallum A, Kent D, Rathnayaka C, Fairweather H. A review of sedimentation rates in freshwater 
reservoirs: recent changes and causative factors. Aquat Sci. 2023;85:60. https://doi.org/10.1007/s00027-023-00960-0.

68.	 Ma S, Wang L-J, Jiang J, Zhao Y-G. Direct and indirect effects of agricultural expansion and landscape fragmentation 
processes on natural habitats. Agric Ecosyst Environ. 2023;353:108555. https://doi.org/10.1016/j.agee.2023.108555.

69.	 El Barkaoui S, Mandi L, Aziz F, Del Bubba M, Ouazzani N. A critical review on using biochar as constructed wetland sub-
strate: Characteristics, feedstock, design and pollutants removal mechanisms. Ecol Eng. 2023;190:106927. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​
0​.​1​0​​1​6​/​j​.​​e​c​o​l​e​​n​g​.​2​0​2​​3​.​1​0​​6​9​2​7.

70.	 Bhattacharyya PN, Sandilya SP, Sarma B, Pandey AK, Dutta J, Mahanta K, et al. Biochar as Soil Amendment in Climate-Smart 
Agriculture: Opportunities, Future Prospects, and Challenges. J Soil Sci Plant Nutr. 2024;24:135–58. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​
s​4​2​7​2​9​-​0​2​4​-​0​1​6​2​9​-​9​​​​​.​​​

71.	 Li X, Wu D, Liu X, Huang Y, Cai A, Xu H, et al. A global dataset of biochar application effects on crop yield, soil properties, 
and greenhouse gas emissions. Sci Data. 2024;11:57. https://doi.org/10.1038/s41597-023-02867-9.

72.	 Rombel A, Krasucka P, Oleszczuk P. Sustainable biochar-based soil fertilizers and amendments as a new trend in biochar 
research. Sci Total Environ. 2022;816:151588. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​1​.​​1​5​1​5​8​8.

73.	 Sun J, Yang R, Li W, Pan Y, Zheng M, Zhang Z. Effect of biochar amendment on water infiltration in a coastal saline soil. J 
Soils Sediments. 2018;18:3271–9. https://doi.org/10.1007/s11368-018-2001-8.

74.	 Hailegnaw NS, Mercl F, Pračke K, Száková J, Tlustoš P. Mutual relationships of biochar and soil pH, CEC, and exchangeable 
base cations in a model laboratory experiment. J Soils Sediments. 2019;19:2405–16. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​1​3​6​8​-​0​1​9​-​0​
2​2​6​4​-​z​​​​​.​​​

75.	 Wang D, Fonte SJ, Parikh SJ, Six J, Scow KM. Biochar additions can enhance soil structure and the physical stabilization of C 
in aggregates. Geoderma. 2017;303:110–7. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​g​e​o​d​e​​r​m​a​.​2​0​​1​7​.​0​​5​.​0​2​7.

76.	 Razzaghi F, Obour PB, Arthur E. Does biochar improve soil water retention? A systematic review and meta-analysis. Geo-
derma. 2020;361:114055. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​g​e​o​d​e​​r​m​a​.​2​0​​1​9​.​1​​1​4​0​5​5.

77.	 Ma N, Zhang L, Zhang Y, Yang L, Yu C, Yin G, et al. Biochar improves soil aggregate stability and water availability in a Mol-
lisol after three years of field application. PLoS ONE. 2016;11:e0154091. https://doi.org/10.1371/journal.pone.0154091.

78.	 Nguyen T-B, Sherpa K, Bui X-T, Nguyen V-T, Vo T-D-H, Ho H-T-T, et al. Biochar for soil remediation: A comprehensive review 
of current research on pollutant removal. Environ Pollut. 2023;337:122571. https://doi.org/10.1016/j.envpol.2023.122571.

https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1016/j.crcon.2021.01.003
https://doi.org/10.1016/j.crcon.2021.01.003
https://doi.org/10.1016/j.teengi.2025.100021
https://doi.org/10.3390/agronomy10060824
https://doi.org/10.3390/agronomy11050993
https://doi.org/10.3390/agronomy11050993
https://doi.org/10.1016/j.scitotenv.2023.166079
https://doi.org/10.1111/nph.14253
https://doi.org/10.1016/j.catena.2021.105460
https://doi.org/10.3389/fmicb.2023.1190716
https://doi.org/10.3389/fmicb.2023.1190716
https://doi.org/10.1007/s42773-022-00138-1
https://doi.org/10.1016/j.jhydrol.2021.126103
https://doi.org/10.1061/JIDEDH.IRENG-10484
https://doi.org/10.1061/JIDEDH.IRENG-10484
https://doi.org/10.1016/j.scitotenv.2023.162408
https://doi.org/10.1016/j.scitotenv.2023.162408
https://doi.org/10.1016/j.hazadv.2025.100818
https://doi.org/10.1016/j.hazadv.2025.100818
https://doi.org/10.1016/j.gsd.2023.100978
https://doi.org/10.1007/978-3-030-61010-4_6
https://doi.org/10.1007/978-3-030-61010-4_6
https://doi.org/10.1016/j.still.2022.105447
https://doi.org/10.1016/j.still.2022.105447
https://doi.org/10.1007/s00027-023-00960-0
https://doi.org/10.1016/j.agee.2023.108555
https://doi.org/10.1016/j.ecoleng.2023.106927
https://doi.org/10.1016/j.ecoleng.2023.106927
https://doi.org/10.1007/s42729-024-01629-9
https://doi.org/10.1007/s42729-024-01629-9
https://doi.org/10.1038/s41597-023-02867-9
https://doi.org/10.1016/j.scitotenv.2021.151588
https://doi.org/10.1007/s11368-018-2001-8
https://doi.org/10.1007/s11368-019-02264-z
https://doi.org/10.1007/s11368-019-02264-z
https://doi.org/10.1016/j.geoderma.2017.05.027
https://doi.org/10.1016/j.geoderma.2019.114055
https://doi.org/10.1371/journal.pone.0154091
https://doi.org/10.1016/j.envpol.2023.122571


Page 23 of 24Sharma et al. Discover Soil            (2026) 3:51 

79.	 Purakayastha TJ, Bera T, Bhaduri D, Sarkar B, Mandal S, Wade P, et al. A review on biochar modulated soil condition 
improvements and nutrient dynamics concerning crop yields: Pathways to climate change mitigation and global food 
security. Chemosphere Pergamon. 2019;227:345–65. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​J​.​​C​H​E​M​O​​S​P​H​E​R​E​​.​2​0​1​​9​.​0​3​.​1​7​0.

80.	 Agegnehu G, Srivastava AK, Bird MI. The role of biochar and biochar-compost in improving soil quality and crop perfor-
mance: A review. Appl Soil Ecol Elsevier. 2017;119:156–70. https://doi.org/10.1016/J.APSOIL.2017.06.008.

81.	 Acharya BS, Dodla S, Wang JJ, Pavuluri K, Darapuneni M, Dattamudi S, et al. Biochar impacts on soil water dynamics: 
knowns, unknowns, and research directions. Biochar. 2024;6:34. https://doi.org/10.1007/s42773-024-00323-4.

82.	 Johanis H, Lehejček J, Tejnecký V. An insight into long-term effects of biochar application on forest soils. Eur J Res. 
2022;141:213–24. https://doi.org/10.1007/s10342-022-01440-0.

83.	 Zhang J, Zhang S, Niu C, Jiang J, Sun H. Positive effects of biochar on the degraded forest soil and tree growth in China: A 
systematic review. Phyton (B Aires). 2022;91:1601–16. https://doi.org/10.32604/phyton.2022.020323.

84.	 Wu Y, Wang X, Zhang L, Zheng Y, Liu X, Zhang Y. The critical role of biochar to mitigate the adverse impacts of drought and 
salinity stress in plants. Front Plant Sci. 2023;14. https://doi.org/10.3389/fpls.2023.1163451.

85.	 Chi W, Nan Q, Liu Y, Dong D, Qin Y, Li S, et al. Stress resistance enhancing with biochar application and promotion on crop 
growth. Biochar. 2024;6:43. https://doi.org/10.1007/s42773-024-00336-z.

86.	 Zhang C, Huang X, Zhang X, Wan L, Wang Z. Effects of biochar application on soil nitrogen and phosphorous leaching loss 
and oil peony growth. Agric Water Manag Elsevier B V. 2021;255. https://doi.org/10.1016/j.agwat.2021.107022.

87.	 Gonzaga MIS, Mackowiak C, de Almeida AQ, de Carvalho Junior JIT, Andrade KR. Positive and negative effects of biochar 
from coconut husks, orange bagasse and pine wood chips on maize (Zea mays L.) growth and nutrition. Catena (Amst). 
2018;162:414–20. https://doi.org/10.1016/j.catena.2017.10.018.

88.	 Yue Y, Cui L, Lin Q, Li G, Zhao X. Efficiency of sewage sludge biochar in improving urban soil properties and promoting 
grass growth. Chemosphere. 2017;173:551–6. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​c​h​e​m​o​​s​p​h​e​r​e​​.​2​0​1​​7​.​0​1​.​0​9​6.

89.	 Brantley KE, Savin MC, Brye KR, Longer DE. Nutrient availability and corn growth in a poultry litter biochar-amended loam 
soil in a greenhouse experiment. Soil Use Manag. 2016;32:279–88.

90.	 Bolan S, Hou D, Wang L, Hale L, Egamberdieva D, Tammeorg P, et al. The potential of biochar as a microbial carrier for 
agricultural and environmental applications. Sci Total Environ Elsevier B V. 2023;886. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​
3​.​​1​6​3​9​6​8.

91.	 Zhu X, Chen B, Zhu L, Xing B. Effects and mechanisms of biochar-microbe interactions in soil improvement and pollution 
remediation: A review. Environ Pollut. 2017;227:98–115. https://doi.org/10.1016/j.envpol.2017.04.032.

92.	 Agegnehu G, Bass AM, Nelson PN, Bird MI. Benefits of biochar, compost and biochar–compost for soil quality, maize yield 
and greenhouse gas emissions in a tropical agricultural soil. Sci Total Environ. 2016;543:295–306. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​
s​c​i​t​o​​t​e​n​v​.​2​​0​1​5​.​​1​1​.​0​5​4.

93.	 Wan H, Wei Z, Liu C, Yang X, Wang Y, Liu F. Biochar amendment modulates xylem ionic constituents and ABA signaling: 
its implications in enhancing water-use efficiency of maize (Zea mays L.) under reduced irrigation regimes. J Integr Agric. 
2025;24:132–46. https://doi.org/10.1016/j.jia.2024.03.073.

94.	 Murtaza G, Rizwan M, Usman M, Hyder S, Akram MI, Deeb M, et al. Biochar enhances the growth and physiological charac-
teristics of Medicago sativa, Amaranthus caudatus and Zea mays in saline soils. BMC Plant Biol. 2024;24:304. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​1​8​6​/​s​1​2​8​7​0​-​0​2​4​-​0​4​9​5​7​-​1​​​​​.​​​

95.	 Sultan H, Li Y, Ahmed W, yixue M, Shah A, Faizan M, et al. Biochar and nano biochar: Enhancing salt resilience in plants and 
soil while mitigating greenhouse gas emissions: A comprehensive review. J Environ Manage. 2024;355:120448. ​h​t​t​p​s​:​​/​/​d​o​i​​.​
o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​e​n​v​m​​a​n​.​2​0​2​​4​.​1​2​​0​4​4​8.

96.	 Ding Z, Kheir AMS, Ali OAM, Hafez EM, ElShamey EA, Zhou Z, et al. A vermicompost and deep tillage system to improve 
saline-sodic soil quality and wheat productivity. J Environ Manage. 2021;277:111388. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​j​e​n​v​m​​a​n​.​2​0​
2​​0​.​1​1​​1​3​8​8.

97.	 El-sayed MEA, Hazman M, Abd El-Rady AG, Almas L, McFarland M, El Shams A, et al. Biochar Reduces the Adverse Effect of 
Saline Water on Soil Properties and Wheat Production Profitability. Agriculture. 2021;11:1112. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​a​g​r​i​c​
u​l​t​u​r​e​1​1​1​1​1​1​1​2​​​​​.​​​

98.	 Coppa E, Quagliata G, Venanzi R, Bruschini A, Bianchini L, Picchio R, et al. Potential Use of Biochar as a Mitigation Strategy 
for Salinity-Related Issues in Tomato Plants (Solanum lycopersicum L). Environments. 2024;11:17. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​e​
n​v​i​r​o​n​m​e​n​t​s​1​1​0​1​0​0​1​7​​​​​.​​​

99.	 Dong M, Jiang M, He L, Zhang Z, Gustave W, Vithanage M et al. Challenges in safe environmental applications of biochar: 
identifying risks and unintended consequence. Biochar. Springer; 2025. https://doi.org/10.1007/s42773-024-00412-4

100.	 Wang J, Huang Q, Peng K, Yang D, Wei G, Ren Y, et al. Biochar induced trade-offs and synergies between ecosystem 
services and crop productivity. J Integr Agric Elsevier BV. 2024. https://doi.org/10.1016/j.jia.2024.03.022.

101.	 Brtnicky M, Datta R, Holatko J, Bielska L, Gusiatin ZM, Kucerik J, et al. A critical review of the possible adverse effects of 
biochar in the soil environment. Sci Total Environ. 2021;796:148756. . ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​J​.​​S​C​I​T​O​​T​E​N​V​.​2​​0​2​1​.​​1​4​8​7​5​6

102.	 Jiang F, Li Y, Jia Y, Li L, Guan R, Biswas A. Compound effects of biochar application and irrigation on soil water and tem-
perature transport. Front Sustain Food Syst Front Media SA. 2024;8. https://doi.org/10.3389/fsufs.2024.1480991.

103.	 Fentaw KA, Ortas I. Biochar for Improving Soil Water Storage and Water Use Efficiency: a review. ​h​t​t​p​s​:​​/​/​w​w​w​​.​r​e​s​e​a​​r​c​h​g​​a​t​e​.​
n​​e​t​/​p​u​​b​l​i​c​a​t​​i​o​n​/​​3​6​1​9​7​2​6​6​7

104.	 Koné S, Galiegue X. Potential Development of Biochar in Africa as an Adaptation Strategy to Climate Change Impact on 
Agriculture. Environ Manage. 2023;72:1189–203. https://doi.org/10.1007/s00267-023-01821-0.

105.	 Thao T, Gonzales M, Ryals R, Dahlquist-Willard R, Diaz GC, Ghezzehei TA. Biochar impacts on soil moisture retention and 
respiration in a coarse‐textured soil under dry conditions. Soil Sci Soc Am J. 2024;88:1919–31. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​s​a​j​2​.​
2​0​7​4​6​​​​​.​​​

106.	 Boudjabi S, Ababsa N, Chenchouni H. Enhancing soil resilience and crop physiology with biochar application for mitigat-
ing drought stress in durum wheat (Triticum durum). Heliyon. 2023;9:e22909.

107.	 Akhtar SS, Li G, Andersen MN, Liu F. Biochar enhances yield and quality of tomato under reduced irrigation. Agric Water 
Manag. 2014;138:37–44. https://doi.org/10.1016/j.agwat.2014.02.016.

108.	 Zhang A, Liu Y, Pan G, Hussain Q, Li L, Zheng J, et al. Effect of biochar amendment on maize yield and greenhouse gas 
emissions from a soil organic carbon poor calcareous loamy soil from Central China Plain. Plant Soil. 2012;351:263–75. 
https://doi.org/10.1007/s11104-011-0957-x.

https://doi.org/10.1016/J.CHEMOSPHERE.2019.03.170
https://doi.org/10.1016/J.APSOIL.2017.06.008
https://doi.org/10.1007/s42773-024-00323-4
https://doi.org/10.1007/s10342-022-01440-0
https://doi.org/10.32604/phyton.2022.020323
https://doi.org/10.3389/fpls.2023.1163451
https://doi.org/10.1007/s42773-024-00336-z
https://doi.org/10.1016/j.agwat.2021.107022
https://doi.org/10.1016/j.catena.2017.10.018
https://doi.org/10.1016/j.chemosphere.2017.01.096
https://doi.org/10.1016/j.scitotenv.2023.163968
https://doi.org/10.1016/j.scitotenv.2023.163968
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1016/j.scitotenv.2015.11.054
https://doi.org/10.1016/j.scitotenv.2015.11.054
https://doi.org/10.1016/j.jia.2024.03.073
https://doi.org/10.1186/s12870-024-04957-1
https://doi.org/10.1186/s12870-024-04957-1
https://doi.org/10.1016/j.jenvman.2024.120448
https://doi.org/10.1016/j.jenvman.2024.120448
https://doi.org/10.1016/j.jenvman.2020.111388
https://doi.org/10.1016/j.jenvman.2020.111388
https://doi.org/10.3390/agriculture11111112
https://doi.org/10.3390/agriculture11111112
https://doi.org/10.3390/environments11010017
https://doi.org/10.3390/environments11010017
https://doi.org/10.1007/s42773-024-00412-4
https://doi.org/10.1016/j.jia.2024.03.022
https://doi.org/10.1016/J.SCITOTENV.2021.148756
https://doi.org/10.3389/fsufs.2024.1480991
https://www.researchgate.net/publication/361972667
https://www.researchgate.net/publication/361972667
https://doi.org/10.1007/s00267-023-01821-0
https://doi.org/10.1002/saj2.20746
https://doi.org/10.1002/saj2.20746
https://doi.org/10.1016/j.agwat.2014.02.016
https://doi.org/10.1007/s11104-011-0957-x


Page 24 of 24Sharma et al. Discover Soil            (2026) 3:51 

109.	 Blackwell P, Krull E, Butler G, Herbert A, Solaiman Z. Effect of banded biochar on dryland wheat production and fertiliser 
use in south-western Australia: an agronomic and economic perspective. Soil Res. 2010;48:531. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​7​1​/​S​R​
1​0​0​1​4​​​​​.​​​

110.	 Sohi SP, Krull E, Lopez-Capel E, Bol R. A Review of Biochar and Its Use and Function in Soil. Adv Agron. 2010;47–82. ​h​t​t​p​s​:​​/​/​
d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​S​0​0​6​5​-​2​1​1​3​(​1​0​)​0​5​0​0​2​-​9.

111.	 Major J, Rondon M, Molina D, Riha SJ, Lehmann J. Nutrient Leaching in a Colombian Savanna Oxisol Amended with 
Biochar. J Environ Qual. 2012;41:1076–86. https://doi.org/10.2134/jeq2011.0128.

112.	 Laird DA, Fleming P, Davis DD, Horton R, Wang B, Karlen DL. Impact of biochar amendments on the quality of a typical 
Midwestern agricultural soil. Geoderma. 2010;158:443–9. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​g​e​o​d​e​​r​m​a​.​2​0​​1​0​.​0​​5​.​0​1​3.

113.	 Glaser B, Lehmann J, Zech W. Ameliorating physical and chemical properties of highly weathered soils in the tropics with 
charcoal - a review. Biol Fertil Soils. 2002;35:219–30. https://doi.org/10.1007/s00374-002-0466-4.

114.	 Steiner C, Teixeira WG, Lehmann J, Nehls T, de Macêdo JLV, Blum WEH, et al. Long term effects of manure, charcoal and 
mineral fertilization on crop production and fertility on a highly weathered Central Amazonian upland soil. Plant Soil. 
2007;291:275–90. https://doi.org/10.1007/s11104-007-9193-9.

115.	 Tammeorg P, Simojoki A, Mäkelä P, Stoddard FL, Alakukku L, Helenius J. Short-term effects of biochar on soil properties 
and wheat yield formation with meat bone meal and inorganic fertiliser on a boreal loamy sand. Agric Ecosyst Environ. 
2014;191:108–16. https://doi.org/10.1016/j.agee.2014.01.007.

116.	 Sharma P, Ali S, Biswas JK. Application of biochar for soil erosion control and environmental management: implications for 
achieving sustainable development goals. Discover Soil [Internet]. 2025;2:36. https://doi.org/10.1007/s44378-025-00065-0.

117.	 Latawiec AE, Strassburg BBN, Junqueira AB, Araujo E, de Moraes D, Pinto LF. Biochar amendment improves degraded 
pasturelands in Brazil: environmental and cost-benefit analysis. Sci Rep. 2019;9:11993. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​1​
9​-​4​7​6​4​7​-​x​​​​​.​​​

118.	 Kannan P, Krishnaveni D, Ponmani S. Biochars and Its Implications on Soil Health and Crop Productivity in Semi-Arid Envi-
ronment. Biochar Applications in Agriculture and Environment Management. Cham: Springer International Publishing; 
2020. pp. 99–122. https://doi.org/10.1007/978-3-030-40997-5_5.

119.	 Das SK. Biochar for soil health and crop production in the climate change era. Indian Farming. 2015;65:17–21.
120.	 Tan SSX, Kuebbing SE. A synthesis of the effect of regenerative agriculture on soil carbon sequestration in Southeast Asian 

croplands. Agric Ecosyst Environ. 2023;349:108450. https://doi.org/10.1016/j.agee.2023.108450.
121.	 Murtaza G, Ahmed Z, Eldin SM, Ali B, Bawazeer S, Usman M, et al. Biochar-Soil-Plant interactions: A cross talk for sustainable 

agriculture under changing climate. Front Environ Sci. 2023;11. https://doi.org/10.3389/fenvs.2023.1059449.
122.	 Wan H, Wei Z, Liu C, Yang X, Wang Y, Liu F. Biochar amendment modulates xylem ionic constituents and ABA signaling: 

its implications in enhancing water-use efficiency of maize (Zea mays L.) under reduced irrigation regimes. J Integr Agric. 
2024. https://doi.org/10.1016/j.jia.2024.03.073.

123.	 Edeh IG, Mašek O, Buss W. A meta-analysis on biochar’s effects on soil water properties – New insights and future research 
challenges. Sci Total Environ. 2020;714:136857. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​0​.​​1​3​6​8​5​7.

124.	 Jin X, Zhang T, Hou Y, Bol R, Zhang X, Zhang M, et al. Review on the effects of biochar amendment on soil microorganisms 
and enzyme activity. J Soils Sediments. 2024;24:2599–612. https://doi.org/10.1007/s11368-024-03841-7.

125.	 Aguirre JL, González-Egido S, González-Lucas M, González-Pernas FM. Medium-Term Effects and Economic Analysis of 
Biochar Application in Three Mediterranean Crops. Energies (Basel) MDPI. 2023;16. https://doi.org/10.3390/en16104131.

126.	 Maroušek J, Strunecký O, Stehel V. Biochar farming: defining economically perspective applications. Clean Technol Environ 
Policy. Springer Verlag; 2019. pp. 1389–95. https://doi.org/10.1007/s10098-019-01728-7

127.	 Patel MR, Panwar NL. Evaluating the agronomic and economic viability of biochar in sustainable crop production. Biomass 
Bioenergy. Elsevier Ltd; 2024. p. 188. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​b​i​o​m​b​​i​o​e​.​2​0​​2​4​.​1​​0​7​3​2​8.

128.	 Liu X, Manevski K, Liu F, Andersen MN. Biomass accumulation and water use efficiency of faba bean-ryegrass intercrop-
ping system on sandy soil amended with biochar under reduced irrigation regimes. Agric Water Manag. 2022;273:107905. 
https://doi.org/10.1016/j.agwat.2022.107905.

129.	 Li J, Sun W, Lichtfouse E, Maurer C, Liu H. Life cycle assessment of biochar for sustainable agricultural application: A review. 
Sci Total Environ. 2024;951:175448. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​j​.​​s​c​i​t​o​​t​e​n​v​.​2​​0​2​4​.​​1​7​5​4​4​8.

130.	 Carvalho J, Nascimento L, Soares M, Valério N, Ribeiro A, Faria L, et al. Life Cycle Assessment (LCA) of Biochar Production 
from a Circular Economy Perspective. Processes. 2022;10:2684. https://doi.org/10.3390/pr10122684.

131.	 Brtnicky M, Datta R, Holatko J, Bielska L, Gusiatin ZM, Kucerik J, et al. A critical review of the possible adverse effects of 
biochar in the soil environment. Sci Total Environ Elsevier. 2021;796:148756. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​J​.​​S​C​I​T​O​​T​E​N​V​.​2​​0​2​1​.​​1​4​8​
7​5​6.

132.	 Xiang L, Liu S, Ye S, Yang H, Song B, Qin F, et al. Potential hazards of biochar: The negative environmental impacts of 
biochar applications. J Hazard Mater Elsevier. 2021;420:126611. ​h​t​t​p​s​:​​/​/​d​o​i​​.​o​r​g​/​1​​0​.​1​0​​1​6​/​J​.​​J​H​A​Z​M​​A​T​.​2​0​2​​1​.​1​2​​6​6​1​1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1071/SR10014
https://doi.org/10.1071/SR10014
https://doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.2134/jeq2011.0128
https://doi.org/10.1016/j.geoderma.2010.05.013
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1007/s11104-007-9193-9
https://doi.org/10.1016/j.agee.2014.01.007
https://doi.org/10.1007/s44378-025-00065-0
https://doi.org/10.1038/s41598-019-47647-x
https://doi.org/10.1038/s41598-019-47647-x
https://doi.org/10.1007/978-3-030-40997-5_5
https://doi.org/10.1016/j.agee.2023.108450
https://doi.org/10.3389/fenvs.2023.1059449
https://doi.org/10.1016/j.jia.2024.03.073
https://doi.org/10.1016/j.scitotenv.2020.136857
https://doi.org/10.1007/s11368-024-03841-7
https://doi.org/10.3390/en16104131
https://doi.org/10.1007/s10098-019-01728-7
https://doi.org/10.1016/j.biombioe.2024.107328
https://doi.org/10.1016/j.agwat.2022.107905
https://doi.org/10.1016/j.scitotenv.2024.175448
https://doi.org/10.3390/pr10122684
https://doi.org/10.1016/J.SCITOTENV.2021.148756
https://doi.org/10.1016/J.SCITOTENV.2021.148756
https://doi.org/10.1016/J.JHAZMAT.2021.126611

	﻿Application of biochar in agriculture for effective water resource conservation
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Review methodology
	﻿3﻿ ﻿Biochar production and properties
	﻿3.1﻿ ﻿Biochar production methods
	﻿3.2﻿ ﻿Properties of biochar
	﻿3.2.1﻿ ﻿Physical properties
	﻿3.2.2﻿ ﻿Chemical properties
	﻿3.2.3﻿ ﻿Biological properties


	﻿4﻿ ﻿Traditional agriculture and its impacts on soil and water resources
	﻿5﻿ ﻿Role of biochar in water retention and soil moisture management
	﻿5.1﻿ ﻿Change in soil water dynamics
	﻿5.2﻿ ﻿Impact on soil erosion and runoff
	﻿5.3﻿ ﻿Improvement of soil by increasing nutrient availability
	﻿5.4﻿ ﻿Biochar effects on plant-water relations
	﻿5.4.1﻿ ﻿Biochar amendments on crop yield and resilience to drought stress
	﻿5.4.2﻿ ﻿Biochar for saline water


	﻿6﻿ ﻿Environmental implications and trade-offs
	﻿6.1﻿ ﻿Carbon sequestration, nutrient leaching, and interactions with soil microbiota
	﻿6.2﻿ ﻿Biochar utilization in agriculture and land management
	﻿6.3﻿ ﻿Effectiveness of biochar in different soil and climatic conditions
	﻿6.4﻿ ﻿Economic viability for farmers

	﻿7﻿ ﻿Challenges and future directions
	﻿7.1﻿ ﻿Limitations and knowledge gaps
	﻿7.2﻿ ﻿Future research and technological advancements

	﻿8﻿ ﻿Conclusion
	﻿References


