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Abstract. Global food security is continuously being haunted by the rapid increase in population and
drastic climate changes. Drought stress (DS) negatively affects the soil fertility and plant growth. Drought
often induces cell dehydration and ultimately inhibits cell expansion and division, leaf size, stem
elongation, root proliferation, disturbed stomatal oscillations, plant water and nutrient uptake. Biochar
(BC), being a carbon-rich material, ameliorates the adverse effects of drought on plants. BC is a carbon-
rich (65-90%) solid product of biomass pyrolysis that contains numerous pores and oxygen functional
groups and aromatic surfaces. BC application modifies microbial habitats by improving the soil’s
physical properties. Additionally, BC porosity can decrease soil bulk density and improve soil aeration
conditions. BC can increase the available water contents that influence nutrient accessibility to microbial
cells. BC application increases the plant growth, biomass and yield of crops under water deficit
conditions. It also enhances nutrient uptake, photosynthesis and modifies gas exchange characteristics in
plants growing under water paucity. Additionally, it improves the physical, biological properties and
water holding capacity of the soil. Keeping in view the tremendous importance of BC, this review
highlights its potential in mitigating the DS in plants and sums up by revealing future prospects regarding
its role in improvement of soils. Overall, this review can contribute towards the better understanding of
the BC-mediated tolerance mechanisms in plants under low water availability.
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Introduction

The current world population is approximately 7.3 billion and is predicted to reach
8.5 billion by 2030 (Warner and Jones, 2017). As we know that global food security is
continuously being haunted by the rapid increase in population, shrinking resources and
drastic climatic changes therefore, to feed the large population, improved cropping
systems and strategies are dire need of time (Khalil et al., 2016; Lesk et al., 2016; Rauf
et al., 2016). In many regions of the world, biotic and abiotic stresses such as drought,
high salinity and extreme temperatures results in the most injurious limitations for the
plant’s growth and productivity (Khan et al., 2017; Noman et al., 2017; Thalmann and
Santelia, 2017; Islam et al., 2018a,b). Among the abiotic stresses, DS is reckoned as the
most injurious environmental factor causing significant losses of growth as well as yield
of the plants (Ali et al., 2016; Calvo-Polanco et al., 2016; Dubois et al., 2017). The
drought has severely affected terrestrial agriculture in the past and recent times. DS
along with other abiotic stresses like heavy metal contamination not only limits plant
production but also pose more risks to human health (Arshad et al., 2016; Noman and
Adgeel, 2017). For example, Liu et al. (2017d) revealed that DS differentially influenced
the translocation and redistribution of Cadmium in peanut plants during various
developmental stages. It often induces cell dehydration and ultimately result in
inhibition of cell expansion and division, leaf size, stem elongation, root proliferation,
disturbed stomatal oscillations, plant water and nutrient uptake as well as enhance
proline accumulation (Kaushal and Wani, 2016; Khalil et al., 2016; Noman et al., 2015).
Moreover, it also curtails photosynthesis (Khalil et al., 2016; Khan et al., 2017).
Additionally, it causes oxidative stress through the production of reactive oxygen
species (ROS) (Apel and Hirt, 2004; Cruz de Carvalho, 2008). It lowers soil water
potential and water use efficiency (WUE) (Kaushal and Wani, 2016). Consequently,
combating DS is a challenging task for achieving food security under the drastic
climatic changes worldwide.

Historically, several techniques were utilized to improve the soil structural and
biochemical properties. For example, thousands year ago, Romans and Greeks
incorporated the animal manure and human feces in the soil as an organic amendment to
increase the soil quality and fertility. At that time they knew that previously legumes
grown field can be beneficial for wheat crop cultivation. Earlier different materials (e.g.,
plant residues, farm manure sea-shells, and other waste) were adopted as an organic
amendment to improve the crop growth. Currently, BC, compost and animal manure as
a soil amendment is well-known while crop straw, sewage sludge, peat, wood shavings,
and sawdust are also used for soil amendment to improve quality and fertility. BC
amendments have large-scale agricultural, economic and environmental benefits
(Kumar et al., 2017). BC is a highly porous, fine-grained charcoal that can hold carbon
combusted under low oxygen at relatively high temperatures (Fazal and Bano, 2016).
Like bioethnol, it can be produced from different organic materials such as plant
residues (Llorach-Massana et al., 2017; Tayyab et al., 2018), pecan shells, sawdust
(Komnitsas et al., 2016), peanut hulls (Chu et al., 2017), Hardwood (Laird et al., 2017),
paper mill sludge (Cho et al., 2017), Palm kernel shell and Palm oil sludge (Lee et al.,
2017), pine and jarrah woods (Jiang et al., 2017), rice straw (Liu et al., 2017a), cotton
stem, wheat straw, rice husk, corn stem, peach branch, walnut shell, yak manure,
eucalyptus wood sawdust (Wang and Liu, 2017), hemlock char and switchblade grass
char (Yu et al., 2017) poultry manure (Barati et al., 2018) and pig manure (Liu et al.,
2017a). Different types of biomass and the thermochemical conditions are used to
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pyrolyze it significantly to influence the quality of BC and its potential uses (Chen et
al., 2011; Yu et al., 2017a). The production of BC is quite similar to charcoal, the
production of which is one of the oldest developed technologies (Lehmann and Joseph,
2009). However, it is entirely different from charcoal as it is not primarily used as a
fuel, but for atmospheric carbon (C) capture and storage, or bio-sequestration. The
porous structure of char particles enhances the water-retaining capacity and nutrient
retention of soil, as well microbial accumulation. Due to its perceived benefits of
increasing nutrient and water retention, it is used as a soil conditioner that is very
promising and useful for soil amendments (Skjemstad et al., 2002; Yu et al., 2017a
Sarfraz et al., 2017). Additionally, BC modifies microbial habitats by improving the soil’s
physical properties. Its porosity can decrease soil bulk density and improve soil aeration
conditions. It can also increase the available water contents that influence nutrient
accessibility to microbial cells. In addition, it can increase water contents at the
permanent wilting point, which indicates the capability of BC, via its high porosity, to
store water that is unavailable to plants. Keeping water in this manner is beneficial,
especially in sandy and degraded soils (Abel et al., 2013; Skjemstad et al., 2002).
Moreover, the improved water retention capacity means that there is a more excellent
capability of the soil to hold water against dry-wet cycles in the natural environment,
which can favor the maintenance of a stable microbial activity (Liang et al., 2014). A
significant body of knowledge reported that BC amendment enhances plant growth,
seed production, biomass and nutrient absorption under the drought conditions
(Bamminger et al., 2016; Gonzaga et al., 2017; Paneque et al., 2016). However,
according to our literature survey, a comprehensive review of the beneficial and
effective role of BC upon plants under water deficit conditions is not documented yet.
Hence, we reviewed the BC application in agricultural production under DS to give
attention to the development of soil health and fertility to feed the increasing
population.

Adverse effect of drought stress on soil properties

Drought is one of the most severe abiotic stresses. It strongly affects soil microbial
activity, fungal properties, soil respiration and litter decomposition (Geng et al., 2015;
Hoogmoed et al., 2016; Mariotte et al., 2015; Schmidt et al., 2017). The significance of
the microbial community in soil ecosystem functioning is well known which plays a
pivotal role in soil fertility and improvement in soil structure (Wall and Bardgett, 2012;
Arafat et al., 2017). For example, microbial communities produce enzymes and are
responsible for 90% of soil organic matter (SOM) decomposition (C mineralization),
which determines nutrient turnover (Bastida et al., 2013; Swift et al., 1979).
Nevertheless, drought can affect soil microbial communities by restricting diffusion of
substrate, inhibitory compounds (e.g., plant and antimicrobial secondary metabolites),
enzymes and inducing microbial physiological stress (Davidson and Janssens, 2006). As
compared to fungal communities, bacterial communities are sensitive to disturbances
caused by drought and their response directly affects soil fertility and soil structure
(Bardgett and Wardle, 2010).
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Adverse effect of drought stress on plant yield and biomass

Drought negatively influences the plant growth and crop production. It affects the
plant development causing severe reductions in crop productivity. Additionally, it can
initiate a series of physiological and biochemical changes in plants. It also decreases dry
matter production, leaf area index, number of seeds per plant, seed size and finally the
grain yield. Moreover, reduction in intercellular carbon dioxide concentration, stomatal
conductance and transpiration is also associated with it. Chlorophyll fluorescence is
negatively correlated with DS as it has severe effects on leaf gaseous exchange rate and
chlorophyll fluorescence depending on various developmental stages of the plant and
the duration of DS. Under drought, some processes such as plant hydraulic status,
phytohormones, osmotic adjustment, and ROS signaling control the reduction of plant
growth.

Production and physicochemical characteristics of biochar amendments

BC is a recalcitrant source of soil organic carbon combusted under low oxygen at
relatively high temperatures (Fazal and Bano, 2016). Theoretically, almost any form of
organic material can be utilized for its production (Kuppusamy et al., 2016). However,
its properties can vary widely depending on feedstock and processing conditions
(Brewer et al., 2017). For attaining several benefits of sustainable agriculture, the
amendment of BC is being increasingly discussed as a drought mitigation tool. In the
last decade, tremendous increase in the number of publications using a variety of BCs
addressed as drought mitigation approach shows the high interest of researcher
regarding the enhancing scope of BC. Tripathi et al. (2016a) presented the concept of
sustainable BC production. Standard techniques used for BC production are rotating
kilns, vertical silo-type reactors, hydrothermal carbonization, gasification, and slow and
fast pyrolysis. BCs are categorized with a high concentration of total organic carbon
(30-70%) depending upon the pyrolysis conditions (aeration, temperature and time),
mineral contents (Na, Mg, K, Fe, etc.) EC, pH, volatile matter and ash concentration
(Jindo et al., 2014; Qayyum et al., 2015; Yu et al., 2017). However, the BC properties
are significantly affected by the feedstock nature (Brewer et al., 2017). It is produced
from the thermal conservation of biomass feedstock’s (Fig. 1). Among various
techniques (e.g., pyrolysis, gasification, and hydrothermal carbonization), pyrolysis
which heats the biomass at relatively low temperatures (300-900°C) in the absence of
oxygen, is the most cost-effective and efficient method for BC production (Cha et al.,
2016; Qian et al., 2015). Additionally, pyrolysis can be subdivided into slow and fast
pyrolysis, according to the different heating rates. Even though, there exist some
disadvantages such as energy inefficiency and demand for long production duration,
slow pyrolysis is still widely used for BC production presently due to the comparatively
higher BC vyield (Liu et al., 2015; Tripathi et al., 2016a). The characterization of
sophisticated methods contains the quantification and identification of surface
functional groups, polycyclinc aromatic hydrocarbon, aromatic compounds, active
surface area and scanning electron microscopy (Hale et al., 2012; Harris et al., 2013).
BC has demonstrated its multifunctional roles in carbon sequestration (Crombie et al.,
2013). The linkage of BC properties and its application are shown in Figure 2.
Consequently, before their implementation, BC must be carefully analyzed (Aller et al.,
2017; Kuppusamy et al., 2016). BC amendments may have large-scale environmental,
economic as well as agricultural benefits. Deep investigation of the BC-mediated plant

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(3):2565-2583.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1603_25652583
© 2018, ALOKI Kft., Budapest, Hungary



Tayyab et al.: Biochar: an efficient way to manage low water availability in plants
- 2569 -

resistance mechanisms against abiotic and biotic stresses will enhance our further
understanding of the better agronomic management of economically important crops
(Kumar et al., 2017).
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Figure 1. The brief introduction of biochar feedstock and its production processes (slightly
modified from Xiao et al., 2016)
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Figure 2. A brief introduction of the linkage between biochar properties and its application
(modified from Xiao et al., 2016). Here, the more number of square boxes designate the
improvement in various soil properties via utilization of biochar through various applications
which are represented by different color. Moreover, the abbreviations included are C (carbon),
H (hydrogen), N (Nitrogen), O (Oxygen), S (Sulpher), CEC (Cation exchange capacity), PCB
(Polychlorinated biphenyl) and PAH (Polycyclic aromatic hydrocarbons)
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Biochar improves plant development and biomass under drought stress

The beneficial effects of BC application under limited water conditions have been
widely reported (Akhtar et al., 2015; Paneque et al., 2016; Ramzani et al., 2017;
Rogovska et al., 2014). The BC amendment improved growth and biomass of plants
under drought-stress (Table 1; Fig. 3). Similarly, use of BC exhibited the highest
vegetative growth and seed production of field-grown sunflower under non-irrigation
conditions (Paneque et al., 2016). Its application enhanced tomato fruit quality, growth
and yield under deficit irrigation (Agbna et al., 2017). Similarly, its use supports the
growth of winter rapeseed under drought conditions (Bamminger et al., 2016).
Likewise, Basso et al. (2013) found a significant increase in soil WHC in a soil column
study with hardwood BC and predicted that the increased WHC might enhance
available water capacity (AWC = available water between field capacity and permanent
wilting point) for crops. Tomato seedlings were protected from wilting due to improved
soil moisture content with higher (30% v/v) rates of BC amendments in sandy soils
(Mulcahy et al., 2013).

Biochar amendment effects upon soil
under drought stress

r N Y
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Figure 3. Biochar possible effects under drought stress at both plant and soil level
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Table 1. Impact of biochar on plant growth and soil properties evident by recent research

findings
Feedstock and .
. Rate of - Experiment| Plant
pyro_l)_/5|s application Soil type condition | species Effects References
conditions
Corn Cob 1 Sandy . Enhanced seedling
Biochar, 450 °C 20tha loam Field soybean growth Hafeez et al., 2017
Increased microbial
biomass carbon,
thjt::g\:]veand 5and 10 t ha™ cliarl]gz)a/m Field - phosphatase activity, Mehrr;%old?et al.,
g Y urease activity and
dehydrogenase activity
Rice husk + sand Increased fruit yield, Gs,
shell of cotton 0 and 5% | y Pot Tomato Pn, RWC and WUE of | Akhtar et al., 2014
o oam
seed, 400 °C leaves
Akiko pear Pyrus Improve the defense of
P o 9thm? - Field ussuriensis|  plant leaves against Lyu et al., 2016
trees, 500 °C .
Maxim drought stress
Maintained leaf water
Wheat straw 0,1,2 and Sandy . potential, stomatal
biochar, 500 °C 3% subsoil Pot Maize conductance, Ahmed et al., 2016
photosynthesis
Improved the plant
. - Sandy . Helianthus development and Paneque et al.,
Grapevine wood| 15 tha loam Field annuus L. | productivity; increased 2016
the WHC of the soil
Biomass of Sand Increased leaf area, plant
Lantana camara, | 0, 1, and 3% Ioamy Pot Okra height, photosynthesis, | Batool et al., 2015
450 °C Gs, and WUE
Wood-chip Increased stem and dry
sievingsat |0, 1.5,and 3%| Sandy Pot Maize leaf mass, RWC, and | Haider et al., 2015
550-600 °C photosynthesis
Milk thistle
Hardwood 0%, 1%, and | sandy Pot (Silypum | Improved soil moisture | Keshavarz Afshar
(maple), 350 °C 2% loam marianum holding capacity etal., 2016
L. Gaertn)
_ sandy- Increased the resi_stance
Poultryc!ltter, 3% clay-loam Pot ) of both the bacterial and Liang et al., 2014
400 °C Soi fungal networks to
oil q
rought

Improving plant WUE has the potential to decrease plant susceptibility to limited
water conditions. Amending BC with soil has been proposed as a way to ameliorate the
WAUE as it has been revealed to improve the WHC of soils (Licht and Smith, 2017). It
enhanced hydrology characteristics, soil physical properties, increased soil water
content and grain yields and WUE under natural conditions (Xiao et al., 2016).
Different BCs have different impacts on soil water relations. For example, amendment
of fresh BC with sandy loam soil enhanced the plant available water (PAW) but not
aged BC. Addition of fresh and aged BC amendment with silt loam soil did not affect
PAW and WUE. It indicates that BC type and BC age have variable impacts on PAW
and WUE, meaning that BC amendments can increase plant growth and soil water
relations under water-limited conditions for some but not all soils (Aller et al., 2017).
Similarly, in another study, Licht and Smith (2017) demonstrated amendment of
lignocellulosic BC to forest soils reduced DS in pine-oak systems. Akhtar et al. (2014)
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described that under limited freshwater resources, application of partial rootzone drying
irrigation (PRD) in combination with BC might be a promising approach for saving
water and enhancing productivity and quality of tomato. Similarly, Agbna et al. (2017)
revealed that integration of BC amendment (BA) with deficit irrigation (DI) represents a
viable technique that can save water without reducing tomato yields as well as
improving the quality of the fruits. This method can mainly be used in areas that
regularly struggle with water shortage. More precise optimal levels would likely need to
be determined for commercial purposes in future studies as they are likely to be case
specific, depending on soil texture, BC type and climate among other factors (Karer et
al., 2013). Vaccari et al. (2015) suggests that BC amendment may ensure the same yield
while using less external input such as irrigation water. A 10% vyield increase of barley
(Hordeum vulgare) with BC amendment in a chernozem region under prolonged DS
was attributed to increased water availability. Githinji (2014) reported that the leaf
quality rate of tomato increased with BC application in sandy loam soil as compared to
the unamended control. Barley is grown in the coarse sandy subsoil underwater, use of
1% straw gasification BC increased the root and growth shoot. However, gasification
BC was not active on barley growth under water stress in sandy loam soils (Hansen et
al., 2016). Studies have described that the application of BC improved the
photosynthesis of plants under DS (Haider et al., 2015; Lyu et al., 2016; Xiao et al.,
2016).

BC significantly improved the relative water contents (RWC), stomatal conductance
(Gs), chlorophyll contents, WUE, photosynthetic rate (Pn) and stomatal density of
drought-stressed tomato leaves (Akhtar et al., 2014). Its application increased the leaf
relative water contents (RWC), transpiration rate and osmotic potential of drought-
stressed maize as compared to the control (Haider et al., 2015). Kammann and Graber
(2015) study the influence of BC on drought tolerance of Chenopodium quinoa
displayed increased drought tolerance, growth and water-use efficiency of quinoa. BC
amendment in soil improves the soil water content, photosynthesis, leaf water potential
and transpiration under scarce water conditions. However, application of BC resulted in
increased soil water content in Danish coarse sandy soil under drought. Leaf water
potential, photosynthesis, and transpiration of Maize plants were maintained by 2 and
3% BC addition to the subsoil (Ahmed et al., 2016). Similarly, Haider et al. (2015)
reported that BC use in poor sandy soils could improve plant growth by enhancing soil-
plant-water relations and photosynthesis under both deficit and excess water. Lyu et al.
(2016) revealed the addition of BC could strengthen the defense of plant leaves against
DS by influencing electron transfer and regulating the activity of protective enzymes,
thereby reducing the effects of drought damage to the photosynthetic apparatus. This
showed that BC response under DS might vary with soil, BC type and plant species.

Biochar inoculate with microorganisms mitigate drought stress

Studies have shown that BC may minimize water stress in plants when applied with
microorganisms (Liu et al., 2017b; Nadeem et al., 2017). Egamberdieva et al. (2017)
reported inoculation of BC with Bradyrhizobium sp. Enhance the growth, biomass,
phosphorus (P) uptake and nitrogen (N), and nodulation in lupin (Lupinus angustifolius
L.) seedlings under DS as compared to the only microbial inoculation. Nadeem et al.
(2017) reported inoculation of BC with Pseudomonas fluorescens, reduced the harmful
impact of DS on cucumber (Cucumis sativus L.) growth, increased the shoot length,
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shoot biomass, root length and root biomass as compared to inoculated control. Besides,
significant improvements in chlorophyll and relative water contents, as well as a
reduction in leaf electrolyte leakage, demonstrated the effectiveness of this approach. In
another study, Liu et al. (2017b) reported that inoculation of BC (birch wood, 500 °C)
with Rhizophagus irregularis decreased the WUE, N, leaf area, P in potato and did not
adversely impacted the root biomass and soil pH under limited root zone water as
compared to control. However, under limited irrigation soil amendment with wood-
derived BC (30 mg.ha™') had no significant effect on soil biota groups such as protozoa,
bacteria, fungi, nematodes and arthropods (Pressler et al., 2017).

The application of BC with Arbuscular mycorrhizal fungi can enhance drought
tolerance of the host plant by physiological mechanisms in nutrient adsorption and
biochemical mechanisms, e.g. hormones, osmotic adjustment and antioxidant systems.
However, application of BC to the agricultural soil with Arbuscular mycorrhizal fungi
stimulated the growth of extra-radical hyphae in soil and increased mycorrhizal
colonization of roots. As the water potential of the soil was the same with and without
BC amendment, it is unlikely that the observed effects on plant growth were related to
possible benefits from the water holding capacity of the BC (Mickan et al., 2016).

Previous studies have revealed that the utilization of BC by microbial inoculation can
be helpful in alleviating DS in plants, depending on the type of BC or other factors.
Additionally, BC is increasingly discussed as a climate change (drought) mitigation
tool, but there is limited knowledge about its interactive effects with future soil DS,
possibly influencing its stability as well as its beneficial effects on soil microorganisms
and plants.

Biochar improves soil biological and physiochemical properties

Several studies have shown that BC improves the physical properties of soil under
DS conditions (Bamminger et al., 2016; Hansen et al., 2016; Zhang et al., 2017). Ye et
al. (2015) has shown BC had features that could improve soil properties such as density,
acidity, moisture retention, and the stability of heavy metal ions in the soil. Zhang et al.
(2017) has shown that soil physicochemical properties improved by the BC and
increased abundance and diversity of bacteria have contributed to the ability of BC to
protect plants against tobacco bacterial wilt. Total porosity (TP) increased and soil bulk
density (BD) decreased, air properties improved (FAC and FAP) and there was an
increase in the retention of water available for plants (Pranagal et al., 2017). Liang et al.
(2014) also reported that BC application in calcareous soils decreased the significantly
bulk density of soil while soil WHC increased. Abel et al. (2013) showed that BC
application in sandy soil increased the total pore space, decreased the soil Bulk density
(BD) and water retention at permanent wilting point. The equilibration of corn residue
BC in a sandy loam soil for 30 days decreased the BD and increased water holding
capacity WHC of the soil (Igalavithana et al., 2017). The BC amendment decreases the
BD as well as an increase in the soil water contents, have observed in a variety of soils
with different soil texture (Herath et al., 2013; Igalavithana et al., 2017). Burrell et al.
(2016) showed that straw BC was the most effective at improving plant available water
and soil aggregate stability in a coarse-textured soil. Similarly, Baiamonte et al. (2015)
reported that application of BC had increased the aggregate stability in sandy-clay soil.
However, under crop cultivation, more detailed studies are required to appraise the
impact of BC on soil aggregate stability. In general, BC amendment improves the soil
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physical properties under reduced water supply and beneficial for plant growth under
semiarid conditions. Though, under drought, additional investigations are required
about the BC amendment. In addition, BC aging affected the soil properties, and more
studies are needed to evaluate the BC aging effect on soil properties under DS (Arthur
et al., 2015). In addition, soil water retention may vary with BC sources and pyrolysis
condition. For example, Similarly, Narzari et al. (2017) demonstrated that the BC
produced at higher temperature had higher pH and WHC. However, it is suitable for soil
having water retention capacity as an amendment. Further investigations, by using
different BCs at different rate of application and various pyrolysis conditions might be
useful to improve the effectiveness of BC on the soil WHC under DS (Lee et al., 2015).
The addition of BC increases the WHC of the soil, which is a critical factor in
enhancing plant growth and yield under drought (Akhtar et al., 2015; Basso et al., 2013;
Foster et al., 2016; Lehmann et al., 2011). An increase in the WHC of soil under DS
might be because of higher CEC and porous structure of BC (Laghari et al., 2016).
Studies testified that application of BC improved the soil CEC as compared (Lychuk et
al., 2015). Artiola et al. (2012) reported that the application of pine forest waste BC in
the soil retained water in the soil, however under laboratory conditions; significant
portion of BC pores remained empty. However, there might be the difference in the
WHC of BC under field conditions, which need to be investigated in the near future.
The application of BC at vineyard improved the soil water content measured on
different time (Baronti et al., 2014). BC amendment to sandy soils increased WHC and
to retain vast amounts of PAW for crops for more extended periods of times (Basso et
al., 2013). Liu et al. (2017c) revealed BC with a high intraporosity and irregular shapes
will most efficiently increase water storage in coarse soils. Feedstock, pyrolysis
temperature and charring residence time are various factors involved might be useful to
produce BC with varying porosity.

Ajayi and Horn (2016) compared the potential of clay and BC in improving
mechanical resilience and water retention of sandy soil. Soil water retention capacity
increased with Na-bentonite at more negative matric potentials, whereas BC was
efficient to increasing soil water retention capacity at saturation which might be caused
by the increase in soil porosity. The BC application in the sandy loam soil improved the
WHC of the soil used for rice cultivation (De Melo Carvalho et al., 2014). The field
application of BC in vertisol increased the wheat growth and developed the ability of
soil to retain water under semiarid Mediterranean conditions (Olmo et al., 2014).
Githinji (2014) reported that application of BC in the field increased the macroporosity
of loamy sand soil.

These studies revealed that BC might be efficient to increase the WHC of soils. Most
of the studies were conducted in sandy soils. However, more studies are needed to
explore the functions of BC in increasing the WHC of soil with different texture and
environmental conditions. Limited research investigated characteristics of BC produced
from various feedstocks to determine which are the most effective for improved soil
water holding capacity WHC of soil.

How biochar can be applied to improve crop yield

When applying BC to soil for improving its fertility, the BC should be located near
the soil’s surface in the root zone, where the bulk of nutrient cycling and uptake by
plants takes place. Certain systems may benefit from the application of BC in layers
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below the root zone, for example during landscaping for carbon (C) sequestration or
moisture management. Similarly, if BC is to be applied to soil solely for C sequestration
purposes, placement should be done deeper in the soil. When deciding how to apply BC
to soil, the specific cropping system must be taken into consideration. The likelihood of
wind and water erosion losses of BC is reduced when it is thoroughly incorporated into
soil, however, plowing and soil mixing are not possible or desirable in all cropping
systems, at all times. In conventional field cropping systems, BC should ideally be
managed using traditional farm machinery and incorporated into routine field
operations. This will ensure that the costs of using BC are kept as low as possible. For
example, BC can be applied and incorporated together with lime, since lime is often
applied as a fine solid which must be well incorporated into soil. The majority of BC
field trials reported to date used this method for incorporating BC into soil (Haque et al.,
2014; Julie Major et al., 2010; Yamato et al., 2006). Broadcasting can be done by hand
on small scales or on larger scales by using lime/solid manure spreaders or broadcast
seeders. Moistened BC materials may be better suited to application with manure
spreaders than lime spreaders. Incorporation can be achieved using any plowing method
at any scale, including hand hoes, animal draft plows, disc harrows, chisels, rotary hoes,
etc. As mentioned above, wind losses from applying and incorporating fine BC
materials can be significant and precautions must be taken to minimize this. Banding of
seeds and fertilizers is a routine operation in mechanized agriculture and involves
applying an amendment in a narrow band, usually using equipment that cuts the soil
open, without disturbing the entire soil surface. Banding allows BC to be placed inside
the soil while minimizing soil disturbance, making it possible to apply BC after crop
establishment. However, the amounts of BC that can be applied in this way are lower
than those which can be achieved by broadcast applications. Wheat yields in Western
Australia were improved by banding BC (Blackwell et al., 2007). When working by
hand, BC can be applied in furrows opened using a hoe and closed after applying BC.
Mixing it with other soil amendments such as manure, compost or lime before soil
application can improve efficiency by reducing the number of field operations required.
Since BC has been shown to sorb nutrients and protects them against leaching (Major et
al., 2009), mixing with BC may improve the efficiency of manure or other amendment
application. BC can also be mixed with liquid manures and applied as a slurry. Fine
BCs will likely be best suited to this type of application using existing application
equipment, and dust problems associated with these would be addressed. It could also
be mixed with manure in holding ponds and could potentially reduce gaseous nitrogen
losses as it does when applied to soil (Spokas et al., 2009; Yanai et al., 2007). Where
high-resolution data on soil characteristics and farm machinery equipped with
geographical positioning systems are available, it would possible to apply BC
preferentially to areas of fields where fertility is low. Further studies are needed to
address how long BC intraporosity, particle size, and particle shape will last after field
application.

Conclusion and future perspectives

DS severely decreases crop yield and growth. Studies reported above showed that
BC application increased the plant growth and biomass under DS. BC application in soil
increases the nutrient uptake, photosynthesis and modified gas exchange features in
plants. More studies are required to evaluate the role of BC under DS conditions. The
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studies mentioned above showed that BC application with microbes might improve the
plant tolerance against DS. However, time-course and detailed studies are needed to
explore the long-term effectiveness of BC + microbes on the growth of plants and to
separate the effects of BC on different stages of microbial life cycles under prevailing
conditions of limited water. Amendment of BC with the inoculation of Arbuscular
mycorrhizal fungi can enhance drought tolerance mycorrhizal plants through
physiological mechanisms in nutrient uptake and biochemical mechanisms regarding
adjustment, osmotic, hormones and antioxidant systems. Extensive studies are needed
for the development of models for the better recommendation of BC rate based on soil,
plant, and environmental conditions.
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