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Chapter 3
Biochar for Improving Crop Productivity 
and Soil Fertility

Fazal Jalal, Zafar Hayat Khan, Muhammad Imtiz, Muhammad Ali Khan, 
Fazal Said, Sayed Hussain, Farooq Shah, and Muhammad Adnan

Abstract  Biochar application to soils can both sequester carbon in the long term, 
and improve soil fertility by storing nutrients and water. Biochar is produced by 
pyrolysis of biomass and biomass residues at high temperature. Here we review 
biochar application to soil with focus on improving crop productivity and soil fertil-
ity. The effect of biochar are highly variable depending on the type of biochar and 
the experimental conditions. Biochar modify significantly soil properties.

Keywords  Biochar · Temperature · Plants · Climate change

3.1 � Introduction

Soil is a medium for plant growth and provide support, minerals and water to the plant 
for survival. Various factors such as environment, soil condition, cultural/management 
operations and fertilizer application affect plants growth and development (Reis et al. 
2016). The use of nitrogen-based fertilizers can’t be ignored because of disfavor, but 
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it’s fabulous for the worldwide global aggregation but its excessive use can contami-
nate the environment through leaching, runoff and volatilization of the nutrient (Serra 
gas emission) (Norse and Xiaotang 2015). Therefore, the use of biochar in low-fertil-
ity soils is a useful technique for improve soil carbon, soil health its crop productivity 
(Van Zwieten et al. 2010). Biochar is a carbonaceous compost that comes from the 
thermal decomposition of vegetable residues and organic waste. The application of 
biochar has generated an ever-increasing interest in the recovery of nutrients from the 
ground. The use of biochar can improve the growth of the plant by improving the 
availability of nutrients, enhancing the microbial activity, the capacity to treat and 
nutrient of the water and increasing the apparent density. The application and manage-
ment of biochar and climatic factors influence notably the physical-chemical property 
of the soil due to the slow rate of decomposition and the prolongation of soil fertility 
(Lima et al. 2002). However, biochar is highly recalcitrant to microbial decomposition 
and guarantees long-term benefits for soil fertility (Lima et al. 2002).

The integration of biochar with synthetic fertilizers can meliorate the address-
able culture (Lima et  al. 2002). Because the accumulation of biochar in the soil 
implies a diverse nitrogen pool, further study is necessary to increase the length of 
nitrogen restriction and the rate of riling (Kochanek et al. 2016). The biochar can be 
grown at temperatures below 350 °C or 550 °C with a C:N rate of 43 and 49 and is 
used in the ratio of 10 g kg−1 to its clayey soil. This has favored the mineralization 
of the more undecomposed fractions probably due to the effect of in scone biochar 
(Shaheen et al. 2019). The biochar product through the low temperature at the end 
has increased the pH of the soil and has also increased the exchange of soil microbes 
(Zhao et al. 2013; Esfandbod et al. 2017).

Climate change is affecting our agriculture sector (Irfan et al. 2021; Wajid et al. 2017; 
Yang et al. 2017; Zahida et al. 2017; Depeng et al. 2018; Hussain et al. 2020; Shafi et al. 
2020; Wahid et al. 2020; Subhan et al. 2020; Zafar-ul-Hye et al. 2020a, b; Zafar et al. 
2021; Adnan et al. 2020; Ilyas et al. 2020; Saleem et al. 2020a, b, c; Rehman 2020; 
Frahat et al. 2020; Wu et al. 2020; Mubeen et al. 2020; Farhana 2020; Wu et al. 2019; 
Ahmad et al. 2019; Baseer et al. 2019). Biochar can play a vital role in response to cli-
mate change because it can improve crop yield, soil microbial activity and decrease 
nutrients leaching. However, little attention has been given to biochar application in the 
process of biological N2 fixation through its application to legume crops.

Potential benefits of applying biochar to agricultural soil include improved soil 
structure and soil moisture retention, changes in soil pH and micro-nutrient avail-
ability, positive effects on soil microorganisms, e.g. increased biological N2 fixation 
by rhizobia in legumes and high levels of colonization by mycorrhizal fungi and 
plant growth promoting organisms in the rhizosphere. Biochar incorporation into 
agricultural soils not only changes their biology, but is also likely to have a strong 
correlated effect on their nitrogen dynamics. Since the C/N ratio of biochar is usu-
ally relatively high, initial mineralization of its available C would result in nitrogen 
(N) immobilization in the short term. This has been reported primarily in N-limited 
tropical soils (reduced N uptake and plant yields). The effects on soil nitrogen 
dynamics of biochar applications alone or in combination with mineral nitrogen 
fertilizers have been the focus of few recent studies. These experiments were carried 
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out with the aim of studying the direct effect of biochar on legumes and the residual 
effects of biochar and legumes along with different nitrogen levels for subsequent 
crops of maize and wheat in the increase in productivity, in the improvement of soil 
quality and in the achievement of sustainability in the cultivation system based on 
cereals (Cao et al. 2010) (Table 3.1).

3.2 � Biochar and Crop Productivity

Biochar is one of the efficient soil amendments which are used predominantly for 
the commercialized crops production. However, the data related to biochar effect on 
the crop production is limited as compare to his use and composition. Therefore, the 

Table 3.1  Plant responses to biochar application

Source of biochar 
and application rate Test crop Crop responses

Reasons of crop 
response given by 
author Reference

Unknown 0.5 t ha−1 Soybean Biomass increased by 
51%

Increased soil water 
holding capacity and 
color of soil

Unknown 5 and 
15 t ha-1

Soybean Yield reduced by 37% pH induced 
micro-nutrients 
deficiency

Wood biochar Cereal Enhances plant growth Improving soil 
physical and 
biological properties

Bamboo Tea tree Height and volume 
increased by 20 and 40%

Nutrient retention 
and balance pH

Bark of acacia 
37 t ha−1

Maize and 
legumes

200% in yield with 
fertilizer application

Enhance the 
availability of P and 
N also reduce 
nutrient losses

Wood biochar Sorghum 
and rice

Increased yield when 
biochar applied with 
fertilizer as compared to 
biochar alone

Nutrient retention

Rice husk 10 t ha−1 Maize 
soybean

10–40% yield increased Increased pH

Green waste 
0–100 t ha−1

Wheat Yield increased up to 
40%

Improving physical 
properties of soil

Wood charcoal Wheat – Reduced N leaching
Forest wood 
charcoal

Maize – 10% lower bulk 
density

Biochar created 
from modern 
pyrolysis 
techniques

Legumes Positive crop responses Reducing soil acidity 
and aluminum 
toxicity

Glaser et al. 
(2002)
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numbers of tests related to soil and field evaluations are required to recommend dif-
ferent mount of biochar to amend the soil for the qualitative and quantitative pro-
duction of the crop. Due to lack of limited information and research in the current 
literature, biochar application is a need of the day for getting more information and 
benefits. Characteristic of a particular biochar depends on the composition of its 
material, thus application rates if a particular biochar largely relates to the composi-
tion matrix. Several scientific evidences depicted a significant effect of biochar on 
crop yield and overall growth and development while applied at a rate of 5–50 t ha−1 
along with adequate plant nourishment (Jalal et al. 2020). Biochar application can 
increase the value of the standing crops (Cao et al. 2010; Jalal et al. 2020). Thus 
enhance the yield and development of plants. An increased yield (28–40%) in maize 
crop was observed after 50 t ha−1 biochar application in Pakistani climatic condition 
(Jalal et al. 2020; Oguntunde et al. 2004) along with biochar at the rate of 90 g kg−1 
to a manimum-fertile tropical soil, this is not only enhances the Nitrogen fixation 
rate in bean plants (Phaseolus vulgaris) from 50% to 72%, it is also have positive 
effect on the yield and biomass of bean (Oguntunde et al. 2004; Rondon et al. 2007).

Biochar ammendents in Northern Laos region of United States, categorically 
known for low Phosphorus availability results in higher grian yield of highlands rice 
(Oryza sativa) (Asai et al. 2009; Silber et al. 2010). All these above mentioned soil 
characteristics are closely interlinked and may act synergistically towards overall 
improvement crop productivity and efficiency. Numerous research findings justify 
the efficient use of biochar for crop improvement (Lehmann et al. 2003), however 
in certain specific agro-climatic zone the positive effect of biochar inadequate, 
while some scientist reported negative responses (Mikan and Abrams 1995). Several 
studies conducted in tropical and temperate agro-climatic conditions reported posi-
tive crop response to biochar application, increasing plant growth and development, 
robust microbial activity, enhanced water retention capacity and reduce nutrient 
leaching issue (Silber et al. 2010).

Application of biochar enhances nitrogen fixation and useful mycorrhizal rela-
tionship in beans (Phaseolus vulgaris) (Zhang et  al. 2010). Research findings 
exposed that the positive effect of biochar on plant biomass and development of a 
crop enhances over time after its incorporation into the soil. Biochar can influence 
the physiochemical properties of soil, thus it has been reported to increase the fresh 
and dry yield of sesbania and cowpea (Arif et al. 2015). Furthermore, a research 
study depicted that biochar can enhance the water holding for more time water and 
soil nutrient preservation, it make sure the availability and optimum uptake of nutri-
ents from the root zone for synthesis of higher photosynthate which can results in 
high dry matter content (Elmer et al. 2010).

In case of a study on cowpea and sesbania, the fresh and dry yield was recorded 
high in second year as compare to first year of experimental trial, illustrating the 
abundant of nutrients discharge both from legumes as well as biochar breakdown 
after a year (Arif et al. 2015). Grain and biological yield of mung bean significantly 
improved in the biochar applied experimental plots, attributes to the direct accessi-
bility of nutrients mostly nitrogen all over the growing season from various biochar 
sources (Gruss et al. 2019), thus contributing to soil and crop productivity. Likewise, 
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combined application of biochar from charcoal sources and organic fertilizers dis-
played positive plant growth responses suggesting a strong synergistic relationship 
for plant development (Yoshida et al. 2008). Biochar showed increased grain yield 
for different crop species in growing areas with minimum phosphorus (P) availabil-
ity and also improved the reaction to nitrogen (N) and NP fertilizer applications.

Soil moisture, nutrient matrix and various yield traits such as grains ear−1 and 
grain output of corn is predominantly affected by biochar amendments in soil 
(Marshall et al. 2019). Various yield components contributes to the overall Grain 
yield. Application of biochar increased the grain and their overall weight level and 
seed pod−1 (Arif et al. 2015). Soil application with biochar amendments enhances 
yield and all yield related parameters of legume crops (Mikan and Abrams 1995), 
explaining the optimum influence of biochar is to provide more nutrient to the soil 
(Hafiz et al. 2018; Tariq et al. 2018; Fahad and Bano 2012; Fahad et al. 2013, 2014a, 
b, 2015a, b, 2016a, b, c, d, 2017, 2018a, b, 2019a, b, 2020, 2021a, b, c, d, e, f, 2022a, 
b; Hesham and Fahad 2020. Iqra et al. 2020; Akbar et al. 2020; Mahar et al. 2020; 
Noor et al. 2020; Bayram et al. 2020; Amanullah 2017, 2018a, b).

Biotic activity of nitrogen fixing organisms improves with application of biochar 
thus effecting crop total biomass (Joseph et  al. 2010). Nutrient leaching rate 
decreases with providing of Biochar into the soil which enhances the nutrient 
cycling and therefore creates a positive influence on crop yield and quality. Biochar 
has the capability to maintain and make available bio-available nutrients for growth 
of plant uptake in the root zone. For instance, plant can readily utilize the potassium 
found within biochar composition (Elmer et al. 2010). Biochar creates a varying 
effect on soil pH and other related chemical properties, depending on the nutrient 
source and growing situation (Joseph et al. 2010). Moreover, many type of microbes 
including fungi, nematodes and acidobacteria i.e. mycorrhizae are higher in popula-
tion in soils amended with biochar (Woolf et al. 2008).

Soil type classified as “Problem Soil”, possessing organic properties such as 
poor combined stability, high salinity, excessive pH levels (very high or very low) 
or deficient in nutrients (Paul et al. 2018; Amanullah et al. 2020, 2021; Rashid et al. 
2020; Arif et al. 2020; Amir et al. 2020; Saman et al. 2020; Muhammad Tahir et al. 
2020; Md Jakirand Allah 2020; Mahmood et al. 2021; Farah et al. 2020; Sadam 
et al. 2020; Unsar et al. 2020; Fazli et al. 2020; Md. Enamul et al. 2020; Gopakumar 
et al. 2020; Zia-ur-Rehman 2020; Ayman et al. 2020; Mohammad I. Al-Wabel et al. 
2020a, b). This may be successfully rectified and reclaimed by using biochar as an 
active remedial agent alone or mixed with other organic amendments (Sohi et al. 
2010a, b). Sustainable health of soils may rectify with adequate use of biochar 
(Spokas et al. 2010).

Several studies had reported multiple ways through which biochar can improve 
the overall soil health and growing condition (Zhang et  al. 2018). For instance, 
enhanced microbial population diversity throughout the soil volume can immensely 
increase soil fertility and nutrient levels (Ayaz et al. 2021). The protection provided 
by biochar pores allows microbial populations to multiply and propagates as well 
increase the nitrogen fixation rate for plant uptake (Paul et al. 2018; Zhang et al. 
2020). This phenomena is beneficial for crops mainly non-legumes crop that are not 
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capable to fix their individual nitrogen. In context to plant-soil feeding relationship, 
it is quite evident and interesting that potassium found in biochar composition is 
already present in form that is readily available for plat uptake (Senol 2020; Amjad 
et al. 2020; Ibrar et al. 2020; Sajid et al. 2020; Muhammad et al. 2021; Sidra et al. 
2021; Zahir et al. 2021; Sahrish et al. 2022). Also, Biochar is essentially beneficial 
for crops where nitrogen fixation phenomena is limited or absent (Heitkötter 
et al. 2015).

Moreover, the amount of carbon in soil enhances and for the short term mini-
mized the pH level in soils, while soils with alkaline activities tends to be most posi-
tive for normally grown cash crops such as maize (Dempster et al. 2012). Addition 
of biochar can improve different soil properties (Haque et al. 2021). While analyze 
the soil physicochemical characteristic, it was recorded that the application of bio-
char had improved nitrogen levels as compare toward only fertilizer treatments 
(1.16% vs. 0.15% soil nitrogen).increasing of biomass up to 9–18%, it was observed 
that there were high levels of nitrogen within biomass leaves. Utlizing carbon in its 
solid form also allows soil to improve its nutrient availability and retention (Haque 
et al. 2021). Type of soil which are subjected to natural weathering due to any pos-
sible reason can’t retain the nutrients and mineral available in the soil and thus 
recorded with low Cation Exchange Capacity (CEC) (Haque et al. 2021). It also has 
positive relationship of increasing water holding capacity but on surface bonding 
that occurs with enhanced CEC adds to the nutrient maintenance (Haque et al. 2021).

Furthermore, biochar also hold the capability to openly provide nutrients for 
plant uptake. For instance, the potassium avaliable in biochar obtained from its cre-
ative feed stock is mainly bring into being in forms readily existing for plant uptake 
(Ameloot et al. 2013). Like illustrated in the Fig. 3.1, the rise and fall of soil pH 
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after biochar amendments totally depend on the nature, source and characteristics of 
biochar (Zheng et al. 2013). Generally, bio-chars mixtures formulated from the agri-
cultural residues are likely to be extra alkaline and thus cooperate to enhance soil 
pH (Borchard et al. 2014; Glaser et al. 2002). Agri- prone biochar compositions 
have maximum amount of the ash which gives maximum salts quantity to twist 
more alkaline (Ameloot et  al. 2013). Contrary, biochars compositions sourced 
mainly animal waste product, including bovine manure or chicken litter, are pre-
dominantly acidic due to the chemical property they supply to the biochar compos-
ite (Yuan et al. 2011).

3.2.1 � Biochar as a Soil Amendment

Soil improvement and development is an essential for better quality crop production 
in most part of the world (Sajjad et al. 2021a, b; Rehana et al. 2021; Yang et al. 
2022; Ahmad et al. 2022; Shah et al. 2022; Muhammad et al. 2022; Wiqar et al. 
2022; Farhat et al. 2022; Niaz et al. 2022; Ihsan et al. 2022; Chao et al. 2022, Qin 
et al. 2022; Xue et al. 2022; Ali et al. 2022; Mehmood et al. 2022; El Sabagh et al. 
2022; Ibad et al. 2022). Scarcity of basic food elements leading towards meal secu-
rity is substantially high in sub-Saharan Africa and South Asian regions, recorded 
for 32% and 22% malnutrition rates in the overall population, respectively (Keske 
et al. 2020; Deepranjan et al. 2021; Haider et al. 2021; Huang Li et al. 2021; Ikram 
et  al. 2021; Jabborova et  al. 2021; Khadim et  al. 2021a, b; Manzer et  al. 2021; 
Muzammal et al. 2021; Abdul et al. 2021a, b; Ashfaq et al. 2021; Amjad et al. 2021; 
Atif et al. 2021; Athar et al. 2021; Adnan et al. 2018a, b, 2019; Akram et al. 2018a, 
b; Aziz et al. 2017a, b; Chang et al. 2021; Chen et al. 2021; Emre et al. 2021). Even 
though, the world predominantly work and managed to reduce the malnutrition and 
famine situation in many countries during the years 1990–1992 and 2001–2003, but 
countries in Africa, Asia and Latin America are facing this mimic humanitarian 
disaster.

The historical initiative-“Green Revolution” took by Nobel Laureate Norman 
Borlaug in 1940s at the International Centre for Maize and Wheat Improvement 
(CIMMYT), Mexico results in remarkable increase in all sorts of agricultural pro-
duce in Asia and Latin American regions. All these advancement in productivity 
accounts for efficient and improve agricultural practices as well as use of modern 
technology, including better quality crop varieties, effectual irrigation system and 
adequate fertilizer and pesticides inputs (Habib et al. 2017; Hafiz et al. 2016, 2019; 
Ghulam et al. 2021; Guofu et al. 2021; Hafeez et al. 2021; Khan et al. 2021; Kamaran 
et al. 2017; Muhmmad et al. 2019; Safi et al. 2021; Sajjad et al. 2019; Saud et al. 
2013, 2014, 2016, 2017, 2020, 2022a, b; Shah et al. 2013; Qamar et al. 2017; Hamza 
et al. 2021).

Concept of sustainable soil management and manipulation is presently urged in 
various applicable forms to implement a ‘Doubly inexperienced Revolution’ com-
prising different available conservation technologies (Al-Zahrani et al. 2022; Rajesh 
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et al. 2022; Anam et al. 2021; Deepranjan et al. 2021; Haider et al. 2021; Amjad 
et al. 2021; Sajjad et al. 2021a, b; Fakhre et al. 2021; Khatun et al. 2021; Ibrar et al. 
2021; Bukhari et al. 2021; Haoliang et al. 2022; Sana et al. 2022; Abid et al. 2021; 
Zaman et al. 2021).

In present day, biochar provides range of opportunities to transform the basic 
concept of green revolution into a well-developed sustainable agricultural environ-
ment. High economical returns even after use of expensive inputs such as fertilizers 
are closely linked with adequate level of soil organic health and fertility, which can 
be sustainably maintained by using biochar amendments (Kammann et al. 2016). 
Biochar is predominantly produced in absence of oxygen via heating of biomass 
from various sources. Application of biochar can amend physical and chemical 
properties interacting with soil microbial population, soil matrix and plant root zone 
interaction with soil (Lehmann et al. 2009). The level of interaction and amend-
ments depicted in a soil types is variable depending on biochar composition nature 
of biomass, biochar preparation procedure, biochar physical factors and soil envi-
ronmental properties including soil temperature and moisture’s.

Biochar provides immense advantages to any kind of soil, basically working as a 
soil conditioner refining its physical and organic properties along with enhancement 
in water conservation capacity and soil nutrient retention (Sohi et  al. 2010a, b). 
Addition of biochar to a soil type depends on various soil properties such as soil 
ability to produce high quality product, soil nutrient retention, water holding capac-
ity, permanent carbon sequestration, low release of GHG emissions especially 
nitrous oxide (N2O) and methane (CH4) (Kammen et al. 2005; Bracmort et al. 2010; 
Steiner et al. 2010).

Farmers could be prompted to use biochar on their farms if these blessings can 
be verified explicitly. In common agricultural practices, the level of carbon degree 
naturally available in soil can determine the normal regulation of agro-ecosystem 
and impact the soil fertility and its physical properties majorly soil mixture balance, 
cation alternate potential and water holding ability (Milne et al. 2007). Ability of 
soil to provide soil vitamins and nutrients in cation form can be enhanced with bio-
char application which will ultimately improve plant growth and development. 
Numerous research studies provide evidences for significant potential of biochar to 
enhance soil pH levels, decrease lower aluminum toxicity, decline soil tensile capac-
ity, improve the soil conditions for earthworm population and improved efficient 
fertilizer utility.

Furthermore, several research findings depicts that biochar application and utility 
can enhance the soil physical properties and grain yield of upland (Oryza sativa L.) 
in region of northern Laos (Spokas et al. 2009). Incorporation biochar can enhance 
the saturated hydraulic conductivity of upper soil layers and xylem sap glide in rice 
plant. Predominant soil amendments in form of soil pH improvement, natural carbon 
and exchangeable cation levels as well as considerable decline in tensile energy 
(>50  t/ha) can closely linked with biochar utility in different soil types. Biochars 
improves the cation exchange capability (CEC) for various spoil types especially in 
case of highly weathered and low nutrient sandy soil, depends on the level of already 
availability biochar residues and sources f biochar composition.

F. Jalal et al.
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Application of biochar can also provide various environmental services such as 
stepped forward soil shape, enhanced microbial pastime and nutrient cycling reten-
tion of soil moisture (Sohi et al. 2010a, b). Another significant effect of biochar also 
well-documented, elaborating the lime effect of biochar often linked with the 
improved cop yield in tropical acidic soil. Furthermore, application of biochar to 
alkaline soil But, the addition of biochar to the alkaline soil showed no significant 
improvement in soil pH and nodultion levels in soil, which is mostly inhibited with 
use of low soil pH. Though the initial transient flush of labile compounds to the 
rhizosphere region subsequently followed by use of biochar can improve the nutri-
ent cycling. The yield of legume crops grown in a nutrient poor alkaline soil are 
observed to get enhance in the second season of the specific crop, suggesting that 
longer-term advantages of biochar application can improve the crop growth as com-
pare to the primary season. All these applications into the soil for better plant growth 
and development makes biochar a unique efficient substance, keeping the exchange-
able and consequently plant available nutrients in the soil, and supplying the possi-
bility of enhancing crop yields at the same time as reducing environmental pollution 
via vitamins. Overall, biochar application can be used a modern day concept for 
improving the soil fertility and higher cop productivity, with environment efficient 
approach (Ogawa et al. 2009) (Table 3.2).

Furthermore, Black carbon may affect the retention of nutrients and play an 
important role in extensive range of biogeochemical approaches within the soil, 
especially for cycling of nutrients (Spokas et al. 2009). Investigated the impact of 
rate and kind of biochar made from poultry litter under distinctive conditions on the 
soil exceptional parameters. It was observed that addition of Biochar to the various 
potting soils resulted in vast special modifications in the chemical and physical 
properties of soil, inclusive of increase in pH, C, N, and P. It was concluded that 
specific outcomes of the two Biochars (Produced at 450 °C and 550 °C, respec-
tively) could be associated with their exclusive traits. Drastically, unique modifica-
tions in soil biology including microbial biomass and earthworm desire residences 
were recorded within the two Biochars.

Table 3.2  Effect of biochar on soil properties

Constituent Consequence Reference

Cation exchange capacity (CEC) Increase 50% Glaser et al. (2002)
Fertilizer use efficiency Enhance 10–30%
Liming agent Enhance pH 0.5–1
Soil moisture retention Increase up to 20%
Crop productivity Increase 20–120%
Emission of methane Enhance 80–100%
Emission of nitrous oxide Decrease 40–50%
Bulk density Depend on soil
Biological nitrogen fixation Increase 30–40%

3  Biochar for Improving Crop Productivity and Soil Fertility
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3.3 � Conclusion

The problem of depletion of agricultural land is due to the pressure caused by the 
constantly growing population and therefore requires the sustainable exercise of 
cultivation. It has been suggested that biochar be used as a method to clean up con-
taminated agricultural soils and improve soil fertility. Additionally, adding biochar 
to the soil can be one of the best practices to triumph over any biotic stresses in the 
soil and increase crop productivity. Biochar’s high-quality means in soil-plant-water 
interactions resulted in higher photosynthetic yield and higher nitrogen and water 
use efficiency. Subsequently, from this comprehensive overview, it could be con-
cluded that biochar has the ability to enhance microbial population and its activities, 
improve soil habitats, organic nitrogen fixation and plant growth. Therefore, it is 
recommended to use biochar as a soil amendment for long-term carbon sink healing.

References

Abdul S, Muhammad AA, Shabir H, Hesham AEE, Sajjad H, Niaz A, Abdul G, Sayyed RZ, Fahad 
S, Subhan D, Rahul D (2021a) Zinc nutrition and arbuscular mycorrhizal symbiosis effects on 
maize (Zea mays L.) growth and productivity. J Saudi Soc Agric Sci. https://doi.org/10.1016/j.
sjbs.2021.06.096

Abdul S, Muhammad AA, Subhan D, Niaz A, Fahad S, Rahul D, Mohammad JA, Omaima N, 
Muhammad Habib u R, Bernard RG (2021b) Effect of arbuscular mycorrhizal fungi on the 
physiological functioning of maize under zinc-deficient soils. Sci Rep 11:18468. https://doi.
org/10.1038/s41598-021-97742-1

Abid M, Khalid N, Qasim A, Saud A, Manzer HS, Chao W, Depeng W, Shah S, Jan B, Subhan D, 
Rahul D, Hafiz MH, Wajid N, Muhammad M, Farooq S, Fahad S (2021) Exploring the poten-
tial of moringa leaf extract as bio stimulant for improving yield and quality of black cumin oil. 
Sci Rep 11:24217. https://doi.org/10.1038/s41598-021-03617-w

Adnan M, Shah Z, Sharif M, Rahman H (2018a) Liming induces carbon dioxide (CO2) emission 
in PSB inoculated alkaline soil supplemented with different phosphorus sources. Environ Sci 
Pollut Res 25(10):9501–9509. https://doi.org/10.1007/s11356-018-1255-4

Adnan M, Zahir S, Fahad S, Arif M, Mukhtar A, Imtiaz AK, Ishaq AM, Abdul B, Hidayat U, 
Muhammad A, Inayat-Ur R, Saud S, Muhammad ZI, Yousaf J, Amanullah HMH, Wajid N 
(2018b) Phosphate-solubilizing bacteria nullify the antagonistic effect of soil calcification 
on bioavailability of phosphorus in alkaline soils. Sci Rep 8:4339. https://doi.org/10.1038/
s41598-018-22653-7

Adnan M, Fahad S, Khan IA, Saeed M, Ihsan MZ, Saud S, Riaz M, Wang D, Wu C (2019) 
Integration of poultry manure and phosphate solubilizing bacteria improved availability of Ca 
bound P in calcareous soils. 3 Biotech 9(10):368. https://doi.org/10.1007/s13205-019-1894-2

Adnan M, Fahad S, Muhammad Z, Shahen S, Ishaq AM, Subhan D, Zafar-ul-Hye M, Martin LB, 
Raja MMN, Beena S, Saud S, Imran A, Zhen Y, Martin B, Jiri H, Rahul D (2020) Coupling 
phosphate-solubilizing bacteria with phosphorus supplements improve maize phosphorus 
acquisition and growth under lime induced salinity stress. Plan Theory 9(900). https://doi.
org/10.3390/plants9070900

Ahmad S, Kamran M, Ding R, Meng X, Wang H, Ahmad I, Fahad S, Han Q (2019) Exogenous 
melatonin confers drought stress by promoting plant growth, photosynthetic capacity and anti-
oxidant defense system of maize seedlings. PeerJ 7:e7793. https://doi.org/10.7717/peerj.7793

F. Jalal et al.

https://doi.org/10.1016/j.sjbs.2021.06.096
https://doi.org/10.1016/j.sjbs.2021.06.096
https://doi.org/10.1038/s41598-021-97742-1
https://doi.org/10.1038/s41598-021-97742-1
https://doi.org/10.1038/s41598-021-03617-w
https://doi.org/10.1007/s11356-018-1255-4
https://doi.org/10.1038/s41598-018-22653-7
https://doi.org/10.1038/s41598-018-22653-7
https://doi.org/10.1007/s13205-019-1894-2
https://doi.org/10.3390/plants9070900
https://doi.org/10.3390/plants9070900
https://doi.org/10.7717/peerj.7793


85

Ahmad N, Hussain S, Ali MA, Minhas A, Waheed W, Danish S, Fahad S, Ghafoor U, Baig KS, 
Sultan H, Muhammad IH, Mohammad JA, Theodore DM (2022) Correlation of soil character-
istics and citrus leaf nutrients contents in current scenario of Layyah district. Horticulture 8:61. 
https://doi.org/10.3390/horticulturae8010061

Akbar H, Timothy JK, Jagadish T, Golam M, Apurbo KC, Muhammad F, Rajan B, Fahad S, 
Hasanuzzaman M (2020) Agricultural land degradation: processes and problems undermining 
future food security. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, 
Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, pp 17–62. https://
doi.org/10.1007/978-3-030-49732-3

Akram R, Turan V, Hammad HM, Ahmad S, Hussain S, Hasnain A, Maqbool MM, Rehmani MIA, 
Rasool A, Masood N, Mahmood F, Mubeen M, Sultana SR, Fahad S, Amanet K, Saleem M, 
Abbas Y, Akhtar HM, Waseem F, Murtaza R, Amin A, Zahoor SA, Ul Din MS, Nasim W 
(2018a) Fate of organic and inorganic pollutants in paddy soils. In: Hashmi MZ, Varma A (eds) 
Environmental pollution of paddy soils, soil biology. Springer, Cham, pp 197–214. https://doi.
org/10.1007/978-3-319-93671-0_13

Akram R, Turan V, Wahid A, Ijaz M, Shahid MA, Kaleem S, Hafeez A, Maqbool MM, Chaudhary 
HJ, Munis MFH, Mubeen M, Sadiq N, Murtaza R, Kazmi DH, Ali S, Khan N, Sultana SR, 
Fahad S, Amin A, Nasim W (2018b) Paddy land pollutants and their role in climate change. 
In: Hashmi MZ, Varma A (eds) Environmental pollution of paddy soils, soil biology. Springer, 
Cham, pp 113–124. https://doi.org/10.1007/978-3-319-93671-0_7

Ali S, Hameed G, Muhammad A, Depeng W, Fahad S (2022) Comparative genetic evaluation of 
maize inbred lines at seedling and maturity stages under drought stress. J Plant Growth Regul. 
https://doi.org/10.1007/s00344-022-10608-2

Al-Zahrani HS, Alharby HF, Fahad S (2022) Antioxidative defense system, hormones, and metab-
olite accumulation in different plant parts of two contrasting rice cultivars as influenced by 
plant growth regulators under heat stress. Front Plant Sci 13:911846. https://doi.org/10.3389/
fpls.2022.911846

Amanullah FS (ed) (2017) Rice – technology and production. IntechOpen Croatia 2017. https://
doi.org/10.5772/64480

Amanullah FS (ed) (2018a) Corn – production and human Health in changing climate. IntechOpen 
United Kingdom 2018. https://doi.org/10.5772/intechopen.74074

Amanullah FS (ed) (2018b) Nitrogen in agriculture – updates. IntechOpen Croatia 2018. https://
doi.org/10.5772/65846

Amanullah S, Imran K, Hamdan AK, Muhammad A, Abdel RA, Muhammad A, Fahad S, 
Azizullah S, Brajendra P (2020) Effects of climate change on irrigation water qual-
ity. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Springer, pp 123–132. https://
doi.org/10.1007/978-3-030-49732-3

Amanullah MI, Haider N, Shah K, Manzoor A, Asim M, Saif U, Izhar A, Fahad S, Adnan M et al 
(2021) Integrated foliar nutrients application improve wheat (Triticum Aestivum L.) produc-
tivity under calcareous soils in drylands. Commun Soil Sci Plant Anal. https://doi.org/10.108
0/00103624.2021.1956521

Ameloot N, De Neve S, Jegajeevagan K, Yildiz G, Buchan D, Funkuin YN, Prins W, Bouckaert 
L, Sleutel S (2013) Short-term CO2 and N2O emissions and microbial properties of biochar 
amended sandy loam soils. Soil Biol Biochem 57:401–410. https://doi.org/10.1071/SR13239

Amir M, Muhammad A, Allah B, Sevgi Ç, Haroon ZK, Muhammad A, Emre A (2020) Bio fortifica-
tion under climate change: the fight between quality and quantity. In: Fahad S, Hasanuzzaman 
M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and veg-
etation growth. Springer, Springer, pp 173–228. https://doi.org/10.1007/978-3-030-49732-3

Amjad I, Muhammad H, Farooq S, Anwar H (2020) Role of plant bioactives in sustainable agri-
culture. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 591–606. https://doi.
org/10.1007/978-3-030-49732-3

3  Biochar for Improving Crop Productivity and Soil Fertility

https://doi.org/10.3390/horticulturae8010061
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-319-93671-0_13
https://doi.org/10.1007/978-3-319-93671-0_13
https://doi.org/10.1007/978-3-319-93671-0_7
https://doi.org/10.1007/s00344-022-10608-2
https://doi.org/10.3389/fpls.2022.911846
https://doi.org/10.3389/fpls.2022.911846
https://doi.org/10.5772/64480
https://doi.org/10.5772/64480
https://doi.org/10.5772/intechopen.74074
https://doi.org/10.5772/65846
https://doi.org/10.5772/65846
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1080/00103624.2021.1956521
https://doi.org/10.1080/00103624.2021.1956521
https://doi.org/10.1071/SR13239
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3


86

Amjad SF, Mansoora N, Din IU, Khalid IR, Jatoi GH, Murtaza G, Yaseen S, Naz M, Danish S, 
Fahad S et  al (2021) Application of zinc fertilizer and mycorrhizal inoculation on physio- 
biochemical parameters of wheat grown under water-stressed environment. Sustainability 
13:11007. https://doi.org/10.3390/su131911007

Anam I, Huma G, Ali H, Muhammad K, Muhammad R, Aasma P, Muhammad SC, Noman W, 
Sana F, Sobia A, Fahad S (2021) Ameliorative mechanisms of turmeric-extracted curcumin on 
arsenic (As)-induced biochemical alterations, oxidative damage, and impaired organ functions 
in rats. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-021-15695-4

Arif M, Jalal F, Jan MT, Muhammad D, Quilliam RS (2015) Incorporation of biochar and legumes 
into the summer gap: improving productivity of cereal-based cropping systems in Pakistan. 
Agroecol Sustain Food Syst 39:391–398. https://doi.org/10.1080/21683565.2014.996696

Arif M, Talha J, Muhammad R, Fahad S, Muhammad A, Amanullah, Kawsar A, Ishaq AM, Bushra 
K, Fahd R (2020) Biochar; a remedy for climate change. In: Fahad S, Hasanuzzaman M, Alam 
M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and vegetation 
growth. Springer, Cham, pp 151–172. https://doi.org/10.1007/978-3-030-49732-3

Asai H, Samson BK, Stephan HM, Songyikhangsuthor K, Homma K, Kiyono Y (2009) Biochar 
amendment techniques for upland rice production in Northern Laos: 1. Soil physical prop-
erties, leaf SPAD and grain yield. Field Crop Res 111(1–2):81–84. https://doi.org/10.1016/j.
fcr.2008.10.008

Ashfaq AR, Uzma Y, Niaz A, Muhammad AA, Fahad S, Haider S, Tayebeh Z, Subhan D, Süleyman 
T, Hesham AEE, Pramila T, Jamal MA, Sulaiman AA, Rahul D (2021) Toxicity of cadmium 
and nickel in the context of applied activated carbon biochar for improvement in soil fertility. 
Saudi Soc Agric Sci. https://doi.org/10.1016/j.sjbs.2021.09.035

Athar M, Masood IA, Sana S, Ahmed M, Xiukang W, Sajid F, Sher AK, Habib A, Faran M, Zafar 
H, Farhana G, Fahad S (2021) Bio-diesel production of sunflower through sulphur manage-
ment in a semi-arid subtropical environment. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-16688-z

Atif B, Hesham A, Fahad S (2021) Biochar coupling with phosphorus fertilization modifies anti-
oxidant activity, osmolyte accumulation and reactive oxygen species synthesis in the leaves and 
xylem sap of rice cultivars under high-temperature stress. Physiol Mol Biol Plants. https://doi.
org/10.1007/s12298-021-01062-7

Ayaz M, Feizienė D, Tilvikienė V, Akhtar K, Stulpinaitė U, Iqbal R (2021) Biochar role in the 
sustainability of agriculture and environment. Sustainability 13:1330. https://doi.org/10.3390/
su13031330

Aziz K, Daniel KYT, Fazal M, Muhammad ZA, Farooq S, Fan W, Fahad S, Ruiyang Z (2017a) 
Nitrogen nutrition in cotton and control strategies for greenhouse gas emissions: a review. 
Environ Sci Pollut Res 24:23471–23487. https://doi.org/10.1007/s11356-017-0131-y

Aziz K, Daniel KYT, Muhammad ZA, Honghai L, Shahbaz AT, Mir A, Fahad S (2017b) Nitrogen 
fertility and abiotic stresses management in cotton crop: a review. Environ Sci Pollut Res 
24:14551–14566. https://doi.org/10.1007/s11356-017-8920-x

Baseer M, Adnan M, Fazal M, Fahad S, Muhammad S, Fazli W, Muhammad A, Amanullah 
DW, Saud S, Muhammad N, Muhammad Z, Fazli S, Beena S, Mian AR, Ishaq AM (2019) 
Substituting urea by organic wastes for improving maize yield in alkaline soil. J Plant Nutr. 
https://doi.org/10.1080/01904167.2019.1659344

Bayram AY, Seher Ö, Nazlican A (2020) Climate change forecasting and modeling for the year of 
2050. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 109–122. https://doi.
org/10.1007/978-3-030-49732-3

Borchard N, Siemens J, Ladd B, Möller A, Amelung W (2014) Application of biochars to sandy 
and silty soil failed to increase maize yield under common agricultural practice. Soil Tillage 
Res 144:184–194. https://doi.org/10.1016/j.still.2014.07.016

Bracmort K (2010) Biochar: examination of an emerging concept to mitigate climate change, 
Congressional Research Service, 7-5700, R40186, Congressional Research Service (CRS), 

F. Jalal et al.

https://doi.org/10.3390/su131911007
https://doi.org/10.1007/s11356-021-15695-4
https://doi.org/10.1080/21683565.2014.996696
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1016/j.sjbs.2021.09.035
https://doi.org/10.1007/s11356-021-16688-z
https://doi.org/10.1007/s11356-021-16688-z
https://doi.org/10.1007/s12298-021-01062-7
https://doi.org/10.1007/s12298-021-01062-7
https://doi.org/10.3390/su13031330
https://doi.org/10.3390/su13031330
https://doi.org/10.1007/s11356-017-0131-y
https://doi.org/10.1007/s11356-017-8920-x
https://doi.org/10.1080/01904167.2019.1659344
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1016/j.still.2014.07.016


87

Report for Congress, prepared for members and committees of Congress. https://digital.library.
unt.edu/ark:/67531/metadc501987

Bukhari MA, Adnan NS, Fahad S, Javaid I, Fahim N, Abdul M, Mohammad SB (2021) Screening 
of wheat (Triticum aestivum L.) genotypes for drought tolerance using polyethylene glycol. 
Arab J Geosci 14:2808. https://doi.org/10.1007/s12517-021-09073-0

Cao X, Harris W (2010) Properties of dairy-manure-derived biochar pertinent to its poten-
tial use in remediation. Bioresour Technol 101:5222–5228. https://doi.org/10.1016/j.
biortech.2010.02.052

Chang W, Qiujuan J, Evgenios A, Haitao L, Gezi L, Jingjing Z, Fahad S, Ying J (2021) Hormetic 
effects of zinc on growth and antioxidant defense system of wheat plants. Sci Total Environ. 
https://doi.org/10.1016/j.scitotenv.2021.150992

Chao W, Youjin S, Beibei Q, Fahad S (2022) Effects of asymmetric heat on grain quality during 
the panicle initiation stage in contrasting rice genotypes. J Plant Growth Regul. https://doi.
org/10.1007/s00344-022-10598-1

Chen Y, Guo Z, Dong L, Fu Z, Zheng Q, Zhang G, Qin L, Sun X, Shi Z, Fahad S, Xie F, Saud S 
(2021) Turf performance and physiological responses of native Poa species to summer stress in 
Northeast China. PeerJ 9:e12252. https://doi.org/10.7717/peerj.12252

Deepranjan S, Ardith SO, Siva D, Sonam S, Shikha MP, Amitava R, Sayyed RZ, Abdul G, 
Mohammad JA, Subhan D, Fahad S, Rahul D (2021) Optimizing nutrient use efficiency, 
productivity, energetics, and economics of red cabbage following mineral fertilization and 
biopriming with compatible rhizosphere microbes. Sci Rep 11:15680. https://doi.org/10.1038/
s41598-021-95092-6

Dempster DN, Gleeson D, Solaiman Z, Jones DL, Murphy D (2012) Decreased soil microbial 
biomass and nitrogen mineralisation with eucalyptus biochar addition to a coarse textured soil. 
Plant and Soil 354:311–324. https://doi.org/10.1007/s11104-011-1067-5

Depeng W, Fahad S, Saud S, Muhammad K, Aziz K, Mohammad NK, Hafiz MH, Wajid N (2018) 
Morphological acclimation to agronomic manipulation in leaf dispersion and orientation to 
promote “Ideotype” breeding: evidence from 3D visual modeling of “super” rice (Oryza sativa 
L.). Plant Physiol Biochem 135:499–510. https://doi.org/10.1016/j.plaphy.2018.11.010

EL Sabagh A, Hossain A, Barutçular C, Iqbal MA, Islam MS, Fahad S, Sytar O, Çig F, Meena 
RS, Erman M (2020) Consequences of salinity stress on the quality of crops and its miti-
gation strategies for sustainable crop production: an outlook of arid and semi-arid regions. 
In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 503–534. https://doi.
org/10.1007/978-3-030-49732-3

EL Sabagh A, Islam MS, Hossain A, Iqbal MA, Mubeen M, Waleed M, Reginato M, Battaglia M, 
Ahmed S, Rehman A, Arif M, Athar H-U-R, Ratnasekera D, Danish S, Raza MA, Rajendran 
K, Mushtaq M, Skalicky M, Brestic M, Soufan W, Fahad S, Pandey S, Kamran M, Datta R, 
Abdelhamid MT (2022) Phytohormones as growth regulators during abiotic stress tolerance in 
plants. Front Agron 4:765068. https://doi.org/10.3389/fagro.2022.765068

Elmer W, White JC, Pignatello JJ (2010) Impact of biochar addition to soil on the bioavailability 
of chemicals important in agriculture. Report. University of Connecticut, New Haven. https://
doi.org/10.1007/978-981-16-2015-7_6

Emre B, Ömer SU, Martín LB, Andre D, Fahad S, Rahul D, Muhammad Z-u-H, Ghulam SH, 
Subhan D (2021) Studying soil erosion by evaluating changes in physico-chemical proper-
ties of soils under different land-use types. J Saudi Soc Agric Sci 20:190–197. https://doi.
org/10.1016/j.jssas.2021.01.005

Esfandbod M, Phillips I, Miller B, Rashti MR, Lan Z, Srivastava P, Singh B, Chen C (2017) Aged 
acidic biochar increases nitrogen retention and decreases ammonia volatilization in alkaline 
bauxite residue sand. Ecol Eng 98:157–165. https://doi.org/10.1016/j.ecoleng.2016.10.077

Fahad S, Bano A (2012) Effect of salicylic acid on physiological and biochemical characterization 
of maize grown in saline area. Pak J Bot 44:1433–1438

3  Biochar for Improving Crop Productivity and Soil Fertility

https://digital.library.unt.edu/ark:/67531/metadc501987
https://digital.library.unt.edu/ark:/67531/metadc501987
https://doi.org/10.1007/s12517-021-09073-0
https://doi.org/10.1016/j.biortech.2010.02.052
https://doi.org/10.1016/j.biortech.2010.02.052
https://doi.org/10.1016/j.scitotenv.2021.150992
https://doi.org/10.1007/s00344-022-10598-1
https://doi.org/10.1007/s00344-022-10598-1
https://doi.org/10.7717/peerj.12252
https://doi.org/10.1038/s41598-021-95092-6
https://doi.org/10.1038/s41598-021-95092-6
https://doi.org/10.1007/s11104-011-1067-5
https://doi.org/10.1016/j.plaphy.2018.11.010
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.3389/fagro.2022.765068
https://doi.org/10.1007/978-981-16-2015-7_6
https://doi.org/10.1007/978-981-16-2015-7_6
https://doi.org/10.1016/j.jssas.2021.01.005
https://doi.org/10.1016/j.jssas.2021.01.005
https://doi.org/10.1016/j.ecoleng.2016.10.077


88

Fahad S, Chen Y, Saud S, Wang K, Xiong D, Chen C, Wu C, Shah F, Nie L, Huang J (2013) 
Ultraviolet radiation effect on photosynthetic pigments, biochemical attributes, antioxidant 
enzyme activity and hormonal contents of wheat. J Food, Agri Environ 11(3 & 4):1635–1641

Fahad S, Hussain S, Bano A, Saud S, Hassan S, Shan D, Khan FA, Khan F, Chen Y, Wu C, Tabassum 
MA, Chun MX, Afzal M, Jan A, Jan MT, Huang J (2014a) Potential role of phytohormones and 
plant growth-promoting rhizobacteria in abiotic stresses: consequences for changing environ-
ment. Environ Sci Pollut Res 22(7):4907–4921. https://doi.org/10.1007/s11356-014-3754-2

Fahad S, Hussain S, Matloob A, Khan FA, Khaliq A, Saud S, Hassan S, Shan D, Khan F, Ullah N, 
Faiq M, Khan MR, Tareen AK, Khan A, Ullah A, Ullah N, Huang J (2014b) Phytohormones 
and plant responses to salinity stress: a review. Plant Growth Regul 75(2):391–404. https://doi.
org/10.1007/s10725-014-0013-y

Fahad S, Hussain S, Saud S, Tanveer M, Bajwa AA, Hassan S, Shah AN, Ullah A, Wu C, Khan 
FA, Shah F, Ullah S, Chen Y, Huang J (2015a) A biochar application protects rice pollen 
from high-temperature stress. Plant Physiol Biochem 96:281–287. https://doi.org/10.1016/j.
plaphy.2015.08.009

Fahad S, Nie L, Chen Y, Wu C, Xiong D, Saud S, Hongyan L, Cui K, Huang J (2015b) Crop 
plant hormones and environmental stress. Sustain Agric Rev 15:371–400. https://doi.
org/10.1007/978-3-319-09132-7_10

Fahad S, Hussain S, Saud S, Hassan S, Chauhan BS, Khan F et al (2016a) Responses of rapid 
viscoanalyzer profile and other rice grain qualities to exogenously applied plant growth regu-
lators under high day and high night temperatures. PLoS One 11(7):e0159590. https://doi.
org/10.1371/journal.pone.0159590

Fahad S, Hussain S, Saud S, Hassan S, Ihsan Z, Shah AN, Wu C, Yousaf M, Nasim W, Alharby 
H, Alghabari F, Huang J (2016b) Exogenously applied plant growth regulators enhance the 
morphophysiological growth and yield of rice under high temperature. Front Plant Sci 7:1250. 
https://doi.org/10.3389/fpls.2016.01250

Fahad S, Hussain S, Saud S, Hassan S, Tanveer M, Ihsan MZ, Shah AN, Ullah A, Nasrullah KF, 
Ullah S, Alharby HNW, Wu C, Huang J (2016c) A combined application of biochar and phos-
phorus alleviates heat-induced adversities on physiological, agronomical and quality attributes 
of rice. Plant Physiol Biochem 103:191–198. https://doi.org/10.1016/j.plaphy.2016.03.001

Fahad S, Bajwa AA, Nazir U, Anjum SA, Farooq A, Zohaib A, Sadia S, Nasim W, Adkins S, Saud 
S, Ihsan MZ, Alharby H, Wu C, Wang D, Huang J (2017) Crop production under drought 
and heat stress: plant responses and management options. Front Plant Sci 8:1147. https://doi.
org/10.3389/fpls.2017.01147

Fahad S, Abdul B, Adnan M (eds) (2018a) Global wheat production. IntechOpen United Kingdom 
2018. https://doi.org/10.5772/intechopen.72559

Fahad S, Muhammad ZI, Abdul K, Ihsanullah D, Saud S, Saleh A, Wajid N, Muhammad A, Imtiaz 
AK, Chao W, Depeng W, Jianliang H (2018b) Consequences of high temperature under chang-
ing climate optima for rice pollen characteristics-concepts and perspectives. Archives Agron 
Soil Sci. https://doi.org/10.1080/03650340.2018.1443213

Fahad S, Adnan M, Hassan S, Saud S, Hussain S, Wu C, Wang D, Hakeem KR, Alharby HF, 
Turan V, Khan MA, Huang J (2019a) Rice responses and tolerance to high temperature. In: 
Hasanuzzaman M, Fujita M, Nahar K, Biswas JK (eds) Advances in rice research for abiotic 
stress tolerance. Woodhead Publ Ltd, Cambridge, pp 201–224. https://doi.org/10.1016/B978-
0-12-814332-2.00010-1

Fahad S, Rehman A, Shahzad B, Tanveer M, Saud S, Kamran M, Ihtisham M, Khan SU, Turan 
V, Rahman MHU (2019b) Rice responses and tolerance to metal/metalloid toxicity. In: 
Hasanuzzaman M, Fujita M, Nahar K, Biswas JK (eds) Advances in rice research for abiotic 
stress tolerance. Woodhead Publ Ltd, Cambridge, pp 299–312. https://doi.org/10.1016/B978-
0-12-814332-2.00014-9

Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Ali Khan I, Adnan M (eds) 
(2020) Environment, climate, plant and vegetation growth. Springer. https://doi.
org/10.1007/978-3-030-49732-3

F. Jalal et al.

https://doi.org/10.1007/s11356-014-3754-2
https://doi.org/10.1007/s10725-014-0013-y
https://doi.org/10.1007/s10725-014-0013-y
https://doi.org/10.1016/j.plaphy.2015.08.009
https://doi.org/10.1016/j.plaphy.2015.08.009
https://doi.org/10.1007/978-3-319-09132-7_10
https://doi.org/10.1007/978-3-319-09132-7_10
https://doi.org/10.1371/journal.pone.0159590
https://doi.org/10.1371/journal.pone.0159590
https://doi.org/10.3389/fpls.2016.01250
https://doi.org/10.1016/j.plaphy.2016.03.001
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.5772/intechopen.72559
https://doi.org/10.1080/03650340.2018.1443213
https://doi.org/10.1016/B978-0-12-814332-2.00010-1
https://doi.org/10.1016/B978-0-12-814332-2.00010-1
https://doi.org/10.1016/B978-0-12-814332-2.00014-9
https://doi.org/10.1016/B978-0-12-814332-2.00014-9
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3


89

Fahad S, Saud S, Yajun C, Chao W, Depeng W (eds) (2021a) Abiotic stress in plants. IntechOpen 
United Kingdom 2021. https://doi.org/10.5772/intechopen.91549

Fahad S, Sönmez O, Turan V, Adnan M, Saud S, Wu C, Wang D (eds) (2021b) Sustainable soil and 
land management and climate change. In: Footprints of climate variability on plant diversity, 
1st edn. CRC Press, Boca Raton

Fahad S, Sönmez O, Saud S, Wang D, Wu C, Adnan M, Turan V (eds) (2021c) Plant growth regu-
lators for climate-smart agriculture. In: Footprints of climate variability on plant diversity, 1st 
edn. CRC Press, Boca Raton

Fahad S, Sonmez O, Saud S, Wang D, Wu C, Adnan M, Turan V (eds) (2021d) Climate change 
and plants: biodiversity, growth and interactions. In: Footprints of climate variability on plant 
diversity, 1st edn. CRC Press, Boca Raton

Fahad S, Sonmez O, Saud S, Wang D, Wu C, Adnan M, Turan V (eds) (2021e) Developing climate 
resilient crops: improving global food security and safety. In: Footprints of climate variability 
on plant diversity, 1st edn. CRC Press, Boca Raton

Fahad S, Sönmez O, Saud S, Wang D, Wu C, Adnan M, Arif M, Amanullah (eds) (2021f) 
Engineering tolerance in crop plants against abiotic stress. In: Footprints of climate variability 
on plant diversity, 1st edn. CRC Press, Boca Raton

Fahad S, Adnan M, Saud S, Nie L (eds) (2022a) Climate change and ecosystems: challenges to 
sustainable development. In: Footprints of climate variability on plant diversity, 1st edn. CRC 
Press, Boca Raton

Fahad S, Adnan M, Saud S (eds) (2022b) Improvement of plant production in the era of climate 
change. In: Footprints of climate variability on plant diversity, 1st edn. CRC Press, Boca Raton

Fakhre A, Ayub K, Fahad S, Sarfraz N, Niaz A, Muhammad AA, Muhammad A, Khadim D, Saud 
S, Shah H, Muhammad ASR, Khalid N, Muhammad A, Rahul D, Subhan D (2021) Phosphate 
solubilizing bacteria optimize wheat yield in mineral phosphorus applied alkaline soil. J Saudi 
Soc Agric Sci. https://doi.org/10.1016/j.jssas.2021.10.007

Farah R, Muhammad R, Muhammad SA, Tahira Y, Muhammad AA, Maryam A, Shafaqat A, 
Rashid M, Muhammad R, Qaiser H, Afia Z, Muhammad AA, Muhammad A, Fahad S (2020) 
Alternative and non-conventional soil and crop management strategies for increasing water use 
efficiency. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M 
(eds) Environment, climate, plant and vegetation growth. Springer, Cham, pp 323–338. https://
doi.org/10.1007/978-3-030-49732-3

Farhana G, Ishfaq A, Muhammad A, Dawood J, Fahad S, Xiuling L, Depeng W, Muhammad 
F, Muhammad F, Syed AS (2020) Use of crop growth model to simulate the impact of cli-
mate change on yield of various wheat cultivars under different agro-environmental condi-
tions in Khyber Pakhtunkhwa. Pakistan Arabian J Geosci 13:112. https://doi.org/10.1007/
s12517-020-5118-1

Farhat A, Hafiz MH, Wajid I, Aitazaz AF, Hafiz FB, Zahida Z, Fahad S, Wajid F, Artemi C (2020) 
A review of soil carbon dynamics resulting from agricultural practices. J Environ Manage 
268:110319

Farhat UK, Adnan AK, Kai L, Xuexuan X, Muhammad A, Fahad S, Rafiq A, Mushtaq AK, ·Taufiq 
N, Faisal Z (2022) Influences of long-term crop cultivation and fertilizer management on soil 
aggregates stability and fertility in the loess plateau, Northern China. J Soil Sci Plant Nutr. 
https://doi.org/10.1007/s42729-021-00744-1

Fazli W, Muhmmad S, Amjad A, Fahad S, Muhammad A, Muhammad N, Ishaq AM, Imtiaz AK, 
Mukhtar A, Muhammad S, Muhammad I, Rafi U, Haroon I, Muhammad A (2020) Plant-
microbes interactions and functions in changing climate. In: Fahad S, Hasanuzzaman M, Alam 
M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and vegetation 
growth. Springer, Cham, pp 397–420. https://doi.org/10.1007/978-3-030-49732-3

Ghulam M, Muhammad AA, Donald LS, Sajid M, Muhammad FQ, Niaz A, Ateeq ur R, Shakeel A, 
Sajjad H, Muhammad A, Summia M, HAK A, Fahad S, Rahul D, Mazhar I, Timothy DS (2021) 
Formalin fumigation and steaming of various composts differentially influence the nutrient 

3  Biochar for Improving Crop Productivity and Soil Fertility

https://doi.org/10.5772/intechopen.91549
https://doi.org/10.1016/j.jssas.2021.10.007
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/s12517-020-5118-1
https://doi.org/10.1007/s12517-020-5118-1
https://doi.org/10.1007/s42729-021-00744-1
https://doi.org/10.1007/978-3-030-49732-3


90

release, growth and yield of muskmelon (Cucumis melo L.). Sci Rep 11:21057. https://doi.
org/10.1038/s41598-021-99692-0

Glaser B, Lehmann J, Zech W (2002) Ameliorating physical and chemical properties of highly 
weathered soils in the tropics with charcoal—a review. Biol Fertil Soils 35:219–230. https://
doi.org/10.1007/s00374-002-0466-4

Gopakumar L, Bernard NO, Donato V (2020) Soil microarthropods and nutrient cycling. 
In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 453–472. https://doi.
org/10.1007/978-3-030-49732-3

Gruss I, Twardowski J, Latawiec A, Medyńska-Juraszek A, Królczyk J (2019) Risk assessment of 
low-temperature biochar used as soil amendment on soil mesofauna. Environ Sci Pollut Res 
26:18230–18239. https://doi.org/10.1007/s11356-019-05153-7

Guofu L, Zhenjian B, Fahad S, Guowen C, Zhixin X, Hao G, Dandan L, Yulong L, Bing L, Guoxu J, 
Saud S (2021) Compositional and structural changes in soil microbial communities in response 
to straw mulching and plant revegetation in an abandoned artificial pasture in Northeast China. 
Glob Ecol Conserv 31:e01871. https://doi.org/10.1016/j.gecco.2021.e01871

Habib ur R, Ashfaq A, Aftab W, Manzoor H, Fahd R, Wajid I, Md Aminul I, Vakhtang S, 
Muhammad A, Asmat U, Abdul W, Syeda RS, Shah S, Shahbaz K, Fahad S, Manzoor H, 
Saddam H, Wajid N (2017) Application of CSM-CROPGRO-cotton model for cultivars and 
optimum planting dates: evaluation in changing semi-arid climate. Field Crop Res. https://doi.
org/10.1016/j.fcr.2017.07.007

Hafeez M, Farman U, Muhammad MK, Xiaowei L, Zhijun Z, Sakhawat S, Muhammad I, 
Mohammed AA, Mandela F-G, Nicolas D, Muzammal R, Fahad S, Yaobin L (2021) Metabolic-
based insecticide resistance mechanism and ecofriendly approaches for controlling of beet 
armyworm Spodoptera exigua: a review. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-16974-w

Hafiz MH, Wajid F, Farhat A, Fahad S, Shafqat S, Wajid N, Hafiz FB (2016) Maize plant 
nitrogen uptake dynamics at limited irrigation water and nitrogen. Environ Sci Pollut Res 
24(3):2549–2557. https://doi.org/10.1007/s11356-016-8031-0

Hafiz MH, Farhat A, Shafqat S, Fahad S, Artemi C, Wajid F, Chaves CB, Wajid N, Muhammad 
M, Hafiz FB (2018) Offsetting land degradation through nitrogen and water management dur-
ing maize cultivation under arid conditions. Land Degrad Dev 1–10. https://doi.org/10.1002/
ldr.2933

Hafiz MH, Muhammad A, Farhat A, Hafiz FB, Saeed AQ, Muhammad M, Fahad S, Muhammad A 
(2019) Environmental factors affecting the frequency of road traffic accidents: a case study of 
sub-urban area of Pakistan. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-019-04752-8

Haider SA, Lalarukh I, Amjad SF, Mansoora N, Naz M, Naeem M, Bukhari SA, Shahbaz M, Ali 
SA, Marfo TD, Subhan D, Rahul D, Fahad S (2021) Drought stress alleviation by potassium-
nitrate-containing chitosan/montmorillonite microparticles confers changes in Spinacia olera-
cea L. Sustain 13:9903. https://doi.org/10.3390/su13179903

Hamza SM, Xiukang W, Sajjad A, Sadia Z, Muhammad N, Adnan M, Fahad S et al (2021) Interactive 
effects of gibberellic acid and NPK on morpho-physio-biochemical traits and organic acid 
exudation pattern in coriander (Coriandrum sativum L.) grown in soil artificially spiked with 
boron. Plant Physiol Biochem 167:884–900. https://doi.org/10.1016/j.plaphy.2021.09.015

Haoliang Y, Matthew TH, Ke L, Bin W, Puyu F, Fahad S, Holger M, Rui Y, De LL, Sotirios A, 
Isaiah H, Xiaohai T, Jianguo M, Yunbo Z, Meixue Z (2022) Crop traits enabling yield gains 
under more frequent extreme climatic events. Sci Total Environ 808:152170. https://doi.
org/10.1016/j.scitotenv.2021.152170

Haque A, Uddin K, Sulaiman M, Amin A, Hossain M, Solaiman Z, Mosharrof M (2021) Biochar 
with alternate wetting and drying irrigation: a potential technique for paddy soil management. 
Agri 11:367. https://doi.org/10.3390/agriculture11040367

F. Jalal et al.

https://doi.org/10.1038/s41598-021-99692-0
https://doi.org/10.1038/s41598-021-99692-0
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/s11356-019-05153-7
https://doi.org/10.1016/j.gecco.2021.e01871
https://doi.org/10.1016/j.fcr.2017.07.007
https://doi.org/10.1016/j.fcr.2017.07.007
https://doi.org/10.1007/s11356-021-16974-w
https://doi.org/10.1007/s11356-021-16974-w
https://doi.org/10.1007/s11356-016-8031-0
https://doi.org/10.1002/ldr.2933
https://doi.org/10.1002/ldr.2933
https://doi.org/10.1007/s11356-019-04752-8
https://doi.org/10.3390/su13179903
https://doi.org/10.1016/j.plaphy.2021.09.015
https://doi.org/10.1016/j.scitotenv.2021.152170
https://doi.org/10.1016/j.scitotenv.2021.152170
https://doi.org/10.3390/agriculture11040367


91

Heitkötter J, Marschner B (2015) Interactive effects of biochar ageing in soils related to feedstock, 
pyrolysis temperature, and historic charcoal production. Geoderma 245–246:56–64. https://
doi.org/10.1016/j.geoderma.2015.01.012

Hesham FA, Fahad S (2020) Melatonin application enhances biochar efficiency for drought toler-
ance in maize varieties: modifications in physio-biochemical machinery. Agron J 112(4):1–22. 
https://doi.org/10.1002/agj2.20263

Huang Li Y, Li X-X, Zhang Y-B, Fahad S, Wang F (2021) dep1 improves rice grain yield and 
nitrogen use efficiency simultaneously by enhancing nitrogen and dry matter translocation. J 
Integrative Agri. https://doi.org/10.1016/S2095-3119(21)63795-4

Hussain MA, Fahad S, Rahat S, Muhammad FJ, Muhammad M, Qasid A, Ali A, Husain A, Nooral 
A, Babatope SA, Changbao S, Liya G, Ibrar A, Zhanmei J, Juncai H (2020) Multifunctional 
role of brassinosteroid and its analogues in plants. Plant Growth Regul. https://doi.org/10.1007/
s10725-020-00647-8

Ibad U, Dost M, Maria M, Shadman K, Muhammad A, Fahad S, Muhammad I, Ishaq AM, Aizaz A, 
Muhammad HS, Muhammad S, Farhana G, Muhammad I, Muhammad ASR, Hafiz MH, Wajid 
N, Shah S, Jabar ZKK, Masood A, Naushad A, Rasheed Akbar M, Shah MK, Jan B (2022) 
Comparative effects of biochar and NPK on wheat crops under different management systems. 
Crop Pasture Sci. https://doi.org/10.1071/CP21146

Ibrar K, Aneela R, Khola Z, Urooba N, Sana B, Rabia S, Ishtiaq H, Rehman MU, Salvatore 
M (2020) Microbes and environment: global warming reverting the frozen zombies. 
In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 607–634. https://doi.
org/10.1007/978-3-030-49732-3

Ibrar H, Muqarrab A, Adel MG, Khurram S, Omer F, Shahid I, Fahim N, Shakeel A, Viliam B, 
Marian B, Al Obaid S, Fahad S, Subhan D, Suleyman T, Hanife AKÇA, Rahul D (2021) 
Improvement in growth and yield attributes of cluster bean through optimization of sowing time 
and plant spacing under climate change scenario. Saudi J Bio Sci. https://doi.org/10.1016/j.
sjbs.2021.11.018

Ihsan MZ, Abdul K, Manzer HS, Liaqat A, Ritesh K, Hayssam MA, Amar M, Fahad S (2022) The 
response of Triticum aestivum treated with plant growth regulators to acute day/night tempera-
ture rise. J Plant Growth Regul. https://doi.org/10.1007/s00344-022-10574-9

Ikram U, Khadim D, Muhammad T, Muhammad S, Fahad S (2021) Gibberellic acid and urease 
inhibitor optimize nitrogen uptake and yield of maize at varying nitrogen levels under changing 
climate. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-021-16049-w

Ilyas M, Mohammad N, Nadeem K, Ali H, Aamir HK, Kashif H, Fahad S, Aziz K, Abid U (2020) 
Drought tolerance strategies in plants: a mechanistic approach. J Plant Growth Regul. https://
doi.org/10.1007/s00344-020-10174-5

Iqra M, Amna B, Shakeel I, Fatima K, Sehrish L, Hamza A, Fahad S (2020) Carbon cycle in 
response to global warming. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, 
Khan AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, Cham, 
pp 1–16. https://doi.org/10.1007/978-3-030-49732-3

Irfan M, Muhammad M, Muhammad JK, Khadim MD, Dost M, Ishaq AM, Waqas A, Fahad 
S, Saud S et al (2021) Heavy metals immobilization and improvement in maize (Zea mays 
L.) growth amended with biochar and compost. Sci Rep 11:18416. https://doi.org/10.1038/
s41598-021-97525-8

Jabborova D, Sulaymanov K, Sayyed RZ, Alotaibi SH, Enakiev Y, Azimov A, Jabbarov Z, Ansari 
MJ, Fahad S, Danish S et al (2021) Mineral fertilizers improves the quality of turmeric and soil. 
Sustain 13:9437. https://doi.org/10.3390/su13169437

Jalal F, Arif M, Akhtar K, Khan A, Naz M, Said F, Zaheer S, Hussain S, Imtiaz M, Khan MA, 
Ali M, Wei F (2020) Biochar integration with legume crops in summer gape synergizes 
nitrogen use efficiency and enhance maize yield. J Agron 10:58. https://doi.org/10.3390/
agronomy10010058

3  Biochar for Improving Crop Productivity and Soil Fertility

https://doi.org/10.1016/j.geoderma.2015.01.012
https://doi.org/10.1016/j.geoderma.2015.01.012
https://doi.org/10.1002/agj2.20263
https://doi.org/10.1016/S2095-3119(21)63795-4
https://doi.org/10.1007/s10725-020-00647-8
https://doi.org/10.1007/s10725-020-00647-8
https://doi.org/10.1071/CP21146
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1016/j.sjbs.2021.11.018
https://doi.org/10.1016/j.sjbs.2021.11.018
https://doi.org/10.1007/s00344-022-10574-9
https://doi.org/10.1007/s11356-021-16049-w
https://doi.org/10.1007/s00344-020-10174-5
https://doi.org/10.1007/s00344-020-10174-5
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1038/s41598-021-97525-8
https://doi.org/10.1038/s41598-021-97525-8
https://doi.org/10.3390/su13169437
https://doi.org/10.3390/agronomy10010058
https://doi.org/10.3390/agronomy10010058


92

Joseph S, Arbestain MC, Lin Y, Munroe P, Chia CH, Hook J, Van Zwieten L, Kimber S, Cowie 
A, Singh B (2010) An investigation into the reactions of biochar in soil. Soil Res 48:501–515. 
https://doi.org/10.1071/SR10009

Kamaran M, Wenwen C, Irshad A, Xiangping M, Xudong Z, Wennan S, Junzhi C, Shakeel A, 
Fahad S, Qingfang H, Tiening L (2017) Effect of paclobutrazol, a potential growth regulator 
on stalk mechanical strength, lignin accumulation and its relation with lodging resistance of 
maize. Plant Growth Regul 84:317–332. https://doi.org/10.1007/s10725-017-0342-8

Kammann C, Glaser B, Schmidt HP (2016) Combining biochar and organic amendments. In: 
Shackley S, Ruysschaert G, Zwart K, Glaser B (eds) Biochar in European soils and agri-
culture: science and practice. Routledge, New  York, pp  136–164. https://doi.org/10.3390/
agronomy12091996

Kammen DM, Lew DJ (2005) Review of technologies for the production and use of charcoal. 
Renewable and Appropriate Energy Laboratory, Berkeley University. http://rael.berkeley.edu/
files/2005/Kammen-Lew-Charcoal-2005.pdf

Keske C, Godfrey T, Hoag DL, Abedin J (2020) Economic feasibility of biochar and agricul-
ture coproduction from Canadian black spruce forest. Food Energy Secur 9:118. https://doi.
org/10.1002/fes3.188

Khadim D, Fahad S, Jahangir MMR, Iqbal M, Syed SA, Shah AK, Ishaq AM, Rahul D et al (2021a) 
Biochar and urease inhibitor mitigate NH3 and N2O emissions and improve wheat yield in a 
urea fertilized alkaline soil. Sci Rep 11:17413. https://doi.org/10.1038/s41598-021-96771-0

Khadim D, Saif-ur-R, Fahad S, Syed SA, Shah AK et al (2021b) Influence of variable biochar 
concentration on yield-scaled nitrous oxide emissions, wheat yield and nitrogen use efficiency. 
Sci Rep 11:16774. https://doi.org/10.1038/s41598-021-96309-4

Khan MMH, Niaz A, Umber G, Muqarrab A, Muhammad AA, Muhammad I, Shabir H, Shah F, 
Vibhor A, Shams HA-H, Reham A, Syed MBA, Nadiyah MA, Ali TKZ, Subhan D, Rahul D 
(2021) Synchronization of Boron application methods and rates is environmentally friendly 
approach to improve quality attributes of Mangifera indica L. On sustainable basis. Saudi J Bio 
Sci. https://doi.org/10.1016/j.sjbs.2021.10.036

Khatun M, Sarkar S, Era FM, Islam AKMM, Anwar MP, Fahad S, Datta R, Islam AKMA (2021) 
Drought stress in grain legumes: effects. Tolerance Mechan Manag Agron 11:2374. https://doi.
org/10.3390/agronomy11122374

Kochanek J, Long RL, Lisle AT, Flematti G, Karrikins (2016) Identified in biochars indicate 
post-fire chemical cues can influence community diversity and plant development. PLoS One 
11:e0161234. https://doi.org/10.1371/journal.pone.0161234

Lehmann J, Joseph S (2009) Biochar systems. In: Lehmann J, Joseph S (eds) Biochar for envi-
ronmental management. Science and Technology, Earthscan, London, pp 147–168. https://doi.
org/10.4324/9781849770552

Lehmann J, da Silva JPJ, Steiner C, Nehls T, Zech W, Glaser B (2003) Nutrient availability and 
leaching in an archaeological anthrosol and a ferrasol of the Central Amazon basin: fertil-
izer, manure, and charcoal amendments. Plant and Soil 249:343–357. https://doi.org/10.102
3/A:1022833116184

Lima H, Schaefer CE, Mello JW, Gilkes R, Ker JC (2002) Pedogenesis and pre-Colombian land 
use of “Terra Preta Anthrosols” (“Indian black earth”) of Western Amazonia. Geoderma 
110:1–17. https://doi.org/10.1016/S0016-7061(02)00141-6

Mahar A, Amjad A, Altaf HL, Fazli W, Ronghua L, Muhammad A, Fahad S, Muhammad A, 
Rafiullah, Imtiaz AK, Zengqiang Z (2020) Promising technologies for Cd-Contaminated Soils: 
drawbacks and possibilities. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan 
AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, Cham, 
pp 63–92. https://doi.org/10.1007/978-3-030-49732-3

Mahmood Ul H, Tassaduq R, Chandni I, Adnan A, Muhammad A, Muhammad MA, Muhammad 
H-ur-R, Mehmood AN, Alam S, Fahad S (2021) Linking plants functioning to adaptive 
responses under heat stress conditions: a mechanistic review. J Plant Growth Regul. https://doi.
org/10.1007/s00344-021-10493-1

F. Jalal et al.

https://doi.org/10.1071/SR10009
https://doi.org/10.1007/s10725-017-0342-8
https://doi.org/10.3390/agronomy12091996
https://doi.org/10.3390/agronomy12091996
http://rael.berkeley.edu/files/2005/Kammen-Lew-Charcoal-2005.pdf
http://rael.berkeley.edu/files/2005/Kammen-Lew-Charcoal-2005.pdf
https://doi.org/10.1002/fes3.188
https://doi.org/10.1002/fes3.188
https://doi.org/10.1038/s41598-021-96771-0
https://doi.org/10.1038/s41598-021-96309-4
https://doi.org/10.1016/j.sjbs.2021.10.036
https://doi.org/10.3390/agronomy11122374
https://doi.org/10.3390/agronomy11122374
https://doi.org/10.1371/journal.pone.0161234
https://doi.org/10.4324/9781849770552
https://doi.org/10.4324/9781849770552
https://doi.org/10.1023/A:1022833116184
https://doi.org/10.1023/A:1022833116184
https://doi.org/10.1016/S0016-7061(02)00141-6
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/s00344-021-10493-1
https://doi.org/10.1007/s00344-021-10493-1


93

Manzer HS, Saud A, Soumya M, Abdullah A, Al-A, Qasi DA, Bander MA, Al-M, Hayssam MA, 
Hazem MK, Fahad S, Vishnu DR, Om PN (2021) Molybdenum and hydrogen sulfide syn-
ergistically mitigate arsenic toxicity by modulating defense system, nitrogen and cysteine 
assimilation in faba bean (Vicia faba L.) seedlings. Environ Pollut 290:117953. https://doi.
org/10.1016/j.envpol.2021.117953

Marshall J, Muhlack R, Morton BJ, Dunnigan L, Chittleborough D, Kwong CW (2019) Pyrolysis 
temperature effects on biochar–water interactions and application for improved water holding 
capacity in vineyard soils. Soil Syst 3:27. https://doi.org/10.3390/soilsystems3020027

Md Jakir H, Allah B (2020) Development and applications of transplastomic plants; a way towards 
eco-friendly agriculture. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan 
AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, Cham, 
pp 285–322. https://doi.org/10.1007/978-3-030-49732-3

Md. Enamul H, Shoeb AZM, Mallik AH, Fahad S, Kamruzzaman MM, Akib J, Nayyer S, Mehedi 
KM, Swati AS, Md Yeamin A, Most SS (2020) Measuring vulnerability to environmental haz-
ards: qualitative to quantitative. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, 
Khan AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, Cham, 
pp 421–452. https://doi.org/10.1007/978-3-030-49732-3

Mehmood K, Bao Y, Saifullah BS, Dahlawi S, Yaseen M, Abrar MM, Srivastava P, Fahad S, Faraj 
TK (2022) Contributions of open biomass burning and crop straw burning to air quality: current 
research paradigm and future outlooks. Front Environ Sci 10:852492. https://doi.org/10.3389/
fenvs.2022.852492

Mikan CJ, Abrams MD (1995) Altered forest composition and soil properties of historic char-
coal hearths in southeastern Pennsylvania. Canadian J Forest Res 25:687–696. https://doi.
org/10.1139/x95-07

Milne E, Powlson DS, Cerri CE (2007) Soil carbon stocks at regional scales (preface). Agric 
Ecosyst Environ 122:1–2. https://doi.org/10.1016/j.agee.2007.01.008

Mohammad I. Al-Wabel, Abdelazeem S, Munir A, Khalid E, Adel RAU (2020a) Extent of cli-
mate change in Saudi Arabia and its impacts on agriculture: a case study from Qassim region. 
In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 635–658. https://doi.
org/10.1007/978-3-030-49732-3

Mohammad I. Al-Wabel, Ahmad M, Usman ARA, Akanji M, Rafique MI (2020b) Advances in 
pyrolytic technologies with improved carbon capture and storage to combat climate change. 
In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 535–576. https://doi.
org/10.1007/978-3-030-49732-3

Mubeen M, Ashfaq A, Hafiz MH, Muhammad A, Hafiz UF, Mazhar S, Sami ul Din M, Asad A, 
Amjed A, Fahad S, Wajid N (2020) Evaluating the climate change impact on water use effi-
ciency of cotton-wheat in semi-arid conditions using DSSAT model. J Water Climate Change. 
https://doi.org/10.2166/wcc.2019.179/622035/jwc2019179.pdf

Muhammad Tahir u Q, Amna F, Amna B, Barira Z, Xitong Z, Ling-Ling C (2020) Effectiveness 
of conventional crop improvement strategies vs. omics. In: Fahad S, Hasanuzzaman M, Alam 
M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and vegetation 
growth. Springer, Cham, pp 253–284. https://doi.org/10.1007/978-3-030-49732-3

Muhammad Z, Abdul MK, Abdul MS, Kenneth BM, Muhammad S, Shahen S, Ibadullah J, 
Fahad S (2019) Performance of Aeluropus lagopoides (mangrove grass) ecotypes, a poten-
tial turfgrass, under high saline conditions. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-019-04838-3

Muhammad N, Muqarrab A, Khurram S, Fiaz A, Fahim N, Muhammad A, Shazia A, Omaima N, 
Sulaiman AA, Fahad S, Subhan D, Rahul D (2021) Kaolin and Jasmonic acid improved cotton 
productivity under water stress conditions. J Saudi Soc Agric Sci 28:6606–6614. https://doi.
org/10.1016/j.sjbs.2021.07.043

3  Biochar for Improving Crop Productivity and Soil Fertility

https://doi.org/10.1016/j.envpol.2021.117953
https://doi.org/10.1016/j.envpol.2021.117953
https://doi.org/10.3390/soilsystems3020027
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.3389/fenvs.2022.852492
https://doi.org/10.3389/fenvs.2022.852492
https://doi.org/10.1139/x95-07
https://doi.org/10.1139/x95-07
https://doi.org/10.1016/j.agee.2007.01.008
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.2166/wcc.2019.179/622035/jwc2019179.pdf
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/s11356-019-04838-3
https://doi.org/10.1007/s11356-019-04838-3
https://doi.org/10.1016/j.sjbs.2021.07.043
https://doi.org/10.1016/j.sjbs.2021.07.043


94

Muhammad I, Khadim D, Fahad S, Imran M, Saud A, Manzer HS, Shah S, Jabar ZKK, Shamsher 
A, Shah H, Taufiq N, Hafiz MH, Jan B, Wajid N (2022) Exploring the potential effect of 
Achnatherum splendens L.–derived biochar treated with phosphoric acid on bioavailabil-
ity of cadmium and wheat growth in contaminated soil. Environ Sci Pollut Res. https://doi.
org/10.1007/s11356-021-17950-0

Muzammal R, Fahad S, Guanghui D, Xia C, Yang Y, Kailei T, Lijun L, Fei-Hu L, Gang D (2021) 
Evaluation of hemp (Cannabis sativa L.) as an industrial crop: a review. Environ Sci Pollut Res. 
https://doi.org/10.1007/s11356-021-16264-5

Niaz A, Abdullah E, Subhan D, Muhammad A, Fahad S, Khadim D, Suleyman T, Hanife A, Anis 
AS, Mohammad JA, Emre B, Omer SU, Rahul D, Bernard RG (2022) Mitigation of lead (Pb) 
toxicity in rice cultivated with either ground water or wastewater by application of acidified 
carbon. J Environ Manage 307:114521. https://doi.org/10.1016/j.jenvman.2022.114521

Noor M, Naveed ur R, Ajmal J, Fahad S, Muhammad A, Fazli W, Saud S, Hassan S (2020) Climate 
change and costal plant lives. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, 
Khan AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, Cham, 
pp 93–108. https://doi.org/10.1007/978-3-030-49732-3

Norse D, Xiaotang J (2015) Environmental costs of China’s food security. Agric Ecosyst Environ 
209:5–14. https://doi.org/10.1016/j.agee.2015.02.014

Ogawa M (2009) Charcoal use in agriculture in Japan. Keynote address, 1st Asia Pacific Biochar 
Conference, May 17–20, Gold Coast

Oguntunde PG, Fosu M, Ajayi AE, van de Giesen N (2004) Effects of charcoal production on 
maize yield, chemical properties and texture of soil. Biol Fertil Soils 39:295–299. https://doi.
org/10.1007/s00374-003-0707-1

Paul S, Dutta A, Defersha F (2018) Biocarbon, biomethane and biofertilizer from corn resi-
due: a hybrid thermo-chemical and biochemical approach. Energy 165:370–384. https://doi.
org/10.1016/j.energy.2018.09.182

Qamar-uz Z, Zubair A, Muhammad Y, Muhammad ZI, Abdul K, Fahad S, Safder B, Ramzani 
PMA, Muhammad N (2017) Zinc biofortification in rice: leveraging agriculture to moderate 
hidden hunger in developing countries. Arch Agron Soil Sci 64:147–161. https://doi.org/1
0.1080/03650340.2017.1338343

Qin ZH, Rahman N u, Ahmad A, Wang Y-p, Sakhawat S, Ehmet N, Shao W-j, Muhammad I, Kun S, 
Rui L, Fazal S, Fahad S (2022) Range expansion decreases the reproductive fitness of Gentiana 
officinalis (Gentianaceae). Sci Rep 12:2461. https://doi.org/10.1038/s41598-022-06406-1

Rajesh KS, Fahad S, Pawan K, Prince C, Talha J, Dinesh J, Prabha S, Debanjana S, Prathibha 
MD, Bandana B, Akash H, Gupta NK, Rekha S, Devanshu D, Dalpat LS, Ke L, Matthew 
TH, Saud S, Adnan NS, Taufiq N (2022) Beneficial elements: new players in improving nutri-
ent use efficiency and abiotic stress tolerance. Plant Growth Regul. https://doi.org/10.1007/
s10725-022-00843-8

Rashid M, Qaiser H, Khalid SK, Mohammad I Al-Wabel, Zhang A, Muhammad A, Shahzada 
SI, Rukhsanda A, Ghulam AS, Shahzada MM, Sarosh A, Muhammad FQ (2020) Prospects 
of biochar in alkaline soils to mitigate climate change. In: Fahad S, Hasanuzzaman M, Alam 
M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and vegetation 
growth. Springer, Cham, pp 133–150. https://doi.org/10.1007/978-3-030-49732-3

Rehana S, Asma Z, Shakil A, Anis AS, Rana KI, Shabir H, Subhan D, Umber G, Fahad S, Jiri K, Al 
Obaid S, Mohammad JA, Rahul D (2021) Proteomic changes in various plant tissues associated 
with chromium stress in sunflower. Saudi J Bio Sci. https://doi.org/10.1016/j.sjbs.2021.12.042

Rehman M, Fahad S, Saleem MH, Hafeez M, Habib ur Rahman M, Liu F, Deng G (2020) Red 
light optimized physiological traits and enhanced the growth of ramie (Boehmeria nivea L.). 
Photosynthetica 58(4):922–931. https://doi.org/10.32615/ps.2020.040

Reis S, Bekunda M, Howard CM, Karanja N, Winiwarter W, Yan XY, Bleeker A, Sutton MA 
(2016) Synthesis and review: tackling the nitrogen management challenge: from global to local 
scales. Environ Res Lett 11:120205. https://doi.org/10.1088/1748-9326/11/12/120205

F. Jalal et al.

https://doi.org/10.1007/s11356-021-17950-0
https://doi.org/10.1007/s11356-021-17950-0
https://doi.org/10.1007/s11356-021-16264-5
https://doi.org/10.1016/j.jenvman.2022.114521
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1016/j.agee.2015.02.014
https://doi.org/10.1007/s00374-003-0707-1
https://doi.org/10.1007/s00374-003-0707-1
https://doi.org/10.1016/j.energy.2018.09.182
https://doi.org/10.1016/j.energy.2018.09.182
https://doi.org/10.1080/03650340.2017.1338343
https://doi.org/10.1080/03650340.2017.1338343
https://doi.org/10.1038/s41598-022-06406-1
https://doi.org/10.1007/s10725-022-00843-8
https://doi.org/10.1007/s10725-022-00843-8
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1016/j.sjbs.2021.12.042
https://doi.org/10.32615/ps.2020.040
https://doi.org/10.1088/1748-9326/11/12/120205


95

Rondon M, Lehmann J, Ramírez J, Hurtado M (2007) Biological nitrogen fixation by common 
beans (Phaseolus vulgaris L.) increases with bio-char additions. Biol Fertil Soils 43:699–708. 
https://doi.org/10.1007/s00374-006-0152-z#citeas

Sadam M, Muhammad Tahir ul Qamar, Ghulam M, Muhammad SK, Faiz AJ (2020) Role of bio-
technology in climate resilient agriculture. In: Fahad S, Hasanuzzaman M, Alam M, Ullah 
H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and vegetation growth. 
Springer, Cham, pp 339–366. https://doi.org/10.1007/978-3-030-49732-3

Safi UK, Ullah F, Mehmood S, Fahad S, Ahmad Rahi A, Althobaiti F et al (2021) Antimicrobial, 
antioxidant and cytotoxic properties of Chenopodium glaucum L. PLoS One 16(10):e0255502. 
https://doi.org/10.1371/journal.pone.0255502

Sahrish N, Shakeel A, Ghulam A, Zartash F, Sajjad H, Mukhtar A, Muhammad AK, Ahmad K, 
Fahad S, Wajid N, Sezai E, Carol Jo W, Gerrit H (2022) Modeling the impact of climate warm-
ing on potato phenology. Eu J Agron 132:126404. https://doi.org/10.1016/j.eja.2021.126404

Sajid H, Jie H, Jing H, Shakeel A, Satyabrata N, Sumera A, Awais S, Chunquan Z, Lianfeng Z, 
Xiaochuang C, Qianyu J, Junhua Z (2020) Rice production under climate change: adapta-
tions and mitigating strategies. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, 
Khan AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, Cham, 
pp 659–686. https://doi.org/10.1007/978-3-030-49732-3

Sajjad H, Muhammad M, Ashfaq A, Waseem A, Hafiz MH, Mazhar A, Nasir M, Asad A, Hafiz 
UF, Syeda RS, Fahad S, Depeng W, Wajid N (2019) Using GIS tools to detect the land use/
land cover changes during forty years in Lodhran district of Pakistan. Environ Sci Pollut Res. 
https://doi.org/10.1007/s11356-019-06072-3

Sajjad H, Muhammad M, Ashfaq A, Fahad S, Wajid N, Hafiz MH, Ghulam MS, Behzad M, 
Muhammad T, Saima P (2021a) Using space–time scan statistic for studying the effects of 
COVID-19 in Punjab, Pakistan: a guideline for policy measures in regional agriculture. Environ 
Sci Pollut Res. https://doi.org/10.1007/s11356-021-17433-2

Sajjad H, Muhammad M, Ashfaq A, Nasir M, Hafiz MH, Muhammad A, Muhammad I, Muhammad 
U, Hafiz UF, Fahad S, Wajid N, Hafiz MRJ, Mazhar A, Saeed AQ, Amjad F, Muhammad SK, 
Mirza W (2021b) Satellite-based evaluation of temporal change in cultivated land in Southern 
Punjab (Multan region) through dynamics of vegetation and land surface temperature. Open 
Geo Sci 13:1561–1577. https://doi.org/10.1515/geo-2020-0298

Saleem MH, Fahad S, Adnan M, Mohsin A, Muhammad SR, Muhammad K, Qurban A, Inas AH, 
Parashuram B, Mubassir A, Reem MH (2020a) Foliar application of gibberellic acid endorsed 
phytoextraction of copper and alleviates oxidative stress in jute (Corchorus capsularis L.) 
plant grown in highly copper-contaminated soil of China. Environ Sci Pollut Res. https://doi.
org/10.1007/s11356-020-09764-3

Saleem MH, Fahad S, Shahid UK, Mairaj D, Abid U, Ayman ELS, Akbar H, Analía L, Lijun 
L (2020b) Copper-induced oxidative stress, initiation of antioxidants and phytoremediation 
potential of flax (Linum usitatissimum L.) seedlings grown under the mixing of two different 
soils of China. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-019-07264-7

Saleem MH, Rehman M, Fahad S, Tung SA, Iqbal N, Hassan A, Ayub A, Wahid MA, Shaukat 
S, Liu L, Deng G (2020c) Leaf gas exchange, oxidative stress, and physiological attributes 
of rapeseed (Brassica napus L.) grown under different light-emitting diodes. Photosynthetica 
58(3):836–845. https://doi.org/10.32615/ps.2020.010

Saman S, Amna B, Bani A, Muhammad Tahir ul Qamar, Rana MA, Muhammad SK (2020) QTL 
mapping for abiotic stresses in cereals. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed 
M, Khan AK, Adnan M (eds) Environment, climate, plant and vegetation growth. Springer, 
Cham, pp 229–252. https://doi.org/10.1007/978-3-030-49732-3

Sana U, Shahid A, Yasir A, Farman UD, Syed IA, Mirza MFAB, Fahad S, Al-Misned F, Usman 
A, Xinle G, Ghulam N, Kunyuan W (2022) Bifenthrin induced toxicity in Ctenopharyngodon 
idella at an acute concentration: a multi-biomarkers based study. J King Saud Uni–Sci 
34:101752. https://doi.org/10.1016/j.jksus.2021.101752

3  Biochar for Improving Crop Productivity and Soil Fertility

https://doi.org/10.1007/s00374-006-0152-z#citeas
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1371/journal.pone.0255502
https://doi.org/10.1016/j.eja.2021.126404
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/s11356-019-06072-3
https://doi.org/10.1007/s11356-021-17433-2
https://doi.org/10.1515/geo-2020-0298
https://doi.org/10.1007/s11356-020-09764-3
https://doi.org/10.1007/s11356-020-09764-3
https://doi.org/10.1007/s11356-019-07264-7
https://doi.org/10.32615/ps.2020.010
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1016/j.jksus.2021.101752


96

Saud S, Chen Y, Long B, Fahad S, Sadiq A (2013) The different impact on the growth of cool 
season turf grass under the various conditions on salinity and drought stress. Int J Agric Sci 
Res 3:77–84

Saud S, Li X, Chen Y, Zhang L, Fahad S, Hussain S, Sadiq A, Chen Y (2014) Silicon applica-
tion increases drought tolerance of Kentucky bluegrass by improving plant water relations and 
morph physiological functions. Sci World J 2014:1–10. https://doi.org/10.1155/2014/368694

Saud S, Chen Y, Fahad S, Hussain S, Na L, Xin L, Alhussien SA (2016) Silicate application 
increases the photosynthesis and its associated metabolic activities in Kentucky bluegrass 
under drought stress and post-drought recovery. Environ Sci Pollut Res 23(17):17647–17655. 
https://doi.org/10.1007/s11356-016-6957-x

Saud S, Fahad S, Yajun C, Ihsan MZ, Hammad HM, Nasim W, Amanullah Jr, Arif M, Alharby H 
(2017) Effects of nitrogen supply on water stress and recovery mechanisms in Kentucky blue-
grass plants. Front Plant Sci 8:983. https://doi.org/10.3389/fpls.2017.00983

Saud S, Fahad S, Cui G, Chen Y, Anwar S (2020) Determining nitrogen isotopes discrimination 
under drought stress on enzymatic activities, nitrogen isotope abundance and water contents of 
Kentucky bluegrass. Sci Rep 10:6415. https://doi.org/10.1038/s41598-020-63548-w

Saud S, Fahad S, Hassan S (2022a) Developments in the investigation of nitrogen and oxygen 
stable isotopes in atmospheric nitrate. Sustain Chem Climate Action 1:100003. https://doi.
org/10.1016/j.scca.2022.100003

Saud S, Li X, Jiang Z, Fahad S, Hassan S (2022b) Exploration of the phytohormone regulation of 
energy storage compound accumulation in microalgae. Food Energy Secur 20:e418. https://
doi.org/10.1002/fes3.418

Senol C (2020) The effects of climate change on human Behaviors. In: Fahad S, Hasanuzzaman 
M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and 
vegetation growth. Springer, Cham, pp 577–590. https://doi.org/10.1007/978-3-030-49732-3

Shafi MI, Adnan M, Fahad S, Fazli W, Ahsan K, Zhen Y, Subhan D, Zafar-ul-Hye M, Martin B, 
Rahul D (2020) Application of single superphosphate with humic acid improves the growth, 
yield and phosphorus uptake of wheat (Triticum aestivum L.) in calcareous soil. Agron 10:1224. 
https://doi.org/10.3390/agronomy10091224

Shah F, Lixiao N, Kehui C, Tariq S, Wei W, Chang C, Liyang Z, Farhan A, Fahad S, Huang J 
(2013) Rice grain yield and component responses to near 2 °C of warming. Field Crop Res 
157:98–110. https://doi.org/10.1016/j.fcr.2013.12.014

Shah S, Shah H, Liangbing X, Xiaoyang S, Shahla A, Fahad S (2022) The physiological function 
and molecular mechanism of hydrogen sulfide resisting abiotic stress in plants. Brazil J Botany. 
https://doi.org/10.1007/s40415-022-00785-5

Shaheen SM, Niazi NK, Hassan NEE, Bibi I, Wang H, Tsang DCW, Ok YS, Bolan N, Rinklebe 
J (2019) Wood-based biochar for the removal of potentially toxic elements in water and 
wastewater: a critical review. Int Mater Rev 64:216–247. https://doi.org/10.1080/0950660
8.2018.1473096

Sidra K, Javed I, Subhan D, Allah B, Syed IUSB, Fatma B, Khaled DA, Fahad S, Omaima N, Ali 
TKZ, Rahul D (2021) Physio-chemical characterization of indigenous agricultural waste mate-
rials for the development of potting media. J Saudi Soc Agric Sci. https://doi.org/10.1016/j.
sjbs.2021.08.058

Silber A, Levkovitch I, Graber ER (2010) pH-dependent mineral release and surface properties of 
cornstraw biochar: agronomic implications. Environ Sci Technol 44:9318–9323. https://doi.
org/10.1021/es101283d

Sohi S, Krull E, Lopez-Capel E, Bol R (2010a) A review of biochar and its use and function in soil. 
Adv Agron 105:47–82. https://doi.org/10.1016/S0065-2113(10)05002-9

Sohi SP, Krull E, Lopez-Capel E, Bol R (2010b) A review of biochar and its use and function 
in soil. In: Advances in agronomy, vol 105. Elsevier, Amsterdam, pp  47–82. https://doi.
org/10.1016/S0065-2113(10)05002-9

Solaiman ZM, Anawar HM (n.d.) Application of biochars for soil constraints: challenges and solu-
tions. Pedosphere 25:631–638. https://doi.org/10.1016/S1002-0160(15)30044-8

F. Jalal et al.

https://doi.org/10.1155/2014/368694
https://doi.org/10.1007/s11356-016-6957-x
https://doi.org/10.3389/fpls.2017.00983
https://doi.org/10.1038/s41598-020-63548-w
https://doi.org/10.1016/j.scca.2022.100003
https://doi.org/10.1016/j.scca.2022.100003
https://doi.org/10.1002/fes3.418
https://doi.org/10.1002/fes3.418
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.3390/agronomy10091224
https://doi.org/10.1016/j.fcr.2013.12.014
https://doi.org/10.1007/s40415-022-00785-5
https://doi.org/10.1080/09506608.2018.1473096
https://doi.org/10.1080/09506608.2018.1473096
https://doi.org/10.1016/j.sjbs.2021.08.058
https://doi.org/10.1016/j.sjbs.2021.08.058
https://doi.org/10.1021/es101283d
https://doi.org/10.1021/es101283d
https://doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.1016/S0065-2113(10)05002-9
https://doi.org/10.1016/S1002-0160(15)30044-8


97

Spokas KA, Koskinen WC, Baker JM, Reicosky DC (2009) Impacts of woodchip biochar addi-
tions on greenhouse gas production and sorption/degradation of two herbicides in a Minnesota 
soil. Chemosphere 77:574–581. https://doi.org/10.1016/j.chemosphere.2009.06.053

Spokas KA, Baker JM, Reicosky DC (2010) Ethylene: potential key for biochar amendment 
impacts. Plant and Soil 333:443–452. https://doi.org/10.1007/s11104-010-0359-5

Steiner C (2010) Biochar in agricultural and forestry applications. In: Biochar from agricultural 
and forestry residues – a complimentary use of waste biomass. U.S.-focused biochar report: 
assessment of biochar’s benefits for The United States of America. https://doi.org/10.2134/
jeq2009.0337

Subhan D, Zafar-ul-Hye M, Fahad S, Saud S, Martin B, Tereza H, Rahul D (2020) Drought stress 
alleviation by ACC deaminase producing Achromobacter xylosoxidans and Enterobacter cloa-
cae, with and without timber waste biochar in maize. Sustain 12(6286). https://doi.org/10.3390/
su12156286

Tariq M, Ahmad S, Fahad S, Abbas G, Hussain S, Fatima Z, Nasim W, Mubeen M, ur Rehman 
MH, Khan MA, Adnan M (2018) The impact of climate warming and crop management on 
phenology of sunflower-based cropping systems in Punjab, Pakistan. Agri and Forest Met 
15(256):270–282. https://doi.org/10.1016/j.agrformet.2018.03.015

Unsar N-U, Muhammad R, Syed HMB, Asad S, Mirza AQ, Naeem I, Muhammad H u R, Fahad 
S, Shafqat S (2020) Insect pests of cotton crop and management under climate change sce-
narios. In: Fahad S, Hasanuzzaman M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) 
Environment, climate, plant and vegetation growth. Springer, Cham, pp 367–396. https://doi.
org/10.1007/978-3-030-49732-3

Van Zwieten L, Kimber S, Downie A, Morris S, Petty S, Rust JA (2010) Glasshouse study on the 
interaction of low mineral ash biochar with nitrogen in a sandy soil. Aus J Soil Res 48:569–576. 
https://doi.org/10.1071/SR10003

Wahid F, Fahad S, Subhan D, Adnan M, Zhen Y, Saud S, Manzer HS, Martin B, Tereza H, Rahul 
D (2020) Sustainable management with mycorrhizae and phosphate solubilizing bacteria 
for enhanced phosphorus uptake in calcareous soils. Agri 10(334). https://doi.org/10.3390/
agriculture10080334

Wajid N, Ashfaq A, Asad A, Muhammad T, Muhammad A, Muhammad S, Khawar J, Ghulam 
MS, Syeda RS, Hafiz MH, Muhammad IAR, Muhammad ZH, Muhammad Habib ur R, Veysel 
T, Fahad S, Suad S, Aziz K, Shahzad A (2017) Radiation efficiency and nitrogen fertilizer 
impacts on sunflower crop in contrasting environments of Punjab. Pak Environ Sci Pollut Res 
25:1822–1836. https://doi.org/10.1007/s11356-017-0592-z

Wiqar A, Arbaz K, Muhammad Z, Ijaz A, Muhammad A, Fahad S (2022) Relative efficiency of 
biochar particles of different sizes for immobilising heavy metals and improving soil proper-
ties. Crop Pasture Sci. https://doi.org/10.1071/CP20453

Woolf D (2008) Biochar as a soil amendment: a review of the environmental implications. Available 
online: https://orgprints.org/id/eprint/13268/1/Biochar_as_a_soil_amendment_-_a_review.pdf

Wu C, Tang S, Li G, Wang S, Fahad S, Ding Y (2019) Roles of phytohormone changes in the grain 
yield of rice plants exposed to heat: a review. PeerJ 7:e7792. https://doi.org/10.7717/peerj.7792

Wu C, Kehui C, She T, Ganghua L, Shaohua W, Fahad S, Lixiao N, Jianliang H, Shaobing P, 
Yanfeng D (2020) Intensified pollination and fertilization ameliorate heat injury in rice (Oryza 
sativa L.) during the flowering stage. Field Crop Res 252:107795

Xue B, Huang L, Li X, Lu J, Gao R, Kamran M, Fahad S (2022) Effect of clay mineralogy and soil 
organic carbon in aggregates under straw incorporation. Agron 12:534. https://doi.org/10.3390/
agronomy12020534

Yang Z, Zhang Z, Zhang T, Fahad S, Cui K, Nie L, Peng S, Huang J (2017) The effect of season-
long temperature increases on rice cultivars grown in the central and southern regions of China. 
Front Plant Sci 8:1908. https://doi.org/10.3389/fpls.2017.01908

Yang R, Dai P, Wang B, Jin T, Liu K, Fahad S, Harrison MT, Man J, Shang J, Meinke H, Deli L, 
Xiaoyan W, Yunbo Z, Meixue Z, Yingbing T, Haoliang Y (2022) Over-optimistic projected 
future wheat yield potential in the North China plain: the role of future climate extremes. Agron 
12:145. https://doi.org/10.3390/agronomy12010145

3  Biochar for Improving Crop Productivity and Soil Fertility

https://doi.org/10.1016/j.chemosphere.2009.06.053
https://doi.org/10.1007/s11104-010-0359-5
https://doi.org/10.2134/jeq2009.0337
https://doi.org/10.2134/jeq2009.0337
https://doi.org/10.3390/su12156286
https://doi.org/10.3390/su12156286
https://doi.org/10.1016/j.agrformet.2018.03.015
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1007/978-3-030-49732-3
https://doi.org/10.1071/SR10003
https://doi.org/10.3390/agriculture10080334
https://doi.org/10.3390/agriculture10080334
https://doi.org/10.1007/s11356-017-0592-z
https://doi.org/10.1071/CP20453
https://orgprints.org/id/eprint/13268/1/Biochar_as_a_soil_amendment_-_a_review.pdf
https://doi.org/10.7717/peerj.7792
https://doi.org/10.3390/agronomy12020534
https://doi.org/10.3390/agronomy12020534
https://doi.org/10.3389/fpls.2017.01908
https://doi.org/10.3390/agronomy12010145


98

Yoshida T, Turn SQ, Yost RS, Antal MJ (2008) Banagrass vs eucalyptus wood as feedstocks for 
metallurgical biocarbon production. Ind Eng Chem Res 47:9882–9888. https://doi.org/10.1021/
ie801123a

Yuan J, Xu R, Zhang H (2011) The forms of alkalis in the biochar produced from crop resi-
dues at different temperatures. Bioresour Technol 102:3488–3497. https://doi.org/10.1016/j.
biortech.2010.11.018

Zafar-ul-Hye M, Muhammad T, Ahzeeb-ul-Hassan, Muhammad A, Fahad S, Martin B, Tereza D, 
Rahul D, Subhan D (2020a) Potential role of compost mixed biochar with rhizobacteria in miti-
gating lead toxicity in spinach. Sci Rep 10:12159. https://doi.org/10.1038/s41598-020-69183-9

Zafar-ul-Hye M, Muhammad N, Subhan D, Fahad S, Rahul D, Mazhar A, Ashfaq AR, Martin B, 
Jiˇrí H, Zahid HT, Muhammad N (2020b) Alleviation of cadmium adverse effects by improving 
nutrients uptake in bitter gourd through cadmium tolerant rhizobacteria. Environ 7:54. https://
doi.org/10.3390/environments7080054

Zafar-ul-Hye M, Akbar MN, Iftikhar Y, Abbas M, Zahid A, Fahad S, Datta R, Ali M, Elgorban AM, 
Ansari MJ et al (2021) Rhizobacteria inoculation and Caffeic acid alleviated drought stress in 
lentil plants. Sustain 13:9603. https://doi.org/10.3390/su13179603

Zahida Z, Hafiz FB, Zulfiqar AS, Ghulam MS, Fahad S, Muhammad RA, Hafiz MH, Wajid N, 
Muhammad S (2017) Effect of water management and silicon on germination, growth, phos-
phorus and arsenic uptake in rice. Ecotoxicol Environ Saf 144:11–18. https://doi.org/10.1016/j.
ecoenv.2017.06.004

Zahir SM, Zheng-HG, Ala Ud D, Amjad A, Ata Ur R, Kashif J, Shah F, Saud S, Adnan M, Fazli 
W, Saud A, Manzer HS, Shamsher A, Wajid N, Hafiz MH, Fahad S (2021) Synthesis of silver 
nanoparticles using Plantago lanceolata extract and assessing their antibacterial and antioxi-
dant activities. Sci Rep 11:20754. https://doi.org/10.1038/s41598-021-00296-5

Zaman I, Ali M, Shahzad K, Tahir MS, Matloob A, Ahmad W, Alamri S, Khurshid MR, Qureshi 
MM, Wasaya A, Khurram SB, Manzer HS, Fahad S, Rahul D (2021) Effect of plant spacings 
on growth, physiology, yield and Fiber quality attributes of cotton genotypes under nitrogen 
fertilization. Agron 11:2589. https://doi.org/10.3390/agronomy11122589

Zhang A, Cui L, Pan G, Li L, Hussain Q, Zhang X (2010) Effect of biochar amendment on yield 
and methane and nitrous oxide emissions from a rice paddy from Tai Lake plain, China. Agric 
Ecosyst Environ 139(4):469–475. https://doi.org/10.1016/j.agee.2010.09.003

Zhang H, Yue X, Li F, Xiao R, Zhang Y, Gu D (2018) Preparation of rice straw-derived biochar for 
efficient cadmium removal by modification of oxygen-containing functional groups. Sci Total 
Environ 631(632):795–802. https://doi.org/10.1016/j.scitotenv.2018.03.071

Zhang Q, Zhang D, Lu W, Khan MU, Xu H, Yi W, Lei H, Huo E, Qian M, Zhao Y (2020) Production 
of high-density polyethylene biocomposites from rice husk biochar: effects of varying pyrolysis 
temperature. Sci Total Environ 738:139910. https://doi.org/10.1016/j.scitotenv.2020.139910

Zhao L, Cao X, Mašek O, Zimmerman A (2013) Heterogeneity of biochar properties as a function 
of feedstock sources and production temperatures. J Hazard Mater 256(257):1–9. https://doi.
org/10.1016/j.jhazmat.2013.04.015

Zheng H, Wang Z, Deng X, Herbert S, Xing B (2013) Impacts of adding biochar on nitrogen reten-
tion and bio availability in agricultural soil. Geoderma 206:32–39. https://doi.org/10.1111/
ejss.12436

Zia-ur-Rehman M (2020) Environment, climate change and biodiversity. In: Fahad S, Hasanuzzaman 
M, Alam M, Ullah H, Saeed M, Khan AK, Adnan M (eds) Environment, climate, plant and 
vegetation growth. Springer, Cham, pp 473–502. https://doi.org/10.1007/978-3-030-49732-3

F. Jalal et al.

https://doi.org/10.1021/ie801123a
https://doi.org/10.1021/ie801123a
https://doi.org/10.1016/j.biortech.2010.11.018
https://doi.org/10.1016/j.biortech.2010.11.018
https://doi.org/10.1038/s41598-020-69183-9
https://doi.org/10.3390/environments7080054
https://doi.org/10.3390/environments7080054
https://doi.org/10.3390/su13179603
https://doi.org/10.1016/j.ecoenv.2017.06.004
https://doi.org/10.1016/j.ecoenv.2017.06.004
https://doi.org/10.1038/s41598-021-00296-5
https://doi.org/10.3390/agronomy11122589
https://doi.org/10.1016/j.agee.2010.09.003
https://doi.org/10.1016/j.scitotenv.2018.03.071
https://doi.org/10.1016/j.scitotenv.2020.139910
https://doi.org/10.1016/j.jhazmat.2013.04.015
https://doi.org/10.1016/j.jhazmat.2013.04.015
https://doi.org/10.1111/ejss.12436
https://doi.org/10.1111/ejss.12436
https://doi.org/10.1007/978-3-030-49732-3

	Chapter 3: Biochar for Improving Crop Productivity and Soil Fertility
	3.1 Introduction
	3.2 Biochar and Crop Productivity
	3.2.1 Biochar as a Soil Amendment

	3.3 Conclusion
	References


