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Abstract: Arid and semi-arid soils are low in organic matter and have poor fertility, making them a
serious threat to crop production. Most organic amendments, such as crop residues and farmyard
manure, are short lived because of rapid decomposition. Incubation and pot studies were conducted
to assess the impact of wheat straw biochar (produced at 350 °C) on temporal changes in soil microbial
biomass and fertility status and to evaluate the efficacy of biochar for maize production in the top
layer of Typic calciargid. The incubation study compared four levels of biochar (control, 0.5, 1.0
and 2.0% on a w/w basis of soil) and two fertilizer rates, i.e., unfertilized (no NPK fertilizer) and
fertilized (nitrogen, P,Os and K,O with rates of 125, 80 and 52.5 mg kg ~! soil, respectively). After
incubation, the 2.0% biochar significantly improved the soil cation exchange capacity, organic carbon
and microbial biomass carbon by up to 35, 59 and 26%, respectively, while decreasing the soil pH by
up to 1.5% compared to that of the control treatment. When fertilized, the 2.0% biochar improved
the soil’s available phosphorous, extractable potassium and total nitrogen by up to 59, 39 and 28%,
respectively, compared to those of the control. The results from the pot experiment showed that using
the 1% biochar with fertilizer significantly increased the maize dry biomass and grain yield by up to
57 and 72%, respectively, compared to those of the control. Additionally, the nitrogen and phosphorus
recoveries from the mineral fertilizers improved significantly (up to 26 and 38%, respectively) when
using the 1.0% biochar compared to those of the control. Conclusively, the addition of 1.0% biochar
significantly improved maize growth and yield by enhancing nutrient recovery from mineral fertilizer
and improving soil properties.

Keywords: wheat straw biochar; alkaline calcareous soil; microbial biomass carbon; nutrient recovery;
soil organic carbon

1. Introduction

Biochar may persist in soils and sediments for hundreds of years [1-3] and has the
potential to be used in agronomic crop production [4]. Its high surface area and porosity
enable it to retain water and essential nutrients for a longer period and to provide the best
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habitat for soil microorganisms [5,6]. Soil applications of various organic amendments may
have some limitations (i.e., early decomposition). However, a biochar application may be
an effective strategy to overcome such limitations.

Recent research has reported the usefulness of soil amendments to improve agronomic
and fertilizer use efficiencies. Manure, mulches and cover crops have been proven to
be effective in supporting the rapid cycling of plant nutrients in the soil through the
microbial population and supplying these essential plant nutrients to different crops [7-9].
However, the commonly used organic amendments are usually short lived and mineralized
to CO,. Thus, to sustain soil productivity, repeated applications of organic amendments
are recommended [10]. Biochar, on the other hand, stays in soils for longer periods. It
could help fulfill the growing need to turn marginal and unproductive lands into fertile
and productive lands.

In soil environments, biochar interacts with several plant nutrients. The binding ability
of plant essential cations is significantly improved by the addition of soil biochar [11,12].
Thus, improved cationic retention (i.e., NH;* retention) and slower ion release in biochar-
amended soil may be because of its high cation exchange capacity (CEC). Biochar has
the potential to reduce the losses of mineral nitrogen (N) added as ammoniacal N. The
addition of biochar is also a source of labile carbon (C) and as a result, the N immobilization
of microbial biomass is another mechanism that contributes to the retention of N in top
soil [13,14]. The availability of potassium (K) to plants is mainly affected by the physical
properties of the soil, including its hydraulic conductivity, infiltration rate, bulk density
and soil aggregation [15]. Biochar applications improve the physical properties of soil by
increasing the soil organic matter status, which acts as a soil conditioner [16]. Therefore,
biochar can play a significant role in K availability to plants. Biochar may also have
a high anion exchange capacity, so it may also enhance phosphorus (P) availability by
controlling the activity of the cations that interact with soil P [17]. Biochar applications to
alkaline soils may be an effective strategy to reduce soil pH [18]. Phosphorus redistribution,
mineralization and immobilization in soils depend on the physicochemical properties of
soils [19,20]. Although both the phosphate ions and biochar surface may have negative
charges, biochar can still absorb the phosphate ions on it through an interaction that can
overcome electrostatic repulsion [21].

Various factors, such as the temperature and type of feedstock used in the pyrolysis
process, influence the characteristics of biochar. These factors contribute to a wide range of
values for properties such as pH, specific surface area, nutrient content, CEC, ash content
and C content [22]. The temperature at which pyrolysis occurs has a significant impact
on both the physical and chemical properties of biochar. This is because the structure and
chemical bonds undergo stagewise decomposition during the pyrolysis process [23]. The
pH of biochar generally falls within a range from acidic to alkaline, with lower-pH biochars
often being overlooked. However, as the pyrolysis temperature increases, the pH of biochar
tends to rise due to the depletion of acidic functional groups at higher temperatures [24].
Nonetheless, it should be noted that biochars produced at lower temperatures can still
exhibit neutral to acidic properties [25,26]. Higher pyrolysis temperatures tend to yield
biochar with elevated pH levels but lower CEC values and N content [22,27]. A few works
from the literature have suggested that the lower pH resulting from lower temperature
pyrolysis can be neutral to acidic, initially increasing the availability of nutrients for plants
in arid calcareous soils [24]. Similarly, neutral biochars may exhibit different behaviors
compared to commonly available alkaline biochars when introduced into soil during
environmental processes.

Alkaline calcareous (Typic calciargid) soils generally have a high pH with a low content
of organic matter. This type of soil lacks macronutrients (i.e., N and P) and micronutrients
(i.e., zinc, iron and boron), and their deficiency is a common phenomenon in this type of
soil. The sustainability of crop yields is a prerequisite to a boom in the economy of a country.
In alkaline calcareous soils, the application of biochar may play a crucial role in sustaining
soil health, its microbial population and nutrient levels [28]. Studies have revealed the
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outcomes of biochar application on soils and plant productivity [29,30]. However, very
limited information is available about the effect of wheat straw biochar produced at a low
temperature on nutrient availability, microbial biomass and other properties of alkaline
calcareous soil within the great Typic calciargid group. Therefore, studies are needed to
better understand the effects of biochar produced at a low temperature on the chemical,
microbial and nutritional properties of Typic calciargid and crop growth. Therefore, a
research project was planned: (i) to assess the response of wheat straw biochar produced at
a low temperature on the soil properties of Typic calciargid; and (ii) to evaluate wheat straw
biochar produced at a low temperature for maize production.

2. Materials and Methods
2.1. Production and Characterization of Wheat Straw Biochar

For the production of wheat straw biochar, wheat straw feedstock was collected from
a local farmer, sun-dried in a dust-free environment and then oven-dried at 65 °C in an
air-derived oven (Tokyo Rikakikai, Eyela WFO-600ND, Tokyo, Japan) until a constant
weight was obtained. The dried material was crushed into small pieces (with a size of
5-10 mm) followed by pyrolysis in a muffle furnace (Gallonhop, London, UK) at 350 °C [31].
The gradual increase in furnace temperature from the starting room temperature was set
at 8 to 9 °C per minute. Twenty minutes of residence time was set after achieving 350 °C.
After allowing it to cool at room temperature, biochar was collected from the furnace, and
it was then finely ground until it had a particle size of <2 mm.

Sub-samples of the produced biochar were analyzed in the laboratory for key parame-
ters (Table 1). Moisture contents in the biochar were determined gravimetrically. The pH
and electrical conductivity (EC) were measured in a supernatant of a 1:20 mixture of biochar
in distilled water. Ammonium acetate compulsory displacement method was followed to
determine the CEC of biochar [32]. For the determination of ash contents, biochar samples
were heated in a muffle furnace at 750 °C for 5 h [33]. Hydrogen (H), C, N and sulfur (S)
contents were measured through Vario-Micro Elemental (CHNS-O) Analyzer (Elementar
Analysensysteme-GmbH, Langenselbold, Germany). Biochar was digested in sulfuric acid
and hydrogen peroxide [34] followed by the determination of other plant nutrients. The
digests were run on a flame photometer (PFP7, Jenway, Essex, UK) for K and on an atomic
absorption spectrophotometer (A Analyst-100, Perkin-Elmer, Norwalk, CT, USA) for Mg,
Ca, Fe, Mn and Zn analyses. Vanadate-molybdate method [35] was followed to measure P
concentration using a UV-visible spectrophotometer (UV-1201, Shimadzu, Tokyo, Japan).
Oxygen contents in the biochar were calculated by using the following equation:

O (%) =100 — %(H + N + C + Ash)

Different elemental (C:P, C:S and C:N) and molar (O:C, H:C and (O+N):C) ratios were
also calculated to categorize the produced biochar (Table 1).

Table 1. Characterization of biochar produced at 350 °C in a muffle furnace.

Properties Unit Value

Physical /Chemical Characteristics

Ash Content % 11.53

Water content Y% 03.12
Conversion efficiency % 57.28
CEC cmol¢ kg_1 56.34

Electrical Conductivity (1:20) dSm™! 01.27

pH (1:20) - 07.56
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Table 1. Cont.

Properties Unit Value
Nutritional /Elemental characteristic

Carbon (C) Y% 57.54
Hydrogen (H) % 04.37
Oxygen (O) Y% 25.27
Nitrogen (N) % 01.29
Sulfur (S) g kg_l 04.05
Phosphorus (P) gkg™! 01.98
Potassium (K) gkg! 10.17
Magnesium (Mg) gkg™! 04.74
Calcium (Ca) gkg™! 03.53
Iron (Fe) mg kg_1 89.60
Zinc (Zn) mg kg ! 43.76
Manganese (Mn) mg kg~! 61.50

Elemental ratio characteristic

C:N — 44.6

C:P - 291

CsS — 142

Molar ratios characteristic

H:C - 0.91

O:.C — 0.33
(O+N):C — 0.35

Values are means of three replications (1 = 3).

2.2. Analysis of Soil

A bulk soil sample (from 0 to 15 cm soil depth) was collected from the Research Area
of the Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad,
Pakistan (31°26’ N and 73°06' E latitude, 184.4 m altitude) and classified as Typic calciargid.
After air-drying, it was passed through a 2 mm sieve. A sub-sample of sieved soil was used
to determine its physicochemical characteristics. For the determination of soil texture, the
hydrometer method proposed by [36] was followed. The soil texture class was sandy clay
loam with 58.1, 19.4 and 22.5% of sand, silt and clay, respectively. Calomel glass electrode
assembly was used for the determination of the pH of saturated soil paste, which was 7.93.
An extract of saturated soil paste had an EC of 1.30 dS m~!. Walkley-Black method [37]
was used for the determination of soil organic carbon (SOC) content which was 3.98 g kg~!
soil. The CEC of the soil was determined as proposed by [38], which was 16.3 cmol. kg~ .
The method in [39] was followed to determine extractable soil K, which was 110 mg kg~ 1.
Available soil P was determined in NaHCOj3 extract [40], which was 7.34 mg kg’l.

2.3. Incubation Experiment

Four biochar rates (0.0, 0.5, 1.0 and 2.0% on w/w basis of soil) in combination with
control or recommended doses of NPK were thoroughly mixed into soil in plastic pots. Each
pot had 400 g of the sieved soil, and the treated pots were arranged according to a 2-factorial
completely randomized design (CRD) with twelve replicates. In the respective treatments,
basal doses of 250 kg ha=! N (125 mg kg~! soil), 160 kg ha~! P,Os (80 mg kg ™! soil)
and 105 kg ha=! K,0O (52.5 mg kg ~! soil) were added, respectively, as urea, single super
phosphate and potassium sulfate.
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After the application of treatments, pots were covered with polythene sheets with small
holes to allow gases to exchange between soil and atmosphere and to limit moisture loss.
The pots were incubated at 25 £ 3 °C, and moisture contents in the soil were maintained at
80% field capacity.

After 25,50, 75 and 100 days of the application of the treatment, from each treatment, 3
pots were randomly selected for sampling. The collected soil samples were sealed in plastic
bags and immediately preserved in an ultra-low-temperature freezer (Robus Technologies,
Dublin, Ireland) at —40 °C to avoid chemical, biological and nutritional changes. Soil
chemical and nutritional analyses were determined by the following standard procedure
explained below.

The chloroform fumigation method [41] was used for the determination of microbial
biomass C in soil samples, and then the resulting flush of oxidizable C (analyzed by
spectrophotometer) was adjusted by the factor, which was 0.45 [42]. The Ninhydrin
method [43] was followed for the determination of microbial biomass N and adjusted by
a factor of 6.47 [44]. Computations were performed to determine the C:N ratio using soil
organic matter [45].

2.4. Pot Experiment

A pot study was conducted at a glasshouse at the institute. For this, 24 polyethylene-
lined plastic pots (with dimensions of 51 x 33 cm) were each filled with 17 kg soil. Treat-
ments comprised possible combinations of four biochar (control, 0.5, 1.0 and 2.0%) and
two fertilizer (control and fertilized) rates. In a factorial arrangement, the treatments
were arranged according to CRD in triplicates. Control pots received no fertilization,
but the remaining pots received N (125 mg kg~! soil), P,O5 (80 mg kg ! soil) and K,O
(52.5 mg kg ! soil), respectively, as urea, single super phosphate and potassium sulfate.
Nitrogen was added in three equal splits, i.e., before sowing, 15 days after germination and
30 days after germination. After the application of fertilizers and biochar, the soil of each
pot was thoroughly mixed followed by equilibration for 7 d. After that, five pre-soaked
(for 24 h) healthy seeds of maize (Syngenta-8441, Lahore, Pakistan) were sown per pot.
Ten days after the germination, the maize seedlings were thinned to a single plant pot~!.
Throughout the experimental period, to maintain moisture content at 90% of field capacity,
tap water was used for irrigation in all the pots. For the peak vegetative growth, plant
physiological traits (water use efficiency, photosynthetic rate, stomatal conductance and
vapour pressure deficit) were recorded using a portable photosynthesis system (CIRAS-3,
PP Systems-Hitchin, Hertfordshire, UK) between 09:30 am and 10:30 am. For this purpose,
the fully expanded upper leaf (2nd leaf from the top) of each plant was selected.

Maize plants were harvested at maturity (after 115 days of sowing). Root and shoot
samples were collected and washed with tap water. After washing, samples were air-dried
and then oven-dried at 65 °C in an air-driven oven, till a constant weight was obtained.
After recording shoot, cob, grain and root dry matter yields, the plant samples were finely
ground in a metal-free grinder. The known weights of the samples were digested in sulfuric
acid and hydrogen peroxide [34]. Kjeldhel method was used for the determination of
N from plant samples [46]. For P determination, after developing yellow color by the
vanadate-molybdate method [35], samples were run on a UV-visible spectrophotometer.
For K determination, a flame photometer was used.

Computations of nutrient uptake were based on the data of dry matter yield and
nutrient contents in plant tissues. Nutrient recovery was calculated using the following
equation [47]:

Nutrient Recovery (%) — (Nutrient Uptake in Biochar Treated Pots — Nutrient Uptake in Control Pots) 100
yier= Nutrient Added through Inorganic Fertilizer and Biochar
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Post-harvest soil samples were collected after three days of harvesting. Collected soil
samples were sun-dried and crushed to pass through a 2 mm sieve. The soil samples were
analyzed for various chemical and nutritional characteristics of the soil. The details of the
procedures followed are described below in the soil analysis.

2.5. Statistical Analysis

General data computations were performed in Microsoft Excel 365® (Microsoft Cor-
poration, Redmond, WA, USA). Statistical software Statistix 8.1® was used to check the
significance of different treatments by analysis of variance test followed by Tukey’s multiple
comparison test (p < 0.05).

Research resources: The funds for the research’s resources were provided by the
Higher Education Commission, Islamabad (Pakistan) through the Project No. 20-2431.

3. Results
3.1. Biochar Characterization

The biochar had an ash content of 11.53%, a moisture content of 3.12% and a conversion
efficiency of 57.3%. The CEC, EC and pH of the biochar were 56.34 cmolc kg’l, 01.27dSm™1
and 07.56, respectively. In terms of its nutritional and elemental characteristics, the biochar
contained 57.54% C, 4.37% hydrogen (H), 25.27% oxygen (O) and 1.29% N. It also contained
4.05 g kg~ ! of sulfur (S), 1.98 g kg ! of P, 10.17 g kg~ ! of potassium (K), 4.74 g kg~ ! of
magnesium, 3.53 g kg~! of calcium, 89.60 mg kg~! of iron, 43.76 mg kg~! of zinc and
61.50 mg kg~! of manganese. The elemental ratios revealed that the C:N ratio was 44.6,
the C:P ratio was 291 and the C:S ratio was 142. Additionally, for the molar ratios, the H:C
ratio was 0.91, the O:C was 0.33 and (O+N):C was 0.35.

3.2. Incubation Experiment
3.2.1. Chemical and Nutritional Properties of Soil

A significant decrease in soil pH was observed with incremental biochar rates (Figure 1a).
Overall, the highest pH value (7.92) was observed in the control treatment without fertilizer.
The lowest value (7.82) for the soil pH was observed after 100 days of incubation, when a
2% biochar rate was used. Soil chemical properties (CEC and TOC) were also significantly
improved with the addition of biochar in the soil (Figure 1b,c). The maximum soil CEC
(of 24.5 cmol. kg ') and TOC (of 9.1 g kg~ !) were observed after 100 days of incubation
(Figure 1b).

The biochar addition at 2.0% improved the total soil N and available P concentration,
significantly increasing over time (Figure 2a). As compared to the first sampling, the highest
concentration of available P (36.93 mg kg ') was also observed after 100 days of incubation
in the treatment for which the 2.0% biochar was added.

3.2.2. Biological Properties of Soil

Microbial biomass C was significantly increased with an increase in the incubation du-
ration after the addition of the biochar to the soil (Figure 3a). The maximum concentration
of microbial biomass C (451.65 ug g~!) was in the treatment for which the 2.0% biochar
was added to the soil and after 50 days of the incubation period. Therefore, an increase of
26% was observed in microbial biomass C as compared with that of the respective control
treatment.

After 50 days of incubation, a significant decrease in microbial biomass N was ob-
served; however, after 75 and 100 days, no further statistical changes in microbial biomass N
were observed (Figure 3b). Overall, the highest amount of microbial biomass N (30.0 ug g’l)
was observed after 25 days of incubation in the amended 2.0% biochar treatment with
fertilizer. This was 43% greater than the microbial biomass N measured after 100 days of
incubation in the amended 2.0% biochar treatment.
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Figure 1. Temporal variation in soil pH, CEC and total organic C at different biochar rates under
fertilized and unfertilized conditions. Wheat straw biochar (WSB) was added at 0.0 (control), 0.5,
1 and 2% of dry weight of soil on w/w basis. Standard deviations are shown as error bars (1 = 3).
Whereas, the figures indicates (a); variations in soil pH (b); variations in CEC, and (c) total organic

carbon.
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Figure 2. Temporal variation in nutritional characteristics of soil at different biochar rates under
fertilized and unfertilized conditions. Wheat straw biochar (WSB) was added at 0.0 (control), 0.5,
1 and 2% of dry weight of soil on w/w basis. Standard deviations are shown as error bars (1 = 3).
Whereas, the figures shows (a) total nitrogen; (b) soil available P; and (c) soil extractable K.

Under unfertilized and fertilized conditions, at various sampling durations, a sig-
nificant increase in the C:N ratio was observed with the application of different rates of
biochar, compared to those of the respective control treatments (Figure 3c). Under the
unfertilized condition, the highest C:N ratio (44.8) was observed after 100 days of the
treatment’s application. Under the fertilized condition, significant increases in the C:N ratio
were observed in the treatments with respective biochar rates compared to the treatments
with different biochar rates after 50, 75 and 100 days of the treatment’s application.
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Figure 3. Temporal variation in biological characteristics of soil at different biochar rates under
fertilized and unfertilized conditions. Wheat straw biochar (WSB) was added at 0.0 (control), 0.5,
1 and 2% of dry weight of soil on w/w basis. Standard deviations are shown as error bars (1 = 3).
Whereas the figures indicates the (a) microbial biomass C; (b) microbial biomass N; and (c) C:N ratio.

3.3. Pot Experiment
3.3.1. Physiological and Agronomic Parameters

The main effects of the biochar and fertilizer were significant for the maize’s physiolog-
ical traits (Table 2). The stomatal conductance (gs), water use efficiency and photosynthetic
rate (A) of the maize plants were improved significantly by increasing the biochar rates
and by the addition of NPK, and their maximum values (248.00 mmol m2s~ 1 6.30 mmol
CO, mol~! H,O and 27.00 pmol m~2 s~ 1) were measured at the 1.0% biochar rate added
in the soil along with the recommended NPK. The vapour pressure deficit in the maize
plants was decreased significantly by the addition of biochar to the soil and by the addition
of NPK. A minimum vapour pressure deficit of 2.42 KPa was also found in the treatment in
which the 1.0% biochar was added along with NPK, and it was up to 47% less than that of
the control treatment.

The maize’s agronomics parameters (dry biomass, root dry weight, grain and straw
yield) were significantly improved by the addition of biochar and fertilizer (Table 3). The
wheat straw with the addition of 1.0% biochar in combination with the recommended NPK
produced the highest yields, and the maximum values for the dry biomass, grain yield,
stover yield and root dry weight were 236, 79, 157 and 64 g pot ™!, respectively.
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Table 2. Effect of wheat straw biochar and NPK fertilizer on physiological characteristics of maize at

maximum vegetative growth stage.

Fertilizer Dose

Biochar Rates 0% RFD * 100% RFD 0% RFD 100% RFD
Photosynthetic Rate (umol m—2 s—1) Water Use Efficiency (mmol CO, mol-1 H,0)
Control 11.67 £ 145 f 19.33 £ 0.88 cd 3.32+£0.13d 5.63 £0.10b
0.5% 13.67 £ 0.88 ef 22.67 +1.45bc 370 £0.13¢ 5.70 £ 0.09 b
1.0% 14.67 £ 0.88 ef 27.00+1.15a 3.95+012c¢ 6.30 £0.16 a
2.0% 15.66 & 0.88 de 25.67 £ 1.45 ab 399 +£012¢ 590 £0.13b
Stomatal conductance (mmol m~2 s 1) Vapour pressure deficit (KPa)
Control 133.67 £5.82 e 207.33 £7.36 ¢ 459+ 025a 3.06 £0.12¢
0.5% 143.67 £521e 228.67 £4.92b 403 £0.11b 2.88 £ 0.06 cd
1.0% 163.67 +5.05d 248.00 +4.59 a 3.76 £0.19b 242 +011e
2.0% 17233 £ 6.77d 240.00 £ 3.79 ab 3.74£0.12b 2.62 £ 0.07 de

* Recommended fertilizer rate, i.e., 225, 160 and 110 kg ha ! of N, Pand K, respectively. All values are means of
the three replications + standard deviation (1 = 3). According to the Tukey-HSD test, the significance between
treatments is represented through different letters in each column at p < 0.05.

Table 3. Effect of wheat straw biochar and NPK fertilizer on agronomical traits of maize.

Biochar Rates

Fertilizer Dose

0% RFD * 100% RFD 0% RFD 100% RFD

Grain Yield in g pot~—1 Stover Yield in g pot—1

Control 223 £5.67d 0789 +7.13 ¢ 0789 +7.13 ¢ 152.7 £9.33 a
0.5% 2234+353d 097.8 £ 5.83 be 097.8 £ 5.83 be 1574+ 6.56 a
1.0% 31.3 +4.33 cd 107.4 £5.97b 107.4 £5.97b 156.6 =7.02a
2.0% 35.0+231c 1144 +£295a 1144 +295b 159.9 £ 458 a

Dry biomass yield in g pot~! Root dry weight in g pot™!

Control 101.3 £947 e 205.7 £ 6.88b 154 +2.63d 50.5 £ 1.69b
0.5% 1202 +3.31d 219.4 £ 6.39 ab 20.7 £2.82d 532 +236b
1.0% 138.8 £ 6.21 ¢ 2359 +4.12a 24.3 +3.49 cd 63.5+412a
2.0% 1494 £ 5.16 c 2319+440a 312+ 137c¢ 63.0 £ 6.38a

* Recommended fertilizer rate, i.e., 225, 160 and 110 kg ha=lofN,Pand K, respectively. All values are means of
the three replications =+ standard deviation (1 = 3). According to the Tukey—-HSD test, the significance between
treatments is represented through different letters in each column at p < 0.05.

3.3.2. Nutrient Concentration and Uptake in Maize Plant

The nitrogen and K contents in the stover and grains of the maize plant were signifi-
cantly enhanced when biochar was added, and the same trend was observed with NPK
(Table 4). A significant interactive effect of the biochar and fertilizer was observed for the P
concentration in different parts of the maize plant. The addition of the 1.0% biochar along
with the recommended NPK resulted in the maximum concentrations of N, P and K in
the stover and grains of the maize plants. The maximum concentrations were 0.43% N,
1.83 g P kg~ ! and 6.51% K in the stover, and 1.47% N, 4.83 g P kg~ ! and 5.79% K in the
grains.

A significant interactive effect of biochar and fertilizer was observed on the nutrient
uptake in the maize grains (Table 5). The highest values of 1.17, 0.38 and 0.46 g pot~! for,
respectively, the N, P and K uptake were measured with the additions of the NPK fertilizer
and 1.0% biochar. Significant effects of the biochar and fertilizer were also observed on the
N, P and K uptake in the maize stover with their values being 0.67, 0.29 and 1.02 g pot~!,
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respectively, for the 1.0% biochar in combination with the recommended dose of NPK

fertilizer.

Table 4. Effect of wheat straw biochar and NPK fertilizer on nutrient concentration of maize.

Biochar Rates

Fertilizer Dose

0% RFD * 100% RFD

0% RFD 100% RFD

Nitrogen Concentration in Grain (%)

Nitrogen Concentration in Stover (%)

Control 0.55£0.02d 1.25 £ 0.06 b 0.13 £0.02d 0.36 = 0.03 a
0.5% 0.62 £ 0.06 d 124 £0.02b 0.17 £ 0.02 cd 0.38 £0.03 a
1.0% 0.77 £ 0.03 ¢ 147 £0.02a 0.24 £ 0.03 bc 0.43 £0.02a
2.0% 0.77 £0.02 ¢ 1.37 £ 0.04 a 0.27 £0.02b 0.42 £0.03a

Phosphorus concentration in grain (g kg™!) Phosphorus concentration in stover (g kg ™)

Control 1.63 £ 0.06 ¢ 3.46 £0.05b 0.63 £ 0.06 f 1.16 £0.05¢
0.5% 1.77 £ 0.05 ¢ 3.61 £0.04b 0.72+£0.05¢ 1.21 £ 0.05b
1.0% 1.85+0.05¢ 483 +0.04a 0.78 £0.05¢ 143 £0.09 a
2.0% 1.65 +0.27 ¢ 4.65+0.04a 0.98 £ 0.07 d 125+ 0.11b

Potassium concentration in grain (%) Potassium concentration in stover (%)

Control 3.60 £ 0.06 d 4.63 £+ 0.05 be 428 +£0.06 e 5.46 £ 0.05c
0.5% 3.69 £0.05d 5.30 £ 0.04 ab 483 +0.05d 6.05+0.04b
1.0% 4.29 £ 0.05 cd 579 £0.04a 517 £0.05cd 6.51 £0.04a
2.0% 433 £0.07 cd 529 +0.04 ab 499 +£0.07d 6.26 + 0.04 ab

* Recommended fertilizer rate, i.e., 225, 160 and 110 kg ha=1forN,Pand K, respectively. All values are means of
the three replications =+ standard deviation (1 = 3). According to the Tukey—-HSD test, the significance between
treatments is represented through different letters in each column at p < 0.05.

Table 5. Effect of wheat straw biochar and NPK fertilizer on nutrient uptake in maize grain and

stover.

Biochar Rates

Fertilizer Dose

0% RFD *

100% RFD

0% RFD

100% RFD

Nitrogen Uptake in Grain (g pot~1)

Nitrogen Uptake in Stover (g pot—1)

Control 0.13 £0.035e 0.66 £ 0.045 ¢ 0.11£0.025 ¢ 0.560 &+ 0.073 a
0.5% 0.14 +£0.029 e 0.76 £ 0.034 ¢ 0.17 £ 0.026 bc 0.599 & 0.061 a
1.0% 0.24 £0.042 de 117 £ 0.047 a 0.26 £ 0.019 bc 0.673 £ 0.048 a
2.0% 0.27 +£0.013d 0.99 £ 0.063 b 0.30+£0.010b 0.674 £0.070 a

Phosphorus uptake in grain (mg pot™!) Phosphorus uptake in stover (mg pot™1)

Control 036.52 £ 09.55 f 183.83 +11.87 d 048.92 £ 00.74 f 222.52 +06.33 ¢
0.5% 039.27 £ 05.07 f 22392 £09.31c¢ 076.25 £ 09.27 e 253.79 £15.27b
1.0% 058.15 £ 08.62 e 383.30 £ 19.47 a 090.77 £ 01.15 de 286.61 £14.13 a
2.0% 056.63 £ 06.62 e 334.85 +£12.82b 112.82 +11.23d 264.23 £ 08.54 ab

Potassium uptake in grain (g pot™1) Potassium uptake in stover (g pot™!)

Control 0.082 +0.025e 0.245 £ 0.013 ¢ 0.341 +£0.05d 0.84 £0.084 b
0.5% 0.083 £0.015e 0.328 £ 0.009 b 0471 £0.17 cd 0.95 £ 0.053 ab
1.0% 0.136 & 0.026 de 0.460 & 0.031 a 0.553 £ 0.21¢ 0.10 £0.070 a
2.0% 0.153 4 0.021 d 0.380 + 0.011b 0570+ 0.20 ¢ 1.00 +0.032 a

* Recommended fertilizer rate, i.e., 225, 160 and 110 kg ha=!forN,Pand K, respectively. All values are means of
the three replications =+ standard deviation (1 = 3). According to the Tukey—-HSD test, the significance between
treatments is represented through different letters in each column at p < 0.05.
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3.3.3. Nutrient Recovery from Mineral Fertilizers

There was a significant effect of the biochar application on the N and P recovery
from the urea and single super phosphate fertilizers, but a non-significant effect was
observed for the K recovery from the potassium sulfate (Figure 4). Overall, for all of
the biochar rates, a maximum percentage of K recovery (99%) was observed for the 1%
biochar application. The maximum N and P recoveries, up to 74 from the urea and 42%
from the single superphosphate, were achieved with the 1.0% biochar application. Hence,
there was an improved N recovery (26%) and P recovery (38%) from the urea and single
superphosphate compared to those of the control treatment without biochar.
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Figure 4. Response of wheat straw biochar (biochar) on the recovery of nutrients (K, P and N)
from mineral fertilizers. According to the Tukey-HSD test, the significance between treatments is
represented through different letters. In case of K recovery, treatment differences were found to be
non-significant. The figure indicate (a) potassium recovery; (b)phosphorus recovery; and (c) nitrogen
recovery.

3.3.4. Chemical and Nutritional Properties of Post-Harvest Soil

The soil’s chemical properties were significantly affected in response to the addition of
biochar (Table 6). The highest statistical CEC, total organic C and EC were 28 cmol. kg~ !,
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8.9 g kg~ ! and 2.05 dS m~!, respectively, while the minimum soil pH (7.81) was measured

with the 2.0% biochar.
Table 6. Effect of wheat straw biochar and fertilizer rates on soil chemical properties after maize
harvesting.
Fertilizer Dose
Biochar Rates 0% RFD * 100% RFD 0% RFD 100% RFD
Soil EC (dSm~1) Soil pH
Control 1.24 £0.07 £ 138 = 0.04 e 792 +0.03 a 791 £ 0.02 ab
0.5% 1.55 £ 0.06 d 1.66 £+ 0.07 cd 7.85 + 0.01 cd 7.87 £+ 0.01 be
1.0% 1.73+0.04 c 1.92 £ 0.03 ab 7.81 £0.01d 7.81 £0.01 cd
2.0% 1.88 £ 0.04 b 2.05+0.04a 7.80 £0.01d 7.81 £0.01 cd
Soil CEC (cmol. kg’l) Total soil organic C (g kg’l)
Control 16.37 £ 0.62e 15.30 £ 1.03e 397 4+0.14d 3944+0.15d
0.5% 20.57 +0.54d 21.60 + 1.05 cd 526 £0.32¢ 527 £0.26 ¢
1.0% 23.40 £ 051 ¢ 2550 +0.44 b 717 £0.30b 723 +£0.23Db
2.0% 26.97 + 0.75 ab 2840 +0.53 a 8.80 £0.24a 891+0.12a

* Recommended fertilizer rate, i.e., 225, 160 and 110 kg ha ! ofN,Pand K, respectively. All values are means of
the three replications =+ standard deviation (1 = 3). According to the Tukey—-HSD test, the significance between
treatments is represented through different letters in each column at p < 0.05.

A significant interactive effect was observed for the biochar x fertilizers on the soil’s
total N concentration, while only the main effects of the biochar and fertilizers were found
to be significant for the soil’s available P concentration (Table 7). The maximum total N
and available P (i.e., 0.074 mg N kg~ ! and 9.27 mg P kg~ ') were measured with the 2.0%
biochar along with the NPK fertilizers. However, only a non-significant effect of the biochar
and fertilizers was observed for the soil extractable K concentration.

Table 7. Effect of different fertilizer rates and wheat straw biochar on soil nutritional properties after

maize harvesting.

Biochar Rates 0% RFD * 100% RFD
Soil N (mg pot™1)

Control 0.060 £ 0.0009 d 0.060 £ 0.0006 d
0.5% 0.061 % 0.0009 d 0.065 £ 0.0006 ¢
1.0% 0.064 £ 0.0006 ¢ 0.069 £+ 0.0010 b
2.0% 0.066 £ 0.0006 ¢ 0.074 £ 0.0009 a

Available soil P (mg kg™1)

Control 755+03f 815+ 0.11e
0.5% 825+ 0.1de 857 £0.10 cd
1.0% 8.72+0.1bc 9.03 £ 0.11 ab
2.0% 9.024+0.1ab 9.27+0.10a

Extractable soil K (mg kg™!)

Control 111.60 4= 05.06 e 109.71 = 04.03 e
0.5% 143.56 + 04.82 d 163.89 £ 06.37 ¢
1.0% 165.62 £+ 04.38 ¢ 188.60 £ 05.18 b
2.0% 174.15 4 05.97 bc 206.97 £ 05.40 a

* Recommended fertilizer rate, i.e., 225, 160 and 110 kg ha ! of N, Pand K, respectively. All values are means of
the three replications + standard deviation (n = 3). According to the Tukey-HSD test, the significance between
treatments is represented through different letters in each column at p < 0.05.
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4. Discussion

Biochar produced at a low pyrolysis temperature yields a greater recovery of nutrients,
which are usually lost at higher temperatures [48]. Due to biochar’s addition, a significant
improvement in the agronomic and physiological parameters (Tables 2 and 3) of maize
growth may be linked to the high nutrient contents in biochar produced at a low tempera-
ture (Table 1). The alkalinity of biochar can be increased by higher pyrolysis temperatures,
which lead to the elimination of acidic functional groups, such as hydroxyl, formyl or
carboxyl and the enrichment of basic cations [2,44]. Typic calciargid soils are already alkaline
in pH [49]. In this type of soil, biochars produced at high pyrolysis temperatures may not
be a suitable option, so, to avoid this scenario, in the current study, biochar was produced at
a low pyrolysis temperature with aim of obtaining a product with a comparatively neutral
pH (Table 1).

The biochar produced at a low temperature may have the advantage of a high CEC [22].
Biochars produced at low temperatures retain acidic functional groups, such as phenol,
lactonic and carboxylic acid. These functional groups not only contribute to achieving a
pH near to neutral or even acidic for the biochar, but the pore surface negative charge of
these functional groups also contributes to a better CEC that helps to retain cations, i.e.,
ammonium [50]. In the current incubation and pot studies, a significant improvement
in the soil CEC (Figure 1b, Table 6) was observed, especially when 1 or 2% biochar was
added. In the incubation study, a temporal increase in the soil CEC might be the result
of the oxidation of the functional groups present on the biochar surfaces [51]. Over a
short time period, a minor temporal increase in soil CEC has been reported under acidic
soils (oxisols) [52]; however, this phenomenon was more prominent in our case, in which
a significant temporal increase in the CEC of Typic calciargid soil was observed over the
period of 100 days (Figure 1b). The CEC of biochar plays a crucial role in enhancing soil
nutrient retention and minimizing fertilizer losses [53]. Soil with a greater CEC has a
greater available nutrient concentration. In our study, the better availability of essential
nutrients from biochar-amended soil resulted in an improved efficiency of nutrient use
as compared with that of the control (Figure 4; Table 5). Hence, better nutrient retention
in the topsoil because of the addition of biochar resulted in improved nutrient recoveries
from the mineral fertilizers. This increase in nutrient availability from the applied mineral
fertilizers may also be linked to improved soil chemical properties, i.e., soil CEC and
TOC. The addition of biochar increased maize growth and the nutritional parameters of
maize, which may also be linked to the increase in the availability of nutrients from the
mineral fertilizers (Figures 1 and 2; Table 4). Biochar applications improve various other
soil attributes (including its physical properties and fertility status) which may ultimately
contribute to the improved productivity of crop plants [43].

The chemical properties of soil, including CEC, SOC, EC and pH, are very impor-
tant for nutrient bioavailability in plants. The utilization of high pyrolysis temperatures
(600-700 °C) in biochar production leads to a reduction in the abundance of acidic func-
tional groups, particularly carboxylic functional groups, while introducing more basic
functional groups [54,55]. Biochar produced at elevated temperatures displays a highly
aromatic composition with well-structured carbon layers. Nevertheless, in the present
investigation, biochar was produced at low pyrolysis temperatures, resulting in a biochar
pH (7.56, Table 1) lower than that of the Typic calciargid soil (7.93) used in the current
study [22]. The optimum availability of nutrients to plants ranges from a soil pH of 6.5 to
7.5. In current study, a minor decrease in soil pH was observed as a result of the biochar
application (Table 6), which may oxidize the other elements present on the soil surface
through microbial as well as chemical activity [56]. The oxidization thus produces car-
boxylic functional groups [11] that can reduce the alkalinity and decrease the soil pH as
shown in the incubation experiment (Figure 1). However, this decrease was very low (up
to 0.2), but at least the biochar application produced at a low temperature did not show
any further increase in the pH of the already alkaline soil (the alkaline behavior of biochar
has been observed in the majority of studies conducted all over the world); thus, we can
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conclude that the biochar produced at a low pyrolysis temperature can be used as to amend
the alkaline nature of soils.

The better root growth and its proliferation in the soil might also be because of the
greater ethylene concentration produced in the biochar-amended soil as compared with
that in the control [57]. As compared to the control, a minor improvement in yield with
the addition of charcoal was observed; however, the yield increase was greater with the
combined application of charcoal and mineral fertilizers. From the meta-analysis, it was
concluded that the application of biochar with inorganic fertilizers may increase plant
yield by 25.3% [58]. The addition of soil biochar may improve soil microbial biomass and
microbial C (Figure 3), which may ultimately improve the organic C status of soils [8].
A significant amount of organic matter is added with biochar, which increases the con-
centration of organic matter in the soil [59]. A significant improvement in the microbial
biomass C in soil was observed with increasing biochar rates up to 50 days during the
incubation study; after that, it decreased up to 75 days and then became constant for
up to 100 days (Figure 3). The increase in the microbial biomass C was probably due to
the labile C fraction present in biochar [60-62]. With time, non-significant changes have
been reported in microbial biomass C for up to 4 years, which were improved initially
with biochar applications. The reason behind this is the recalcitrant nature of biochar, i.e.,
the resistance of biochar constituents to oxidation [63,64]. The higher organic C status of
soils amended with biochar has also been well documented [41,65,66]. This provides a
suitable and safe habitat for the growth of soil microorganisms for longer periods [67,68].
In current study, the N and P recovery was improved as a result of the addition of 1%
biochar; however, the K recovery was statistically non-significant with the addition of
biochar (Figure 4). Biochar increases the availability of essential soil nutrients (such as K, P
and dissolved organic matter), adsorbs harmful compounds, improves soil moisture and
pH, and ultimately influences soil microbial activity [59,66,69].

After 50 days of the treatments, a significant decrease in the microbial biomass N in
the soil was observed with the increasing rates of biochar (Figure 3). Zhang et al. [8] also
observed a significant reduction in microbial biomass N and the microbial biomass C:N
ratio because of NH* adsorption on biochar surfaces. This shows that biochar may initially
limit microbial activity in soil at a certain level by slowing down the mineralization of soil
organic N [8,70]. Over time, the adsorbed NH;* is released from the biochar surface and
becomes available to plants and microorganisms. This was evident in our incubation study
with an increase in soil microbial biomass N after 50 days of incubation (Figure 3). Similar
findings have also been reported and link this phenomenon with the nutrient cycling in
soil, which results in better crop growth and improved soil fertility status [71].

5. Conclusions

In both the greenhouse experiment and incubation study, the addition of 1.0 and 2.0%
biochars produced at a low temperature significantly improved the maize growth and yield
by enhancing the nutrient recovery (P and K) from mineral fertilizers in Typic calcargid soil.
The biochar increased the soil total N, available P, extractable K, soil organic C and CEC, but
a minor decrease was observed in the soil pH. Further, the incubation study confirmed the
temporal enhancement in the soil microbial biomass C in biochar-amended Typic calciargid
soil. The positive effects of biochar were more prominent with the addition of 1% biochar
and were associated with improvements in the soil’s chemical, biological and nutritional
properties.
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