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Abstract: Nitrogen (N) losses are prevalent under South East Asia’s due to high N fertilizer inputs,
but low N fertilizer use efficiency. This leaves a large quantity of reactive N at risk of loss to the
environment. Biochar has been found to reduce N losses across a variety of soil types, however,
there is limited data available for semi-arid climates, particularly at a field-scale. Herein we present
an exploration of the biological and chemical enhancement effects observed of a cotton stalk-based
biochar on wheat growth and yield under arid field conditions. The biochar was treated with urea-
N and biofertilizer (bio-power) in different treatment setups. The six experimental treatments in-
cluded; (i) a full N dose “recommended for wheat crops in the region” (104 kg N ha™) as a positive
control; (i) a half N dose (52 kg N ha™); (iii) a half N dose + biofertilizer (4.94 kg ha™) as a soil
mixture; (iv) a half N dose + biofertilizer as a seed inoculation; (v) a full N dose as broadcast +
biochar (5 t ha™) inoculated with biofertilizer; and (vi) a full N doseloaded on biochar + biofertilizer
applied as a soil mixture. The half dose N application or biofertilizer addition as soil mix/seed inoc-
ulated/biochar inoculation with biofertilizer caused reduced wheat growth and yield compared to
the control (conventional N fertilization). However, co-application of chemically enhanced biochar
(loaded with a full N dose) and biofertilizer as soil mixture significantly increased the crop growth
rate (CGR) and leaf area index (LAI). A significantly higher crop growth and canopy development
led to a higher light interception and radiation use efficiency (RUE) for total dry matter (TDM) and
grain yield (11% greater than control) production compared to the control. A greater grain yield,
observed for the full N doseloaded on biochar + biofertilizer applied as a soil mixture, is attributed
to prolonged N availability as indicated by greater plant and soil N content at harvest and different
crop growth stages, respectively. The present study has improved our understanding of how the
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application of nitrogen loaded biochar and biofertilizer as soil mixtures can synergize to positively
affect wheat growth and soil-nitrogen retention under arid environmental conditions.

Keywords: NOs™-N; NHs-N; canopy growth; IPAR; RUE; pollution; wheat; food security

1. Introduction

The increasing food demands of an ever-increasing population have been identified
as key indicators of crop intensification and the non-judicious use of synthetic chemicals
[1]. For instance, rather than using fertilizers containing a balanced mix of major soil nu-
trients, it is not uncommon for high levels of fertilizers containing only nitrogen (N) to be
applied to land as they are often cheaper. This has resulted in detrimental effects on the
environment, such as nitrogen leaching to groundwater [2], and increased greenhouse gas
emissions. The use of organic amendments (e.g., farm manure, compost and mulch) as
alternatives to synthetic fertilizers can reduce N losses, improve N use efficiency, increase
soil quality and improve N availability to plants [3,4]. Recently, biochar (BC) has received
increasing attention as an organic amendment that can increase soil carbon sequestration
[5], whilst providing the additional benefits of improved soil health and quality [6] and,
most relevantly for this study, providing strong interaction with N fertilizer to reduce
total nitrogen losses [7] and nitrate leaching [6,8-10], and may also act as a slow-release N
fertilizer as recently reported by Kammann et al. [11] and Haider et al. [12].

Wheat production is under threat in South Asian countries like Pakistan due to in-
creasingly extreme weather patterns resulting in extended dry spells and intensive rainfall
events. The increased frequency of these events has been globally reported with climactic
models suggesting that they will become increasingly common [13]. Variable high tem-
peratures during grain formation, combined with low soil fertility and organic matter
(OM), have also represented significant constraints to grain production in recent years
[14,15]. Furthermore, warmer temperatures accelerate phenological development [16], re-
sulting in low biomass yield due to less radiation interception and nutrient uptake, both
of which serve to reduce crop yield [17]. Increased temperatures are forecast across arid
regions [18], therefore, more N would be expected to be lost from the soil profile, particu-
larly where N inputs remain unchanged. Nitrogen is an essential nutrient and a restrictive
factor with regard to the productivity of major cereal crops [19]. The wheat crop yield
depends on efficient nitrogen (N) use to achieve higher yields [20]. Thus, it is essential for
the nitrogen supply to be replenished in order to maintain or increase crop yield [21].

The potential of biochar amendments to influence nitrogen dynamics in agricultural
soils under different climatic conditions has been reported [9,22]. Nitrogen cycling and
transformation processes such as immobilization, fixation and mineralization are all re-
portedly influenced by the biochar application [23]. Biochar can also significantly mini-
mize the leaching of NOs~ and NH4* [6], lower the mineralization rate of organic N and
reduce N20 emissions from a soil [24]. It has recently been reported that a combined ap-
plication of synthetically developed controlled-release N, normal urea fertilizer and bio-
char resulted in enhanced fertilizer use efficiency and increased rice yield compared to
normal urea or controlled release N fertilizer over a three-year field study [25]. It was also
found that biochar particles could capture mineral nitrogen during normal cropping for
three years under temperate field conditions, although no yield improvements were ob-
served [9,10]. When the biochar particles from the study were considered as an N source
and compared to synthetic N sources under controlled conditions, the plant availability
of the N captured by the biochar particles was found to be equal to that of the synthetic N
[12]. These studies suggest that one way to improve N utilization may be to develop ad-
vanced approaches which utilize the nutrient retention capabilities of biochar, thus ensur-
ing that N fertilizers can be supplied in a targeted way.
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The use of biofertilizers has been the subject of increasing research attention in the
wake of increasing climate change issues and a drive to limit the use of synthetic N ferti-
lizer in agriculture to reduce gaseous N losses [26,27]. Biofertilizers comprise a mixture of
plant growth-promoting rhizobacteria [28] or arbuscular mycorrhizal fungi [29]. These
organisms interact symbiotically with plant root systems improving stress tolerance and
nutrient availability [30]. Moreover, Azospirillum and Azotobacter can also improve plant
roots through adventitious root initiation via auxins exchange and root hair development
[31,32]. Dal Cortivo et al. [27] reported that biofertilizers (including rhizobacteria and my-
corrhizal fungi) can significantly improve small grain crop growth, nitrogen uptake and
yield. Biochar and plant-growth-promoting biofertilizers may be used as a strategy to sol-
ubilize and improve nutrient availability to crops under arid conditions [33]. Arabi et al.
[34] reported a significant (51%) yield improvement in a soybean crop with combined bi-
ochar and bio-fertilizer application compared to no fertilizer. This highlights the potential
for using organic resources to improve soil fertility and crop yield.

The study herein aimed to examine the chemical and biological enhancement effects
of biochar on wheat growth and yield. Wheat was chosen as a test crop due to its being
integral to Pakistan’s food security and agricultural profitability/economic security. We
hypothesized that: (a) Urea-N loaded onto biochar may serve as biochar-based slow-re-
lease N fertilizer which could improve plant-N availability (Haider et al., 2015; 2020). (b)
The combined application of biochar and biofertilizers with low N application may im-
prove soil-N transformation and improve plant availability, thereby improving crop
growth and yield. The major objectives were to: (i) identify the most effective treatment
combination of biochar, biofertilizer and N dose for arid wheat production. (ii) Improve
soil carbon sequestration without compromising the farmer’s profitability, as demon-
strated economic benefits are more likely to be accepted in society and increase the chance
of uptake.

2. Materials and Methods
2.1. Experimental Site and Environmental Conditions

A field experiment was carried out in Multan, the South-Punjab region of Pakistan,
at 30.1598° N, 71.4502° E; altitude 129 m (Figure 1). The study site falls under the country’s
arid subtropical region, with an annual average temperature of 32.6 °C and average an-
nual precipitation of 186.8 mm. The diurnal variations observed in the study area fluctu-
ated, with average air temperature varying from 26—49 °C and 4-23 °C throughout sum-
mer and winter periods, respectively. The maximum rainfall was recorded during the
monsoon season (July and August) and was extremely varied. There was very little rain-
fall during the winter season, which meant that typical crop water demands were not met.
The regular values of minimum (Tmin), maximum (Tmax), sunshine hours, growing de-
gree days (GDDs) (above a specific threshold temperature and rainfall) observed through-
out the study period are presented in Supplementary Materials Figure S1.
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Figure 1. Location of the study area in South Punjab, Pakistan.

The research area was located between the rivers Sutlej (having water only under
flood conditions since the 1960s) in the district Bahawalpur and the River Chenab (flowing
freely throughout the year) in district Muzaffar Garh. The soil was silt loam in texture,
river alluvium, brown, moderately calcareous, weakly structured, hyperthermic,
Fluventic Haplocambic, Ochric epipedon and cambic subsurface horizons were present
(Miani Soil Series) The soil was low in organic matter (0.78%) which varied between dif-
ferent soil horizons (0.10%-0.40%) and was deficient in organic N (0.05%), available phos-
phorus (7.90 mg kg™') and available potassium (2.40 mg kg) in the upper layer (<30 cm).

2.2. Biochar Production and Characterization

Biochar was produced from a cotton stalk feedstock which was collected from the
experimental station of the University of Agriculture, Multan. The kon-tiki Flame Curtain
Pyrolysis technique [35] was used to produce biochar at an approximate temperature of
500 °C. The physicochemical properties of the biochar product were analyzed by a con-
tract research laboratory (Eurofins, Hamburg, Germany) and are reported in Table 1.

Table 1. Physicochemical properties of cotton stalk biochar produced by the kon-tiki flame curtain
pyrolysis technique. Analysis conducted by Eurofins, Hamburg, Germany.

Parameters Unit Value
Ash content (550 °C) % (w/w) 35.4
Hydrogen % (w/w) 0.7
Carbon % (w/w) 54.5

Total Nitrogen % (w/w) 0.79
Oxygen % (w/w) 9.1
Carbon (organic) % (w/w) 53.4
pH in CaCl 9.6
Conductivity uS/cm 6460

2.3. Experimental Details and Crop Management Practices
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The field experiment was conducted at the experimental station of Muhammad Na-
waz Sharif (MNS) University of Agriculture Multan, Pakistan. The soil was plowed 3
times using a tractor-mounted plow and then planked to prepare the experimental plots.
The experimental plots (length x width, L =8, W = 6; 48m?) were arranged after land lev-
eling with a distance of 1.5 m between experimental units. Experimental treatments com-
prised: (i) A full nitrogen dose recommended for wheat in the region (104 kg N ha™) as a
positive control. (ii) A half nitrogen dose (52 kg N ha™). (iii) A half nitrogen dose (52 kg N
ha) + biofertilizer (bio-power at 4.94 kg ha; a commercially available biofertilizer from
National Institute of Biotechnology and Genetic Engineering, Pakistan) as a soil mixture.
(iv) A half nitrogen dose (52 kg N ha) + biofertilizer as seed inoculation. (v) A full nitro-
gen dose (104 kg N ha™) + biochar (5 t ha™) inoculated with biofertilizer (4.94 kg ha—"). (vi)
A full nitrogen dose (104 kg N ha')loaded on biochar (5 t ha™) + biofertilizer applied as a
soil mixture.

A nutrient (urea) solution was prepared for the treatment of the biochar, which was
equivalent to 50% of the water holding capacity of the biochar. The biochar was dipped
into the nutrient solution and thoroughly mixed in a large container prior to addition to
the experimental plots. A similar procedure was adopted for biofertilizer seed inoculation.
For the biochar treatment with biofertilizer, no additional sugar was added because bio-
char itself has labile carbon for an initial energy source for microbes.

The experimental treatments were replicated four times and arranged in a random-
ized complete block design (RCBD, 6 x 4 n = 24). Wheat cultivar Ujala-2016 was sown at a
22.25 cm line-to-line distance with a hand drill at the seed rate of 150 kg ha'. The basal
dose of N (Urea) (where not loaded on biochar to mimic conventional practice), total phos-
phorous (DAP) and potassium, as Sulfate of Potash, was applied at the time of seed-bed
preparation. The remaining N was applied on two occasions, 25 days after sowing (DAS)
and 50 DAS. Biochar was applied at 5 t ha™ on a dry mass basis. Irrigation was performed
throughout the experimental duration as per crop requirements and weather conditions.

2.4. Growth, Development, Light Interception, Radiation Use Efficiency and Final Data
Collection and Derivation

To examine the growth and development throughout the study, half of each plot area
was allocated for sampling at each growth phase, while the remaining half plot was main-
tained until the final harvest to record total biomass and grain yield production. Destruc-
tive plant sampling was performed at different growth stages for growth parameters. The
total fresh weight and the fresh weight of its different plant components (leaves and stem)
were determined. A sub-sample was dried in an oven from which total dry matter (TDM;
g m=2) was calculated at each harvest. A sub-sample of green leaf lamina was used to rec-
ord leaf area using a leaf area meter (JVC Model TK-S310EG). Leaf area index (LAI) was
then calculated as the leaf area ratio to the land area [36]. Leaf area duration (LAD) was
estimated as (LAL + LAL) x (T2 — T1)/2 [37]. Where LA and LAl are leaf area indices at
times T1 and T2, respectively. Crop growth rate (CGR) was calculated as (W2 — W1)/(Tz -
T1) [37]. Where W1 and W: are the dry weights harvested at time Ti and Tz, respectively.
While all other growth analyses, including net assimilation rate (NAR), were calculated
using classical growth analysis techniques following the standard methods [37-39]. At
maturity, ten plants from each treatment were randomly selected and yield components
were recorded. At physical maturity, the crop was harvested from each experimental plot,
and the final yield was converted to kg ha'.

The fraction of radiation intercepted/absorbed (Fi) by the green surfaces of the crop
canopy was calculated from the specific interval, which started at sowing for each plot,
using measurements of the LAI and the exponential model [1- exp (-k x LAI)] [40]. Where
k is a coefficient for total solar radiation equal to 0.46 [41]. This was calculated from the
regression line’s slope between In (1 x Fi) and LAI [42,43]. The amount of intercepted light
(Sa) was determined by multiplying Fi with incident PAR (Si) during the season as; Sa =
Fi x Si. The data of the incident and transmitted PAR (above and below the canopy) was
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recorded using a Sun Scan Canopy Analysis System (Delta-T Devices, UK). Measurements
started after crop stand establishment and continued until crop maturity, while data was
recorded between 12:00 and 13:00 h. The daily total incident solar radiation (SR) was cal-
culated using Angstrom’s formula [44]. The total PAR intercepted by the crop was calcu-
lated by multiplying Fi with 50% of incident radiation [45]. Radiation use efficiency for
TDM (RUEtpm) and grain yield (RUEcy) were calculated using Equations (1) and (2) [46].

RUE;y = Grain'sYield/Y, Sa ()

Alternatively, radiation use efficiency was estimated by regressing yield against ac-
cumulated intercepted radiation [39].

The daily maximum air temperature (Tmax) and minimum temperature (Tmin) were
used to calculate the thermal time (growing degree days, GDD) requirements above a
threshold temperature (TT) in terms of degrees days (DD). Thermal time was calculated
using the DD as the difference between the daily mean temperature and the threshold
temperature (TT) specific for the wheat crop (Equation (3)).

i=ds

DD (°C days) = Z |{{mestmint _ 7] @3)
i=dh

where, DD (°C days) accretion is the accumulative degrees days for specific phe-

nophase, “ds” is the date of sowing, “dh” is the date of harvest, TT is threshold tem-

perature which was considered as 4 °C for the wheat crop to compute the thermal

time [47]. For instance, if [(Tmax + Tmin)/2] < TT, or [(Tmax + Tmin)/2] = TT, then DD

was considered equal to zero.

2.5. Soil and Plant Nitrogen Analysis

Three samples from each plot were thoroughly mixed to homogenize. Soil samples
were packed in plastic bags, stored at 4 °C and later dried at 60 °C prior to analysis. Soil
mineral nitrogen (NOs- and NH4+*) determination was performed by extracting the dried
soil samples using 2M KCl [48] followed by determination using a spectrophotometer.
Briefly, 40 mL 2M KCl was added to 10 g of soil and shaken for 1 h at 100 rpm and filtered.
The filtrate was then analyzed for nitrate and ammonium concentrations following [49]
and [50], respectively.

The plant nitrogen concentrations were determined from oven-dried plant samples
(65 °C for 48 h), which were ground using a mechanical grinder and stored in plastic bags.
Plant samples (0.33 g) were digested in a solution of 5 mL of sulfuric acid (H250s4) and 2
mL sodium hydroxide (NaOH) on a block digester until colorless. A 0.2 mL sample of the
digestant was used to determine the N concentration as outlined in [49].

2.6. Statistical Analysis

Analysis of variance (ANOVA) for all response variables was analyzed based on a
general linear mixed model (GLM) using SAS version 9.4 [51]. The effects of each treat-
ment were assessed separately and collectively for all studied parameters. Further,
Tukey’s Honest Significant Difference (HSD) test for mean comparison was used to dis-
tinguish any differences between treatment means and was considered significant where
p £0.05. To identify any relationship between different growth and yield parameters, sim-
ple and multiple linear regressions were used according to the formula model in Equation

(4)-
Y = Bo+BiXq +B2Xz + BaXs + o + BuXny 4)
The multiple linear regression model was adjusted stepwise by “backward elimina-

tion” (successive elimination of independent variables). Statistical indices such as root
mean square error (RMSE) and coefficient of determination (R?) were computed for results
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accuracy assessment. Root mean square error (RMSE) was used to determine statistical
differences between the observed and modeled parameters. This was computed using
Equation (5) to determine the predictability degree. Here n denotes the observation num-
ber used for comparisons, Xs is the modeled variables studied, while Xo is the observed
one used in Equation (5).

RMSE = \/[w] (5)

Results accuracy and model performance was also evaluated by the coefficient of de-
termination (R?) calculated using Equation (6), where O; is the ith observation is rec-
orded, M'; is the ith modeled and O is the average observation of recorded variables.

Ri= 1— 2i(0; = Mp)?

OS] 0<d<1 ©)

3. Results
3.1. Crop Growth and Development

Overall, the application of chemically enhanced biochar, or co-application with bio-
fertilizer as a soil amendment, positively influenced the wheat growth and development
for where a half dose of N + biofertilizer was applied. However, there was no significant
difference between the full N dose either alone (conventional fertilizer application, T-i) or
as biochemically enhanced biochar (Tv and T-iv) with regard to peak leaf area index of
wheat at 90 days after sowing (Figure 2). The half dose of N application, both with and
without biopower, produced significantly lower LAI at 90 DAS compared to the conven-
tional full N dose with biochemically enhanced biochar application. Treatment vi (104 kg
N ha loaded on biochar + biofertilizer used as soil mixture) produced the highest LAI
(1.86, 4.63, 2.92) at different time-periods (64, 90 and 124 DAS, respectively). The effect of
nitrogen and biochar application on temporal variations in LAl is presented in Figure 2.
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Figure 2. Effect of co-application of BC and nitrogen fertilizer on the leaf area index (LAI), crop growth rate (CGR), total
dry matter (TDM), total intercepted PAR, radiation use efficiency for the total dry matter (RUE-TDM) and radiation use
efficiency for grain yield (RUE-GY) at growth stages of wheat crop under arid environmental conditions. * (Letters “a—d”
are to show the mean difference in different groups at p < 0.05 by Tuckey HSD test).

The treatment vi (104 kg N ha' loaded on biochar + biofertilizer used as soil mixture)
produced the highest dry matter yield (192, 908, 1195, 1260 g m™) at all time periods (64,
90 and 124 DAS, respectively). The minimum TDM (114, 602, 759 and 821 g m2) was pro-
duced by the treatment ii (52 kg N ha™ applied singularly) (Figure 2). Wheat crop canopy
development (LAI) was improved by applying nitrogen in combination with biochar,
leading to a higher total intercepted photosynthetically active radiation (TIPAR). A strong
positive association was found between LAl and lead area duration (LAD) with the TIPAR
an indicator of the beneficial effect of combined application of biochar on wheat crop
growth and light interception (Figure 3). Similar trends were observed for CGR, treatment
vi (104 kg N ha™ loaded on biochar + biofertilizer as a soil mixture) produced higher CGR
values (15.56, 14.36, 1.92 g m=2 day!) for temporal analysis (64, 78 and 88 DAS, respec-
tively) in the wheat crop (Figure 2).
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Figure 3. Relationship between peak LAI (A) and cumulative lead area duration (B) with total intercepted photosyntheti-
cally active radiation (TIPAR) for the wheat crop.

In general, the addition of N improved growth attributes of the wheat crop, as with
LAL the time intercepted PAR was attained due to a larger canopy and higher LAI due to
the application of higher N application (104 kg N ha™). Furthermore, biochar also pro-
moted crop growth and attained a higher intercepted PAR (426.33 MJm~2) when treatment
vi (104 kg N haloaded on biochar and additionally bio-fertilizer) was applied in soil
rather than low N (52 kg N ha™) application as compared with recommended (104 kg N
ha). Lower IPAR was attained under treatment ii (half N dose 52 kg N ha), suggesting
that N has a direct relationship with crop growth to develop the crop canopy. Even though
biochar has a positive and promoting role in crop canopy parameters such as LAI, it was
found here to be too non-significant. However, biochar treatments such as treatment vi
(104 kg N ha'loaded on biochar + biofertilizer as a soil mixture) gave the highest values
but this was not statistically significant (p > 0.05) in the treatments where only N fertilizer
was applied.

The RUE trend for TDM and grain yield (GY) was observed similar to that of IPAR.
The results revealed a positive relationship with a high-value determination coefficient
(R2=0.94) between TIPAR and TDM and CGR, which showed a dependency of biomass
production and growth rate for light interception through the wheat crop canopy (Figures
3 and 4). Treatment vi (biochar application rate (5 t ha) loaded with nitrogen and added
in combination with soil mixture bio-fertilizer) attained the highest RUE for TDM and GY
(3.0, 1.02 g MJ) production compared to the other treatments and the positive control
with although this was not statistically significant (p > 0.05) (Figure 2). A lower RUE for
TDM and grain yield was attained for treatment ii (52 kg N ha! application). Nitrogen has
a strong and positive association with growth, especially dry matter accumulation. How-
ever, biochar serves to promote this further through a positive relationship with biomass
and TDM. The highest NAR (4.40, 4.14 and 3.71 g dm day~') was produced by the full N
fertilizer application (104 kg N ha! either loaded on biochar or applied in conventional
method). While the lowest NAR (2.89, 2.91 gdm day!) were produced where only a half
N fertilizer applied (52 kg N ha™) (Figure 4). Supporting the fact that NAR depends on N
fertilization and increases by the N application.
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Figure 4. Relationship between total intercepted photosynthetically active radiation (TIPAR) with TDM and mean CGR
of the wheat crop. * (Letters “a—c” are to show the mean difference in different groups at p < 0.05 by Tuckey HSD test).

3.2. Agronomic Yield Attributes and Grain Yield

The results of yield contributing factors, biological and grain yield of wheat are pre-
sented in Figures 5 and 6. The full N dose of N fertilizer application either with or without
biochar significantly improved (8%) the productive tillers compared to the half dose of N
fertilizer. Interestingly, the second most effective treatment for improving the number of
productive tillers (p < 0.05) was treatment v (104 kg N ha along with inoculated biochar),
which increased the productivity by 7%. Plant height increased by 4% for treatment vi
(104 kg N ha'loaded on biochar with biofertilizer as a soil mixture) compared to the con-
ventional full N dose or half N fertilizer applications (treatments i and ii).
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arid environmental conditions. * (Letters “a—c” are to show the mean difference in different groups at p < 0.05 by Tuckey
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grain yield wheat crop in arid environmental conditions. * (Letters “a—c” are to show the mean difference in different

groups at p < 0.05 by Tuckey HSD test).
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Treatment vi (104 kg N h™' loaded on biochar and biofertilizer as a mixed soil), pro-
duced the highest spike length (8.24 cm) compared to full and half dose of sole N applica-
tions (treatments i and ii). The maximum number of spikelets per spike (15.62, 6% higher
over control) was produced by the application of treatment vi (104 kg N ha'loaded on
biochar and biofertilizer as a soil mixture) compared to the rest of the treatments (Figure
5). The maximum grain number (40.67) was produced by applying treatment vi (104 kg N
ha'loaded on biochar and biofertilizer as a soil mixture). The highest 1000-grains weight
(26.23 g, 4% greater than control) was produced by the treatment vi (104 kg N ha loaded
on biochar and biofertilizer as a soil mixture). Treatment vi (104 kg N ha' loaded on bio-
char and biofertilizer as a soil mixture) produced the maximum grain yield (2353 kg ha),
which is greater than control (conventional N fertilization) (Figure 6). The lowest values
in all growth, yield, and yield components were found in applications with half N ferti-
lizer doses (52 kg N ha™). As wheat crop growth has a positive association and is depend-
ent on light interception and RUE, the GY also showed a positive relationship with TIPAR
having a higher coefficient of determination (R2= 0.94) for the studied treatments (Figure
7).
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Figure 7. Relationship between total intercepted photosynthetically active radiation (TIPAR) and grain production and

NAR of the wheat crop.

3.3. The Soil Mineral Nitrogen (NH«*, NOs~) During the Crop Growth Period and Plant N at
Harvest

The nitrogen content of wheat straw and grain is presented in Figure 8. The treatment
vi achieved the highest nitrogen content (26.63 mg kg) in wheat straw. The highest ni-
trogen uptake in the grain was observed in treatments vi and i (40.00 and 39.92 mg kg,
respectively). The half dose N application, either alone or biofertilizer, resulted in the low-
est plant N content.

The results of NOs-N and NH4*-N concentrations in the soil during the wheat crop
growing period are presented in Figure 8. During the initial 65-96 days after crop sowing,
there was no significant effect of different soil mineral nitrogen treatments. However, a
significantly higher NH+*-N was in treatment vi plots amended with 104 kg N ha! loaded
on biochar applied and with biofertilizer as a soil mixture. A high NOsN concentration
(16.58 mg kg1, 17.35 mg kg, 14.39 mg kg') was present within the upper soil layer (30
cm) at 65, 95, 125 DAS, respectively, in treatment vi. Nitrate (NO3~-N) retention in soils
with treatments that included biochar were consistently higher (15.35 mg kg, 16.15 mg
kg, 11.98 mg kg) than in the control soil treatment i, N fertilizer dose (104 kg N ha™).
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Figure 8. The effect of co-application of BC and nitrogen fertilizer on NOs~ and NHa* (65, 95 and 125 DAS) on soil (A,B),
and wheat straw and grains (C,D) on wheat crop under arid environmental conditions.

4. Discussion

The present study was conducted in arid field conditions on a silt loam, calcareous
and low organic matter soil. These coarse-textured soils of south Punjab Pakistan are char-
acterized by high N losses via ammonia volatilization, surface run-off and nitrate leaching
during heavy rainfall events or flood irrigation. Carbon-poor, less fertile tropical soils
have been proposed in various studies to be potential hotspots for where biochar amend-
ment may be used to enhance carbon sequestration and provide additional soil fertility
benefits [50]. We therefore hypothesized that biochar use in south Punjab Pakistan’s cal-
careous soils might improve carbon sequestration and wheat productivity. Thus, biochar
in combination with biofertilizer may improve soil health and crop yield under such con-
ditions.

The application of biochar can be effective at rehabilitating degraded lands by im-
proving the soil structure, nutrient- and water-holding capacity and soil carbon contents,
leading to improvement in soil productivity [52]. A carbon-rich compound called charcoal
is produced through a process known as pyrolysis and has a positive synergetic effect on
beneficial microbial communities such as bacteria and fungi by providing habitats for im-
proving soil health and crop yield [53-60]. The physicochemical properties of biochar are
crucial in determining its functionality and impact on plant growth and soil health [61]. It
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was observed that biochar contains a high carbon-to-nitrogen ratio [62], making it stable
against decomposition.

The plant response to biochar is varied and depends upon biomass used for produc-
ing biochar, soil type and plant species. There are interactions between biochar and added
nitrogen, which may generate a considerable response to biochar and nitrogen in the soil
and crops. Herein we observed statistically higher dry biomass with the application of a
full fertilizer dose (104 kg N ha) either loaded on biochar or the application of biochar
inoculated with biofertilizer. These results are consistent with literature reports [63], of a
positive response of the wheat crop to biochar interaction with nitrogen fertilizer and bi-
ofertilizer. The addition of nitrogen fertilizer increased the soil nutrient status, total dry
matter and associated components, i.e., shoot, leaves and grain. From these outcomes it
was determined that there was nutrient limitation in soil without fertilization due to its
low organic carbon and clay contents.

Additionally, increasing the nitrogen fertilizer application rate after sowing changed
biomass allocation and decreased the leaf area proportion, root and shoot biomass, in-
creasing grain weight with growing days. The addition of biochar combined with nitrogen
and biofertilizer enhanced crop growth rate and total dry mass after the seventh week of
the wheat crop growing season, which was due to interception of more photosynthetically
active radiation and available soil nutrients accelerate plant growth and development. In
this study, improved crop growth and yield response to co-application of nitrogen ferti-
lizer, biochar and biofertilizer agree with the results of [64], who reported yield improve-
ments had been observed in response to biochar amendments that were combined appli-
cations of commercial fertilizer. All agronomic and yield-related components are influ-
enced through the sole two N application levels alone, although yield enhancement is
reported in the following combined N with BC application. Crop responses to improved
yield are likely due to BC alkaline nature and a rich carbon source with a slow release of
nutrients.

Furthermore, positive effects of BC with N fertilizers are evident in many studies
[65,66]. Biochar used as an organic amendment improved soil properties decreasing soil
compaction, increasing water holding capacity, reducing nutrient losses and causing a
considerable increase in nutrient use efficiency and crop yield improvement. This study
explored the interaction between biochar and chemical fertilizer for different wheat
growth stages and grain production. Soil amendments improves soil quality and produc-
tivity. In contrast to the study of [67], biochar application as a soil amendment improved
the grain production during the short-term study, consistent with many other findings
[68-70].

The present study was conducted under field conditions. Nitrogen losses might be
possible due to a flood irrigation system. Biochar capacity of nutrient adsorption has lim-
ited nitrogen availability, particularly after nitrogen fertilizer in a short period study. Our
study suggests that biochar amended soils improved N retention in the topsoil layer and
reduced NOs~ leaching. These results are inconsistent with other studies of [6,8,71-85].
Freshly produced biochar has a lower nitrogen content in comparison to aged biochar.
Consequently, biochar amended soils reduced NOs- leaching, and increased extractable
amounts of total N, which is related to direct NH4* adsorption due to biochar having has
a higher cation exchange capacity compared to anion exchange capacity. Here, signifi-
cantly high NOs- retention was observed in topsoil amended with biochar shortly after
the study began. This was due to the retention of capability of the biochar which reduced
N leaching from the soil following N fertilization, additionally, soil and crop uptake of N
continued as would be expected so less N was leached from the topsoil.

5. Conclusions

Nitrogen is an essential nutrient for ensuring proper wheat growth and acceptable
yield. Losses of nitrogen fertilizer are higher under arid environmental conditions, thus
having a detrimental impact on wheat growth within regions under these conditions. The
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results presented in this study demonstrate that the application of nitrogen-loaded bio-
char and biofertilizer as soil mixture significantly influenced crop growth and resulted in
better crop yield. Furthermore, the application of nitrogen and biochar inoculated with
biofertilizer treatment was shown to give a significantly higher yield compared to the rest
of the treatments trialed. This reflects the treatment facilitating better nutrient uptake by
the plants and reducing nitrogen loss through leaching.

It was determined that the inclusion of biochar in treatments resulted in better nitro-
gen retention in the nitrate form and reduced nitrate leaching and minimized nitrogen
losses via enhanced retention. This study suggests that nitrogen loaded on biochar and
biofertilizer used as soil mixture can synergize the positive effects of biochar application
and nitrogen retention under an arid environmental condition in Pakistan. We, therefore,
suggest that root zone application of biochar loaded with N fertilizer is a more effective
approach to maintaining soil productivity. This study explored biochar as a potential nu-
trient carrier that may act as a slow-release fertilizer for wheat production and improved
soil health. Further work is needed to confirm whether the higher crop yield and im-
proved soil health observed are as a result of the nitrate retention; to model the impact of
improved biochar and nitrogen retention in projected future climate conditions, and to
test whether these adaptation strategies would be beneficial for enhancing wheat produc-
tion under future climate scenarios across the region.
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