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Abstract

Besides carbon sequestration, biochar amendment in soils can regulate the loss of applied fertilizer-nitrogen (N) into
the environment. Soil aggregates are essential in controlling soil N stocks'stabilization and supply. However, unrave-
ling the rate-dependent impact of biochar on stable soil aggregates and their associated N in fertilized soils over an
extended period is a prerequisite to understanding its implications on soil-N dynamics. We unraveled how high and
low biochar application rates combined with inorganic fertilizer (20- and 40-tons ha™' [FB1 and FB2]) affected soil N
fractions, stable soil aggregates, aggregates associated-N, and microbial responses to regulate N supply for Nageia
nagi after one year. Results revealed that biochar amendment, especially at higher rate, increased the concentra-
tion of inorganic N and some amino acids compared to sole fertilizer (F). Available N increased by 16.5% (p=0.057),
23.8% (p=0.033), and 34.8% (p=0.028) in F, FB1, and FB2, respectively, compared to the control (C). Also, 28.1% and
32.8% significant increases in the availability of NH,*-N were recorded in FB1 and FB2, respectively, compared to F.
NO;™-N availability was significantly increased by 15.2%, 21.8%, and 20.8% in FB1, FB2, and C, compared to F. Biochar
amendment, irrespective of rate, increased stable microaggregates (< 0.25 mm). However, FB2 significantly increased
macro- and intermediate-aggregate-N, and urease activity, and hence higher N supply capacity to meet the N need
of N. nagi even after one year. Hence, the N content of N. nagi was 41.3%, 28.8%, and 12.2% higher in FB2, FB1,and F,
respectively, compared to the control. Biochar amendment decreased bacterial species diversity but increased the
proportion of NH,*-oxidizers (especially the Betaproteobacteria) to maintain the mineralization and slow release of N.
Although a low biochar rate was more beneficial than sole fertilization, higher biochar application rate could sustain
higher N supply by stabilizing soil microaggregates and increasing macro- and intermediate-aggregates N, its miner-
alization, and slow-release over longer periods.

Highlights
- Alteration of soil aggregates and aggregates-N to regulate N supply varied with biochar rate
- Enhanced soil macro- to intermediate aggregates-N by high biochar rate improved N supply over time
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1 Introduction

As a key limiting nutrient element required for plant
productivity, nitrogen (N) is repeatedly applied to soils
to optimize crop production (Cassman et al. 2002). The
excessive use of N-based fertilizers in soil results in the
loss of reactive N via volatilization, runoff, and leach-
ing, resulting in greenhouse gas emission, eutrophica-
tion, and groundwater pollution (Bei et al. 2018; Shi et al.
2020). Besides, excessive N fertilization often results in
soil acidification and low N use efficiency (Bei et al. 2018;
Dai et al. 2020). While perennial tree crops in plantations
often require higher N-doses than arable crops (Ibrahim
et al. 2022), the negative impact of this heavy fertilization
on N losses to the environment is of grave environmental
consequences. Therefore, the need for sustainable man-
agement practices to improve N retention and reduce
its loss to the environment while meeting the plants’
needs remains vital to ensuring global environmental
sustainability.

Exploring biochar types for improving soil proper-
ties and N retention has gained tremendous research
attention in the past decade (Gao et al. 2019; Li et al.
2020; Ibrahim et al. 2020a). However, inconsistent influ-
ences on its retention and cycling of N have often been
reported (Foster et al. 2016; Haider et al. 2017; Ramlow
et al. 2019). These inconsistencies were attributed to the
different properties of biochar produced from different

feedstock materials, production conditions, and soil
types evaluated. Meta-analyses have concluded that bio-
char’s impact on N dynamics is variable, thus preventing
its generalization (Gao et al. 2019). While these incon-
sistencies abound, it is unclear how biochar doses alter
soil aggregate properties to influence its interaction with
inorganic N fertilization, and thus influence N dynamics.

As the basic unit of soil structure, soil aggregates are
essential in controlling and stabilizing soil N stocks (Zhu
et al. 2017; Ngaba et al. 2020). The formation of micro
and macroaggregates by mineral and organic binders in
the soil, the stability of these aggregates, and their con-
stituent N are regulated by soil management (Chen et al.
2017). Moreover, soil organic carbon (C) captured in
the fine soil fractions (<0.053 mm) primarily by adsorp-
tion and chemical fixation is considered an important C
reservoir (Tong et al. 2014) utilized by nutrient-cycling
organisms. Since the C and N cycles are interconnected
(Ibrahim et al. 2021), the modifying impact of biochar on
interaggregate C could significantly impact inter-aggre-
gate N and overall N cycling. However, it remains unclear
how biochar or its doses influence the stability of soil
aggregates and their associated N in fertilized soils over
an extended period to regulate N supply.

In addition, the negative, positive, or insignificant
impacts of biochar on microbial responses are often asso-
ciated with its varied modifying effect on the properties
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of different soils, sources of biochar feedstock, and pro-
duction systems (Cayuela et al. 2014; Song et al. 2018;
Palansooriya et al. 2019). These inconsistencies result in
varied impacts of biochar on N cycling processes. How-
ever, there remains uncertainty on the effect of low and
high biochar doses on the abundance and dynamics of
soil bacteria populations, particularly those related to the
N-cycling processes in the soil over an extended period.

Nageia nagi is a perennial tree crop widely spread
across Asia, often maintained in plantations, possessing
significant commercial, pharmaceutical, and aesthetic
values (Zheng et al. 2018). Like for other plantation
crops, heavy doses of inorganic fertilizers, especially N
fertilizer, are supplied to promote plant growth and pro-
ductivity. With the roles of biochar in N retention and
slow release, it could be effectively used to manage and
regulate N fertilization for crops grown for an extended
period (Ibrahim et al. 2022). However, the rate-depended
impact of biochar on stable soil aggregates and their con-
stituent N, N mineralization, and microbial dynamics to
regulate N availability for plants over a more extended
period remains a significant research gap in biochar
research.

We hypothesize that, i. compared to low biochar appli-
cation, a high biochar rate would promote stability of
microaggregates, while improving aggregate-associated
N retention and supply after one year. Compared to a low
rate, a higher biochar rate would promote increased ure-
ase activity and soil bacterial abundance, especially those
related to N-mineralization, to ensure continuous avail-
ability of retained N over an extended period. Therefore,
the study aims to evaluate how biochar application rates
modify the stability of soil aggregates and their associated
N to regulate N retention, cycling, and supply after a year
of soil amendment. We also aim to evaluate the biochar
rate-dependent modification of soil properties to regulate
bacterial mediation of N-cycling in the rhizosphere of N.
nagi after an extended period.

Table 1 Basic chemical properties of the soil after one year
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2 Materials and methods

2.1 Experimental resources and design

The soil used for the study was a subtropical Alfisol col-
lected from a mixed secondary forest ecosystem site
in Southern China (25° 51’ N, 116° 49’ E). The soil was
obtained from the 0-20 c¢cm depth at different points
within the forest. The soil was screened to remove non-
soil particles, dried under shade, sieved (2 mm), and
thoroughly homogenized to form a composite soil sam-
ple. A subsample of the composite soil sample was ana-
lyzed in triplicates for its basic properties as follows: pH
(5.5), total N (0.42 g kg™'), available N (19.21 mg kg™}),
available P (7.2 mg kg™'), available K (142. 7 mg kg™),
total C (0.54%), and soil texture ( clayey loam).

Waste mushroom substrate (WMS), an abundant agri-
cultural waste with high nutritional value, was collected
and used for biochar production. The WMS was oven-
dried at 45 °C for 72 h and crushed to 8 mm before its
slow pyrolysis (500 °C and held for 2 h) under anoxic
conditions (under N, gas) (Zhao et al. 2019). The result-
ing biochar was crushed (0.5 mm) for subsequent char-
acterization. Chemical characterization of the derived
biochar was done using the methods outlined by Ibra-
him et al. (2020b), and its properties are presented in
Table 1. In addition, surface organic groups present on
the biochar were detected by Fourier transform infrared
spectrometry (Thermo Fisher, MA, USA), while its sur-
face morphology was visualized using scanning electron
microscopy (Nova " NanoSEM 230; Oregon, USA).

The experiment was carried out as a pot experi-
ment in a glasshouse using plastic pots with a dimen-
sion of 25x30 cm (diameter x height). For each pot,
a soil mass of 7 kg was uniformly mixed with biochar,
depending on the biochar rate to be evaluated. Based
on the treatments, the biochar was applied at 1 and 2%
of the total soil mass, corresponding to 20- and 40-tons
biochar ha™!, respectively. These rates were chosen
based on the reasonable rates of biochar commonly
evaluated in reported studies (including greenhouse
and field trials). Although higher rates (>40 tons ha™)

Treatment pH Total N Total C C/N Available N Available P Available K
(gkg™ (mgkg™)

C 562+021b 044+0.01 cd 4.73+0.34c 10.87+£2.11b 1823 +4.10c 7.7+181d 1784 +4.80c

F 5.65+0.33b 0.49+0.03¢ 505+£061c 1031+ 1.62b 21.82+3.14bc 12.9+0.78c 207.1 £2.40b

FB1 6.40+0.36ab 0.62+0.06ab 884+0.77b 14.26 + 2.56ab 23.92+197b 222+281b 185.6+1.39¢

FB2 6.94+0.52a 0.79+0.11a 12.37+124a 1565+ 1.88a 2794 +1.24a 29.4+4.95a 2439+ 3.66a

Means are followed by + Standard Error (SE). Different lowercase letters after the numerical values indicate significant differences within each column (p <0.05, n=5)
in each growth stage. Experimental treatments include control (C, no application of fertilizer or biochar), fertilizer only (F), fertilizer + 20 tons biochar ha~"' (FB1) and

fertilizer + 40 tons biochar ha™' (FB2)
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have been utilized in previous studies, we evaluated
economically viable rates for field adoption. A total of
four treatments with five replicates per treatment were
evaluated. These included a control soil (C) without any
amendment, inorganic Fertilizer (F), Fertilizer + Bio-
char at 20 tons ha=! (FB1), and Fertilizer + Biochar at
40 tons ha™! (FB2). Inorganic compound nitrogen,
phosphorus, and potassium (NPK) fertilizer comprising
15:15:15 (N:P,0::K,0) was applied at 500 kg ha™! twice
a year (at 6 months intervals).

The pots were randomized in the greenhouse, and
each pot was supplied with sufficient water to reach
its field capacity using deionized water. The pots were
left to equilibrate for 7 days before transplanting seed-
lings of Nageia nagi at one plant per pot. Each seedling
had an average height of 52 cm and a stem diameter of
10 mm. The soil’s moisture level was monitored using
a digital hand-held moisture meter (FieldScout, Spec-
trum Tech, USA). Soil water was supplemented at
5 days intervals to maintain optimum moisture con-
tent (55-60%). Being a glass-house experiment, pho-
toperiod, temperature, and relative humidity in the
glasshouse varied during the one-year growth period
of the plants. This was because the plants were exposed
to direct sunlight through the transparent roof of the
structure. Hand weeding within each pot was carried
out during the growth period when necessary.

2.2 Plant and soil sampling
The potted N. nagi plants were maintained for
12 months before terminating the experiment. The
middle leaves were carefully detached from several
points on each plant per treatment and replicate. The
leaves were oven-dried at 60 °C for 48 h, ground, and
sieved to a 0.15 mm size fraction for chemical analysis.
Several soil samples were carefully obtained from
around the root zone of the plants and bulked before
and after plant removal. Sampling for soil microbial
analysis was carried out before plant removal to avoid
disruptions in soil microbial composition owing to
plant removal. The samples were collected from around
the root zone (rhizosphere region) per replicate using
a mini soil auger of 1 cm radius and bulked. A 5 g sub-
sample was put into sample bags and immediately
stored at— 80 °C before microbial analysis. After care-
fully pulling out the plants, additional soil sampling was
carried out and homogenized per replicate for chemi-
cal analysis. Part of the fresh soils was subsampled and
refrigerated at 4 °C to analyze for NH,*, NO,~, and
urease activity, while the rest were air-dried and sieved
(0.5 and 1 mm) for chemical analyses. For soil aggregate
size analysis, minimally disturbed soil samples were
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taken out from the pots into steel boxes and oven-dried
at 45 °C for 48 h and subsequently sieved to 8 mm size.
Visible plant materials and stones were screened out
before analysis.

2.3 Samples analyses

The distribution of the soil aggregate sizes was carried
out using the wet-sieving procedure outlined by Kemper
and Rosenau (1986). Eighty grams of the 8 mm sized soil
fraction were introduced into the uppermost of a set of
six nested sieves of 2, 1, 0.5, and 0.25 mm to obtain aggre-
gate sizes of > 2, 2-1, 1-0.5, 0.5-0.25, and < 0.25 mm frac-
tions. The sieves were submerged in water for 5 min and
gently shaken using slow vertical movements for 30 min
at 35 strokes min~’. The retained soil on each sieve
was carefully washed into aluminous containers (pre-
weighed) and placed in the oven for 24 h at a temperature
of 105 °C. The final weight of the soil was obtained by the
difference using the initial weight of the containers.

The pH of the soil in water was obtained using a soil:
deionized water (1:2.5 (w/v)). Extractable phosphorus (P)
was assayed by soil extraction using a solution of 0.5 M
NaHCO,, followed by color development using molybde-
num-antimony and read spectrophotometrically (Olsen
and Sommers 1982). Available potassium (K) was esti-
mated using a flame photometer after soil extraction with
1IN NH,OACc solution (pH 7). The NH," and NO;™ in the
pre-refrigerated fresh soil samples were determined after
100 mL 0.2 M KCl was mixed with 15 g soil and shaken for
1 h. The mixture was centrifuged and filtered using What-
man filter paper#1 and read on a continuous flow Auto
Analyzer (Skalar, Netherlands). Individual amino acids
were detected in the soil extracts after extraction using
hot water using an amino acid analyzer (Hitachi, L8900,
Japan). The elemental carbon and N composition of the
soil, soil aggregates, and plant were measured by an ele-
mental analyzer (VarioMax, LB, Germany). The activity of
the N-cycling enzyme (urease) was assayed as proposed by
Tabatabai and Bremner (1972). The soil and plant P and K
concentrations were measured after digesting 0.1 g of sam-
ples with 5 mL each of H,0, and H,SO, at 120 °C (Enders
and Lehmann 2012).

2.4 Statistical analyses

The obtained data from plant and soil chemical analyses
were statistically processed using a one-way analysis of
variance (ANOVA). The means of the measured variables
per treatment were separated using the Least Significant
Difference (LSD) at p <0.05. Data analyses and processing
was done on SPSS 25.0 (IBM Corp., NY, USA) and Orig-
inPro 2021.
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2.4.1 Microbial analysis and bioinformatics

Soil DNA extraction was conducted from 0.5 g of the
homogenized fresh soil using the PowerSoil DNA kit
(MoBio OH, USA), and its concentration was deter-
mined using 2% agarose gel. The v3-v4 regions of the
16S rRNA genes were amplified using the PCR with
the primers; 338F and 806R with barcodes, as outlined
by Ibrahim et al. (2021). The PCR products were puri-
fied using the E.Z.N.A® Gel Extraction Kit (Omega Bio-
Tek, USA), and the obtained amplicons were quantified
by fluorometry (Thermo Fisher Scientific, USA). The
equimolar concentration of the recovered PCR ampli-
cons (2% 300 base pairs) was used for high-throughput
sequencing on an Illumina MiSeq® platform (San Diego,
CA, USA).

The elimination of chimeric sequences from the
derived raw pair-end reads was done using the UCHIME
algorithm. The obtained clean tags were processed using
the UPARSE algorithm to generate operational taxo-
nomic units (OTU) (Edgar 2013). The OTUs were allo-
cated at a 97% similarity level using the QIIME2 toolkit
(Bolyen et al. 2019) with reference to the Silva database
(Release 138, https://www.arb-silva.de). The alpha diver-
sity indices were estimated using the Chaol and Shannon
indexes, while the beta diversity was obtained using the
principal component analysis (PCA). The differences in
the distribution of the bacterial phyla and class members
among the treatments were estimated using the relative
abundance (>1%). The relationships between the treat-
ments, soil properties, and bacterial structure were esti-
mated using the Redundancy analysis (RDA).
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3 Results
3.1 Properties of biochar and its rate-dependent impacts
on soil properties and N dynamics
The SEM image of the biochar reveals its porous nature
(Fig. 1a), which has implications for the retention of
nutrients and for creating a conducive environment for
microbial colonization. Also, the FTIR spectra of biochar
(Fig. 1b) show the different peaks of functional groups,
particularly O-bound groups, which were negatively
charged. Compared to the control (C) and sole inorganic
fertilization (F), the combined application of fertilizer and
biochar at 40 tons ha™! (FB2) significantly improved all
the soil chemical parameters evaluated (Table 1). How-
ever, the values for FB2 were statistically similar to those
obtained at 20 tons ha™! (FB1) for pH, TN, and the CN
ratio. Notably, available N (AN) was 16.5% (p=0.057),
23.8% (p=0.033), and 34.8% (p=0.028) higher in F, FB1,
and FB2, respectively, compared to C.

Data in Fig. 2a shows that NH,*-N in FB1 and FB2
increased by 28.1% (p=0.012) and 32.8% (p=0.009),
respectively, compared to E. On the other hand, NO;™-N
availability was 15.2% (p=0.041), 21.8% (p=0.032), and
20.8% (p=0.027) higher in FB1, FB2, and C, compared
to F after one year of soil amendment (Fig. 2b). Urease
activity was significantly stimulated under high biochar
amendment (FB2) compared to the other treatments
(Fig. 2c). The impact of biochar rates on amino acids in
fertilized soils revealed the predominance of sarcosine
across the treatments, while its composition was signifi-
cantly reduced in F (Fig. 2d). Leucine was significantly
stimulated in FB2, while cystine was only detected in
FB2. However, alanine and serine were not detected in

(b)
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Fig. 1 a Scanning Electron Microscopy (SEM) image and (b) Fourier Transform Infrared (FTIR) spectrum of waste mushroom biochar used in the

study
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Fig. 2 Impacts of biochar rates on soil nitrogen dynamics. Impacts of experimental treatments on soil (@) ammonium (NH,*) concentration,
(b) nitrate (NO;™) concentration, () urease activity, and (d) the proportions of each amino acid in total amino acid concentration. Experimental
treatments include control (C, no application of fertilizer or biochar), fertilizer only (F), fertilizer + 20 tons biochar ha~' (FB1) and fertilizer +40
tons biochar ha™' (FB2). Each bar represents the mean of five replicates, and error bars indicate standard errors. Different letters on bars indicate

statistically significant differences at p < 0.05 among the treatments

FB2. Also, alanine and phosphoserine were in high pro-
portion in F (Fig. 2d).

3.2 Rate-dependent impact of biochar on aggregates size
distribution and aggregate-N composition in the soil
after one year

Irrespective of the rate, biochar amendment significantly

enhanced the distribution of<0.25 mm aggregates as

compared with the F and C treatments. However, after
one year of application, biochar did not significantly
impact the 0.5-0.25 mm aggregates fraction (Table 2).
The>2 mm aggregate fractions significantly increased
in F compared to the control and biochar-amended
treatments. Compared to FB1, FB2 reduced the >2 mm,
2-1 mm, and 1-0.5 mm aggregate fractions. However,
the reduction of the 1-0.5 mm fractions in FB2 was
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Table 2 Aggregates size distribution of soil after one year
>2mm 2-Tmm 1-0.5mm 0.5-0.25 mm <0.25 mm
(9)
C 5.65+0.92¢ 3.04+0.74a 4.72+091ab 7.89+0.53a 287+3.11b
F 9.37+1.52a 241+£062b 359+041b 7.13+0.72ab 275+2.76b
FB 773+1.71b 320+051a 551+0.72a 762+061a 329+251a
FB2 577+1.11c 1.94+041bc 341+066b 7.74+0.33a 31.1+3.12a

Means are followed by + Standard Error (SE). Different lowercase letters after the numerical values indicate significant differences within each column (p <0.05, n=5)
in each growth stage. Experimental treatments include control (C, no application of fertilizer or biochar), fertilizer only (F), fertilizer + 20 tons biochar ha~' (FB1) and

fertilizer + 40 tons biochar ha™' (FB2)

associated with a significant increase in its associated
N (Fig. 3). Besides, the FB2 had a significantly higher N
content across all the aggregate sizes except in the 0.5—
0.25 mm fraction.

3.3 Effect of biochar rates on the elemental composition
of N. nagi

The N concentration of the plant (leaves) significantly
increased in F, FB1, and FB2 treatments than in the con-
trol (C). FB2 had a significantly higher plant N content
(41.3%), followed by FB1 (28.8%) and F (12.2%) when
compared to the control (Table 3). An insignificant dif-
ference was obtained in the C content of the plant across
all the treatments. Plant P concentration was the least in
C and had no significant difference across F, FB, and FB2.
Plant K concentration was highest in F (11.60 g kg™!) and
least in FB1 (5.10 g kg™') and FB2 (6.15 g kg™!).
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3.4 Impacts of biochar rates on the distribution of soil
bacterial distribution and composition

The alpha diversity of the soil bacteria (Chaol index)
revealed a significant reduction in bacterial species diver-
sity in fertilized soil amended with biochar (FB1 and FB2)
after one year compared to C or F treatments (Fig. 4a).
No significant difference was obtained between the high
and low biochar rates (FB1 and FB2) on the Chaol index.
On the other hand, the bacteria community diversity rep-
resented by the Shannon index indicated an insignificant
impact of sole fertilization or its combination with high
and low biochar rates after one year (Fig. 4b).

The result of the relative abundance of soil bacte-
ria across the different treatments showed that the
Proteobacteria phyla were significantly stimulated in
FB1 (41.8%) and FB2 (40.8%) as compared with the
control (31.4%) and F (29.5%) treatments after one
year (Fig. 5a). The Alphaproteobacteria and Betapro-
teobacteria were the most dominant Proteobacteria,
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Fig. 3 Impact of biochar rates on stable aggregates associated N distribution in fertilized soil after one year. Experimental treatments include
control (C, no application of fertilizer or biochar), fertilizer only (F), fertilizer + 20 tons biochar ha™' (FB1) and fertilizer +40 tons biochar ha™' (FB2).
Each bar represents the mean of five replicates, and error bars indicate standard errors. Different letters on bars indicate statistically significant

differences at p <0.05 among the treatments
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Table 3 Elemental composition of P nagi

Treatment N(gkg™') C(gkg™) P(gkg™ K(gkg™)

C 1.01+0.18d 431.71+17.1a 1760+3.38c 735+0.20b
F 1.15+0.09c 42776+112a 2559+354a 11.60+0.88a
FB1 142+0.11b 43680+183a 24.17+160a 510+0.33c
FB2 1.72+021a 44315+19.1a 2798+499 6.15+1.87bc

Means are followed by + Standard Error (SE). Different lowercase letters after the
numerical values indicate significant differences within each column (p <0.05,
n=5) in each growth stage. Experimental treatments include control (C, no
application of fertilizer or biochar), fertilizer only (F), fertilizer + 20 tons biochar
ha~" (FB1) and fertilizer + 40 tons biochar ha™' (FB2)

particularly in FB1 (24.4%) and FB2 (25.0%) (Fig. 5b).
However, a reduction was recorded in the proportion
of the Chloroflexi and its related class members, JG37-
AG-4, in the FB1 (8.1%) and FB2 (1.8%) compared to
F (18.7%) and C (19.3%). The abundance of the Gem-
matimonadetes was promoted by biochar amendment
(Fig. 5a). Its class members had the highest relative
abundance in FB2 (24.6%), followed by FB1 (11.3%)
when compared to C (3.0%) and F (2.9%) treatments
(Fig. 5b). However, an insignificant difference was
recorded in the distribution of Actinobacteria across
the treatments. Acidobacteria and its class members
were significantly less in FB2 (which had the highest pH
(Table 1)). The abundance of Firmicutes phyla was sig-
nificantly increased in F compared to C, FB1, and FB2.
Beta diversity analysis indicated by the principal
component analysis (PCA) showed no significant dif-
ference in the clustering of bacterial communities
in the C and F treatments after one year (Fig. 6a).
However, it revealed a distinct clustering pattern in
microbial communities under high and low biochar
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application rates in fertilized soils. Also, the redun-
dancy analysis revealed that all the measured soil
properties had a positive and significant association
with key bacterial communities involved in N cycling
in FB1 and FB2. A significant positive association was
observed between C and F, and bacteria groups not
actively involved in N cycling.

4 Discussion
4.1 Rate-dependent influence of biochar on soil properties
and N dynamics in the soil after one year

The existence of several organic groups on the biochar’s
surface could significantly alter the electrostatic pull
amongst ions and modify its adsorption capacity (Chen
et al. 2011; Jung and Ahn 2016). The statistical similar-
ity of the increase in soil NH,* among FB1 and FB2 even
after one year of biochar amendment compared to sole
fertilizer application (F) indicates the efficiency of bio-
char for its sorption/retention and slow release (Wang
et al. 2015; Zhang et al. 2019), irrespective of its appli-
cation rate. Also, the functional groups present on the
surfaces of biochar surface play a significant role in the
sorption of inorganic N (Lehmann and Joseph 2015).
Hence, the presence of negatively charged organic
groups, as shown on the FTIR image in Fig. 1 could
significantly enhance the retention and slow release of
NH," (Ibrahim et al. 2023a). In addition, the continu-
ous mineralization of the organic N contained in biochar
could increase in NH,* concentration of the amended
soils (Haider et al. 2017). The increase in NH,* concen-
tration in the biochar-amended soils was associated with
the stimulation of urease activity, which was crucial for
releasing NH,* after urea hydrolysis (Zhang et al. 2014;
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Miao et al. 2019; Dotaniya et al. 2019). Despite the high
rate of the hydrolysis of urea to NH,* in FB2 compared
that in FB1, the similar NH,* concentration recorded
in these treatments indicates that biochar is effective in
equally retaining NH," irrespective of its application
rate. The high capacity of biochar for NH,* has been well
documented (Chen et al. 2011; Bai et al. 2017). The net
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negative charges on biochar’s surface result in its limited
potential for NO, ™ rather than NH,* retention. The weak
adsorption of NO;~ compared to NH,* by biochar has
often been attributed to the net negative charges on bio-
char relative to positive surface charges (Kameyama et al.
2012). Thus, the poor retention of NO;™ in the soil and
its increased leaching after biochar application have been
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Fig. 6 a Principal component analysis of soil bacterial population and (b) redundancy analysis showing the relationship between soil bacteria and
soil properties after one year. Experimental treatments include control (C, no application of fertilizer or biochar), fertilizer only (F), fertilizer + 20 tons

biochar ha™' (FB1) and fertilizer + 40 tons biochar ha.~" (FB2)
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previously reported (Laird et al. 2010; Singh et al. 2010).
On the other hand, the low NO;~ concentration in the
soil could be due to its increased uptake, being the frac-
tion of N often taken up by plants, aside from its poten-
tial leaching (Reverchon et al. 2014; Ibrahim et al. 2023a).
This could explain the high total N concentration of N.
nagi in the biochar-amended soils. Also, the pore-filling
capacity of biochar, high CEC, and large surface area are
important mechanisms that can also improve the sorp-
tion and slow release of inorganic N in biochar-applied
soils. The large surface area of biochar has been reported
to increase the unconventional H-bonding between
N ions and the biochar surface (Kammann et al. 2015).
Similarly, the physical attraction of inorganic N via phys-
isorption in the pores and on the inner surface of biochar
has also been reported (Clough et al. 2013; Ibrahim et al.
2020a, b). Thus, biochar amendment can be helpful in
long-term N management, especially for perennial crops.

Dissolved organic N is present as proteins that are
degraded by enzymes into bio-available free amino
acids, which plants and soil microorganisms competi-
tively utilize (Jones et al. 2005). The amino acid sarco-
sine is a predominant soil metabolite that can be used
as the only source of C and energy by many microor-
ganisms (Zhao and Jorns 2006). This could explain its
dominance in treatments containing biochar (FB1 and
FB2) with a high proportion of organic N and C. Also,
biochar comprises several organic N-functional groups,
including amino-acid N that can undergo direct cycli-
zation, dimerization, dehydration, dehydrogenation,
and deamination, and can convert into multiple hetero-
cyclic rings utilized and assimilated by plants or other
organisms (Chen et al. 2018; Leng et al. 2019). The high
proportion of leucine and the presence of cysteine only
in FB2 suggests that increasing biochar rates would
increase the availability of these amino acids from the
biochar matrix (Leng et al. 2019). Biochar could also be
vital for releasing these amino acids from their adsorbed
state on the soil surface. The adsorption of amino acids
in soil matrix could lower their bioavailability to plants
and soil microorganisms (Jones and Keilland 2002). Soil
amino acid N is competitively taken up with mineral N
and can, therefore, be a potential and important factor
in the overall ecosystem function and vegetation succes-
sion (Henry and Jefferies 2003; Warren 2006). The ability
of alanine and glycine to resist microbial decomposition
(Gotoh et al. 1986) increased their abundance in the
unamended soil with higher microbial diversity (Fig. 4a).
Thus, the improved availability of critical amino acids
through biochar amendment could, in part, be a use-
ful mechanism for the increased N recovered in plants
grown in biochar-applied soils.
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4.2 Rate-dependent impact of biochar on stable soil
aggregates size and aggregate-N distribution
after one year

The aggregate fractions of soils are the basic soil units
vital for regulating soil N stocks and their stability over
time (Chen et al. 2004; Ngaba et al. 2020). Different soil
amendments and management regimes can alter the
responses of the soil’s stable aggregates and their constit-
uent N in different-size aggregates by altering the bind-
ing of soil particles by organic agents (Chen et al. 2017).
Biochar application could alter the physicochemical and
structural properties of the soil (Blanco-Canqui 2017).
The higher <0.25 mm aggregates (microaggregates) with
biochar amendment, irrespective of rate, compared to
unamended treatments indicates the increase in stability
of microaggregates in fine soil particles rather than larger
soil aggregates after extended periods. It was suggested
that the capacity of the organic particles of biochar to
improve the particle bonding of large particles and pro-
mote soil aggregation was more in coarse-textured than
in fine-textured soils (Blanco-Canqui 2017). However,
aside from the>2 mm aggregate size, the application of
biochar increased the stability of 0.25 — 2 mm fractions.
Such a positive impact of biochar on soil aggregate sta-
bility has been reported for grassland soils (Herath et al.
2013) and volcanic soils (Curaqueo et al. 2014). Gener-
ally, it is estimated that biochar application can increase
wet aggregate stability regardless of the differences in
soil textural class and initial soil organic C concentra-
tion (Blanco-Canqui 2017). However, the insignificant
or poor capacity of biochar to improve wet aggregate
stability (macroaggregates), similar to some reported
studies, suggests that biochar’s effects can depend on
site-specific characteristics. Interactions among texture,
soil slope, organic C, biochar properties, climate, and
others could dictate the extent to which biochar appli-
cation can change soil aggregate stability (Peng et al.
2016). Evidence has shown that biochar can enhance
the stability of soil aggregates by providing a loosening
effect and introducing micropores, hence reducing bulk
density (Guo 2015). This could explain that the increase
in microaggregates in FB1 and FB2 was associated with
higher soil N contents. This observation indicates that
biochar increases N availability by promoting its reten-
tion in micro aggregates, which can be easily mineralized
to available forms. Such increases in the microaggregates
support the increase of soil aggregation under higher
SOC (Zhu et al. 2017; Lin et al. 2018).

In addition, the organic complexes provided by biochar
were likely to be beneficial for forming and stabilizing
macroaggregates-associated N compared to the mac-
roaggregates. A high biochar rate was more effective in
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improving aggregate N content across the macro- and
intermediate aggregates, especially in FB2. The higher N
composition in 0.5—>2 mm aggregate fractions, espe-
cially in FB2 could be attributed to the higher water
retention potential of higher biochar rates that reduced
the leaching of soil N. Studies have found that biochar
increased water retention when large amounts of are
utilized (Paneque et al. 2016; Xiao et al. 2016). Thus,
the potential reduction in N leaching could be a key
factor that increased the N concentration in FB2. Bio-
char amendment effectively reduces nitrification, hence
reducing nitrate leaching and improving overall N reten-
tion (Borchard et al. 2019; Chen et al. 2019; Ibrahim et al.
2023b). In addition, previous studies have reported the
stabilization of macroaggregates due to the binding effect
of organic C from litter and exudate from roots (Pohl
et al. 2012; Le Bissonnais et al. 2018). Thus, protecting
these labile organic C from rapid mineralization by bio-
char (Ibrahim et al. 2021) could have aided in increasing
the stability of the aggregate-associated N. Research has
shown that the formation of macroaggregates is a key
process in the stabilization of soil organic carbon (Gelaw
et al. 2015; Zhu et al. 2017). The stabilization of organic
C would ultimately lead to a reduction in N mineraliza-
tion and hence its protection and increased concentra-
tion in soils. Thus, the increased retention of N in the
macro- and intermediate aggregates was essential for
the slow and continuous mineralization of the retained
N. This slow-release process is an important mechanism
that ensures the availability of N for use over an extended
period.

4.3 Rate-dependent impact of biochar rates
on the nutritional composition of N. nagi

The increased concentration of N in the leaves of the
plants grown in the biochar-amended soil, particularly
in FB2, was is not unconnected with the higher propor-
tion of soil N in this treatment. High N retention by bio-
char has been associated with an increase in N uptake
and concentration in plants (Ibrahim et al. 2023a). Many
reports have shown that plants can take up N retained by
biochar over time (Krounbi et al. 2021; Rasse et al. 2022).
Besides, biochar contains a significant proportion of
organic N that can be mineralized and utilized by plants
and soil microbes (Gao et al. 2019). Hence, the likelihood
of N uptake as amino acids (organic N) (Cao et al. 2016),
particularly in the biochar-applied treatments, may have
increased the total N contents of the plants. While bio-
char addition did not significantly influence the carbon
concentration of the plants, it increased plant P concen-
tration, similar to sole fertilization (F). Biochar could
enhance the solubilization of P for plant and microbial
needs by adjusting the soil's pH (Sarfraz et al. 2020).
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Also, the positive effect of biochar on soil physicochemi-
cal properties could create a suitable habitat for diverse
microorganisms involved in P mineralization (Sarfraz
et al. 2020; Hossain et al. 2020). The observed retention
of K in FB1 could be due to its sorption on the abun-
dant negative charges on the surfaces of biochar (Chen
et al. 2011; Ibrahim et al. 2023a). However, while the low
biochar addition rate reduced K availability and uptake,
the high available K in the soils of FB2 did not result in a
corresponding K uptake. This could be attributed to the
preferable uptake of non-exchangeable or slowly avail-
able K, which comprised the bulk of available K detected
in the soil. It has been shown that for most soils, the
more a plant depends on non-exchangeable K, the lower
the K uptake (Hasanuzzaman et al. 2018; Sardans and
Peniuelas 2015).

4.4 Impacts of biochar rates on soil bacterial distribution
and composition

Applying biochar over extended periods reduced bacte-
rial species diversity, irrespective of its rate. Such reduc-
tions in the diversity of bacteria resulting from biochar
application have been observed (Li et al. 2020). However,
previous reports have indicated enrichment in bacterial
diversity due to the combined application of biochar and
inorganic fertilizers (Zhang et al. 2019; Zhou et al. 2019).
Also, an insignificant impact of biochar amendment on
the richness and evenness of the soil bacterial community
has been previously reported (Elzobair et al. 2016). The
observed reduction in species diversity over extended
periods has been linked to the shift of soil bacteria to a
more specialized functional group over time while out-
competing nonspecialized bacterial taxa (Ibrahim et al.
2022). Thus, the clustering patterns of soil bacterial
groups in the PCA analysis (Fig. 6a) support the special-
ized nature of soil bacteria and their specific roles in the
different treatments, despite the insignificant changes in
the community diversity (Fig. 4b).

The proportion of individual bacterial taxa revealed
the abundance of Proteobacteria in FB1 and FB2, and
their associated class members, the Alpha and Betapro-
teobacteria. The Proteobacteria are dominant in soils
and particularly higher under improved fertility sta-
tus (Dai et al. 2016; Zhang et al. 2019b; Ibrahim et al.
2023b). This supports the positive relationship of its
class members with soil properties, as depicted in the
RDA (Fig. 6b). As observed, the Alphaproteobacteria
are the most dominant class of Proteobacteria and are
non-nitrifying (Spain et al. 2009). However, taxonomic
members of the Betaproteobacteria are regarded as
ammonium-oxidizing (Voytek and Ward 1995). Biochar
application can significantly accelerate ammonia oxi-
dation (Pan et al. 2017). Hence, the high proportion of
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Betaproteobacteria after biochar amendment was linked
to the observed increase in N availability in FB1 and
FB2. Besides, the RDA analysis revealed a positive rela-
tionship between the Betaproteobacteria and inorganic
N in the soils (Fig. 6b). Thus, their high proportion in
the biochar-amended soils (FB1 and FB2) compared to
the control and F treatments, had a resultant increase
in N cycling and supply. Notably, Betaproteobacteria
are also known to thrive under increased soil C con-
tent (such as in biochar-amended soils) (Cesarano et al.
2017; Yang et al. 2019).

Although the Chlorofexi are phototrophs involved
in nitrification (Bryant and Frigaard 2006), their abun-
dance in the control and F treatments rather than in
FB1 and FB2 suggests their inability to compete with
the Proteobacteria for N substrates. Thus, they might
have contributed more to N cycling and supply in
the control and F treatments. As observed in our
study, the abundance of Actinobacteria under biochar
amendment is attributed to their active participation
in organic matter decomposition and denitrification
(Shen et al. 2013; Xu et al. 2017). These activities could
enable them to contribute to the higher inorganic N
recorded in the biochar-amended soils. This was also
confirmed by their positive relationships with soil inor-
ganic N in the RDA (Fig. 6b). Even though the Gemma-
timonadetes thrives under limited soil organic matter,
their higher affinity for organic substrates (Fierer et al.
2007) and preference for more favorable pH (Mitchell
et al. 2015) were the key factors that promoted their
higher relative abundance, in the biochar-amended
soils, particularly in FB2. The low relative abundance
of the Firmicutes in the biochar amended treatments,
unlike that in the F and control treatments, was attrib-
uted to the fact that, as gram-positive bacteria, they
are characterized by good growth in a stable environ-
ment but with a weak capability to adapt to changing
environments over time (Mickan et al. 2017; Ibrahim
et al. 2022). Gram-negative bacteria are more nutri-
ent-efficient than gram-positive ones (Mickan et al.
2017). The gram-negative bacteria such as Proteobac-
teria, Actinobacteria, and Gemmatimonadetes (which
were in high proportion) in FB1 and FB2 are highly
competitive. They could utilize resources faster than
gram-positive bacteria in a competitive environment.
Evidence has previously shown that members of Firmi-
cutes (e.g., Bacilli) are directly and indirectly involved
in the N cycle through the production of hydrolytic
enzymes, organic matter decomposition, and minerali-
zation (Park et al. 2017; Azeem et al. 2021). Therefore,
they may have contributed to N supply in the control
and soil fertilizer treatments where there was a lim-
ited abundance of several N cycling bacteria. Besides,
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the increase in soil pH due to biochar amendment
reduced the relative abundance of the Acidobacteria,
unlike in the C and F treatments. Thus, the improved
soil pH in FB1 and FB2 may have favoured the stimu-
lation of N-cycling bacteria more than in the control
and F treatments. This may have, in part, contributed
to the higher N cycling and supply due to biochar
amendment.

The abundance of the N cycling organisms in the biochar-
amended soils and the high aggregate-N recorded in these
treatments, particularly in FB2, suggest the colonization
of macropores by these organisms to support their active
role in N mineralization and supply. The improved porosity
of soil after biochar amendment has been associated with
higher microbial colonization (Yang et al. 2022). As such, the
increased colonization of bacteria in the macro and interme-
diate aggregates containing higher N concentration contrib-
uted to the increased N supply in the biochar-amended soils.

5 Conclusion

The key mechanism regulating the supply of nitrogen
(N) after one year under combined biochar and inor-
ganic fertilizer was mainly through the role of biochar
in increasing stable microaggregates, while increas-
ing the macro- and intermediate aggregates-associated
N, especially at a higher application rate. Thus, there
were higher urease activity and continuous mineraliza-
tion, and slow release of the aggregates-retained N for
plant uptake. The functional groups and porous nature
of biochar were also critical for its N retention poten-
tials. Despite the reduction in bacteria species diversity
due to biochar amendment, the abundance of a more
specialized community of NH,"-oxidizers (Betaproteo-
bateria) induced the mineralization and slow release of
the retained N to meet the plant’s need. Even though
a low biochar rate was more beneficial than sole ferti-
lization, higher biochar application rate could sustain
more N supply through stabilizing microaggregates,
while increasing macro- and intermediate-aggregates-
N, its mineralization, and slow-release for plant uptake
over one year. Thus, a higher biochar rate could poten-
tially be used for soil N management for crops grown
over more extended periods, bearing in mind the
cost implication of such an application. However, it is
important to note that the pot experiment utilized in
this study might not fully capture the complexity and
variability of natural soil systems over more extended
time frames. This will necessitate the validation of our
findings through additional on-field trials. Nonethe-
less, the insights gained from this study can inform the
development of a more accurate N management regime
and can guide future research that aims to improve N
retention in plantation soil-plant systems.
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