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Abstract

Combined application of biochar with fertilizers has been used to increase soil fertility and crop yield. However, the coupling
mechanisms through which biochar improves crop yield at field scale and the time span over which biochar affects carbon
and nitrogen transformation and crop yield are still little known. In this study, a long-term field trial (2013-2019) was per-
formed in brown soil planting maize. Six treatments were designed: CK—control; NPK—application of chemical fertilizers;
C,PK—Ilow biochar without nitrogen fertilizer; C,NPK, C,NPK and C;NPK—biochar at 1.5, 3 and 6 t ha™!, respectively,
combined with chemical fertilizers. Results showed that the 8'°N value in the topsoil of 020 cm layer in the C;NPK treat-
ment reached a peak of 291 %o at the third year (2018), and demonstrated a peak of 402 %o in the NPK treatment in the
initial isotope trial in 2016. Synchronously, SOC was not affected until the third to fourth year after biochar addition, and
resulted in a significant increase in total N of 2.4 kg N ha=! in 2019 in C;NPK treatment. During the entire experiment, the
I5N recovery rates of 74-80% were observed highest in the C,NPK and C;NPK treatments, resulting in an annual increase
in yields significantly. The lowest subsoil 5'°N values ranged from 66%o to 107%o, and the '>N residual rate would take
70 years for a complete decay to 0.001% in the C;NPK. Our findings suggest that biochar compound fertilizers can increase
C stability and N retention in soil and improve N uptake by maize, while the loss of N was minimized. Biochars, therefore,
may have an important potential for improving the agroecosystem and ecological balance.
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1 Introduction

Nitrogen (N) is an essential element for plant growth in terres-
trial ecosystems. The N cycle in soil is modulated by micro-
organisms decomposing soil organic matter (SOM), with a
potential to synchronize N supply and plant N demand (Liang
et al. 2013a, b). During this process, more energy substance
with high C/N ratios lead to an increase in N immobilization
and a decrease in N mineralization (Lehmann et al. 2003),
for example, soil dissolved organic carbon (DOC) undergoes
fast turnover; whereas, relatively stable pyrogenic carbon and
aromatic hydrocarbon (PyC) have slow turnover (Pan et al.
2019). Initially, the bioavailable N (NH,*/NO;~) seems to
be decreased (Kopacek et al. 2013). However, the microbes
in soil preferentially decompose fresh plant litter over “old”
SOM (Cui et al. 2017; Liang et al. 2017), thus slowing down
the rate of SOM turnover as a whole (Pan et al. 2019). In
other words, compared to the ‘fresh’ organic matter, the ‘old’
SOM may provide a more stable and persistent N source for
plant uptake, thus avoiding losses, especially in the presence
of biochar (Cui et al. 2017). Although the effect of aging pro-
cess of biochar on SOM may indirectly affect the nitrogen
cycle, however, detailed investigation of the coupling of soil/
biochar-carbon and nitrogen is still lacking; their interactive
mechanisms are virtually unknown, and the regulatory role of
biochar in the interaction process is not fully elucidated in the
presence or absence of plants (Weng et al. 2015).

Biochar effectively holds soil nutrients and promotes
nutrient absorption in crops by stimulating microbial and
enzyme activities. Biochar has well-developed pore structure
and high biochemical stability (Han et al. 2020), as well as
high sorption and redox capacities caused by its huge specific
surface area, thus participating in the competition of min-
eral surface sites (Shi et al. 2019; Wang et al. 2020b). Addi-
tionally, biochar also plays a regulatory role in activating or
inactivating nutrients, hormones or toxins by affecting alka-
line functional groups (Novak et al. 2019). Lehmann et al.
(2003) reported that the indirect effects of biochar on soil
amendment and nutrient cycling are more significant than
the direct effects of biochar itself, similarly to SOM which is
considered to be the micro-domain framework coordinating
the balance between solid, liquid and gaseous phases in soil
(Pan et al. 2019). However, the biochar addition alone has
few significant yield-improving effects (Li et al. 2019).

To promote a modern and sustainable agricultural/envi-
ronmental technology inspired by an ancient practice, Chen
et al. (2019) put forward the concept of “Straw Biochar
Returning” and developed the application technology in the
whole agriculture-industry chain. In the past decade, com-
bining biochar and various fertilizers, such as compound
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fertilizers, organic fertilizers and bio-fertilizers, to improve
plant growth and agricultural production attracted substan-
tial interest (Jones et al. 2012; Yu et al. 2018; Chen et al.
2019). The commercial production of biochar—fertilizer
mixtures has been achieved in China (Wang et al. 2018b),
and some long-term field trial studies have been reported
(Madari et al. 2017; Yu et al. 2018; Li et al. 2019, 2020b).
Nevertheless, most of the previous studies were conducted
in short term (< 12 months) by pot experiments (Song et al.
2018) and simulation experiments (He et al. 2020) with dif-
ferent soil types, crop species and biochar properties, appli-
cation rates and methods (Liu et al. 2019; Wu et al. 2019),
thus leading to some controversial conclusions regarding
its positive and negative effects on crop yield, carbon and
nitrogen priming (Mukherjee et al. 2016a; Liu et al. 2019).
There are no detailed theoretical studies on the field spatio-
temporal scale at present (Meng et al. 2019).

In this study, the arable brown soils from the long-term
field experiment sites were used to explore the cycling of N
and C by labeled biochar-'>C and fertilizer-'>N. The biochar
was applied with the same amount of maize straw return
annually. Based on the 7-year field experiment with suc-
cessive biochar application combined with N fertilizer, it
was hypothesized that the synergistic effects of biochar were
demonstrated by increasing N retention in soil and N uptake
by maize, while the loss of N was minimized. This study
provides a theoretical basis for applying new eco-friendly
biochar-based fertilizer for improving the agroecosystem to
achieve both green agriculture and ecological balance.

2 Materials and methods
2.1 Field experimental site

The long-term fertilizer trial on brown soil was located
at the experimental station (40°48' N and 123°33' E) in a
semi-humid region of Shenhe district, Shenyang of Liaon-
ing Province, Northeast China. The site has the typical
continental monsoon climate with mean annual tempera-
ture of 7.0-8.1 °C, precipitation of 574-684 mm and the
frost-free period of 147-180 days. The tested soil belongs
to brown earth of Alfisols derived from loess with the
soil texture of clay loam (48% sand, 29% silt and 23%
clay), with 9.87 g kg™! total SOC, 0.90 g kg™! total N,
112.65 mg kg™" alkali hydrolysable N, 16.30 mg kg™! avail-
able P, 109.90 mg kg~! available K, 14.34 cmol kg~! cation
exchange capacity (CEC), pH (H,0) 6.00, 1.30 g cm™> bulk
density, 49% soil total porosity, and 27% field capacity at
0-20 cm depth in 2013 (Han et al. 2017).
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2.2 Treatments

This experiment is a part of a long-term field trial established
in April 2013 using a randomized block design. The experi-
ment includes fifteen different treatments in three replicates,
with each plot measuring 3.6 mx7.0 m (25.5 m?). In this
study, six treatments were chosen (Fig. 1a, Table 1): CK—the
treatment without application of biochar and fertilizer; NPK—
the treatment with application of nitrogen—phosphorus—potas-
sium using urea (N 46.3%), single superphosphate (P,O5 16%),
and muriate of potash (K,O 60%) as chemical fertilizers;
C,PK—the treatment with low rate of biochar (1.5 t ha ™),
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Fig. 1 The field distribution of experiment treatments (2013) (a) and
isotope experiments (2016) (b, ¢): e size dimension of elevation view
and top view of PVC (polyvinyl chloride) bottomless box, g, h soil
digging and entombing hierarchically, f applying biochar and chemi-

phosphorus and potassium (without nitrogen); and the three
treatments, C;NPK, C,NPK and C;NPK, with low biochar at
1.5 t ha™', moderate biochar at 3 t ha~' and high biochar at 6
tha™!, respectively, and combined the same amounts of min-
eral fertilizer. The biochar and fertilizer were applied annually
(from 2013 to 2019) and mixed well with the topsoil (0-20 cm
layer) by a rotavator before sowing. Maize (Zea mays L.) cul-
tivar Dongdan 6531 was sown on April 25 and harvested on
October 1 annually. As shown in Table 1, the biochar applied
at 1.5, 3 and 6 t ha™! is equal to the amounts of 4.5, 9 and
18 t ha™! of maize straw returned annually. The biochar was
made by pyrolysing maize straw of less than 2 cm in length

cal fertilizers in the ratio of per hectare, and mixing well with the top-
soil (0-20 cm) by hand, d biochar—soil ‘co-aggregation’ phenomenon
during 7 years successive application and tillage

Table 1 Conventional treatment regimens since April 2013 and the isotope trial inside of PVC bottomless box plots since April 2016 and 2017

(denoted in bracket) at the same relative rate as in the whole experiment

N P,0; K,0 Biochar

(kg ha™! year_l) (kg ha™! year_l) (kg ha™! year_l) (tha™! year_l)
CK 0 0 0 0
NPK 195 (1N labeled only once in 2016) 90 75 0
C,PK 0 90 75 1.5 (13C labeled only once in 2017)
C,NPK 195 (N labeled only once in 2016) 90 75 1.5 (13C labeled only once in 2017)
C,NPK 195 (N labeled only once in 2016) 90 75 3
C;NPK 195 (1N labeled only once in 2016) 90 75 6
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and heating at 450 °C over 30 min, with 490.0 g kg~! total C,
14.4 gkg ' total N, 8.5 g kg™ total P, 32.0 g kg~ total K, pH
(H,0) 104, 26.9 m? g_1 BET surface area, 0.0425 cm® g_1
pore volume, and 7.1 nm mean pore size (Han et al. 2017).

The isotope experiments (Fig. 1b—h) were established in
2016. A set of PVC (polyvinyl chloride) bottomless boxes
were fixed on the ridging of chosen plots before seeding, the
area of PVC micro-plots was 0.333 m? (60 cm x 55 cm) with
a burial depth of 50 cm. The experimental plots were supplied
with urea (°N atom% = 10.16%) at the same relative rate as in
the whole experiment, which was mixed well with the topsoil
(0-20 cm) by hand, then planting two maize seeds in each hole
was performed to ensure only two seedlings remained in each
PVC plot in which the same amounts of unlabeled N and unla-
beled biochar had been applied every year since 2017 and 2018
(Table 1). To allow field operations, the plant space and ridge
space of 27 cm X 60 cm were kept both inside and outside of
PVC plots (Fig. le). The biochar (1*C atom%=1.20%) derived
from 3C-labeled maize straw pyrolysed at 450 ‘C was added
to the C,PK and C;NPK micro-plots in 2017, as described in
supporting information (Table S1).

2.3 Sampling and analyses

For each harvest from 2013 to 2019, the aboveground maize
plants were harvested from both inside and outside of PVC
plots, and only the maize stubble remained in field. After
weighing, a few root branches were selected to determine the
isotope ratio before returning to the PVC plots. The above-
ground plants were dissected into stem, leaf, grain, and corn-
cob, and then dried in an oven at 60 ‘C for 72 h. We did not
weigh the root and corncob in 2016 due to sample losses.
The isotope soil samples and bulk density in the 0-20 cm
and 2040 cm depths were collected carefully to avoid con-
tamination and dried at room temperature. Visible biochar,
plant debris and roots were hand-picked and removed from
all samples by the same researcher to avoid a bias in data, and
all samples were ground by a ball mill and passed through
0.15 mm mesh. Isotope abundance ratios and the contents of
total N and C in both soil and plant materials were determined
by isotope ratio mass spectrometry coupled with an elemental
analyzer (EA-IRMS, Germany).

Total N and total C concentration in plant and soil materi-
als, §"°'N/5'3C values, and mass data of plant and soil were
used to calculate the annual '°N tracer retention and the turno-
ver rate constant in different sources of carbon using the fol-
lowing equations:

Atom% — 100 X Ry + Ry X Atom%

where 6%o represents the isotope abundance values
expressed as 6%¢'>C or 6%¢' N relative to, respectively, Pee
Dee Belemnite (PDB) (R, =0.0112372) or the atmospheric
air nitrogen (R, =0.0036765), Atom% means the percentage
of rare isotope with respect to the total amount of the ele-
ment, R, and R are the ratios of rare isotope versus preva-
lent isotope (BC/™2C or PN/'N) in the sample (R,,) and the
standard materials (Ry).

15h, _ Sample(N X Atom% excess)
™ Fertilizer(N X Atom% excess)’

@
where 19N, is both the nitrogen recovery rate (%) in
maize plant and the nitrogen residue rate (%) in soil;
Sample(N X Atom% excess) is the product of multi-
ply nitrogen content by atom percent excess in sample
depending on the plant biomass and the soil bulk density;
Fertilizer(N x Atom% excess) is the product of multiply
SN-urea fertilizer application amount by atom percent
excess.

5end - ainilial 3
Fy ’ ( )

5input ~ Oinitial

f=

where f is the percentage (%) of exogenous carbon in any
soil organic fraction after a duration of the labeled experi-
ment; 8,4 is the §°C value in the soil samples at the final
experiment stage; ;. is the 5'°C value in the soil samples
without exogenous carbon addition at the beginning of the

experiment; &;,,,, is the 8'3C value in the applied biochar.

f

- ln<1 ﬁ> | "
t

where k (year™!) denotes the turnover rate constant of the

carbon fractions, ¢ indicates the labeled experiment duration

(year), and the reciprocal of k represents the mean residence

time (MRT) (year) (Dorodnikov et al. 2011).

y:NO(e_X/’),A: 1/r. 5)

Nitrogen retention rate was fitted to a simple exponen-
tial decay function, where y is the '°N retention rate (%)
of the initial '>N input of 630.7 mg per plot (0.333 m?)
at time x, N, denotes the initial maximum retention rate,
/ is the exponential decay rate constant (year™'), and r is
the mean residence time (year).

R. —R
5= l%l x 1000%0 = —1000 X

st

, ey

(Atom% — 100) X Ry,
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2.4 Statistical analysis

One-way ANOVA and the Duncan’s multiple range tests
were performed to observe the variation in 6'°N/6'*C val-
ues, N recovery rates and crop yields in different treat-
ments and inter-annually. The independent-sample #-test
comparison was conducted to compare the turnover rate
constant of carbon fractions in biochar application with
or without N fertilizer. All analyses were performed using
SPSS Statistics version 19.0 (IBM Corporation, Armonk,
New York, USA.). The figures were drawn by OriginPro
2018 software (Origin Lab Corporation, Northampton,
Massachusetts, USA.). The significant differences were
defined at @ =0.05.

3 Results and discussion
3.1 Improved N-use efficiency and retention

Generally, exogenous glucose application to soil stimulates
microbial activity and promotes N immobilization (Fioren-
tino et al. 2019). However, in this study, the immobilization
of fertilizer-supplied N as well as the unimodal peak were
delayed in the topsoil of the C;NPK treatment (Fig. 3). In
addition, C;NPK improved accumulation of labeled and non-
labeled N in harvested maize in 2016 (initial trial stage) and
also increased maize yield every year (Table 3a, Fig. 2d).
Given a large amount of N absorbed by crops (Fig. 2 and
Table 3a), we recorded decreased residual soil inorganic

Fig.2 8°N mean values of
root, stem, leaf, grain, corncob
and grain yields of maize in
different years. The small letters
denote significant differences at
the 5% level, ns, no significant
difference
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N (SIN) in 2015 (Han et al. 2017) and also decreased >N
immobilization in 2016 (Fig. 3). These were also similar to
the results reported by Li et al. (2019); however, the find-
ings presented here appear to be different from the expla-
nations of Song et al. (2018). Fiorentino et al. (2019) also
thought that biochar might partially buffer the immobiliza-
tion of inorganic N derived from both native soil and ferti-
lizer. Hence, biochar could counteract the immobilization of
NH,* caused by the increased microbial activity. Simultane-
ously, the N immobilization rates were inhibited by plants
(He et al. 2020); the loss of microbial necromass N was
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Table 2 Concentration mean values and standard deviations (n=3) for soil organic carbon (SOC), soil total nitrogen (TN) and its C: N ratios in
topsoil (0—20 cm depth) and subsoil (2040 cm depth) in 4 years

2015 2016 2017 2018
0-20 cm 20-40 cm 0-20 cm 20-40 cm 0-20 cm 20-40 cm 0-20 cm 20-40 cm
SOC (%)
CK 0.960b+0.017 0.462¢+0.028 0.963ab+0.007 0.485¢+0.014 0.970bc+0.014  0.435d+0.024 1.036ab+0.081  0.503b+0.010
C,PK 1.023a+0.012 0.780a+0.018 1.067a+0.054 0.777a+0.063 1.123ab+0.073  0.894a+0.071 1.101ab+0.057  0.804a+0.069
NPK 0.900b+0.023 0.460c +0.054 0.897b+0.074 0.474¢+0.058 0.934¢+0.095 0.470cd +0.044 0.934b+0.176 0.507b +0.054
C,NPK 0.920b+0.044 0.567b+0.036 0.939ab+0.077 0.610b+0.094 1.010bc+0.091  0.568b+0.026 1.054ab+0.146  0.617b+0.061
C,NPK 0.980ab+0.011  0.533b+0.027 0.962ab +0.100 0.523bc +0.066 1.004bc+0.122  0.541bc+0.068 0.993ab+0.112  0.621b+0.076
C;NPK 1.010ab+0.008  0.600b+0.042 1.046ab +0.083 0.621b+0.039 1.235a+0.126 0.612b+0.071 1.215a+0.118 0.623b+0.140
TN (%)
CK 0.091b+0.009 0.059d+0.003 0.099a+0.006 0.060d +0.008 0.100b+0.006  0.061cd+0.007 0.108a+0.006 0.066b +0.003
C,PK 0.095b+0.008 0.095a+0.006 0.107a+0.004 0.096a+0.008 0.107ab+0.005  0.096a+0.007 0.110a+0.002 0.089a+0.009
NPK 0.104a+0.007 0.062 cd+0.004  0.103a+0.008 0.066 c¢d +0.003 0.102ab+0.005  0.059d+0.001 0.110a+0.016 ~ 0.070ab+0.006
C,NPK 0.100ab+0.006  0.072bc +0.007 0.105a+0.007 0.077b+0.006 0.102ab+0.007  0.071bc +0.002 0.106a+0.005 0.076ab +0.008
C,NPK 0.1032+0.011 0.070c+0.010 0.104a+0.005 0.071¢+0.008 0.096b+0.004  0.071bc+0.006 0.105a+0.008 0.075ab +0.006
C;NPK 0.110a+0.003 0.072bc +0.006 0.108a+0.004 0.074bc +0.003 0.115a+0.013 0.072b+0.010 0.113a+0.007 0.075ab +0.008
SOC/TN
CK 10.54a+0.67 7.81bc+0.27 9.75ab+0.53 8.18a+1.12 9.72ab+0.59 7.23¢+0.74 9.62ab+0.18 7.60bc+0.51
C,PK 10.76a+0.43 8.20ab+0.37 9.97a+0.17 8.13a+0.33 10.47a+0.57 9.27a+0.06 10.02ab+0.74 9.05a+0.19
NPK 8.63¢+0.30 7.43¢+0.39 8.70c+0.13 7.17a+0.69 9.16b+0.85 7.97bc+0.86 8.55b+1.45 7.20c+0.37
C,NPK 9.21b+0.15 7.86b+0.64 8.91c+0.20 7.93a+0.66 9.89ab +0.42 8.00bc +0.25 9.95ab+0.92 8.09abc +0.23
C,NPK 9.50ab+0.27 7.63bc +0.55 9.27bc +0.52 7.33a+0.31 10.47a+0.87 7.61bc+0.56 9.41ab+0.31 8.26ab+0.37
C;NPK 9.16ab=+0.17 8.34a+0.15 9.71ab+0.39 8.43a+0.45 10.78a+0.26 8.48ab+0.41 10.71a+0.68 8.20abc +0.96

0.987%, 0.09%, and 10.97% of SOC, TN, and C: N of the initial soil in 2013 year, respectively. The small letters denote significant differences at

the 5% level

Table 3 Mean values and standard deviations (n=3) for (a) plant N uptakes from fertilizer-">N and soil native N in 2016; (b) the turnover rate
constant of biochar-C and native soil C in 2017 and 2018

(a) Treatment (year) N accumulation (kg N ha™!) Labeled N uptake Unlabeled N
- (kg N ha ! uptake (kg N

Stem Leaf Grain Total ha™")
NPK (2016) 20.34a+4.42 56.86a+5.34 127.18a+12.97  204.39b+12.56 84.33b+5.04 120.06ab +6.25
C,NPK (2016) 21.01a+2.40 50.51a+9.30 124.45a+17.05 195.98b +14.03 85.53b+6.83 110.44b +8.63
C,NPK (2016) 23.90a+3.13 58.20a+5.15 133.14a+14.97  215.25ab+13.99 106.09a+5.95 109.15b +8.65
C;NPK (2016) 21.14a+1.77 57.03a+5.54 157.80a+27.60  235.97a+20.99 104.77a+14.55 131.20a+8.96
(b) Treatment (year) 813C (%0) Turnover rate constant of biochar-C k, Turnover rate constant of native soil

(year™) Ck, (year™)

0-20 cm 2040 cm 0-20 cm 2040 cm 0-20 cm 2040 cm
CK (2017) — 18.55¢+0.33 —20.67b+0.80 - - - -
C,PK (2017) — 14.75a+0.90 — 18.75a+0.24 0.10a+0.02* 0.05a+0.01°* 7.67Tb+0.55* 9.38b+0.30*
C,NPK (2017) —16.196+0.46 —20.34b+0.36 0.06b+0.01* 0.02b+0.01* 8.72a+0.44%* 12.19a+0.40*
CK (2018) —18.40b+0.25 —20.50b+0.84 - - - -
C,PK (2018) — 14.88a+1.00 — 18.82a+0.01 0.029a+0.008 0.014A +0.000** 2.33a+0.20 2.83b+0.00*
C,NPK (2018) — 14.69a+0.69 —19.72ab+0.90  0.030a=+0.005 0.011B +£0.001** 2.28a+0.12 3.00a+0.08*

The independent-sample 7-test comparison was conducted to compare the turnover rate constant of carbon fractions in biochar application with
or without N fertilizer, and the significant differences were shown as *(P <0.05), **(P <0.01). The small letters denote significant differences at
the 5% level, and the capital letters denote significant differences at the 1% level
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also a major source to ensure the priority use of N for crop
absorption (Wang et al. 2020a). However, this phenomena of
offset effect disappeared with the extension of time because
the C,NPK and C;NPK treatments significantly improved
N retention in the fourth corn planting season (Figs. 3, 5a)
(P <0.05). The peak of the curve of C,NPK and C;NPK
was, respectively, in 2016 and 2017 because of the relatively
smaller delay or buffer capacity compared to the C;NPK
treatment. Additionally, the C,NPK treatment increased
total N retention in subsoil from 2018 but no significant
difference was observed (Fig. 3) (P >0.05). This is of great
significance to the nitrogen supply to crops from the native
soil nitrogen pool (Table 3a) that is supplemented every year
by exogenous nitrogen. What we found was similar to the
“revisited mental model”- the importance of soil and crop
residue N turnover (Yan et al. 2020). Our data also showed a
short-lived N enrichment effect in different organs of maize
in 2 years (2016-2017), but this effect gradually faded in
subsequent years, becoming non-significant in leaves and
grain in 2018 (Fig. 2a—c).

Just as the result showed above, high rate of biochar
buffered the inorganic N immobilization by microbes at the
beginning of the experiment, but ultimately, biochar resulted
in increased nitrogen retention in soil (Fig. 3). Our analyses
suggest a possible mechanism reliant on a transient sorptive
capacity of biochar increasing maize uptake of N from the
fertilizer and native soil pools (Table 3a). This result was
consistent with the field trials with grasses, but different
from the maize pot trials conducted by Jones et al. (2012),
who reported severe negative effects on maize (Jones et al.
2012) and wheat growth (Li et al. 2019) with excessive
addition of biochar at 50 (maize) and 40 t ha™! (wheat).
On the other hand, application of biochar carrying electron
transfer sites (Kopacek et al. 2013), high C:N ratio (Table 2)
and active energy substrate (labile biochar-C components)
may stimulate growth of microorganisms that can degrade
recalcitrant SOM, thus acquiring additional N when read-
ily available N in the soil is relatively low (Nelissen et al.
2012). However, the transient stimulation was dominated
by the provision of favorable microbial habitats (Weng et al.
2017; Zheng et al. 2018), and resulted in stable C and N
accumulation in the microbial biomass through entombing
effect (Liang et al. 2017, 2019; Wang et al. 2020a). This
transition effect (associated with biochar aging) lasted more
than 3 years according to our study result, which was in
accordance with the investigation of field-aged biochar
spatial niches (Quilliam et al. 2013). Surprisingly, biochar
applied at 10 t ha™! only once in 2012 showed a delayed, yet
short-lived effect, in 2 years, but this effect gradually faded
in subsequent years (Griffin et al. 2017). Annually applied
biochar at lower rates (<6 t ha™! year‘l) in our study and
also in the report by Nan et al. (2020) suggested applying
biochar in alternate years would be a more cost-effective

strategy (Wang et al. 2018b), but this suggestion would need
to be tested in the further studies.

In this study, it is noteworthy that the effect of favora-
ble nitrogen regulation was not triggered by the biochar
nitrogen, but was modulated by the combined application
of biochar and N fertilizer. Despite the high total nitrogen
content in biochar produced from wheat straw (Fiorentino
et al. 2019) or maize straw (Table S1), the available nitrogen
is likely to be tiny (Fiorentino et al. 2019), and the amounts
of N adsorption by both fresh and field-aged woody bio-
char were relatively small (Jones et al. 2012). As shown
in our previous study (Han et al. 2017) and in Fig. S1-SS5,
whether we calculate biochar nitrogen or not, combined
application of biochar improved N-use efficiency compared
to the control, suggesting that the contribution of nitrogen
from biochar to the crop uptake might be almost negligible.
Therefore, the indirect effects of biochar on soil amendment
and nutrient cycling would be of great importance (Lehmann
et al. 2003). A recent local-scale study also showed that the
physico-chemical properties of soil might be more impor-
tant than microbial enzyme activity in controlling C and N
pools (Li et al. 2020a). Thus, we speculated that the stability,
resilience and bio-availability (accessibility) of SOM were
important in synchronization between plant growth and soil
fertility.

3.2 New carbon input and SOM turnover

In a long-term experiment, the dominant factors influenc-
ing biochar stability are the environmental variables such
as water availability and temperature together with biotic
factors such as roots and microorganisms. The abiotic oxi-
dation is a requisite process for biological oxidation (e.g.,
mineralization of SOC), which then undergoes the process
of biological mineralization, termed ‘New Regulatory Gate
Hypothesis’ by Brookes et al. (2017). In contrast to the cli-
mate parameters of the study site in Major et al. (2010),
our study region has low annual precipitation and high silt
and clay content in subsoil (An et al. 2015). Therefore, the
erosion and leaching rates in this study were lower (also
meaning that any biochar loss was minimal or absent), espe-
cially in the PVC micro-plots with border barrier of 10 cm
in height; hence, biochar mineralization would not be under-
estimated as reported by Jiang et al. (2016). Consequently,
7-11% of total CO, respired originated from biochar miner-
alization under the N addition (Jiang et al. 2016).

Our study clearly showed that compared to the con-
trol, the turnover rate constant of biochar-C (k;) was sig-
nificantly decreased when N was added in the first year
(2017) (Table 3b) (*, P<0.05). In addition, the native soil
C turnover rate constant of k, (;pk, Was less than k, ¢ npx)
(Table 3b) (*, P<0.05), and the total soil C content in
the NPK and C,NPK treatments significantly decreased
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(P <0.05), especially in subsoil (2040 cm) (Table 2).
These findings suggested that the treatment with N addi-
tion stimulated the mineralization of the native soil carbon
(Tables 2, 3b), although field-aged biochar lowered SOC
mineralization by 5.5% (Weng et al., 2017). The aging pro-
cess influences decomposition and mineralization of bio-
char, thus adding biochar might be a quick and direct way to
improve SOM (Haumaier and Zech 1995; Chen et al. 2019;
Han et al. 2020). However, some studies did not show any
significant changes in total soil C (Neff et al. 2002), and even
reported a decrease in the amount of fine roots (Kopacek
et al. 2013), although N addition increased aboveground bio-
mass of crop. This report was similar to our investigation,
whereby the total soil C concentration decreased in topsoil,
and was lowered by 50% in subsoil (Table 2) (P <0.05),
although both the aboveground and root biomass increased
(data not shown) compared to the plots without N addition.
Nevertheless, the high addition of biochar prevented a loss
of the total carbon in the topsoil, and SOC was not affected
until the third; to fourth year (Table 2), which were similar
to the results of the five-years field trial (Madari et al. 2017),
although the subsoil C was still very low (Table 2), which
was related to slow replenishment.

The transient stimulation effects from the microbial activ-
ity have been reported (Luo et al. 2017; Nguyen et al. 2018).
Here, we proposed a hypothesis that a possible reason was
the ecological niches substitution effect (Fig. 4) from direct
physical mixing of biochar with soil (Han et al. 2020), as
previously reported in biochar’s spatial niches metabolism
(Quilliam et al. 2013) and ‘new microbiological niche’
(Luo et al. 2017). The potential readily mineralized carbon
was actually generated from the ‘young’ native soil carbon
derived from lignin and cellulose (Neff et al. 2002). The
lignin-rich biochar (Major et al. 2010) under low pyrolys-
ing temperature has a high similarity to native soil organic
matter components (Haumaier and Zech 1995), potentially
resulting in substitution/replacement of the ‘young’ C from
SOM pool by aging biochar particles containing microbial
residue C and N (Zheng et al. 2018), and thus protecting the
soil silt—clay aggregates as reported in our previous study
(Chen et al. 2020). Biochar was more beneficial to SOC
accumulation compared to maize straw application (Chen
et al. 2020), depending on the physical and chemical pro-
tection (Dorodnikov et al. 2011; Weng et al. 2017; Zheng
et al. 2018; Han et al. 2020). In our study (Table 3b), N
addition lowered the k values of biochar-C (*, P <0.05),
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but there was no difference in topsoil in the second year (*,
P>0.05). However, the biochar particles in subsoil demon-
strated a strong stability and slowly responded to the exog-
enous N due to the ‘co-aggregation’ effect (Fig. 4), implying
that the biochar aging in subsoil with a high clay content
and oxidation resistance was slower (**, P<0.01). In con-
trast, the residual biochar in the topsoil was much easier
to oxidize and accelerate humification under a long-term
exposure in the presence of oxygen and adequate tempera-
ture and nutrient supply. In the BC-rich Amazon Anthrosol
or Terra Preta de Indios (TPI) soil (Liang et al. 2013a, b),
the oxidation of external surface of BC particles in subsoil
layer was inevitably increased over millennia. In the pre-
sent study, after a short period of 3 years for stabilization of
soil microbiome, an enhanced increase in soil C with bio-
char aging might indicate a long-term dominant C storage
mechanism, similarly to the result that 50% of the initial C
would be sequestered (Nan et al. 2020), which was faster
than the biological decomposition pathway dependent on
the microbial entombing effect (< 10-20% of the initial C
after 5-10 years) (Lehmann et al. 2003; Liang et al. 2017).

During the long-term alteration and ecological selection
as reported by Feng et al. (2020), the SOC loss is unlikely
to subside after 5 years because microbial community was
restructured fundamentally (Feng et al. 2020). It remains to
be investigated whether these effects promote the new micro-
bial colonization, and better explain the adaptive mechanism
to utilize fresh C and N. However, based on the existing
observations, we surmised there is an ecological niches
substitution effect in the presence of biochar, although the
quantitative aspects of microbial shifts (e.g., fungi/bacteria
or K-/r-strategists) as influenced by the interactions between
abiotic and biotic factors remain largely unknown. Similarly,
the thresholds associated with N limitation and C limitation
regulating the processes in the biochar-amended dryland
cropping systems have yet to be ascertained. Based on our
general conceptual hypothesis presented in Fig. 4, there is
a dynamic balance effect of abiotic and biotic ‘Regulation
Gate’ switching to regulate the acquisition of available C
and N, and the nutrient limitation may likewise depend on
the ratio of fungi versus bacteria (F/B). Both of these effects
are dominated by the quantity (concentration) and quality
(C:N) of the nutritional input (Qiu et al. 2016) and energy
(Liang et al. 2020), and also regulated by the temporal and
spatial dynamics of soil microbial activity (Brookes et al.
2017) in dependence on the biodiversity and homeostasis
maintenance (Yu et al. 2018). As previously reported in a
10-year field trial, By, ;NPK had the same a-diversity indi-
ces as the BQNPK and NPK treatments (Nguyen et al. 2018).
Wang et al. (2020a) also reported that the necromass C and
N of bacteria, fungi and actinomycetes showed a similar
pattern of decomposition and stabilization, contributing
significantly to the SOM pool, as influenced by soil spatial

heterogeneity (Yu et al. 2018), land use intensity (Liang
et al. 2017) and nitrogen additions (Neff et al. 2002). Moreo-
ver, F/B ratio may have either positive (Oladele et al. 2019)
or negative (Song et al. 2018; Yu et al. 2018) responses to
biochar addition, and further work is required.

3.3 Dynamics of biochar effects is associated
with increased N bio-availability and stability
as well as minimized losses

As shown in Table 3, after isotope trial for 1 year, N addi-
tion increased the turnover rate of the native soil C, while
biochar addition increased the bio-availability of fertilizer-N
and native soil N. Indeed, biochar addition initially induced
positive priming in our study and the other reports. For
instance, the soil CO, fluxes were maximal after rice seed-
ing (Oladele et al. 2019), triggering positive priming in the
period 0-62 days, but turning negative afterwards (62—388
days) (Weng et al. 2015). This also may result from the ‘co-
metabolism’ of carbon and nitrogen, thus improving N syn-
chronization, and increasing nutrient use efficiency in maize
growth. As shown in our study, compared to the NPK and
C,NPK treatments, the N accumulation amounts (Table 3a)
and the annual plant recovery rates of >N in the C,NPK and
C;NPK were significantly higher (P <0.05).

Arguably, this interaction of biochar and C/N is influ-
enced not only by the chemical factors (Fiorentino et al.
2019), but physical factors as well because gross desorption
rates would be very low when NH,* and NO;~ were bound
strongly to the (field-aged) biochar (Mukherjee et al. 2016b,
c; Li et al. 2019), and the reactive sites were blocked over
time (Durenkamp et al. 2010). Therefore, we inferred that
the balance between the microbial priming effect (PE) and
entombing effect (EE) as well as ecological niches substi-
tution would regulate the stability and the size of soil C
(Liang et al. 2017) and N pools (Liang et al. 2019; Wang
et al. 2020a). After 2 years of the isotope trial (Table 3b), the
turnover rates of carbon from both native soil and biochar
decreased and showed a low response to the exogenous N
addition, suggesting that C together with N was protected
in the soil aggregates (‘co-aggregation’) through ecological
niches substitution (Fig. 4) and in the microbial entombing
effect (Liang et al. 2017). These findings also suggested for-
mation of new organic matter, especially in the presence of
high biochar application rate (6 t ha™!). With prolonged bio-
char aging (after 3 years) (Fig. 3), the SOM reached a new
equilibrium between the immobilization and mineralization,
resulting in more retention in soil of N derived from ferti-
lizer and crop residues (Fig. 2b, ¢ and Fig. 3). These findings
were likely associated with increasing microbial biomass
without altering microbial community structure (Yu et al.
2018). Griffin et al. (2017) also reported that the potential
mineralizable N may decrease with biochar field aging after

@ Springer



Biochar (2021) 3:367-379

376

a - - -NPK

80 - —0——0——0—C4NPK
- % A/ C,NPK
§ ———v——v— C4NPK
Z 6ot —
= Plants
3
£ 40l
[9)
s
S
° 20 e ) Soil
X B x

7 \Jj
0 —S—
2015 [ 2016 [ 2017 | 2018 | 2019 ]

Year

Fig.5 a Accumulative recovery rate of plants-soil systems (0—40 cm)
and their total values. b Decay functions fitted to observed §°N val-
ues of soil (0—40 cm) under four gradient biochar application. The
model suggests that it will take about 70 years to tend to the back-

3 years. However, compared to the ‘fresh’ organic matter,
the ‘old” SOM may provide a more stable and persistent N
source for plant uptake, thus avoiding losses, especially in
the presence of biochar (Cui et al. 2017). As shown in our
study, the highest recovery rates of N in the C,NPK treat-
ment ranged from 74 to 80% (Fig. 5a), but non-significantly
compared to other treatments in first two years. However in
the third year (2018), the total recovery rate of N increased
significantly by 77% (P <0.05) at 3 and 6 t ha™! biochar
applications because of a low risk of N losses compared
to the C;NPK and NPK treatments. Similarly, ecosystem
switch (Liang et al. 2019) from intense agriculture to mod-
erate forest was accompanied by increased amounts of SOC
through the ‘ex vivo’ pathway (Liang et al. 2017, 2019) and
the greater abiotic factor contribution. Our investigation sug-
gested that the C;NPK was associated with an increase in net
C and N storage by possibly enhancing the effect of niches
substitution greater than the sum of PE plus EE (Fig. 4),
which had synergies in improving soil fertility and increas-
ing maize grain yield.

According to the previous study, the combined applica-
tion of biochar with N significantly decreased the N-loss risk
because of strong uptake, the ratio of Uy, (uptake rate)/
Iyps (immobilization rate) reached 374 in the presence of
crops (He et al. 2020), thus supporting our findings (Figs. 2,
5a, and Table 3a) that biochar addition increased bio-avail-
ability of N for plant uptake. In this study, we used a simple
exponential decay function fitted to the isotope data to show
the rates of residual >N in soil (Fig. 5b). In the case of
the C;NPK treatment, it was predicted that decaying to the
background 6N values of + 6.4%o and + 11.7%o as shown in
Fig. 2 would take about 70 years (Fig. 5b), depending on the
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ground 8N values of +6.4%0 and+11.7%o (showed in Fig. 2, but
estimated 0.001% of the initial '>N input here) in topsoil and subsoil,
respectively, observed before tracer application

measured data of soil '°N in the topsoil and subsoil before
tracer application (the total residual rate of decaying to O,
which was estimated by 0.001% here). These findings were
similar to the previous reports (Sebilo et al. 2013) based on
tracing the fate of nitrate fertilizer after three decades of
sole N application (the average annual fertilization amount
of 135 kg N ha~! year™!). This is likely caused by excessive
nitrogen application (increasing the N-loss risk), and by the
negative effects on C sequestration because the balance is
tilted in favor of microbial priming effect and ‘N satura-
tion’ (Kopacek et al. 2013), suggesting that it might decrease
N losses or buffer N saturation in the presence of biochar.
With an increase in biochar application rates, there was a
significant decrease in decaying constant A from the NPK
to the C;NPK treatment (Fig. 5b) (from 1/2.26 to 1/7.81)
(P <0.05), revealing another direct evidence of decreasing
the risk of N losses. Additionally, the I5N content in subsoil
(2040 cm layer) in the C;NPK treatment was also very low
during the entire experiment because of the low leaching of
N (Fig. 3), which was the same as the results in the previ-
ous report (Li et al. 2019; Lehmann et al. 2003), with the
reduced leaching risk after several millennia black carbon
being aged in archeological Anthrosols from Central Ama-
zonia, the nutrient availability was higher.

4 Conclusions

Using the long-term field experiment by labeled biochar-
13C and fertilizer-"°N, we found that the high rate of bio-
char application (6 t ha™! year™!) prevented the loss of total
C in topsoil and buffered the immobilization of inorganic
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N derived both from native soil and fertilizer. As a conse-
quence of these long-term positive effects, there were an
annual increase in the maize yields significantly. The syn-
ergistic effects of biochar were confirmed by increasing C
stability and N retention in soil and improving N uptake
by maize, while the loss of N was minimized. Our investi-
gation indicates a fact that the long-term effect of the bio-
char’s stimulation and retention cannot be observed in the
short-term already reported works. Given that the greater
significance of carbon-nitrogen coupling effects on soil
organic matter than a single element, we suggest that the
detailed study are still needed in future, and better explain
the adaptive mechanism of microbial colonization in soil/
biochar-carbon and nitrogen coupling system especially in
the presence of plants. Biochars, therefore, should be specifi-
cally designed or selected for a more cost-effective strategy
than overuse to bring out its potential.
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