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Abstract: Excessive application of nitrogen (N) fertilizer will cause many adverse consequences in
paddy fields, especially for the reduction in N use efficiency. Biochar can be used to replace part of N
fertilizer for rice production. A field experiment of 2-year/four-season was conducted to investigate
the effects of N fertilizer reduction combined with rice straw biochar application on rice yield, soil
fertility, and N use efficiency. The experiment contained six treatments: No N application (CK),
customary N application (N100), 20% N reduction (N80), 20% N reduction + biochar (N80+BC), 40%
N reduction (N60), and 40% N reduction + biochar (N60+BC). Compared with N100, N reduction
alone had no significant impact on the number of tillers and aboveground biomass of rice, exceptfor
N60 which slightly reduced grain yield, while biochar incorporation tended to obtain higher tillers,
aboveground biomass, and grain yield of rice compared with N reduction alone. The average
contribution of biochar to grain yield on the basis of N80 and N60 were 5.8% and 7.7%, respectively.
Notably, biochar incorporation further improved the agronomic N efficiency (54.5-309.4% over N100)
and apparent N recovery (25.7-150.5% over N100) on the basis of N reduction. Furthermore, biochar
application could not only maintain N nutrition level of rice, but also improve soil fertility mainly
by increasing soil pH and organic matter. Therefore, integrated application of mineral N fertilizer
and biochar is a feasible nutrient management measure to increase rice yield and soil fertility, and
improve N use efficiency in paddy ecosystem.
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1. Introduction

Rice (Oryza sativa L.) is one of the most important cereal crops that feeds more than
half of the world’s population [1]. Nitrogen (N), as one of the most basic macroelements,
participates in many important physiological processes, such as the synthesis of proteins,
nucleic acids, phospholipids, and chlorophyll, and plays a dominant role in rice produc-
tion [2,3]. Therefore, mineral N fertilizers including urea, ammonium sulfate, ammonium
chloride, etc. are often excessively applied in paddy fields [4]. China is one of the largest
consumers of N fertilizer in the world, and its N fertilizer input accounts for about 32%
of the world’s total consumption [5]. Long-term excessive use of mineral N fertilizer not
only causes adverse effects on rice, such as lodging, aggravation of pests and diseases, and
decrease in yield and quality [6,7], but also contributes to soil compaction, acidification,
and reduction in organic matter content [8,9]. Furthermore, excessive use of N fertilizer
leads to a series of environmental problems, such as water eutrophication, groundwater
pollution, and greenhouse gas emission [10-12], which has become a major concern.
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With the improvement in people’s awareness of agricultural product safety and en-
vironmental protection, reducing N fertilizer application on the premise of ensuring crop
yield has become a common requirement for sustainable agriculture [13]. Many studies
have shown that appropriate N fertilizer reduction will not affect crop yield but help
improve the N use efficiency, which can save production costs and ease the environmental
load [14,15]. However, improper N fertilizer reduction will inevitably harm crop yield.
For instance, Su et al. found that 50% N reduction reduced maize yield by 7.7% through a
4-year field experiment in barren soil areas [16]. Tian et al. showed that rape yields were
decreased by 11.7-31.7% under 20-40% N reduction through a 2-year field experiment [17].
Therefore, whether N reduction is feasible depends on the amount of N reduction and the
N level of the soil itself. Notably, even in the paddy with a high N level, if the soil is always
in a negative N surplus, N reduction may not affect rice yield in the short term, but it will
inevitably cause a decrease in rice yield with the continuous rice planting.

At present, the integrated application of inorganic and organic resources has been
an attractive and effective way of nutrient management in the field [18]. In addition to
organic fertilizers (straw, manure, green manure, etc.), which are often applied in combina-
tion with chemical fertilizers [19,20], biochar, a by-product of agricultural waste, is being
increasingly used in agricultural production [21,22]. Biochar is an aromatic and carbon-rich
solid substance produced by the pyrolysis of biological residues at high temperature under
anaerobic conditions, and it has the characteristics of high stability, high porosity, large spe-
cific surface area, and strong adsorption capacity [23,24]. Previous studies have indicated
that the application of biochar in the agro-ecosystem is beneficial in many aspects. In most
soils, especially acidic soils, biochar addition can increase soil pH and macroaggregate
ratio, reduce soil bulk density, and increase soil organic matter and available nutrient
content, thereby promoting crop growth and increasing yield [21,25,26]. Due to the strong
adsorption capacity and stability, the application of biochar helps in sequestering carbon
in the soil and thus reducing greenhouse gas emissions [27,28], and at the same time, it
also plays a role in alleviating the accumulation of heavy metals and organic pollutants in
crops [29-31].

Numerous studies have shown that the application of biochar has a positive effect on
soil N level, crop N uptake, and N use efficiency of fertilizer, while this effect is closely
related to the raw material, amount, and time of biochar application, as well as soil proper-
ties [32-34]. On the one hand, owing to its porosity, high cation exchange capacity, and rich
functional groups, biochar can adsorb N and other nutrients in the soil, reduce N leaching
loss and ammonia volatilization [32,35], and thus improve crop N uptake and N use effi-
ciency [33,36]. On the other hand, application of biochar can affect soil pH, temperature,
humidity, as well as the composition and activity of microorganisms, thereby affecting soil
N mineralization, which increases soil N content and availability [37,38]. Furthermore,
biochar can promote the expression of functional genes and the increase in enzymes activity
involved in N cycling in the soil, and accelerate the turnover of soil N pools [34,39].

South China is an important double-cropping rice production area in China due to
its advantages in water and heat resources. In this region, the phenomenon of excessive
use of N fertilizer is relatively serious, which causes soil nutrient imbalance and low N use
efficiency (about 30-35%) [40]. In recent years, with the promotion of mechanization, the
majority of rice straw are directly returned to the field. Straw returning is undoubtedly
an important nutrient management measure, but it may bring some unfavorable factors,
such as aggravating rice diseases and pests, affecting rice growth, and polluting water
environment [41,42]. Therefore, straw biochar to replace part of N fertilizer is an ideal
method for rice production. Although various field experiments have been conducted to
research the dynamic of N due to biochar application around the world [43,44], it is still
scarce for understanding the N use efficiency of fertilizer and the contribution of biochar to
rice yield under different N fertilizer reductions combined with biochar application in the
paddy field.
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In the present study, we hypothesized that N fertilizer reduction combined with
biochar can maintain rice yield and soil nutrient fertility but improve the N use efficiency
of fertilizer, and the effects of biochar on N use efficiency and yield contribution depend
on the amount of N fertilizer reduction. Therefore, a field experiment over 2-year/four-
season of N fertilizer reduction combined with or without straw biochar were conducted
to investigate and evaluate the effects of different fertilization regimes on rice yield, soil
fertility, and N use efficiency of fertilizers, which will provide scientific evidence for N
fertilizer reduction and biochar utilization in paddy field.

2. Materials and Methods
2.1. Study Site

The field trial was located on the rice farm at South China Agricultural University
(113°21" E, 23°9" N), Tianhe District, Guangzhou, Guangdong Province, China. This area
has a subtropical monsoon climate, and the annual average temperature is 20 to 22 °C and
total rainfall is approximately 1720 mm. The rainfall and average temperature per month
during the experimental years are shown in Figure 1. The season for rice cultivation is
from April to November, and usually divided into early rice season (April to July) and late
rice season (August to November). The soil type in the trial field is Stagnic Anthrosols,
which develops from the diluvial and alluvial deposit of granite, and the initial properties
of the surface soil (0-0.2 m) were as follows: pH 5.88, CEC 5.25 cmol-kg !, 36.36 g-kg !
organic matter, 2.65 g-kg ! total N, 0.58 g-kg ! total P, 11.07 g-kg ! total K, 2.70 mg-kg ~*
ammonium N, 4.96 mg-kg_1 nitrate N, 21.60 mgkg‘1 available P, and 73.42 mg~kg_1
available K.
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Figure 1. Rainfall and average temperature per month during the experimental years (2018, 2019).
Numbers 1-12 in the X axis represent the 12 months in a year.

2.2. Experimental Material

The rice variety tested was Hua-hang 31, a high-quality variety provided by the
College of Agriculture, South China Agricultural University. The biochar used in the
experiment was produced by Jin-He-Fu Agricultural Company in Liaoning Province,
China. It was made from the slow pyrolysis of rice straw at 600 °C, with the following
properties: pH 9.04, 50.55% C, 1.79% H, 1.89% N, 0.54% P, 0.89% K, 0.17% S, C/N 26.79,
and C/H 28.30.

2.3. Experimental Design

Field trial was conducted in 2018-2019 including four rice planting seasons. There were
six treatments with three replicates: (1) Local customary N application rate, 180 kg-ha~!,
N100, (2) 20% N reduction, 144 kg-ha’l, N8O, (3) 20% N reduction with biochar, N80+BC,
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(4) 40% N reduction, 108 kg~ha’1, N60, (5) 40% N reduction with biochar, N60+BC, and
(6) no N and biochar application, CK. Treatments were arranged in a randomized complete
block design. When rice seedlings grew the fourth leaf, they were transplanted to the
experiment field with a row spacing of 0.2 m. The field plot area of each treatment was
15 m? (3 x 5 m), and each plot was separated by a 30-cm-high soil dam.

For treatments with biochar, only in the early season of each year, 15 t-ha~! of biochar
was mixed into the cultivated soil 7 d before rice transplanting. For all treatments, urea,
calcium superphosphate, and potassium chloride were applied as N, P, and K fertilizers,
respectively. Each plot received 75 kg-ha~! of P,Os and 120 kg-ha~! of KCl in each planting
season. P fertilizer was applied as base fertilizer before rice transplanting, and N fertilizer
and K fertilizer were applied half on the 7th and 14th day after transplanting, respectively.
In addition, all soil dams were covered with plastic film to inhibit the growth of weeds,
insecticides and fungicides were used in the early stage of pests and diseases, irrigation
and drainage were carried out according to the actual conditions.

2.4. Rice Plant Sampling and Analysis

At the ripening stages of rice in each season, two hills of rice plants in each plot were
sampled. Rice plants were cut with a sickle from the ground and the number of effective
tillers were recorded, and then rapidly divided into stems, leaves, and spikes. Rice stems,
leaves, and spikes were baked first at 105 °C for 0.5 h, and then baked to a constant weight
at 80 °C. The dried stems, leaves, and spikes were weighed and summed to obtain the
aboveground dry biomass of rice. Then, stems, leaves, and spikes were ground separately
to measure N concentration using the Kjeldahl method. The aboveground N uptake in
sampled rice was equal to the sum of the product of the N concentration and the dry
biomass of each part. The aboveground dry biomass and N uptake of rice per hectare were
obtained according to the sampled rice and the number of rice per hectare.

2.5. Soil Sampling and Analysis

After rice plants were sampled, soil samples (0-20 cm depth) were collected using a
soil auger. Three soil samples were collected from each plot and mixed into one composite
sample. The soil samples were air-dried and then sieved through 1 and 0.15 mm meshes to
measure pH, cation exchange capacity (CEC), organic matter, available P, available K, total
N, ammonium N, and nitrate N.

Soil pH was measured in the suspension of 5 g of soil and 25 mL of 1 mol-L~! KCl
solution. Soil CEC was determined using the BaCl,-MgSO, method [45]. Soil organic matter
was determined using the Walkley-Black method [46]. Soil available P was determined
with colorimetry by extracting 5.0 g of soil with 100 mL of 0.5 mol-L~! NaHCOj3 [47]. Soil
available K was determined by a flame atomic absorption spectrometry by extracting from
5.0 g of soil with 50 mL of 1.0 mol-L~1 NH;OAc [48]. Soil total N was determined using
the Kjeldahl method. Soil ammonium N and nitrate N were determined colorimetrically
using a spectrophotometer [49]. Ammonium N was reacted with salicylate and sodium
hypochlorite solution to produce a blue compound and measured at 660 nm. Nitrate N
was reduced to nitrite by hydrazine in an alkaline solution with a copper catalyst, reacted
with sulfanilamide to form a pink compound, and measured at 550 nm.

2.6. Yield and N Fertilizer Use Efficiency

The remaining rice in the plot was harvested and threshed manually, and grain yield
per plot was dried and weighed. The contribution of biochar to grain yield on the basis of
different N fertilizer levels wascalculated as the difference in the average yield between
treatments with and without biochar [50], as follows:

The contribution of biochar to grain yield (%) = (Yp — Yo)/ Yo x 100 D)

where Y}, and Y are the average grain yield (kg-ha_l) under treatments with and without
biochar, respectively.
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N use efficiency of fertilizers was assessed according to the following series of indexes.
Agronomic N efficiency (AEN) was calculated as follows [51]:

AEy (kgkg N™1) = (Yn — Yck)/N ©)

where Yy and Yck are the grain yield (kg-ha~!) under treatment with N fertilizer and CK,
respectively. N is the N fertilizer amount (kg-ha~!) in the N fertilizer plot.
Apparent N recovery (ARy) was calculated as follows [52]:

ARy (O/o) = (UN — UCK)/N x 100 (3)

where Uy and Uck are the N uptake (kg-ha™!) of aboveground rice under treatment with
N fertilizer and CK, respectively. N is the N fertilizer amount (kg-ha~!) in the N fertilizer
plot.

N partial factor productivity (PFPy) was calculated as follows [51]:

PFPy (kg-kg N™') = Yn/N 4)

where Yy is the grain yield (kg-ha~!) under treatment with N fertilizer. N is the N fertilizer
amount (kg~ha_1) in the N fertilizer plot.

2.7. Statistical Analysis

The results are presented as mean =+ standard error. The data were statistically ana-
lyzed using SPSS 18.0 by one-way ANOVA and Duncan’s method for multiple comparisons
at a 5% significance level. Moreover, Pearson correlation and partial correlation coefficients
were analyzed using SPSS 18.0. All figures were constructed using Origin 8.0.

3. Results
3.1. Effects of Fertilization Regimes on the Aboveground Biomass, Grain Yield, and N Uptake
of Rice

The number of tillers, aboveground dry biomass, and grain yield of rice were higher
in late season than in early season, and higher in 2019 than in 2018 (Table 1). N fertilizer
reduction alone (N80, N60) or combined application with biochar (N80+BC, N60+BC) had
no significant impact on the number of tillers and the aboveground dry biomass of rice
in general compared with N100, and in 2018, application of biochar (N80+BC, N60+BC)
increased the number of tillers of rice compared with N fertilizer reduction alone. Similarly,
in the late season of 2018, application of biochar tended to obtain higher aboveground dry
biomass of rice compared with N fertilizer reduction alone. During the trial, compared
with N100, 40% N reduction (N60) slightly reduced grain yield, and combined application
with biochar increased the grain yield compared with N fertilizer reduction alone. Notably,
the grain yields under N80+BC and N60+BC were even higher than under N100, and the
increase rate reached 0.3-18.1%. In addition, no significant difference in grain yield was
observed between N80+BC and N60+BC.

As shown in Figure 2, a large difference was observed in the contribution of biochar
to grain yield in different planting seasons, and it was higher in early season than in late
season, and higher in 2018 than in 2019. During the trial, the contribution of biochar to
grain yield on the basis of 40% N reduction (15.8%, 3.7%, 10.0%, and 3.4% in the four
seasons, respectively) was always higher than on the basis of 20% N reduction (13.3%, 3.2%,
6.9%, and 2.2% in the four seasons, respectively). The average contributions of biochar to
grain yield in the four seasons on the basis of 20% and 40% N reduction were 5.8% and
7.7%, respectively.

Furthermore, N uptake in aboveground rice showed significant differences among dif-
ferent planting seasons, with a similar trend to aboveground dry biomass of rice (Figure 3).
Undoubtedly, N uptake in aboveground rice under CK was significantly lower than under
other treatments. In late season of 2018 and early season of 2019, N fertilizer reduction
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alone (N80, N60) resulted in a slight reduction in N uptake in aboveground rice compared
with N100, and combined application with biochar increased N uptake in aboveground
rice compared with the corresponding N fertilizer reduction, especially N80+BC, it was
observed to have the highest N uptake in aboveground rice.

Table 1. Effects of N fertilizer reduction combined with biochar application on the number of tillers,
aboveground dry biomass, and grain yield of rice.

Planting Seasons Treatments Number of Tillers Aboveground Dry Biomass (kg-ha—1) Grain Yield (kg-ha—1)
N100 83 + 0.3ab 10,609.7 + 459.1a 4488.9 + 228.1bc
N80 7.5 + 0.1ab 10,2813 + 266.6a 44222 + 121.9bc
Early scason in 2018 N80+BC 9.2+ 03a 11,244.1 + 519.3a 5011.1 + 100.8ab
N60 8.2 + 0.3ab 10,692.9 + 225.6a 4577.8 + 127.8bc
N60+BC 9.3+ 0.3a 11,277.5 + 226.1a 5300.0 + 33.3a
CK 7.0 + 0.2b 8796.2 + 105.6a 39333 + 19.2b
N100 112+ 0.2a 15,1463 + 208.5ab 5766.7 + 112.8a
N80 10.0 + 0.2ab 13,909.1 + 214.4b 5766.7 + 106.0a
. N80+BC 113 + 0.3a 16,7509 + 259.6a 5950.0 + 140.9a
Late season in 2018 N60 105 + 0.2ab 15,544.5 + 254.8ab 5666.7 + 58.8a
N60+BC 10.8 + 0.2ab 14,756.3 + 187.5b 5877.8 + 32.1a
CK 9.2+ 0.2b 11,217.7 + 269.9¢ 49889 + 115.7b
N100 10.7 + 0.4a 15,874.3 + 446.7a 5077.8 + 90.5ab
N80 10.8 + 0.4a 15,521.6 + 287.1a 5155.6 + 61.2ab
Early season in 2019 N80+BC 10.0 + 0.1a 16,131.3 + 286.0a 5511.1 + 39.0a
N60 103 + 0.1a 14,7515 + 148.6a 5011.1 + 89.1b
N60+BC 9.8+ 0.3a 15,643.9 + 202.6a 5511.1 + 121.9a
CK 8.7 +0.2a 12,422.8 + 216.4b 4488.9 + 55.9¢
N100 12.7 4 0.5a 19,601.4 + 239.2a 6388.9 + 167.2a
N80 13.0 + 0.1a 20,614.1 + 260.2a 6466.7 + 33.3a
. N80+BC 13.5 + 0.4a 20,465.5 + 294.5a 6611.1 + 122.4a
Late season in 2019 N60 13.3 + 0.4a 19,3665 + 205.3a 6200.0 + 77.8a
N60+BC 123+ 0.3a 20,362.8 + 310.7a 6411.1 + 157.7a
CK 113+ 0.3a 15,549.3 + 447.9b 5522.2 + 105.0b

N100, 180 kg N-ha~!; N80, 144 kg N-ha~!; N80+BC, 144 kg N-ha~! + biochar; N60, 108 kg N-ha~!; N60+BC,
108 kg N-ha~! + biochar; CK, no N and biochar application. Different small letters indicate significant differences
among different treatments at the same planting season (p < 0.05).
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Figure 2. The contribution of biochar to rice grain yield on the basis of different N fertilizer levels.
“The contribution” was calculated as the average grain yield of three repeated plots under treatments
with or without biochar. N80+BC, 144 kg N-ha—! + biochar; N60+BC, 108 kg N-ha—! + biochar.
“Average” refers to the average of the four seasons.
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Figure 3. Effects of N fertilizer reduction combined with biochar application on N uptake in above-
ground rice. N100, 180 kg N-ha~1; N80, 144 kg N-ha~!; N80+BC, 144 kg N-ha~! + biochar; N60,
108 kg N-ha~!; N60+BC, 108 kg N-ha~! + biochar; CK, no N and biochar application. Different
small letters indicate significant differences among different treatments at the same planting season
(p <0.05).

3.2. Effects of Fertilization Regimes on Soil Nutrient Fertility

Throughout the trial period, compared with N100, N fertilizer reduction alone (N80,
N60) had no significant impacts on soil pH, CEC, organic matter, available P, and available
K (Table 2). No matter compared to N100 or corresponding N fertilizer reduction, combined
application with biochar (N80+BC, N60+BC) also had no significant impacts on soil CEC,
available P, and available K in general. In the late season of 2018 and 2019, soil pH under
the treatments with biochar (N80+BC, N60+BC) was significantly higher than under other
treatments (Table 2). Compared with N100, N80+BC and N60+BC increased soil pH by 0.49
and 0.10 units, respectively in late season of 2018, and increased soil pH by 0.30 and 0.37
units, respectively in late season of 2019. In 2019, soil organic matter under treatments with
biochar (N80+BC, N60+BC) was significantly higher than under other treatments (Table 2).
For example, in early season, N80+BC and N60+BC increased soil organic matter by 13.3%
and 27.7% compared with N100, respectively. In late season, they increased soil organic
matter by 28.0% and 28.1% compared with N100, respectively.

Soil total N, ammonium N, and nitrate N fluctuated greatly in different planting
seasons (Figure 4). However, during the trial, N fertilizer reduction or combined application
with biochar had no significant impacts on soil N overall. In late season of 2018, N80
significantly reduced soil total N by 19.8% compared with N100. In early and late seasons
of 2018, N80+BC significantly increased soil total N by 35.4% and 31.7% compared with
N8O, respectively (Figure 4a). There was no significant difference in soil ammonium N
among different treatments (Figure 4b). In early season of 2018, N fertilizer reduction
(N80, N60) or combined application with biochar (N80+BC, N60+BC) was observed to
have higher soil nitrate N compared with N100, especially N80 and N60. In early season
of 2019, N fertilizer reduction (N80, N60) had no significant impacts on soil nitrate N
compared with N100, and combined application with biochar (especially N80+BC) resulted
in a significant increase in soil nitrate N compared with other treatments (Figure 4c).
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Table 2. Effects of N fertilizer reduction combined with biochar application on soil pH, CEC, organic

matter, available P, and available K.

Planting Treatments H CEC Organic Matter Available P Available K
Seasons P (cmol-kg—1) (gkg™ (mg-kg™1) (mg-kg—1)

N100 6.03 £ 0.03a 5.18 = 0.15a 30.37 = 0.98a 23.67 £ 0.96a 52.92 £ 0.49a

N80 6.10 £ 0.02a 5.36 £0.12a 2791 + 0.71ab 20.75 £ 1.76a 69.92 + 4.88a

Early season in N80+BC 6.11 £ 0.03a 543 £0.12a 26.77 + 0.31ab 19.83 £ 1.11a 72.83 £ 5.69a

2018 N60 6.02 £ 0.03a 521 £0.19a 27.17 £+ 0.79ab 20.67 £ 0.97a 70.11 £ 0.48a

N60+BC 5.93 £+ 0.05a 5.61 £ 0.03a 24.88 + 0.81b 21.75 £ 1.04a 58.44 £ 4.26a

CK 592 £ 0.01a 5.11 £ 0.15a 28.29 + 0.77ab 2292 +0.39a 70.50 £ 5.56a

N100 5.13 + 0.03ab 4.99 £ 0.06a 36.99 &+ 0.21ab 20.08 £ 0.81ab 37.35 £ 2.17a

N80 5.11 £ 0.13b 493 £0.11a 36.42 + 1.11ab 17.54 £+ 1.24b 43.17 £ 3.28a

Late season in N80+BC 5.62 £ 0.13a 5.35 £ 0.09a 32.07 + 0.74bc 19.21 £ 0.99ab 46.03 £ 3.58a

2018 N60 5.19 + 0.02ab 5.19 £ 0.18a 35.29 £+ 1.30abc  19.09 £ 0.87ab 41.08 £ 0.58a

N60+BC 5.23 + 0.05ab 542 £0.12a 39.80 £ 2.14a 21.14 + 1.12ab 47.56 £ 1.72a

CK 5.15 + 0.07ab 485 £ 0.11a 29.38 £ 0.65¢ 24.17 £ 0.56a 40.86 = 0.72a

N100 5.30 &= 0.06a 6.13 = 0.13a 31.68 4= 0.70c 15.67 £ 0.97bc 40.99 £ 1.00a

N80 5.43 £+ 0.08a 5.74 £ 0.18a 29.58 £ 1.08c 14.38 £ 0.69¢c 44.99 + 3.47a

Early season in N80+BC 5.63 £0.12a 6.15 = 0.20a 36.51 + 1.33ab 21.92 £ 0.59a 47.71 £ 0.46a

2019 N60 5.30 &= 0.00a 6.14 & 0.02a 31.91 £ 0.90bc 17.83 £ 1.02bc 51.74 = 1.04a

N60+BC 5.37 £ 0.02a 5.87 £ 0.09a 40.47 £ 0.47a 18.54 £ 0.35ab 48.03 + 1.65a

CK 523 £0.11a 5.90 £ 0.02a 28.80 &= 0.15¢ 15.92 £ 0.33bc 47.07 £ 4.04a

N100 4.90 £ 0.03b 6.13 £ 0.20ab 30.47 £ 0.31b 23.00 £ 0.53a 46.98 = 1.18a

N80 4.83 £ 0.04b 4.25 4 0.26b 31.30 £ 0.33b 21.38 + 0.58a 53.97 &+ 4.57a

Late season in N80+BC 5.20 £ 0.03a 7.22 £0.25a 38.99 £ 0.08a 24.46 £ 0.82a 56.50 £ 1.85a

2019 N60 4.93 £+ 0.04b 5.38 £ 0.48ab 30.09 £ 0.59b 21.08 £ 0.89a 51.31 & 3.09a

N60+BC 5.27 4+ 0.05a 5.40 £ 0.48ab 39.03 + 0.36a 24.38 +1.10a 52.12 + 0.51a

CK 4.80 £ 0.06b 5.37 + 0.24ab 30.62 + 0.79b 23.42 £ 0.19a 52.70 £ 3.77a

N100, 180 kg N-ha~!; N80, 144 kg N-ha~!; N80+BC, 144 kg N-ha~! + biochar; N60, 108 kg N-ha~!; N60+BC,
108 kg N-ha~! + biochar; CK, no N and biochar application. Different small letters indicate significant differences
among different treatments at the same planting season (p < 0.05).

3.3. Effects of Fertilization Regimes on N Use Efficiency of Fertilizers

Figure 5 clearly showed that N fertilizer reduction or combined application with
biochar significantly increased the N use efficiency of fertilizers. Compared with N100,
N fertilizer reduction (N80, N60) slightly increased the AEj, although the difference did
not reach a significant level; combined application with biochar (N80+BC, N60+BC) fur-
ther increased the AEyN compared with N fertilizer reduction alone; compared with N100,
N80+BC and N60+BC greatly increased the AEy, the increase rate under N80+BC reached
54.5-142.5%, whereas under N60+BC it reached 71.1-309.4% (Figure 5a). Similarly, N fertil-
izer reduction slightly increased the ARy compared with N100, and combined application
with biochar (N80+BC, N60+BC) further increased the ARy; compared with N100, N80+BC
and N60+BC increased the ARy by 25.7-150.5% and 44.0-148.7%, respectively (Figure 5b).
PFPy increased significantly with N fertilizer reduction, N80 and N60 increased it by
22.1-26.5% and 58.2-70.0% compared with N100, respectively. However, combined applica-
tion with biochar (N80+BC, N60+BC) had similar PFPy compared with the corresponding
N fertilizer reduction; compared with N100, N80+BC and N60+BC increased the PFPy by
29.0-39.5% and 67.3-96.8%, respectively (Figure 5c).
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Figure 4. Effects of N fertilizer reduction combined with biochar application on total N (a), am-
monium N (b), and nitrate N (c) in the soil. N100, 180 kg N-ha—1; N80, 144 kg N-ha~!; N80+BC,
144 kg N-ha~! + biochar; N60, 108 kg N-ha~!; N60+BC, 108 kg N-ha~! + biochar; CK, no N and
biochar application. Different small letters indicate significant differences among different treatments
at the same planting season (p < 0.05).

According to the Pearson correlation analysis, AEN was positively correlated with
SOM, N uptake, and grain yield, and negatively correlated with NH;*-N; ARy was cor-
related with all test parameters (p < 0.01), which was positively correlated with pH, CEC,
SOM, N uptake, and grain yield, and negatively correlated with TN, NH;*-N, and NO3 ~-N;
there was no correlation between PFPy and all test parameters (Table 3). According to
partial correlation analysis, AEN was positively correlated with NH4*-N and grain yield,
and negatively correlated with pH and NO3;™-N; ARy was positively correlated with CEC,
NH4*-N, N uptake, and grain yield, and negatively correlated with TN and NO3; ~-N; PFPy
only had a positive correlation with grain yield (Table 3).
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Figure 5. Effects of N fertilizer reduction combined with biochar application on N use efficiency
of fertilizers. (a) Agronomic N efficiency, AEy; (b) Apparent N recovery, ARy; (¢) N partial factor
productivity, PFPy. N100, 180 kg N-ha—!; N80, 144 kg N-ha~!; N80+BC, 144 kg N-ha~! + biochar;
N60, 108 kg N-ha—1; N60+BC, 108 kg N-ha~! + biochar. Different small letters indicate significant
differences among different treatments at the same planting season (p < 0.05).

Table 3. Pearson correlation coefficients and partial correlation coefficients between the parameters
of N use efficiency and other relevant parameters during the experiment.

Parameters of N Pearson Correlation Coefficient
Use Efficiency pH CEC SOM TN NH;*-N NO;-N N Uptake Grain Yield
AEN 0.249 0.190 0.289 * —0.251 —0.261 * —0.195 0.320 * 0.375 **
ARy 0.870**  0.570**  0.891**  —0.835** —0.871** —0.591 ** 0.883 ** 0.911**
PFPyN 0.144 —0.024 0.146 —0.140 —0.101 0.136 0.164 0.204
Partial correlation coefficient
pH CEC SOM TN NH4*-N NO3;™-N N uptake Grain yield
AEyN —0.491**  0.143 —0.182 —0.216 0.325 * —0.367 ** 0.092 0.683 **
ARy —0.203 0.316 * 0.205 —0.443 ** 0.455 ** —0.383 ** 0.496 ** 0.298*
PFPyN —0.061 -0.121 —0.061 —0.041 0.124 0.085 —0.012 0.349 **

AEy;, agronomic N efficiency; ARy, apparent N recovery; PFPy;, N partial factor productivity. SOM, TN, NH4*-N,
NO;3;™-N refer to the content of organic matter, total N, ammonium N, and nitrate N in the soil, respectively. N
uptake and grain yield refer to the aboveground N uptake and grain yield of rice, respectively. ** Correlation is
significant at p < 0.01; * Correlation is significant at p < 0.05.
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4. Discussion
4.1. Biochar Incorporation Improve the Grain Yield of Rice

Although N plays an important role in rice growth and yield formation, many previous
studies have shown that appropriate and short-term N reduction will not affect rice [15,53].
Meanwhile, as a friendly soil conditioner, biochar is widely reported to have positive
effects on rice growth and yield, especially in acidic and sandy soils [25,27]. In fact, in
our study, compared with N100, N fertilizer reduction alone (N80, N60) or combined
application with biochar (N80+BC, N60+BC) had no significant impact on the number
of tillers, aboveground dry biomass, and aboveground N uptake of rice (Table 1 and
Figure 3). Given that ammonium N and nitrate N contents were relatively low in our
field, we speculate that the surface application of heavy N fertilizer may lead to low N use
efficiency, and in this case, appropriate N reduction did not affect rice growth and N uptake.
The reason why combined application with biochar did not promote rice growth and N
uptake compared with N100 is probably due to the fact that effectiveness of biochar often
relies on multiple applications in the field as confirmed by the research of Major et al. [54].
Another reason is that combined application with biochar was based on N reduction, and
the available N supplied was different from N100. However, it could still be seen that
combined application with biochar tended to obtain higher number of tillers, aboveground
dry biomass, and N uptake of rice compared with corresponding N reduction (Table 1
and Figure 3), which indicated that 15 t-ha~! of biochar incorporation in our trial was
able to promote rice growth and N uptaketo a certain extent. As described above, long-
term application of biochar may be more beneficial for rice production [54]. However, in
short-term trials, many studies have shown that rice growth and N uptake under biochar
addition can exhibit an advantage over the one under no biochar addition [36,55], which is
mainly due to the comprehensive performance of biochar in the soil, such as improving
soil structure and properties, increasing soil available nutrients [21,25].

Inconsistent with rice biomass, during the trial, 40% N reduction (N60) resulted in a
slight decrease in grain yield, and biochar incorporation increased the grain yield compared
with N fertilizer reduction alone (Table 1), which seems to indicate that grain yield is more
dependent on N fertilizer or biochar compared with biomass. The reason may be that
grain yield is mainly formed in the later stage of rice growth, and excessive N reduction
easily causes N shortage in this period, and is not conducive to yield formation. In contrast,
biochar can adsorb N and delay the fertilizer efficiency of N in soil [32], thereby increasing
N supply in this period, but the detailed mechanism still needs further study. Moreover,
the studies by Huang et al. and Dong et al. confirmed that biochar with N reduction
could significantly increase rice yield [43,55]. Apart from optimizing soil properties and
increasing soil fertility, biochar incorporation may also induce N transfer from leaves
to spikes, which is beneficial to protein transformation and increase the grain yield of
rice [56,57].

Notably, the contribution of biochar to grain yield in early seasons was clearly higher
than in late seasons, which was the opposite of the grain yield (Figure 2). Regardless of
the fact that biochar was only applied in the early seasons, it was clear that biochar could
play a better role in unfavorable environments, and stabilize rice yield. During the trial, the
contribution of biochar to grain yield on the basis of 40% N reduction was always higher
than on the basis of 20% N reduction (Figure 2), which also indicated that biochar could
play a better role in stabilizing grain yield in the case of N shortage. Apart from increasing
N utilization of rice, biochar may enhance the resistance of rice under adverse conditions,
for example, Yuan et al. found that biochar can interact with the proteins related to abscisic
acid in rice, thus improving the ability to resist chilling stress [58]. Furthermore, the role
of silicon cannot be ignored, since rice straw biochar contains a higher content of silicon,
which can help rice resist biotic and abiotic stresses [59,60]. In addition, the number of
tillers, aboveground dry biomass, aboveground N uptake, and grain yield of rice fluctuated
greatly in different planting seasons (Table 1and Figure 3), which was mainly due to climate
difference (Figure 1). In this region, there was more rainfall in the early season than in the
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later season, especially in the ripening stage of rice, which was not conducive to the yield
formation. In particular, in 2018, the local area was frequently hit by typhoons, resulting in
rice growth and yield which is not as good as in 2019.

4.2. Biochar Incorporation Maintain N Balance and Improve Soil Fertility

Nutrient balance, improved fertility, and environmentally harmless are important
goals of sustainable farmland. In addition to reducing environmental load, proper N
fertilizer reduction and biochar application can increase soil fertility and nutrient balance,
but this often requires a long-term process [15,21,30]. A meta-analysis showed that N
addition had a significant effect on soil pH, and current N addition reduced global pH
by an average of 0.26 [61]. Tian et al. found that the application of 150 kg N ha~! could
produce a significant increase in soil organic C content compared with 225 kg N hm~?, after
7 years of the same management practices [62]. In the present study, throughout the trial
period, compared with N100, N fertilizer reduction alone (N80, N60) had no significant
impacts on soil pH, CEC, organic matter, available P, and available K (Table 2). It is seen in
the agro-ecosystem, short-term reduction in N fertilizer was not sufficient to change soil
physicochemical properties except for soil N levels.

In contrast, although combined application with biochar (N80+BC, N60+BC) had no
significant impacts on soil CEC, available P, and available K overall, no matter compared to
N100 or corresponding N fertilizer reduction, combined application with biochar signifi-
cantly increased soil pH and organic matter content, especially in the late season of 2019
(Table 2). Numerous studies have demonstrated consistent evidence that biochar incorpo-
ration can increase soil pH, CEC, organic matter, and available nutrients content [25,63,64].
Ultimately, of course, the increased magnitude depends on the raw material, application
amount and time of biochar, and soil properties. In our study, biochar incorporation had no
significant impacts on soil CEC, available P, and available K overall, excluding the above
factors, the reason may also be related to the behavior of rice. In fact, biochar tends to
have a large CEC, and after it is applied to the soil, the surface functional groups will be
oxidized to obtain higher CEC, thereby resulting in an increase in soil cation adsorption
capacity [65,66]. Moreover, P and K in biochar are highly soluble [67,68], and biochar can
also adsorb P and K in soil and reduce P and K leaching, thereby facilitating the increase in
soil available P and K [69]. Therefore, the response of soil CEC, available P, and available
K to biochar application requires long-term monitoring. In our study, the pH of biochar
was significantly higher than soil, and repeated application of biochar would undoubtedly
increase soil pH; similar results were obtained by Zhang et al. [70]. Meanwhile, biochar
contained rich organic carbon, and its repeated application could also increase soil organic
matter. Moreover, biochar could promote the formation of organic matter by adsorbing
organic small molecules in the soil and enhancing their polymerization on the surface [71].
In particular, soil pH under all treatments showed a slight decrease with the planting
season, and considering the same situation under CK, it was more likely caused by climatic
factors, such as rainfall (Figure 1), which also requires long-term monitoring. Nevertheless,
the increases in pH and organic matter under biochar application were critical for the
improvement in soil properties and fertility in the long term.

In our study, the dynamics of soil N, especially available N, should be the focus of
our content. However, during the trial, N fertilizer reduction or combined application
with biochar had no significant impacts on soil total N, ammonium N, and nitrate N
overall (Figure 4). Moreover, Oladele et al. found that N fertilizer reduction alone had
no significant impacts on soil total N, ammonium N, and nitrate N, but 12 t-ha~! of
biochar with N reduction resulted in a significant increase in soil N content [72]. In our
study, it is easy to understand that short-term N fertilizer reduction followed by surface
application was difficult to change soil N level. With regard to why combined application
with biochar did not increase soil N levels, some scholars also obtained similar results,
for example, Luo et al. indicated that biochar amendment did not significantly influence
soil ammonium N, but nitrate N was related to the application amount of biochar and
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soil type [73]. Nguyen et al. conducted a meta-analysis and found that 95% of cases of
biochar amendment within 1 year reduced soil ammonium N and nitrate N regardless of
experimental conditions [74]. It can be seen that the effects of biochar on soil N levels are a
comprehensive interaction between biochar and environmental factors. In addition to the
fact that N carried by biochar was mainly in the form of organic N and low availability [75],
the type and application rate of biochar, experimental stage, soil properties, and even
climate factors may all affect the experimental results. Nevertheless, previous studies have
shown that biochar application has a positive effect on the increase in soil N content and
availability by adsorbing N from soil and reducing N leaching, as well as increasing N
mineralization [32,38,65]. Therefore, the response of soil N to N fertilizer reduction and
biochar application still needs further monitoring.

4.3. Biochar Incorporation Improve the N Use Efficiency of Fertilizers

At present, agronomic N efficiency (AEy), apparent N recovery (ARy), and N partial
factor productivity (PFPy) are the main parameters for evaluating N fertilizer use efficiency
in farmland. Several studies indicated that proper N fertilizer reduction or combined with
biochar application could significantly improve the N use efficiency of fertilizer [15,76,77].
According to the formulas, the results of three parameters of N use efficiency depended
on the rice yield (or N uptake by rice) and the amount of N fertilizer application under
different treatments. In our study, as described above, N fertilizer reduction alone (N80,
N60) did not significantly reduce the yield and N uptake of rice (Table 1 and Figure 3),
but the amount of N provided by fertilizer was reduced, thus it caused a slight increase
in AEN and ARy of N fertilizer (Figure 5a,b), which was in agreement with the results
obtained by Qiao et al. [53]. Meanwhile, combined application with biochar tended to
obtain higher rice yield and N uptake compared with corresponding N reduction (Table 1
and Figure 3), and then further improved AEN and ARy of N fertilizer (Figure 5a,b).
Furthermore, Huang et al. found that the 3-year application of biochar had little effect on
rice N uptake, but increased the AEN by 7-11% in the third year [36]. In contrast to AEy,
the yield from PFPy did not subtract the yield under CK, thus PFPy showed a significant
increase with N fertilizer reduction, but combined application with biochar only had similar
PFPyN compared with the corresponding N fertilizer reduction (Figure 5¢c). Notably, in our
study, the N introduced by biochar was not calculated, since this part of N has a relatively
low leaching rate [78] and is mainly in the form of organic N with low availability [38,75].
In summary, in our study, N fertilizer reduction could improve the N use efficiency of
fertilizer, and biochar incorporation further improved it to a certain extent, but the detailed
mechanism for improving N use efficiency needs '°N isotope tracer to study the interaction
of biochar-fertilizer N-rice N uptake.

In addition, according to the Pearson and partial correlation analysis, it can be seen
that N use efficiency of fertilizer was closely related to grain yield and N uptake of rice, and
it is also positively correlated with soil CEC and organic matter to a certain extent, which
indicates that an increase in soil CEC and organic matter could improve N use efficiency of
fertilizer (Table 3). In particular, the relationship between N use efficiency and soil NH;*-N
was inconsistent under the two analyses, which is likely caused by the autocorrelation effect
between soil NH,;*-N and other parameters (Table 3). After eliminating the autocorrelation
effect, according to the partial correlation analysis, we observe that N use efficiency of
fertilizer was positively correlated with soil NH;*-N and negatively correlated with soil
NO;3;7-N overall, which may be attributed to the fact that biochar was more inclined to
adsorb NH4*-N than NO; ™-N [79], resulting in more NH4*-N remaining in the soil, but
the detailed mechanism needs further study. In summary, our study emphasizes the
importance of N fertilizer reduction combined with biochar application in enhancing the N
use efficiency of fertilizer, thereby reducing the application of mineral N fertilizer in paddy
fields, and in turn, reducing the environmental load.



Agronomy 2022, 12, 3039 14 of 17

5. Conclusions

Through a 2-year/four-seasonfield experiment, whether biochar can replace part of
mineral N fertilizer was well evaluated. Although some parameters fluctuated widely in
different planting seasons, the present results still showed that 20% N reduction had no
significant impact on rice yield, while 40% N reduction resulted in a slight decrease in rice
yield. In contrast, N reduction combined with biochar application could not only improve
the N use efficiency of fertilizer and increase rice yield (even 0.3-18.1% over N100), but also
could improve soil fertility by increasing soil pH and organic matter, indicating that it is a
feasible nutrient management measure, which will have important practical significance
for sustainable rice production. Furthermore, rice yield, N use efficiency of fertilizer, and
soil N dynamic in response to integrated application of mineral N fertilizer and biochar
requires more long-term monitoring, and the mechanism for improving N use efficiency
deserves to be further clarified.
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