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Abstract: To improve nitrogen use efficiency (NUE) during rice cultivation, it is essential to compre-
hend the morphological and physiological traits of rice roots. However, in high-fertility black soil
regions of Northeast China, the effects of combining biochar application with water-saving irrigation
(WSI) conditions on rice root development and nitrogen utilization are still unknown. To address this
knowledge gap, a combination of field experiments and '°N tracer micro-area investigations was
conducted in this study. Four treatments were implemented: (i) controlled irrigation without biochar
application (CBO0); (ii) controlled irrigation with 2.5 t ha~! biochar application (CB1); (iii) controlled
irrigation with 12.5 t ha~! biochar application (CB2); and (iv) controlled irrigation with 25 t ha™
biochar application (CB3). Flooded irrigation conditions without biochar treatment (FB0) were used
as the control. The primary objective of this research was to identify the mechanisms by which com-
bined WSI conditions and biochar application affect rice root development and nitrogen utilization.
Biochar application enhanced rice root morphological and physiological characteristics. Optimal
biochar application increased the longest root length (RL), root volume (RV), root fresh weight
(RFW), root active absorption area, root bleeding intensity, and root activity (RA) of rice while also
optimizing the root—shoot ratio and facilitating nitrogen absorption by roots. These changes in root
morphological and physiological characteristics facilitated the absorption of fertilizer-1>N and soil
nitrogen by rice roots, ultimately leading to improvements in rice yields and NUEs. Notably, the rice
yields, NUE, nitrogen agronomic efficiency (NAE), and nitrogen partial factor productivity (NPFP) of
CB2 plants were 16.45%, 39.42%, 24.48%, and 16.45% higher than those of FBO plants, respectively.
These results highlight the effectiveness of biochar application as a strategy to ensure food security
and enhance NUE under WSI conditions. Furthermore, this study suggests that the recommended
optimal application amount of biochar for the black soil area of Northeast China is 12.5 t ha~1.

Keywords: rice; irrigation; biochar; root; nitrogen use efficiency

1. Introduction

Rice (Oryza sativa L.) is one of the world’s major cereal crops and provides essential
nutrition for 50 percent of the world’s population [1]. China is one of the world’s main
rice producers, and a recent FAOSTAT analysis from 2021 indicates that China’s rice
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plantation area comprises approximately 18% of the global total, while its rice production
contributes to about 27% of the global output [2,3]. Rice cultivated in Northeast China has
a reputation for high quality and superior taste, garnering increasing popularity among
Chinese consumers [4]. Rice plantation area and yield in Northeast China have grown
significantly in recent years, with increases of 17% and 157%, respectively [5]. Flooded
irrigation remains prevalent in most parts of Northeast China, with the expansion of rice
cultivation increasing the demand for irrigation water [6]. Groundwater were used to
meet the normal demands of rice production, resulting in serious over-exploitation of
groundwater in some areas [7]. Furthermore, population urbanization and China’s unequal
allocation of water resources over time and space have made the country’s agricultural
irrigation water shortage worse [8]. Hence, selecting the most appropriate irrigation regime
for Northeastern China is critical.

To ensure agricultural water safety, various water-saving irrigation (WSI) techniques
have been introduced for rice production, including intermittent irrigation, controlled irri-
gation, and dry-wet alternating irrigation [9]. WSI methods reduce water usage relative to
flooding irrigation but can also increase yields [10,11]. The adoption of WSI techniques has
become widespread for the past few years, with the rice-growing area of the Heilongjiang
Province that uses WSI alone exceeding 1.24 x 10° ha in 2018 [12]. Nevertheless, the im-
plementation of WSI methods alters soil moisture levels, modifies the ecology of farmland
environments, and influences rice root growth and development [13]. Akter et al. [14]
reported that WSI enhances rice root activity (RA) and promotes rice growth. Li et al. [15]
further demonstrated that WSI enhanced the oxidation capacity, active absorption surface
area, total absorption surface area, and root nitrogen metabolism enzyme activity of rice
roots, thereby facilitating root development. In addition, Wang et al. [16] observed that
WHSI reduced nitrogen loss and increased nitrogen uptake by rice, consequently boosting
crop yields. Furthermore, Chen et al. [17] demonstrated that WSI decreased nitrogen loss in
paddy fields by 15.42-28.64% while also improving NUE and yields. The implementation of
WSI technologies in paddy fields can effectively alleviate the imbalance between water sup-
ply and demand while simultaneously enhancing nitrogen utilization rates. However, such
methods also quicken the disintegration of soil organic carbon (SOC) in paddy fields [18],
potentially leading to soil degradation during long-term application. Therefore, achieving
sustainable use of water and soil resources in paddy fields necessitates integrating WSI with
related soil carbon management adaptations. Combining these efforts will help promote
the unified enhancement of water conservation and carbon sequestration efficiency, ensure
the sustainable development of paddy field ecosystems, and contribute to the realization of
“dual carbon” goals.

Previous studies have consistently demonstrated the effectiveness and environmental
friendliness of biochar application as an agricultural management technique that con-
tributes to soil carbon enrichment and enhanced NUE [19,20]. Pan et al. [21] reported that
SOC contents improved by at least 23% after biochar application. Liu et al. [22] found
that biochar application increased the NUE of paddy fields by 12.04%. Biochar exhibits
abundant pore structures, high cation exchange capacity (CEC), and high specific surface
area [23-26], thereby facilitating SOC accumulation and influencing nitrogen retention [27].
Numerous studies have found the effects of biochar application on soil nitrogen, revealing
its ability to mitigate nitrogen leaching loss and enhance NUE [28-31]. Furthermore, biochar
facilitates gradual nitrogen release into soils, while its organic nutrients enhance soil pro-
ductivity [32] and positively influence soil microbial characteristics such as community and
diversity, thereby promoting crop growth [33]. Root morphological and physiological traits
play critical roles in aboveground plant growth, nitrogen utilization, and yields [34,35].
Biochar application also promotes the conversion of soil nutrients into readily absorbable
forms, consequently stimulating rice root growth and nutrient uptake, resulting in increases
in rice yields and NUE of approximately 10.73% and 12.04%, respectively [36]. Biochar
application specifically impacts rice yields and nitrogen use by enhancing soil structure, soil
microenvironments, and root growth [37], with soil fertility then influencing its efficacy [38].
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Hussain et al. [39] observed increased crop yields in low-fertility soils with biochar applica-
tion, although its effects on rice yields and nitrogen utilization in high-fertility soils were
inconclusive. Consequently, investigating the effects of biochar application on nitrogen
utilization and yields in high-fertility black soil regions is critical.

Black soil is a type of highly fertile clay soil that is characterized by high levels of
organic matter, rich nutrient content, and a rapid rate of SOC mineralization [40]. Prolonged
flooding of paddy soils leads to the formation of anaerobic conditions and the accumulation
of harmful chemical elements such as Fe?*, Mn?*, and S?—, which adversely impact rice
root growth and reduce nutrient absorption [40]. Notably, biochar application mitigates
the accumulation of these harmful elements in paddy fields, improves soil structure, and
creates a conducive environment for rice growth under WSI conditions [41]. However,
the specific effects of biochar application combined with WSI on rice root morphology,
physiological characteristics, and NUE remain unclear, in addition to the underlying
molecular mechanisms.

To address these knowledge gaps, field experiments using a combination of field trials
and °N (an isotope of the element nitrogen) tracer micro-area testing were used in this
study, with flooding irrigation used as the control. The objectives of this study were to
(i) elucidate the impact of biochar application on the morphological and physiological
characteristics of rice roots under WSI conditions, (ii) investigate the use of I5N-fertilizer
and soil nitrogen by roots under WSI and biochar application conditions, and (iii) explore
the influence of root morphological and physiological characteristics on nitrogen utilization.

2. Materials and Methods
2.1. Site Description

The experiments of this study were conducted at the National Irrigation Experimen-
tal Station (127°40'45" E, 46°57'28"” N) in the Heping Irrigation District of Heilongjiang
Province, Northeast China, from 25 May to 24 September 2020. The region is characterized
by a typical distribution of Mollisols, and the physical-chemical properties of the 0-20 cm
soil layer include a pH of 6.42, 42,51 g kg~ ! of organic matter, 1.62 g kg~ ! of total N,
15.43 g kg~ ! of total P, 20.08 g kg ! of total K, 168.37 mg kg~ ! of alkaline N, 34.54 mg kg !
of available P, 125.81 mg kg~ ! of available K, 26.48 cmol kg ! of CEC, 629.46 nug g~ ! of
Ca, 76.34 pg g~ ! of Ma, and 256.82 mV of redox potential. The region exhibits a monsoon
climate in a cold temperate zone, with average annual precipitation of 500-600 mm, aver-
age annual water surface evaporation of 700-800 mm, an average temperature of 2-3 °C,
2600 average sunshine hours, and 156-171 days of crop growth. Meteorological data for
the rice growth period are shown in Figure 1. Prior to the experiment, the test field was
cultivated with rice for over 20 years.
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Figure 1. Daily precipitation and temperatures during the rice growing season of 2020.
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2.2. Experimental Design

The experiment comprised two water management modes: controlled irrigation (CI)
and flooded irrigation (FI). (Table 1). The flooded irrigation method without biochar treatment
(FB0) was considered the control, while four different levels of biochar application were used
with the CI: 0 tha™! (B0), 2.5 t ha! (the 1-year returning amount, B1), 12.5 t ha™! (the 5-year
returning amount, B2), and 25 t ha™! (the 10-year returning amount, B3). Each treatment in-
cluded three replicates comprising a total of 15 experimental plots sized 10 x 10 m?. The plots
were separated from each other, and a concrete barrier (height 40 cm) was established between
each plot to prevent surface water—fertilizer exchange. Treatments under CI determined the
irrigation time and quota according to the control index. The soil water content of each plot
was measured every day using a soil moisture analyzer (TPIME-PICO64/32 type; IMKO;
Ettlingen, Germany) at 8:00 and 18:00 after the field surface was anhydrous. When the soil
moisture content was close to or lower than the lower limit of irrigation, artificial irrigation
was conducted to the upper limit, and the level of irrigation in each treatment was recorded.
When no water layer was left on the field surface of the treatment under flooding irrigation,
artificial irrigation was conducted to the upper limit.

Table 1. Field water control standards under different irrigation regimes at different rice growth stages.

L . . inting Heading
Irrigation Control Turning Early Middle Later Join . .
Regime Index Green  Tillering Tillering  Tillering B and and Grouting Yellow-Ripe
ooting Flowering
Upper irrigation
Controlled threshold 30 mm 30 mm 30 mm Drainage 30 mm 30 mm 0 mm Naturally
irrigation (CI) Lov:}e; el;;t)gle(aitmn 0 0.76, 0.70, 0.80, 0.80, 0.76, drying
Upper irrigation
~ Flooded threshold 30 mm 50 mm 50 mm Drainage 50 mm 50 mm 50 mm Naturally
irrigation (F1) Lovz}?;;;}iﬁeglon 10 mm 10 mm 10 mm 10 mm 10 mm 10 mm drying

Note: 05 refers to the soil-saturated water content mass fraction in the root layer. The soil water content was not
less than 0.60s; during the later tillering period.

Rice straw biochar was prepared by pyrolysis at 450 °C under anaerobic conditions.
Each hectare of rice straw was transformed into 2 mm diameter biochar particles comprising
about 2.5 t. The biochar properties included a pH of 8.86, 42.72% of the mass fraction as
carbon, 1.26% of the mass fraction as nitrogen, 0.13 g cm ™~ of filling density, 81.85 m? g~
of specific surface area, 0.08 cm® g~! of total pore volume, and 44.7 cmol kg~! of CEC.
Biochar was added to digest in the soil in 2019, and the experiment was conducted in the
next cropping season. After the rice harvest in the fall of 2019, biochar was applied to the
surface soils of paddy fields and evenly mixed.

The rice variety evaluated here was Suijing 18, which is widely planted in the study
region, with the planting density in the study area being 25 hills m 2. A 110-45-80 kg ha!,
N-P—K ratio was used for rice cultivation, as recommended for the study region. Basal
fertilizer was applied to the soil at a depth of 4-5 cm using a side-deeping fertilizer machine
(FSPV6; Kubaotian Corporation; Osaka, Japan), with the application of tillering fertilizer
and panicle fertilizer when no water layer or shallow water layer was present. A total of
50% of the N fertilizer was applied as basal fertilizer, 20% as tillering fertilizer, and 30% as
panicle fertilizer. The P fertilizer was applied once before transplanting. In addition, 50%
of the K,O was applied ahead of rice transplanting, with the other 50% applied when the
leaf age was 8.5. The fertilizers evaluated in the study included urea (with a mass fraction
of 46.4% N), superphosphate (with a mass fraction of 12% P,Os), and potassium sulfate
(with a mass fraction of 52% K,O), which were then converted into the actual amounts of
applied fertilizer. Other agricultural management practices, including seed raising and
pesticide application, were consistent with local high-yield fields.

Three 1N tracer micro-areas were established in each experimental plot. In each
treatment, three sub-treatments were applied, including the M1, M2, and M3 treatments.
In addition, only basal fertilizer was used in the M1 treatment, tillering fertilizer in M2,
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and panicle fertilizer in M3 along with 1°N-labeled urea, while the others had unlabeled
urea. Immediately after soil preparation of the paddy field,a2m x 2m x 0.5 m bottomless
steel-plate rectangular frame was buried in each plot, and the micro-area was buried 30 cm
under the plow pan. The purpose of this was to prevent the exchange of water and fertilizer
in the field. The "N-labeled urea (10.22% abundance) was produced by the Shanghai
Research Institute of Chemical Industry, and the application depth was the same as in
the experimental plot. Separate irrigation and drainage systems were established in the
micro-area, while the planting density, fertilizer amount, biochar application amount, and
rice irrigation method were the same as in the experimental plot.

2.3. Soil Chemical Indices

Soil pH was determined using a portable testing instrument. The NH;*-N and NO5;™—N
contents of surface soils were determined using an AA3 continuous flow analyzer (Seal Analytical
GmbH; Hamburg, Germany) after extraction with 2 mol L KCL.

2.4. Root Morphological and Physiological Indices

The fresh weights of root systems and the total fresh weight of the aboveground
components were weighed using an electronic scale, followed by the calculation of the
root-shoot ratio. Root volume (RV) was determined using the drainage method, and RA
was evaluated using the 2,3,5-triphenyl tetrazolium chloride (TTC) method [42]. The total
absorption area and active absorption area of the roots were measured using the methylene
blue colorimetric method [43].

2.5. Plant Nitrogen Utilization

To evaluate plant nitrogen use, plant samples were placed in a drying oven at 105 °C for
30 min and dried at 70 °C to a constant mass based on weighing. The total nitrogen contents
of the samples were determined by H,SO4—H,O, digestion using an AA3 continuous flow
analyzer (Seal Analytical GmbH, Germany). The plant samples were brought to the
laboratory and the N abundances in samples and grains were determined by isotope
mass spectrometry (DELTA V Advantage; Thermo Fisher Scientific, Waltham, MA, USA)
using an elemental analyzer (Flash 2000 HT; Thermo Fisher Scientific, Waltham, MA, USA).

The percentage of nitrogen in samples from the base fertilizer (Ndff ,)), tiller fertilizer
(Ndff 1)), and panicle fertilizer (Ndff ,)) was calculated as follows [17]:

a—> o
Ndff(b,t,p) = m x 100% (1)
where 7 is the abundance of 1°N in a sample (%), b is the abundance of 15N in the sample in
the same treatment plot (%), ¢ is the abundance of '°N in labeled urea (10.22%), and d is the
natural abundance of 1°N (0.3663%).

The total nitrogen accumulation in plants (Pry4) was calculated as follows:

Prna = DuNc )

where Dy, is the dry matter weight (kg ha™'), and N is the nitrogen content (%).
The N accumulation of plants (N1, kg ha™') absorbed from basal fertilizer (b),
tillering fertilizer (t), and panicle fertilizer (p) in the micro-area was calculated as follows:

Nv,tp) = PrNaANiff(b,1p) 3)

The total nitrogen accumulation of plants from nitrogen fertilizer (Pry, kg ha™') was
calculated as follows:
Pen = Ny + Ny + Nep) @
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The NUE (%) was calculated as follows:

P,
NUE = ZEN o 100% )
NFf

where N is the nitrogen application rate (kg ha™).
The percentage of soil nitrogen accumulated in plants (N4g) was calculated as follows:

Ngfs=1— Nggs (6)
The amount of nitrogen absorbed from soil in plants (Psy, kg ha™) was calculated as follows:
Psn = NafsDmNe @)

2.6. Nitrogen Agronomic Efficiency and Nitrogen Partial Factor Productivity

Nitrogen agronomic efficiency (NAE, kg kg ~!) and nitrogen partial factor productivity
(NPFP, kg kg’l) were calculated as follows:

Y—-Yy

NAE =
NFp

(8)

where Y is rice yield (kg ha™!), and Y is the rice yield of treatments with no-nitrogen
fertilizer application (kg ha™).
Y

NPFP = —
N ©)

2.7. Rice Yields

Rice yields were measured at the rice maturity stage. Ten holes of rice were randomly
selected from each plot, and the effective panicle number, grain number per panicle, and
1000-grain weight indices were measured to calculate yields.

2.8. Statistical Analyses

Statistical analyses were performed using the SPSS v19.0 software program. The
statistical significance threshold for statistical analyses was p < 0.05. Figures were visualized
using the ORIGIN v9.0 software program.

3. Results
3.1. Soil Chemical Properties

The changes in pH, NH;*-N, and NOs;™—N contents at different rice growth stages are
summarized in Table 2. Biochar application resulted in increased soil pH under WSI conditions.
Specifically, the soil pH of CB2 and CB3 was significantly higher than that of the FBO treatment
(p < 0.05), increasing by 7.96-14.49% and 13.35-19.69%, respectively. Furthermore, biochar
application led to increased soil NH;"-N contents under WSI conditions. The soil NH4*-N
contents of CB1, CB2, and CB3 treatment soils were significantly higher compared with the
FBO treatment soils (p < 0.05), increasing by 12.43-30.58%, 33.66-56.01%, and 28.56-78.25%,
respectively. In addition, CI increased soil NO3 ~—N contents compared with FI, with biochar
application-related effects being more pronounced. Specifically, the soil NO3;~-N contents
of the CB1, CB2, and CB3 soils were significantly higher than those in the FBO treatment
(p < 0.05), with increases of 19.08-60.15%, 41.32-91.42%, and 37.38-85.08%, respectively.
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Table 2. Soil pH and NH4*-N and NO3;™—-N contents at different rice growth stages.

Growth Stages

Treatments R . : : . 5 .
Tillering Jointing and Booting =~ Heading and Flowering Grouting Yellow-Ripe
FBO 6.41°¢ 6.554 6.08 6.74°¢ 6.21°¢
CBO 6.43 ¢ 6.64d 6.14 ¢ 6.86 ¢ 6.37
pH CB1 6.51°¢ 6.82°¢ 6.27 ¢ 7.12b 6.730
CB2 6.92° 7.23° 6.62° 7512 7112
CB3 7342 7.844 6952 7.64% 7282
FBO 15584 9.794 7.364 8234 11384
. CBO 17.35¢ 10.26 4 7154 9.78¢ 13.02°¢
NH,"-N b c c c b
(mg g_1) CB1 19.21 12.71 8.05 10.37 14.86
CB2 21.862 15.13P 9.57° 12.84 " 16.782
CB3 20.03 P 16.48 2 11.79 2 14.67 @ 16.352
FBO 7.23¢ 11.69°¢ 8.13d 5474 7.644
- CBO0 8.48 d 12.25°¢ 9.58 ¢ 7.30 ¢ 10.31 ¢
NO;™—N b b b
(g g1) CB1 1047 °¢ 13.92 11.81 8.76 10.85¢
CB2 13.842 16522 13762 10.012 12.37"
CB3 12.04° 16.06 2 12.17° 9.582 14.14°
Note: Different lowercase letters indicate statistically significant differences between treatments (p < 0.05).
3.2. Root Morphological Characteristics
3.2.1. Root Length, Volume, and Fresh Weight
Changes in longest root length (RL), RV, and root fresh weight (RFW) at different
growth stages are summarized in Table 3. The longest RL with biochar application was
significantly higher than without biochar application (p < 0.05). The longest RL under CI
reached a maximum at the end of the jointing-booting stage, and that under FI reached a
maximum at the end of the heading—flowering stage. The RVs at the tillering and jointing—
booting stages with biochar application were significantly higher than without biochar
application (p < 0.05), with the RV reaching a maximum at the end of the heading—flowering
stage. The RFWs after biochar application were significantly higher at the tillering and
jointing-booting stages than without biochar application (p < 0.05). Except for the CB3
treatments, the RFWs of other treatments reached maximum values at the end of the
heading—flowering stage.
Table 3. Longest length, volume, and fresh weight at different rice growth stages.
- Growth Stages
reatments Tillering  Jointing and Booting Heading and Flowering  Grouting  Yellow-Ripe
FBO 29.264 48.84 52.27P 46.27 43.93°
CBO 32.76 54.15 ¢ 53.40 50.46° 4550
Longest rootlength  cpy 40.85° 61.56 2 59.822 53.81° 49.56 2
(cm) CB2 37.88° 63.152 61.06 @ 54.78 2 51.80°
CB3 36.07° 58.82° 58.45 7 54.802 52,012
FBO 34234 53.79 4 97.82°¢ 80.95 ¢ 76.72"°
CBO 4227°¢ 63.41°¢ 11025° 89.16 81.54°
R(00t3V}?,11111_f{1)e CB1 62.452 79.01 2 115.99 b 91.02° 83.81P
e CB2 58.84 2 83.91° 127.05 2 99.71 2 93.22°
CB3 48.22° 70.81P 105.58 b¢ 102.24 2 94.18 2
FBO 28.12¢ 40514 62.36 56.05 © 52.35°¢
Root fresh weieht CBO 3343¢ 4548°¢ 67.98 " 63.09 b 57.85P
o & CB1 51.372 50.47 b 70.82° 65.31° 63.08 2
(g hill™) CB2 47.19 % 58.122 7549 70.912 65.53 2
CB3 37.47° 51.84° 68.23° 70.182 66.36 2

Note: Different lowercase letters indicate statistically significant differences between treatments (p < 0.05).
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3.2.2. Root-Shoot Ratios

Changes in root-shoot ratios at different growth stages are shown in Figure 2. At
the tillering stage, the root—shoot ratio after biochar application was significantly higher
than without biochar application (p < 0.05), and the root-shoot ratio of each treatment has
the maximum value for the whole growth period. The root-shoot ratio of CB0 plants was
14.47% higher than in the FBO treatment. In addition, the root-shoot ratios of CB1, CB2,
and CB3 plants were higher than in the CBO0 treatment by 14.29%, 34.81%, and 22.17%,
respectively. Differences in root-shoot ratios among treatments gradually decreased over
time, and no significant differences were observed among treatments at the grouting and
yellow-ripe stages (p > 0.05). In the early stage of rice growth, biochar application promoted
root growth and significantly increased the root—shoot ratios of plants under WSI conditions.
In the late growth stage, the root-shoot ratios of plants with biochar application were lower
under WSI conditions.

1.0

—=— FB0
—e— CBO

o
[o)}
T

Root-shoot ratio
()
~
1

0.0 1 | 1 1 1

Tillering Jointing and booting Heading and flowering Milk Yellow-wipe

Growth stages
Figure 2. Plant root-shoot ratios at different rice growth stages. Bars represent mean SEs.

3.3. Root Physiological Characteristics
3.3.1. Root Active Absorption Areas and Total Absorption Areas

Active absorption areas and total absorption areas of rice roots at different growth
stages are shown in Figure 3. Biochar application increased plant active absorption areas
and total absorption areas under WSI conditions. At the tillering stage, the active absorption
areas of CBO plants were higher than in the FBO treatment by 12.49%, and the active
absorption areas of CB1, CB2, and CB3 plants were higher than the CBO plants by 45.03%,
40.13%, and 24.40%, respectively. At the jointing-booting stage, the active absorption
areas of CBO plants were higher than in the FBO treatment by 15.45%, and the active
absorption areas of CB1, CB2, and CB3 plants were higher than CBO plants by 26.47%,
39.26%, and 41.80%, respectively. At the heading—flowering stage, the active absorption
areas of CBO plants were higher than for the FBO plants by 15.33%, and the active absorption
areas of CB1, CB2, and CB3 plants were higher than in CB0 plants by 2.78%, 12.28%, and
7.08%, respectively. In the early stage of rice growth, biochar application significantly
increased plant total absorption areas and active absorption areas under WSI conditions.
As growth periods progressed, differences between the total root absorption areas and the
active absorption areas between treatments gradually decreased, while treatments with
biochar application still exhibited higher total absorption and active absorption areas in
root systems.
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Figure 3. Active absorption areas and total absorption areas of roots at different rice growth stages. Bars
represent mean SEs. Different letters indicate significant differences (p < 0.05) between different treatments.

3.3.2. Root Bleeding Intensity

Changes in root bleeding intensity at different growth stages are shown in Figure 4.
Rice root bleeding intensity first increased and then decreased with growth stages. From
the tillering to heading—flowering stages, root bleeding intensity after biochar application
was significantly higher than without biochar application (p < 0.05). The rice root bleeding
intensity with biochar application reached maximum values at the jointing-booting stage,
while that without biochar application reached a maximum value at the heading—flowering
stage. At the tillering stage, the root bleeding intensity of CBO plants was higher than
in FBO plants by 8.87%. The root bleeding intensities of CB1, CB2, and CB3 plants were
higher than in the CBO treatment by 42.22%, 37.04%, and 20.74%, respectively. At the
jointing-booting stage, the root bleeding intensity of CBO plants was higher than in FBO
plants by 5.52%. The root bleeding intensity of CB1, CB2, and CB3 plants was higher than
in CBO plants by 16.75%, 32.46%, and 31.41%, respectively. At the heading—flowering stage,
the root bleeding intensity of CB0 plants was higher than in FB0 plants by 6.49%. The root
bleeding intensities of CB1, CB2, and CB3 plants were higher than in CBO plants by 7.11%,
20.81%, and 12.69%, respectively. At the grouting and yellow-ripe stages, differences in
root bleeding intensity among treatments were minimal.

32

—=—FB0
—e— CB0
—4— CBI

Root bleeding intensity (g-h™")

0.0 1 1 1 1 1

Tillering Jointing and booting  Heading and flowering Milk Yellow-wipe

Growth stages

Figure 4. Root bleeding intensity at different rice growth stages. Bars represent mean SEs.
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Changes in RA at different growth stages are shown in Figure 5. The RA of rice
in each treatment first increased and then decreased, reaching a maximum value at the
heading—flowering stage. Except for the yellow-ripe stage, the RA of rice after biochar
application was significantly higher than without biochar application (p < 0.05). At the
tillering stage, CBO plant RAs were higher than for FBO plants by 17.21%. The RAs of CB1,
CB2, and CB3 treatments were higher than for CBO treatments by 57.34%, 48.25%, and
37.06%, respectively. At the jointing—booting stage, the RAs of CBO0 plants were higher
than for FBO plants by 13.41%, The RAs of CB1, CB2, and CB3 plants were higher than in
CBO plants by 27.96%, 45.70%, and 41.94%, respectively. At the heading—flowering stage,
CBO0 RAs were higher than in FBO plants by 14.03%. The RAs of CB1, CB2, and CB3 plants
were higher than in CBO plants by 9.92%, 28.57%, and 19.44%, respectively. At the grouting
stage, CBO RAs were higher than in FBO plants by 10.29%. The RAs of CB1, CB2, and CB3
treatments were higher than in CBO plants by 34.67%, 133.33%, and 76.00%, respectively.
At the yellow-ripe stage, CBO RAs were higher than in FBO plants by 6.25%. The RAs of
CB1, CB2, and CB3 plants were higher than in CB0 plants by 23.53%, 52.94%, and 17.65%,
respectively. Biochar application increased rice RA under C in each growth period. Biochar
greatly influences root physiological processes, with the most obvious effect occurring
before the heading—flowering stage.
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Figure 5. Root activities at different rice growth stages.Bars represent mean SEs. Different letters
indicate significant differences (p < 0.05) between different treatments.

3.4. Absorption of '°N-Fertilizer and Soil Nitrogen by Rice Roots

The amount of '>N-fertilizer and soil nitrogen absorbed by rice roots at different
growth stages is shown in Table 4. Except for the yellow-ripe stage, the 1’N-fertilizer
absorbed by rice roots after biochar application treatments under CI was significantly higher
than for FBO plants (p < 0.05), with the appropriate application level of biochar increasing
soil nitrogen absorption by rice roots. >N-fertilizer nitrogen accounted for 12.42-15.67%,
17.45-20.20%, 20.33-22.22%, 13.24-16.45%, and 11.90-17.51% of the nitrogen absorbed by
roots in each growth period. The proportions of °N-fertilizer nitrogen absorbed by roots
were highest at the heading—flowering stage, followed by the jointing-booting stage. A total
of 35.16-38.59% and 30.20-31.60% of the '>N-fertilizer nitrogen absorbed by rice roots was
absorbed in the jointing-booting and heading—flowering stages, respectively. In addition,
33.99-35.41% and 22.38-25.51% of soil nitrogen absorbed by rice roots was absorbed in the
jointing—booting and heading—flowering stages, respectively.
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Table 4. Amount of 'N-fertilizer and soil nitrogen absorbed by rice roots at different rice growth
stages (kg ha™).

Heading and

Tillering Jointing and Booting Flowein Grouting Yellow-Ripe
Treatments 8
15N Soil 15N- Soil 15N- Soil 15N- Soil 15N- Soil
Fertilizer =~ Nitrogen  Fertilizer =~ Nitrogen  Fertilizer =~ Nitrogen  Fertilizer =~ Nitrogen  Fertilizer = Nitrogen
FBO 4.28¢ 30.18° 11474 52.75 ¢ 9.424 35.06 ¢ 3.634 23.79 ¢ 1.92% 14.222
DBO 4.744 30.01° 12.14°¢ 57.44 b¢ 10.11°¢ 39.62 ¢ 4.14¢ 26.12° 1.68"° 11.78"°
DBl 5.12¢ 31.44° 1295 59.29 b 10.63 40.69 © 457¢ 28.75 1.52b¢ 8.99d
DB2 6.212 33432 16.53 2 65.29 2 13.44° 47.04° 532°P 30.212 1.33°¢ 8424
DB3 5.65° 31.22° 14.12° 60.13° 1213 44.43° 6.052 30.722 2212 1041°¢
Note: Different lowercase letters indicate statistically significant differences between treatments (p < 0.05).
Statistical analysis (Table 5) indicated that the absorption of 1’ N-fertilizer by rice roots
was significantly positively correlated with the longest RL, root bleeding intensity, and RA
(p < 0.01). Furthermore, 1’N-fertilizer was significantly positively correlated with the active
absorption area (p < 0.05). Soil nitrogen absorbed by rice roots was significantly positively
correlated with root bleeding intensity and RA (p < 0.01), in addition to being significantly
positively correlated with the longest RL (p < 0.05).
Table 5. Correlation coefficients between nitrogen utilization and rice root morphological and
physiological characteristics.
Nitrogen  y,nsestRL RV~ RFW  Root-ShootRatio Root Bleeding Intensity ~, 500t Active RA
Utilization & & Y Absorption Area
15N -fertilizer 0.604 ** 0.290  0.155 0.187 0.864 ** 0.411~* 0.866 **
Soil nitrogen 0.458 * 0.133  0.251 0.309 0.885 ** 0.215 0.806 **

Note: *: p < 0.05; **: p < 0.01.

3.5. Nitrogen Use Efficiency

The yields and NUE of different treatments are summarized in Table 6. Biochar
application increased the yields, NUE, NAE, and NPFP under WSI conditions. Compared
with FBO treatment plants, the rice yields of CB0, CB1, CB2, and CB3 plants increased by
1.64%, 5.12%, 16.45%, and 7.54%, respectively. Compared with FB0 plants, the NUE of CBO,
CB1, CB2, and CB3 plants increased by 6.80%, 13.25%, 39.42%, and 30.72%, respectively.
Compared with FBO plants, the NAE of CB0, CB1, CB2, and CB3 plants increased by 2.88%,
12.18%, 24.48%, and 19.04%, respectively. Compared with FBO plants, the NPFP of CBO,
CB1, CB2, and CB3 plants increased by 1.64%, 5.12%, 16.45%, and 7.54%, respectively.

Table 6. Yield and nitrogen use efficiency of plants under different treatments.

Treatment Yield NUE NAE NPEP
(kg ha™) (%) (kg kg™ (kg kg™
FBO 8189.67 ¢ 27934 23.68 ¢ 74.45 ¢
CBO 8324.15 ¢ 29.83¢ 2436¢ 75.67
CB1 8608.74 P 31.63°¢ 26.56 P 78.26 b
CB2 9536.50 2 38.942 29.472 86.70
CB3 8807.11P 36.51P 28.182 80.06 b

Note: Different lowercase letters indicate statistically significant differences between treatments (p < 0.05).

4. Discussion

4.1. Relationships between Rice Root Morphological and Physiological Characteristics with
Nitrogen Uptake

Root systems serve as vital organs for water and nutrient absorption and are key con-
tributors to the synthesis of various hormones, amino acids, and organic acids [44]. Root
growth consequently directly influences crop yields and aboveground plant growth [45].
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Here, significant correlations were observed between the utilization of 1*N-fertilizer nitro-
gen and soil nitrogen by rice roots with the longest RL, root bleeding intensity, and RA
(p < 0.01) (Table 5). These observations highlight the impact of rice root morphological and
physiological characteristics on nitrogen absorption by roots.

Crop root morphology is influenced by various factors including water and fertiliza-
tion management practices, soil properties, and environmental conditions [46]. During the
tillering stage in particular, establishing a robust root system can enhance rice root function
in later growth stages, prolong leaf lifespans, facilitate grain filling, facilitate seed setting,
and ultimately increase rice yield [47-49]. Biochar application promoted early-stage rice
root growth in this study, albeit to a diminishing effect in later growth stages. Overall,
root morphology was optimized after biochar application (Table 3). Furthermore, the
combination of biochar application and WSI conditions significantly increased total root
absorption and active absorption areas, RA, and root bleeding intensity, thereby enhancing
root absorption capacity and substance transport efficiency while also promoting nitro-
gen absorption during the early stage of rice growth (Figures 3-5). As growth periods
progressed, differences in total absorption area and active absorption area diminished
among treatments, while areas of plants with biochar application consistently exhibited
higher values, consequently facilitating water and nutrient absorption in later stages and
ultimately leading to increased yields (Figure 3).

4.2. Effects of Biochar Application on Root Growth under WSI Conditions

The combined application of biochar with WSI methods altered the morphological
and physiological traits of rice roots in this study. The application of an appropriate amount
of biochar increased the longest RL, RV, RFW, root active absorption area, root bleeding
intensity, and RA owing to several biochar characteristics. First, biochar is rich in nutrients
such as nitrogen, phosphorus, and potassium, thereby enhancing soil nutrient supply and
providing a foundation for root tissue development and morphogenesis [50,51]. Second,
the dark color of biochar yields endothermic properties, elevating soil temperature and
mitigating cold-related damage during early spring in Northeast China, consequently
creating favorable conditions for root growth and development [52]. Third, biochar appli-
cation reduces soil bulk density, increases total soil porosity, improves soil aeration, and
improves soil permeability, creating an optimal growth environment for root physiological
structures and morphological development and facilitating deep rooting and root exten-
sion [53]. Fourth, biochar application increases soil microbial abundances and enhances
microbial activity, thereby improving rhizosphere growth environments and promoting
root growth [54].

It is worth noting that during the tillering to heading—flowering stages, the DB3 treat-
ment plants exhibited reduced utilization of fertilizer nitrogen and soil nitrogen by root
systems compared with the DB2 plants. This reduction may be attributed to several factors.
First, excessive biochar application can lead to dramatic changes in soil pH, weakening nu-
trient adsorption by roots and inhibiting root growth and nutrient utilization [55]. Second,
increased soil pH and C/N ratios due to excessive biochar application may negatively im-
pact soil microbial community structure and function, thereby affecting root physiological
functions [56]. Third, excessive biochar application may increase paddy soil porosity and
accelerate water and nutrient loss, resulting in diminished nutrient absorption by roots and
compromised rice growth [57]. Thus, optimizing biochar application within an optimal
range is essential for promoting root growth and development.

4.3. Effects of Biochar Application on NUE and Yields under WSI Conditions

Ammonium nitrogen and nitrate nitrogen levels in soils increased with greater biochar
application (Table 2). Biochar application can enhance soil nutrient supply capacity, thereby
influencing nitrogen cycling and transformation [58,59]. The rice yields, NUE, NAE, and
NPFP of biochar application treatment plants under WSI conditions were notably higher
compared with those of FBO plants, ranging from 13.25% to 39.42%, 12.18% to 24.48%,
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and 5.12% to 16.45%, respectively. These increases can be primarily attributed to nitrogen
retention by biochar that reduces ammonia volatilization and leaching losses [60,61], con-
sequently enhancing crop nutrient supply and promoting crop growth. Recent studies
indicated that biochar application raises soil pH, alters soil microbial community structures,
and increases the abundances of nitrogen-fixing microorganisms, potentially explaining
how biochar slows soil nitrogen loss rates and enhances nitrogen retention [33]. How-
ever, excessive biochar application exceeding 40 t ha~! may lead to nitrogen loss, carbon-
nitrogen ratio imbalances in soils [62], inhibited crop growth, reduced soil microbial activity,
and diminished nutrient absorption [63]. When biochar application surpasses 20 t ha~!,
crop yields may decrease [64]. Hence, the biochar application level is a critical factor to
be considered. It is worth noting that rice yields in this study after biochar application
were influenced by the levels of biochar application. The yields of treatments after biochar
application initially increased and then decreased with increasing biochar application under
WHEI conditions, consistent with previous results [65].

The application of an appropriate amount of biochar under WSI conditions in black soil
areas of Northeast China has been shown to regulate soil water content, fertilizer levels, gas
production, and heat production, consequently generating optimal growth environments for
rice roots. Thus, biochar application optimizes root morphological characteristics, enhances
plant physiological functions, and promotes root growth. These factors collectively ensure
the supply, transformation, and accumulation of nutrients in aboveground plant components,
ultimately resulting in increased yields. Despite these benefits, the reasonable application
of biochar and its long-term effects on rice roots and yields still require further verification,
especially regarding ecological effects under different environmental conditions and soil types,
necessitating further systematic and in-depth research.

5. Conclusions

In this study, we investigated the effects of biochar application on the morphological
and physiological traits of rice roots along with the utilization of ’N-fertilizer and soil
nitrogen by roots under WSI conditions. The results of this study indicate that combining
WESI conditions with biochar application increased the longest RL, RV, RFW, root active
absorption area, root bleeding intensity, and RA while also optimizing root—shoot ratios.
In addition, these changes improved the absorption of nitrogen by roots and increased
rice yields, NUE, NAE, and NPFP. These results carry implications for soil fertilization
and the sustainable management of water and soil resources in paddy fields. Further,
these results provide insights into the application of biochar in paddy fields under WSI
conditions, particularly in black soil regions. Future studies are also required to understand
the impacts of nitrogen fertilizer reduction alongside biochar application on rice root
morphological and physiological characteristics under WSI conditions.
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