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Abstract: Conservation tillage is an environmentally friendly and economical farming method, but its
impact on rice yield is controversial. Artificially applied side deep fertilizing of machine-transplanted
rice is when fertilizer is applied to the deep soil along with the machine transplantation of rice;
this may improve the fertilizer utilization rate and rice yield and eliminate the possible negative
effects of conservation tillage on rice yield. Using on machine-transplanted rice, this study aims to
compare the effects of side deep fertilizing (SDF). We investigated the effects of artificially applying
fertilizer (AAF) on rice growth and yield under conventional tillage (CT), reduced tillage (RT), and
no tillage (NT). The rice root activity, root dry weight, leaf area index (LAI), net photosynthetic
rate (Pn), chlorophyll content, panicle density, spikelets per panicle, and yield were all ranked as
NT > RT > CT and SDF > AAF. The 1000-grain weight was also ranked as SDF > AAF. In addition,
under NT conditions, the positive effect of SDF on rice growth and yield was higher than under RT
and CT conditions. In general, conservation tillage combined with SDF saved costs and increased
rice yield.

Keywords: reduced tillage; no tillage; side deep fertilizing of machine-transplanted rice; root
function; photosynthesis

1. Introduction

Rice (Oryza sativa L.) is the main food source for more than half of the world’s pop-
ulation and the most important food crop in Asia [1]. Tillage changes the distribution of
soil nutrients and the stability of aggregates, reduces soil compactness, and allows air to
enter deep soil [2]. Tillage can improve soil properties, promote rice growth, and increase
rice yield [3]. However, the long-term use of conventional tillage (CT) has increased the
degradation of organic matter, reduced the soil microbial content and enzyme activity,
and caused a decline in soil function and soil erosion [4,5]. Since the 21st century, rural
depopulation in China has not allowed the long-term development of traditional frequency
tillage [6].

Conservation tillage such as reduced tillage (RT) and no tillage (NT) is a tillage
technology for the protection of cultivated land. Hart et al. [7] reported that it has become
apparent that the concomitant increase in losses of N and P from agricultural land is having
a serious detrimental effect on water quality and the environment. Reportedly, conservation
tillage promotes rice growth and increases rice yield by protecting soil aggregates [8]
and by increasing soil organic matter contents [9], nutrient availability [10], microbial
biomass [11,12], and enzyme activity [13]. In addition, conservation tillage has the effects
of reducing the input of energy and labor [11] and reducing greenhouse gas emissions [14].
However, there are also reports that under conservation tillage, fertilizers are applied to the
soil surface or the shallow soil layer, which increases fertilizer loss and reduces fertilizer
use efficiency and rice yield [15].
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Agricultural mechanization is an important process used to promote agricultural inten-
sive management, adjust agricultural supply-side reforms, and accelerate the construction
of modern agriculture, and it is also the basis for the development of smart agriculture
in the future [16]. Machine-transplanted seedlings solve the disadvantages of traditional
artificial direct-seeding rice, such as irregular growth, uneven row spacing, and suscepti-
bility to lodging, reduces the labor input and production costs, and increases the planting
speed, rice yield, and farmers’ income [17]. Mechanical side deep fertilizing technology
ensures that the fertilizer enters the soil cultivation layer, effectively reduces fertilizer loss,
and improves fertilizer utilization and rice yield [18]. The side deep fertilizing (SDF) of
machine-transplanted rice is an innovative approach, wherein rice seedlings are trans-
planted and granular fertilizers are applied simultaneously deep in the paddy soils [19].
This technique ensures close contact between nutrients and crop root systems, enhances
nutrient absorption and utilization, and improves fertilizer use efficiency [20]. Zhong
et al. [21] reported that SDF optimized agronomic traits and yield components, increased
grain yield and economic return, and enhanced NPK fertilizer uptake but reduced their
application rates. However, the application of SDF in rice production under conservation
tillage has not yet been reported.

Aiming at the basal fertilizer application method for machine-transplanted rice, this
study compared the effects of side deep fertilizing (SDF), artificially applying fertilizer
(AAF), on rice growth and yield under three tillage management systems (CT, RT, and
NT); thus, this study provides a reference for the sustainable development of conservation
tillage and mechanized rice production.

2. Material and Methods
2.1. Experimental Site

Experiments were conducted during 20172019 at the Yangtze University farm, Jingzhou
County (112°04' N-112°05 N, 30°32" E-30°33’ E), Hubei Province, China. The area belongs
to the northern subtropical agricultural climate zone. The annual average temperature was
16.5 °C, the accumulated temperature > 10 °C was 5094.9-5204.3 °C, the annual average
precipitation was 1095 mm, and the sunshine time was 1718 h. In the experimental field,
the soil texture was clay loam, and the index of the soil agrochemical properties were a pH
of 6.02, 32.31 g kg ! of organic matter, 243.05 mg kg ! of available N, 11.03 mg kg~ ! of
available P, and 103.24 mg kg~ ! of available K.

2.2. Experimental Design

The experiments were arranged in a split-plot design, with the fertilization methods as
the main plot and the tillage managements as subplots, in three replications. The plot size
was 5 x 10 m?. Two fertilization methods (SDF and AAF) and three tillage management
systems (RT, NT, and CT) were designed, which are briefly introduced as follows.

RT refers to only rotary tillage without plowing as the rice plants were planted; the
field was irrigated to 3—4 cm deep after the wheat was harvested so as to prevent weeds
(such as barnyard grass and tendon grass); at 3-5 days before rice transplanting, a paddy
field stubble burying machine (HUHN RM2320, Jining, Shandong, China) was used to press
the rice stubble, and a rotary tiller (FENGYUAN 1GZL200, Huzhou, Zhejiang, China) was
used to rotate (15 cm deep tillage) once, then field irrigation was performed and a water
layer of 1-2 cm was kept in the field until transplanting.

NT means that the soil was not disturbed after the wheat harvest until rice planting.
The residue of the wheat straw covered the ground until the rice harvest. At 3 weeks
before planting, 60 mL ha~! Roundup (Organophosphorus herbicides, Monsanto Company,
St. Louis, MI, USA) aqua herbicide was sprayed on the field as the soil was drying, and the
field had te be kept dry for 5-7 days in order to eliminate weeds; after this, the field was
irrigated and kept with a water layer of 1-2 cm until transplanting.

CT is a local conventional tillage method, which is carried out as follows: the paddy
field was first soaked with water to a depth of 4-5 cm and then plowed once (with a tillage
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depth of 25 cm) about 5 days later, and a rotary tillage was conducted (with a tillage depth
of 15 cm) 5 days before transplanting; after this, the rice plants were transplanted into the
field with a water layer of 1-2 cm.

SDF is completed by an integrated machine used for rice transplanting and fertilizing
(Yameike RXA-60TK, Changzhou, Jiangsu, China), by which a basal fertilizer is put at a
depth of 20 cm of the topsoil while the rice transplanting is completed. Transplanting and
fertilizing are done almost at the same time.

Under the tillage management of CT and RT, AAF is used to apply the basal fertilizer
on the day of the rotary tillage, and the basal fertilizer mixes with the soil by rotary
tillage, then, the rice seedlings are transplanted by a rice transplanter (Yameike RXA-60TK,
Changzhou, China). As NT was adopted, AAF spread the basal fertilizer on the field one
day before the mechanical rice transplantation.

Rice was sown on 1 May and transplanted on 1 June in 2019 and 2020. Harvest was
on 16 September 2019 and 21 September 2020. The planting density was 25 hills m~2. The
experimental plots in which the basal fertilizer was applied to the field using SDF and AAF
had the same available nutrient dosage in each plot, with 120 kg ha=! of N, 59 kg ha~! of
P,0s, and 120 kg ha~! of K,O, whereas 60% and 40% of N were applied, respectively, as the
base fertilizer and tillering fertilizer. All the P,Os and K,O was applied as base fertilizers.
N, P,0Os, and K,O were administered in the form of urea, disodium hydrogen phosphate,
and potassium chloride, respectively. Rotary tillage was done twice before planting wheat
in winter (HUHN RM320, Jining, Shandong, China).

2.3. Measurements
2.3.1. Rice Yield and Its Components

Grain yields and panicle density were measured at maturity by taking 5 m? plant
samples at the center of each plot. The filled grains in each 5 m? plant sample were
separated from the straws. The filled grains were dried in an oven at 70 °C to a stable
weight and weighed, and the grain yield was calculated at a 14% moisture content. Rice
plant samples plots were taken from 5 planting pits per for the determination of yield
components (spikelets per panicle, grain filling rate, and 1000-grain weight).

2.3.2. Root Function

Rice plant samples were selected from 5 planting pits per plot to measure the root
dry weight and root activity at the mid-tillering stage, heading stage, grain filling stage,
and yellow ripe stage. For each root sample, a cube of soil (25 cm in length x 16 cm
in width x 20 cm in depth) around each individual planting pit was removed using a
sampling core, and such a cube contains about 95% of total root biomass [22]. The rice
plants from 5 planting pits per plot formed a sample at each measurement, and the roots in
each cube of soil were carefully rinsed with a hydropneumatic elutriation device (Gillison’s
Variety Fabrications, Benzonia, MI, USA). Portions of each root sample were used for
the measurement of root activity, which was determined by measuring the oxidation of
alpha-naphthylamine (x-NA) [23], whereas the other root samples were dried in an oven
at 70 °C to stable weights and weighed. One gram of fresh roots was transferred into a
150 mL flask containing 50 mL of 20 ppm «-NA. The flasks were incubated for 2 h at room
temperature in an end-over-end shaker. After this, the aliquots were filtered, and 2 mL of
aliquot was mixed with 1 mL of 1.18 mmol ! NaNO and 1 mL of sulfanilic acid, and the
resulting color was measured using a spectrophotometer.

2.3.3. Photosynthetic Properties

Rice plants were selected from 5 planting pits per plot to measure the leaf area index
(LAI), net photosynthetic rate (Pn), and total chlorophyll content at the mid-tillering stage,
heading stage, grain filling stage, and yellow ripe stage. The LAI of the top fully expanded
leaves in the main stem was calculated as the measured leaf area divided by the ground
surface area. The Pn of the top fully expanded leaves in the main stem was determined by a
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gas exchange analyzer (Li-6400, Li-COR Inc., Irving, TX, USA) between 9:30 and 11:00 a.m.,
when the photosynthetic active radiation above the canopy was 1200 mmol m~2 s~1. After
the determination of LAI and Pn, the measured leaves were cut, frozen immediately in
liquid nitrogen, and stored at —80 °C for standby. The total chlorophyll content was
extracted with about 0.2 g of fresh leaf disks using 25 mL of an alcohol and acetone mixture
(v:v = 1:1) for 24 h in the dark at room temperature. The absorbance of the extract was
measured at 663, 645, and 470 nm using a UV-VIS spectrophotometer (UV-2600, Shimadzu,
Japan) to estimate the total chlorophyll content according to the method reported in [4].

2.4. Statistical Analysis

All the experimental data were collected in 2019 and 2020 and expressed as mean
=+ standard error (SE) of three replicates. The normal distribution and homogeneity variance
of data were tested using Shapiro-Wilk’s test and Levene’s test on SPSS 21.0 (Statistical
Product and Service Solutions, IBMLab) [24], respectively. The independent samples ¢-test
was used to compare the differences in the relevant rice indicators between the two years
(2019 and 2020). One-way analysis of variance was used to compare the differences between
the relevant rice indicators among the tillage methods and fertilization methods, and two-
factor analysis of variance was used to compare the impacts of the interaction of the tillage
methods and fertilization methods on the rice indicators. In the statistical analysis, two
significance levels were set at p < 0.05 and p < 0.01. The diagrams were drawn using the
Origin 2017(Origin Lab) mapping software.

3. Results
3.1. Root Activity and Root Dry Weight

Figures 1 and 2 show the root activity and root dry weight under different fertilization
and tillage systems. The results showed that there was no significant difference in root
activity and root dry weight between the two years. With the growth of the rice, the root
activity decreased, and the root dry weight increased first and then decreased. Different
tillage and fertilization systems had significant effects on root activity and root dry weight.
The root activity of SDF + NT was significantly higher than that of the other treatments in the
mid-tillering stage, heading stage, full heading stage, and yellow maturity stage. Although
AAF + NT was the second highest in the mid-tillering stage, SDF + RT was the second highest
in the other growth stages, indicating that the SDF model was helpful in improving rice root
activity. In the SDF model, the root activity in each growth stage was ranked as NT > RT > CT;
in the AAF model, the root activity in each growth stage was ranked as NT > RT > CT; and
the root activity of the NT treatment in the full heading stage and yellow mature stage was
significantly higher than that of RT and CT. The results of the two fertilization models show
that the NT treatment was helpful in improving the root activity of rice. The root dry weight
of the SDF + NT model was significantly higher than that of the other treatments in the
mid-tillering stage, heading stage, full heading stage, and yellow maturity stage. In the SDF
and AAF models, the root dry weight at each growth stage was ranked as NT > RT > CT. It
was concluded that the SDF model is better than the AAF model for rice root growth; the NT
model is better than the RT and CT models for rice root growth, and the SDF + NT mode is
better for rice root growth in the whole growth period.

3.2. Leaf Area Index (LAI), Net Photosynthetic Rate (Pn), and Total Chlorophyll Content

As shown in Figures 3-5, the interannual differences of LAI, PN, and chlorophyll
contents were not significant. With the growth of rice, the photosynthetic rate and chlorophyll
content showed a downward trend; the leaf area index first increased and then decreased,
and was the highest at the heading stage. The LAI at each growth stage of the SDF and AAF
models was ranked as NT > RT > CT, and SDF + NT was the highest. However, there was no
significant difference between the mid-tillering stage, SDF + RT, and AAF + NT, and there
was no significant difference between the yellow ripening stage and SDF + RT. SDF + NT in
the other growth stages was significantly higher than that of the other treatments, indicating
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that the SDF + NT model was helpful in improving rice leaf growth. In the SDF model,
the chlorophyll content in each growth stage was ranked as NT > RT > CT, and NT was
significantly higher than RT in the middle growth stage. There was no significant difference
between NT and RT in the other growth stages, but they were significantly higher than the
CT model. In the AAF model, the chlorophyll content in each growth stage was ranked as NT
> RT > CT, and the chlorophyll content in the SDF model was significantly higher than that in
AAF under the same tillage model, among which SDF + NT was the highest. However, there
was no significant difference between SDF + NT and SDF + RT in the mid-tillering stage and
booting stage in 2020; SDF + NT in the other growth stages was significantly higher than
that in the other treatments. In the SDF and AAF models, the PN in each growth stage was
ranked as NT > RT > CT, and under the same tillage mode, the PN in the SDF model was
significantly higher than that in the AAF model. It was concluded that, in the SDF and AAF
models, the leaf area index, chlorophyll content, and PN in each growth stage were ranked
as NT > RT > CT, and the SDF model is significantly higher than the AAF model, among
which the SDF + NT model is the highest, indicating that the SDF + NT model is helpful in
improving the rice leaf area and chlorophyll content, so as to improve rice photosynthesis.
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Figure 1. Root activity at different stages of rice under different tillage and fertilization treatments.
(a—d) represent the root activity in mid-tillering stage, heading stage, full-heading stage and yellow
ripe stage in 2019, respectively. (e-h) represent the root activity in mid-tillering stage, heading stage,
full-heading stage, and yellow ripe stage in 2020, respectively. SDF + RT: Side Deep Fertilizing and
Reduced Tillage. SDF + NT: Side Deep Fertilizing and No Tillage. SDF + CT: Side Deep Fertilizing
and Conventional Tillage. AAF + RT: Artificially Applying Fertilizer and Reduced Tillage. AAF + NT:
Artificially Applying Fertilizer and No Tillage. AAF + CT: Artificially Applying Fertilizer and Conven-
tional Tillage. Different lowercase letters marked on the histogram mean significant differences among
treatments at the 5% level according to Duncan’s multiple-range test (0.05) (similarly hereinafter).
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3.3. Rice Yield and Its Compositions

Table 1 shows the yield components of rice in 2019 and 2020 under different tillage and
fertilization models, and the yield difference between the two years is not significant. The
results of the variance analysis showed that the different tillage methods had significant
or extremely significant effects on panicle density, grain number per panicle, and yield,
and the different fertilization methods had significant effects on panicle density, grain
number per panicle, 1000 grain weight, and yield. It can be seen from the data in the
table that the yield under the SDF model was significantly higher than that under the AAF
fertilization model. The NT yield under the SDF treatment was significantly higher than
that of RT and CT, and there was no significant difference in yield among the three tillage
methods of AAF treatment. It can be seen that the yield of SDF + NT is the highest, having
increased by 14.03~15.17%, 22.06~30.22%, 26.99~30.22%, 19.35~34.43%, and 39.90~40.08%,
respectively, compared with SDF + RT, SDF + CT, AAF + RT, and AAF + CT. In terms of
yield components, there was no significant difference among the three tillage methods in
the SDF model for the panicle density, grain number per panicle, seed setting rate, and
1000 grain weight, whereas NT in the SDF model was significantly higher than RT and CT,
indicating that the main reason for the increase in SDF + NT yield was the increase in grain
number per panicle.
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Figure 2. Root dry weight at different stages of rice under different tillage and fertilization treatments.
(a—d) represent the root dry weight in mid-tillering stage, heading stage, and full-heading Scheme
2019, respectively. (e-h) represent the root dry weight in mid-tillering stage, heading stage, full-
heading stage, and yellow ripe stage in 2020, respectively. Different lowercase letters marked on
the histogram mean significant differences among treatments at the 5% level according to Duncan’s
multiple-range test (0.05) (similarly hereinafter).
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Table 1. Rice yield and its components under different tillage and fertilization treatments.
Year Treatments Spike Density Spikelets per Grain Filling Rate ~ 1000-Grain Weight Yield
Tillage Fertilization m? Panicle % 8 tha-1
RT 268.19 =+ 10.49 abc 17749 + 6.45b 74.83 £ 0.76 bed 26.28 £1.10 ab 9.56 £0.33b
SDF NT 279.43 £6.10a 19442 +£229a 73.98 +2.00 bed 2730+ 0.26 a 11.01 £ 022 a
PP CT___ 2746941677ab  17240+£369bc 7606+ 174abc = 2623+109ab  9.02+£093bc
RT 272.58 £ 9.37 abc 168.77 +2.50 be 75.76 £ 2.65 abed 25.53 4 0.88 bed 8.67 £ 0.97 bed
AAF NT 256.88 £ 2.2 bed 166.03 = 4.58 ¢ 79.60 & 2.81a 26.06 £ 0.72 abc 8.19 4 0.16 cde
e Cr ___ 25447£576cd  16812£894bc  7169£187d  2477+£150bed 786 +£046de
RT 262.34 £ 11.52 bc 178.32 £11.57b 754+ 189%a 26.41 £0.85ab 9.41£0.71b
SDF NT 29116 +11.74 a 19512 +£9.77 a 7840+ 215a 2757 +0.83 a 10.73 £ 0.57 a
2000 - - ————— - CT___ 258034137bed _ 16828+402bc__ 7780+574a 25774 156abc 824+053cd
RT 269.2 + 6.07b 171.13 + 6.16 bc 7281 £1.01a 25.02 + 1.18 be 8.24 4 0.50 cd
AAF NT 271.28 £12.52b 171.40 £ 2.63 bc 7546 £ 0.29 a 26.07 £ 1.29 abc 8.99 £0.74 bc
o Cr ___244074672def = 16550+321c _ _ 7412+188a _ _2540+054bc _ _ 767+£037de
Tillage * ** ns ns **
Fertilization - ok ns - -
Tillage x Fertilization * * ** ns *

Within a column, different lowercase letters following numeric values mean significant differences among
treatments at the 5% level according to Duncan’s multiple-range test (0.05). * and ** indicate significant differences
at the p < 0.05 and 0.01 levels, respectively. “ns” means not significant between a certain indicator of rice and
tillage or fertilization treatment.
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Figure 3. Leaf area index (LAI) at different stages of rice under different tillage and fertilization
treatments. (a-d) represent the leaf area index in mid-tillering stage, heading stage, full-heading stage,
and yellow ripe stage in 2019, respectively. (e-h) represent the leaf area index in mid-tillering stage,
heading stage, full-heading stage, and yellow ripe stage in 2020, respectively. Different lowercase
letters marked on the histogram mean significant differences among treatments at the 5% level
according to Duncan’s multiple-range test (0.05) (similarly hereinafter).
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Figure 4. Chlorophyll content at different stages of rice under different tillage and fertilization
treatments. (a-d) represent the chlorophyll content in mid-tillering stage, heading stage, full-heading
stage, and yellow ripe stage in 2019, respectively. (e-h) represent the chlorophyll content in mid-
tillering stage, heading stage, full-heading stage, and yellow ripe stage in 2020, respectively. Different
lowercase letters marked on the histogram mean significant differences among treatments at the 5%
level according to Duncan’s multiple-range test (0.05) (similarly hereinafter).
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Figure 5. Net photosynthetic rate at different stages of rice under different tillage and fertilization
treatments. (a—d) represent the net photosynthetic rate in mid-tillering stage, heading stage, full-
heading stage, and yellow ripe stage in 2019, respectively. (e-h) represent the net photosynthetic rate
in mid-tillering stage, heading stage, full-heading stage, and yellow ripe stage in 2020, respectively.
Different lowercase letters marked on the histogram mean significant differences among treatments
at the 5% level according to Duncan’s multiple-range test (0.05) (similarly hereinafter).

4. Discussion
4.1. Effects of Tillage and Fertilization Treatments on Root Function

In this study, under different tillage management systems, the root function was
ranked in the order of NT > RT > CT. Wang et al. [25] reported that compared with NT,
both RT and CT mixed organic matter and fertilizers into deeper soils, which promoted
the growth of rice roots in deeper soils. Wang et al. [26] reported that NT reduced the bulk
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density of the topsoil (0-5 cm) but increased the bulk density of deep soil (>5 cm), and a
higher and inconsistent bulk density of deep soil limited root system growth. However,
the results of Wang et al. [27] concern long-term (14 years) tillage effects on soil and rice.
Long-term NT or RT could increase soil compactness, restrict air from entering deep soil,
accumulate reducing substances in deep soil, and limit the growth of rice roots [28]. Das
et al. [11] reported that short-term (4 years) NT increased soil organic carbon, microbial
biological carbon, and dehydrogenase activity, and provided superior conditions for root
growth. This was consistent with our findings, indicating that short-term NT or RT could
improve soil conditions and promote root growth, as well as support the finding that the
effects of NT were more pronounced than those of RT. The organic matter covering the
topsoil in NT decomposes slowly, and the continuously decomposed organic matter also
continuously provides nutrients for the rice [8]. In addition, organic matter (rice stalks
and dead weeds) cover the topsoil in NT, which could help in maintaining a constant
temperature and moisture and improve the growth of microorganisms and the synthesis of
soil enzymes [11]. In addition, RT and CT make the organic matter fully integrated with
the soil, which promotes the decomposition of organic matter into inorganic nutrients, and
the inorganic nutrients unused by plants are lost to the environment [13].

In our study, under different fertilization treatments, the root function was ranked as
SDF > AAF, which is consistent with previous studies [29,30]. N is essential to the growth
and development of rice, and it participates in many metabolic processes, such as protein
hydrolysis and amino acid metabolism [31]. The lack of N in the basal fertilizer limited the
supply of nutrients for root growth. Min et al. [30] reported that SDF reduced chemical N
fertilizer input without any reductions in yield, whereas it increased nitrogen use efficiency
and reduced NHj volatilization and runoff N losses. In addition, the deep application of
the fertilizer could make the fertilizer slowly dissolve in the soil and help retain it in the
rice rhizosphere for a longer time such that the fertilizer can provide continuous nutrients
for a longer period of time during rice growth [32]. SDF, as compared with AAF, had a
better positive effect on root function under NT management, but such an effect did not
occur under RT and CT; the reason may be that RT and CT brought organic matter into
the deep soil. AAF causes the nutrients of the fertilizer to be retained in the topsoil under
NT management, and side deep fertilization may bring fertilizer into the deep soil, which
is advantageous for nutrient uptake by plant roots [27]. Therefore, side deep fertilization
under NT management is very important for the growth of rice roots.

4.2. Effects of Tillage and Fertilization on Photosynthesis

Generally, under different tillage management systems, the photosynthesis in the four
periods was ranked as NT > RT > CT. Our results agree with previous research stating that
tillage could cause a decrease in photosynthetic capacity by limiting the nutrient uptake and
growth of roots. In this study, under different fertilization treatments, the photosynthesis
in the four periods was ranked as SDF > AAF, which is consistent with the findings of a
previous study [33]. Leaves accumulated the most N in the plant, and as much as three
quarters of leaf N was invested into the photosynthetic apparatus, which was the largest N
sink in the plant [34]. It was reported that there was strong positive correlation between
photosynthesis and leaf N content [35]. N application in the deep soil layer results in a
higher NH4*-N concentration in the soil in the prime stage of rice growth and prolongs
the availability of N for 2 months, which improves photosynthesis [36]. In addition, root
function is closely related to photosynthesis [37], and higher root activity and root dry
weight result in higher LAI, chlorophyll content, and Pn.

4.3. Effects of Tillage and Fertilization Treatments on Rice Yield and Its Compositions

In this study, the spike density, spikelets per panicle, and yield under different tillage
management systems were ranked as NT > RT > CT. Conservation tillage, especially NT,
may improve soil properties, enhance root function (Figures 1 and 2) and photosynthe-
sis (Figures 3-5), increase the absorption of nutrients by the roots and the amount of
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carbohydrates assimilated by photosynthesis, and promote the formation of yield [38].
Conservation tillage also improves root function and photosynthesis at heading, full head-
ing, and the yellow ripe stage, but only increases the rice “sink capacity” (that is, spikelet
density) and does not increase the grain filling rate and 1000-grain weight. The reason
may be the mutual restriction between the yield components [38]; the larger storage capac-
ity formed in the early stage requires more carbohydrate filling. Therefore, on the basis
of conservation tillage, increasing the nutrient supply in the later stage of rice growth
could further increase the yield of rice. In our study, spike density, spikelets per pan-
icle, 1000-grain weight, and yield under different fertilization treatments were ranked
as SDF > AAF, which is consistent with the findings of a previous study [31]. The deep
placement of N has a catalytic effect on roots, which provides more N in the deep root layer,
ensures a longer availability of N, promotes plant N uptake, and increases crop yield [38].

5. Conclusions

From our findings, it can be concluded that under no tillage conditions, the positive
effect of side deep fertilizing on rice growth and yield was higher than under reduced tillage
and conventional tillage conditions. On the whole, side deep fertilizing under conservation
tillage not only retains the advantages of conservation tillage for environmental protection,
but also saves costs and maintains the high yield of rice, which is of value as a reference for
the sustainable development of agriculture.
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