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Abstract

In China, agriculture is currently highly dependent on chemical nitrogen. This leads to
low nitrogen use efficiency and high nitrogen losses. Considering the issues caused by
excessive chemical fertilizer, integrated nutrient management using organic and chem-
ical fertilizer sources is important. To clarify how partial substitution of chemical fer-
tilizer by organic fertilizer affects rice yield, physiological traits, and nitrogen use effi-
ciency, we conducted a two-year field trial in 2021 and 2022, and used two rice culti-
vars, Shendao47 (SD47) and Shendao505 (SD505), which were grown in the field with
five fertilization treatments: (1) CK (zero N application); (2) CF (100% chemical fertil-
izer); (3) OR10 (10% organic fertilizer + 90% chemical fertilizer); (4) OR20 (20% organic
fertilizer + 80% chemical fertilizer); and (5) OR30 (30% organic fertilizer + 70% chemical
fertilizer). The results show that the partial organic substitution (OR) treatments improved
the yield by 1-10% for two cultivars by increasing effective panicles and grain filling. The
increase in grain filling was related to the photosynthetic parameters, including LAI, chloro-
phyll content, and net photosynthetic rate during the grain-filling stage. The photosynthetic
parameters of OR treatments were higher than those of CF treatment. Additionally, with the
increase in organic fertilizer application rates, the grain yield, agronomic N use efficiency,
partial factor productivity of applied N, and physiological N use efficiency increased at
first and then decreased, peaking in OR20 treatment. Conclusively, the 20% organic fer-
tilizer with 80% chemical fertilizer is a promising option for higher yield and improved
N utilization for both cultivars. This study provides a sustainable nutrient management
strategy to improve crop yield with high nutrient use efficiency.

Keywords: rice; organic fertilizer; nitrogen efficiency; dry matter accumulation;

photosynthetic characteristics

1. Introduction

Rice (Oryza sativa L.) is an essential staple food for over half of the world’s population,
including nearly 60% of the Chinese population [1]. Peng et al. [2] predicted in 2009 that if
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per capita rice consumption continues at the current rate, China will need to produce 20%
more rice by 2030 to meet domestic demands. To increase crop yield, Chinese farmers are
using the chemical N fertilizer extensively, making China the largest N fertilizer consumer
in the world [3,4]. A surplus of N fertilizer application, without an associated rise in crop
yield, results in low N use efficiency [5,6]. Unabsorbed chemical N is lost to the environment,
which led to many adverse effects on the environment, including the pollution of air and
water, and the degradation of land [7-9].

In recent years, improved N management techniques have been proposed to increase
the N use efficiency and reduce N loss, such as site-specific N management [10], optimal
N management [11], controlled-release fertilizer [12], deep placement [13], and integrated
management practices [14]. However, adopting these practices has been constrained by
the knowledge requirements, high costs, and increased labor inputs. Some of them were
still limited by the existing technologies; for example, the coating materials of controlled-
release [15] and the machine of deep placement [16]. Combining chemical and organic
nitrogen has been shown to significantly increase nitrogen use efficiency [17], requiring
fewer resources than other improved N management techniques, making it a more practical
approach for paddy fields [18]. In addition to making application easier, this technique im-
proves microbial activity and nutrient cycling, enhancing soil nutrition and structure [19,20].
More importantly, the combined application of organic fertilizer and chemical fertilizer can
increase rice yield [21], resulting in significant financial benefits [22]. As a result, combining
chemical and organic fertilizer offers a practical way to increase the yield, addressing global
food demands by optimizing resource use on limited arable land, which is crucial both
now and in the future [23].

Although many studies explored the combined application of chemical and organic
fertilizers, the majority focused on increasing organic input amounts [24-26] rather than
examining partial substitution strategies that balance yield and environmental sustain-
ability. Only a few studies typically evaluated basic agronomic outcomes (such as yield
quality and growth) [27-32], while the underlying physiological mechanisms driving nitro-
gen use efficiency remain largely unexplored. However, such studies are still limited in
northeast China, especially on partial substitution treatments. The physiological mecha-
nisms underlying nitrogen use efficiency (NUE) improvements under partial substitution
strategies have not been fully elucidated. Previous research largely overlooked the interac-
tion between substitution ratio and physiological trait expression under field conditions.
Agronomic and physiological performance of rice is closely linked to the yield and nutrient
use efficiency [33]. Numerous agronomic and physiological characteristics, including more
spikelets, high leaf area index, and dry matter accumulation, have been linked to high
yield [34]. For the development of high-yield, high-quality, green rice production in north-
east China, it is necessary to understand the agronomic and physiological characteristics
and N use efficiency of rice under chemical fertilizer substituted for organic fertilizer.

Therefore, we conducted a two-year period field in Shenyang City, Liaoning Province,
China in 2021 and 2022. This study used two cultivars under five fertilization treatments,
with the following research objectives: (i) assess how partial substitution of organic fer-
tilizer affects yield, especially the primary yield components; and (ii) illustrate how the
application of organic fertilizer and chemical fertilizer impacts agronomic and physiological
characteristics and N use efficiency in each growth period under different substitution
ratios; and (iii) investigate how the shoot physiological traits of yield and N use efficiency
and the relationships between them. Such a study would help us understand the effects of
partial organic fertilizer substitution on rice physiological characteristics, and determine
the optimal ratio, in order to offer both theoretical and operational strategies for creating
sustainable crop management strategies for high-yield and green rice production.
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2. Materials and Methods
2.1. Experimental Site and Soil Properties

A field experiment was conducted at the Teaching and Research Institute of Shenyang
Agricultural University, Shenyang, Liaoning Province, China (41°48’ N,123°24’ E) in 2021
and 2022. This site has a warm, temperate, semi-humid climate. The loam soil contains
organic matter 28 g kg~!, total nitrogen 1.22 g kg~!, available nitrogen 110 mg kg~?,
available phosphorus 24.69 mg kg !, and available potassium 158 mg kg ! in 0-20 cm layer.

2.2. Tested Material

Shendao 47 (SD47, normal length of time from sowing to physiological maturity
is 155 d) and Shendao 505 (SD505, normal length of time from sowing to physiological
maturity is 156 d), two japonica inbred rice cultivars, served as the experimental materials.
Local farmers are enthusiastic about both varieties and cultivate them extensively. In both
years, seeds were sown on April 14 and transplanted on 25 May. Plants were harvested on
10-12 October.

The experiment was a 5 X 2 (five treatments and two cultivars) factorial design with
ten combinations. For each combination, there were three plots as replicates. The size of
each combination was 9.5 x 5 m. The chemical fertilizer used in the experiment was urea
(46% N), calcium superphosphate (12% P,0Os), and potassium sulphate (50% K,O). The
bio-organic fertilizer was produced by Shenyang ShuXin Company, China. The organic
fertilizer was made from cattle manure. It contains organic matter (>45%), N (1%), P,Os
(1.16%), and KO (1.1%). The fertilizer applications of phosphorus and potassium were
based on the original values of the soil and local empirical values. In total, 90 kg ha~!
of P and 75 kg ha~! of K and organic fertilizer were applied and incorporated before
sowing as basal fertilizer. The five fertilizations were as follows: CK (no N fertilizer), CF
(100% chemical N fertilizer), OR10 (10% OF + 90% CF), OR20 (20% OF + 80% CF), and OR30
(30% OF + 70% CF). The total nitrogen application rate of CF and OR treatments (nitrogen,
the same level) is 150 kg N ha~!, and chemical N fertilizer was applied in a split of 5:3:2 at
the stage of pre-sowing, tillering, and jointing. To prevent fertilizer and water movement
between neighboring plots, 50 cm-wide ridges with plastic film inserted to a depth of
20 cm were used to separate the plots. The field was flooded after transplanting, and a
flood water depth of 3-5 cm was maintained until the tillering stage, and then the water
was drained at the maximum tillering stage to reduce unproductive tillers; re-watering at
the booting stage with the water layer of 3-5 cm until the heading stage; and performing
wetting—drying alternation irrigation during grain filling duration; and draining water a
week before maturity. Weeds, pest insects, and diseases were intensively controlled using
chemicals to avoid biomass and yield losses.

2.3. Measurement and Sampling
2.3.1. Yield and Yield Components

To gather data on rice yield, plants were sampled from a 1 m? site (except border
ones and sampling area) in each plot at the maturity stage. The plants were separated and
threshed after natural air drying. The yield was transformed using the 14.5% water content
standard. Thirty plants (without the border plants) were randomly selected from each plot
to determine the yield components (effective panicles, spikelets panicle !, grain filling, and
1000-grain weight).

2.3.2. Relative Chlorophyll Content (SPAD)

Based on the random sampling of 30 rice plants, the mean panicle number per hill
was calculated. To determine the relative chlorophyll content, ten representative rice plants
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(the mean panicle numbers per hill) were chosen from each plot at the jointing stage, 7,
14, 21, 28, 35, 42, and 49 days after jointing to assess the relative chlorophyll content. The
chlorophyll content of flag leaves was measured using a SPAD-502 chlorophyll meter.

2.3.3. Photosynthetic Rate of Flag Leaf

Based on the random sampling of 30 rice plants, the mean panicle number per hill
was calculated. Ten representative rice plants (the mean panicle numbers per hill) were
collected from each plot at the heading stage, 15th, and 30th day after the heading stage
(the day after jointing 21st day, 35th day, and 49th day). Flag leaf Pn was measured using a
TARGAS-1 portable photosynthesizer (TARGAS-1, Lufthansa Technik Group Ltd., Miami
Lakes, FL, USA) at 9:00-11:00 a.m. on a sunny day. Natural light conditions were used for
these measurements.

2.3.4. Determination of Dry Matter Weight

To estimate the mean panicle numbers per plot at each stage in both years, at the
jointing, heading, and maturity stages, the numbers of tillers and panicles on 30 randomly
selected hills per plot were counted. Three hills were sampled at full heading and maturity
stages for each plot. After counting the number of panicles, the plant samples were
separated into three categories: leaves, stems (culm plus sheath), and panicles. Each organ
was oven-dried to a consistent weight at 70 °C at a constant weight.

The following formulae were used to determine the net assimilation rate (NAR) and
crop growth rate (CGR) [35]:

CGR(gm 2d™") = (W, — Wy)/(t — ty) (1)

NAR (gm~2d 1) = (W, — Wy)/[(LAT; — LAL) x (t — t)] (2)

where W; and W, and LAI; and LAI, indicate the shoot biomass (dry weight) and leaf area
measured at the first (t;) and the second measurement times (t), respectively.

2.3.5. Determination of N Uptake

Samples for the determination of dry matter accumulation of the plant part (sheath,
leaf at the jointing stage; sheath, leaf, and panicle at the heading stage; and sheath, leaf, and
grain at the maturity stage) were ground, digested in concentrated sulfuric acid, and the N
content of the plants was determined using the micro Kjeldahl method. The formula for
calculating N uptake and use is as follows [25,36]:

N accumulation = N content (%) x dry matter accumulation 3)

Agronomic N use efficiency (NAE) = (N applied area grain yield — N free area

4
yield)/N Applied @)
Partial factor productivity of N fertilizer (NPFP) = Grain yield with N application 5)
(kg)/ Amount of N (kg)
Nitrogen recovery efficiency (NRE) = [N accumulation with applied nitrogen ©)
N — N accumulation with N free area (kg)]/ Amount of fertilizer (kg) x 100
Physiological N use efficiency (NPE) = [N applied area grain yield — N free area @)

yield (kg)]/[N applied area N accumulation — N free area N accumulation (kg)]

N harvest index (NHI) = total grain N accumulation/total plant N accumulation.  (8)
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2.4. Statistical Analysis

Analysis of variance was performed on the data (ANOVA). At a 5% probability level,
Tukey’s honest significant difference test was used to compare mean values between
treatments. SPSS 29.0.1 software was used for data analysis. To find out how different N
management techniques affected yield formation, nutrient uptake, and utilization efficiency,
a principal component analysis (PCA) was used [22].

3. Results
3.1. Grain Yield and Yield Components

Figure 1 demonstrates the impact of partial organic fertilizer substitution for chemical
fertilizer on rice yield and yield components over two consecutive years. As the amount of
organic fertilizer increased, the yield showed a trend of increasing and then decreasing for
both cultivars; the yield performance sequence was OR20 > OR10 > OR30 > CF > CK. The
yield of applying N fertilizer treatments ranged from 9.0 to 11.7 t ha~!. Notably, the OR20
treatment produced the highest yield of both cultivars, outperforming the other treatments.
Over two years, the average yield of organic fertilizer treatments increased by 1-10%,
depending on the substitution ratio; a high substitution ratio treatment (OR30) produced
a lower yield than low and middle substitution ratio treatments (OR10 and OR20). This
implies that an overly high substitution ratio may lower rice yield.
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420 5 a 2% 4
a b -
390 a a ] ¢ == -d :
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Figure 1. Yield and yield components under different fertilization treatments. Different letters
indicate a significant difference (p < 0.05, Tukey’s test).

Over these two years, grain filling exhibited a trend of initially increasing and then
decreasing with increased organic fertilizer application. This suggests that an overly high
substitution ratio may lower the grain filling. With organic fertilizer substitution ratios
increasing, effective panicles increased, and the spikelet panicle decreased. This pattern
suggests that the increase in effective panicles and grain filling, rather than the spikelet
panicle, was mostly responsible for the production improvement.

3.2. Shoot Physiological Traits
3.2.1. Leaf Area Index

Effects of the partial organic fertilizer substitution for chemical fertilizer on the leaf
area index over the two years are shown in Figure 2. Applying N fertilizer significantly
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SD47

increased LAI at all stages. The LAI of each treatment increased rapidly in a large range
from the jointing stage to the heading stage and decreased in a small range from the heading
stage to the maturity stage. For SD47, there was an insignificant difference in LAI between
applying N treatments (OR and CF) at the jointing stage and maturity stage. At the heading
stage, the LAI of OR10 and OR20 treatment was higher than that of CF for both years. For
SD505, the LAI of OR was higher than CF at all stages. Thus, LAI at the heading stage plays
a pivotal role in yield formation, as a larger leaf area at this stage enhances the interception
of light energy by the plants. OR is characterized by higher LAI at the heading stage (except
OR30 for SD47 in 2022).

- Jointing stage - Heading stage - Maturity stage

B D

SD505

Figure 2. The leaf area index ((A,B) in 2021; (C,D) in 2022) under different fertilization treatments.
Different letters indicate a significant difference (p < 0.05, Tukey’s test) within the same stage.

3.2.2. Chlorophyll Content (SPAD Value) in Flag Leaves

The dynamic pattern in chlorophyll content, which generally increased initially and
decreased over time, is depicted in Figure 3. All treatments’ chlorophyll content peaked
at 21 days after jointing (heading stage) in both years, gradually decreasing from 28 to
49 days. OR and CF treatments significantly surpassed the CK treatment during the two
years. The SPAD value of CF treatment decreases from 28 to 35 days, much more than that
of OR. Before 35 days, CF treatment had a higher SPAD than OR. However, the SPAD of CF
treatment was lower than that of OR between 35 and 49 days after jointing. This implies
that the decrease in chlorophyll content during the late growth period was considerably
slowed by organic fertilizer.

SD47 SD505 = CF ¢ ORI10 4 0OR20 * 0OR30 + CK
sS A spar SD505 5B spar SD505
50 50,
45 45
(=] =
= =
& 0 2 40
35 35
30 30,
07 142128 3542 49 07 1421 2835 42 49 007 142128354249 007 142128354249
Days after jointing (days) Days after jointing (days)

Figure 3. The chlorophyll content (SPAD value) ((A) in 2021; (B) in 2022) of flag leaves of rice under
different fertilization treatments.

3.2.3. Net Photosynthetic Rate in Flag Leaves

Nitrogen application considerably increased the Pn of flag leaves, as seen in Figure 4.
For the two-year trial, the Pn of flag leaves dropped as processing days after heading
increased. At the heading stage, the Pn peak was observed. At the beginning of heading,
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the Pn for each treatment showed the following pattern for both cultivars in both years:
CF > OR10 > OR20 > OR30 > CK. At DAH15 in 2021, the trend altered slightly. For both
cultivars, the Pn for OR treatments was greater than that for CF treatment. The Pn of the
OR20 treatment was the highest for SD47, whereas the OR10 treatment was the highest
for SD505. There were similar trends in the Pn of DAH30, which was associated with the
Pn of DAH15. In 2022, the Pn of OR was higher than that of CF in DAH15 and DAH30,
but there was no significant distinction between nitrogen treatments (OR and CF). These
results indicate that OR had greater utilization efficiency at the late growth stage (after

heading stage).
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Figure 4. The net photosynthetic rate (Pn) ((A) and (B) in 2021; (C) and (D) in 2022) under different
fertilization treatments. Different letters indicate a significant difference (p < 0.05, Tukey’s test) within
the same stage period.

3.2.4. Dry Matter Accumulation and Translocation

Figure 5 presents the trends in dry matter accumulation (DMA). The DMA showed
an upward trend that was followed by the passing of the days. Throughout all stages, the
DMAs in treatments OR and CF were consistently and significantly higher than those in
the CK treatment. Differences in DMA were observed among the fertilization treatments
at different growth stages. OR treatments exhibited considerably increased dry matter
accumulation at each stage compared to CF treatments, except at the heading stage in 2021,
when OR20 was insignificantly higher than CF. Thus, strong matter production of OR is a
characteristic after the heading stage.
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Figure 5. The dry matter accumulation ((A,B) in 2021; (C,D) in 2022) of rice under different fertilization
treatments. Different letters indicate a significant difference (p < 0.05, Tukey’s test) within the same
stage period for the same cultivar.

The study indicated that nitrogen application significantly enhances the crop growth
rate (CGR), as shown in Figure 6. Across all evaluated stages, a tendency of first rising
and subsequently falling CGR has been observed for N application treatments (CF and
OR). For 2021 and 2022, at all stages, the CGR across different N application treatments
showed that ORs were higher than CF, and exhibited the following consistent order: OR20
> OR10 > OR30 > CF, with the excepting of the heading-maturity stage in 2021 and the
jointing—heading stage for SD47 in 2022.
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Figure 6. Crop growth rate ((A-C) in 2021; (D-F) in 2022) of rice under different fertilization
treatments. Different letters indicate a significant difference (p < 0.05, Tukey’s test) within the same
stage for both cultivars.

Figure 7 illustrates the variation in the net assimilation rate (NAR), which ini-
tially increased and then decreased as the days progressed. The peak NAR was ob-
served at the jointing-heading stage. For SD47, from the transplanting—jointing and
jointing-heading stages, the NAR of OR was higher than CF, and the trend in NAR
was OR20 > OR10 > OR30 > CF in both years. For SD505, from the transplanting—jointing
to jointing-heading stages, the NAR of OR was higher than that of CF, except NAR at
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transplanting—jointing stage, with no significant differences noted among OR10, OR20,
OR30, and CF treatments in both years. Notably, the NAR of CK was higher than that
of others at the heading stage in both years and at the maturity stage in 2022, which was
different from CGR.

SD47 SD505
Transplanting-Jointing Jointing-Heading Heading-Maturity
18 B
15
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s 12
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Figure 7. Net assimilation rate ((A-C) in 2021; (D-F) in 2022) of rice under different fertilization
treatments. Different letters indicate a significant difference (p < 0.05, Tukey’s test) within the same
stage for both cultivars.

3.3. Nitrogen Parameters
3.3.1. Nitrogen Index

The N harvest index showed a gradually increasing trend with the increase in organic
fertilizer substitution ratio over two years, which was manifested as
OR30 > OR20 > OR10 > CF (Table 1). The nitrogen index, including agronomic N use
efficiency, partial factor productivity of applied N, and physiological N use efficiency, in-
creased and then decreased with the increasing organic fertilizer substitution ratio, showing
OR20 > OR10 > OR30 > CF. Thus, organic fertilizer substitution can enhance N utilization.

3.3.2. N Accumulation in Main Growth Periods

Similar patterns of N accumulation were observed in both test cultivars across different
growth stages (Figure 8). Total N accumulation increased and peaked at the maturity stage.
N accumulation in the two cultivars was higher under CF than the others (OR and CK)
at jointing stages, especially in SD47, where N accumulation was the highest in both leaf
and stem. At the heading stage, there was no difference in total N accumulation among
different fertilization treatments (CF and OR). The difference between N accumulation at
the jointing stage and N accumulation at the heading stage indicated that OR treatments
accumulated more N than CF from the jointing to heading stage. For SD47, N accumulation
in the leaf under OR treatments was significantly higher than CF, but N accumulation in the
stem under OR treatments was significantly lower than CE. At the maturity stage, generally,
treatment with combined organic fertilizer application resulted in higher N accumulation
in total at the same N rate, which highlighted higher accumulation in the spike, but lower
levels in the leaf and stem compared to CF. This suggests that N accumulation under OR
treatments in the leaf and stem can be more efficiently transferred to the spike.
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Table 1. Nitrogen harvest index, agronomic N use efficiency, partial factor productivity of applied N,
and physiological N use efficiency under different fertilization treatments.

. e es N Harvest Agronomic N Partial Factor Productivi Physiological N Use
Year Cultivar  Fertilization Index Usge Efficiency of Applied N v Y Efﬁfiency
2021 SD47 CF 0.6810 ¢ 10.2721 b 60.5969 b 56.154 ab
OR10 0.7156 b 12.6912 ab 63.016 ab 61.4209 ab
OR20 0.7226 b 16.2431 a 66.5678 a 73.4262 a
OR30 0.7352 b 11.7806 ab 62.1054 ab 56.6943 ab
SD505 CF 0.7205b 12.3176 ab 61.6984 ab 46.0793 b
OR10 0.7341b 14.5276 ab 63.9084 ab 479076 b
OR20 0.7636 a 14.7221 ab 64.1029 ab 48.1682 b
OR30 0.7634 a 14.4544 ab 63.8352 ab 46.5445 b
2022 SD47 CF 0.5985 e 14.8932 b 68.0725 b 54.2246 abc
OR10 0.6262 d 18.7289 ab 71.9082 ab 65.1464 ab
OR20 0.6662 ¢ 243131 a 77.4924 a 73.3086 a
OR30 0.6813 ¢ 17.26 ab 70.4393 ab 55.1050 abc
SD505 CF 0.7467 b 12.0983 b 66.6958 b 36.5168 ¢
OR10 0.7690 a 14.2474b 68.8450 b 41.112 bc
OR20 0.7791 a 14.6534 b 69.2510 ab 41.8749 be
OR30 0.7840 a 12.6838 b 67.2814b 36.8480 ¢

Note: Values with a column followed by different letters were significantly different at p < 0.05 in the same year
for both cultivars.
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Figure 8. N accumulation ((a-c) in 2021; (d—f) in 2022) of rice under fertilization treatments. Different
letters indicate a significant difference (p < 0.05, Tukey’s test) within the same stage for both cultivars.

3.3.3. NRE (N Recovery Efficiency) in Main Growth Periods

The trends in N recovery efficiency (NRE) showed variations across the three growth
stages. During the transplanting—jointing stage, the NRE was higher in the CF treatment
than in the other treatments, which ranked as CF > OR10 > OR20 > OR30. At the jointing—
heading stage, the trend of NRE displays a difference between two years. In 2021, the NRE
of OR was higher than CF, and with the increase in the proportion of organic fertilizer,
NRE exhibited a trend of an initial increase followed by a decrease. In 2022, the NRE of
fertilization treatment (OR and CF) showed no significant difference. At the heading stage
and maturity stage, it was observed that organic fertilizer treatments had significantly
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higher NRE than the CF treatment for each period during both years (Figure 9). These
results indicate that OR had higher N recovery efficiency from the heading stage to the
maturity stage.

[)sp47Sum [ ]SD505Sum [ Jointing [0 Heading [l Maturity
80, A 100, b

(%)

a ab ab ap b b

§ 80
t

Z 60 z

8 g

2 S 60

€ 4w =

g g 40|

& [=]

< 20 o

2 £ 20}

Z. Z

CF OR10 OR20 OR30 CF OR10 OR20 OR30

Figure 9. N recovery efficiency of applied N in the main growth periods ((a) in 2021; (b) in 2022)
under different fertilization treatments. Different letters indicate a significant difference (p < 0.05,
Tukey’s test) within the same stage for both cultivars.

3.4. Correlation of Shoot Traits with Grain Yield and Nitrogen Parameters

Pearson correlation analyses revealed that variables such as 1000-grain weight, LAI
at the jointing stage, and N harvest index, were significantly positively correlated with
grain yield (Figure 10). In contrast, there was a significant negative correlation between the
proportion of organic fertilizer application from spikelets per panicle, Pn at the heading
stage, and N recovery efficiency at the jointing stage. Thus, the enhancement of 1000-grain
weight and the N harvest index was key to promoting the combined application of organic
and chemical fertilizer for yield optimization.

n:n:?n:r.zn:n:n:mmmzmmmmmmzmmmmmm«mm&@&ﬁ

0.6
0.4

* p<=0.05 ** p<=0.01

Figure 10. Pearson correlations of agronomic and physiological traits with grain yield, yield
components, and nitrogen use efficiency of rice. R1, grain yield; R2, effective panicles; R3, spikelets
per panicle; R4, 1000-grain weight; R5, grain filling; R6, Pn at the heading stage; R7, Pn at DAH15;
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R8, Pn at DAH30; R9, LAI at the jointing stage; R10, LAI at the heading stage; R11, LAI at maturity
stage; R12, dry matter accumulation at the jointing stage; R13, dry matter accumulation at the heading
stage; R14, dry matter accumulation at the maturity stage; R15, crop growth rate at the jointing
stage; R16, crop growth rate at the heading stage; R17, crop growth rate at the maturity stage; R18,
net assimilation rate at the jointing stage; R19, net assimilation rate at the heading stage; R20, net
assimilation rate at the maturity stage; R21, N harvest index; R22, partial factor productivity of
applied N; R23, agronomic N use efficiency; R24, N accumulation at the jointing stage; R25, N
accumulation at the heading stage; R26, N accumulation at the maturity stage; R27, physiological N
use efficiency at the jointing stage; R28, N recovery efficiency at the jointing stage; R29, N recovery
efficiency at the heading stage; R30, N recovery efficiency at the maturity stage; R31, year; R32,
cultivar; and R33, organic fertilizer replacement ratio of chemical fertilizer. Positive or negative
correlations between parameters are shown by the blue and red blocks, respectively. The correlation
increases with the color’s darkness.

3.5. Comprehensive Assessment of the Different N Fertilizer Management Strategies

The correlations between yield formation, nutrient uptake, and utilization efficiency
under different N fertilizer management strategies were evaluated using principal compo-
nent analysis (PCA). The three principal components (PCs) explained the entire variance of
the dataset. For SD47, the first principal component (PC1) explained 73.84%, the second
principal component (PC2) explained 17.654%, and the third principal component (PC3)
explained 8.502% of the total variance (Table 2). For each fertilization treatment (Figure 11),
a comprehensive analysis of rice yield, nutrient uptake, and utilization indicated that OR20
emerged as the optimal N fertilizer management strategy, followed by OR10, OR30, and
CF. For SD505, PC1 explained 75.673%, PC2 accounted for 18.201%, and PC3 accounted for
6.125% of the total variance. The comprehensive score showed OR20 > OR10 > OR30 > CF,
highlighting that OR10 and OR20 are more suitable for partial organic fertilizer substitution
by a chemical fertilizer in terms of yield and nutrient uptake performance for both cultivars
in rice (Figure 8).

Table 2. Principal components analysis under different nitrogen fertilizer management strategies.

SD47 SD505

Statistical parameters PC1 PC2 PC3 PC1 PC2 PC3

Eigen value 20.676 4.943 2.381 21.189 5.096 1.715

% of Variance 73.844 17.654 8.502 75.673 18.201 6.125
Cumulative variance% 73.844 91.498 100.000 75.673 93.875 100.000

Factor loading SD47 Eigen vectors SD505 Eigen vectors

N accumulation at the maturity stage 0.958 —0.024 —0.287 0.995 0.017 0.095

NRE at the maturity stage 0.966 0.019 —0.257 0.995 0.017 0.095
Grain filling 0.905 0.384 0.183 0.990 —0.116 —0.080

N accumulation at the heading stage 0.931 0.261 0.254 0.984 —0.061 0.166

NRE at the heading stage 0.931 0.261 0.254 0.984 —0.061 0.166

Sink capacity 0.754 0.459 0.471 0.980 0.175 0.091
DMA at the heading stage 0.998 0.007 —0.054 0.977 0.021 —0.213
DMA at the maturity stage 0.977 —0.168 0.132 0.962 0.114 —0.247

Agronomic N use efficiency 0.918 0.395 0.024 0.960 0.277 0.044

NPFP 0.918 0.395 0.024 0.960 0.277 0.044

Grain yield 0.918 0.395 0.024 0.960 0.277 0.044

LAI at the maturity stage 0.807 0.175 —0.563 0.955 0.281 0.089
NAR at the heading stage 0.937 0.348 0.039 0.903 —0.226 —0.365
CGR at the maturity stage 0.731 —0.501 0.463 0.896 0.319 —0.308
Lai at jointing 0.523 —0.706 —0.477 0.896 —0.444 —0.026

DMA at the jointing stage 0.956 —0.023 —0.292 0.895 0.432 0.113

CGR at the jointing stage 0.957 —0.008 —0.291 0.887 0.447 0.121
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Table 2. Cont.

SD47

SD505

Effective panicles 0.970

N harvest index 0.796
NPE 0.824

CGR at the heading stage 0.996
LAI at the heading stage 0.824
Spikelets per panicle -0.828
NAR at the maturity stage 0.360
N accumulation at the jointing stage -0.832
NRE at the jointing stage -0.832
NAR at the jointing stage 0.964
1000-grain weight 0.022

—0.137 0.199 0.876
—0.461 —0.392 0.865
0.529 0.201 0.765
0.025 0.087 0.762
—0.333 0.458 0.725
0.555 —0.080 —0.725
—0.786 0.503 0.715
0.528 0.169 —0.694
0.528 0.169 —0.694
0.153 —0.216 0.308
—0.959 0.283 0.682

—0.283
—0.493
0.635
—0.365
0.676
0.575
—0.105
0.691
0.691
0.921
—0.725

0.391
—0.094
-0.111
0.535
—0.132
—0.380
—0.691
0.205
0.205
0.238
0.101

N harvest index ==
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§ i at jointing
N accumulation at maturity stage s
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LAI at maturity stage
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Figure 11. Principal components under the different nitrogen fertilizer management strategies.
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4. Discussion

Partial organic fertilizer substitution chemical fertilizer can increase yield and enhance
N use efficiency [37-39]. It is a promising option for rice production in China and other
countries. Prior to this study, limited information was available on the synergistic effects of
organic fertilizer in enhancing grain yield and N use efficiency when replacing chemical
fertilizer. Based on the observed results, this study identifies specific mechanisms to explain
this synergistic improvement. Firstly, yield components, such as effective panicles, spikelets
per panicle, 1000-grain weight, and grain filling, play a critical role in determining rice yield.
N fertilizer is the key factor that can interactively affect the grain yield of rice [40]. Many
studies observed that organic fertilizer combined with chemical fertilizer can enhance
the rice yield at an appropriate proportion [32,41,42]. In this study, the partial organic
fertilizer substitution by chemical fertilizer can enhance effective panicles and grain filling,
which leads to a 1-10% increase in ORs compared to CF, and the yield-increasing effect
was remarkable. The enhancement of effective panicles and grain filling of ORs aligns
with previous studies demonstrating that organic fertilizer substitution improves tillering
efficiency and grain filling by providing a stable nutrient supply at the panicle initiation and
grain filling stages [31]. Although the number of spikelets per panicle under OR treatment
was observed to be lower than CF, Ggrain yield is influenced not only by spikelets per
panicle, but also by the number of effective panicles, grain filling, and 1000-grain weight [30].
Overall, ORs had a higher yield than CE.

Secondly, photosynthesis is the basis of crop production [43], with yield being the result
of the accumulation of photosynthates in plant organs [44], and photosynthesis accounts
for 90-95% of rice yield either directly or indirectly. Chlorophyll is the primary site of
photosynthesis, and the synthesis of organic matter depends on chlorophyll. Chlorophyll
concentration is an excellent indicator of plant growth and development, as described by
the SPAD index [36]. Numerous studies emphasize nitrogen’s essential function in the
growth and development of the leaves [45]. Proper nitrogen fertilization enhances the
flag leaf’s photosynthetic efficiency and chlorophyll content (SPAD). It improves the leaf
area index and maximizes light energy interception by extending its senescence during
the grain-filling period [36]. This improvement extends to the growth and development
of rice’s stems, leaves, and other nutrient organs, fostering better photosynthesis and
nutrient accumulation. In this study, compared to CF treatment, OR treatments enhance
the canopy structure after the heading stage, as evidenced by effective panicles and LAI
(Figures 1 and 2). OR treatments also maintained a higher photosynthetic rate. These
observations found that chlorophyll content (SPAD) declined relatively more slowly than
that of CF, which could sustain higher photosynthetic efficiency (Figures 3 and 4). The
efficiency of photosynthesis plays an important role, influencing the pace of grain filling,
consequently impacting 1000-grain weight and final yield.

Thirdly, the photosynthetic productivity required for grain filling not only comes
from photosynthesis after anthesis, but also from the accumulation of assimilates stored in
stems and sheaths before heading [46]. Dry matter accumulation directly indicates crop
growth [47], and dry matter accumulation was related to leaf, grain sink, photosynthesis,
and nitrogen metabolic [48]. Many studies suggested that dry matter accumulation has a
noteworthy positive correlation with yield, which means that high dry matter accumulation
has a high yield potential [49-51]. This study demonstrated that the OR treatments had
markedly higher total dry matter accumulation than CF treatment at all stages. OR treat-
ments promote dry matter accumulation in stems and sheaths before the heading stage and
enhance its remobilization to grains during grain filling, which differs from CF treatments
(Figure 5). In long-term rice cultivation, partial substitution of an organic fertilizer for a
chemical fertilizer optimizes nutrient distribution and enhances the transfer of nutrients
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to the harvestable product (grain), thus increasing the harvest index and improving total
biomass [52].

Fourthly, enhancing rice yield potential must come from biomass accumulation, as
we mentioned earlier. Biomass accumulation can be increased by increasing crop growth
rate [53]. Higher crop growth rate can accumulate higher biomass, which can produce
more yield under the same conditions. Crop growth rate (CGR) is a dynamic character that
determines the final yield in rice. Net assimilation rate (NAR) is considered a major crop
growth component [54]. In this study, the OR treatment exhibited stronger shoot activity,
as indicated by its higher CGR, and NAR is compared to CF treatments at the same N
application rate from the transplanting to heading stage (Figures 6 and 7). On the one hand,
high CGR and NAR were helpful in providing more sufficient assimilates for grain filling.
On the other hand, higher CGR and NAR can produce more dry matter accumulation and
grain yield with less N input [49,55,56], which is beneficial to improve N use efficiency [57].

Fifthly, about OR treatments enhancing the nitrogen parameters, there were two spec-
ulations: (i) The N content of the crop is primarily affected by the form of nitrogen fertil-
izer [40]. The forms of nitrogen in organic fertilizer are diverse, and when combined with
chemical fertilizer, provide varied nutrition sources that enhance nitrogen absorption and
transport in crops [56]. (ii) Characteristics of nitrogen are released from organic fertilizer
and chemical fertilizer. In the current study, CF treatment had more N uptake than OR
treatments at the jointing stage, whereas at the heading and maturity stages, OR treatments
significantly enhanced N uptake compared to CF (Figure 8). This might be because, in
comparison to chemical fertilizer, organic fertilizer does not supply enough nutrients for
plant development in the early stages of growth. Chemical fertilizer releases nutrients
quickly, making them readily available to plants during early growth, whereas the gradual
and consistent release of nutrients from organic fertilizer ensures that plants have enough
nutrients throughout growth, especially during the grain-filling stage. (iii) More tillers
could reduce the N applied during the early growing season [58]. For our study, compared
to CF, OR treatments increase tillers; increasing tillers could reduce N losses and increase
rice yield and NUE. In this study, organic fertilizer and chemical fertilizer significantly
increased the N harvest index, agronomic N use efficiency, partial factor productivity of
applied N, and physiological N use efficiency, particularly when applying 20% organic
fertilizer and 80% chemical fertilizer (OR20) compared to sole urea fertilization (CF). More-
over, organic fertilizer application enhanced the nutrient-preserving capability of the soil
and reduced N leaching [59]. Similar to our study, Ye et al. [60] stated that using organic
fertilizer with chemical fertilizer improved nutrient uptake and plant growth.

5. Conclusions

In this study, 0-30% organic fertilizer substitution with chemical fertilizer could
achieve both high grain yield and NUE of rice in the northeast of China. The increase in rice
yield under OR treatments was the result of improvements in effective panicle and grain
filling under combined organic and chemical fertilizers. The increase in grain filling in the
OR treatments resulted from higher photosynthesis efficiency, dry matter accumulation,
crop growth rate (CGR), and net assimilation rate (NAR). Furthermore, the increases in rice
yield and N uptake under OR treatments were associated with improved dry matter accu-
mulation and leaf photosynthesis after the heading stage. These findings demonstrate the
substantial impact of optimal, balanced fertilization on the enhancement of rice yield, phys-
iological characteristics, photosynthesis, and nutrient absorption. Conclusively, regarding
a comprehensive assessment, combining the application of organic fertilizer with chemical
fertilizer at a 20:80% ratio is a good model for higher rice grain yield and N utilization.
Based on these findings, it is recommended that more multi-year field experimentation is



Agronomy 2025, 15, 1576 16 of 18

conducted regarding the partial substitution of chemical fertilizer by organic fertilizer to
determine how it effects the improvement of rice productivity, physiological performance,
and yield, with maximizing human benefits.
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