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Abstract: Straw incorporation into soil contributes significantly to the sustainable development of
agriculture. To investigate the impact of tobacco straw returns on a tobacco-rice replanting system,
we designed an experiment with two straw return levels and a control group: T1 (full return), T2
(root return), and CK (no straw return). Over a three-year field experiment in rice fields in South
China, we assessed the effects of tobacco straw return on soil quality, microbial diversity, dry matter
accumulation, and yield composition of rice. The results demonstrated that returning tobacco straw to
the field effectively enhanced rice yield by positively influencing various soil physical, chemical, and
biological properties. Compared to those in the CK treatment, as the soil porosity increased from 9.0%
to 12.4%, the mean weight diameter of the soil aggregates substantially increased, ranging from 28.7%
to 45.2%. There were significant increases in soil organic matter, total nitrogen, and alkaline dissolved
nitrogen. Soil sucrase activity increased between 29.8% and 44.9%, and urease activity increased
between 4.3% and 62.2% over the three consecutive years of straw return. The diversity index of soil
fungi significantly increased. Additionally, rice yield increased markedly, ranging from 1.8% to 5.1%.
Overall, the enhancement effect of T1 surpassed that of T2. According to our comprehensive analysis,
the incorporation of tobacco straw into the field was found to enhance the physical properties of the
soil, elevate soil enzyme activity, and increase the abundance of soil microorganisms. Consequently,
this practice led to improved rice yield and a reduction in agricultural waste output. Overall, the
return of tobacco straw to the field represents a clean and dependable approach in rice-cultivated
tobacco areas to improve soil health and rice productivity.
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1. Introduction

Straw is a biomass resource that contains a substantial amount of organic matter and
essential nutrients such as nitrogen, phosphorus, and potassium that are vital for plant
growth. In southern China, the predominant agricultural practice in tobacco cultivation is
the tobacco-rice replanting mode [1]. Given that the soil predominantly consists of rice soil
and is characterized by a sticky texture and limited permeability, rice crop growth can be
adversely affected. Implementing straw returns to fields holds significant ecological and
environmental importance for preserving farmland fertility, mitigating reliance on chemical
fertilizers, enhancing the carbon sequestration capacity of terrestrial soils, facilitating the
soil nitrogen cycle [2,3], curbing environmental pollution stemming from combustion, and
fostering a sustainable agricultural production cycle [4].

The practice of returning straw to the field directly impacts soil quality, subsequently
influencing crop growth through alterations in the soil environment. Soil aggregates, as
fundamental components of soil structure, play pivotal roles in water and heat transport,
as well as in the storage, supply, and transformation of soil nutrients. The stability of soil
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aggregates serves as a crucial indicator of overall soil structure stability [5]. Prior research
has indicated that straw return to fields can enhance soil aggregate stability and ameliorate
soil structure; however, outcomes may vary based on factors such as the return mode, soil
type, and climate of the experimental area [6,7].

Soil enzyme activity serves as a bioactivity index for soil and a key evaluation param-
eter for soil fertility. The activity of soil enzymes is intricately linked to the abundance
of microorganisms, organic matter content, and nutrient elements in the soil, making it
a pivotal indicator for assessing soil quality [8]. Xu Jianglai et al. [9] conducted a study
in central Jiangsu Province to investigate the impact of straw return on soil fertility and
rice yield. Their findings revealed that straw return at levels of 50% and 75% resulted in
increased soil catalase and sucrase activities, consequently leading to enhanced crop yields.

In studies involving maize [10], rice [11], and rice-wheat rotation [12,13], it has been
observed that the incorporation of straw into a field not only significantly influences the
stability of the soil structure and potential soil fertility, but also exerts a considerable impact
on the abundance and diversity of soil microbial communities. Soil, as the “natural medium”
for microorganisms, is the richest resource base for bacterial species. Soil microorganisms
are the most dynamic components of terrestrial ecosystems; additionally, they are sensitive
to changes in climate and the soil microbiological environment, and they play pivotal roles
in soil ecosystems [14]. The composition and diversity of soil microbial populations largely
govern the cycling, decomposition, and energy flow of nutrients in the soil. By regulating
changes in the soil environment, these microbial populations can alter the composition
and diversity of soil microorganisms and, consequently, influence the functioning of the
soil ecosystem. Soil microorganisms actively participate in crucial biochemical reaction
processes, such as ammonification, nitrification, nitrogen fixation, and sulfation, within
the soil. They play a vital role in promoting the decomposition of straw, as well as the
decomposition and synthesis of soil organic matter, and contribute to the transformation
of nutrients [15]. The impact of straw return on the soil microbial community is intricate,
with divergent outcomes observed by different researchers due to variations in cropping
patterns, straw types, length of straw return, soil background, soil types, and research
methods. Further investigations are warranted for diverse regions, cropping patterns, and
soil types. Despite numerous studies examining the effects of various straw return modes
on soil properties and crop yields, the response of soil physicochemical and biological
properties to tobacco straw remains unclear. Therefore, it is imperative to delve into the
mechanisms through which tobacco straw return influences soil quality and biodiversity
within agroecosystems in rice-tobacco areas in China.

In this study, the impact of the in situ field return of tobacco straw was comprehen-
sively evaluated across multiple dimensions, including soil bulkiness, aggregate structure,
enzyme activity, microbial diversity, and rice yield. This assessment was conducted through
a three-year field experiment to elucidate the factors contributing to the improvement in
soil quality and rice yield through the in situ field return of straw. The findings of this
study can serve as a theoretical foundation for establishing a model for in situ tobacco straw
return, thereby fostering the sustainable development of agriculture in the studied area.

2. Materials and Methods
2.1. Materials for Testing

The field trial was conducted in Yujiaao Town, Ningxiang City (112.29° E, 28.19° N),
spanning from 2018 to 2020. The tobacco straw used for the experiment originated from
the stems and roots left after the harvest of cured tobacco in the designated field. The rice
variety employed was Xiangzaoxian 45, whose cultivation period extends 100 days into
the autumn season. The compound fertilizer used had a N:P:K ratio of 10:10:10. The soil
characteristics of the experimental field were as follows: pH 7.8, 16.4 g/kg organic matter,
1.5 g/kg total nitrogen, 1.2 g/kg total potassium, 6.8 g/kg total potassium, 83.8 mg/kg
alkaline dissolved nitrogen, 13.9 mg/kg effective phosphorus, and 69.1 mg/kg fast-acting
potassium; the soil texture was clay loam. The tobacco straw utilized in the study had
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an organic carbon content of 48.8%, a total nitrogen content of 1.1%, a total phosphorus
content of 0.2%, a total potassium content of 1.7%, and a carbon-to-nitrogen ratio of 45.6.

2.2. Experimental Design

The experiment was structured with three distinct treatments: T1, involving the
complete return of tobacco roots and stems to the field after the harvest of cured tobacco
in the tobacco-rice replanting mode, with an average annual amount of 1848.3 kg/ha; T2,
entailing the return of subterranean roots to the field following the harvest of cured tobacco,
where tobacco stems were chopped off and removed from the experimental field, and the
average annual root return to the field was 757.4 kg /ha; and CK, the control group, where in
the tobacco-rice replanting mode, all roots and stems were entirely removed from the field
after the harvest of cured tobacco. The experimental plots were systematically organized
into randomized groups, each occupying an area of 60 m? (10 m x 6 m). The experiment
was conducted with 3 replications, totaling 9 plots. To maintain isolation, each plot was
enclosed by a ridge and enveloped with plastic film. Separate irrigation ditches were
constructed to prevent water runoff between plots. The tobacco straw was meticulously
chopped into small sections measuring 10-20 cm and uniformly distributed across the
experimental field. The straw was subsequently plowed and thoroughly integrated into
the soil. Rice seeds were sown in late July after germination, at a rate of 75 kg/ha. Urea
was applied at a rate of 423.9 kg/ha, with the urea-to-base fertilizer, tiller fertilizer, and
spike fertilizer ratio set at 4:2:4. Potassium sulfate was applied at 283.3 kg/ha, with the
ratio of potassium sulfate to base fertilizer and spike fertilizer set at 7:3. Calcium and
magnesium phosphorus fertilizers were applied at a rate of 750 kg /ha, all of which were
utilized as base fertilizers. Following sowing, to maintain a low field border without
stagnant water, pretilachlor was sprayed three days after sowing to control weed growth.
Shallow irrigation and fertilization were carried out during the 3-leaf period to stimulate
tillering, and adequate seedlings were established under sunlight. Shallow water was
maintained during the boot stage to protect the developing rice grains, and alternating
wet and dry irrigations were applied after spiking. Irrigation was stopped five days before
harvesting to allow the ditch water to naturally recede. Urea was then applied at 225 kg/ha,
and compound fertilizer was applied at 150 kg/ha. Following the rice harvest, straw was
returned to the field, and tobacco planting resumed in the subsequent year.

2.3. Test Items and Measurement Methods
2.3.1. Soil Sampling

Following the rice harvest, three points were selected within each plot, and soil
columns measuring 15 cm x 15 cm x 20 cm (length, width, and height) were carefully
excavated with a shovel. These rectangular soil columns were gently placed in rigid plastic
boxes to prevent compression during transportation, ensuring the preservation of the
original soil structure during transit to the laboratory. Concurrently, a 5-point sampling
method was used to collect tillage soil from a 0 to 20 cm depth in each plot, creating
mixed soil samples. These samples were then divided into two portions: one portion
was immediately frozen in liquid nitrogen and stored at —80 °C in a refrigerator for the
subsequent determination of soil enzyme activity and soil microorganisms; the second
portion was air-dried, finely ground, and passed through a 1 mm sieve for the determination
of soil nutrients.

2.3.2. Determination of Soil Bulk Density and Porosity
The soil bulk density and porosity were determined using the ring knife method [16].

2.3.3. Determination of Soil Aggregates

Dry-stable and water-stable aggregates with particle sizes >0.25 mm and <0.25 mm
were separated using the methods outlined by Shavinoff and Yoder [17].
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Dry sieving method: take 50 g of the prepared air-dried soil samples, put them into
the sieve set (with the aperture of the sieve set at 2 mm, 0.5 mm, 0.25 mm, and 0.053 mm),
and carefully sieve them for 15 min, so as to obtain five groups of agglomerates: >2, 2-0.5,
0.5-0.25, and 0.25-0.053 mm.

Wet sieving method: take 50 g of prepared air-dried soil samples in a large number of
1000 mL cylinders, slowly inject tap water, wet the soil so that the soil gradually saturates,
allow to rest for 10 min and shake, and then place in the agglomerate analyzer (Japan,
DIK-2001) for the wet sieving process, at an oscillation frequency of 15 r/min, time 30 min,
to obtain five groups of agglomerates: >2, 2-0.5, 0.5-0.25, and 0.25-0.053 mm.

The assessment of soil aggregate stability relied primarily on the total quantity of
water-stable aggregates > 0.25 mm and the mean weight diameter (MWD) of the aggregates.
Calculation of the MWD was performed as follows:

n
MWD =Y _ diw;
i=1

where d; is the mean diameter of aggregates of size i, and w; is the percentage of aggregates
of size i.

2.3.4. Determination of Soil Nutrients

The soil pH and contents of organic matter, alkaline dissolved nitrogen, fast-acting
phosphorus, fast-acting potassium, total nitrogen, total phosphorus, and total potassium
were determined using the soil agrochemical analysis [18].

2.3.5. Measurement of Soil Enzyme Activities

Soil sucrase and urease activity were determined via NayS,Oj titration and the in-
dophenol blue colorimetric method, respectively [19].

2.3.6. Soil Microbial Diversity Detection

A 0.5 g sample was weighed, and microbial macrogenomic DNA extraction was
conducted, following the instructions of a soil DNA extraction kit (DP336-02, Tiangen,
Beijing, China). The DNA concentration and purity were assessed using a NanoDrop
microspectrophotometer (model NanoDrop 2000, Thermo Fisher Scientific, Waltham, MA,
USA). Genomic DNA bands were visualized by agarose gel electrophoresis using an
electrophoresis instrument (model DYY-6C, Beijing Liuyi Instrumentation Factory, Beijing,
China) and a gel imaging system (model Tanon-2500, Shanghai Tianneng Science and
Technology Co., Shanghai, China). The genomic DNA of the bacterial 16S rRNA V3-V4
region and of the fungal ITS2 region was amplified using PCR. The primer sequences, PCR
system, and amplification conditions used were described previously [20,21]. The PCR
products were detected by agarose gel electrophoresis, and the products from the second
round of amplification were purified using AMPure XP beads. Quantification was carried
out using the ABI Step One Plus Real Time PCR System (Life Technologies, Waltham, MA,
USA). Subsequently, sequencing was conducted on the Illumina HiSeq 2500 platform in
accordance with the PE250 mode pooling of the NovaSeq 6000 platform.

The bipartite sequence data obtained from the initial downsequencing were spliced
to reconstruct the original sequence, and the final valid sequence was obtained following
filtering, chimera removal, and quality control. The sequences were subsequently clustered
at a 97% similarity level to derive operational taxonomic units (OTUs). These OTUs
were taxonomically annotated using the SILVA [22] and ITS2 [23] taxonomic databases
to generate annotations at various classification levels, including domain, phylum, class,
order, family, genus, and species. Abundance profiles of species at different taxonomic
levels (kingdom, domain, phylum, class, order, family, genus, and species) were generated,
and the community structure at each taxonomic level was analyzed using the R language
(version 4.2.0) tool. QIIME (version 1.9.1) [24] was used to calculate alpha diversity indices
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and beta diversity, including richness indices (Chaol [25] and ACE [26] indices) and
diversity indices (Shannon [27] and Simpson [28] indices), based on the OTU results.

Determination of dry matter and yield composition of rice: three 1 m? areas were
selected per plot, the rice plants were harvested on flat land, panicles were hand-threshed,
and the filled spikelets were separated by submerging them in tap water. The filled spikelets
were then oven-dried at 70 °C to stabilize mass for determining individual grain mass. The
investigation and statistical analysis included parameters such as the effective number of
rice spikes, fruiting rate, number of sound grains per spike, and thousand-grain weight
(with a water content of 14%) [29].

2.4. Statistical Analysis

Data processing and statistical analysis were conducted using Excel 2019 and SPSS
25.0. One-way analysis of variance (ANOVA) was used, and multiple comparisons between
treatments were performed using Duncan’s method (p < 0.05). Within the same year,
comparisons were denoted by lowercase letters, indicating differences at the p < 0.05 level.

3. Results
3.1. Effect on the Soil Bulk Density and Porosity of Paddy Fields
3.1.1. Impact on Soil Bulk Density

As illustrated in Figure 1a, the variations in soil bulk density among the different
treatments were not significant in 2018 or 2019. However, in 2020, the rice soil bulk density
in the T1 treatment was significantly lower than that in the CK treatment. Specifically, com-
pared with that in the CK treatment, the rice soil bulk densities in the T1 and T2 treatments
in which tobacco straw was returned to the field decreased by 5.3% and 3.8%, respectively.

(a) OT1 OT2 OCK ®) oT1 aT2 ack
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Figure 1. Effect of tobacco straw return on soil bulk density (a) and porosity (b) in paddy fields.
Different letters (a, b) indicate significant differences between different treatments according to
one-way ANOVA (Duncan, p < 0.05).

3.1.2. Effects on Soil Porosity

As depicted in Figure 1b, the difference in soil porosity was not significant in 2018.
In 2019, the rice soil porosity in the T1 treatment was significantly greater than that in the
CK treatment, and in 2020, the rice soil porosities in both the T1 and T2 treatments were
significantly greater than that in the CK treatment. Specifically, in 2019, compared with that
in the CK treatment, the soil porosities in the T1 and T2 treatments, in which tobacco straw
was returned to the field, increased by 10.5% and 4.6%, respectively. In 2020, compared
with that in the CK treatment, the soil porosities in the T1 and T2 treatments, in which
tobacco straw was returned to the field, increased by 12.4% and 9.0%, respectively.
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3.2. Effects on the Particle Size Distribution and Stability of Rice Field Soil Aggregates
Effect on the Particle Size Distribution of Soil Aggregates

Soil aggregates serve as the fundamental components of soil structure, and their
particle size distribution characteristics and stability are closely tied to the soil water,
fertilizer, air, and heat conditions. As shown in Table 1, the proportion of rice soil aggregates
larger than 2 mm significantly increased with the increase in tobacco straw return, while
the proportion of rice soil aggregates with a size ranging from 0.25 to 0.53 mm notably
decreased. Starting in 2018, the disparities among T1, T2, and CK in terms of the proportion
of rice soil aggregates 2~0.5 mm and 0.5~0.25 mm in size were not significant. However,
the proportion of rice soil aggregates < 0.053 mm in size in T1 was significantly lower than
that in CK. The proportions of rice soil aggregates > 2 mm in the T1 and T2 treatments were
24.5% and 10.0% greater than that in the CK treatment, respectively, while the proportions
of aggregates 0.25~0.53 mm in size in T1 and T2 were 14.3% and 8.2% lower than that in
the CK treatment, respectively. The total quantities of rice soil aggregates > 0.25 mm were
19.9% and 12.5% greater than that in CK for T1 and T2, respectively. The MWD values for
T1 and T2 were 18.18% and 8.26% greater than that in CK, respectively.

Table 1. Effect of tobacco straw return on the particle size distribution and mean weight diameter of
soil aggregates in paddy fields.

Particle Size Distribution/% Total Amount of >0.25 mm
Year Treats Paddy Soil Water-Stable MWD/mm
>2 mm 2~0.5 mm 0.5~0.25 mm 0.25~0.053 mm <0.053 mm Aggregates/%
2018 T1 724+26a 120+ 13a 93+10a 42+16¢c 21+16b 93.7+34a 14+00a
T2 62.5+25b 124+12a 11.3+10a 104 +1.7b 34+26Db 862+ 1.0b 1.3+ 0.0ab
CK 479+ 12c¢c 140+11a 119+ 09a 185+ 15a 77+10a 73.7+09c¢ 1.2+00b
2019 T1 733+ 13a 103+3.0a 86+29a 43+14c¢ 35+14b 922+21a 1.6+00a
T2 647 £15b 112+21a 91+29a 104 +£1.0b 46+25b 85.0+39b 1.4+00b
CK 474 +0.7c 13.6 +13a 115+ 12a 205+21a 70+17a 724 +21c¢ 1.1+00c
2020 T1 771 +t27a 79+27a 69 +37a 49+15¢ 32+23b 919 +43a 1.7+ 00a
T2 652+ 15b 104 +3.0a 91+£29a 11.0+11b 42+24b 84.7 £2.0b 1.4+00b
CK 457+ 16¢ 128+ 13a 115+ 12a 229+23a 71+17a 699 +5.1c¢ 124+00c¢

Different letters (a, b, and c) indicate significant differences between different treatments according to one-way
ANOVA (Duncan, p < 0.05).

Starting in 2019, the differences among T1, T2, and CK in terms of the proportion
of rice soil aggregates 2~0.5 mm and 0.5~0.25 mm in size were not notable, with the
proportion of aggregates < 0.053 mm in T1 being markedly lower than that in CK. The
proportions of rice soil aggregates > 2 mm in the T1 and T2 treatments surpassed that in
the CK treatment by 25.9% and 17.3%, respectively. Simultaneously, the proportions of rice
soil aggregates 0.25~0.53 mm in size were 16.3% and 10.1% lower than that of CK for T1
and T2, respectively. The overall quantities of rice soil aggregates > 0.25 mm were 19.8%
and 12.6% greater than that of CK for T1 and T2, respectively. The MWD values for T1 and
T2 were 37.0% and 24.4% greater than that of CK, respectively.

Starting in 2020, the differences among T1, T2, and CK in terms of the proportion of rice
soil aggregates in the range of 0.5 to 0.25 mm were not significant. However, the proportion
of rice soil aggregates with a size ranging from 2 to 0.5 mm and <0.053 mm in T1 was
significantly lower than that in CK. The proportions of rice soil aggregates > 2 mm in the T1
and T2 treatments were 31.4% and 19.5% greater than that in the CK treatment, respectively.
Moreover, the proportions of rice soil aggregates in the range of 0.25 to 0.53 mm were
18.0% and 11.9% lower than that in the CK treatment for T1 and T2, respectively. The total
quantities of rice soil aggregates >0.25 mm were 21.94% and 14.78% greater than that of CK
for T1 and T2, respectively. The MWD values for T1 and T2 were 45.2% and 28.7% greater
than that of CK, respectively.
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3.3. Effect on Soil Nutrients in Rice Fields

The three-year soil nutrient test data are presented in Table 2. Regarding the rice
soil pH, the differences among the treatments were not significant in 2018 or 2019. How-
ever, in 2020, the rice soil pH was notably lower in the T1 and T2 treatments than in the
CK treatment.

Table 2. Effect of tobacco straw return on soil nutrients.

Year  Treats pH OM/(g-kg~1) TN/(g-kg1) TP/(gkg 1 TK/(gkg 1) AN/mgkg 1) AP/(mgkg1) AK/(mgkg?1)
T1 776 £0.02a 171+£03a 1.7+00a 154+ 00a 69+0.1a 902+31a 128+ 12a 749+ 40a
2018 T2 775+0.04a 170+£02a 174+00b 149+00a 69+03a 89.8+2.7b 139+06a 69.5 + 3.4 ab
CK 7.77 £ 0.03 a 16.0+0.3b 1.6£00b 147 +0.1a 69+0.1a 84.0+17c 132+ 05a 683 £25b
T1 775+£0.04a 178+03a 1.7+£00a 1.59+00a 69+03a 911+14a 13.8+13a 737+21a
2019 T2 7.82 +0.06 a 171+03a 1.6 £00b 153 £00a 69+02a 88.8+23Db 131+12a 69.5+24ab
CK 778 £0.03a 162+0.3Db 1.6 £00b 149+ 00a 6.7+£03a 83.1+21c 135+10a 67.4+32Db
T1 7724+0.02b 184+02a 1.7+£00a 164+ 00a 6.8+0.0a 1054 £38a 139+14a 81.3+27a
2020 T2 776 £0.02b 176+02a 1.6 £00b 1.60£00a 6.7+£0.0a 947 +4.8Db 147+ 06a 799 £ 2.7 ab
CK 7824+0.02a 161+04Db 1.6 £00c 15+00a 6.7+0.1a 870£15¢ 134+05a 714+ 6.8b

Different letters (a, b, and c) indicate significant differences between different treatments according to one-way
ANOVA (Duncan, p < 0.05).

In terms of rice soil organic matter, data across all three years indicated that the rice
soil organic matter contents in the T1 and T2 treatments were significantly greater than that
in the CK treatment. This suggests that the incorporation of a certain amount of tobacco
straw into the field contributes to the enhancement of rice soil organic matter.

Concerning the total contents of nitrogen, phosphorus, and potassium in rice soil,
during 2018 and 2019, the total nitrogen content in the rice soil in the T1 treatment was
significantly greater than that in the T2 and CK treatments. In 2020, the total nitrogen
content in the rice soil in the T1 treatment was significantly greater than that in the T2
treatment, and the total nitrogen content in the rice soil in both the T1 and T2 treatments
was significantly greater than that in the CK treatment. Across all three years, there were
no significant differences in the total phosphorus or potassium contents of the rice soil
among the T1, T2, and CK treatments.

Regarding the contents of fast-acting nitrogen, phosphorus, and potassium in rice
soil, over the three years, the alkaline dissolved nitrogen content in the rice soil in both
the T1 and T2 treatments was significantly greater than that in the CK treatment. Addi-
tionally, the alkaline dissolved nitrogen content in the rice soil in the T1 treatment was
significantly greater than that in the T2 treatment. Throughout the three years, there were
no significant differences in the effective phosphorus content of the rice soil among the
different treatments. The fast-acting potassium content in the rice soil in the T1 treatment
was significantly greater than that in the CK treatment, as observed from the data collected
across all three years.

3.4. Impact on the Biological Properties of Paddy Soil
3.4.1. Impact on Sucrase and Urease Activities in Paddy Soil

Soil sucrase actively participates in the metabolic breakdown of soil organic matter,
and the enzymatic byproducts play a crucial role in crop growth. Therefore, soil sucrase
activity serves as a direct indicator of soil biological activity and provides valuable insights
into soil vitality. As depicted in Figure 2a, the rice soil sucrase activity exhibited an upward
trend with increasing applications of tobacco straw. In 2018, the rice soil sucrase activities in
T1 and T2 were 22.8% and 5.0% greater than that in CK, respectively. However, compared
with that in the CK treatment, the soil sucrase activity in only the T1 treatment significantly
increased. In 2019, the rice soil sucrase activities in T1 and T2 increased by 38.4% and
18.7%, respectively, compared to that in the CK treatment; both increases were statistically
significant. In 2020, the rice soil sucrase activities in T1 and T2 were increased by 44.9%
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Figure 2. Effect of tobacco straw return on sucrase (a) and urease (b) activities in paddy soil. Different
letters (a, b, and c) indicate significant differences between different treatments according to one-way
ANOVA (Duncan, p < 0.05).

Soil urease plays a crucial role in converting soil urea into ammonium nitrogen, with
the nitrogen produced serving as a vital source for crop nitrogen supply. Therefore, soil
urease activity serves as an indicator of the level and capacity of soil nitrogen provision.
As shown in Figure 2b, the rice soil urease activity exhibited an increasing trend with
increasing tobacco straw return. In 2018, the rice soil urease activities in T1 and T2 were
23.1% and 5.1% greater than that in CK, respectively. However, compared with that in the
CK treatment, only the rice soil urease activity in the T1 treatment significantly increased.
In 2019, compared with that in the CK treatment, the soil urease activity in the T1 and T2
treatments increased by 36.8% and 15.8%, respectively, and both were significantly greater.
In 2020, the rice soil urease activities in T1 and T2 were increased by 62.2% and 4.3%,
respectively, compared to those in CK, with both T1 and T2 demonstrating significantly
greater urease activity than CK.

3.4.2. Impact on Soil Microbial Alpha Diversity in Paddy Fields

Alpha diversity metrics reflect the abundance and diversity of species within indi-
vidual samples. The alpha diversity indices for the bacterial and fungal communities in
the soil samples from each treatment are presented in Table 3. Bacterial diversity indices
did not exhibit significant differences among treatments over the three years. In contrast,
the straw return treatment significantly enhanced the fungal Shannon, Simpson, Chaol,
and ACE indices compared to those of the control, with the differences becoming more
pronounced over the course of the three-year study.

Table 3. Diversity and abundance of bacteria and fungi under different straw return treatments.

Classification Year Treats Shannon Simpson Chaol Ace

T1 106 +0.0a 0.98 £0.01a 51873+ 175a 5369.1 £ 124a

2018 T2 102+00a 098 +0.02a 5163.4+16.5a 5358.3 +21.5a

CK 103 +0.0a 0.95+0.01a 49522 £20.2a 51904 £ 325a

T1 10.7+0.0a 0.98 £0.02a 6342.6 £209 a 6548.0 +22.7 a

Bacteria 2019 T2 104 +00a 097 +0.01a 6328.7 =184 a 6479.6 = 32.6 a
CK 103 +0.0a 0.96 £0.01a 62577 £ 11.1a 6449.6 +35.1 a

T1 112+0.0a 0.99 £0.02a 6365.6 +24.0a 6702.4 +32.7 a

2020 T2 11.0+0.0a 098 +0.01a 6334.4+205a 6651.1 =45.8a

CK 104 £0.0a 097 £0.01a 6264.7 £ 16.6a 64889 £31.8a
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Table 3. Cont.

Classification Year Treats Shannon Simpson Chaol Ace
T1 50+02a 0.85+0.02a 7521+ 149a 7328 £7.6a
2018 T2 46+01a 0.79+0.01b 690.4 +12.6b 701.6 =242 ab
CK 3.6+03Db 0.52 £0.02¢ 640.6 £109 c 652.8 £23.7b
. T1 50+03a 0.88 £0.03a 7762+ 189 a 7616+ 89a
Fungi 2019 T2 43+02a 0.81+0.04a 753.9 £19.6 ab 7241+121Db
CK 31+03Db 0.57 £0.02b 676.8 £21.5b 6564+ 11.8c¢
T1 59+02a 0.92 +0.00 a 7858 £ 125a 7924 +162a
2020 T2 51+04Db 0.83+0.01b 7558 £11.0b 7372 +155b
CK 40+01c 0.59 £0.04 c 684.1+9.7c¢ 6755+ 121c¢

Different letters (a, b, and c) indicate significant differences between different treatments according to one-way
ANOVA (Duncan, p < 0.05).

3.4.3. Impact on the Structure of Soil Fungal Communities in Paddy Fields

The species composition analysis results were visualized using stacked plots depicting
the variation in species abundance at each taxonomic level for different samples. The
10 species with the highest mean abundance values across all samples were selected for
detailed display. All the other species were collectively grouped into the “Other” category,
while tags that could not be annotated to a specific level were categorized as “Unclassified”.

The species composition of the soil fungal community at the phylum and genus levels
following straw return is illustrated in Figure 3. At the phylum level (Figure 3a), As-
comycota was the fungal phylum with the highest relative abundance across treatments,
followed by Ciliophyta. The relative abundance of the fungal community exhibited signifi-
cant annual variation, with Ascomycota being dominant in 2018 and 2020 and Ciliophyta
dominating in 2019. Figure 3b shows the composition of fungal genera in the samples from
each treatment. In 2018, Aspergillus and Scutellinia exhibited the highest relative abun-
dances. In 2019, Aspergillus and Coelastrella were predominant, while in 2020, Aspergillus,
Penicillium, and Fusarium had the highest relative abundances.

3.4.4. Impact on the Structure of Soil Bacterial Communities in Rice Fields

The composition of the soil bacterial community at the phylum and genus levels
following straw return is presented in Figure 4. At the phylum level (Figure 4a), Chloroflexi
and Planctomycetes had the highest relative abundances in the soils of each treatment, fol-
lowed by Actinobacteria, Proteobacteria, Acidobacteria, and Gemmatimonadetes. Figure 4b
shows the composition of the bacterial genera in the soil samples from each treatment.
Gemmatimonas had the highest relative abundance, followed by Gemmata. Other notable
genera included Anaeromyxobacter, Bryobacter, Gaiella, Aquisphaera, and Pirellula.

Q
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o
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H Other
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Figure 3. Cont.
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Figure 3. Histogram of fungal community distribution at the phylum (a) and genus (b) levels.
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Figure 4. Histogram of bacterial community distribution at the phylum (a) and genus (b) levels.

3.4.5. Impact on Soil Fungal Beta Diversity in Paddy Fields

The principal coordinate analysis (PCoA) showed (Figure 5) that the first and second
coordinate axes explained 20.7% and 15.4% of the original variance of the fungal community
composition in 2018, respectively, and cumulatively 36.1%; the first and second coordinate
axes explained 46.6% and 35.8% of the original variance of the fungal community compo-
sition in 2019, respectively, and cumulatively 82.4%; and the first and second coordinate
axes in 2020 coordinate axis and the second coordinate axis explained 34.3% and 26.6% of
the original variance in fungal community composition, respectively, cumulatively 60.9%.
The separation of fungal communities under different treatments was obvious, indicating
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that the fungal community structure of soil varied greatly under different treatments, and
further increased with the increase in straw return years.
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Figure 5. PCoA of fungal communities. Note: (a) 2018; (b) 2019; and (c) 2020.

3.4.6. Impact on Soil Fungal Beta Diversity in Paddy Fields

The PCoA showed (Figure 6) that the first and second coordinate axes explained
46.6% and 24.9% of the original variables of the bacterial community components in 2018,
respectively, and cumulatively 71.5%; in 2019, the first coordinate axis and the second coor-
dinate axis explained 50.8% and 17.1% of the original variables of the bacterial community
components, respectively, and cumulatively 67.9%; in 2020, the first and second coordinate
axes explained 25.9% and 12.9% of the original variables of the bacterial community com-
position, respectively, and cumulatively 37.1%. The separation of bacterial communities
under different treatments was obvious, indicating that the bacterial community structure
of soil varied greatly under different treatments, and further increased with the increase in
straw return years.
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Figure 6. PCoA of bacterial communities. Note: (a) 2018; (b) 2019; and (c) 2020.

3.5. Effect on the Dry Matter Quality of Rice

As depicted in Figure 7, the differences in rice dry matter quality among the treatments
were not significant in 2018. In 2019, the rice dry matter quality in T1 was significantly
greater than that in CK, representing a 5.0% improvement, and the total rice dry matter
content in T1 was significantly greater than that in T2 and CK. In 2020, both the dry matter
quality of rice straw and the total dry matter content of rice were significantly greater than
those in the CK treatment. The dry matter quality of rice in T1 was significantly greater
than that in T2 and CK, with T1 exhibiting a 10.5% increase relative to that in CK. The
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rice harvest indices ranged from 43.5% to 45.3%, with no significant differences observed
among the treatments.
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Figure 7. Effect of tobacco straw return on rice straw dry matter (a), rice dry matter (b), total dry
matter (c) and harvest index (d). Different letters (a, b) indicate significant differences between
different treatments according to one-way ANOVA (Duncan, p < 0.05).
3.6. Impact on Rice Yield and Its Components
As depicted in Table 4, straw return to the field had no significant effect on the increase
in rice thousand-grain weight. However, when the full amount of straw was returned to
the field, it significantly increased the effective number of rice spikes, the fruiting rate, and
the number of sound grains per spike, thereby contributing to an overall increase in rice
yield. There was no significant difference in rice yield among the treatments in 2018. In
2019 and 2020, the rice yield in the T1 treatment was significantly greater than that in the
CK treatment, with increases of 5.4% and 5.1%, respectively.
Table 4. Effect of tobacco straw return on rice yield and its components.
Year  Treats Effective Panicle Seed Setting Grain Number 1000-Grain Weight Yield
/(x10* Panicle-ha—1) Rate/% /(Grain-Panicle—1) Ig /(kg-ha—1)
T1 3316 +5.1a 85.5+32a 887+t12a 250+£08a 6167.7 = 208.5 a
2018 T2 3286+ 6.1a 84.0 = 1.8 ab 82.0+23Db 247+03a 6147.5 +£2272a
CK 3115+ 51b 814+17b 81.1+28b 241+£05a 6086.0 &= 245.3 a
T1 333.5+10.8a 888+ 13a 926+ 14a 251+01a 6347.8 =134.2 a
2019 T2 3246 +6.1a 849 + 1.7 ab 79.8 £4.8Db 249+01a 6137.1 £ 117.5ab
CK 3045+ 12.6b 80.7+11b 81.7 £39b 242+£02a 6025.6 +279.7b
T1 3574+ 16.1a 86.0Et12a 879+21a 249+ 06a 6412.6 = 118.4 a
2020 T2 347.8 = 15.0 ab 843+ 13ab 86.1ft21a 244+01a 6208.3 4= 254.3 ab
CK 3062+ 3.4Db 802+ 1.6b 829+05b 240£04a 6100.1 +156.5b

Different letters (a, b) indicate significant differences between different treatments according to one-way ANOVA
(Duncan, p < 0.05).
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4. Discussion

The impact of straw return on soil physicochemical properties and rice growth has
been investigated in previous studies [9,11,30-32]. Soil bulk density and porosity are
fundamental physical properties of soil, where a larger bulk density corresponds to a lower
porosity. This study revealed that returning tobacco straw to the field could decrease the
soil bulk density and enhance the soil porosity. Specifically, returning the entire quantity of
tobacco straw to the field had the most significant effect on improving soil. These findings
align with the findings of Zhang [33] and Liu [34].

Soil structure is a crucial factor influencing soil fertility and crop yield, and its proper-
ties are intricately linked to land use practices and management strategies. Agricultural
interventions such as tillage, planting, fertilizer application, and straw return to the field
impact the process of soil particle aggregation and the stability of aggregates by altering
soil properties, internal environments, and biological activity [6,7,35]. Aggregates, as the
fundamental units of soil structure, play vital roles in sustaining soil fertility, regulating
soil aeration and water retention, and mitigating soil erosion [36]. The porous structures of
aggregates provide a heterogeneous environment for soil microorganisms and facilitate
the interlaced growth of crop roots [37]. Aggregates with particle sizes > 0.25 mm are
termed soil agglomerates and represent the optimal soil structure. The mass percentage of
agglomerates with particle sizes > 0.25 mm (R0.25) serves as an indicator of soil structure
quality. A higher R0.25 content indicates greater agglomerate stability, signifying improved
soil structure [38]. This enhanced stability is more conducive to water and nutrient trans-
formations in the soil, promoting plant growth and thereby enhancing soil productivity. A
higher R0.25 content, therefore, indicates a superior soil structure. The results of this study
revealed that the quantity of returned tobacco straw influenced the distribution ratio and
stability of soil aggregates across various grain sizes. The MWD serves as a crucial metric
for assessing soil aggregate stability. In essence, stronger stability corresponds to a larger
MWD [39]. Returning tobacco straw to the field effectively enhanced the MWD value of the
soil. Compared to the control, the incorporation of tobacco straw increased the presence of
water-stable aggregates with sizes larger than 0.25 mm. This increase bolstered the stability
of the soil aggregates, mitigated the degradation of the soil structure, and decreased the
proportion of aggregates smaller than 0.25 mm. The primary mechanism underlying this
phenomenon is the introduction of fresh straw, a rich organic residue, into the sub-tillage
soil. This process leads to the continuous release of nutrients, heightened microbial activity,
and the decomposition of various organic components within the straw, including organic
acids, humic substances, polysaccharides, lignin, and other soil-binding agents. As a re-
sult, these components contribute to the formation of microaggregates by entangling soil
particles. Furthermore, they facilitate the cementation of larger aggregates [40—42].

Numerous studies have consistently demonstrated that an optimal quantity of straw
returned to the field can markedly enhance soil organic matter and increase the content of
essential nutrients such as nitrogen, phosphorus, and potassium. Under the experimental
conditions of this study, where tobacco straw was returned to the field in a flooded state,
the nutrients were initially released into the water [43], followed by their subsequent
incorporation into the soil. Research by Yang et al. [44] indicated that the direct application
of crop straw and the use of decomposed organic fertilizer yield comparable effects in
terms of soil fertilization, both of which significantly contribute to the improvement of soil
physical and chemical properties. Moreover, Lao et al. [45] pointed out that long-term straw
return, coupled with an appropriate amount of chemical fertilizer, is an effective strategy
for soil cultivation and yield enhancement. Key indicators, including the accumulation
of soil organic matter and the bioavailability of fast-acting nitrogen, phosphorus, and
potassium, exhibited a highly significant positive correlation with the quantity of straw
returned to the field. Xu et al. [46] observed a significant decrease in soil pH after the return
of straw to the field, coupled with a notable increase in soil total phosphorus and soluble
potassium content. Additionally, the soil organic matter content increased at rice maturity.
In alignment with these findings, our experiment revealed that the tobacco straw return
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treatment increased the soil organic matter, total nitrogen, alkaline dissolved nitrogen, and
fast-acting potassium contents. Interestingly, a slight decrease in pH was observed. This
pH reduction was primarily attributed to the nutrient-rich nature of tobacco straw, which,
during decomposition, generated organic acids, contributing to the soil acidity. These
results are largely consistent with those of previous research.

Soil enzyme activities exhibit a significant correlation with soil physicochemical prop-
erties, fertility status, and agricultural practices and serve as crucial indicators for assessing
soil fertility [46]. The findings from this study indicate a noteworthy increase in soil sucrase
and urease activities following the return of tobacco residue to the field. The elevated soil
enzyme activities can be attributed, in part, to the increased microbial population resulting
from the return of tobacco straw. This phenomenon may be attributed to improved soil
permeability due to the incorporation of tobacco residue, which leads to reduced rooting
resistance in rice. Consequently, the symbiotic interaction between rice roots and soil
microorganisms intensifies, augmenting soil enzyme activities.

The application of crop residues to soil has been demonstrated to influence the struc-
ture of bacterial communities [47]. Straw, which is rich in organic matter and nutrients, not
only enhances soil fertility, but also serves as a habitat for soil organisms to colonize [48]. In
the present study, the Shannon and Simpson indices for fungi in the straw-returned treat-
ments revealed a significant increase in the diversity of the fungal communities. Moreover,
the Chaol and ACE indices indicated a notable increase in the abundance of fungal com-
munities in the straw-returned treatments. This is likely attributed to the mineralization of
organic matter during straw return, which depletes oxygen from the soil and consequently
elevates the relative abundance of parthenogenetic anaerobic microorganisms or anaerobic
microorganisms in the soil [49]. In accordance with Liu et al. [50], straw return plays a
crucial role in influencing soil microbial species and soil enzymes. Previous investigations
have demonstrated that direct straw return leads to a more substantial improvement in soil
microbial abundance than biochar does [51]. The type and activity of soil microorganisms
also play pivotal roles in the decomposition of straw [52]. At the bacterial phylum level,
the relative abundances of Chloroflexi and Actinobacteria were greater in the T1 and T2
treatments than in the CK treatment. Chloroflexi, characterized by filamentous bacteria,
are active exclusively under aerobic conditions and primarily consume carbohydrates,
facilitating the degradation of hemicellulose in straw [53]. Many members of Actinobac-
teria are recognized for their capacity to degrade lignocellulose [54], contributing to the
decomposition of tobacco residues. At the bacterial phylum level, the relative abundances
of Gemmatimonas and Bryobacter were greater in the T1 and T2 treatments than in the CK
treatment. Members of Gemmatimonas and Bryobacter have been reported to possess the
ability to decompose organic matter in the soil, including cellulose and lignin [55,56]. At
the fungal phylum level, the dominant phylum with the highest abundance in the fungal
community was Ascomycetes, a group of saprophytic fungi known for producing cellulases
capable of decomposing organic matter in the soil, such as cellulose and lignin. The plant
residues from the straw returned to the field released nutrients under the degradation
by Ascomycetes [57]. The results indicated that the relative abundance of Ascomycetes
in the straw-returned treatments was significantly greater than that in the CK treatment.
At the fungal genus level, the relative abundance of the beneficial fungus Penicillium
increased with straw return, while the relative abundance of Fusarium, a soil-borne root
rot pathogen of tobacco [58], decreased. Tobacco straw return treatment was shown to
enhance microbial diversity, alter microbial (bacterial and fungal) community composition,
and increase the abundance of beneficial microorganisms. These findings align with those
of the study by Chen et al. [59]. It was previously suggested that rice straw return has a
comparatively lesser impact on microbial communities [60]. This may be attributed to the
fact that straw return predominantly influences fungal communities, given their ability
to secrete numerous extracellular enzymes for the degradation of recalcitrant materials in
straw [61,62]. As a result, the impact of straw return on bacteria communities was found to
be less pronounced.
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There are discrepancies in the findings regarding the impact of straw return on rice
yield. Li Fengbo et al. [63] conducted a study in Jiangsu and revealed no significant effect
on rice yield when straw was returned to the field. This difference might be attributed to
the high carbon-to-nitrogen ratio of straw, which makes it challenging for microorganisms
to decompose naturally, leading to slow decomposition in the soil, and ultimately serving
as a delayed fertilizer source [64]. In Heilongjiang, Shan Tibo et al. [65] reported that the
quantity of returned straw significantly influenced the number of grains in spikes and the
fruiting rate of rice, with higher amounts contributing to increased yield.

5. Conclusions

In the rice planting field, the incorporation of tobacco straw back into the soil led to
a reduction in soil bulk density and an increase in soil porosity. The quantity of tobacco
straw returned to the field influenced the distribution and stability of the soil aggregates
of varying sizes, effectively enhancing the MWD of the soil. Compared to that in the
CK treatment, the reintroduction of tobacco straw elevated the content of water-stable
aggregates with a particle size greater than 0.25 mm, thereby enhancing the soil aggregate
stability. This approach concurrently decreased the rate of soil structure disruption and
decreased the content of aggregates with a particle size less than 0.25 mm. Furthermore,
the tobacco straw return treatment resulted in increased levels of soil organic matter, total
nitrogen, alkaline dissolved nitrogen, and fast-acting potassium, with a slight decrease in
soil pH. Moreover, soil sucrase and urease activities, in addition to soil microbial community
diversity, significantly increased. The application of tobacco straw to the field positively
influenced rice parameters, such as the fruiting rate and the number of sound grains per
spike, contributing to an overall increase in rice yield. Compared to T2, T1 exhibited greater
efficacy in different treatments. Advocating for the widespread adoption of this practice in
tobacco-rice replanting areas promises environmental benefits and favorable rice yields.
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