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Long-term organic fertilization is widely advocated to counteract soil fertility decline and nutrient imbalances in tobacco cropping systems. However, systematic research comprehensively evaluating the long-term effects of different organic fertilizers on soil physicochemical properties, enzyme activity, microbial diversity, tobacco yield, and quality remains limited. A 7-year field study was conducted to compare the long-term impacts of chemical fertilizer (CF), manure (CM), straw mulching (SM), and farmyard compost of manure and straw (FM) on soil health and tobacco productivity. The soil quality index (SQI) under CM, SM, and FM treatments was 18.2%, 11.9%, and 20.7% higher, respectively, than that of the CF treatment. Similarly, CM, SM, and FM treatments increased soil ecosystem multifunctionality (EMF) by 86.3%, 80.0%, and 106.7%, respectively. CM, SM, and FM treatments increased the microbial diversity index by 4.7%, 1.5%, and 7.0%, respectively. CM, SM, and FM treatments increased soil health index by 13.2%, 1.7%, and 18.6%, respectively, through concurrent improvements in the SQI, EMF, and microbial diversity index. Furthermore, CM, SM, and FM treatments not only increased tobacco yield by 6.5%, 2.8%, and 12.9%, respectively, but also significantly enhanced the proportion of premium-grade leaves by 17.8%, 3.2%, and 28.5%, respectively. Overall, farmyard compost of manure and straw maximized the concurrent gains in soil health and tobacco yield and quality. Consequently, farmyard compost of manure and straw application emerges as the most effective strategy to concurrently maintain soil health and attain high-yield, high-quality tobacco.
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[image: Illustration depicting four tobacco plants under different fertilization strategies: CK (Control), CF (Chemical fertilizer), CM (Manure), and FM (Straw), with associated yield, quality, and soil health indices. Manure shows improvement in yield and quality with positive soil health indicators compared to the control, highlighting its role in sustainable tobacco production. Red arrows indicate an increase, while blue arrows indicate a decrease.]
Graphical Abstract
 CK, no fertilizer; CF, 100% chemical compound fertilizer; CM, manure combined with 90% chemical compound fertilizer; SM, straw combined with 90% chemical compound fertilizer; FM, farmyard compost of manure and straw, and 90% chemical compound fertilizer; SQI, soil quality index; EMF, ecosystem multifunctionality; SMI, soil microbial index; SHI, soil health index. The abstract should ideally be structured according to the IMRaD format (Introduction, Methods, Results and Discussion). Provide a structured abstract if possible. If your article has been copyedited by us, please provide the updated abstract based on this version.






Highlights

	CM, SM and FM increased SQI by 18.2%, 11.9%, and 20.7%, respectively.

	CM, SM and FM increased EMF by 86.3%, 80.0%, and 106.7%, respectively.

	SMI was enhanced by 4.7%, 1.5%, and 7.0% under CM, SM, and FM, respectively.

	CM, SM and FM raised SHI by 13.2%, 1.7% and 18.6% through improvements in SQI, EMF, SMI.

	FM increased tobacco yield by 12.9% and proportion of premium-grade leaves by 28.5%.






1 Introduction

Tobacco, a globally significant economic crop, plays a vital role in tax revenue, employment, agricultural development, and trade, particularly in developing and low-income countries (1, 2). However, conventional cultivation practices are frequently characterized by the excessive application of chemical fertilizers, driven by factors such as the limited availability of fertile land, economic incentives for higher yields, and population growth (3, 4). Long-term reliance on chemical fertilizers can result in soil compaction, reduced fertility, and an increased prevalence of soil-borne diseases, thereby posing a significant threat to the production and quality of tobacco (5, 6). To ensure the long-term sustainability of tobacco production, it is essential to enhance soil fertility and protect soil ecosystem health. Therefore, there is an urgent need for scientific and rational fertilization measures to enhance soil microbial diversity, fertility, enzyme activity, tobacco yield, and quality to achieve a win-win situation between soil health and sustainable production in tobacco cultivation.

Fertilizers, as crucial factors influencing soil ecosystems, are directly linked to physicochemical properties, enzyme activity, and microbial diversity (7, 8). Chemical fertilization rapidly supplies nutrients, thereby accelerating plant growth (9). However, the narrow nutrient spectrum and high ionic strength of chemical fertilizers can negatively impact soil physicochemical properties and disrupt nutrient balance, inhibiting the activity of enzymes and microorganisms (7, 10). To promote soil health and ensure crop yields, organic fertilization is widely adopted in tobacco production to enhance soil fertility and ecosystem stability, thereby supporting sustainable tobacco-field management (3, 10, 11). Mechanistically, organic fertilizers improve soil aggregate structure, thereby increasing aeration and water retention and favoring root proliferation (12). Furthermore, organic fertilizers boost the levels of soil organic carbon (SOC), organic nitrogen, phosphorus, potassium, and other nutrients, which are positively associated with tobacco leaf yield and quality (13, 14). However, the specific effects of organic amendments are highly dependent on their type. Studies have indicated that animal-based organic fertilizers (such as livestock manure and poultry) generally enhance soil organic matter content and improve soil structure more effectively than plant-based organic fertilizers (such as green manure and crop residues) (15, 16). By releasing readily available nutrients, organic fertilizers create favorable conditions for both extracellular enzymes and soil microorganisms (7, 17). Indeed, organic matter inputs markedly enhance the activities of invertase, catalase, cellulase, and protease, thereby accelerating organic matter decomposition and nutrient cycling, and ultimately improving soil fertility (18, 19). This enhanced nutrient availability and improved soil fertility further stimulated microbial reproduction and metabolic activity. Numerous studies have reported that long-term organic fertilization significantly increases the abundance and diversity of both fungal and bacterial communities, which are fundamental agents for nutrient biogeochemical cycling and plant growth (3, 20, 21). Consequently, sustained organic amendment not only boosts microbial functionality but also fundamentally improves the integrated concept of soil health (22, 23). Moreover, improvements in soil physicochemical properties, enzyme activity, and microbial diversity are pivotal determinants of soil health (23). Nevertheless, long-term field experiments that systematically compare the effects of different organic fertilizer types on soil physicochemical properties, microbial diversity, enzyme activities, leaf yield, and quality remain limited.

A seven-year field experiment was performed in China’s major tobacco growing regions to quantify how contrasting organic fertilizer regimes modulate soil enzyme activities, physicochemical properties, and microbial diversity, and how these changes translate into soil health, tobacco yield, and quality. The objectives of this study were as follows: 1) to evaluate the temporal dynamics of soil physicochemical properties, enzyme activities, and microbial diversity under the long-term application of different organic fertilizers and assess their cascading impacts on soil health, and 2) to quantify the long-term influences of these organic fertilizers on the yield and quality of tobacco leaves. This study aims to develop optimized fertilizer management strategies that simultaneously boost tobacco yield and quality while improving soil health through enhanced microbial diversity and nutrient cycling in tobacco fields.




2 Materials and methods


2.1 Experimental design

A continuous 7-year (2018–2024) study was conducted in Lijiang, Yunnan Province, China (99°50′E, 27°7′N). The region is characterized by a subtropical humid climate, with an annual precipitation of 975 mm and an average annual temperature of 16.3°C. The region exhibits pronounced seasonal variability, marked by warm and humid summers and mild and relatively dry winters, a pattern driven by the prevailing subtropical monsoon circulation. The physicochemical properties of the yellow-brown soil at 0 cm–20 cm were determined as follows: pH 6.13, soil organic carbon 15.16 g kg−¹, total nitrogen 0.12 g kg−¹, hydrolyzable nitrogen 107.1 mg kg−¹, total phosphorus 113.6 mg kg−¹, total potassium 1.56 g kg−¹, available phosphorus 69.1 mg kg−¹, and available potassium 139.2 mg kg−¹.

The experiment was designed with five fertilizer treatments: CK (no fertilizer for seven years), CF (100% chemical compound fertilizer for seven years), CM (manure combined with 90% chemical compound fertilizer for seven years), SM (straw combined with 90% chemical compound fertilizer for seven years), and FM (farmyard compost of manure and straw and 90% chemical compound fertilizer for seven years). Each treatment consisted of three replicate plots, each covering 50 m² (5 m × 10 m). The application rates for fertilizers were as follows: chemical compound fertilizer (N:P2O5:K2O = 15:15:15) at 600 kg ha−¹, manure (derived from cow manure) at 0.2 kg plant−¹, and farmyard compost of manure and straw at 0.5 kg plant−¹. For SM treatment, the previous season’s rapeseed crop residues were retained as full-coverage mulch. The manure contained 45% organic matter and ≥5% total nutrients (N +P2O5 + K2O), the straw contained 72% organic matter and ≥4% total nutrients, and the farmyard compost of manure and straw contained 30% organic matter and ≥5% total nutrients. All organic fertilizers were applied in a single basal application, whereas the chemical compound fertilizer was split and applied in a 3:3:2:2 ratio across the basal, seedling recovery, root establishment, and rapid growth stages. Tobacco (cv. Yunyan87) is cultivated annually in this region from May to September, and the transplant spacing is maintained at 1.2 m×1.0 m. Rapeseed (cv. Yunyou Hybrid Rapeseed No. 2) followed from October to April of the next year, receiving 600 kg ha−¹ of chemical compound fertilizer (N:P2O5:K2O = 20:11:10). All field management practices, including fertilization, transplanting, and pest control, were consistently maintained and aligned with high-yield cultivation protocols throughout the growing season.




2.2 Soil samples collection and physicochemical properties analysis

Soil samples were randomly collected in September 2024, with five replicates taken from each plot at a depth of 0 cm–20 cm. Following sample collection, the soil was processed to remove extraneous materials, including residual roots, plant stems, leaves, and small stones. Subsequently, each sample was divided into three parts for further analyses. The first part was air-dried at room temperature and subsequently sieved through a 100-mesh sieve to analyze the base soil physicochemical properties. The second part was stored at 4°C for enzymatic activity analysis, and the third part was immediately stored at −80°C for subsequent microbial community composition and diversity analysis.

The soil physicochemical properties were determined using standardized analytical methods (24). Soil pH was measured using a digital pH meter (Leici PHS-25, China). Hydrolyzable nitrogen (HN) was quantified using the alkaline hydrolysis diffusion method, and available phosphorus (AP) was determined using the sodium bicarbonate extraction-molybdenum antimony colorimetric method. The available potassium (AK) and total potassium (TK) concentrations were analyzed using flame photometry. Total nitrogen (TN) content was measured using the semi-micro Kjeldahl method, and total phosphorus (TP) was assessed using the digestion-molybdenum-antimony spectrophotometric technique. Soil organic carbon (SOC) was measured using potassium dichromate oxidation-spectrophotometry.




2.3 Soil enzyme activity analysis

Soil enzyme activity was evaluated using the methodologies described in “Soil Enzyme and Their Research” (25). Acid phosphatase activity was assayed by monitoring p-nitrophenol release at 410 nm (PNPP method), while urease activity was quantified via NH3-N production using indophenol blue at 578 nm. Catalase activity was measured by H2O2 decomposition at 240 nm, and amylase activity was measured through starch hydrolysis at 540 nm. Protease activity was determined using the Folin–Ciocalteu method at 750 nm, whereas nitrate and nitrite reductases were analyzed using Griess reagent at 540 nm. Dehydrogenase activity was assessed via TTC reduction at 485 nm, and cellulase activity was assessed via CMC hydrolysis at 540 nm after a 3-day incubation period. α-1,4-glucosidase, β-1,4-glucanase, and sucrase activities were measured using the DNS method at 540 nm. Hydroxylamine reductase was analyzed using Nessler’s reagent at 420 nm, and denitrification enzyme activity was quantified via N2O production using gas chromatography. Activities were respectively expressed in: μg pNP g−¹ h−¹ (phosphatase), mg NH3-N g−¹ d−¹ (urease), mL H2O2 g−¹ 20 min−¹ (catalase), mg glucose g−¹ d−¹ (amylase), μg tyrosine g−¹ d−¹ (protease), mg NO2−-N g−¹ d−¹ (nitrate reductase), mg NO2−-N reduced g−¹ d−¹ (nitrite reductase), mg TPF g−¹ d−¹ (dehydrogenase), mg glucose g−¹ 3d−¹ (cellulase), mg glucose g−¹ d−¹ (glycosidases), μg NH3-N g−¹ d−¹ (hydroxylamine reductase), and mg N2O-N g−¹ 2d−¹ (denitrification).




2.4 Soil microbial community analysis

Total genomic DNA was extracted from 0.3 g of each soil sample (n = 15) using the FastDNA Spin Kit (MP Biomedicals, USA). DNA concentration and purity were assessed using a NanoDrop One/Onec Micro UV–Vis Spectrophotometer (Thermo Fisher Scientific, USA), and the extracted DNA was stored at −80°C until further analysis. The bacterial community was characterized by amplifying the V3–V4 hypervariable regions of the 16S rRNA gene using the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). PCR amplification was conducted in triplicate in 20 μL reactions, each containing 10 ng of template DNA, and the products were visualized on 2% agarose gels. For fungal community analysis, the ITS region was amplified using the primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2R (5’-GCTGCGTTCTTCATCGATGC-3’). The PCR conditions and quality control steps were consistent with those used for the bacterial analysis. Amplicon libraries were prepared and sequenced on an Illumina NovaSeq platform (Illumina Inc., San Diego, CA, USA) by Majorbio BioPharm Technology Co., Ltd. (Shanghai, China). Raw sequences were processed using the QIIME2 pipeline, with quality filtering and error correction performed using the DADA2. Operational taxonomic units (OTUs) were clustered at a 97% similarity threshold and taxonomically classified using a Naïve Bayes classifier trained on the Silva138/16S database for bacteria and the UNITE 9.0 database for fungi. Representative OTUs were further validated against the HPB (https://www.cerl.org/resources/hpb/content) and UNITE (https://unite.ut.ee/) databases. Alpha diversity indexes, including Ace, Sobs, Chao, Shannon, Simpson and Coverage, were calculated using Mothur software (https://doi.org/10.3389/fsoil.2025.1698802) to evaluate microbial community richness and diversity.




2.5 Tobacco yield and quality

Following complete plot harvest for yield determination, tobacco leaves from each treatment were graded according to the National Standard for Flue-Cured Tobacco Grading (GB 2635-1992) and the proportions of premium-, medium-, and low-grade leaves were computed for subsequent statistical analysis (26).




2.6 Index calculations

To assess the soil quality index and microbial community characteristics, the soil quality index (SQI) and soil microbial index (SMI) were calculated. Each soil physicochemical parameter and microbial α-diversity was normalized to a standardized score ranging from 0 to 1 using the following equation (Equations 1, 2) (27, 28).

Si=YYmax



(1)

where Si represents the linear score of the i physicochemical parameter or microbial community characteristic, normalized to a range of 0 to 1; Y denotes the measured value of the i parameter or characteristic; and Ymax corresponds to the maximum observed value of the i parameter or characteristic.

SQI/SMI=12

×∑inSi2×sin(2π
n
)

(2)

where n is the number of physicochemical parameters or microbial community characteristics.

To represent soil ecosystem multifunctionality, z-score normalization can be applied to the activity of each soil enzyme (Equations 3, 4) (27).

z−score=(Y−meani)
SDi



(3)

where Y represents the measured enzyme activity, meani is the mean activity of enzyme i, and SDi is the standard deviation of enzyme i.

Soil ecosystem multifunctionality=∑i=1n(Z−score)2

(4)

where n is the number of soil enzymatic parameters.

The soil health index (SHI) was determined based on soil physicochemical properties, enzyme activities, and microbial diversity using the Entropy-TOPSIS method (29).

Data normalization (Equation 5):

Kij=Yij−Ymin
Ymax−Ymin



(5)

Where Kij represents the normalized value of the jth index in the ith treatment, Yij is the average value of three replicates for the jth index in the ith treatment, and Ymin and Ymax are the minimum and maximum values of the jth index, respectively.

Entropy value calculation (Equations 6, 7):

pij=Kij
∑j=1nKij



(6)

Ej=−1
lnn

∑j=1npijlnpij

(7)

Where pij is the proportion of the normalized value for the jth index in the ith treatment, and n is the total number of indices.

Entropy weight calculation (Equation 8):

Wj=1−Ej
n−∑i=1nEi



(8)

Decision matrix construction (Equation 9):

Q=(Wj×pij)=[Q11

⋯
Q1n


⋮
⋱
⋮

Qm1

⋯
Qmn



]

(9)

Soil health index (SHI) calculation (Equations 10–14):

Qj+=max(Q1j,Q2j,···,Qnj)

(10)

Qj−=max(Q1j,Q2j,···,Qnj)

(11)

Fi+=∑j=1n(Qj+−Qij)2



(12)

Fi−=∑j=1n(Qj−−Qij)2



(13)

SHIi=Fi−
Fi++Fi−



(14)




2.7 Statistical analysis

All data are presented as mean ± standard deviation (n = 3). The influences of different fertilizers on soil physicochemical properties, enzyme activities, and microbial communities were assessed using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) at 0.05 level. Principal Component Analysis (PCA) was performed using Canoco 5 (Biometris, Netherlands) to examine the relationships between soil physicochemical properties and enzyme activities. Co-occurrence networks were constructed using R4.4.2 and Gephi 0.9.2 (Gephi Team, France). All graphical representations were generated using Origin 2021 (OriginLab Corporation, USA) and R4.4.2 (Ross Ihaka and Robert Gentleman, New Zealand).





3 Result


3.1 Soil quality index

Fertilizers significantly increased the soil concentrations of HN, AP, AK, TN, TP, TK, and SOC (p < 0.05; Supporting Information: Supplementary Figure S1). Among all the fertilization treatments, CM and SM treatments exhibited relatively higher soil concentrations of HN, AP, AK, TN, TP, TK, and SOC. Moreover, organic fertilizers significantly increased SOC concentration (p < 0.05). In the tobacco fields, HN, AP, AK, TN, TP, TK, and SOC in fertilizer treatments are 13.6%–36.7%, 22.7%–49.1%, 36.8%–43.7%, 26.5%–45.2%, 20.7%–30.0%, 24.5%–27.3%, and 14.7%–65.7% (Figure 1a). The soil quality index (SQI) for CM, SM, and FM treatments was higher than that of the CF treatment by 18.2%, 11.9%, and 20.7%, respectively. (p < 0.05; Figure 1b). Notably, the increases in the SQI for the CM and SM treatments were statistically significant (p < 0.05). The application of organic fertilizers can enhance the SQI, with manure, straw, and farmyard compost of manure exhibiting higher SQI.

[image: Radar chart (a) showing weight of soil properties like pH, SOC, TK, TP, TN, HN, AP, and AK for five treatments (CK, CF, CM, SM, FM). Bar chart (b) displays the soil quality index with statistical differences labeled a, b, bc, c among treatments CK, CF, CM, SM, and FM.]
Figure 1 | The radar graphs show the relative response of soil chemical properties (a) and soil quality index (b) under different fertilizer practices. Different lowercase letters indicate significant differences at the p < 0.05 level.




3.2 Soil ecosystem multifunctionality

Compared to the CF treatment, CM and SM treatments enhanced soil urease, catalase, protease, dehydrogenase, cellulase, and α-1,4-glucosidase activities (Supporting Information: Supplementary Figure S2). However, FM treatment reduced the activities of several soil enzymes, including urease, catalase, amylase, nitrate reductase, nitrite reductase, dehydrogenase, β-1,4-glucosidase, α-1,4-glucosidase, and hydroxylamine reductase. Soil ecosystem multifunctionality (EMF) under CF, CM, SM, and FM treatments showed significant increases of 1,183.7%, 2,291.5%, 2,210.5%, and 2,552.9%, respectively, compared to the CK treatment (p < 0.05; Figure 2). Compared to the CF treatment, CM, SM, and FM treatments significantly increased soil EMF by 86.3%, 80.0%, and 106.7%, respectively (p < 0.05). Principal component analysis (PCA) explained 73.8% of the variation in physicochemical properties and enzyme activity (Supporting Information: Supplementary Figure S3). Organic fertilizers can enhance soil EMF, with both manure and farmyard compost of manure and straw exhibiting higher soil ecosystem multifunctionality.

[image: Bar chart displaying soil ecosystem multifunctionality values for four groups: CK, CF, CM, SM, and FM. CK has the lowest value around 0.005, labeled 'a'. CF shows a moderate value around 0.02, labeled 'b'. CM, SM, and FM have higher values around 0.04, labeled 'c', with FM being the highest. Error bars indicate variability.]
Figure 2 | Soil ecosystem multifunctionality under different fertilizer practices. Different lowercase letters indicate significant differences at the p < 0.05 level.




3.3 Soil microbial structure and diversity

Fertilizers resulted in higher values of bacterial diversity and richness indices, such as Shannon, Sobs, ACE, Chao, Simpson, and Coverage (Figure 3). However, no significant differences were observed in the diversity and richness indices of the bacterial communities across all fertilization treatments (p >0.05). In the fungal communities, the CM and FM treatments exhibited higher Sobs, ACE, and Chao richness indices, whereas the CF and SM treatments displayed lower values for these indices. The different types of fertilizers did not significantly affect the diversity (Simpson index) and coverage of soil fungal communities (p >0.05). PCA revealed the effect of different fertilizations on the composition of bacterial and fungal communities at the genus level, with the first two principal components explaining 49.5% and 38.8% of the variance in bacterial and fungal communities, respectively (Supporting Information: Supplementary Figure S4). At the genus level, the analysis of bacterial communities revealed that the most abundant genera in the soil samples were norank_o__Vicinamibacterales (3.6%–8.9%), Rhodococcus (2.3%–5.1%), norank_o__Gaiellales (2.4%–3.7%), Sphingomonas (2.4%–3.7%), and Bacillus (2.2%–3.2%) (Supporting Information: Supplementary Figure S5). In all treatments, the SM and FM treatments exhibited higher relative abundances of the genera norank_o__Vicinamibacterales and Rhodococcus, while showing lower relative abundances of norank_o__Gaiellales, Sphingomonas, and Bacillus. At the genus level, the analysis of fungal communities showed that the most abundant genera in the soil samples were Fusarium (5.3%–14.6%), Mortierella (5.0%–9.5%), Minimedusa (2.5%–5.8%), unclassified_k__Fungi (3.4%–4.2%), and Niesslia and Saitozyma (2.1%–3.4%). Fertilizers enhanced the relative abundance of Fusarium, Minimedusa, and Niesslia in soil. Moreover, CM treatment exhibited a greater relative abundance of Fusarium, Mortierella, Minimedusa, and Niesslia than the other fertilizer treatments.

[image: Comparison of bacterial and fungal diversity indices across five treatments. The left column shows bacterial indices: Sobs (a), Ace (b), Chao (c), Shannon (d), and Simpson (e). The right column shows fungal indices: Sobs (g), Ace (h), Chao (i), Shannon (j), and Simpson (k). Treatments CK, CF, CM, SM, and FM are on the x-axis. Bars with letters denote significant differences.]
Figure 3 | The α diversity index of bacteria (a–e) and fungi (g–k) at ASV level. Different lowercase letters indicate significant differences at the p < 0.05 level.




3.4 Soil microbial community stability and soil microbial index

Co-occurrence networks of fungal and bacterial communities were constructed to assess the complexity and stability of soil microbial communities under different organic and inorganic fertilizer treatments (Figure 4). Compared to the CF treatment, CM and SM treatments enhanced the number of connections (edges) within the bacterial community (Table 1). Specifically, the number of nodes in the bacterial network increased by 0.79% under CM treatment compared to that under CF treatment. Additionally, the modularity of the bacterial network increased by 34.2%, 17.3%, and 37.1% under CM, SM, and FM treatments, respectively, compared to that under the CF treatment. In all fertilization treatments, the CM and SM treatments exhibited higher values for nodes, edges, degree, and modularity in the bacterial network. In contrast, the fungal network displayed a different response to the fertilizer application. Compared to the CF treatment, organic fertilizers reduced the number of nodes, edges, and degree in the fungal community. However, within the fertilization treatments, CF and CM showed relatively higher values for nodes, edges, degree, and modularity in the fungal network, suggesting a more structured and interconnected community under these fertilization practices. The CM, SM, and FM treatments increased the soil microbial index by 4.7%, 1.5%, and 7.0%, respectively, compared to the CF treatment (p < 0.05; Figure 5). Organic fertilizers can enhance the soil microbial index, with manure exhibiting the highest soil microbial index.

[image: Network diagrams show bacterial and fungal communities under different treatments (CK, CF, CM, SM, FM). Each panel displays nodes and edges representing different microbial groups. Bacteria groups include Acidobacteriota, Actinobacteriota, Chloroflexi, Proteobacteria, and others. Fungi groups include Ascomycota, Basidiomycota, and others. Nodes are colored to differentiate the groups, with complex interconnected lines illustrating relationships and interactions.]
Figure 4 | Co-occurrence networks constructed based on the ASV with average relative abundance of >0.09% in the soil bacterial and fungal communities.


Table 1 | Relevant properties of the bacterial and fungal co-occurrence networks.
	Microbial
	Network elements
	CK
	CF
	CM
	SM
	FM



	Bacteria network
	Node
	118
	127
	128
	116
	123


	Edge
	2,769
	3,122
	2,676
	2,202
	2,798


	Degree
	46.932
	49.165
	41.812
	37.966
	45.496


	Density
	0.401
	0.39
	0.329
	0.333
	0.373


	Centralization
	0.975
	0.979
	0.966
	0.977
	0.989


	Modularity
	0.406
	0.474
	0.636
	0.65
	0.556


	Fungi network
	Node
	97
	93
	83
	83
	78


	Edge
	1855
	1438
	1311
	1162
	1003


	Degree
	38.247
	30.925
	31.59
	28
	25.718


	Density
	0.398
	0.336
	0.385
	0.341
	0.334


	Centralization
	0.97
	1
	0.982
	0.982
	0.981


	Modularity
	0.433
	0.626
	0.511
	0.597
	0.623







[image: Bar chart showing the weight of soil microbial index for five treatments: CK0, CF, CM, SM, and FM. Index values range from 2.7 to 2.9, with FM having the highest value. Error bars indicate variability, and letters above bars denote statistical significance.]
Figure 5 | Soil microbial index under different fertilizer practices. Different lowercase letters indicate significant differences at the p < 0.05 level.




3.5 Soil health index

The soil quality index exhibited a positive correlation with soil ecosystem multifunctionality (R2 = 0.728; Figure 6a). Additionally, the soil quality index was positively correlated with the soil microbial index (R2 = 0.698; Figure 6b). Similarly, a positive correlation was observed between soil ecosystem multifunctionality and the soil microbial index (R2 = 0.709; Figure 6c). The application of fertilizers significantly increased the soil health index by 74.0%–106.4% (p < 0.05; Figure 7). Compared to the CF treatment, CM, SM, and FM treatments increased the soil health index by 13.2%, 1.7%, and 18.6%, respectively. CM and FM had the greatest effect on increasing the soil health index. Organic fertilizers can improve the soil health index, with FM achieving the highest soil microbial index of all treatments.

[image: Three scatter plots labeled a, b, and c, each depicting a regression analysis. Plot a shows the relationship between soil quality index and soil ecosystem multifunctionality, with a positive trend line (R² = 0.7282). Plot b illustrates soil quality index versus soil microbial index, also with a positive trend (R² = 0.6983). Plot c presents soil ecosystem multifunctionality versus soil microbial index, showing a strong positive relationship (R² = 0.7088). Each plot has a confidence interval shaded in pink.]
Figure 6 | Relationship of soil quality index, soil ecosystem multifunctionality and soil microbial index (a–c) by line regression analysis.

[image: Bar chart showing soil health index across five different treatments: CK, CF, CM, SM, and FM. CK has the lowest index at approximately 0.3. CF and SM are slightly higher around 0.5 with CF labeled 'b', and SM labeled 'b'. CM and FM have the highest indices, around 0.6, both labeled 'c'. Error bars are present on all bars.]
Figure 7 | Soil health index under different fertilizer practices. Different lowercase letters indicate significant differences at the p < 0.05 level.




3.6 Relationship between tobacco yield, tobacco quality, soil physicochemical properties, enzyme activity, and microbial diversity

Compared to the CF treatment, manure, straw mulching, and farmyard compost of manure and straw increased tobacco yield by 6.5%, 2.8%, and 12.9%, respectively (Figure 8a). No significant differences were observed between the CF and SM treatments. Compared to the CF treatment, manure, straw mulching, and farmyard compost of manure and straw enhanced the proportion of premium-grade tobacco leaves by 17.8%, 3.2%, and 28.5%, respectively (Figure 8b). Compared to the CF treatment, the proportion of medium-grade tobacco leaves was reduced significantly by 26.9% and 25.3% under the CM and FM treatments, respectively. Meanwhile, FM treatment had the highest net benefit (Supporting Information: Supplementary Table S1). Urease, amylase, cellulase, nitrite reductase, dehydrogenase, β-1,4-glucosidase, α-1,4-glucosidase, pH, total nitrogen, and soil organic carbon significantly influenced tobacco yield (p <0.05; Figure 9). The proportion of premium-grade tobacco leaves was influenced by urease, catalase, dehydrogenase, β-1,4-glucosidase, α-1,4-glucosidase, available phosphorus, and total nitrogen (p <0.05). Overall, the physical, chemical, and biological properties of soil significantly affect on the tobacco yield, and the proportion of premium-grade and medium-grade tobacco leaves.

[image: Two bar graphs comparing tobacco yield and quality across different treatments. Graph (a) shows tobacco yield in kilograms per hectare, with FM treatment yielding the most. Graph (b) displays tobacco quality percentages for premium, medium, and low-grade tobacco, with the premium grade showing the highest quality across treatments. Quality is highest in the FM treatment for premium-grade tobacco. Error bars indicate variability, and different letters above bars denote statistical differences.]
Figure 8 | Tobacco yield (a) and tobacco quality (b) under different fertilizer practices. Different lowercase letters indicate significant differences at the p < 0.05 level.

[image: Heat map showing correlations between various soil and enzyme factors with tobacco yield and leaf quality. Blue and red squares indicate positive and negative Pearson's correlations, respectively. Curved lines illustrate Mantel’s test results, with green and orange representing different significance levels. Chemical and biological factors are listed on both axes.]
Figure 9 | Relationship among soil physicochemical property, soil enzyme activity, microbial community, tobacco yield and quality. Pairwise comparisons of soil properties, enzyme activity and microbial diversity are shown, with a color gradient denoting Spearman’s correlation coefficient. The tobacco yield, superior tobacco proportion and middle tobacco proportion were related to each soil physicochemical property, enzyme activity and microbial diversity by Spearman’s correlation coefficient. Edge width corresponds to r statistic for the correlation, and edge color denotes the statistical significance.

Moreover, xylanolysis exhibited a significant negative correlation with the proportion of premium-grade tobacco leaves (Supporting Information: Supplementary Figure S8). Conversely, the proportion of medium-grade tobacco leaves was significantly positively correlated with xylanolysis, but negatively correlated with nitrate denitrification, nitrite denitrification, nitrous oxide denitrification, nitrate respiration, denitrification, and photoautotrophy. Dung saprotrophs were significantly negatively correlated with rice and proportion of premium-grade tobacco leaves. Soil saprotrophs were significantly positively correlated with the proportion of medium-grade tobacco leaves.





4 Discussion


4.1 Effects of fertilization on soil quality

Generally, fertilizers are known to enhance soil physicochemical properties, particularly the concentrations of TN, mineral nitrogen (ammonium nitrogen: NH4+-N, nitrate nitrogen: NO3−-N), and SOC (30). Chemical fertilizers rapidly increase the concentrations of essential plant available nutrients (N, P, K), thereby boosting soil fertility and facilitating plant production (30). However, the long-term application of chemical nitrogen (N) fertilizers not only induces soil acidification and imbalance in nutrient, but also compromises soil aggregate stability and accelerate the SOC mineralization (10, 31, 32). This study also revealed that seven consecutive years of chemical fertilization in tobacco fields led to a marked decline in soil fertility, with the most pronounced reduction observed in SOC content. Given SOC’s fundamental role in maintaining soil health and ecosystem function, this degradation threatens the soil-plant system’s sustainability (33). The long-term application of organic fertilizers not only increases the concentrations of K, N, and P in the soil but also markedly promotes the accumulation of SOC (34). Organic fertilizers are known for their excellent buffering capacity, which contributes to the stabilization of soil pH and enhances its overall chemical properties (35, 36). Moreover, the efficacy of organic amendments is notably type-dependent (37). Research indicates that straw, manure, and farmyard compost of manure and straw greatly enhanced the concentrations of SOC, dissolved organic carbon (DOC), TN, NO3–N, soil organic nitrogen (SON), dissolved organic nitrogen (DON), AP, and AK, with a more pronounced effect observed in farmyard compost of manure and straw (38). Compost, characterized by a stabilized matrix of nutrients and a rich diversity of microorganisms, facilitates the enhancement of soil physical and chemical properties in a more uniform and durable manner (39). Given the high carbon content and resultant elevated C/N ratio of straw, its decomposition rate is slowed as microorganisms must immobilize more external nitrogen to satisfy their growth and metabolic requirements (40). The combination of manure and straw ensures both prompt nutrient supply and mitigation of microbial performance constraints associated with extreme C/N imbalances, leading to equilibrium and continuous nutrient cycling favorable for plant absorption (41). The combined application of manure and straw is more conducive to the formation of macroaggregates, which consequently reduces the microbial decomposition of SOC (42). With the enhancement of soil physical and chemical properties, the soil quality index under the application of manure, farmyard compost of manure and straw, and straw mulching increased by 18.2%, 20.7%, and 11.9%, respectively, compared to chemical fertilizer.




4.2 Effects of fertilization on ecosystem multifunctionality

Fertilization not only improves soil nutrient availability but also provides substrates for microbial metabolism, which, in turn, stimulates the synthesis and activity of soil enzymes (35, 43). Compared to no fertilization, the fertilization treatments markedly increased the activity of acid phosphatase, urease, catalase, amylase, protease, nitrate reductase, nitrite reductase, denitrifying enzyme, dehydrogenase, cellulase, β-1,4-glucosidase, α-1,4-glucosidase, and hydroxylamine reductase in tobacco fields (p < 0.05). Moreover, chemical and organic fertilizers have different effects on soil enzyme activity (44). In the short term, chemical fertilizers significantly enhance urease, sucrase, and phosphatase activities by rapidly elevating soil nutrient availability (45). In contrast, long-term application of chemical fertilizers may lead to a decline in soil organic matter, pH, and microbial activity, which subsequently reduces overall soil enzyme activity (46). Organic fertilizers can improve soil aggregate structure and fertility and increase soil aeration and water retention capacity, thereby creating favorable conditions for soil enzyme activity (47). The increase in soil enzyme activity further accelerates the decomposition and mineralization of soil organic matter, thereby facilitating the recycling of soil fertility and enhancing enzymatic activity (48). Additionally, different types of organic fertilizers supply diverse nutrient compositions that can markedly influence the production and activity of specific soil enzymes (18, 19). A previous study demonstrated that livestock and poultry manure can significantly enhance the activity of C and N cycling enzymes in the soil (49). Simultaneously, green manure has also been found to significantly enhance soil enzyme activity, particularly exhibiting increased activity in N cycling processes (18). In this study, manure, straw, and farmyard compost containing manure and straw enhanced soil enzyme activities. Notably, farmyard compost containing manure and straw was the most effective in promoting soil enzyme activity. Farmyard compost made from manure and straw demonstrated the most superior efficacy in enhancing soil fertility, supplying ample nutrients to support soil enzyme activities (50). This study also found that the soil quality index was positively correlated with soil ecosystem multifunctionality. In contrast, the application of organic fertilizers improves the proportion of large soil aggregates, thereby increasing soil oxygen content and fostering an optimal environment for soil enzyme activity (51). Organic fertilization plays a vital role in maintaining ecosystem multifunctionality by boosting enzyme activity (52). Organic fertilizers markedly enhanced soil ecosystem multifunctionality by increasing soil enzyme activities, with farmyard compost of manure and straw demonstrating the greatest effectiveness.




4.3 Effects of fertilization on microbial community diversity

Fertilization not only influences soil enzyme activity but also alters the structure and diversity of microbial communities within the soil (53). Chemical and organic fertilizers typically influence the structure of microbial communities by regulating soil physicochemical properties and enzyme activities (54). Long-term use of chemical fertilizers can lead to an imbalance in nutrient availability, a reduction in soil pH, and decreased specific enzyme activity, resulting in a decline in microbial diversity (55). Moreover, the reduction in soil enzymatic activity disrupts critical nutrient cycling processes and diminishes the bioavailability of essential elements, thereby driving a progressive decline in microbial diversity through feedback mechanisms (47). Long-term use of chemical fertilizers has been shown to degrade soil quality and decrease enzyme activity, subsequently leading to a reduction in the diversity of soil fungal and bacterial communities. Moreover, our study found that long-term organic fertilization (manure and straw mulching) led to a decrease in bacterial and fungal richness indices (Sobs, Chao, and Ace). This phenomenon is linked to continuous nutrient inputs and the introduction of exogenous microbial species through agricultural amendments, such as straw, manure, and farmyard compost of manure and straw, which facilitate the growth and proliferation of specific microorganisms (56). The decline in microbial diversity and stability may also be attributed to the excessive proliferation of certain microorganisms, which can be triggered by environmental filtering and competitive interactions (56). However, straw application resulted in a more pronounced decline in fungal and bacterial community diversity. This phenomenon may be attributed to the relatively high C/N ratio of straw, which requires substantial N consumption during decomposition (57). Consequently, N limitation can inhibit the reproduction of bacteria and fungi, ultimately leading to a decrease in the diversity of these microbial communities (58). However, farmyard compost of manure and straw significantly enhanced soil fungal diversity. Farmyard compost of manure and straw is characterized by a rich and balanced nutrient composition, which enhances the physicochemical properties, increases enzyme activities, and improves the soil microenvironment (59). This improvement creates a more conducive environment for fungal growth, ultimately leading to improved fungal diversity (35). Utilizing the soil microbial index to comprehensively evaluate the abundance and diversity of fungi and bacteria, this study revealed that the application of manure, farmyard compost of manure and straw, and straw resulted in increases of 4.7%, 7.0%, and 1.5%, respectively, compared to chemical fertilizers.




4.4 Effects of fertilization on tobacco yield and quality

Organic fertilizers enhance soil fertility and accelerate nutrient turnover by stimulating soil enzyme and microbial activities, leading to increased tobacco leaf yield and improved tobacco quality (5, 6). Manure, straw, and farmyard compost of manure and straw all increased tobacco yield by 6.5%, 2.8%, and 12.9%, respectively. However, the effect of straw on improving tobacco yield and the proportion of premium-grade tobacco was not significant. During decomposition, straw exhibits a relatively high C/N ratio, which leads to significant nitrogen immobilization (62). This immobilization can reduce nitrogen availability in the soil, thereby negatively impacting tobacco growth (63). In dryland regions, the decomposition rate of straw is markedly constrained by soil moisture limitations, which in turn delays the mineralization of essential nutrients and restricts their timely availability for optimal tobacco growth (64). In contrast, manure and farmyard compost of manure and straw are rich in both carbon and nitrogen sources, thereby supplying essential nutrients to promote tobacco growth (60). This phenomenon can be explained by the ability of farmyard compost and manure to enhance soil fertility and improve moisture retention, thereby creating more favorable conditions for tobacco growth, particularly in dryland environments (61). Additionally, this study showed that farmyard compost had a better effect on improving both the yield and quality of tobacco. This is primarily because farmyard compost can sustainably and synergistically supply water, nutrients, and aeration, thereby creating beneficial conditions for nutrient uptake by the tobacco root system (41, 51). Farmyard manure possesses a moderate C/N ratio, which effectively enhances nutrient cycling and utilization efficiency by stimulating enzyme and microbial activities (65). Concurrently, the synchronous enhancement of microbial communities and enzyme activities drives the formation of large soil aggregates, which significantly attenuates the mineralization potential of SOC (42, 51). These integrated improvements collectively promote a robust tobacco root architecture and elevate leaf yield and quality. Although the fertilizer cost of FM treatment was the highest, it maximized net economic benefits by increasing the yield and quality of tobacco leaves.




4.5 Limitation and implication

Our findings provide a mechanistic roadmap for regenerating soil health and advancing the sustainable intensification of tobacco systems, especially in areas where chronic over-reliance on synthetic fertilizers has induced severe soil degradation and yield stagnation. By rigorously disentangling how contrasting organic fertilizers regulate soil quality, enzyme activity, microbial diversity, and, in turn, tobacco yield and leaf quality, this study identified the most effective organic amendments for restoring degraded soils and unlocking productivity gains. However, its primary limitation is its economic viability for widespread adoption. These conclusions stem from multi-year, single-site trials, the specific soil type and climate of which constrain direct quantitative extrapolation. Crucially, we must address the increased input costs associated with organic fertilization, particularly the costs of FM application and composting. Based on our new cost–benefit analysis, we clarify that despite these rising input costs, the substantial 28.5% increase in premium-grade tobacco revenue is sufficient to offset the added expenses, yielding the highest net economic benefit. To further lower the adoption threshold for smallholder farmers, future studies must focus on optimizing the C/N ratio, simplifying composting protocols, and achieving localized production. Empirical validation through multi-site trials across diverse agro-ecological zones is strongly recommended to confirm the long-term stability and applicability of these benefits.





5 Conclusion

The seven-year field study demonstrated that organic fertilizer application improves soil health and enhances the yield and quality of tobacco leaves by improving the soil quality index, ecosystem multifunctionality, and microbial diversity index. Compared to CF, FM increased the soil quality index by 20.7%, ecosystem multifunctionality by 106.7%, and microbial diversity index by 7.0%. A comprehensive assessment using the TOPSIS model, integrating these parameters, confirmed the efficacy of organic amendments in elevating the soil health index, with farmyard compost of manure and straw achieving the highest soil health index. FM not only enhanced the tobacco yield by 12.9% but also significantly improved the proportion of premium-grade tobacco leaves by 28.5%. In summary, farmyard compost of manure and straw serves as a sustainable agricultural strategy that simultaneously improves soil physicochemical properties, enhances enzyme activities, increases microbial diversity, and ultimately boosts both the yield and quality of tobacco.
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