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Abstract

Winter fallow fields are widely distributed in southern China, where legume–grass mixtures
are considered a useful approach for improving land-use efficiency and forage productivity
while maintaining agroecosystem functions. Previous studies on the use of winter fallow
fields have generally focused either on monoculture or on crops subjected to a single cut.
These studies have primarily assessed aboveground productivity, whereas soil bacterial
community responses have received comparatively little attention. Consequently, limited
information is available on how different seeding combinations and cutting times affect
aboveground biomass and soil bacterial community structure in mixed-cropping systems.
A fixed-site field experiment involving annual ryegrass (Lolium multiflorum L.) and Chi-
nese milk vetch (Astragalus sinicus L.) was conducted on yellow clay soil. Five annual
ryegrass-Chinese milk vetch seeding combinations (100:0, 75:25, 50:50, 25:75, and 0:100)
were established as proportions of their respective monoculture seeding rates. The same
plots were maintained for five consecutive winter growing seasons, from autumn 2021 to
spring 2026. Plant and soil samples were collected only during the final growing season
(2025–2026), at four cutting times in January, March, April, and May. These samples were
used to assess the effects of seeding combination and cutting time on forage productivity,
root traits, soil fertility, and soil bacterial community structure. Among all groups, the
75% annual ryegrass + 25% Chinese milk vetch group (R75M25) exhibited the best overall
performance, with cumulative yields after four cuttings of 17,274.21 kg·ha−1 dry matter,
2717.02 kg·ha−1 crude protein, and 12,220.46 kg·ha−1 digestible dry matter. In addition,
the R75M25 group maintained relatively high contents of alkali-hydrolyzable nitrogen,
available phosphorus, and available potassium in soil. The top three phyla of soil samples
were Proteobacteria, Actinobacteria, and Acidobacteria, with a total relative abundance
of >60%. Among these, Proteobacteria showed the greatest relative abundance in mono-
culture, whereas the seeding combination had a reduced proportion of it. In addition, its
relative abundance rose steadily with cutting time. At the genus level, RB41, Gemmatimonas,
and Sphingomonas dominated the soil bacterial community. The seeding combinations did
not alter soil bacterial alpha diversity. Cutting times significantly reduced the phylogenetic
diversity index and drove the temporal differentiation of taxa such as Actinobacteria and
Bacteroidetes. The inclusion of an appropriate proportion of Chinese milk vetch improved
forage nutritional value while maintaining high biomass accumulation in southern China,
with the R75M25 group showing the best overall performance in winter fallow fields.
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1. Introduction
Southern China has extensive areas of winter-fallow cropland. Its mild, humid winters

and springs and long frost-free period provide favorable conditions for cultivating cool-
season forage crops. However, due to traditional cropping systems, many winter fallow
fields remain underutilized after the harvest of rice or other main-season crops, leaving
the land idle for a relatively long period during winter and spring. This has resulted in
low land-use efficiency and degradation of the ecological functions of cultivated land [1].
Meanwhile, this region is characterized by a high population density and strong demand for
livestock products, whereas the supply of high-quality forage remains insufficient, making
forage shortages particularly severe during winter and spring [2]. Therefore, developing
forage production systems in winter fallow fields that combine high productivity, superior
forage quality, and soil fertility improvement is of great significance for increasing cropping
intensity and regional forage security, as well as promoting the efficient utilization of
farmland resources and sustainable agricultural development in southern China.

Legume–grass mixtures are an important cultivation strategy for increasing forage
yield, improving nutritional quality, and maintaining soil fertility [3], and they are widely
used in artificial grasslands and forage production systems worldwide. Various mixed
sowing systems have been established, including ryegrass–clover, oat–common vetch, and
alfalfa–grass mixtures [4–6]. These legume–grass mixture systems enhance the land equiva-
lent ratio and overall system productivity through niche differentiation, complementary
resource utilization, and biological nitrogen fixation, while reducing reliance on chemi-
cal nitrogen fertilizer inputs [7]. However, the benefits of legume–grass mixtures do not
necessarily increase with a higher legume proportion, as mixture performance is strongly
constrained by environmental conditions, interspecific competition, biological nitrogen
fixation feedbacks, and management practices [8]. These factors collectively modulate
the competition–complementarity dynamics and ultimately shape yield formation, forage
quality, and belowground ecological processes. Therefore, the key issue in establishing
legume–grass mixtures is not simply to increase the proportion of legumes, but to coordi-
nate the yield advantage of grasses with the quality improvement and soil-fertility functions
of legumes through appropriate seeding combinations and cutting management, thereby
achieving a balance among high productivity, yield stability, and superior forage quality.

Annual ryegrass (Lolium multiflorum L.) is an annual cool-season grass widely culti-
vated in winter fallow fields of southern China. It is characterized by rapid growth, strong
tillering ability, and excellent regrowth capacity after cutting, providing a stable biomass
foundation for mixed communities [9]. Chinese milk vetch (Astragalus sinicus L.) is the
most widely used leguminous green manure crop in southern China and plays important
roles in biological nitrogen fixation, soil fertility improvement, and soil ecological function
enhancement. Owing to their complementary characteristics in growth habits, nutrient
utilization, and ecological functions, these two species represent a potentially advantageous
combination for integrating forage production with soil fertility improvement in winter
fallow fields of southern China [10,11]. Previous studies have demonstrated that annual
ryegrass and Chinese milk vetch, as winter cover crops or green manure materials, can in-
fluence biomass accumulation, nitrogen cycling, soil properties, and microbial community
structure in winter fallow fields [12–14]. However, most of these studies have been limited
to short-term experiments lasting one or two years and have focused on monoculture cover
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crops, residue incorporation processes, or responses of subsequent crops [15]. Such studies
mainly capture responses during the initial establishment phase and may not represent
the integrated plant–soil–microbial interactions that emerge after multiple years of contin-
uous management. In contrast, an endpoint assessment of a mixed-sowing system after
five consecutive years of establishment can determine whether its effects on community
productivity, root–soil interactions, and potential bacterial-community-mediated processes
remain detectable under longer-term conditions. Such an assessment can also reflect the
cumulative effects of repeated plant growth and management.

In addition, cutting is a key factor affecting forage production performance and root
growth dynamics [16]. Different cutting times not only influence forage yield, crude protein
content, and digestibility but may also regulate soil nutrient availability and microbial
community structure by altering plant regrowth capacity, root growth patterns, and organic
matter inputs [17]. Following cutting, plants adjust their physiological metabolism and
reallocate resources, thereby significantly accelerating the growth of the remaining tissues.
Under this compensatory growth response, photosynthates are preferentially allocated to
the roots, resulting in a significant increase in root exudation and consequently stimulating
the proliferation of soil microorganisms [18]. Therefore, understanding the effects of seeding
combinations and cutting times on the plant–root–soil–microbe continuum is essential for
elucidating the mechanisms underlying productivity maintenance and ecological function
formation in winter fallow field legume–grass mixture systems.

Based on these considerations, this study was conducted in a five-year-established
annual ryegrass–Chinese milk vetch mixed grassland system with five seeding combina-
tions and multiple cutting times. The objectives were to evaluate the effects of seeding
combinations and cutting times on forage yield and quality, root traits, soil nutrient status,
and soil bacterial community structure. We hypothesized that: (1) the inclusion of Chinese
milk vetch at an appropriate proportion would enhance forage yield and quality through
complementary resource utilization; (2) improvements in aboveground productivity would
be accompanied by enhanced root development and improved soil nutrient status; and (3)
seeding combination and cutting time would jointly determine aboveground forage yield,
whereas cutting time can influence soil bacterial diversity.

2. Materials and Methods
2.1. Experimental Site

This study was conducted at the experimental base of the Institute of Forage Science,
Southwest University of Science and Technology, Mianyang, Sichuan Province, China
(104.705097◦ E, 31.534976◦ N; 509 m a.s.l.). The experimental site has a subtropical humid
monsoon climate, with a mean annual temperature of 15 ◦C, annual precipitation of
1100 mm, annual sunshine duration of 1033.8 h, and an average frost-free period of 300 days.
The soil at the experimental site is yellow clay, with a pH (H2O) of 6.74, soil organic matter
(SOM) content of 32.2 g·kg−1, alkali-hydrolyzable nitrogen (AN) content of 185 mg·kg−1,
available phosphorus (AP) content of 41.8 mg·kg−1, and available potassium (AK) content
of 127.3 mg·kg−1. A long-term fixed-site field experiment on annual ryegrass–Chinese
milk vetch mixed sowing was established in autumn 2021 and continued until spring 2026,
covering five consecutive growing seasons. Each autumn, the plots were plowed to a
depth of 20 cm and finely harrowed to prepare a uniform seedbed. Compound fertilizer
was applied and incorporated into the soil at sowing, after which the plots were resown
according to the predetermined seeding combinations. Nitrogen fertilizer was applied
as a topdressing following each of the first three cuts, and weed control was performed
manually throughout the growing season. Except for the seeding combinations, all plots
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received identical field management. All sampling and measurement reported in this study
were conducted during the fifth growing season, from January to May 2026.

2.2. Experimental Design

This study adopted a randomized block design. The grass species annual ryegrass
and the legume species Chinese milk vetch were mixed at different proportions, with five
groups: 100% annual ryegrass (R100), 75% annual ryegrass + 25% Chinese milk vetch
(R75M25), 50% annual ryegrass + 50% Chinese milk vetch (R50M50), 25% annual ryegrass
+ 75% Chinese milk vetch (R25M75), and 100% Chinese milk vetch (M100). Each group had
three replicates, and each plot covered an area of 15 m2 (3 m × 5 m).

The monoculture seeding rate of annual ryegrass was 22.5 kg·ha−1 and that of Chinese
milk vetch was 30 kg·ha−1. In each seeding combination, the seeding rate of a given species
was the product of its proportion in that combination and its monoculture seeding rate. All
groups were sown each autumn uniformly and managed using the same field management
practices to ensure comparability among groups. Data were collected during the fifth
growing season. In the last year following establishment, all plots were cut on the same
four dates: 4 January, 14 March, 21 April, and 19 May, for a total of four cutting times, which
were recorded as C1 (1st cut), C2 (2nd cut), C3 (3rd cut), and C4 (4th cut), respectively.

2.3. Aboveground and Belowground Biomass Sampling and Analysis

A 1 m × 1 m quadrat was randomly selected in each plot for aboveground biomass
determination. During sampling, forage plants were cut 5 cm above the ground surface,
and their fresh weight was recorded. Subsequently, approximately 1 kg of a mixed fresh
sample was randomly collected from each quadrat and transported to the laboratory. The
samples were first heated at 105 ◦C for 30 min for enzyme inactivation and then dried at
65 ◦C to constant weight to determine dry matter (DM) content. Dry matter yield (DMY)
was then calculated from the dry matter content and the total fresh weight of the quadrat.
Crude protein (CP) content was determined using the Kjeldahl method, and crude protein
yield (CPY) was calculated as the product of DMY and CP content [19]. In vitro dry matter
digestibility (IVDMD) was determined using an ANKOM Daisy II incubator (ANKOM
Technology, Macedon, NY, USA) at 39 ◦C for 48 h [20], and digestible dry matter yield
(DDMY) was calculated as the product of DMY and IVDMD.

To avoid compromising forage regrowth and cumulative yield, and to allow group dif-
ferences in root biomass and morphology to be fully expressed, root sampling was conducted
only at the final cutting. In each plot, root samples were collected from the 0–20 cm soil
layer using a root auger (φ = 8 cm) according to a five-point sampling method, and roots
from the five sampling points were mixed to form one composite sample. The collected roots
were placed in nylon mesh bags and soaked in water for 30 min. They were then rinsed
thoroughly with distilled water to remove impurities and extraneous roots. After surface
water was removed using absorbent paper, root length (RL), root surface area (RSA), average
root diameter (ARD), root volume (RV), and root tip number (RTN) were measured using an
EPSON Expression 10000XL root scanner (Seiko Epson Corporation, Suwa, Nagano, Japan).
After scanning, the root samples were placed in an oven at 105 ◦C and dried to a constant
weight to determine root dry weight (RDW).

2.4. Soil Sampling and Analysis

Because soil fertility indicators are unlikely to change appreciably within a single
cutting interval, soil samples for these indicators were collected only after the final cutting.
In contrast, soil samples for bacterial community analysis were collected after each cutting
to characterize the temporal responses of the bacterial community to successive cutting
events. After each cutting, soil samples were collected from the 0–20 cm soil layer adjacent
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to the plant clumps in each plot using a soil auger and a five-point sampling method.
The five soil cores collected from each plot were combined to form one composite sample.
Visible roots, stones, and plant residues were removed, and the composite sample was
thoroughly homogenized. A portion of each composite sample was stored at −80 ◦C for
DNA extraction and bacterial community analysis. For the samples collected after the final
cutting, the remaining portion was air-dried and passed through a 1 mm sieve before the
determination of soil chemical properties.

Soil pH was measured using a glass electrode. Soil alkali-hydrolyzable nitrogen (AN)
was determined using the alkaline hydrolysis diffusion method [21]. Soil organic matter
(SOM), available potassium (AK), and available phosphorus (AP) contents were determined
according to the methods described by Kong et al. [22].

2.5. Soil DNA Extraction and PCR Amplification

Total DNA was extracted from fresh soil samples using the HiPure Soil DNA Kit
(Magen, Guangzhou, China), according to the manufacturer’s protocol. DNA concentration
and purity were assessed by 1% agarose gel electrophoresis. DNA sample quality was
evaluated based on the electrophoresis results. The DNA concentration was then diluted to
1 ng µL−1 with sterile water and used as the template for subsequent PCR amplification.

The primers 515F (5′-CCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGG
GTWTCTAAT-3′) were used to amplify the V4 hypervariable region of the bacterial 16S
rRNA gene. All PCR reactions were performed using Phusion® High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA, USA), and the reaction volume was adjusted to
20 µL with distilled water.

The PCR amplification program was as follows: initial denaturation at 95 ◦C for 2 min;
followed by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 56 ◦C for 30 s, and
extension at 72 ◦C for 30 s; with a final extension at 72 ◦C for 5 min and storage at 10 ◦C.
After PCR amplification, equal volumes of PCR products and 1 × loading buffer containing
SYBR Green were mixed and detected by 2% agarose gel electrophoresis.

2.6. Library Preparation and Sequencing

Sequencing libraries were constructed using the TruSeq® DNA PCR-Free Sample
Preparation Kit (Illumina, Inc., San Diego, CA, USA). After quantification using Qubit and
quantitative PCR (qPCR), qualified libraries were subjected to PE250 paired-end sequencing
on the Illumina HiSeq 2500 platform. After removing barcode and primer sequences, paired-
end reads were merged using FLASH (V1.2.7) and quality-filtered using QIIME (V1.9.1).
Tags were truncated at the first low-quality base when three consecutive bases had quality
scores ≤ 19, and tags whose retained high-quality sequence was shorter than 75% of the
original tag length were discarded. Chimeric sequences were identified and removed using
the UCHIME algorithm against the Gold database.

Operational taxonomic units (OTUs) were clustered at 97% sequence similarity using
UPARSE (V7.0.1001). Representative OTU sequences were taxonomically annotated using
the Mothur method against the SILVA SSU rRNA database, with a minimum confidence
threshold of 0.80. Multiple sequence alignment was performed using MUSCLE (V3.8.31).
The OTU table was rarefied to the sequencing depth of the sample with the fewest effective
sequences, and subsequent alpha- and beta-diversity analyses were conducted using the
rarefied dataset.

2.7. Comprehensive Analysis Based on Radar Chart Area

Cumulative dry matter yield (TDMY), cumulative crude protein yield (TCPY), cu-
mulative digestible dry matter yield (TDDMY), SOM, AN, AP, and AK were selected as
comprehensive evaluation indicators. All selected indicators were positive indicators, with
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higher values indicating better performance. These indicators were normalized using
Equation (1), and the radar chart area was then calculated using Equation (2).

x′i =
xi − min(xi)

max(xi)− min(xi)
(1)

S =
1
2

n

∑
i=1

riri+1sin
(

2π
n

)
(2)

where xi represents the measured value of the indicator; max(xi) and min(xi) represent
the maximum and minimum values of this indicator across all groups, respectively; n
represents the total number of indicators; x′i (equivalent to ri in the area formula) is the
normalized value of the i-th indicator, calculated by min–max normalization as shown
above; π = 3.14 and 1/2 is the coefficient used for calculating the radar chart area.

2.8. Statistical Analysis

Raw data were organized in Microsoft Excel 2019 and analyzed using IBM SPSS
Statistics 26.0. For forage yield and nutritional quality indicators measured at different
cutting times, two-way analysis of variance (two-way ANOVA) was used to test the
effects of seeding combination, cutting time, and their interaction. For one-time sampling
indicators, including root traits, soil chemical properties, bacterial alpha diversity indices,
and the relative abundances of major bacterial taxa, one-way analysis of variance was used
to compare differences among seeding combinations. Group means were compared using
Tukey’s honestly significant difference (HSD) test at p < 0.05. Figures were generated using
Origin 2021.

3. Results
3.1. Effects of Seeding Combination and Cutting Time on Forage Yield, Quality, and Root
Morphology

Seeding combination and cutting time influenced forage quality. Across seeding
combinations, DM content increased significantly, and IVDMD decreased significantly
as cutting times increased (p < 0.05) (Figure 1a,c). At the fourth cut, R75M25 exhibited
significantly higher DM content than the other mixed seeding combinations (p < 0.05)
(Figure 1a). At the second and third cuts, M100 exhibited significantly higher CP content
than R100 (p < 0.05) (Figure 1b). Seeding combination, cutting time, and their interaction
significantly affected forage DM content, CP content, and IVDMD (p < 0.05).

Seeding combination and cutting time also affected forage yield. Across seeding com-
binations, M100 exhibited significantly lower DM yield than all other seeding combinations
(Figure 1d). The two-way ANOVA showed that seeding combination and cutting time
significantly affected CP yield, DM yield, and digestible DM yield (p < 0.05), whereas their
interaction had no significant effect on these yield traits (p > 0.05) (Figure 1d–f). Although
not all differences reached statistical significance, R75M25 consistently showed the highest
numerical values for DM yield, CP yield, and digestible DM yield, with cumulative yields
of 17,274.21, 2717.02, and 12,220.46 kg·ha−1, respectively. Across different cutting times,
yields from the first and second cuts were higher than those from the third and fourth cuts
(Figure 1d–f).

Differences in aboveground production performance were closely associated with be-
lowground root development. Across seeding combinations, root length, root surface area,
root volume, and root tip number generally followed a trend of initial decline, subsequent
increase, and final decline as the proportion of Chinese milk vetch increased (Figure 2a–c,f).
Root average diameter and root dry weight declined with increasing Chinese milk vetch
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proportion (Figure 2d,e). Across seeding combinations, both dry matter yield and root dry
weight generally decreased as the proportion of Chinese milk vetch increased (Figure 2g).
This concurrent downward trend was corroborated by a strong positive linear relationship
between the two variables (R2 = 0.8513, Figure 2h).

Figure 1. Effects of seeding combination, cutting time, and their interaction on dry matter content
(a), crude protein content (b), and in vitro dry matter digestibility (c); effects of seeding combination,
cutting time, and their interaction on cumulative dry matter yield (d), cumulative crude protein
yield (e), and cumulative digestible dry matter yield (f). The 1st cut, 2nd cut, 3rd cut and 4th cut
represent the first, second, third, and fourth cutting times, respectively. Different uppercase letters
indicate significant differences among seeding combinations for the same cutting time (p < 0.05).
Different lowercase letters indicate significant differences among cutting times within the same
seeding combination (p < 0.05). P(S), P(C), and P(S × C) represent the significance levels of seed
combination, cutting time, and their interaction, respectively. Error bars represent the standard error
of the mean (SEM). Plants in the Chinese milk vetch monoculture died before the 4th cut.

3.2. Effects of Seeding Combination on Soil Fertility

Seeding combination affected soil nutrient contents, but the response patterns varied
among different nutrient indicators. Across seeding combinations, SOM content generally
decreased with the increasing proportion of Chinese milk vetch, with differences observed
among groups. R100 exhibited the highest SOM content, significantly exceeding the other
groups (p < 0.05) (Figure 3a). M100 exhibited the highest AK content, significantly exceeding
all other seeding combinations (p < 0.05). Although these differences did not all reach
statistical significance, R75M25 generally showed higher numerical values of AK, AP, and
AN than R50M50 and R25M75, reaching 92.33, 36.30, and 191.67 mg·kg−1, respectively
(Figure 3c).
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Figure 2. Root characteristics under different seeding combinations: root length (a), root surface
area (b), root volume (c), average root diameter (d), root dry weight (e), root tip number (f), biomass
relationship between root dry weight and aboveground dry matter yield (g), and linear regression
between root dry weight and aboveground dry matter yield (h). Different lowercase letters indicate
significant differences among seeding combinations (p < 0.05). Error bars represent the standard error
of the mean (SEM).

3.3. Soil Bacterial Community Composition

The composition and relative abundance of soil bacterial communities differed among
treatments (Figure 4). Across different seeding combinations and cutting times, the domi-
nant groups at the phylum level were Proteobacteria, Actinobacteria, Acidobacteria, Firmi-
cutes, Bacteroidetes, Gemmatimonadetes, Chloroflexi, Planctomycetes, Verrucomicrobia,
and Cyanobacteria, with a combined relative abundance of >90% (Figure 4a). Notably,
Proteobacteria—the most abundant phylum—showed a marked decrease in relative abun-
dance under seeding combination compared with monoculture, whereas its abundance
progressively increased with cutting time. At the genus level, the dominant genera included
RB41, Gemmatimonas, Sphingomonas, Defluviicoccus, H16, Gaiella, Solirubrobacter, Massilia,
Haliangium, and Thermomonas. Among them, RB41, Gemmatimonas, and Sphingomonas
showed relatively higher abundance in most groups, together accounting for more than 3%
of the total relative abundance (Figure 4b).
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Figure 3. Soil nutrient characteristics under different seeding combinations: soil organic matter
(a), pH (b), and available potassium, available phosphorus, and alkali-hydrolyzable nitrogen (c).
Different lowercase letters indicate significant differences among seeding combinations (p < 0.05),
whereas the absence of letters indicates no significant difference. Error bars represent the standard
error of the mean (SEM).

3.4. Alpha Diversity Characteristics of Soil Bacterial Communities

Under different seeding combinations, the Chao1, ACE, phylogenetic diversity, and Shan-
non indices of soil bacterial communities showed no significant differences (Figure 5a–d), indi-
cating that the seeding combinations had limited effects on soil bacterial richness and diversity.

In contrast, cutting time significantly affected some alpha diversity indices. The
Shannon, Chao1, and ACE indices showed no significant changes among cutting times,
whereas the phylogenetic diversity index in the first cut was significantly higher at the first
cut than at the third and fourth cuts (p < 0.05).

3.5. LEfSe Analysis Among Different Cutting Times

LEfSe analysis identified characteristic bacterial biomarkers at different cutting times
(Figure 6a). C1 was significantly enriched with taxa associated with organic matter degrada-
tion, such as Chloroflexi and Lysobacterales. C3 was enriched with taxa related to nitrogen
transformation, including Betaproteobacteria and Chitinophagaceae. C4 was enriched with
nitrogen-cycling-related taxa, such as Rhizobiales and Rhodospirillales.
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Figure 4. Relative abundances of soil bacterial communities at the phylum (a) and genus (b) levels
under different seeding combinations and cutting times. C1, C2, C3, and C4 represent the 1st cut,
2nd cut, 3rd cut, and 4th cut, respectively, whereas S1, S2, S3, S4, and S5 represent R100, R75M25,
R50M50, R25M75, and M100, respectively.

The cladogram further illustrated the phylogenetic distribution of the discriminative
taxa, indicating that biomarkers enriched in different treatments were mainly clustered
within specific phylogenetic lineages and spanned multiple taxonomic levels from the
phylum to the genus level (Figure 6b). Overall, cutting time drove the enrichment and
turnover of specific bacterial taxa.
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Figure 5. Alpha diversity indices of soil bacterial communities. Chao1 index (a), ACE index (b),
phylogenetic diversity index (c), and Shannon index (d) under different seeding combinations; Chao1
index (e), ACE index (f), phylogenetic diversity index (g), and Shannon index (h) under different
cutting times. Different lowercase letters indicate significant differences (p < 0.05), whereas the
absence of letters indicates no significant difference. Error bars represent the standard error of the
mean (SEM).
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Figure 6. LEfSe analysis of differential bacterial taxa, radar-based comprehensive evaluation, and
Spearman correlation analysis. Differential bacterial taxa identified by LEfSe analysis (a); cladogram
showing the phylogenetic distribution of bacterial taxa significantly enriched at different cutting times
(b); radar chart area for the comprehensive evaluation of different seeding combinations based on
cumulative dry matter yield (TDMY), cumulative crude protein yield (TCPY), cumulative digestible
dry matter yield (TDDMY), soil organic matter (SOM), alkali-hydrolyzable nitrogen (AN), available
phosphorus (AP), and available potassium (AK) (c); Spearman correlation heatmap showing the
relationships among soil properties, root traits, forage productivity, and dominant bacterial genera
(d). Red and blue indicate positive and negative correlations, respectively, and color intensity reflects
the strength of the correlation. Asterisks indicate significant correlations (p < 0.05).

3.6. Comprehensive Evaluation and Association Analysis of Forage Quality, Soil Fertility, and
Bacterial Communities Under Different Seeding Combinations

Different legume–grass seeding combinations showed clear differences in forage
production and soil nutrient status (Figure 6c). Among the mixed sowing groups, the
comprehensive evaluation based on cumulative dry matter yield, cumulative crude protein
yield, cumulative digestible dry matter yield, and major soil nutrient indicators showed that
the R75M25 group had the largest radar chart area, indicating superior overall performance
in forage yield, forage quality, and soil nutrient supply. In contrast, R25M75 showed
relatively weak overall soil nutrient status.

The correlation heatmap revealed strong synergistic relationships among soil fertility,
soil bacterial genera, root morphological traits, and forage productivity (Figure 6d). SOM,
AN, and root traits such as RL and RDW were generally positively correlated with TDMY,
TCPY, and TDDMY. Different dominant bacterial genera showed distinct correlation pat-
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terns with soil fertility, root traits, and productivity indicators. Among them, RB41 showed
a strong positive correlation with TDMY.

4. Discussion
Previous studies have shown that legume–grass mixtures can enhance community

productivity and forage quality [23,24]. In the present study, R75M25 (75% annual ryegrass
+ 25% Chinese milk vetch) outperformed the other seeding combinations in cumulative dry
matter yield, cumulative crude protein yield, and cumulative digestible dry matter yield.
This result indicates that an appropriate seeding proportion is essential for balancing forage
productivity and nutritional quality. Annual ryegrass grows rapidly and has a strong re-
growth capacity after cutting [25]. In contrast, Chinese milk vetch can improve nitrogen-use
efficiency through biological nitrogen fixation [26]. Functional complementarity between
the two species can alleviate the limitations of monoculture and improve the overall use
efficiency of light, water, and nutrients [27]. However, the yield and quality benefits of
legume–grass mixtures are proportion-dependent and exhibit a threshold response [28]. At
high proportions, the nitrogen-fixing and quality-enhancing benefits of Chinese milk vetch
may not compensate for yield losses caused by the reduced biomass contribution of annual
ryegrass. A high proportion of Chinese milk vetch may also suppress the growth and
tillering of annual ryegrass, thereby reducing overall community biomass accumulation.
Thus, including 25% Chinese milk vetch retained the yield and regrowth advantages of
annual ryegrass while providing the quality-enhancing benefits of the legume. This balance
explains why R75M25 achieved the best overall production performance.

Cutting time regulated forage performance by altering plant developmental stage
and community composition, with significant effects on yield formation and nutritional
quality. The first two cuts contributed the majority of the total dry matter yield, while
later cuts were lower in both yield and quality. With successive cuts, advancing maturity,
lignification, and fiber accumulation increased dry matter content but reduced crude protein
content and in vitro dry matter digestibility. Repeated cutting also exerted species-specific
selection on the two forage species [29]. The cutting-tolerant annual ryegrass maintained
its growth, whereas the regrowth capacity of Chinese milk vetch gradually declined. This
difference allowed the grass component to become increasingly dominant, thereby altering
the nutritional composition of the forage mixture. Therefore, optimizing cutting frequency
and timing is essential for balancing cumulative forage yield and nutritional quality.

Root traits under the seeding combinations were generally intermediate between those
under the two monocultures because interspecific competition restricted excessive root
proliferation by individual forage species, whereas niche complementarity optimized the
stratified use of belowground space and nutrient resources [30,31]. Although R75M25 did
not exhibit the most favorable root morphological traits, it had relatively high soil alkali-
hydrolyzable nitrogen (AN), available phosphorus (AP), and available potassium (AK)
contents, indicating that its performance depended on root nutrient-acquisition efficiency
and coordinated aboveground–belowground biomass allocation rather than unlimited root
expansion [32]. Previous studies have shown that grass–legume mixtures can improve soil
nutrient supply through biological nitrogen fixation by legumes, root exudate inputs, and
litter decomposition, particularly by increasing soil nitrogen availability and promoting
soil organic matter accumulation [33]. Our results generally support this view, although the
effects of seeding combinations on soil fertility differed markedly. The contents of SOM and
AN tended to decrease with increasing Chinese milk vetch proportion. This pattern may
have resulted primarily from insufficient biomass inputs and restricted nutrient cycling
in communities containing a high proportion of Chinese milk vetch. In contrast, annual
ryegrass has an extensive root system and persistent regrowth capacity throughout its
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life cycle, enabling continuous inputs of root residues and root exudates into the soil and
thereby promoting soil organic matter accumulation and mineral nutrient mobilization [34].
Therefore, improvements in root morphology and soil fertility in grass–legume mixtures
are jointly regulated by multiple processes [35].

To further elucidate the potential mechanisms underlying changes in soil fertility and
the maintenance of ecosystem functioning in the seeding combination system, we analyzed
the composition and response patterns of the soil bacterial community. In the long-term
seeding combination system, Proteobacteria, Actinobacteria, and Acidobacteria remained
dominant across different seeding combinations and cutting times, and seeding combina-
tion had no significant effects on any of the Chao1, ACE, Shannon, or phylogenetic diversity
indices. These findings indicate that the different treatments did not markedly alter overall
bacterial richness and diversity, and that consistent soil conditions and management prac-
tices over the long term may have maintained a relatively conserved community framework
through environmental filtering [36]. Long-term root inputs and residue turnover may
create microhabitats with varying levels of resource availability, allowing these bacterial
phyla to coexist over time through niche differentiation [37,38]. However, stable overall
diversity does not indicate an absence of community responses. In this study, the relative
abundance of RB41 was significantly and positively correlated with forage dry matter
yield. On the one hand, greater aboveground productivity is generally accompanied by
greater root biomass and increased inputs of root exudates and root residues, thereby
providing carbon sources and suitable microhabitats for RB41. On the other hand, RB41
may participate in soil organic carbon transformation and nutrient mobilization, thereby
facilitating nutrient turnover and plant growth.

Overall, the comprehensive advantage of R75M25 suggests that appropriate seeding
proportions and cutting times may sustain system functioning by coordinating above-
ground production with belowground resource use [39,40]. However, 16S rRNA gene
sequencing characterizes only bacterial community composition and diversity. It cannot
directly resolve microbial functions or establish causal relationships between bacterial taxa
and forage production. Moreover, this study was conducted at a single site, and root and
soil samples were collected at specific growth stages. These constraints may limit the gener-
alizability of our findings across different climatic and soil conditions. Fungi, root exudates,
and microbial functional genes were also not examined. Future studies should integrate
long-term field monitoring with metagenomic sequencing, functional gene analysis, and
root-zone metabolite profiling. Such approaches could further clarify the mechanisms
linking legume–grass interactions, soil nutrient cycling, and microbial functions.

5. Conclusions
This study evaluated the effects of seeding combinations and cutting times on forage

yield, root morphology, soil fertility, and bacterial communities in annual ryegrass–Chinese
milk vetch mixtures. Among the seeding combinations, R75M25 achieved the best bal-
ance between cumulative yield across four cutting times and nutritional quality. Forage
harvested at the first and second cuts contributed most of the cumulative dry matter
yield, whereas crude protein content and digestibility gradually declined across successive
cutting times. Therefore, the first cutting time is preferable when nutritional quality is
prioritized, while the first two cuts constitute the principal yield-production period. The
seeding combinations were also associated with increased relative abundances of RB41 and
Gemmatimonas, which may contribute to soil carbon turnover and nutrient mobilization,
although their specific functions require direct validation. Therefore, for forage production
in winter fallow fields in southern China, we recommend the R75M25 seeding combination,
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prioritizing the first cut to obtain high-quality forage while retaining the second cut to
maximize cumulative yield.
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Abbreviations
The following abbreviations are used in this manuscript:

16S rRNA 16S ribosomal RNA
AK Available potassium
AN Alkali-hydrolyzable nitrogen
ANOVA Analysis of variance
AP Available phosphorus
ARD Average root diameter
C1 The first cutting time
C2 The second cutting time
C3 The third cutting time
C4 The fourth cutting time
CP Crude protein
CPY Crude protein yield
DDMY Digestible dry matter yield
DM Dry matter content
DMY Dry matter yield
DNA Deoxyribonucleic acid
IVDMD In vitro dry matter digestibility
LEfSe Linear discriminant analysis effect size
M Chinese milk vetch
M100 100% Chinese milk vetch
OTU Operational taxonomic unit
PCR Polymerase chain reaction
R annual ryegrass
R100 100% annual ryegrass
R25M75 25% annual ryegrass + 75% Chinese milk vetch
R50M50 50% annual ryegrass + 50% Chinese milk vetch
R75M25 75% annual ryegrass + 25% Chinese milk vetch
RDW Root dry weight
RL Root length
RSA Root surface area
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RTN Root tip number
RV Root volume
SEM Standard error of the mean
SOM Soil organic matter
TCPY Cumulative crude protein yield
TDDMY Cumulative digestible dry matter yield
TDMY Cumulative dry matter yield
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