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Abstract: Intercropping systems and exogenous microorganism additives are recognized for their
potential to influence silage fermentation and quality. This study aims to evaluate the impacts of
maize–lablab bean intercropping and lactic acid bacteria (LAB) additives on silage yield, nutritional
quality, and economic profitability. A randomized block design was employed with two cropping
patterns—maize monocrop (M) and maize–lablab intercrop (ML)—and five additive treatments: No
additives (CK), and varying ratios of Lactobacillus Plantarum (LP) and Lactobacillus Buchneri (LB), T1
(100% LP), T2 (9LP:LB), T3 (8LP:2LB), and T4 (100% LB). The silage was analyzed and evaluated for
its nutritional quality, fermentation quality, and fermentation effect after 90 days of fermentation.
ML intercropping significantly enhanced the fresh matter yields by 8.59% and crude protein content
by 8.73% compared to M. From the point of view of inoculation with different lactobacilli, the pH,
AA, and NH3-N/TN were lower in the T2 and T3 treatments than in the other treatments, while LA
was significantly higher. The V-score, which reflects the overall fermentation quality, was excellent
across all treatments, with scores exceeding 80 points; the T2 treatment in ML silage achieved the
highest score of 99.58. In addition, intercropping can increase the net income of farmers by 21.67%. In
conclusion, maize–lablab intercropping combined with LAB inoculation, particularly with the T2
and T3 treatments, significantly enhances the silage quality and economic returns by reducing pH,
increasing the LA content, and improving the CP levels. This study is the first to comprehensively
analyze the synergistic effects of altering cropping systems and adding functional microorganisms on
forage yield and fermentation quality, offering strategic insights for farms, especially mixed farms,
to produce high-quality feed. We recommend adopting these methods to improve feed quality and
maximize the profitability of silage production systems.

Keywords: intercropping systems; lactic acid bacteria; nutritional quality; silage fermentation;
agronomic profitability

1. Introduction

Driven by the expanding scale of livestock farming, the demand for high-quality silage
has increased rapidly [1,2]. Maize is commonly used for silage production because of its
high nutritional value, high yield and ease of cultivation and ensilaging [3,4]. However, the
protein content of maize silage ranges from 70 to 90 g kg−1, which does not meet the protein
requirements of ruminants [5,6]. In addition, evidence shows that continuous monoculture
usually leads to a decline in crop yields due to the depletion of specific soil nutrients,
increase in soil pests and diseases, and loss of biodiversity, leading to soil degradation
and reduced fertility [7]. Diversified cropping (e.g., intercropping) maintains agricultural
productivity [8].

Intercropping maize silage and legumes can take advantage of species complemen-
tarities to increase crop productivity and crop protein (CP) content [9]. This strategy of
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sustainable intensification improves productivity per unit area, offsetting common manage-
ment and harvest complications. For example, intercropping maize and soybean increased
the maize yield by 32.99%, while the soybean yield decreased by 13.92%, resulting in a total
system output increase of 25.50% [4]. Similar diversified cropping systems have improved
economic returns for smallholder farmers [10]. Lablab bean, a widely cultivated legume,
is rich in crude protein and thrives in relatively infertile conditions due to its strong root
system and nitrogen fixation capability [11,12]. Despite the challenge of twining lablab
vines to complicate grain harvest, intercropping maize with lablab bean leads to increased
grain production per unit area, with the potential to benefit farmer income and house-
hold nutrition [13]. Mixing silage maize with legume crops can address the challenges
of single-crop silage production and facilitate the development of forage resources and
silage quality [14]. Specifically, intercropping maize with lablab bean or climbing peas in
silage production can improve fermentation characteristics, improve nutritional quality,
and increase the crude protein and fiber content compared to sole maize silage [12,15].

The principle of silage is to create anaerobic conditions by compacting and sealing the
feed, promoting the growth of LAB. This process depletes oxygen and accumulates lactic
acid (LA), effectively inhibiting aerobic and harmful microorganisms [16]. However, typical
silage contains less than 1% LA, making it essential to introduce additional LAB to enhance
fermentation [17]. The addition of LP and other fermenting LAB to silage accelerates the
fermentation process, leading to the production of LA and a decrease in pH [18]. This
acidic environment inhibits the activity of plant enzymes and harmful bacteria, thereby
preserving the nutrients associated with silage [19,20]. Additionally, aflatoxin production
has been shown to decrease in silage inoculated with Lactobacillus [21]. Therefore, it is
recommended that Lactobacillus is added during silage to effectively reduce dry matter
(DM) loss and avoid clostridial fermentation. In various silages, LAB inoculants modulate
the microbial community composition through different routes depending on the epiphytic
microbiota of fresh forage. Essentially, these inoculants simplify the interactions among
bacterial species to enhance the fermentation quality [22]. Lactobacillus strains used as
silage inoculants not only improve the silage quality and aerobic stability, but also exhibit
probiotic activity within the digestive tract of animals [23].

Although previous research has explored the impacts of intercropping systems on crop
yield, silage quality, and economic efficiency, a holistic approach that integrates these factors
remains underdeveloped [8,24,25]. Most existing studies have concentrated on enhancing
specific elements rather than examining the combined effects of intercropping and additive
use throughout the entire silage production chain. Furthermore, there is a notable lack of
research on how intercropping not only maximizes total crop production but also improves
the fermentation quality of silage and its economic outcomes. In order to fill this gap, our
synthesis assessed the effects of intercropping on yield, silage quality and fermentation
after additives, as well as their economic impact. Therefore, we conducted a two-year field
trial of intercropping maize with lablab beans and mixed-silage fermentation trials. The
effects of intercropping on the yield, silage quality, fermentation quality with additives and
their economic returns were evaluated in an integrated manner. We hypothesize that the
intercropping of maize with leguminous crops, combined with the application of lactic acid
bacteria, will significantly improve the fermentation quality of silage and lead to higher
economic returns compared to monoculture systems. The aim is to develop viable cropping
and silage strategies for optimizing silage production and the livestock supply chain in
the region and similar areas; in addition, the study aims to provide reliable options for
enhancing the integration of agro-pastoral systems.

2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted in the town of Sandaoqiao (40◦86′ N, 106◦92′ E),
Hangjin Houqi, Bayannaoer City, Inner Mongolia. This region has a temperate continental
climate, with an average annual temperature of 7.4 ◦C, annual precipitation of 138.2 mm,
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annual average sunshine of 3220 h, and a frost-free period of about 157 d throughout the
year. In 2022, we analyzed the soil in the 0–20 cm soil layer before sowing. The soil had
a pH of 9.09, organic matter content of 13.72 g kg−1, total N of 1.00 g kg−1, available P of
33.04 mg·kg−1, and available K of 98.33 mg kg−1. During the crop growth period, in addi-
tion to natural rainfall, artificial irrigation was applied three times, with a total irrigation
amount of 600 mm. The weather data of the experiment are shown in Figure 1.
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Figure 1. Monthly minimum temperature, maximum temperature and rainfall for the planting period
2022–2023.The letter (a) indicates the test year 2022 and (b) indicates 2023.

2.2. Field Management and Research Design

A randomized block experimental design was used to set up two planting patterns:
maize–lablab intercropping and maize monoculture. Two different treatments were used
in the experiment, each with 3 replications, resulting in a total of 6 plots. Each plot was
60 m2, measuring 6 m × 10 m. To avoid interference from nutrient flow, all plots were
spaced within 2 m of each other. Maize was sown on 1 May 2022 at a seed rate of about
67,500 plants ha−1 (Figure 2). Two lablab seeds were planted in one planting spot between
two maize plants. Then, 388 kg ha−1 pure nitrogen, 245 kg ha−1 P2O5, and 22 kg ha−1 K2O
were applied to the maize. P2O5 and K2O were applied once as the base fertilizer, while
pure nitrogen was applied two times as a base fertilizer and jointing fertilizer at a ratio of
4:6. The irrigation amount of each treatment was 600 mm, and 200 mm at the nodulation
(15 June), silking (20 July) and grain filling (August) stages.
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Figure 2. Pattern of maize–lablab intercropping. The row ratio of maize–lablab bean intercropping
was 2:1; the spacing between maize rows, soybean rows, and maize–soybean rows was 40 cm,
120 cm, and 80 cm, respectively. The maize plant spacing was 15.80 cm, and the soybean plant spacing
was 7.80 cm.
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We selected silage maize (Ximeng 6) and lablab bean (Prada). In terms of weed control,
we used artificial weeding. The maize and lablab were harvested at the same time on 6
September 2022 (before the frost). At this time, the maize was in the early stage of milk
ripening, and lablab was in the fruiting stage.

2.3. Field Sampling

In the maize harvest period, a 6 m2 quadrat (64 maize plants and 32 maize–lablab
plants) was randomly selected in each plot, and biomass above the ground was harvested
manually. Half of the plants obtained from the intercropping treatment were separated
manually into a maize section and a lablabs section in order to calculate the yields inde-
pendently. Then, the fresh weight of the maize monoculture plants and the rest of the
intercropping plants was determined to calculate the fresh grass yield of the maize and
lablab crops; these were then cut into 2–3 cm segments. One part was used to determine
the chemical composition of fresh samples before silage, and the other part was used
for ensiling.

2.4. Silage Preparation and Sampling

The remaining raw materials (maize plants and maize–lablab plants) were immediately
taken to the laboratory and chopped to an approximate length of 2 cm using a handy
cutter. Raw materials were separately subjected to ensiling treatments based on a 2 × 5
factorial arrangement in a completely randomized design, either with or without LAB
additives: (1) distilled water control (CK); (2) 1.0 × 105 colony-forming units CFU g−1 of
LP (T1); (3) 1.0 × 105 colony-forming units CFU g−1 of LP and LB with a ratio of 80:20 (T2);
(4) 1.0 × 105 colony-forming units CFU g−1 of LP and LB with a ratio of 90:10 (T3); and
(5) 1.0 × 105 colony-forming units CFU g−1 of LB (T4). LP and LB strains were isolated and
purified from silages studied earlier, and the additives for silage preparation were made
via lyophilization according to the reported procedures. The given solvent was sprayed
with a disposable tiny sprayer onto minced leaves for every treatment. After mixing the
ingredients thoroughly, four replicates (one for backup) of 400 g of each treated batch were
packed into laboratory polyethylene bags (20 mm × 30 mm) and sealed with a vacuum
sealing machine at a density of approximately 642 kg of fresh weight (FW) m−3. The silages
were stored at ambient temperature conditions (25~28 ◦C) and opened after 90 days of
ensiling for analysis.

2.5. Chemical Composition

We took 200 g of the fresh and silage materials, which were heated at 105 ◦C for 30 min
and then dried at 65 ◦C to a constant weight. The dried samples were transferred to a
desiccator, cooled to room temperature, weighed, and their DM contents were calculated.
Subsequently, the dry samples were ground and sieved (40 mesh, pore size 0.425 mm).
The Kjeldahl nitrogen method was used to determine the CP content of the samples.
About 0.2 g of each dried sieved sample was weighed using a balance with a precision of
1.0 × 10−5 g (the weight of the samples was recorded) and then put into the Kjeldahl
nitrogen digestion tube. One piece of catalyst and 12 mL of concentrated sulfuric acid
were added in succession. The forage was boiled in a digestion furnace at 420 ◦C for
90 min and cooled to room temperature in a ventilator. The CP content of the forage was
determined using a FOSS KJelTEC-8400 automatic nitrogen meter [26]. The contents of
neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined by the van
Soest’s fiber method [27]. The ether extract (EE) was determined by the Soxhlet ether
extraction method using an ether extract analyzer (XT15, Ankom, America) [28]. Based on
the above indices, the relative feeding value (RFV) of the forage was calculated [29]. The
calculation formula was as follows:

RFV =
DMI × DDM

1.29
(1)
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DMI =
120

NDF
(2)

DDM = 88.9 − (0.799 × ADF) (3)

where DMI is the random intake of dry matter of roughage, while DDM is the digestible
dry matter. Table 1 shows the formulas and methods for V-score calculation.

Table 1. Calculate method of V-Score.

NH3-N/TN (%) AA + PA (%FW) BA (%FW)

XN YN XA YA XB YB

≤5 YN = 50 ≤0.2 YA = 10 0~0.5 YB = 40 − 80 XB

5~10 YN = 60 − 2 XN 0.2~1.5 YA = (150 − 100
XA)/13 >0.5 YB = 0

10~20 YN = 80 − 4 XN >1.5 YA = 0
>20 YN = 0

FW: Fresh weight; NH3-N: Ammonia Nitrogen; TN: Total nitrogen; AA: Acetic acid; BA: Butyric acid; PA:
Propanoic acid; V-Score: Y = YN + YA + YB.

2.6. Fermentation Indexes

A sample of 10 g was taken from each bag of silage after being manually and homo-
geneously mixed within the bag and mixed with 90 mL of sterilized water by vigorous
shaking at 180 r min−1 for 2 h at 4 ◦C, and then filtered through a 0.45 µm membrane [30].
The pH of the samples was determined via a pH meter (Mettler Toledo CO., Ltd., Greifensee,
Switzerland). The organic acid contents (lactic acid (LA), acetic acid (AA), propionic acid
(PA) and butyric acid (BA)) were determined using high-performance liquid chromatog-
raphy (Waters Alliance e2695, Waters, MA, USA). The ammoniacal nitrogen (NH3-N)
concentration was determined using Berthelot colorimetry [31].

2.7. Economic Analysis

We used yield data from a two-year experimental study in our economic analysis.
This analysis includes inputs (mulch costs, machine ploughing costs, fertilizer costs, seed
costs, irrigation costs, labor costs) and outputs (the economic value is based on the actual
local sales price of the forage) calculated from the cradle (crop planting) to the farm gate
(harvesting). Thus, net income can be quantified by calculating the difference between
output values and input values. Finally, the ratio of total outputs to total inputs was
calculated to assess the economic benefits generated by each of the agricultural technologies
under study.

2.8. Statistical Analysis

Experimental data were collected, organized, and analyzed using Microsoft Excel
2019. The data were analyzed using a two-way ANOVA to assess the effects of cropping
patterns and additive treatments on yield, nutritional, and fermentation quality, with
interaction terms between factors included. Post-hoc analyses were performed using the
Least Significant Difference (LSD) test for the pairwise comparisons of treatment means,
controlling for multiple comparisons using a significance level of p < 0.05. All analyses
were conducted in IBM SPSS 27.0 and all figures were generated using Origin 2022.

3. Results
3.1. Biomass Yield and Nutritional Quality of the Maize and Lablab

The yields of FM, DM and CP for maize silage and lablab bean in 2022 and 2023
are shown in Figure 3. The average FM yield of M over the two years was 64.34 t ha−1,
while for ML, it was 69.87 t ha−1, representing an average yield increase of 8.59%. There
was a significant increase of 15.24% in ML compared to M in 2022 (p < 0.05) and the
difference was not significant in 2023 (p > 0.05). The average DM yield over both years
was 26.03 t ha−1 for M and 27.81 t ha−1 for ML, representing an average DM yield increase
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of 6.82%. A significant increase of 12.19% was observed in ML over M in 2022 (p < 0.05) and
the difference was not significant in 2023 (p > 0.05). The average CP yield over both years
was 140.17 t ha−1 for M and 152.37 t ha−1 for ML, representing an average CP increase
of 8.73%. There was a significant increase of 5.43% in ML over M in 2022 (p < 0.05) and a
highly significant increase of 12.26% in 2023 (p < 0.01).
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Figure 3. Effects of maize–lablab intercropping on the biomass yield of fresh forage. M, maize
plant; ML, intercropping of maize with lablab bean; “*” represents a significant difference at p < 0.05;
“**” represents a highly significant difference at p < 0.01; “ns” represents a non-significant difference
at p > 0.05.

The DM CP, EE, Ash, NDF, ADF of maize and lablab in 2022 and 2023 were as follows
(Figure 4). The CP content of M and ML was 7.71% and 8.65%, respectively, in 2022 with a
significant increase of 12.19% (p < 0.05) in ML compared to M. The CP was not significant
(p > 0.05) in 2023. The rest of the treatments showed non-significant (p > 0.05) differences in
nutritional indices. DM, CP, EE, ASH, NDF, and ADF were increased by −0.79%, 11.54%,
−12.61%, 5.62%, 2.64%, and 5.49%, respectively, in the intercropping planting pattern
compared to monocropping.
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3.2. Nutritional Quality and Feed Value of Silage

The effects of cropping patterns and LAB additives on the silage nutritional quality
are presented in Table 2. In terms of the cropping pattern, different cropping patterns had
highly significant (p < 0.01) effects on the nutritional quality of silage. The DM content of
ML was significantly reduced by 7.12% (p < 0.01) compared to the M silage, and the CP, EE,
Ash, NDF and ADF contents of ML were significantly increased by 15.66%, 8.26%, 21.38%,
19.33% and 27.66%, respectively, compared to M (p < 0.01). The overall relative feeding
value of ML silage was significantly reduced by 18.83% (p < 0.01) compared to M silage. In
terms of LAB additives, different LAB additives did not significantly (p > 0.05) affect the
DM, CP, EE and Ash contents of silage. Meanwhile, the effect of LAB additives on the NDF
and ADF contents was highly significant (p < 0.01). The NDF and ADF contents of T3 did
not differ significantly from those of CK, while the rest of the groups showed an increasing
trend, with T1 having the highest NDF and ADF contents (38.64% and 19.52%). In addition,
there was a significant interaction between NDF, ADF and RFV in C × A (p < 0.01). The
RFV of silage ranged from 178.64 to 206.04, with T3 having the highest RFV, which was
significantly increased by 4.02% (p < 0.01) compared to CK.

Table 2. Effects of Lactobacillus additives on the nutritional quality (DM-basis) of silage in a maize–
lablab intercropping system.

Cropping
System Treatment DM CP EE Ash NDF ADF RFV

M

CK 45.70 ± 2.14 a 7.48 ± 0.16 b 2.54 ± 0.13 abc 3.29 ± 0.11 b 29.46 ± 0.26 e 15.43 ± 0.75 c 222.44 ± 8.38 b

T1 45.45 ± 3.04 a 7.31 ± 0.03 b 2.14 ± 0.14 bcd 3.68 ± 0.32 ab 36.35 ± 0.51 bc 17.46 ± 1.02 b 192.80 ± 4.5 de

T2 44.11 ± 2.42 ab 7.52 ± 0.31 b 2.28 ± 0.02 ab 3.62 ± 0.38 ab 33.71 ± 0.47 d 15.32 ± 0.27 c 212.42 ± 3.48 bc

T3 42.45 ± 2.25 abc 7.55 ± 0.45 b 2.46 ± 0.07 a 3.62 ± 0.60 ab 30.23 ± 0.41 e 14.44 ± 0.41 c 239.31 ± 4.15 a

T4 43.59 ± 1.38 abc 7.51 ± 0.34 b 2.74 ± 0.06 ab 3.81 ± 1.10 ab 35.32 ± 1.22 c 14.56 ± 0.38 c 202.58 ± 9.33 cd

ML

CK 41.72 ± 1.76 abc 8.46 ± 0.33 a 2.46 ± 0.09 cde 4.24 ± 0.82 ab 39.41 ± 0.76 a 19.26 ± 0.12 a 173.72 ± 3.92 f

T1 39.62 ± 2.58 c 8.35 ± 0.77 a 2.65 ± 0.13 e 4.55 ± 0.62 a 40.93 ± 0.74 a 21.58 ± 0.58 a 164.48 ± 4.65 f

T2 41.02 ± 1.09 bc 9.03 ± 0.42 a 2.66 ± 0.04 de 4.27 ± 0.35 ab 39.98 ± 0.73 a 19.84 ± 0.29 a 169.26 ± 5.55 f

T3 40.11 ± 2.85 bc 8.71 ± 0.33 a 2.83 ± 0.11 cde 4.85 ± 1.03 a 39.43 ± 1.22 a 18.63 ± 0.27 a 172.77 ± 6.14 f

T4 43.09 ± 2.00 abc 8.63 ± 0.34 a 2.56 ± 0.15 cde 3.93 ± 0.09 ab 37.19 ± 1.34 b 19.26 ± 0.50 b 188.00 ± 7.21 e

Mean

M 44.26 ± 2.25 A 7.47 ± 0.25 B 2.43 ± 0.08 B 3.60 ± 0.50 B 33.01 ± 0.57 B 15.44 ± 0.56 B 213.91 ± 5.97 A

ML 41.11 ± 2.06 B 8.64 ± 0.44 A 2.63 ± 0.10 A 4.37 ± 0.58 A 39.39 ± 0.96 A 19.72 ± 0.35 A 173.65 ± 5.5 B

CK 43.71 ± 1.95 a 7.97 ± 0.24 a 2.50 ± 0.11 a 3.77 ± 0.47 a 34.44 ± 0.51 cd 17.35 ± 0.43 bc 198.08 ± 6.15 b

T1 42.54 ± 2.81 a 7.83 ± 0.40 a 2.40 ± 0.13 a 4.12 ± 0.47 a 38.64 ± 0.63 a 19.52 ± 0.80 a 178.64 ± 4.58 c

T2 42.57 ± 1.76 a 8.27 ± 0.37 a 2.47 ± 0.03 a 3.95 ± 0.36 a 36.85 ± 0.60 b 17.58 ± 0.28 b 190.84 ± 4.52 b

T3 41.28 ± 2.55 a 8.13 ± 0.39 a 2.65 ± 0.09 a 4.23 ± 0.81 a 34.83 ± 0.81 c 16.54 ± 0.34 bc 206.04 ± 5.15 a

T4 43.34 ± 1.69 a 8.07 ± 0.34 a 2.65 ± 0.11 a 3.87 ± 0.60 a 36.26 ± 1.28 b 16.91 ± 0.44 c 195.29 ± 8.27 b

p-value
C <0.001 <0.001 <0.001 0.004 <0.001 <0.001 <0.001
A 0.406 0.379 0.200 0.736 <0.001 <0.001 <0.001

C × A 0.354 0.792 0.084 0.628 <0.001 0.014 <0.001

Note: M: monoculture; ML: maize–lablab intercropping; CP, crude protein; EE, ether extract; NDF, neutral
detergent fiber; ADF, acid detergent fiber; RFV: relative feed value; CK: distilled water control; T1: 1.0 × 105

colony-forming units CFU g−1 of LP; T2: 1.0 × 105 colony-forming units CFU g−1 of LP and LB with a ratio
of 80:20; T3: 1.0 × 105 colony-forming units CFU g−1 of LP and LB with a ratio of 90:10; T4: 1.0 × 105 colony-
forming units CFU g−1 of LB. Different uppercase letters represent differences between cropping (C) to the level
of significance of p < 0.05; different lowercase letters represent differences between additive (A) to the level
of significance of p < 0.05; C × A, the interaction between the cropping and additive type. p < 0.01 is highly
significant, and ns represents p > 0.05, not significant. The same below.

3.3. Silage Fermentation Quality

The nutrition of the silage fermentation by cropping pattern and Lactobacillus additive
is shown in Table 3. From the planting pattern, the pH and NH3-N/TN of ML were
significantly higher by 4.28% and 17.32% compared to M (p < 0.01). The LA content of
ML was significantly lower by 15.04% and the AA content was highly significantly lower
by 25.58% compared to M (p < 0.05). The PA and BA contents were not detected in this
experiment. In terms of Lactobacillus additives, T3 had the lowest pH (3.79), followed by
T2 group (3.80). The LA content of T1, T2 and T4 was significantly reduced by 12.19%,
5.85% and 14.52%, respectively, compared to CK. The highest LA content was found in T3
(8.26), which showed an increase of 3.77% compared to CK. The content of AA showed
an increasing trend with the increase in LB. The levels of T1, T2, T3 and T4 increased
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significantly by 9.57%, 14.89%, 48.94% and 226.60%, respectively, over CK (p < 0.01). The
NH3-N/TN content showed a decreasing trend with the addition of Lactobacillus, with T2
being the lowest (3.76), followed by T3 (3.77). The NH3-N/TN was significantly reduced
by 7.15%, 20.93%, 20.82% and 16.09% at T1, T2, T3 and T4, respectively, compared to CK
(p < 0.05).

Table 3. Effects of Lactobacillus additives on the fermentation quality (DM-basis) of silage in the
maize–lablab intercropping system.

Cropping
System Treatment pH LA AA PA BA NH3-N/TN V-Score

M

CK 3.77 ± 0.01 e 8.46 ± 0.71 ab 0.29 ± 0.19 c ND ND 4.4 ± 0.23 abc 99.34 ± 1.46 ab

T1 3.71 ± 0.01 f 8.01 ± 0.85 abc 0.65 ± 0.04 ab ND ND 4.37 ± 0.63 abc 96.53 ± 0.31 cde

T2 3.72 ± 0.02 f 8.56 ± 0.45 a 0.83 ± 0.15 b ND ND 3.53 ± 0.46 bc 95.16 ± 1.13 e

T3 3.70 ± 0.02 f 8.55 ± 0.43 a 0.85 ± 0.05 b ND ND 3.27 ± 0.63 c 95.03 ± 0.42 e

T4 3.81 ± 0.02 d 6.95 ± 0.69 bcde 1.68 ± 0.38 a ND ND 3.46 ± 1.28 bc 90.56 ± 0.97 f

ML

CK 3.91 ± 0.02 ab 7.45 ± 0.31 abcde 0.65 ± 0.09 ab ND ND 5.11 ± 0.28 a 96.18 ± 0.50 de

T1 3.88 ± 0.02 bc 5.96 ± 1.88 e 0.38 ± 0.15 c ND ND 4.46 ± 0.18 ab 98.59 ± 1.13 abc

T2 3.90 ± 0.01 ab 6.42 ± 0.48 de 0.25 ± 0.08 c ND ND 3.99 ± 0.77 abc 99.58 ± 0.60 a

T3 3.87 ± 0.04 c 7.96 ± 0.78 abcde 0.55 ± 0.24 ab ND ND 4.26 ± 0.1 abc 97.33 ± 1.86 bcd

T4 3.92 ± 0.01 a 6.65 ± 0.47 cde 1.39 ± 0.44 a ND ND 4.52 ± 0.55 ab 91.68 ± 1.90 f

Mean

M 3.74 ± 0.01 B 8.11 ± 0.63 A 0.86 ± 0.16 A 3.81 ± 0.65 B 95.32 ± 0.86 B

ML 3.90 ± 0.02 A 6.89 ± 0.79 B 0.64 ± 0.20 B 4.47 ± 0.38 A 96.67 ± 1.20 A

CK 3.84 ± 0.01 b 7.95 ± 0.51 ab 0.47 ± 0.14 b 4.76 ± 0.26 a 97.76 ± 0.98 a

T1 3.79 ± 0.02 cd 6.99 ± 1.37 bc 0.52 ± 0.09 b 4.41 ± 0.41 ab 97.56 ± 0.72 ab

T2 3.81 ± 0.01 c 7.49 ± 0.47 abc 0.54 ± 0.11 b 3.76 ± 0.62 b 97.37 ± 0.87 ab

T3 3.78 ± 0.03 d 8.25 ± 0.61 a 0.70 ± 0.15 b 3.76 ± 0.37 b 96.18 ± 1.14 b

T4 3.87 ± 0.01 a 6.80 ± 0.58 c 1.54 ± 0.41 a 3.99 ± 0.91 ab 91.12 ± 1.44 c

p-value
C <0.001 <0.001 0.015 <0.001 <0.001
A <0.001 0.029 <0.001 0.041 0.005

C × A 0.012 0.224 0.023 0.643 <0.001

Note: AA, acetic acid; LA, lactic acid; PA, propionic acid; BA, butyric acid; ND, not detected. Different uppercase
letters represent differences between cropping (C) to the level of significance of p < 0.05; different lowercase letters
represent differences between additive (A) to the level of significance of p < 0.05.

The fermentation quality of the silage in each treatment after 90 d of silage was scored
using the V-Score scoring system, and all treatments had scores above 80 points, which was
a superior grade; the T2 treatment in the ML silage had the highest V-score (99.58 points).
In conclusion, the ML silage pattern combined with T2 or T3 silage additives resulted in
the best silage fermentation quality.

3.4. Correlation Analysis between Silage Nutritional Quality and Fermentation Quality

Pearson correlation analyses were carried out to determine the relationship between
the silage nutritional quality and fermentation quality, as shown in Figure 5. The silage
DM was significantly and positively correlated with EE and significantly and negatively
correlated with Ash, NDF and pH. The CP content of silage was significantly positively
correlated with NDF, ADF and pH, and significantly negatively correlated with EE and
LA. The EE content of silage showed a significant positive correlation with the LA content
and negative correlation with Ash, NDF, ADF, pH and NH3-N/TN. The ash content of
silage showed a positive correlation with NDF, ADF and pH. The NDF content of silage
was significantly and positively correlated with ADF, NH3-N/TN and pH, and negatively
correlated with LA. The ADF content was positively correlated with pH and NH3-N/TN,
and negatively correlated with the LA and AA content. The silage pH was positively
correlated with NH3-N/TN and negatively correlated with LA.
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3.5. Gross Revenues, Net Returns and Output-to-Input Ratios for Different Treatments

This analysis included the inputs and outputs from the cradle (crop planting) to the
farm gate (harvesting) (Table 4). The output costs include the actual local forage selling
price. The total inputs were 1.32 and 1.37 million·hm−2 for M and ML, respectively; the
total revenues were 1.92 and 2.09 million hm−2 for M and ML, respectively; and the net
revenues averaged 0.60 and 0.73 million hm−2 for M and ML in both years, respectively.
Compared with monocropping, due to the increase in intercropping, the overall cost of
cultivation compared to monocropping increased due to the increased price inputs of lablab
bean seed and the labor costs for manual weeding. However, based on local forage prices,
the intercropping compensated for the high cost of planting inputs with increased yields,
resulting in a balance where the net income of the intercropping was 21.67% higher than
that of the monocropping, and the output/input ratio increased from 1.45 to 1.53.

Table 4. Total income, net income and output/input ratios for different treatments.

Items
Prices for Different Models (Million hm−2)

M ML

Inputs

Mulch costs 0.05 0.05
Machine ploughing costs 0.20 0.20

Fertilizer costs 0.59 0.59
Seed costs 0.08 0.12

Irrigation costs 0.27 0.27
Labor costs 0.14 0.15

Total inputs 1.32 1.37
Total Income 1.92 2.09
Net Income 0.60 0.73

Output-to-input ratio 1.45 1.53
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4. Discussion
4.1. Effect of Maize–Lablab Intercropping on Yield and Nutritional Quality

This study highlights the potential of intercropping leguminous crops, such as lablab
bean, with maize as a novel approach to improving the silage yield and nutritional quality.
This is primarily due to the legume’s adaptability, high yield potential, and significant
crude protein content [14]. Specifically, the ML system showed a 15.24% increase in FW
yield, a 12.19% increase in DM, and a 5.43% increase in CP yield in 2022 compared to
maize. In 2023, the CP yield saw a further increase of 12.26%. These results offer a fresh
perspective on intercropping, showcasing how this system can enhance forage production
without compromising the maize yield, a finding not always reflected in previous studies.
For example, although Mthembu et al. [9] reported an increased forage yield and crude
protein content with maize–lablab intercropping, they also observed a significant reduction
in maize leaf yield. This discrepancy may be attributed to differences in the intercropping
system or growing conditions. In our study, lablab bean did not impede maize growth,
potentially due to its lower fiber content and the fact that it was in the flowering stage at
the time of maize harvest.

Furthermore, while previous research has shown that intercropping maize with
legumes can reduce the NDF and ADF content, thus improving feed digestibility [32,33],
our findings indicate that there were no significant differences in the NDF and ADF content
between the ML system and maize monoculture. This suggests that the benefits of intercrop-
ping may vary depending on specific environmental or management factors, highlighting
the need for a further exploration of how these interactions affect feed quality. The slight
decrease in the EE content observed in the ML system, although not significantly different
from monoculture, suggests that the lipid profile of the forage could also be influenced by
intercropping strategies, as indicated by Kintl et al. [34].

4.2. Effect of Mixed Maize/Lablab Silage and Lactobacillus Additives on the Nutritional and
Fermentation Quality of Silage

Grasses are easy to silage but have an insufficient protein content, and legumes have a
high nutritional value but are difficult to successfully silage alone [4]. The use of mixed
silage combines the advantages of both, improving the silage success and nutritional
quality of silage. In this study, the DM content of ML was significantly reduced by 7.12%
compared to M silage, whereas the CP, NDF and ADF contents of ML were significantly
increased by 15.66%, 19.33% and 27.66%, respectively. These findings highlight a novel
approach to balancing silage fermentation and nutritional outcomes. The decline in DM
may be due to the depletion of carbohydrates caused by the lactate metabolism [35]. This
emphasizes the importance of understanding how intercropping and mixed-silage systems
interact with fermentation dynamics to influence nutrient retention. In the present study,
the effect of T3 on the ADF and NDF content of silage was not significant. However, in the
other Lactobacillus treatment groups in this trial, ADF and NDF were higher than CK. A
previous study concluded that both the ADF and NDF contents were increased in mixed
silage compared to whole-plant maize single silage [12,36–38]. The results mentioned
earlier suggested that different additives in the fermentation process had the ability to
improve the fermentation quality, and the combined inoculation efficiently promoted the
fermentation. Moreover, our study further supports the notion that the application of
combined inoculants can improve the fermentation quality, with Lactobacillus plantarum
(LP) promoting homo-fermentation and reducing nutrient losses by preventing the organic
degradation associated with insufficient lactic acid production [39]. These results open new
avenues for optimizing silage formulations and microbial inoculation strategies to achieve
both a higher nutritional quality and better fermentation stability in mixed silages.

The increase in the crude protein content of mixed silage containing legumes has also
been confirmed in studies by Ligoski et al. [40]. This demonstrates that the production of
mixed silage with an increased protein content has significant benefits and relevance, as it
can help reduce the cost of purchasing protein salts and/or concentrates to meet protein
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supply needs. Furthermore, exclusive maize silage has a high production cost [41], while
maize silage mixed with legumes is a viable alternative that can reduce the cost of silage
production. In this experiment, the CP mass content of mixed silage with whole maize
and lablab bean increased significantly, in which the CP content of the compound bacterial
agent ML-T2 treatment was the highest, followed by the ML-T3 treatment, indicating that
the compound bacterial agent can improve the CP content of silage to a certain extent. The
fermentation substrate of whole maize and soybean silage is sufficient, and the addition of
Lactobacillus bacteria can promote the production of a large amount of LA at the early stage
of silage fermentation, accelerating the acidification of the silage environment and thus
preventing the multiplication of harmful microorganisms. In our experiments, the mixed
silage comprising lablab beans and maize increased the CP concentration. Using a mixture
of maize and lablab bean silage increased the apparent digestibility of nutrients and the
milk production of dairy cows compared to silage from whole-plant maize [42].

Although the synergistic effect of microbial interaction may not be immediately appar-
ent, the combination of LP and LB can lead to a more stable fermentation environment. LP,
primarily a homofermentative bacterium, promotes lactic acid production. LA is the main
fermentation product of silage, converting water-soluble carbohydrates into LA by LAB
under anaerobic conditions. LA rapidly lowers pH and prevents the growth of undesirable
microorganisms, whereas PA usually prevents the growth of fungi [12,36]. In contrast, LB,
a heterofermentative bacterium, produces acetic acid, which enhances aerobic stability
during storage. This interaction between LP and LB not only accelerates the fermentation
process but also improves the overall silage quality by reducing spoilage losses and preserv-
ing more nutrients over time. The fermentation quality of silage usually reflects the silage
nutrient storage: the better the fermentation, the more nutrients that are preserved [43]. In
general, legume silage tends to have a higher pH because of the high buffering capacity
of organic acids [44]. While pH directly reflects the total acid content produced during
whole-plant maize silage, the lower the pH, the more acidic substances such as LA and
the better the silage effect; the pH required for conventional successful silage should be
lower than 4.2 [45]. This study showed that the pH (4.7) was much higher than our stan-
dard for high-quality maize silage, but the CP, DM and LA contents were higher and the
fermentation quality was better overall after mixing whole maize with soybean in the ratio
of 25:75 [46]. The observed acceleration in acid production and subsequent reduction in pH
in silage containing a combination of two LAB species highlight the potential synergistic
effects of microbial interactions on fermentation.

The NH3-N/TN ratio reflects the protein degradation caused by undesirable mi-
croorganisms [47]. In this experiment, all treatments had NH3-N/TN ratios below 10%,
indicating a favorable fermentation quality. Notably, the maize–lablab bean mixture demon-
strated a lower NH3-N/TN ratio compared to maize alone, suggesting reduced protein
degradation attributable to legume inclusion. These findings corroborate previous study
observations [48], emphasizing the impact of mixing ratios on protein hydrolysis and the
NH3-N/TN levels. The difference in the ratio of NH3-N/TN may be due to the difference
in the CP content of the feedstock, and the ammonia nitrogen content may be high in
forages with a high CP concentration [30]. It may also be due to the fact that maize has
a high concentration of soluble carbohydrates that can be utilized for fermentation [49].
BA is usually produced by Clostridium perfringens, which leads to poor fermentation and
produces unpleasant odors [50,51]. Although BA levels were undetected in our experiment,
it is crucial to acknowledge the potential role of Clostridium perfringens in silage deteriora-
tion. The absence of detectable BA may be attributed to the inhibitory effect of a low pH
(<4.2) on BA-producing bacteria [52]. Several studies have demonstrated that LP and LB
can synergistically enhance silage quality. They do this by accelerating Lactobacillus growth,
metabolizing acids, inhibiting spoilage microorganisms, and speeding up fermentation,
which reduces feed dry matter loss [53,54]. Yang et al. [55] found that adding LP to alfalfa
silage increased the LA content, lowered pH, and improved the fermentation quality. LP
supplementation increased the LA content and improved the fermentation quality, while
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LB enhanced the aerobic stability and mitigated nutrient oxidation during aerobic expo-
sure [56,57]. These findings suggest that using LP and LB can significantly optimize the
fermentation process and nutrient preservation in silage, enhancing overall quality. In this
experiment, ML reduced the LA content, probably due to the lower number of soluble
carbohydrates in lablab beans, which reduced the fermentation substrate in mixed-silage
fermentation and allowed the multiplication of LAB to produce LA in smaller quantities.

The V-score results indicated that all treatments had a good fermentation quality,
with ML-T2 being the best. Mixed maize–lablab bean silage increased the protein content
without compromising the fermentation quality, potentially improving the quality of
animal products such as milk and meat [58]. To maximize fermentation and the nutritional
benefits, further research should focus on the mixed storage of maize and lablab beans with
lactobacilli inoculation at the rates of T2 or T3.

4.3. Relationship between Nutritional Quality and Fermentation Quality

In silage research, a high pH is typically a sign of inadequate fermentation, often lead-
ing to a reduced silage quality [59]. In the current study, CP was degraded by undesirable
microorganisms during silage to produce NH3-N and AA [60]. Similarly, in an analytical
report on silage fermentation, it was stated that lower mean NH3-N values in silage were
due to the fact that adequate lactic fermentation helped to reduce CP hydrolysis and inhibit
undesirable microorganisms [61]. Gao et al. [62] found that a low pH in silage ensured
better fermentation, which resulted in the preservation of more CP, which is in agreement
with our results in the present study. Reducing silage losses and inhibiting secondary
fermentation are important objectives in silage research; therefore, some researchers, such
as Raza et al. [63], have suggested controlling the DM content to around 30% when the
silage pH is even lower. Although the present experiment resulted in a higher dry matter
content at harvest due to climatic and geographical reasons, it is still consistent with the
results of this study that pH is negatively correlated with DM. Taken together, the above
study shows that the silage DM content directly affects the quality of late silage.

5. Conclusions

This study aimed to evaluate the effects of maize–lablab intercropping and LAB inocu-
lation on the forage yield, silage nutritional quality, and economic profitability. The findings
confirm that intercropping maize with lablab significantly improve both the fresh grass
yield and dry matter yield, with notable increases in the crude protein content, aligning
with the study’s objective of improving forage quality. Additionally, LAB inoculation
successfully enhanced the fermentation process, reducing the silage pH and increasing
lactic acid production, further supporting improved silage quality. In terms of economic
benefits, maize–lablab intercropping paired with LAB inoculation resulted in higher eco-
nomic returns, demonstrating its potential as a sustainable strategy for improving both
the silage yield and profitability of livestock systems. We recommend the adoption of
maize–lablab intercropping and LAB inoculation in silage production for farms aiming to
enhance forage quality and economic efficiency. Further research should explore varying
intercropping ratios and microbial inoculation combinations to optimize silage production
across different environmental conditions.
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