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Abstract

Silages produced from different forage species exhibit substantial variability in chemical
composition, digestibility, and fermentation characteristics, which may influence forage
quality and preservation efficiency in livestock systems. This study evaluated the nutri-
tional and fermentative variability of silages produced from six forage species (Zea mays L.,
Sorghum bicolor L., Medicago sativa L., Helianthus annuus L., Cenchrus purpureus, and Saccha-
rum officinarum L.) using multivariate analytical approaches. A database comprising 237
observations, obtained from 24 independent ensiling experiments, was analyzed. Chemical
composition, fermentative parameters, and in vitro dry matter digestibility were evaluated
through principal component analysis (PCA), canonical discriminant analysis (CDA), and
Pearson correlation analysis. Significant differences among forage species were detected
(p < 0.05). PCA explained 76.2% of the total variance in the chemical dataset and 85.1% in the
fermentative dataset, revealing clear multivariate patterns among silage types. Chemical
composition traits provided greater discrimination among silages than fermentative vari-
ables, particularly through differences in fiber fractions, soluble carbohydrates, digestibility,
and buffering capacity. Corn and sorghum silages were associated with greater starch
availability and favorable fermentation profiles, whereas elephant grass and sugarcane ex-
hibited higher fiber concentrations. Alfalfa showed greater crude protein concentration and
digestibility, while sunflower was characterized by elevated lignin concentration. Overall,
multivariate analyses provided an integrated interpretation of nutritional and fermentative
relationships among silages, highlighting species-specific responses to ensiling and their
implications for forage conservation and livestock production systems.

Keywords: canonical discriminant analysis; forage quality; nutritional variability; silage
fermentation; silage quality
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1. Introduction
Silage production is an agricultural practice widely recognized for its operational sim-

plicity and efficiency and is considered one of the most suitable techniques for large-scale
livestock production systems. In addition, it is highly compatible with a significant diversity
of crops [1]. A silage of high quality and nutritional value is achieved by harvesting the crop
at the optimum stage of maturity, inhibiting the activity of plant enzymes and undesirable
epiphytic microorganisms, and promoting the dominance of lactic acid bacteria (LAB) [2]. Key
ensilability criteria include dry matter (DM) content, sugar concentration, and buffering capac-
ity (resistance to acidification). In this context, corn is considered the ideal crop, while alfalfa
presents greater challenges for its conservation. Grasses, in general, have more water-soluble
carbohydrates (WSCs) and less resistance to acidification than legumes [3].

Climatic conditions strongly influence forage availability in livestock systems, partic-
ularly in tropical regions characterized by seasonal feed shortages. In this context, silage
production represents an important strategy for preserving surplus forage and maintaining
animal productivity during periods of reduced pasture availability [4–6].

The nutritional value of the final silage depends on both controllable and uncon-
trollable factors throughout the ensiling process, including harvesting conditions, forage
maturity, storage structure, use of additives, and environmental conditions [7,8].

In warm regions, silage production may be affected by high temperatures, rapid
aerobic deterioration, and undesirable fermentations, particularly in tropical grasses and
sugarcane [9]. These factors contribute to substantial variability in the nutritional and fer-
mentative profiles of silages, reinforcing the importance of integrated analytical approaches
for evaluating forage conservation quality.

The chemical composition of forage at harvest is one of the main determinants of
silage quality. Concentrations of dry matter, water-soluble carbohydrates, starch, crude
protein, and cell-wall components directly influence microbial activity during fermen-
tation and the nutritional value of the final silage [10–12]. Forages rich in fermentable
carbohydrates generally favor lactic acid production and rapid pH decline, whereas high
concentrations of structural carbohydrates may reduce digestibility and limit fermentation
efficiency. Consequently, differences in compositional attributes among forage species can
lead to distinct nutritional and fermentative outcomes after ensiling [12–15].

Buffering capacity is another important factor affecting silage preservation because
it reflects the resistance of plant tissues to pH reduction during fermentation. Forages
with elevated buffering potential, particularly those with high protein and mineral concen-
trations, often require greater acid production to achieve adequate preservation [16–18].
Consequently, this characteristic interacts with substrate availability and microbial activity,
influencing fermentation pathways, organic acid production, and the overall stability of
silages [19–21]. Understanding the relationships among buffering capacity, chemical com-
position, and fermentation characteristics is therefore essential for evaluating silage quality
across forage species.

Although the individual effects of forage composition and fermentation characteris-
tics on silage quality have been extensively investigated, studies integrating nutritional
composition, digestibility, and fermentation traits through multivariate approaches remain
limited, particularly when comparing multiple forage species under similar ensiling condi-
tions. Therefore, this study aimed to evaluate the nutritional and fermentative variability of
forage silage used in tropical livestock systems using multivariate analytical approaches to
integrate chemical composition, digestibility, and fermentation traits among forage species.
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2. Materials and Methods
2.1. Dataset Origin and Ensiling Procedures

The dataset used in this study was compiled from 24 independent ensiling experiments
conducted at the Department of Nutrition and Animal Production, School of Veterinary
Medicine and Animal Science, University of São Paulo, Brazil. All individual observations
were retained for statistical analyses, resulting in a database comprising 237 observations
distributed among elephant grass (n = 85), corn (n = 44), sorghum (n = 16), alfalfa (n = 48),
sugarcane (n = 28), and sunflower (n = 16). Information regarding cultivars, harvest stage,
harvest age, particle size, storage period, and number of observations for each forage
species is summarized in Table 1.

Table 1. Main characteristics of the original ensiling experiments included in the compiled database,
including forage species, cultivar(s), harvest stage, harvest age, particle size, storage period, and
number of observations.

Species Cultivar(s) Harvest Stage Harvest
Age (d)

Particle
Size (cm)

Storage
Period (d)

Number of
Observations

Elephant grass
(Pennisetum

purpureum Schum.)
Napier

Phenological stage
not reported in the

original study;
harvested at different

regrowth ages

40–155 2.0–2.5 145 85

Corn (Zea mays L.)
AG510,

AG5011, Cargill
333B

50% milk line 97–103 1.0–2.5 106 44

Sorghum (Sorghum
bicolor L. Moench)

Multiple
cultivars 1

Late milk line to
farinaceous grain

stage
87–120 1.0–2.0 60–90 16

Alfalfa (Medicago
sativa L.) Not reported Mid-bloom stage 35 0.9–2.5 40–133 48

Sugarcane
(Saccharum

officinarum L.)

SP80-
1816/CTC Mature cane 390 0.95–1.55 60 28

Sunflower
(Helianthus annuus L.)

Dinamilho
M-734

Brown bracts and
senescent leaves 99–123 1.4–1.5 125–228 16

1 Multiple sorghum cultivars included Agroceres 2005, Agroceres 2005-E, AGRI-001E, AGRI-002E, Volumax,
AG1080, AG1085, AG1090, BRS373, BRS380, BRS511, CB7290, and CB7521. Information was retrieved from the
original studies whenever available. Values are presented as reported in the original experiments.

Experimental plots were located at the University of São Paulo, Brazil (21◦59′ S,
47◦26′ W; 634 m above sea level), in a region classified as Cwa according to the Köppen
climate system, characterized by hot, wet summers and dry winters, with a mean annual
temperature of approximately 22 ◦C and average annual precipitation of around 1200 mm.
The predominant soil type in the region is Red Latosol. Crops were generally grown during
the rainy season (October to April) without irrigation. Prior to crop establishment, soil
preparation, liming, and fertilization were performed according to regional agronomic
recommendations and the requirements of each forage species [22].

Forage harvesting and processing procedures varied among the original experiments.
In general, forages were manually harvested, chopped, and homogenized prior to ensiling.
Alfalfa was pre-wilted for 4 h before chopping when required by the original protocol.
Although silo characteristics, compaction procedures, and storage periods differed among
studies, all experiments followed conventional laboratory-scale ensiling practices involving
forage compaction, hermetic sealing, and anaerobic storage. Forage material was com-
pacted to the target density established for each study, and silos were opened after the
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storage period defined in the original experimental protocol for subsequent nutritional and
fermentative evaluations.

2.2. Laboratory Analysis
2.2.1. Before Ensiling

After chopping, representative samples of fresh forage were collected and stored
at −20 ◦C for subsequent analyses of dry matter (DM), crude protein (CP), neutral de-
tergent fiber (NDF), acid detergent fiber (ADF), lignin, hemicellulose, cellulose, starch,
water-soluble carbohydrates (WSCs), in vitro dry matter digestibility (IVDMD), and buffer
capacity (BC). Fresh samples were analyzed simultaneously with silage samples to mini-
mize analytical variation.

2.2.2. After Ensiling

Silos were opened after 60 to 228 days according to the forage-specific storage periods
established in the original studies (Table 1). Following silo opening, the superficial silage
layer was discarded, and samples were collected from each experimental silo. Samples were
homogenized and subsampled for chemical and fermentative analyses. All laboratory deter-
minations were performed in triplicate following the respective analytical methodologies.
Dry matter and crude protein were determined according to AOAC (1995) [23]. Neutral
detergent fiber (NDF), acid detergent fiber (ADF), and lignin were analyzed following Van
Soest et al. (1991) [24] using heat-stable amylase and expressed exclusive of residual ash.
Starch concentration was determined as described by Pereira and Rossi (1995) [25], whereas
water-soluble carbohydrates were quantified following Johnson et al. (1966) [26]. Buffer
capacity was determined according to McDonald et al. (1991) [27] and expressed as mEq
H+ required to reduce pH from 6.0 to 4.0. Silage juice was extracted using a hydraulic press.
The pH was measured immediately after extraction using a digital pH meter (Procyon,
model 310, São Paulo, Brazil). calibrated with standard buffer solutions (pH 4.0 and 7.0).
Organic acids and ethanol concentrations were determined by gas chromatography follow-
ing Erwin et al. (1961) [28]. Ammoniacal nitrogen (NH3-N) concentration was measured
using the colorimetric method of Kulasek (1972) [29], as adapted by Foldager (1977) [30].

2.3. In Vitro Digestibility

In vitro dry matter digestibility (IVDMD) was determined according to Tilley and
Terry (1963) [31]. Approximately 0.5 g of oven-dried and ground samples were weighed
into filter bags (ANKOM Technology Corporation, Macedon, NY, USA) and incubated
in duplicate with artificial saliva McDougall (1948) [32] and ruminal inoculum obtained
from three steers maintained under standardized feeding conditions and fed Brachiaria
decumbens pasture supplemented with corn silage and mineral salt ad libitum. Samples
were incubated anaerobically at 39 ◦C for 48 h, followed by a second 48 h incubation in a
0.2% pepsin solution (1:10,000 activity; 50 mL per tube) at 39 ◦C. Bags were then washed,
dried, and weighed to determine IVDMD.

2.4. Statistical Analysis

Data were analyzed using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA). Descrip-
tive statistics were calculated for fresh forages and silages and are presented as means and
standard errors of the mean (SEM). For univariate analyses, forage species was considered the
fixed effect in models fitted using PROC MIXED. Denominator degrees of freedom were esti-
mated using the Kenward–Roger method (DDFM = KR). Least-squares means were compared
using protected least significant difference (LSD) tests, and different letters indicate significant
differences among forage species. Statistical significance was declared at p < 0.05. Multivariate
procedures were used to evaluate relationships among nutritional and fermentative variables
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and to identify compositional patterns among forage species. Principal component analysis
(PCA) was used as an exploratory dimensionality-reduction technique to summarize the main
sources of variability among variables. Prior to analysis, variables were log-transformed, and
PCA was performed using the correlation matrix, thereby minimizing the influence of differ-
ences in measurement units and variances among traits. Graphical representations were based
on variable loadings projected onto the first two principal components. Pearson correlation
coefficients were calculated to assess associations among nutritional and fermentative traits,
and results were visualized using correlation heatmaps. Canonical discriminant analysis
(CDA) was used to evaluate grouping patterns among forage species based on chemical
composition and fermentative characteristics.

3. Results
3.1. Chemical Composition of the Forages Used in Silage Production at the Time of Formulation
of the Treatments and Fermentation Tests

Significant differences were observed in the chemical composition of the evaluated
forages (Table 2).

Table 2. Chemical and nutritional composition of fresh forage (g/100 g DM).

Variables
Treatments

Average SEM p-Value
Elephant Grass Corn Sorghum Alfalfa Sugarcane Sunflower

Chemical Analysis of Forage
DM (g/100 g) 23.92 c 32.37 b 35.86 b 41.48 a 33.31 b 19.98 c 31.15 1.678 <0.0001

CP 7.07 d 8.99 c 13.02 b 19.10 a 2.52 e 10.01 c 10.12 0.412 <0.0001
NDF 75.51 a 67.15 b 64.62 c 45.53 e 58.22 d 41.69 f 58.79 0.689 <0.0001
ADF 47.22 a 37.54 cd 39.30 c 37.91 c 35.44 d 44.19 b 40.27 0.807 <0.0001

Lignin 9.81 b 10.73 b 9.72 b 9.56 b 6.04 c 24.70 a 11.76 0.452 <0.0001
Starch 6.74 d 29.16 a 16.45 b 7.94 d 0.196 e 11.81 c 12.05 0.788 <0.0001
WSCs 4.63 c 8.96 b 10.38 b 1.00 d 34.37 a 4.59 c 10.66 0.765 <0.0001

IVDMD 50.21 d 59.84 b 52.87 cd 71.25 a 54.79 c 54.60 c 57.26 1.387 <0.0001
BC 19.97 c 18.58 c 19.98 c 62.92 a 7.89 d 26.00 b 25.89 1.008 <0.0001

SEM: Standar error of mean; DM: dry matter; CP: crude protein; NDF: neutral detergent fibre; ADF: acid
detergent fibre; WSCs: water-soluble carbohydrates; IVDMD: in vitro dry matter digestibility; BC: buffer capacity
in mEq/100 g DM. Means within a row with different lowercase letters differ significantly (p < 0.05).

For fiber concentrations, elephant grass showed the highest NDF and ADF contents
(75.51 and 47.22 g/100 g DM, respectively), reflecting its fibrous structure, while corn and
sorghum presented intermediate fiber concentrations. Alfalfa stood out with the highest CP
(19.10 g/100 g DM), in vitro digestibility (71.25 g/100 g DM), and BC (62.92 mEq/100 g DM),
confirming its higher nutritive value compared with tropical grasses. In contrast, sugarcane
exhibited the lowest CP (2.52 g/100 g DM) and buffer capacity (7.89 mEq/100 g DM),
consistent with its energy-rich but protein-deficient profile. Sunflower presented interme-
diate values but was notable for its elevated lignin content (24.70 g/100 g DM), which
may have negatively affected digestibility. Starch and water-soluble carbohydrate (WSC)
contents differed markedly among forage species. Corn (29.16 g/100 g DM) and sorghum
(16.45 g/100 g DM) exhibited the highest starch concentrations, reflecting their grain-
bearing morphology and confirming their role as major sources of rapidly fermentable
energy in ruminant diets. In contrast, sugarcane showed negligible starch levels but the
highest WSC concentration (34.37 g/100 g DM), consistent with its physiological specializa-
tion in sucrose accumulation. These results confirm clear contrasts between forage types,
highlighting legumes for their protein and digestibility advantages and tropical grasses
and sugarcane for their higher fiber concentrations.
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3.2. Silage’s Chemical and Nutritional Composition

Silage composition differed significantly among forage species (Table 3).

Table 3. Chemical, nutritional and fermentative composition of ensiled forages (g/100 g DM, unless
otherwise indicated).

Variables
Treatments

Average SEM p-Value
Elephant Grass Corn Sorghum Alfalfa Sugarcane Sunflower

Chemical analysis of forage
DM (g/100 g) 22.15 cd 32.86 b 34.56 ab 38.84 a 25.14 c 18.76 d 28.72 1.787 <0.0001

CP 6.97 e 9.26 d 13.78 b 18.12 a 3.15 f 10.74 c 10.34 0.322 <0.0001
NDF 75.08 a 61.41 b 58.60 c 45.46 d 73.29 a 44.64 d 59.75 0.856 <0.0001
ADF 48.38 a 36.78 c 36.88 bc 40.52 b 49.09 a 46.09 a 42.96 1.193 <0.0001

Lignin 11.34 b 10.02 cd 8.73 de 11.09 bc 8.51 e 26.33 a 12.67 0.540 <0.0001
Starch 5.98 c 21.41 a 17.02 b 5.55 c 1.34 d 4.76 c 9.34 0.939 <0.0001
WSCs 1.60 e 5.39 bc 6.48 ab 2.43 d 7.28 a 5.04 c 4.70 0.363 <0.0001

IVDMD 47.70 d 58.70 b 59.75 ab 62.07 a 46.64 d 53.41 c 54.71 1.447 <0.0001
BC 30.01 c 43.00 b 41.74 b 73.88 a 19.05 d 66.91 a 45.77 3.315 <0.0001

Fermentation variables
Lactic 4.79 b 7.04 a 6.86 a 3.87 bc 2.74 c 8.44 a 5.62 0.615 <0.0001

Butyric 1.24 a 0.011 b 0.010 b 0.696 b 0.120 b 0.114 b 0.366 0.256 <0.0001
Propionic 0.068 c 0.015 c 0.005 c 0.127 b 0.265 a 0.087 bc 0.095 0.029 <0.0001

Acetic 1.14 c 2.38 b 0.857 c 3.84 a 2.62 b 2.66 b 2.25 0355 <0.0001
Ethanol 0.605 c 0.638 c 3.28 b 0.77 c 16.09 a 0.654 c 3.67 0.422 <0.0001
NH3-N

(g/100 g CP) 8.49 bc 6.45 cd 2.55 d 14.62 a 10.59 b 9.04 bc 8.62 1.494 <0.0001

pH 4.08 b 3.84 c 3.72 cd 5.50 a 3.44 d 3.91 bc 4.08 0.118 <0.0001

SEM: Standar error of mean; DM: dry matter; CP: crude protein; NDF: neutral detergent fibre; ADF: acid
detergent fibre; WSCs: water-soluble carbohydrates; IVDMD: in vitro dry matter digestibility; BC: buffer capacity
in mEq/100 g DM. Means within a row with different lowercase letters differ significantly (p < 0.05).

Alfalfa presented the highest crude protein (18.1 g/100 g DM), digestibility
(62.1 g/100 g DM), and buffer capacity (73.9 mEq/100 g DM), which reflects its su-
perior nutritional value but also indicates greater resistance to pH decline during fer-
mentation. In contrast, sugarcane silage had the lowest protein and buffer capacity
(3.15 and 19.05 g/100 g DM, respectively), favoring rapid acidification but limiting its
nutritive potential. Corn and sorghum were distinguished by their high starch con-
centrations (21.41 and 17.02 g/100 g DM), providing fermentable substrates for silage
fermentation. Elephant grass and sugarcane had the highest NDF concentrations
(NDF > 73.0 g/100 g DM), associated with reduced digestibility. Sunflower silage con-
tained exceptionally high lignin (26.3 g/100 g DM), which is unfavorable for fiber degra-
dation. Fermentation characteristics also varied among silages. Corn and sorghum were
characterized by high lactic acid concentrations (7.04 and 6.86 g/100 g DM) and low pH,
indicating efficient acidification. Interestingly, sunflower silage also showed high lactic acid
levels (8.44 g/100 g DM), despite its higher lignin content, suggesting that sufficient soluble
substrates were available to support lactic fermentation. Alfalfa silages showed elevated acetic
acid (3.84 g/100 g DM) and NH3-N (14.62 g/100 g CP) values, consistent with slower pH
decline due to their high buffer capacity. Sugarcane silages exhibited high ethanol content
(16.09 g/100 g DM), reflecting the presence of soluble sugars and yeast activity.

3.3. Fresh Forage Composition Influence on the Silage Fermentative Pattern

Principal component analysis (PCA) provided an exploratory representation of the
relationships among chemical and nutritional traits measured in fresh forages and their
corresponding silages (Figure 1). The first two principal components explained 76.2%
of the total variance in the chemical dataset (PC1 = 49.5% and PC2 = 26.7%). PC1 was
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mainly characterized by fiber-related attributes (NDF, ADF, and lignin) in contrast to
digestibility-related traits, whereas PC2 was primarily influenced by starch, crude protein,
and buffering capacity. The PCA loading plot revealed changes in the relative positioning
of chemical and nutritional traits between fresh forages and their corresponding silages,
reflecting compositional modifications associated with the ensiling process. Traits related to
buffering capacity and crude protein exhibited relatively small positional changes, whereas
starch, digestibility, and fiber fractions displayed greater displacement. The magnitude
and direction of these changes differed among traits, suggesting that some compositional
characteristics were more responsive to ensiling than others.

Figure 1. Principal component analysis (PCA) loading plot of chemical and nutritional variables
measured in fresh forages (f) and their corresponding silages (s). The first two principal components
explained 76.2% of the total variance (PC1 = 49.5%, PC2 = 26.7%). Lines connecting fresh forage (f)
and silage (s) loadings were included to facilitate visualization of compositional changes associated
with the ensiling process. The figure represents variable loadings projected onto the first two principal
components rather than sample scores.

Across all forage species, the first two principal components explained 85.07% of the
total variance in the fermentative dataset (PC1 = 60.04%, PC2 = 25.03%; Figure 2). The
PCA loading plot revealed distinct relationships among fermentation variables. Acetic
acid, NH3-N, pH, and propionic acid were positively associated with PC1, whereas lactic
acid was positioned on the opposite side of the axis. Along PC2, acetic acid showed the
highest positive loading, while butyric acid and pH were located in the negative region of
the component. These patterns indicate that different fermentation products contributed
differently to the multivariate structure of the fermentative dataset.

3.4. Pearson Correlation Analysis

Pearson correlation analysis revealed consistent relationships between nutritional
and fermentative traits among silages (Figure 3). Water-soluble carbohydrates (WSCs)
were positively associated with lactic acid production and in vitro dry matter digestibility
(IVDMD), whereas fiber fractions (NDF and ADF) and lignin showed negative correlations
with digestibility-related variables. Buffer capacity exhibited strong positive associations
with acetic acid and NH3-N, indicating a close relationship between buffering potential and
proteolytic fermentation patterns. In contrast, butyric acid was positively correlated with
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pH and fiber fractions, while negatively associated with WSCs and digestibility, suggesting
contrasting fermentation profiles among silages. Starch was positively associated with
digestibility and negatively correlated with ADF, reinforcing the contribution of readily
fermentable carbohydrates to the silage’s nutritional quality.

Figure 2. Principal component analysis (PCA) loading plot of fermentative variables measured in
tropical silages, including organic acids, ethanol, NH3-N, and pH. The first two principal components
explained 85.07% of the total variance (PC1 = 60.04%, PC2 = 25.03%).

Figure 3. Heatmap of Pearson correlation coefficients among chemical, nutritional, and fermentative
traits of tropical silages. Positive correlations are shown in red and negative correlations in blue. Only
statistically significant moderate-to-strong correlations were displayed to improve visualization and
interpretation. Blank cells represent weak and/or non-significant correlations and do not indicate
missing values. The complete Pearson correlation matrix, including all correlation coefficients and
corresponding p-values, is provided in Supplementary Table S1.
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3.5. Canonical Discriminant Analysis (CDA)

Canonical discriminant analysis (CDA) based on chemical composition revealed
clear multivariate separation among silage species (Wilks’ Lambda = 0.00032; F = 112.10;
df = 45, 996.16; p < 0.0001; Figure 4). The first two canonical functions explained 93.03% of
the canonical variation (Can1 = 79.24% and Can2 = 13.80%), demonstrating that most of
the discriminatory information was captured by these dimensions.

Figure 4. Canonical discriminant analysis (CDA) of silage species based on chemical composition
traits. The first two canonical functions explained 93.03% of the canonical variation (Can1 = 79.24%,
Can2 = 13.80%). Ellipses represent the dispersion of observations within each silage group. The
overall discriminant model was highly significant (Wilks’ Lambda = 0.00032; p < 0.0001).

Corn and sorghum clustered closely in the canonical space, whereas elephant grass
and sugarcane occupied more distant positions characterized by contrasting compositional
profiles. Alfalfa and sunflower also formed distinct groups, reflecting differences in their
nutritional characteristics. Canonical structure coefficients (Supplementary Table S2) indicated
that Can1 was primarily associated with crude protein, neutral detergent fiber, and buffering
capacity, whereas Can2 was mainly related to starch and acid detergent fiber. Cross-validation
of the discriminant model resulted in 100% classification accuracy, confirming the strong
discriminatory power of chemical composition traits among silage species.

Canonical discriminant analysis (CDA) based on fermentative traits revealed mul-
tivariate separation among silage species, although with greater overlap among some
forage groups than observed for chemical composition (Wilks’ Lambda = 0.0210; F = 38.06;
df = 35, 885.82; p < 0.0001; Figure 5). The first two canonical functions explained 92.0% of
the canonical variation (Can1 = 77.12%, Can2 = 14.88%).

Alfalfa silages occupied a distinct position in the canonical space, whereas sugarcane
silages formed a separate group characterized by contrasting fermentative profiles. Corn,
sorghum, and elephant grass showed partial overlap, reflecting similarities in their fermen-
tation characteristics. Canonical structure coefficients (Supplementary Table S2) indicated
that Can1 was primarily associated with ethanol production, whereas Can2 was mainly
associated with pH and acetic acid concentration. Cross-validation of the discriminant
model resulted in an overall classification accuracy of 82.2%, supporting the ability of
fermentative variables to discriminate among forage species despite the greater overlap
observed in canonical space.
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Figure 5. Canonical discriminant analysis (CDA) of silage species based on fermentative traits.
The first two canonical functions explained 92.0% of the canonical variation (Can1 = 77.12%,
Can2 = 14.88%). Ellipses indicate the dispersion of observations within each silage group, and
black circles represent group centroids. The overall discriminant model was significant (Wilks’
Lambda = 0.0210; p < 0.0001).

4. Discussion
According to McDonald et al. (1991) [27], NH3-N concentrations below approximately

10% of total nitrogen are generally indicative of satisfactory fermentation and limited proteol-
ysis, whereas higher values may reflect undesirable fermentative activity. Likewise, forage
nutritive value is strongly influenced by cell wall constituents, with increasing NDF and ADF
concentrations typically associated with reduced digestibility. Buffering capacity also plays
a central role in silage preservation because forages with greater resistance to acidification
require more extensive acid production to achieve adequate pH decline during fermentation.

4.1. Chemical Composition of Fresh Forages

The marked differences observed among forage species are consistent with their in-
trinsic chemical characteristics and known ensiling behavior. Because forage species differ
substantially in protein concentration, fermentable carbohydrate availability, fiber com-
position, and buffering capacity, their fermentation dynamics and preservation efficiency
are also expected to differ. Consequently, silage quality should be interpreted within the
context of the specific characteristics of each forage species [27].

Fresh forage composition showed wide variability among species, reflecting differ-
ences in plant physiology, structural characteristics, and growth habits. Alfalfa exhibited
the highest crude protein and digestibility values, consistent with its leguminous nature
and high leaf-to-stem ratio [33–35]. Its elevated buffering capacity and protein concentra-
tion are also associated with greater resistance to rapid acidification during ensiling, which
may contribute to higher fermentation pH values [27]. Conversely, elephant grass and
sugarcane were characterized by high NDF and ADF concentrations, indicative of fibrous
cell wall structures and advanced lignification. Such values are known to limit voluntary
intake and reduce energy availability, particularly when NDF exceeds 55% of DM [36,37].
Sugarcane also exhibited low crude protein concentrations, reinforcing its classification as
a low-quality forage when offered as the sole feed resource [38].

Corn and sorghum were distinguished by their high starch concentrations, which
support efficient fermentation and energy supply to rumen microorganisms. These find-
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ings agree with Johnson et al. (2020) and Guo et al. (2025) [39,40], who highlighted
the importance of starch-rich silages for ruminal fermentation and animal performance.
In contrast, sunflowers exhibited unusually high lignin concentrations, potentially com-
promising digestibility despite its moderate protein content, as previously reported by
Ziebell et al. (2013) [41]. Collectively, these results indicate that no single forage species
maximizes all desirable nutritional characteristics, underscoring the importance of strategic
forage selection and complementation in tropical livestock systems.

4.2. Chemical and Nutritional Composition of Silages

Ensiling substantially modified forage composition. Overall, silages tended to exhibit
higher crude protein, ADF, lignin, and buffering capacity values, whereas DM, starch, and
WSCs generally decreased, reflecting the utilization of soluble carbohydrates by fermen-
tative microorganisms. These changes are consistent with the biochemical processes of
ensiling, in which readily fermentable substrates are converted into organic acids while
structural components remain relatively stable [11,42,43]. Digestibility decreased after
ensiling for most species; however, sorghum represented an exception, exhibiting greater
IVDMD in silage than in fresh forage. This finding suggests that sorghum may undergo
partial cell-wall disruption during ensiling, enhancing digestibility, a response previously
reported in cereal silages under controlled conditions [44].

Fiber fractions may also be affected by the ensiling process. The reduction in NDF
observed after ensiling may reflect partial degradation or redistribution of less recalcitrant
cell-wall components, whereas ADF was comparatively less affected, indicating limited
changes in the most resistant structural fractions. This pattern agrees with the findings of
Köhler et al. (2019) [45], who reported reductions in NDF concentration in grass and maize
silages, suggesting a greater effect of fermentation on less resistant structural carbohydrates,
as previously described by McDonald et al. (1991) [27].

4.3. Influence of Fresh Forage Composition on Fermentation Pattern

The apparent increase in lignin concentration after ensiling likely reflects dry matter
losses of more digestible components, particularly starch and water-soluble carbohydrates
(WSCs), rather than a true increase in lignin content [46]. This phenomenon highlights the
concentration effect commonly observed during fermentation and reinforces the role of
lignin as a structural component associated with forage quality [14].

Fermentation characteristics further differentiated the evaluated silages. Corn and
sorghum produced high concentrations of lactic acid and achieved low final pH values,
indicating efficient fermentation. Interestingly, sunflower also exhibited elevated lactic
acid concentrations despite its relatively high lignin content, suggesting that sufficient
fermentable substrates remained available to support lactic fermentation [47].

In contrast, alfalfa silages were characterized by higher acetic acid, NH3-N, and pH
values, indicating a less efficient fermentation process. These responses are consistent
with the elevated crude protein concentration and buffering capacity of alfalfa, which can
hinder rapid acidification and favor proteolysis during ensiling. Consequently, alfalfa
often requires specific management strategies, such as wilting or microbial inoculation, to
improve fermentation efficiency and preservation quality [19,21].

Sugarcane silages stood out for their exceptionally high ethanol concentrations, re-
flecting the activity of yeasts on residual soluble sugars, as previously reported for tropical
sugarcane silages [48]. This response is consistent with the high concentration of fer-
mentable carbohydrates in sugarcane and its well-documented susceptibility to alcoholic
fermentation. Overall, these findings indicate that fermentation profiles are strongly influ-
enced by forage-specific characteristics, substrate availability, and buffering properties.
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4.4. Multivariate Analysis

Multivariate analyses provided an integrative perspective of the nutritional and fer-
mentative characteristics of the evaluated silages. The PCA of chemical traits explained
more than 76% of the total variance, separating fiber-related attributes (NDF, ADF, and
lignin) from digestibility and soluble carbohydrate variables. The displacement observed
between fresh forages and silages was consistent with reductions in WSC and starch and
increases in buffering capacity and NH3-N following ensiling. In the fermentative dataset,
PCA highlighted contrasting relationships among fermentation products, with lactic, acetic,
and propionic acids grouped separately from butyric acid and pH.

Canonical discriminant analysis further supported the differentiation among forage
species. Chemical composition traits promoted clearer multivariate separation, particularly
distinguishing starch-rich forages such as corn and sorghum from fiber-rich materials
such as elephant grass and sugarcane. Although starch and water-soluble carbohydrates
are recognized as important fermentable substrates, Pearson correlation analysis revealed
only weak to moderate associations between these fractions and individual fermentation
end-products. These findings suggest that fermentation outcomes are influenced not only
by substrate availability but also by buffering capacity, protein concentration, and other
forage-specific characteristics. When fermentative traits were analyzed separately, greater
overlap among species was observed, particularly between corn and sorghum. This pat-
tern is biologically plausible because fermentative variables represent microbial metabolic
products generated under anaerobic conditions rather than inherent plant characteristics.
Although forage species differ substantially in chemical composition and substrate avail-
ability, lactic acid bacteria tend to drive fermentation toward similar preservation outcomes,
including organic acid production and pH reduction. Consequently, partial convergence
among fermentative profiles would be expected, resulting in less pronounced multivariate
separation compared with the chemical composition dataset. From a practical perspective,
these findings indicate that standardized ensiling practices may partially mitigate quality
differences among forage resources, thereby expanding the potential use of alternative
feed materials in livestock systems. However, complete convergence was not observed
because intrinsic plant characteristics, including buffering capacity, protein concentration,
and soluble carbohydrate availability, continued to influence fermentation efficiency and
final silage quality.

This study has some limitations that should be acknowledged. The database was
compiled from independent experiments conducted over different years and originally
designed for distinct research objectives. Although standardized analytical procedures were
used and only control treatments were included, differences in environmental conditions,
cultivars, harvest age, epiphytic microbial communities, and ensiling protocols may have
contributed to part of the observed variability. Therefore, the findings should be interpreted
as an exploratory comparative assessment rather than as evidence derived from a single
controlled experiment. An additional limitation is the absence of IVNDFD measurements.
Although IVDMD provided an overall estimate of forage digestibility, IVNDFD could offer
a more detailed assessment of fiber utilization and should be considered in future studies.

Future studies should evaluate a broader range of forage species under standardized
experimental conditions and investigate how agronomic management, microbial inoculants,
and storage practices influence the relationships between nutritional composition and
fermentation characteristics. Integrating nutritional, fermentative, and microbiological
variables may further improve the understanding of silage quality determinants across
forage systems.
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5. Conclusions
This study demonstrated substantial differences in the chemical composition, nutritive

value, and fermentation characteristics of forage silages, highlighting the importance of
species-specific traits in determining silage quality. Although ensiling markedly altered
nutritional and fermentative profiles, intrinsic differences among forage species remained
evident after conservation. Chemical composition variables accounted for a greater degree
of differentiation among silages than fermentative traits, particularly those related to fiber
fractions, digestibility, and soluble carbohydrates. Among the evaluated species, corn
and sorghum silages exhibited the most balanced nutritional and fermentative profiles,
combining favorable digestibility with efficient fermentation characteristics. In contrast,
alfalfa silage presented challenges associated with its high buffering capacity and protein
concentration, whereas sugarcane silage was limited by elevated ethanol production. Ele-
phant grass was characterized by high fiber concentrations and reduced digestibility, while
sunflower displayed intermediate nutritional and fermentative characteristics. Multivariate
analyses complemented conventional evaluations by identifying the main nutritional and
fermentative factors responsible for differentiating silage species, thereby providing a more
integrated assessment of silage quality. These findings highlight the importance of aligning
forage species selection with production objectives and silage management strategies in
tropical and subtropical livestock systems.
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//www.mdpi.com/article/10.3390/grasses5030025/s1; Table S1: Complete Pearson correlation
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structure coefficients for the chemical and fermentative canonical discriminant analyses (CDA).
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