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Abstract: This study aimed to investigate the associative effects caused by changes in the proportions
of feed ingredients (forage-to-concentrate ratio) and the forage source in ruminant diets on in vitro
gas production and fermentation parameters. The study consisted of two assays conducted in
a completely randomized design with a 3 × 10 factorial arrangement consisting of three forages
(pineapple crop waste silage [PS], corn silage [CS], and Tifton hay [TH]) associated with concentrate
feed (C) (binary mixture) in 11 proportions, with triplicates of each combination. For the first assay,
the asymptotic volume of gas did not show any difference among (p = 0.059) CS and PS (p = 0.464)
and their proportions. We evaluated the associative effect among forages and their proportions and
noticed there was an effect on gas production between the combination of forage and concentrate for
the CS (p = 0.003) and PS (p = 0.003). In the second assay, volatile fatty acids (VFA) and ammonia
nitrogen (p < 0.05) were affected by the forage source and concentrate inclusion. In conclusion,
forages with a high content of soluble carbohydrates presented the lowest gas production, as well as
higher concentrations of propionic acid and ammonia nitrogen. The associative effect on in vitro gas
production was more pronounced in the first 12 h incubation. The different forage sources and the
inclusion of concentrate change fermentation parameters.

Keywords: chemical composition; degradability; forage-to-concentrate ratio; interaction; nutrients;
ruminants

1. Introduction

The manipulation of dietary nutrient composition is often proposed as a strategy
that farmers may exploit to reduce the proportion of energy lost by animals as eructated
gases (methane (CH4), carbon dioxide (CO2), nitrous oxide (N2O)) and to improve feed
and energy efficiency. Methane is an end product of rumen fermentation, formed au-
totrophically by Methanogenic archaea from CO2 and H2 derived from the fermentation of
carbon sources. Methane represents a loss of feed gross energy, and the Intergovernmental
Panel on Climate Change uses 6.5 ± 1.0% as the default for dairy cows [1]. Methane is
a greenhouse gas with a global warming potential 28 times greater than carbon dioxide
over a 100-yr time horizon [2]. In ruminants, enteric gas production is mainly influenced
by the type of feed available and their intake level [3,4]. The type of feed supplied to
ruminants can have a strong effect on rumen fermentation. The amount of enteric gas
produced is related to various dietary factors such as carbohydrate type, forage processing,
fat addition, and ionophore addition [4,5]. In addition, gas production can be influenced by
characteristics of the feed or feed proportions supplied to the animal (forage-to-concentrate
ratio), e.g., nature and amount of feed, the extent of its degradation, and the amount of
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H2 formed [6]. However, in practice, when the animal is offered a combination with a
high forage content (e.g., 80% forage), more gas (mainly CH4) after 24 h of incubation
(fiber digestion) is produced per unit of digested feed compared to proportions with a high
concentrate content [7]. The opposite is noticed when increasing the concentrate content of
feed proportions, which can improve the digestibility of the diet. In addition, it implies
an increase in the proportion of propionate among the final fermentation products [6,8].
This is because propionate is formed from a competitive pathway of H2 utilization in the
rumen, which reduces the availability of substrate for methanogenesis [9–11]. However,
these strategies do not always comply with the feeding standards used in intensive dairy
farms and are usually not applied owing to the risks of negative health and economic
consequences [12].

High-grain diets can cause pH drops, high concentrations of acids (i.e., lactic acid),
and an increase in osmolality, exacerbating the accumulation of acid within the rumen by
inhibiting volatile fatty acid (VFA) absorption [13,14]. The high rate of starch fermentation
may contribute to the accumulation of lactic acid and VFA [14]. Conversely, ruminants
fed high proportions of forage (e.g., 90:10 forage-to-concentrate ratio) can limit feed intake
and decrease microbial protein synthesis (due to increased passage rate and consequently
increased maintenance required by ruminal microorganisms) and energy efficiency by
favoring CH4 production [15]. Thus, significant inclusions of concentrate feed in the
diet can improve the efficiency of microbial utilization and ammonia nitrogen (NH3-N)
utilization in the rumen [16].

Associative effects between forages and concentrate supplements are well documented
in the literature [17–21]. However, in vitro techniques can provide significant information
on the mechanism of digestive interactions between feeds. Moreover, testing forages
alone and in combination should provide information on the ability of a plant to affect
the partition of nutrients from another plant [21]. In contrast, few studies have focused
on the effect of chemical variation of interactions between forage and concentrate on
gas production. Measurement of in vitro dry matter digestibility can be used to assess
the nutritional quality of feeds, due to its high correlation with in vivo digestibility. In
pineapple crop waste silage, for example, about 65% pineapple is inedible, which includes
pulp, peel, leaves, and leaves with residues, and therefore presents substantial residual
biomass [22]. Pineapple crop waste silage such as waste from fresh pineapple canneries is
rich in water (about 80%) and soluble carbohydrates (e.g., pectin) [23].

Thus, we hypothesized that gas production and fermentation profile can be changed
because of the associative effect between different sources of forages and their interac-
tion with concentrate in ruminant diets. Therefore, this study aimed to investigate the
associative effects caused by changes in the proportions of feed ingredients (forage-to-
concentrate ratio) and the chemical composition of ruminant diets on gas production and
fermentation parameters.

2. Material and Methods

The experiment was conducted in the Animal Science Laboratory of the Universidade
Estadual do Norte Fluminense Darcy Ribeiro (UENF)—Campos dos Goytacazes, RJ, Brazil
(21◦45′41′′ S, 41◦17′27′′ W, and 10 m a.s.l.). The climate of northern Rio de Janeiro is
classified as Aw, humid tropical climate, with rainy summers and dry winters according to
the classification of Köppen–Geiger [24], with an annual rainfall of 1020 mm.

2.1. Experimental Design and Substrates

Pineapple crop waste silage, corn silage, and Tifton 85 hay were used as forage
sources. These experimental feeds were chosen based on the variation in their chemical
composition. Corn silage contains approximately 30% dry matter (DM), and was considered
here as a baseline feed, silage from pineapple crop residue has close to 20% DM, and
Tifton 85 hay around 80% DM. The experiment was a completely randomized design in
a 3 × 10 factorial arrangement consisting of three types of forage (pineapple crop waste



Methane 2023, 2 346

silage (PS), corn silage (CS), and Tifton 85 hay (TH)) associated with concentrate (C)
(binary mixture) in 11 proportions, using triplicates of each combination. The adjusted
proportions for each forage (fresh feed) were as follows: 100% forage + 0% concentrate;
90% forage + 10% concentrate; 80% forage + 20% concentrate; up to the combination of
0% forage + 100% concentrate. In brief, 100-CS (100% corn silage); 90CS-10C (90% corn
silage + 10% concentrate); 80CS-20C (80% corn silage + 20% concentrate), and so on.

The concentrate consisted of 61.25% ground corn and 38.75% soybean meal, being the
same for all proportions. Table 1 shows the chemical composition of the feedstuffs used for
in vitro gas production measurements.

Table 1. Chemical composition of the forages and their combinations used in the study.

Substrate DM Ash CP CF NDF ADF LIG NFC LIG/NDF

Corn silage (CS)
100-CS 301.7 44.81 79.18 14.76 411.59 250.21 28.93 449.66 7.029

90CS-10C 365.39 44.77 95.22 33.41 378.64 230.09 26.46 447.96 6.987
80CS-20C 429.08 42.33 107.15 21.72 360.57 223.33 25.35 468.24 7.03
70CS-30C 492.77 35.45 123.04 39.33 317.69 196.97 22.91 484.48 7.213
60CS-40C 556.45 39.22 146.95 28.83 279.84 175.76 21.86 505.15 7.813
50CS-50C 620.14 35.22 160.36 23.41 255.36 156.8 18.82 525.65 7.37
40CS-60C 683.83 35.86 191.61 32.09 210.23 138.49 15.41 530.21 7.328
30CS-70C 747.51 37.19 189.18 24.17 187.96 120.17 17.56 561.49 9.341
20CS-80C 811.2 32.42 226.08 31.76 154.77 96.74 16.61 554.97 10.729
10CS-90C 874.89 33.99 222.68 28.32 106.86 66.77 6.44 608.14 6.027

SEM 57.847 1.338 15.767 2.096 30.446 18.2 1.964 15.728 0.407
Tifton hay (TH)

100-TH 867.4 66.59 48.01 15.09 777.85 417.55 52.05 92.45 6.691
90TH-10C 874.52 62.66 55.44 13.41 730.69 379.6 50.72 137.79 6.941
80TH-20C 881.63 57.68 85.63 15.43 634.96 334.15 41.38 206.3 6.517
70TH-30C 888.75 57.48 102.77 23.94 555.13 300.24 37.58 260.68 6.77
60TH- 40C 895.87 55.67 137.64 22.38 504.33 248.96 30.74 279.98 6.096
50TH-50C 902.99 50.42 166.13 15.79 431.9 235.7 29.1 335.76 6.737
40TH-60C 910.11 40.41 177.5 14.13 354.68 202.93 24 413.27 6.767
30TH-70C 917.22 40.78 195.59 24.45 266.55 171.49 20.42 472.62 7.659
20TH-80C 924.34 37.16 202.15 28.88 231.16 130.54 14.33 500.65 6.199
10TH-90C 931.46 36.59 224.27 25.59 155.92 86.16 8.35 557.63 5.354

SEM 6.465 3.319 19 1.708 64.022 32.275 4.403 47.333 0.181
Pineapple silage (PS) 1

100-PS 191.45 62.63 89.01 45.65 595.13 381.01 56.56 207.57 9.505
90PS-10C 266.17 56.07 105.2 33.05 502.25 334.11 50.02 303.43 9.959
80PS-20C 340.88 50.42 112 47 471.17 310.64 43.68 319.4 9.27
70PS-30C 415.59 47.19 123.77 49.13 411.53 290.04 41.72 368.38 10.138
60PS-40C 490.3 45.7 161.22 43.71 345.93 248.57 38.57 403.44 11.149
50PS-50C 565.01 43.11 163.56 32.29 355.23 213.06 26.72 405.81 7.522
40PS-60C 639.73 43.42 177.18 35.06 283.7 180.61 21.63 460.64 7.624
30PS-70C 714.44 40.79 200.2 34.62 229.59 138.99 21.18 494.79 9.225
20PS-80C 789.15 38.42 214.33 33.4 190.34 109.79 14.2 523.51 7.461
10PS-90C 863.86 37.75 227.35 29 143.64 81.92 9.37 562.27 6.524

SEM 67.861 2.374 14.492 2.178 43.436 30.244 4.777 32.848 0.442
100-Concentrate (C) 938.58 31.71 242.34 30.82 95.01 50.37 5.3 600.11 5.67

Soybean meal 869.04 66.38 485.64 18.86 122.51 47.42 5.86 306.62 4.78
Ground corn 856.3 11.01 84.93 31.54 77.3 24.12 8.16 795.23 10.562

SEM 20.877 13.188 95.167 3.356 10.739 6.777 0.716 115.941 1.468

1 Pineapple crop waste silage; SEM = standard error of the mean; DM = Dry matter; CP = Crude protein;
CF = Crude fat; NDF = Neutral detergent fiber; ADF = Acid detergent fiber; LIG = Lignin; NFC = Non-fiber
carbohydrates; and LIG/NDF = Amount of lignin in the fiber organic matter, all expressed as g/kg, except for
DM expressed as g/kg as-fed.

2.2. In Vitro Fermentation Procedure and Measurement of Gas Production (Assay 1)

Three cannulated sheep with a body weight of 45 kg (standard deviation = 3.2 kg)
were housed in collective stalls with a feeder and a drinker. Before rumen fluid collection,
sheep were acclimated to a diet with forages (50% TH + 50% PS) and concentrate (80:20
forage:concentrate ratio) for 14 days to meet the maintenance requirements. After this
period, rumen fluid collections began, before the daytime feeding, as recommended by [25].
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Rumen fluid (liquid and solid) was collected at various points of the liquid-solid
interface of the rumen environment for each incubation batch. Subsequently, the rumen
fluid was mixed in a blender for 30 s to homogenize the liquid and solid phases. Then,
the homogenized material was filtered through four layers of gauze into 2-L Erlenmeyer
flasks connected to a hose with CO2 and kept in a water bath previously heated to 39 ◦C.
The buffer solution used was [26], composed of NaHCO3 (9.80 g/L), anhydrous Na2HPO4
(3.71 g/L), KCl (0.57 g/L), NaCl (0.47 g/L), MgSO4 heptahydrate (0.12 g/L), and CaCl2
dihydrate (0.05 g/L). Feed samples (500 mg, standard deviation = 10 mg) were air-dried
and added to each amber culture flask (100 mL) together with 50 mL of the previously
prepared inoculum (1:4 ratio, ruminal fluid, and buffer solution, respectively, according
to [27]. The free space in the bottles was immediately saturated with CO2, the bottles were
sealed and placed in the water bath at 39 ◦C. In vitro incubations were conducted in two
consecutive runs, each involving triplicates of samples.

The time profiles of cumulative gas production were obtained using a non-automated
device. A 0 to 8 psi manometer (0.05 increments) was attached to a three-way plastic
valve. One of the ways was connected to a silicone tube (i.d. 5 mm; 1.5 m in length)
with a 20-gauge needle attached to the loose extremity of the tube. The second way was
attached to the manometer by a small piece of the silicone tube (i.d. 5 mm; 0.3 m in length)
and plastic clamps. The third way was connected by another silicone tube (i.d. 5 mm;
1.3 m in length) to the top of a graduated 25 mL pipette (0.1 mL increments), which had
its conical end connected to the stem of a separating funnel (1000 mL) by the same type
of silicone tube (i.d. 5 mm; 0.4 m in length). The funnel and pipette were attached to a
metal support stand in a vertical and static position. The connecting system was filled with
resazurin solution (0.1 g/L) to the zero mark of the pipette, i.e., allowed for atmospheric
pressure equilibration. The system was filled with caution in order to avoid the formation
of air bubbles. The gas pressure held in the airspace of the fermentation flask was read in
the manometer by inserting the 20-gauge needle of the loose extremity through the butyl
rubber stopper of the crimp-sealed flask, and the gas volume produced was read after
changing the position of the three-way valve to allow the top-down displacement of the
liquid inside the pipette. The objective of the loose extremity was to read the pressure and
volume without removing the bottle from the water bath. However, every day, bottles were
quickly removed from the incubation period to be slightly shaken in the early morning and
early evening to mix contents [28]. Pressure and volume were measured at times 0; 1; 2; 3;
4; 6; 8; 10; 12; 16; 20; 24; 30; 36; 48; 72; and 96 h hours after adding the ruminal inoculum.
Pressure and cumulative volume of the fermentation gases were obtained by adding the
readings corrected for the milestone in the subsequent times to the zero time.

2.3. Fermentation Parameters (Assay 2)

The pH and concentration of ammonia nitrogen (NH3-N) were measured 24 h after
incubation of samples in triplicates, in two consecutive runs. The content of each flask was
filtered through a triple layer of gauze into Falcon tubes, and pH was measured with a
digital potentiometer (MPA-210, Tecnopon, Piracicaba, Brazil). After measuring pH, an
aliquot was taken from each tube. The aliquot (10 mL) was used to determine NH3-N
concentration, with 1.0 mL of H2SO4 solution (500 mL/L) added to each tube, and they
were refrigerated (4 ◦C) for further analysis. The concentration of NH3-N of the ruminal
medium was determined by distillation with potassium hydroxide (2.0 N) without acid
digestion, according to [29].

A second aliquot was taken only at the 24-h time point in order to determine the
concentrations of volatile fatty acids (VFA). A solution of metaphosphoric acid 25% (w/v)
was added to the aliquot and frozen at −18 ◦C for further analysis. VFA were deter-
mined using High-Performance Liquid Chromatography (HPLC; YL9100 HPLC system
(Young Lin)), equipped with a Rezex RCM—Monosaccharide Ca2+ (8%) column and dimen-
sion of 300 × 7.8 mm. Ultra-pure water was used as a mobile phase with a 0.7 mL/min flow,
the column temperature was 60 ◦C, and a refractive index detector was used. Previously,
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a calibration curve was performed with a linearity interval of the analyzed compounds
between 0.5 and 1 g/L for butyric and acetic acids, and from 1 to 2 g/L for propionic acid.

2.4. Chemical Composition

Samples were analyzed for DM (AOAC 967.03; [30]), crude fat (CF; AOAC 2003.06; [31]),
and ash (AOAC 942.05; [30]). The crude protein content (CP; N × 6.25) was determined by
digesting the samples (0.25 g) in 100 mL tubes, using aluminum digestion blocks (accord-
ing to the guidelines described in methods AOAC 984.13 and AOAC 2001.11) containing
5 mL H2SO4 and 1 g of a mixture with a 56:1 ratio of Na2SO4 and Cu2SO4·5H2O, includ-
ing the recovery of N using NH4H2PO4 and lysine-HCl (AOAC 2019; [32]). The neutral
detergent fiber content was analyzed using sodium sulfite and two additions of a standard-
ized heat-stable amylase solution, excluding the ash, following method AOAC 2002.04
(aNDFom) [33]. The non-fiber carbohydrate (NFC) content was estimated as follows:
NFC (g/kg) = 1000− CP − CF − Ash − NDF. Acid detergent fiber (ADF) expressed
including residual ash and lignin (sa) were analyzed as described by [34].

2.5. Models and Calculations

Four models were used to estimate the cumulative gas production profiles, as shown below:

µVt = A×
(

1− exp(−kt)
)

(1)

µVt = A×
(

1− exp(−ct)
)

/
(

1 + K× exp(−ct)
)

(2)

µVt = A×
(

K−Kexp(−ct)
)

/(k− 1) (3)

µVt = A× tc/(tc + Kc) (4)

Equations (1)–(4) represent the monomolecular [35], logistic [36], Gompertz [36],
and generalized Michaelis-Menten [37] models, respectively. In the above equations, A
(mL/g DM) is the asymptotic volume of gas produced; k is the rate (1/h) of degradation of
the single pool; c is a constant that determines the sharpness of the curve; K is the time (h)
in which half of the substrate is degraded; and t is the incubation time.

According to [38], although the curvature is determined by parameters K and c,
parameter c is what determines the position of the inflection point. If c ≤ 1, the profile has
no inflection point (t ≥ 0). However, if the c value is > 1, the profile becomes sigmoidal as
the slope increases.

The gas production rate was estimated by the first derivative of the model that best
fits the data (Michaelis–Menten (Equation (4))), as described in Equation (5):

dy
dt

= A× (t (c−1) × c)/((tc + Kc)− (A× tc)×
(

t(c−1) × c
)
)/(
(

tc + Kc)2
)

(5)

The associative effects between forages and proportions on gas production were
evaluated using percentage differences between the observed and calculated values, as
shown in the following equation:

Difference(%) =

[
Observedvalue−Calculatedvalue

Calculatedvalue

]
× 100 (6)

2.6. Statistical Analysis

Data were subjected to exploratory analyses to eliminate outliers and the analysis of
variance (linearity, homocessance, and error normality). The gas production parameters
were estimated using the nlme function of the nlme package in R software (R Foundation for
Statistical Computing, Vienna, Austria). Homogeneous residual variance and continuous
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autoregressive variance were tested to measure the correlation between repeated measures
over time in each bottle (corCar1), as described by [39], using the nlme package of R.
The covariance structure and models were chosen using the corrected Akaike criterion
(AICc) [40,41].

Data were compared by Tukey’s test, adopting a significance level of 0.05, using the
nlme package in R software. Means were accompanied by the confidence interval (95% CI)
and presented as follows: y ± (Ur− Lr)/2, where y is the predicted response; and Ur
and Lr represent the upper and lower thresholds, respectively, as predicted in the 95%
confidence interval.

Pearson’s correlation coefficient was used to measure the degree of the linear relation-
ship between gas production kinetic parameters and chemical composition by applying the
PROC CORR procedure of SAS (SAS University Edition, SAS Institute Inc., Cary, NC, USA).

The following statistical model was used: Yijk = µ +αi + βj + (αβij) + rk + eijk, where Yijk
is the value observed for the variable under study, referring to replicate k of the combination
between level i of factor α and the level j of factor β; µ is the average of all experimental
units for the variable under study; αi is the effect of forage i (i = 1, 2, 3); βj is the effect of
concentrate j (j = 0, 1, 2, ... 10); rk is random run effects; (αβij) is the effect of the interaction
between the factors; and eijk is the error associated with observation Yijk.

A tendency was considered when 0.10 > p > 0.05.

3. Results

There were no interactions (p > 0.05) between the different forages on the gas produc-
tion kinetic parameters.

Crude protein was positively correlated (0.35; p = 0.050) with the asymptotic volume
of gas produced (A) and negatively correlated (−0.42; p = 0.019) with the time in which
half of the substrate is degraded (K). Neutral detergent fiber (−0.51; p = 0.003), ADF
(−0.52; p = 0.003) and lignin (−0.53; p = 0.002) were negatively correlated with parameter A;
however, parameter K showed a positive correlation with aNDFom (0.48; p = 0.006), ADF
(0.45; p = 0.011), and lignin (0.42; p = 0.020). Non-fiber carbohydrates showed an opposite
behavior, positively correlating with parameter A, and negatively with parameter K (0.70,
p < 0.001; −0.57, p = 0.008, respectively).

The model that showed the best fit of the data was the generalized Michaelis–Menten
model (Equation (4)) with continuous autoregressive variance (Table 2). For parameter A,
there was no difference (p = 0.059) between CS (100%) and its proportions; however, there
was a trend, as also occurred for the concentrate and its ingredients (p = 0.089). There was
also no difference in the PS (p = 0.464) for parameter A. In contrast, for TH, there was a
significant effect (p < 0.001). The TH (100%) produced the largest volume (p < 0.001) of gas,
at 31.95% (30.69/45.10 × 100), more than the 10TH-90C combination (Table 3). Parameter c
differed in all forages and proportions, as well as in the concentrate and its ingredients
(Table 3). Parameter c was less than 1 in all forages without a combination (100%) or
combined with 10% concentrate, except for CS (90CS-10C), where c was 1.0 (Table 3).
Parameter K differed in all forages and their proportions as well as in the concentrate and
its ingredients (Table 3). This parameter exhibited the same behavior as parameter c, i.e., in
forages without a combination (100%) or combined with 10% concentrate, it took longer for
half of the substrate to be degraded (Table 3). Among the ingredients, ground corn took
about 33.7% longer than soybean meal for half of its substrate to be degraded (Table 3).
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Table 2. Likelihood of the models fitted to gas production kinetic parameters.

Model AICc ∆r Wr ERr

Brody, Hom. var. 403.43 191.61 2.4 × 10−42 4.1 × 1041

Brody, corCar1 218.77 6.96 0.03 32.4
Gompertz, Hom. var. 478.36 266.55 1.3 × 10−58 7.6 × 1057

Gompertz, corCar1 268.93 57.12 3.8 × 10−13 2.5 × 1012

Logistic, Hom. var. 300.13 88.32 6.4 × 10−20 1.5 × 1019

Logistic, corCar1 223.35 11.53 3.0 × 10−03 318.9
Michaelis-Menten, Hom. var. 372.13 160.32 1.5 × 10−35 6.5 × 1034

Michaelis-Menten, corCar1 211.82 0.0 0.97 1.0

Hom. var. = homogeneous residual variances; corCar1 = Autoregressive variance; AICc = corrected Akaike
information criterion of model r; ∆r = difference between AICc and the minimum AICc in the set of all models
tested; Wr = likelihood probability of model r; ERr = evidence ratio against model r.

Table 3. Confidence intervals (95% CI) for gas production kinetic parameters of corn silage, Tifton
hay, and pineapple crop waste silage incubated as single forage and combined with concentrate.

Substrate A Lower Upper c Lower Upper K Lower Upper

Corn silage (CS)
100-CS 32.81 29.01 36.61 0.95 j 0.87 1.03 20.67 a 17.22 24.12

90CS-10C 25.17 21.59 28.75 1.00 i 0.91 1.10 16.15 b 13.43 18.87
80CS-20C 31.09 27.57 34.62 1.07 h 0.99 1.15 15.18 c 13.36 17.00
70CS-30C 28.49 25.01 31.97 1.13 f 1.04 1.22 14.75 d 13.02 16.49
60CS-40C 30.85 27.37 34.33 1.10 g 1.02 1.18 13.67 e 12.15 15.19
50CS-50C 30.54 27.10 33.97 1.17 e 1.09 1.25 12.72 f 11.46 13.97
40CS-60C 30.17 26.74 33.59 1.18 d 1.09 1.26 12.29 g 11.09 13.50
30CS-70C 30.80 27.40 34.20 1.24 c 1.16 1.33 12.00 gh 10.95 13.05
20CS-80C 31.57 28.17 34.96 1.28 b 1.19 1.37 12.09 g 11.11 13.08
10CS-90C 30.86 27.49 34.23 1.40 a 1.30 1.49 11.74 h 10.89 12.59

p-value 0.059 <0.001 <0.001
Tifton hay (TH)

100-TH 45.10 a 31.12 59.07 0.71 j 0.61 0.81 117.54 a 22.59 212.49
90TH-10C 30.24 bc 25.46 35.02 0.85 i 0.75 0.95 34.73 b 23.58 45.87
80TH-20C 25.23 d 21.54 28.93 1.01 g 0.90 1.12 19.91 d 16.18 23.65
70TH-30C 27.36 bcd 23.64 31.09 1.00 h 0.90 1.10 20.35 c 16.71 24.00
60TH-40C 25.98 cd 22.44 29.52 1.05 d 0.96 1.15 15.49 f 13.19 17.79
50TH-50C 26.17 bcd 22.58 29.76 1.04 f 0.94 1.14 16.97 e 14.29 19.65
40TH-60C 28.82 bcd 25.31 32.34 1.05 e 0.97 1.14 14.22 g 12.36 16.07
30TH-70C 30.09 bc 26.63 33.55 1.13 c 1.05 1.22 13.40 h 11.96 14.84
20TH-80C 30.44 bc 26.99 33.89 1.14 b 1.06 1.23 13.31 i 11.92 14.69
10TH-90C 30.69 b 27.28 34.10 1.24 a 1.16 1.33 12.61 j 11.50 13.72

p-value <0.001 <0.001 <0.001
Pineapple silage (PS) 1

100-PS 24.59 20.75 28.43 0.94 j 0.84 1.05 21.52 a 16.54 26.49
90PS-10C 26.14 22.40 29.88 0.96 i 0.86 1.06 19.38 b 15.53 23.23
80PS-20C 27.12 23.48 30.75 1.00 h 0.91 1.10 17.68 c 14.72 20.64
70PS-30C 27.26 23.71 30.80 1.05 g 0.96 1.15 15.77 d 13.51 18.04
60PS-40C 24.75 21.26 28.23 1.06 f 0.96 1.15 13.19 ef 11.27 15.12
50PS-50C 27.92 24.46 31.38 1.12 d 1.03 1.21 13.42 e 11.84 14.99
40PS-60C 29.09 25.63 32.54 1.12 e 1.03 1.20 12.99 f 11.53 14.46
30PS-70C 28.59 25.19 31.99 1.22 c 1.13 1.31 11.61 g 10.49 12.73
20PS-80C 29.51 26.12 32.91 1.24 b 1.15 1.33 11.62 g 10.56 12.67
10PS-90C 20.45 17.10 23.80 1.31 a 1.20 1.42 10.71 h 9.62 11.79
p-value 0.464 <0.001 <0.001

100-Concentrate (C) 28.92 25.55 32.30 1.35 a 1.25 1.44 11.94 b 10.97 12.92
Soybean meal 24.97 21.55 28.39 1.09 c 1.00 1.18 10.17 c 8.86 11.49
Ground corn 31.04 27.64 34.43 1.41 b 1.30 1.51 15.34 a 14.20 16.48

p-value 0.089 <0.001 <0.001

1 Pineapple crop waste silage; A: asymptotic volume of gas produced (mL/g incubated DM), c : constant that
determines the curve sharpness, K : time in which half of the substrate is degraded (h), PS: Pineapple crop waste
silage. Means followed by different letters are significantly different at p < 0.05.
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There was a difference in gas production at 24 h (V24) for CS and TH and their
proportions (p < 0.001). On average, CS produced 17.53% more gas than TH. In the PS and
its proportions, this variable did not differ (p = 0.133), which was also observed for the
concentrate and its ingredients (p = 0.075). TH alone (100%) and up to the combination
of 80TH-20C did not differ in terms of V24. In CS, however, differences only occurred in
proportions with over 50% concentrate (50CS-50C). Gas production at 48 h (V48) followed
the same trend as V24. The fractional rate of gas production at half-life (µ0.5) differed
(p < 0.05) between the forages and their proportions. As the concentrate levels in the
proportions were increased, µ0.5 decreased, regardless of the forage source (Table 4).

Table 4. Gas production kinetics of corn silage, Tifton hay, and pineapple crop waste silage incubated
as single forage and in combinations with concentrate.

Substrate V24 V48 µ0.5 (/h) AF (%)

Corn silage (CS)
100-CS 17.57 ± 0.83 bc 9.83 ± 2.47 bc 9.83 ± 2.47 a −0.7 ± 0.37 b

90CS-10C 15.05 ± 1.35 c 8.09 ± 2.13 c 8.09 ± 2.13 c −2.17 ± 1.42 b

80CS-20C 19.29 ± 1.52 abc 8.13 ± 1.60 abc 8.13 ± 1.60 bc −0.25 ± 0.45 b

70CS-30C 18.06 ± 1.63 abc 8.32 ± 1.66 abc 8.32 ± 1.66 b −1.76 ± 0.22 b

60CS-40C 20.04 ± 1.72 abc 7.51 ± 1.39 abc 7.51 ± 1.39 e 0.23 ± 0.55 b

50CS-50C 20.69 ± 1.91 ab 7.44 ± 1.27 ab 7.44 ± 1.27 e 1.58 ± 1.03 b

40CS-60C 20.73 ± 1.97 ab 7.23 ± 1.23 ab 7.23 ± 1.23 f 1.84 ± 1.18 ab

30CS-70C 21.65 ± 2.07 ab 7.46 ± 1.17 ab 7.46 ± 1.17 e 3.29 ± 3.15 ab

20CS-80C 22.29 ± 2.1 a 7.74 ± 1.15 a 7.74 ± 1.15 d 5.11 ± 8.33 ab

10CS-90C 22.56 ± 2.25 a 8.21 ± 1.15 a 8.21 ± 1.15 bc 9.89 ± 1.35 a

p-value <0.001 <0.001 <0.001 0.003
Tifton hay (TH)

100-TH 10.99 ± 3.63 f 15.59 ± 2.75 d 41.88 ± 39.67 a 0.17 ± 3.75
90TH-10C 12.75 ± 0.27 ef 17.20 ± 0.91 cd 14.83 ± 6.48 b 1.24 ± 0.89
80TH-20C 13.8 ± 0.96 def 17.89 ± 2.12 cd 10.07 ± 2.96 c 2.79 ± 2.14
70TH-30C 14.81 ± 0.91 de 19.21 ± 2.07 bc 10.18 ± 2.83 c 1.99 ± 0.76
60TH-40C 15.94 ± 1.46 cd 19.93 ± 2.49 bc 8.16 ± 1.97 e 2.17 ± 1.22
50TH-50C 15.42 ± 1.29 cd 19.54 ± 2.37 bc 8.81 ± 2.23 d 2.31 ± 2.13
40TH-60C 18.28 ± 1.60 bc 22.55 ± 2.58 ab 7.47 ± 1.58 g 0.67 ± 0.31
30TH-70C 19.83 ± 1.79 ab 24.35 ± 2.73 a 7.59 ± 1.38 g 2.23 ± 1.73
20TH-80C 20.17 ± 1.81 ab 24.74 ± 2.75 a 7.61 ± 1.38 g 2.15 ± 1.02
10TH-90C 21.18 ± 2.0 a 25.8 ± 2.89 a 7.84 ± 1.25 f 4.84 ± 2.15

p-value <0.001 <0.001 <0.001 0.659
Pineapple silage (PS) 1

100-PS 12.93 ± 0.75 16.74 ± 1.90 10.16 ± 3.50 a 0.44 ± 0.91 b

90PS-10C 14.41 ± 0.96 18.42 ± 2.08 9.30 ± 2.80 b 0.31 ± 20.55 b

80PS-20C 15.62 ± 1.17 19.83 ± 2.26 8.86 ± 2.32 c 0.77 ± 1.19 b

70PS-30C 17.8 ± 1.71 21.71 ± 2.69 8.30 ± 1.92 d 9.54 ± 4.81 b

60PS-40C 16.16 ± 1.73 19.72 ± 2.65 6.97 ± 1.65 h 1.47 ± 0.56 b

50PS-50C 18.37 ± 1.78 22.54 ± 2.72 7.54 ± 1.49 e 1.88 ± 1.03 b

40PS-60C 19.35 ± 1.82 23.61 ± 2.74 7.27 ± 1.38 f 2.08 ± 1.17 b

30PS-70C 20.25 ± 2.10 24.19 ± 2.93 7.08 ± 1.21 gh 3.54 ± 2.28 b

20PS-80C 20.99 ± 2.12 25.19 ± 2.95 7.22 ± 1.17 fg 3.96 ± 2.33 b

10PS-90C 15.17 ± 2.31 17.93 ± 3.01 7.00 ± 1.30 h 57.29 ± 20.97 a

p-value 0.133 0.279 <0.001 0.003
100-concentrate (C) 20.8 ± 2.18 25.07 ± 3.01 8.04 ± 1.24 b

Soybean meal 17.93 ± 2.13 21.08 ± 2.88 5.54 ± 1.17 c

Ground corn 20.24 ± 1.80 25.84 ± 2.88 10.78 ± 1.57 a

p-value 0.075 0.073 <0.001
1 Pineapple crop waste silage; V24 and V48: gas production at 24 and 48 h, respectively (mL/g incubated DM);
µ0.5: fractional rate of gas production at half-life (c / 2K) expressed in (/h); AF: associative effects (%). Means
followed by different letters are significantly different at p < 0.05.
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Regarding VFA, pH, and NH3-N, no interaction effect was observed between forage
sources and concentrate ratios (p > 0.05) (Figure 1). The HAc showed a higher concentration
in Tifton hay (p < 0.0001) than in silages of corn and pineapple crop waste. In contrast,
HPr (p = 0.011) and HBu (p = 0.007) had higher concentrations in Tifton hay than in corn
silage and pineapple crop waste silage (Figure 1). The inclusion of concentrate decreased
the HAc in the forage sources. However, this behavior was contrary for HPr and HBu, with
increasing inclusion of concentrate (Figure 1A–C). The pH was not affected by the forage
sources (p = 0.398) nor by the inclusion of concentrate (p = 0.645) (Figure 1D). However, the
NH3-N was affected by forage sources (p < 0.001) and/or by the inclusion of concentrate
(p < 0.001) (Figure 1E).
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Figure 1. Volatile fatty acids, pH, and ammonia nitrogen of corn silage, Tifton hay, and pineapple crop
waste silage incubated as single forage and in combinations with concentrate. 100F = 100% forage;
90F-10C = 90% forage and 10% concentrate; 50F:50C = 50% forage and 50% concentrate; and 10F-90C
10% forage and 90% concentrate. Panel (A) Acetic acid; (B) Propionic acid; (C) Butyric acid; (D) pH;
(E) Ammoniacal nitrogen.
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As for the associative effect on gas production between the forages and their pro-
portions, there was an effect of the combination between forage and concentrate for the
silages of corn (p = 0.003) and pineapple crop waste (p = 0.003). However, no effect was
detected for TH (p = 0.659). Negative and positive associative effects were found in silages
of corn and pineapple crop waste and their proportions, with 10CS-90C and 10PS-90C,
respectively, showing a positive associative effect on gas production (Table 4). The direction
of the associative effects—negative or positive—changed throughout the incubation time
(Figure 2).
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Figure 2. Associative effects of corn silage (A), Tifton hay (B), and pineapple crop waste silage (C)
incubated as single forages and in combinations with concentrate. The associative effects between
forages and proportions on gas production were evaluated using percentage differences between the

observed and calculated values Difference(%) =
[

Observedvalue−Calculatedvalue
Calculatedvalue

]
× 100.

4. Discussion

In the present study, the cumulative gas production profiles varied according to
the different forages and their proportions (Figure 1). This fact can be explained by the
different chemical compositions of the incubated substrates and the carbohydrate fraction
contents of each forage [42]. According to [43], in the initial phase of incubation, ruminal
microorganisms hydrate, attach to, and colonize the substrate. These phenomena are related
to the fermentation of soluble carbohydrates, a rapidly fermentable fraction of the substrate
(where CA1 are volatile fatty acids; CA2 is lactic acid; CA3 are other organic acids; CA4 are
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sugars; CB1 is starch; and CB2 is soluble fiber (pectin)), as described by [44]. Then, to the
potentially degradable fraction, represented by neutral detergent fiber (CB3), and, finally,
the phase in which cumulative gas production decreases up to zero (asymptotic phase).

Among the forages, 100-TH showed the highest asymptotic cumulative gas production
(Table 3), due to its greater potentially degradable fraction (aNDFom) content. This can be
demonstrated by the amount of lignin in the fiber organic matter (LIG/aNDFom), which
was 4.80% lower than in CS and 29.60% lower than in PS (Table 1). Phenolic compounds
interfere with the digestion of carbohydrates through fixation mechanisms. The p-coumaric
acid can be complexed with cellulose, inhibiting its degradation, and some studies show
that p-coumaric acid can also interfere with bacterial growth [45,46]. However, CS had an
asymptotic cumulative gas production (Table 3) intermediate to those of TH and PS, which
was mainly due to the amount of NFC in the substrate (Table 1).

Asymptotic gas production in PS was lower than in the other forages (Table 3). There
was possibly a greater use of substrates for microbial synthesis in this silage since this
feedstuff is rich in pectin and its fermentation contributes to the formation of acetate, which
translates into greater enteric gas production (CH4, mainly). The production of acetate
(Figure 1A), which predominates in the fermentation of fiber carbohydrates, results in
a net release of H2, favoring methanogenesis. Efficient removal of H2 is of paramount
importance to increase the fermentation rate, eliminating the inhibitory effect of H2 on the
microbial degradation of carbohydrates [6,47].

The cumulative volume of gas produced (mL/g DM) was greatest in the proportions
with 90% concentrate (Figure 3B,D). This may be due to two factors. One is the higher
crude protein content in these proportions, as the greater availability of crude protein
in the diet allows for greater microbial activity as it is not a limiting factor. For [48,49],
crude protein below 70 g/kg may restrict microbial activity due to the lack of nitrogen.
The second factor that possibly contributed to the increasing cumulative gas volume in
these proportions was the lower levels of undegradable fiber fraction (CC, unavailable
aNDFom) and consequent greater availability of fermentable carbohydrates in the rumen.
However, [18] mentioned that the effect of aNDFom fermentation becomes less important
as its levels in proportions decrease due to the increase in NFC, resulting in the formation
of propionate in the rumen [9–11]. This leads to a change in the cumulative gas production
profile, with a greater rate of degradation that causes a fermentation peak (Figure 3B,D). The
50PS-50C combination produced more gas than the 90PS-10C and 10PS-90C proportions
(Figure 1F). In this case, in addition to maximizing microbial synthesis, the amount of
soluble carbohydrates in 50PS-50C made carbohydrates available for fermentation. On
the other hand, the lower gas production in the 90PS-10C and 10PS-90C proportions
was likely affected by the chemical composition of these substrates (lignin in 90PS-10C
[50.02 g/kg], and NFC in 10PS-90C [562.27 g/kg]) (Table 1). Another fact that may explain
the lower gas production in the combination with 90% concentrate (Figure 3F) was the
greater production of propionate from the fermentation of starch, which resulted in less
gas generated due to the absence of CO2 production [11]. Propionate is formed from a
competitive pathway of H2 utilization in the rumen, since both pathways are electron
accepting. In propionate formation, pyruvate is reduced to propionate in one of two multi-
step pathways (succinate and/or acrylate), while in H2 formation, protons (H+) are reduced
to H2. Therefore, increases in propionate formation are strongly associated with decreases
in CH4 production [6,9,11,50].
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Figure 3. Profiles of cumulative gas production and gas production rates of corn silage, Tifton hay, and
pineapple crop waste silage incubated as single forages and in combinations with concentrate. Panel
(A) corresponds to 100% corn silage (N) and 100% concentrate (�) and predicted (solid and dashed
lines); (B) corresponds to 10:90 (�); corresponds to 50:50 (•), and 90:10 corn silage: concentrate (N)
and predicted (solid and dashed lines); (C) corresponds to 100% Tifton hay (N) and 100% concentrate
(�) and predicted (solid and dashed lines); (D) corresponds to 10:90 (�); corresponds to 50:50 (•),
and 90:10 Tifton hay: concentrate (N) and predicted (solid and dashed lines); (E) corresponds to
100% pineapple crop waste silage (N) and 100% concentrate (�) and predicted (solid and dashed
lines); (F) corresponds to 10:90 (�); corresponds to 50:50 (•), and 90:10 pineapple crop waste silage:
concentrate (N) and predicted (solid and dashed lines).



Methane 2023, 2 356

Gas production rates peaked in the first hours of incubation, with the greatest values
occurring in TH (above 2.0 mL/h). Nonetheless, this forage exhibited the lowest final rate
(Figure 1C), unlike CS, whose initial gas production was less than 2 mL/h and turned
into a final rate of 0.6 mL/h (Figure 3A). According to [51], this is because starch increases
lag time, which suggests that the starch present in grains of CS does not reduce the
digestibility of fiber, but reduces the fermentation rate, as illustrated in Figure 3A. As shown
in Figure 3B,D,F, the gas production rates of the proportions involving 50% concentrate
were greater than with 10% and 90% concentrate, except for the proportions with Tifton
hay, in which the highest rate was observed with 90% concentrate. In this case, the
addition of soluble carbohydrates (starch, mainly) provided more energy for the rumen
microorganisms. In silages of corn and pineapple crop waste, on the other hand, this was
probably due to the greater content of starch (CB1) and pectin (CB2), respectively.

Parameter c increased (p < 0.05) with the inclusion of concentrate in the proportions of
all forages (Table 3). For [52], a non-sigmoidal shape indicates that the rate of gas production
is continuously decreasing, whereas a sigmoidal shape denotes that the gas production
rate first grows, then reaches its peak and declines thereafter, which may suggest a greater
microbial activity during the early stages of incubation.

Gas production values at 24 h are commonly related to the metabolizable energy
of the feed or feed proportions [53,54]. By analyzing the cumulative gas production at
24 h of the forages (100%), CS produced 37.45% (10.99/17.57 × 100) more gas than TH
and 26.41% (12.93/17.57 × 100) more than PS (Table 4). For [19], this is due to the starch
content present in grains of CS, which would probably reach maximum fermentation in
the first hours of incubation, since the cell wall constituents (cellulose and hemicellulose)
have a slower degradation. As can be seen in Table 4, increasing concentrate contents in
the proportions induced an increase in gas production at 24 h. Despite not statistically
significant, this behavior was observed for CS and TH, indicating that the inclusion of a
soluble-carbohydrate source can improve fiber digestion. However, the reduction in gas
volume in 24 h may have been due to the increased formation of propionate resulting from
the great starch content of this material. The same response in gas volume seen at 24 h
occurred at the incubation time of 48 h (Table 4).

The µ0.5 represents the time microorganisms take to utilize half of the substrate. In
the present study, the increasing concentrate levels in the proportions (Table 4) induced a
reduction in this variable due to the increased amount of nutrients available for microbial
synthesis, and, consequently, larger gas volumes at 24 h and 48 h (Table 4). In the early
stages of incubation, µ0.5 is likely to increase because the microbial population needs to
multiply and colonize the substrate to form a “biofilm” [55,56]. The same behavior is
observed for parameter K (time in which half of the substrate is degraded [h], Table 3). TH
had a very high K value (117.54), with a µ0.5 rate of 41.88 mL/g DM/h, due to the greater
aNDFom content (CB3 fraction) (Lanza et al. 2007).

For [57,58], VFA concentration in the rumen is affected by the forage source, and this is
observed in the present study (Figure 1A–C). The VFA concentration varied between forage
sources, e.g., when analyzing forages without the inclusion of concentrate (100-CS, 100-TH,
and 100-PS), acetic acid showed a higher concentration in Tifton hay than in the silages.
The propionic acid was higher in silages than in Tifton hay (Figure 1B). The availability
of carbohydrates can explain this result. Tifton hay contains a high amount of potentially
degradable fraction, represented by neutral detergent fiber (CB3). In comparison, silages
have a high proportion of soluble carbohydrate fraction (CB1 [starch] and CB2 [pectin], re-
spectively). However, high proportions of forage increased the concentration of acetic acid
due to the high NDF digestibility (Figure 1A). The propionic acid concentration increased
as concentrate inclusion increased, and acetic acid decreased (Figure 1B). According to [59],
VFA directly affects ruminal pH. However, when evaluating the pH (Figure 1D), we did
not observe any value below 6.4 because of the buffering capacity of sodium bicarbonate
in the buffer solution, as reported by [60]. Regarding N-NH3, the inclusion of concentrate
increased (p < 0.001) N-NH3 concentration in corn silage (Figure 1E), and the 10CS:90C
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ratio had a sharp increase. The addition of readily available carbohydrates (starch) in corn
silage can produce varying effects on ruminal fermentation. The inclusion of starch sources
in a diet can increase DM digestibility. However, it can negatively affect ruminal fermen-
tation, such as a decrease in the total VFA concentration and an increase in the N-NH3
concentration [61], which was also observed in our study. The N-NH3 concentration is
inversely related to carbohydrate availability [62,63]. However, for [63], fiber carbohydrate
fermenting bacteria exclusively use ammonia as a nitrogen source (N). So, the increased
growth of these bacteria may have contributed to the decrease in ammonia concentration
in the silage of pineapple crop waste and Tifton hay (Figure 1E).

Studies on associative effects were based on the assumption that feeds behave similarly
when evaluated alone or mixed [19,64,65]. Associative effects may be positive or negative
and are known as effects of supplementation, which can be greater or lesser than expected
from the content of individual feedstuffs [19]. In our study, we observed a negative
associative effect (p = 0.003) in CS (100%) and CS with up to 30% concentrate (Table 4).
This finding was likely due to the change in microbial activity (directly related to losses
in fermentation efficiency), which affected the rate of gas production (Figure 1B) and
caused µ0.5 to increase (Table 4); this was also described by [65]. For [17,66], amylolytic
and cellulolytic bacteria compete for essential nutrients, especially nitrogen, and when
there is an increase in the supply of starch in the rumen, amylolytic bacteria are favored
over cellulolytic bacteria, as starch is fermented much more quickly than fibers. However,
positive associative effects were identified in proportions with over 40% concentrate, as
shown in Table 4. The inclusion of concentrates can improve the ruminal environment
for cellulose degradation, especially when protein or a limiting nutrient is supplemented.
Another aspect to be taken into account, as it may have benefits for rumen function, is
the synchronization of the release and proportional balance between energy and nitrogen
present in the rumen. If nitrogen utilization is deficient, there may be a reduction in
carbohydrate digestibility, and if carbohydrate is insufficient, part of the degraded protein
is lost as ammonia. In this way, the synchronization of nitrogen and energy release may
become an important factor for the optimization of rumen function. These associative
effects (p = 0.003) were present in the PS (Table 4), whereas in TH, these effects were
non-significant (p = 0.659).

As also observed by [19], the associative effects (negative and positive) on gas pro-
duction were more pronounced in the first 12 h of incubation and declined as incubation
time increased (Figure 2). According to [19], in vitro measurements may be subject to some
influences, e.g., starch, which can be fermented (almost in its entirety) in the first hours
of incubation. However, in vivo, starch never disappears completely in the rumen, and
its fermentation may have a relatively constant negative effect on the fermentation of the
aNDFom content. After 24 h of incubation, the associative effects had a marked reduction
in silages of corn and pineapple crop waste unlike in Tifton hay, which may be an indication
of delayed fiber digestion.

5. Conclusions

In forages with low dry matter contents and great levels of soluble carbohydrates
(starch (fractions CB1) and pectin (CB2)), i.e., silages of corn and pineapple crop waste, re-
spectively, the concentration of acetic acid is reduced, and of propionic acid is increased, and
consequently, gas production is lower. Nevertheless, gas production was the greatest for
forage with high dry matter and potentially degradable fraction (aNDFom [fraction CB3])
contents, i.e., Tifton hay. The inclusion of concentrate did not affect gas production in corn
and pineapple crop waste silages.

The associative effect on in vitro gas production was more pronounced in the first
12 h of incubation, but the extent of this effect varies according to the soluble carbohydrate
content of the forage of the diet.
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