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ARTICLE INFO ABSTRACT

Keywords: Rumen modifiers play a crucial role in minimizing dietary energy loss for finishing lambs. This study endeavors

Rumen modifier, Fermentation to assess nutrient digestibility, in vitro gas production, productive performance, and carcass characteristics in

Carcass finishing lambs through the incorporation of three rumen fermentation modifiers (monensin sodium, calcium

Feed mta%(e malate, and essential oils). Thirty-five four-months-old Pelibuey lambs of 23.6 kg + 3.2 were assigned to a

Phytogenics . . X . . . .
completely randomized block design to evaluate five diets: control (CON, without rumen modifier), monensin
sodium (MON, 25 g/t); calcium malate (MAL, 2.5 kg/t), essential oils (EO, 150 g/t); and EO (150 g/t) plus MON
(25 g/t). Daily feed intake, average daily weight gain, feed conversion ratio, dorsal fat thickness, rib eye area,
ruminal pH, and chewing time did not differ among the diets. Notably, feed efficiency trend to be superior (P =
0.07) in the EO lambs, showing a 15.31 % and 17.28 % increase versus CON and MON diets, respectively. Dry
matter intake in g/kg®”° was highest (P < 0.05) in MAL lambs by 23 % higher than lambs fed on diets added with
EO and MON. The control diet (i.e., CON) exhibited the lowest (P < 0.05) in vivo dry matter digestibility
compared to all other diets. Additionally, there was a trend (P = 0.056) towards reduced crude protein di-
gestibility in CON diet. The inclusion of EO led to a higher (P < 0.05) proportion of ruminal acetic acid and a
decrease (P < 0.05) in propionic acid versus the CON diet. The observed effects can be attributed to the anti-
microbial activity of EO, specifically their secondary metabolites, which demonstrate antimicrobial properties.
This underscores their potential in addressing concerns related to antibiotic use. Compared to MON, dietary
inclusion with EO improves feed efficiency, with no notable effects on average daily gain, final weight, or the
investigated carcass characteristics. The EO supplementation emerges as a practical alternative to antibiotic
ionophore monensin for enhancing feed efficiency in finishing feedlot lambs.

1. Introduction efficiency of sheep farms dedicated to lamb meat production (Galvani
et al.,, 2014). In this context, rumen development, health, and func-

Growth performance and the time required from birth to slaughter tionality are key factors for maximizing the productive performance and
weight are crucial factors determining the productive and economic profitability of sheep meat production enterprises (McGrath et al.,
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2018). Ruminal acidosis is an economically significant condition in ru-
minants fed high-energy diets, with subacute ruminal acidosis affecting
up to 26 % of feedlot sheep. Prevention strategies include gradual
adaptation to high-concentrate feeds, maintaining adequate dietary
fiber, and supplementation with buffers or other feed additives that
stabilize ruminal pH and improve fermentation (Hernandez et al.,
2014). Rumen fermentation manipulation can be achieved through
substances that alter its microbiota, such as ionophores, these substances
modify metabolic activity and the proportion of specific microorganisms
affecting Gram-positive bacteria (Elghandour et al., 2024). The use of
new technologies, including additives, has become commonplace in
fattening farms. However, feed additives do not provide specific nutri-
ents such as energy, proteins, or minerals, but improve nutrient utili-
zation by reducing digestive disorders, minimizing energy loss in
microbial metabolic processes, and promoting efficient microbial pop-
ulations (Elghandour et al., 2024).

Historically, antibiotics have been included as additives in ruminant
diets to manipulate the rumen microbiome and optimize digestion and
nutrient utilization (Carberry et al., 2014). However, the extended use of
antibiotics, such as monensin sodium, is not recommended due to the
formation of antimicrobial resistance and the generation of “superbugs”
from excessive use of antibiotics in feeds for animals intended for human
consumption (Gonzalez-Momita et al., 2009), and prophylactic antibi-
otics are being banned by more and more countries. Consequently,
ongoing research must validate and provide alternative options to
enhance fermentation efficiency with effects equal to or greater than
antibiotics (Michalak et al., 2021). Monensin sodium is an ionophore
that has been widely used to improve feed efficiency in ruminants. It acts
by altering ion transport across cell membranes, leading to shifts in
rumen microbial populations and fermentation patterns (Besharati
et al., 2021; Rodriguez et al., 2023). Monensin supplementation typi-
cally increases propionate production, reduces methane emissions, and
improves the feed conversion ratio in lambs (Zhang et al., 2021). Cal-
cium malate is an organic acid salt that can serve as an alternative to
antibiotics for manipulating rumen fermentation. It acts as an electron
sink, promoting propionate production and potentially reducing
methane formation (Carro et al., 2006). Supplementation with calcium
malate has been shown to increase nutrient digestibility and improve
growth performance in lambs fed high-concentrate diets (Mungoi et al.,
2012). Essential oils (EO) have emerged as a significant group of phy-
togenic feed additives, gaining attention as potential alternatives to
antibiotics in animal production (Elghandour et al., 2018). These
bioactive compounds are characterized by their strong aromatic prop-
erties and diverse biological activities. The EO have a long history of use
in various applications, including traditional medicine, food preserva-
tion, and aromatherapy. In recent years, their potential as natural feed
additives, growth promoters, and antimicrobials in livestock production
has been extensively investigated (Asghari et al., 2021). The growing
interest in EO stems from increasing consumer demand for natural
products and the need to reduce antibiotic use in animal husbandry
(Simitzis, 2017). Research has demonstrated that EO can positively in-
fluence animal health, performance, and product quality when used as
feed additives (Hashemipour et al., 2013; Asghari et al., 2021). How-
ever, EO possess antimicrobial properties that can modulate rumen
fermentation, enhance protein metabolism, decrease methane produc-
tion, and improve animal performance (Salem et al., 2014; Hernandez
etal., 2017). For example, supplementation with thyme essential oil has
been shown to increase average daily gain and improve feed efficiency
in lambs (Ribeiro et al., 2020), while the addition of thymol and
carvacrol have been shown to decrease acetate:propionate ratio and
ammonia production in vitro (Castillejos et al., 2006). However, the
effects can vary depending on the type and dose of EO used. Addition-
ally, some phytogenics (natural growth promoters derived from herbs,
spices, or other plants) could be toxic to ruminal microbiota due to their
antimicrobial and "anti-nutritional" effects at high doses (El-Gindy et al.,
2021). While these rumen modifiers have shown promise individually,
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limited research has directly compared their effects, particularly in
high-concentrate diets typical of intensive ruminant production. Addi-
tionally, potential interactions between different modifiers when used in
combination warrant further investigation. It was hypothesized that the
combination of monensin and essential oils would have synergistic ef-
fects on rumen fermentation and animal performance, potentially
allowing for reduced monensin inclusion rates while maintaining or
improving production outcomes. Therefore, this study aimed to evaluate
the effects of monensin sodium, calcium malate (E352), and a com-
mercial essential oil blend, both individually and in combination, on
rumen fermentation, nutrient digestibility, and growth performance of
finishing lambs fed a high-concentrate diet. Hence, this study aims to
analyze nutrient digestibility, in vitro gas production, productive per-
formance, and carcass characteristics of finishing lambs in the presence
of three rumen fermentation modifiers (monensin sodium, calcium
malate (E352), and essential oils) to generate information that validates
their use.

2. Materials and methods
2.1. Location and climate conditions of the studied region

The study was carried out in the experimental farm of the Chapingo
Autonomous University, Mexico, with a latitude 19°29°05” N, and
longitude 98°53°112” O. Located 2250 m above sea level, with an
annual average temperature of 17.2° C and an annual average precipi-
tation of 598 mm concentrated from May to September. The animals
used in this study were handled according to NOM-062-ZOO 1999
“Technical specifications for the production, care, and use of laboratory
animals” (NOM is the national standard).

2.2. Animals and treatments

Thirty-five four-month-old Pelibuey lambs, 20 females, and 15
males, with an initial body weight of 23.6 + 3.2 kg, were randomly
assigned into five treatments (4 females and 3 males) with a randomized
complete block design, the blocking criteria was the weight. The diet fed
during the experimental period was formulated for a gain of 300 g per
day according to the National Research Council (NRC, 2007). Diet

Table 1
Ingredients and chemical composition of the evaluated diets.
Ingredients (g/kg) Diets”
CON MON MAL EO EO+MON

Maize forage 150.0 150.0 150.0 150.0 150.0
Ground maize 300.0 300.0 300.0 300.0 300.0
Soybean meal 54.4 54.4 58.2 58.1 58.1
Ground sorghum 282.2 282.2 293.9 291.1 291.1
Maize gluten 55.0 55.0 55.0 55.0 55.0
Wheat bran 58.4 58.4 42.9 45.8 45.8
Bypass fat 11.0 11.0 11.0 11.0 11.0
Cane molasses 51.0 51.0 51.0 51.0 51.0
Urea 6.0 6.0 6.0 6.0 6.0
Calcium carbonate 11.0 11.0 11.0 11.0 11.0
Mineral premix” 21.0 21.0 21.0 21.0 21.0
Chemical composition

Crude protein, g/kg 150.0 150.0 150.0 150.0 150.0
ME, Mcal/kg* 2.7 2.7 2.7 2.7 2.7
Neutral detergent fiber, g/kg 221.2 221.2 213.2 215.8 215.8
Calcium, g/kg 11.5 11.5 11.5 11.8 11.8
Phosphorus, g/kg 4.0 4.0 3.8 3.8 3.8

2 CON, control diet; MON, monensin sodium; MAL, calcium malate; EO,
essential oils; EO+MON, essential oils + monensin sodium.

b Label composition (g or mg/kg): 240 g of Ca; 30 g of P; 20 g of Mg; 80 g of
Na; 120 g of Cl; 5 g of K; 5 g of S; 5 mg of Cr; 4000 mg of Mn; 2000 mg of Fe;
5000 mg of Zn; 100 mg of I; 30 mg of Se; 60 mg of Co; 500000 IU of vitamin A;
150000 IU of vitamin D; 1000 IU of vitamin E.

¢ EM = metabolizable energy.
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composition is presented in Table 1.

The assessed treatments were: (1) Control diet without additives
(CON, n=7), (2) Diet with monensin sodium 25 g/t (MON n=7;
Rumensin 200®; Elanco Mexico, Jalisco, Mexico), (3) Diet with calcium
malate 2.5 kg/t (MAL n=7; Rumalato®, Norel Mexico, Queretaro,
Mexico), (4) Diet with essential oils (40 %, Thymol, Carvacrol, Euca-
liptol) 150 g/t (EO n=7; MixOil®, Nutryplus, Queretaro, Mexico), and
(5) Diet with essential oils 150 g/t and monensin sodium 25 g/t
(EO+MON n=7). Feed additives were included in the mineral premix for
each diet and then then mixed with all the dietary ingredients. The level
of the additives was established according to the manufacturer’s label
instructions.

2.3. Management and performance measurement

Lambs were individually confined in previously labeled pens, with a
feeding stall and a plastic container used as a drinker. On arrival, lambs
were housed in a common pen for three days to be fed an adaptation diet
that consisted of ad libitum oat forage. They were dewormed with Iver-
mectine and Clorsulom (Ivomect® F, Merial Mexico, Querétaro, Mexico)
with one mL of the substance per 50 kg of body weight. Additionally,
lambs were vaccinated against Clostridium A, B, C and D (Bovimune
Clostri 10®, Lapisa, Michoacan, Mexico). Before transporting them to
their individual pens to begin the finishing stage, the lambs were
weighed with a hanging scale (CRS® Hanging Scale, Torrey, Mexico
City, Mexico) to obtain the initial weight of the animals.

Once the lambs were housed in their pens, an adaptation phase
began where forage was offered along with the diet to be tested by
treatment, and each day 20 % of the corresponding treatment diet was
exchanged until the forage was completely removed (5 days). The fin-
ishing phase lasted 50 days and feed was offered at 7:00 am and
4:00 pm. On the first day, 1.5 kg of feed was offered per lamb, and then
the amount was assigned by increasing 15 % the previously registered
consumption to ensure ad libitum intake. Water was offered in an 18-liter
capacity container with a total water change every three days, but with
daily additions when required. During the finishing phase, the weight of
the lambs was recorded every 14 days using a hanging scale (CRS®,
Torrey, Ciudad de México, México), while the offered and rejected feed
was weighed daily using an Ohaus Heavy Duty Solution Balance Scale
(Ohaus, New Jersey, USA). With the aforesaid data, productive variables
such as dry matter intake (DMI), average daily weight gain (ADG), feed
conversion rate (FCR = DMI/ADG), and feed efficiency (FE) were
calculated.

2.4. Apparent digestibility

On day 30 of the fattening period, 15 lambs from three blocks were
equipped with a denim bag and plastic inner covering for fecal collec-
tion. For 9 consecutive days, the individual amount of feces produced
was collected, weighed, identified, and frozen. The amount of feed
offered was recorded daily, and the rejected feed (24 hours later) was
placed in a bag, identified, and frozen for later analysis. On day 9 of the
collection phase, samples of ruminal fluid were obtained using an oro-
ruminal probe, 2 hours after feeding. This ruminal fluid served as
inoculum for in vitro gas production analysis and volatile fatty acid
analysis. The lambs were weighed one day before and one day after the
sampling phase, to get the average weight, and with this weight per
lamb as a reference, the DMI was calculated based on the metabolic
weight (kg®”®). Once the sampling phase finished, the lambs remained
on the farm until reaching selling weight around day 50.

2.5. Chewing activity
On day 38 of the study, feed intake, and rumination activity were

monitored in all 35 lambs over 24 hours. Observers recorded feeding
and rumination behaviours at 5-minute intervals, assuming each activity
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persisted throughout the interval. To estimate the total time (min/day)
spent eating or ruminating, a rumination period was defined as at least 5
consecutive minutes of ruminant activity followed by at least 5 minutes
without rumination. The total chewing time was calculated as the sum of
time spent eating and ruminating. Resting time was determined by
subtracting the total chewing time from the 24 hours (Lu et al., 2005).

2.6. Ruminal volatile fatty acids and pH and in vitro gas production

On day 39 of the finishing period, two hours after feeding, rumen
fluid was obtained via an oro-ruminal probe. The pH of the rumen was
immediately measured using a Beckman model 390 pH meter. The
rumen fluid samples were quickly frozen to stop fermentation. To
determine the volatile fatty acids, two mL samples per treatment were
mixed with 25 % metaphosphoric acid in a 4:1 ratio, centrifuged for
20 minutes at 11,000 rpm, and one pL supernatant was taken and
injected into a Perkin Elmer Clarus 500 gas chromatograph (Perkin
Elmer, 2015) with a capillary column (Elite PFAP) to determine acetate,
propionate, and butyrate content (Erwin et al., 1961). Hydrogen was
used as the carrier gas at a flow rate of 5.5 mL/min. The injector tem-
perature was 250°C and the oven temperature was 80°C for one minute
with 20 °C/min increments until reaching 140°C with an 8-minute
reading time.

The in vitro fermentation kinetics were determined (Theodorou et al.,
1994). The offered feed samples were placed in 125 mL amber glass
bottles, 0.5 g of substrate, 90 mL of 1:9 (v/v) diluted rumen inoculum in
a reduced mineral solution composed of KoHPO4 (0.45 g/L), KHoPO4
(0.45 g/L), NaCOs (0.6 g/L), (NH4)2S04 (0.45 g/L), NaCl (0.9 g/L),
MnSO4 (0.18 g/L), CaCl, (0.12 g/L), L-cysteine (0.25 g/L) and NayS
(0.25 g/L), and a drop of resazurin (Cobos and Yokoyama, 1995). The
bottles were placed in a water bath at 39°C and the formed gas was
measured at 0, 2, 4, 6, 8,12, 16, 20, 24, 30, 36, 42, 48, 60, and 72 hours
of incubation using a manual manometer (scale of 0 to one kg/cm). The
rumen fluid was obtained individually from the 15 male lambs of three
blocks fed with the control diet or the different evaluated modifiers.

The following fermentation kinetics parameters were calculated with
the registered accumulated gas volume from 0 to 72 h of incubation:
fermentation potential (V,; mL/g MS); fermentation rate (S; mL/h); and
delay time (L; h) using a logistic model (Pitt et al., 1999). The NLIN
procedure of SAS version 9.0 (SAS Institute, 2002) was used for the
calculation.

2.7. Backfat thickness measurement

At day 50 of the finishing phase, backfat thickness, and rib-eye
muscle area were measured in all lambs included in the study with an
ultrasound (Sono Vet 600®, KeeboMed Inc, Illinois, USA) with a
7.5 MHz transductor.

2.8. Sample analysis

The offered feed, rejected feed, and collected feces were dried indi-
vidually in a forced air oven at 65°C for over 96 hours until a constant
weight was reached (AOAC, 1997). The samples of offered feed, rejected
feed, and feces were ground using a mill (Wiley®, Thomas, New Jersey,
USA) with a 2 mm diameter screen. To remove residual water and
calculate the absolute dry matter (DM) as well as express nutrient
composition on a dry basis, samples of offered feed, rejected feed, and
feces were dried at 105°C in a forced air oven (AOAC, 1997). Ether
extract (EE) was determined using the Soxhlet method (AOAC, 1997).
Ash content was obtained after combustion in a muffle oven at 550°C for
3 hours.

The nitrogen (N) content was determined using the Micro-Kjeldahl
method, and the crude protein content (CP) was calculated by multi-
plying N x 6.25 (AOAC, 1997). Neutral detergent fiber (NDF) and acid
detergent fiber (ADF) were determined using the ANKOM200 FIBER
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ANALYZER. The content of non-fibrous carbohydrates (NFC) available
for ruminal fermentation was calculated as follows: NFC = DM - (CP +
EE + NDF + Ash) (De Bellis et al., 2022). With the data from the analysis
of consumed and excreted nutrients, the apparent digestibility of the
DM, organic matter (OM), NDF, and CP was estimated, as well as indi-
vidual nutrient intake.

2.9. Statistical analysis

Productive performance and carcass characteristics were analyzed
with a randomized complete block design (with weight as the blocking
criterion), using SAS 9.0 PROC MIXED (SAS Institute, 2002). The sta-
tistical model used was:

Yijkl = u+Ai+Bj+C(B)jk+Eijx

were Yjj = dependent variable; u = general mean, A = treatment effect
(i =1...5); B = fixed effect of sex (j = female, male); C(B) = random
effect of the block within sex (j (k) = female (1...4), male (1...3); Eyjx =
random error.

The data for apparent digestibility, nutrient intake, in vitro gas pro-
duction, VFA content, and mastication activity were analyzed with a
randomized complete block design using the following model:

Yijk = u+Aj+Bj+Ejk

were Yjji = dependent variable; u = general mean, A = treatment effect
(i = 1...5); B = random effect of the block (j = 1...3); Ejjx = random
error. For all variables where treatment differences were detected, least
squares means were compared using the Tukey test. Significant differ-
ences between treatments were declared at P < 0.05, while trends were
noted when 0.05 < P < 0.10.

3. Results

The inclusion of rumen fermentation modifiers did not significantly
affect final live weight, total weight gain, average daily gain (ADG), dry
matter intake (DMI), feed conversion ratio (FCR), rib-eye area, or
backfat thickness in finishing lambs (Table 2). However, lambs receiving
essential oils (i.e., EO diet) showed a trend (P = 0.068) towards
improved feed efficiency, with 15.3 % and 17.3 % higher values
compared to the CON and MON groups, respectively.

During the 9-day digestibility trial, lambs fed calcium malate
exhibited the highest dry matter intake, consuming 23 % more than
those receiving the EO+MON combination (P < 0.05; Table 3). The CON
diet resulted in the lowest (P < 0.05) dry matter digestibility, which was
4.8 %, 5.7 %, 4.3 %, and 2.5 % lower than the MON, MAL, EO, and
EO+MON treatments, respectively. A trend (P = 0.056) towards reduced
crude protein digestibility was observed in the CON group compared to
the other treatments.

The addition of rumen modifiers increased the maximum volume of
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gas production (V) compared to the CON, with the EO group showing
the highest value 10.2 % greater than the CON (P < 0.001; Table 4). The
EO-+MON combination resulted in the fastest gas production rate and
shortest lag time, with the latter being 29.5 % shorter than the CON (P <
0.05). Regarding volatile fatty acids production, the EO group exhibited
the lowest propionic acid concentration, which was 36.2 % lower than
the CON (P < 0.05). When expressed as molar percentages, the EO and
EO-+MON groups showed significantly higher acetic acid (8.2 % and
9.6 % increase) and lower propionic acid (18.6 % and 28.4 % decrease)
proportions compared to the CON (P < 0.0001). The acetate:propionate
ratio was markedly higher in the EO and EO+MON groups, increasing (P
< 0.001) by 38.2 % and 55.1 % respectively, relative to the CON.

No significant differences were observed in rumination time, con-
sumption time, total mastication time, or the proportion of time spent on
these activities among the experimental groups (Table 5). This suggests
that the rumen modifiers did not substantially alter feeding behavior in
the lambs.

4. Discussion

The lack of significant effects on growth performance and carcass
characteristics from the rumen fermentation modifiers tested suggests
that these additives did not substantially alter nutrient utilization or
partitioning in a way that impacted these parameters and may be
explained by several factors. The high-concentrate diet used in this study
likely already provided optimal conditions for rumen fermentation and
nutrient utilization, potentially masking any additional benefits from
the additives (Olafadehan et al., 2018; Hernandez et al., 2017; Elghan-
dour et al.,, 2015). Additionally, the dosages used, while based on
manufacturer recommendations, may not have been optimal for elicit-
ing measurable changes in a relatively short 50-day feeding period.
However, the trend towards improved feed efficiency with essential oils
(EO) supplementation, despite no significant differences in average
daily gain or dry matter intake, suggests subtle shifts in rumen
fermentation and nutrient utilization (Asghari et al., 2021). The EO have
been shown to selectively inhibit certain rumen bacteria, particularly
those involved in amino acid deamination (Newbold et al., 2004). This
could lead to reduced ammonia production and improved nitrogen
utilization, potentially explaining the observed feed efficiency
(Benchaar et al., 2008). The antimicrobial effects of EO may also reduce
energy losses associated with methane production, further contributing
to improved feed efficiency (Cobellis et al., 2016). The increased dry
matter digestibility observed with MON, MAL, and EO supplementation
likely stems from different mechanisms. Monensin is known to shift
rumen fermentation towards propionate production, which is energeti-
cally more efficient (Russell and Strobel, 1989; Rodriguez et al., 2023).
Malate can act as an electron sink, promoting the growth of
lactate-utilizing bacteria and stabilizing rumen pH (Martin, 1998).
However, the EO may enhance nutrient digestibility by modulating

Table 2
Productive performance of finished lambs that received a diet with an inclusion of three different rumen fermentation modifiers.
Diets”
CON MON MAL EO EO+MON SEM*® P value
Initial weight, kg 23.85 24.11 24.17 22.34 24.35 1.28 0.173
Final live weight, kg 38.32 39.53 39.60 40.10 39.24 1.76 0.783
Total weight gain, kg 14.45 15.20 15.42 17.75 14.88 1.12 0.217
ADG 0-50 d, gh 289.10 303.95 308.52 355.10 297.67 22.45 0.217
DMI, g/db 1309.30 1411.16 1313.16 1345.01 1242.58 59.58 0.2694
FCR" 4.75 4.84 4.39 4.15 4.35 0.21 0.113
Feed efficiency 213.56 209.96 230.13 246.26 233.57 9.89 0.068
Rib-eye area, cm 9.43 8.80 9.22 8.71 8.79 0.58 0.615
Backfat thickness, mm 4.0 4.14 4.14 4.14 4.42 0.38 0.904

2 CON, control diet; MON, monensin sodium; MAL, calcium malate; EO, essential oils; EO+MON, essential oils + monensin sodium.
b ADG, average daily weight gain; DMI, dry-matter intake; FCR, feed conversion rate.

¢ SEM, standard error of the mean.
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Table 3

Intake and nutrient digestibility during 9 days of a diet complemented with three different rumen fermentation modifiers.
Parameter” Diets” SEM* P value

CON MON MAL EO EO+MON

DM Intake
g/d 1093.6™ 1213.1% 1258.9° 1148.4% 1023.6" 44.49 0.036
g/kg®7® 72.68%" 79.02%° 82.21% 74.83%° 67.11° 2.95 0.048
Nutrient intake, g/ d°
oM 951.5 1070.5 1103.9 989.0 893.5 45.97 0.062
CP 144.1 153.8 168.5 151.5 141.8 10.59 0.468
NDF 298.7 316.1 324.8 273.3 264.2 22.47 0.295
ADF 77.97 79.62 85.77 72.65 76.25 6.03 0.588
EE 28.07 26.64 28.18 31.63 23.07 4.68 0.667
NFC 480.5 574.0 582.4 532.7 464.5 28.02 0.057
Digestibility, g/kg”
DM 780.6° 818.1% 825.1% 813.9% 800.1% 1.25 0.011
oM 819.8 835.7 842.0 825.7 834.4 0.89 0.482
CP 719.1 772.4 812.5 766.4 795.7 1.87 0.056
NDF 630.8 700.1 649.6 614.0 647.5 2.67 0.300
ADF 367.7 508.6 400.6 425.3 475.1 8.07 0.199
EE 753.2 779.0 805.2 820.5 771.1 6.86 0.703
NFC 935.9 928.8 957.8 944.2 923.6 0.91 0.141

a, b, different literals in the same row (P<0.05).
2 CON, control diet; MON, monensin sodium; MAL, calcium malate; EO, essential oils; EO+MON, essential oils + monensin sodium.
b DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; EE, ether extract; NFC, non-fiber carbohydrates.
¢ SEM, standard error of the mean.

Table 4
Rumen fluid pH, in vitro fermentation parameters and volatile fatty acids (VFA) profile (72 h) of a diet for finishing lambs complemented with three different rumen
fermentation modifiers.

Diets”

CON MON MAL EO EO+MON SEM® P value
pH 6.54 6.67 6.61 6.56 6.57 0.289 0.998
Vmax, mL/ g DM” 353.6" 374.9° 381.0° 389.6° 377.8% 33.25 <0.001
S, mL/h 0.045° 0.044° 0.045" 0.045" 0.047% 0.001 0.003
L h 2.88° 2.45% 2.69% 2.26%° 2.03" 1.01 0.012
VFA, mM
Acetic acid 21.93 20.58 21.62 18.9 26.08 2.54 0.351
Propionic acid 12.47° 10.00° 12.22° 7.95° 9.38% 1.17 0.045
Butyric acid 2.13 2.16 2.31 2.07 4.11 0.54 0.065
Total VFA 36.54 32.74 36.16 28.93 39.59 3.94 0.390
VFA, molar percent
Acetic acid 60.26" 62.76% 59.56" 65.18° 66.04% 1.18 0.0001
Propionic acid 33.88° 30.79% 34.27° 27.57° 24.25° 1.43 0.0001
Butyric acid 5.85° 6.49%° 6.17° 7.26%° 9.7% 0.81 0.018
Acetate: Propionate 1.78° 2.04° 1.78° 2.46° 2.76° 0.15 <0.001

a, b, different literals in the same row (P<0.05).
2 CON, control diet; MON, monensin sodium; MAL, calcium malate; EO, essential oils; EO-+MON, essential oils + monensin sodium.
b Vmax, maximum volume of gas production; S, gas production rate; L, lag phase.
¢ SEM, standard error of the mean.

Table 5
Consumption times and chewing activity of finishing lambs fed with three different rumen fermentation modifiers.
Diets®
CON MON MAL EO EO+MON SEM® P value
Rumination, min/d 296.7 346.7 380.0 375.0 313.33 42.17 0.577
Consumption, min/d 188.3 160.0 216.7 158.3 163.33 23.07 0.129
Total Mastication, min/d 485.0 506.7 596.6 533.3 476.67 35.25 0.207
Proportion, %" 31.59 38.45 37.25 34.80 38.03 2.66 0.333

2 CON, control diet; MON, monensin sodium; MAL, calcium malate; EO, essential oils; EO+MON, essential oils + monensin sodium.
b Proportion of the day invested in consumption and rumination.
¢ SEM: Standard error of the mean.

rumen microbial populations and enzyme activities (Besharati et al., protein degradation and ammonia production in the rumen, as reported
2021). These mechanisms could collectively contribute to improved by Newbold et al. (2004) for monensin and essential oils (Besharati
nutrient extraction from the diet. The tendency towards improved crude et al., 2021; Rodriguez et al., 2023). The increased maximum volume of
protein digestibility in the modifier groups may be due to a reduction in gas production (Vpayx) and altered fermentation kinetics in the modifier
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groups can be attributed to changes in the rumen microbial ecosystem.
The faster gas production rate and shorter lag time in the EO+MON
group suggest a synergistic effect of these additives on the colonization
and fermentation of substrates by rumen microbes (Wallace et al.,
2002). The antimicrobial activity of essential oils, combined with the
selective inhibition of gram-positive bacteria by monensin, may have
created a more efficient fermentative environment (Benchaar et al.,
2008). The rumen pH showed no variations, ranging between 6.54 and
6.67, in all diets suggesting the absence of subclinical acidosis, which
usually occurs at 5.6 or less (Gonzadlez et al., 2012). The changes in VFA
profiles, particularly the increased acetate:propionate ratio with EO and
EO+MON treatments, were unexpected given the typical effects of these
additives. This shift suggests that the EO used in this study may have
preferentially inhibited propionate-producing bacteria or stimulated
acetate producers with a potential reduction in methanogenesis, as ac-
etate formation is associated with hydrogen production, which metha-
nogens can use to produce methane (Moss et al., 2000). The specific
composition of the essential oil blend used in this study (a blend of
thymol, carvacrol, and eucalyptol) could explain this effect, as different
compounds can have varying impacts on rumen microbes (Asghari et al.,
2021). The increased butyrate proportion with EO+MON may indicate
enhanced epithelial development and nutrient absorption capacity, as
butyrate is a primary energy source for rumen epithelial cells (Gorka
et al., 2011). The variability in responses to essential oils observed in
this study compared to previous research (Malekkhahi et al., 2015; Wu
et al., 2021) highlights the complexity of rumen modulation. Factors
such as the specific chemical composition of the essential oil blend, in-
teractions with dietary components, and the adaptation of rumen mi-
crobes over time can all influence outcomes (Benchaar and Greathead,
2011; Elghandour et al., 2018). Future studies should consider longer
adaptation periods and more detailed analysis of rumen microbial
populations to understand these dynamics better. The lack of significant
effects on chewing activity and rumination time suggests that the rumen
modifiers did not substantially alter feeding behavior or physical char-
acteristics of the diet. This is important from an animal welfare
perspective, as normal rumination patterns are indicative of good rumen
health and comfort (Beauchemin, 2018).

5. Conclusions

Supplementation with essential oils enhances feed efficiency and
dietary net energy utilization in finishing lambs without significantly
affecting average daily gain, final weight, or carcass characteristics
compared to the control and monensina treatments. Additionally, EO
alone or combined with MON improved nutrient digestibility. Given
these findings, we recommend the use of essential oils or calcium malate
as viable alternatives to monensin in finishing lamb diets to improve
productive performance. The decision to use these additives should be
based primarily on their effects on feed efficiency and nutrient di-
gestibility. Further research is needed to understand better the under-
lying ruminal processes, particularly regarding microbial populations
and greenhouse gas production when using these feed additives in lamb
production systems.
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