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A B S T R A C T   

The study aimed to determine the optimal ratio for the mixture of forage cactus and corn stover silage, 
emphasizing the evaluation of fermentative profile, microbial populations, dry matter losses, chemical compo-
sition, and aerobic stability. A completely randomized design with four treatments and five replications was 
employed in this study. Treatments included varying proportions of forage cactus in corn stover at ensiling (0%, 
10%, 20%, and 40% of fresh matter). After a 100-day fermentation period, the assayed variables underwent 
regression analysis. Forage cactus inclusion led to linear dry matter and ether extract reductions, with crude 
protein showing a negative quadratic effect (p < 0.05). The pH and water-soluble carbohydrates exhibited 
negative quadratic effects with the increasing proportion of forage cactus (p < 0.05). Lactic and acetic acids 
exhibited quadratic effects, reaching their peaks at approximately 20% forage cactus (p < 0.05). Lactic acid 
bacteria demonstrated a linear decrease, while yeasts/molds displayed a negative quadratic effect (p < 0.05). Dry 
matter losses followed a quadratic pattern, with the minimum values observed at 20% forage cactus (p < 0.05). 
Additionally, the inclusion of forage cactus significantly enhanced aerobic stability (p < 0.05). The incorporation 
of 20% forage cactus into corn stover silage markedly improved its quality.   

1. Introduction 

Intensive livestock production systems in semiarid regions heavily 
rely on silage as a primary source of nutrition for ruminants. Corn (Zea 
mays L.) stands out as the most widely cultivated crop for silage pro-
duction, a practice common in dryland areas across various countries 
(Mounce et al., 2016; Nilahyane et al., 2018). In Brazil, for instance, 
corn cultivation covers 19.6 million hectares, and the semiarid region 
contributes approximately 14% to this overall cultivation. However, 
corn yields average only 3.25 tons per hectare, a 30% reduction 
compared to the national average (IBGE, 2023). Consequently, total 
corn biomass production under these climatic conditions amounts to 
only 2.88 million tons of dry matter, significantly lower than the 

national average of 6.2 million tons of dry matter (IBGE, 2023). 
Corn is cultivated during the rainy season, which lasts approximately 

three months, and receives an average rainfall of 400–700 mm (Alvares 
et al., 2013; Chimeli et al., 2008). However, constrained water avail-
ability hinders the crop’s potential growth, leading to diminished pro-
duction. When harvested at the optimal stage for silage, characterized by 
milky/dough-stage grain, it yields high-quality silage with well-known 
fermentation end-products (Kung et al., 2018). 

Following grain harvest, substantial amounts of corn stover remain 
in the field, necessitating removal for the next crop cycle. This agricul-
tural practice enhances soil quality, subsequently improving crop per-
formance (Battaglia et al., 2021). The high yield of corn stover renders it 
an excellent roughage source for animal production systems. 
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Nevertheless, any delay in the harvest can significantly decrease its 
nutritional value (Gao et al., 2019; Yan et al., 2019). 

Gao et al. (2019) experimented to assess the impact of delaying grain 
harvest on corn stover quality over a period of 0–60 days. The authors 
reported that cutting the material for ensiling on the same day as grain 
harvest yielded significantly better nutritional value than at any other 
time. A 7-day delay led to increased dry matter (from 219 to 357 g kg− 1 

DM), neutral detergent fiber (from 645 to 707 g kg− 1 DM), lignin (from 
49 to 60 g kg− 1 DM), and a reduction in crude protein (from 90 to 59 g 
kg− 1 DM) and water-soluble carbohydrate contents (from 84 to 47 g 
kg− 1 DM). Ensiling this material revealed a good fermentative profile. 
However, it also led to significantly reduced metabolizable energy and 
dry matter digestibility (Gao et al., 2019), indicating potential negative 
impacts on animal performance (Åby et al., 2019). 

In light of these constraints, the utilization of nutritional additives 
emerges as a primary solution. Nutritional additives, which can be for-
ages or concentrates, are unsuitable for sole ensiling but enhance 
fermentation and nutritional value when mixed with other crops 
(Macêdo et al., 2018; Nogueira et al., 2019; Sá et al., 2020; Silva et al., 
2023). 

The forage cactus (Opuntia stricta Haw.) thrives in dryland regions 
due to the crassulacean acid metabolism (Edvan et al., 2020) and serves 
as a valuable additive for silage production (Macêdo et al., 2018; Santos 
et al., 2020). Its high moisture (150 g kg− 1 DM), non-fiber carbohydrates 
(590 g kg− 1 DM), and water-soluble carbohydrate contents (150 g kg− 1 

DM) create ideal conditions for lactic acid production (Brito et al., 
2020). In regions affected by water scarcity, employing forage cactus for 
ensiling offers the dual benefit of improving silage quality and providing 
high-quality water for animals. Some studies have reported a substantial 
decrease in water consumption by animals when forage cactus is 
included in their diets (Silva et al., 2021; Tegegne et al., 2007). 

Furthermore, several reports have indicated that forage cactus in-
creases the aerobic stability and dry matter recovery of the silages (Brito 
et al., 2020; Nogueira et al., 2019; Pereira et al., 2021). This attribute is 
advantageous for any silage, as it mitigates the risk of spoilage. 
Combining corn stover silage with forage cactus (in natura) has been 
explored to reduce dependence on corn grain as an energy source 
(Moraes et al., 2019). 

We hypothesize that the addition of forage cactus to corn stover 
silage improves the fermentative profile, microbial populations, DM 
losses, chemical composition, and aerobic stability. The objective of this 
study was to establish the optimal ratio for mixed forage cactus-corn 
stover silage in terms of fermentative profile, microbial populations, 
DM losses, chemical composition, and aerobic stability. 

2. Material and methods 

2.1. Experimental site 

The experiment was conducted at the Forage Crop Laboratory, 
located in Areia, Paraiba, at the Agricultural Science Center of Paraiba 
Federal University (06◦ 57′48″ S latitude, 35◦ 41′30″ W longitude, and 
618 m of altitude). The climate in this region is classified as ‘As,’ 
denoting a sub-humid tropical climate with a rainy winter (Alvares 
et al., 2013). The annual precipitation is 1358.4 mm, with an average 
temperature of 24 ◦C (INMET, 2021). 

The crops were cultivated on a private farm in São José dos Cor-
deiros, Paraiba (7◦23′27″ S latitude, 36◦48′28″W longitude, and 529 m of 
altitude). The climate in this region is classified as ‘BSh,’ indicative of a 
semiarid climate with hot winters and rainy summers, according to 
Alvares et al. (2013). The rainy season in this area has an annual pre-
cipitation of 551.7 mm and an average temperature of 24 ◦C (INMET, 
2021). 

2.2. Experimental design 

The experiment was conducted in a completely randomized design 
comprising four treatments and five replications, yielding 20 experi-
mental units. Treatments included varying proportions of forage cactus 
(FC) in corn stover (CS) at ensiling to produce the mixed silages, 
expressed on fresh matter (FM). These proportions were 0%, 10%, 20%, 
and 40% of FC. 

2.3. Ensiling 

The grain corn (Zea mays L.) cultivar BRS 2022 was sown on August 
1, 2021, and harvested approximately 90 days later, on October 29, 
2021. At the harvest, the corn was at the two-thirds milk line stage of 
grain development, representing approximately 75% humidity. The 
corn stover, containing non-viable ears that remained on the plants, was 
manually cut for ensiling one day after grain harvest. Forage cactus 
(Opuntia stricta Haw.) cv. Orelha de Elefante Mexicana was rainfed and 
harvested after two years of regrowth. During harvest, the mother 
cladode and one secondary cladode were left in the field to facilitate 
subsequent regrowth. 

The forages were individually chopped using a forage machine (PP- 
35, Pinheiro Máquinas®, Itapira, SP, Brazil) to achieve a particle size of 
approximately 2 cm. The chemical composition of the forages before 
ensiling is detailed in Table 1. Subsequently, the forages were mixed 
according to their respective treatment proportions and ensiled using 
wooden sockets placed in polyvinyl chloride tubes measuring 30 cm in 
height and 15 cm in width. To facilitate effluent drainage, 0.5 kg of sand 
was positioned at the bottom of all silos, separated from the ensiled 
material by a non-woven fabric. 

Each silo was covered with a lid equipped with an adapted Bunsen 
valve to release gases produced during fermentation. As a result of 
incorporating forage cactus with its elevated moisture content, the 
densities varied within the range of 500–700 kg m− 3. The fermentation 
process proceeded for 100 days. 

2.4. Losses of dry matter 

The gas losses (GL), effluent losses (EL), and dry matter losses (DM 
loss) were quantified by measuring the weight difference between the 
ensiling moment and the time of opening. The estimation of these var-
iables was conducted using the equations proposed by Jobim et al. 
(2007): 

Table 1 
Mean values of chemical composition and microbial population of the forage 
cactus, corn stover and their mixture prior to ensiling.  

Item Forage 
cactus 

Forage cactus inclusion (% FM) SEM 

0 10 20 40 

Chemical composition (g kg¡1 DM) 
Dry matter 100.3 284.7 296.5 283.8 226.3 16.9 
Organic matter 842.8 901.5 911.6 876.9 852.1 7.2 
Crude protein 57.0 56.8 58.3 46.7 50.8 1.3 
Ether extract 16.1 25.4 33.1 26.7 22.0 2.3 
NDFom

a 280.2 640.7 534.6 515.0 614.5 20.7 
ADFom

b 98.7 292.1 297.3 261.9 295.3 36.7 
Total carbohydrates 769.7 819.3 820.2 803.5 779.3 6.0 
Non-fibre 

carbohydrate 
489.5 178.6 285.6 288.5 164.8 18.4 

WSC (g kg− 1 DM)c 150.6 199.4 252.6 257.8 252.7 13.2 
Microbial population (log UFC g¡1) 
Lactic acid bacteria 6.55 8.47 8.48 8.50 7.89 1.94 
Molds and yeasts 5.25 8.48 5.34 5.47 4.27 1.25 

FM: fresh matter basis; NDFom
: Neutral detergent fibre expressed exclusive of 

residual ash; ADF: Acid detergent fibre expressed exclusive of residual ash; WSC: 
Water-soluble carbohydrates; SEM: standard error of the mean. 
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GL (% DM)=
PCf − PCa
(MFf × MSf )

× 10000 Eq. (A.1)  

Where PCf is the weight of the full silo at sealing (kg), PCa is the weight 
of the full silo at opening (kg), MFf is the forage mass at sealing (kg), and 
MSf is the forage DM concentration at closing. 

Effluent losses were determined by assessing the weight difference 
before ensiling and after the fermentation period when the silo was 
emptied. To facilitate effluent drainage during the fermentative phase, 
approximately 0.5 kg of sand was positioned at the bottom of the silo. 

EL
(
kg FM t− 1)=

(PVf − Tb) − (PVi − Tb)
(MFi × 100)

Eq. (A.2)  

Where PVi is the weight of the empty silo + sand weight at sealing (kg), 
PVf is the weight empty silo + sand weight at opening (kg); Tb is the 
weight empty silo (kg), and MFi is the forage mass at sealing (kg). 

The calculation of DM losses was conducted by evaluating the weight 
and DM content of the forage at ensiling and the resulting silage at the 
opening, determined using the formula: 

DM loss
(

g kg− 1DM
)
=
(MFa × MSa)
(MFf × MSf )

× 100 Eq. (A.3)  

Where MFf is the forage mass at sealing (kg), MSf is the forage DM 
concentration at sealing, MFa is the forage mass at the opening, and MSa 
is the forage DM concentration at the opening. 

2.5. Chemical composition 

Samples of approximately 0.3 kg were obtained both before the 
ensiling and after the fermentation period for subsequent analysis. Any 
spoiled portion on the silage surface was removed. The fresh material 
samples were then dried in a forced-air oven at 55 ◦C for 72 h, ground 
using a 1 mm screen in a Wiley Mill (Arthur H Thomas, Philadelphia, PA, 
USA), and subjected to analysis for dry matter (DM, Method 934.01), ash 
(Method 942.05), and total nitrogen (N, Method 968.06) contents, 
following the methods outlined by the Association of Official Analytical 
Chemists (AOAC, 2016). Ether extract content was analyzed according 
to the method of AOCS (2017). Crude protein was calculated by multi-
plying the total nitrogen by 6.25. 

Neutral detergent fiber (NDFom), which excludes residual ash, was 
measured according to the procedure described by Mertens (2002). 
Total carbohydrates (TC) were calculated using the equation proposed 
by Sniffen et al. (1992): 

TC
(
g kg− 1 DM

)
= 1000 − (CP+EE+Ash) Eq. (A.4) 

The non-fiber carbohydrates (NFC) were estimated using the equa-
tion of Hall (2003): 

NFC
(
g kg− 1 DM

)
= 1000 − (NDF +CP+EE+Ash) Eq. (A.5)  

2.6. Fermentative profile 

Duplicated samples of varying weights were collected for each 
experimental replication to conduct the following analysis. A 25 g 
sample was immersed in 100 mL of distilled water for 2 h for pH 
determination, with readings conducted using a potentiometer 
(KASVI®, São José dos Pinhais, PR, Brazil) (Bolsen et al., 1992). A 
sample of 12 g was used for the extraction and quantification of the 
ammoniacal nitrogen content (NH3–N) using the colorimetric method 
outlined by Chaney and Marbach (1962). To assess water-soluble car-
bohydrates (WSC), an air-dried sample with 0.05 g was weighted, and 
the extraction method from Corsato et al. (2008) was employed; mea-
surements were conducted via colorimetry, following the methodology 
of Dubois et al. (1956). 

For the analysis of lactic and acetic acids produced during 

fermentation, each silage sample (10 g) underwent centrifugation. To 
this, 1.0 mL of metaphosphoric acid and 0.10 mL of 50% sulfuric acid 
were added. A high-performance liquid chromatograph system (HPLC; 
Shimadzu®, model SPD-10A VP, Dallas, TX, USA) equipped with an 
Ultraviolet Detector was employed. The analysis utilized an Aminex 
HPX-87H column (BIO-RAD, Santa Clara, CA, USA), following the 
method outlined by Taylor and Kung (2002). The lactic-to-acetic ratio 
was calculated by dividing the concentration of the lactic acid by the 
acetic acid. 

2.7. Microbial populations 

Microbial populations were evaluated both before ensiling and at the 
opening time. Lactic acid bacteria (LAB), molds, and yeasts (MY) were 
isolated using selective media following the methodology described by 
Jobim et al. (2007). LAB was quantified using de Man, Rogosa, and 
Sharpe (MRS) agar (Difco®, Mansoura, Lebanon) acidified with 0.1% 
acetic acid. Molds and yeasts were quantified using Potato Dextrose 
Agar (PDA) (Difco®, Mansoura, Lebanon) acidified with 1% tartaric 
acid. 

Serial dilutions ranging from 10− 2 to 10− 6 were prepared, followed 
by duplicate plating in Petri dishes. The plates were then incubated in a 
B.O.D. chamber at 35 ◦C, with LAB populations counted after 48 h and 
MY populations counted after 72 h. Petri dishes with colony counts 
ranging from 30 to 300 colony forming units (CFU) were considered, 
and the data were transformed to a logarithmic scale (log10). 

2.8. Aerobic stability 

The aerobic stability assay involved extracting approximately 1 kg of 
silage from the silos after sampling. This silage was then placed into 
clean and empty silos without compaction, allowing it to be exposed to 
air for a duration of 120 h. Temperature measurements were taken using 
digital thermometers (Incoterm®, model 9197, Porto Alegre, RS, Brazil) 
every 30 min at a constant room temperature of approximately 25 ◦C. 
The silages were considered to be undergoing aerobic deterioration 
when they reached and maintained a temperature of 2 ◦C above the 
room temperature, following the criteria outlined by Taylor and Kung 
(2002). 

2.9. Statistical analysis 

The data were subjected to analysis of variance (PROC ANOVA) and 
regression analysis (PROC GLM) using the Statistical Analysis System 
version 9.0 (SAS Institute, Cary, NC) software (SAS, 2004). A signifi-
cance level of α < 0.05 was applied. The mathematical model used for 
analysis is as follows: 

Yij= μ + αi + εijk  

Where: Yij: is the variable studied, μ is the overall mean, αi is the effect of 
the inclusion of forage cactus, and εijk: is the residual error. 

3. Results 

The chemical composition of the mixed CS-FC silages exhibited a 
linear decrease in DM (p = 0.001) and EE (p = 0.006) as the proportion 
of FC increased. The CP content exhibited a quadratic effect (p = 0.002), 
with the lowest concentration observed at 22.50% inclusion (Table 2). 
The variables NDF, ADF, NFC, and TC showed no significant effects (p >
0.050) (Table 2). 

Regarding the fermentative profile, quadratic effects were observed 
for pH and WSC (p < 0.050) (Table 3). The pH reached its lowest values 
in the mixed silage containing 20% FC, while WSC levels were highest at 
the same inclusion level (Table 3). NH3–N did not differ significantly 
among the treatments (p > 0.050), with an average of 0.06 g kg− 1 of 
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total N (Table 3). The organic acids in the mixed silages exhibited a 
quadratic effect on LA and AA (p = 0.001), with the maximum point for 
LA at 19.85% and for AA at 27.54%. The LA:AA ratio linearly decreased 
with higher proportions of FC (Table 3). 

The microbial population showed a linear decrease for LAB (p =
0.030) according to the inclusion of FC (Table 3). A quadratic effect was 
observed for MY (p = 0.001), with the lowest counts recorded at 30.92% 
inclusion of FC (Table 3). Concerning losses in the mixed silages, GL 
exhibited a quadratic effect (p = 0.035), with the lowest values at 34% 
FC inclusion (Table 4). EL displayed a linear relationship with the in-
clusion of FC (p = 0.017) (Table 4). The DM loss exhibited a quadratic 
effect (p = 0.005), with the lowest values observed at 20% of FC in-
clusion (Table 4). 

The aerobic stability increased linearly with the inclusion of FC (p <
0.05), and the mixed CS-FC silage with 40% inclusion did not show 
aerobic deterioration during the 120-h evaluation (Table 4). The control 
silage exhibited aerobic deterioration after 52 h of air exposure; 

however, the inclusion of only 20% of FC resulted in a 44-h increase in 
aerobic stability compared to the control silage (Table 4). 

4. Discussion 

The elevated moisture content in the FC contributed to a decrease in 
DM as its inclusion increased in the mixed silages (Gusha et al., 2013; 
Matias et al., 2020). Likewise, the EE content increased with the inclu-
sion of FC, possibly attributed to the presence of a wax layer on the 
cladodes, serving as protection against water loss in dryland conditions 
(Oliveira et al., 2018). 

The observed negative quadratic effect on organic matter content 
can be attributed to the ash content of the FC, as increased proportions of 
FC resulted in decreased organic matter content (i.e., increased ash 
content). Naturally, FC is rich in minerals like calcium, potassium, and 
magnesium, which play a vital role in osmotic adjustments necessary for 
water absorption (Mayer and Cushman, 2019). Nevertheless, caution is 
essential when contemplating high inclusion levels. This is because 
while the mineral content may fulfill the needs of certain categories, 
careful monitoring is necessary to avoid disturbances in the 
calcium-to-phosphorus ratio, which could result in urolithiasis issues, 
particularly in confined sheep (Freeman et al., 2010). 

Regarding CP content, it is notable that both CS and FC had low 
protein content since ensiling (Table 1), and this trend was also observed 

Table 2 
Chemical composition of the mixed corn stover-forage cactus silages after 100 days of fermentation.  

Item (g kg− 1 DM) Forage cactus inclusion (% FM) SEM p-value 

0 10 20 40 L Q 

Dry mattera 251.16 256.58 230.09 193.56 7.66 0.001 0.157 
Organic matterb 860.46 871.46 867.76 840.30 8.27 0.208 0.001 
Crude proteinc 55.76 46.78 46.44 51.76 1.92 0.430 0.002 
Ether extractd 26.88 32.10 29.12 14.96 3.23 0.006 0.026 
NDFom 581.90 587.90 602.33 588.03 15.13 0.756 0.430 
ADFom 296.00 307.13 315.67 315.10 10.95 0.257 0.459 
Non-fibre carbohydrates 195.91 204.69 190.02 185.54 0.84 0.226 0.708 
Total carbohydrates 777.81 792.59 792.22 773.54 0.84 0.503 0.080 

DM: dry matter basis; FM: fresh matter basis; NDFom
: Neutral detergent fibre expressed exclusive of residual ash; ADF: Acid detergent fibre expressed exclusive of 

residual ash; SEM: standard error of the mean; L: linear effect; Q: quadratic effect. 
a Ϋ = - 0.16⋅x + 26.06 (R2 = 0.90). 
b Ϋ = - 0.004⋅x2 + 0.13⋅x + 86.11 (R2 = 0.99). 
c Ϋ = 0.002⋅x2 - 0.09⋅x + 5.52 (R2 

= 0.94). 
d Ϋ = - 0.002⋅x2 + 0.06⋅x + 2.73 (R2 = 0.98). 

Table 3 
Fermentative profile, organic acids, and microbial populations of the mixed corn 
stover-forage cactus silages after 100 days of fermentation.  

Item Forage cactus inclusion (% FM) SEM p-value 

0 10 20 40 L Q 

Fermentative profile 
pHa 4.32 4.17 4.06 4.68 0.07 0.017 0.005 
NH3–Nb (g kg− 1 

total N) 
0.05 0.05 0.07 0.06 0.00 0.058 0.139 

WSCc (g kg− 1 

DM) 
6.74 7.85 7.89 6.93 0.44 0.934 0.049 

Organic acids 
LAd (g kg− 1 DM) 22.57 38.45 37.66 23.47 3.44 0.555 0.001 
AAe (g kg− 1 DM) 15.37 25.16 29.67 27.86 1.27 0.001 0.001 
LA/AAf 1.47 1.53 1.26 0.81 0.08 0.001 0.090 
Microbial populations (log UFC g-1) 
Lactic acid 

bacteriag 
8.39 8.30 8.21 7.88 0.15 0.030 0.696 

Molds and yeastsh 5.95 3.56 3.78 3.70 0.11 0.001 0.001 

DM: dry matter basis; FM: fresh matter basis; NH3–N: ammoniacal nitrogen; 
WSC: water-soluble carbohydrates; LA: lactic acid; AA: acetic acid; LA/AA: 
lactic-to-acetic ratio; SEM: standard error of the mean; L: linear effect; Q: 
quadratic effect. 

a Ϋ = 0.001001⋅x2 - 0.31⋅x + 4.33 (R2 
= 0.97). 

b Ϋ = 0.001⋅x + 0.05 (R2 = 0.63). 
c Ϋ = − 0.003⋅x2 + 0.12⋅x + 6.80 (R2 = 0.96). 
d Ϋ = − 0.041⋅x2 + 1.62⋅x + 2.36 (R2 = 0.94). 
e Ϋ = - 0.0207⋅x2 

+ 1.14⋅x + 15.50 (R2 
= 0.99). 

f Ϋ = − 0.181⋅x + 15.84 (R2 = 0.89). 
g Ϋ = - 0.013⋅x+ 8.41 (R2 = 0.97). 
h Ϋ = 0.003⋅x2 - 0.191⋅x + 5.72 (R2 

= 0.84). 

Table 4 
Losses of dry matter, and aerobic stability of the mixed corn stover-forage cactus 
silages after 100 days of fermentation.  

Item Forage cactus inclusion (% FM) SEM p-value 

0 10 20 40 L Q 

Losses of dry matter 
GLa (g kg− 1 DM) 156.0 99.0 79.3 119.4 22.8 0.410 0.035 
ELb (kg FM ton− 1) 6.2 10.8 16.1 20.1 6.9 0.017 0.752 
DMloss

c (g kg− 1) 159.0 104.4 87.2 139.5 27.3 0.800 0.005 
Silo density (kg 

m− 3) 
580.2 592.2 623.0 740.8 16.5 0.567 0.131 

Aerobic stability 
Hoursd 52.4 87.8 96.0 120.0 6.4 0.003 0.101 
Max. Tempe (◦C) 28.7 29.4 30.4 27.5 0.36 0.021 0.006 

FM: fresh matter basis; DM: dry matter basis; GL: gas losses; EL: effluent losses; 
DMR: dry matter recovery; SEM: standard error of the mean; L: linear effect; Q: 
quadratic effect. 

a Ϋ = 0.01⋅x2 - 0.68⋅x + 15.41 (R2 = 0.99). 
b Ϋ = 0.03⋅x + 3.73 (R2 = 0.95). 
c Ϋ = - 0.016⋅x2 + 0.67⋅ x + 4.17 (R2 = 0.99). 
d Ϋ = 2.99⋅x + 54.83 (R2 = 0.73). 
e Ϋ = − 0.005⋅x2 + 0.18⋅x + 28.46 (R2 = 0.45). 

G.C. Sobral et al.                                                                                                                                                                                                                               



Journal of Arid Environments 220 (2024) 105123

5

in the silages (Table 2). The maximum CP value observed in the current 
study is insufficient (55 g kg− 1 DM), as a minimum of 70 g kg− 1 DM is 
required to maintain the ruminal activity (Van Soest, 1994). Conse-
quently, these silages should not be offered exclusively to the animals, 
necessitating a proper dietary balance with protein and energy con-
centrates for each animal category. 

The fibrous components of the silages did not exhibit significant 
changes with the inclusion of FC, which is a positive aspect of the current 
study. Elevated fibrous fractions can adversely impact digestibility and 
limit DM intake due to their filling effect (Chapman et al., 2014). 
Considering that the crops used are well-adapted to tropical conditions, 
and usually exhibit high contents of NDF and ADF, the values observed 
fall within the normal range reported in the literature compared to other 
tropical crops (Ribeiro et al., 2017). 

The fermentative profile of the silages displayed favorable charac-
teristics, including pH and NH3–N, which were within the recommended 
values proposed by Kung et al. (2018). The silage with 40% FC exhibited 
a higher pH (Table 3), and this elevated pH is attributed to the 
distinctive properties of FC, particularly its mucilage. The mucilaginous 
molecules found in cladodes are long-chain hetero-polysaccharides with 
a negative charge. When dissolved, they increase viscosity, absorbing 
and retaining significant amounts of water. Moreover, they contribute to 
neutralizing the acids generated during fermentation, serving as a major 
source of cations in the medium (Du Toit et al., 2018, 2019). The 
presence of various organic acids in FC, a result of crassulacean acid 
metabolism (Petera et al., 2015), contributes to maintaining the silage 
pH within an optimal range for the growth of heterofermentative LAB 
(Santos et al., 2020). The NH3–N content indicates low proteolysis 
within the silo, a well-described characteristic of corn silages (Kung 
et al., 2018). As FC stimulates fermentation, it appears to maintain this 
aspect of the fermentative pattern, effectively inhibiting bacteria 
involved in proteolysis (Nogueira et al., 2019). 

The microbial population observed in the silages indicates a favor-
able fermentative pattern observed for all CS-FC mixed silages, pro-
moting proper acidification of the medium through the production of LA 
(Table 3). MY counts also decreased linearly with FC inclusion, resulting 
in lower MY counts than in the control silage (Table 4). The partial in-
hibition of MY can be attributed to the high pentose content in FC 
(Pessoa et al., 2020), which is fermented by heterofermentative LAB 
(obligate or facultative) to produce LA and AA via the phosphoketolase 
pathway (Pahlow et al., 2003; Rooke and Hatfield, 2003). This obser-
vation aligns with the data presented in Table 3, where FC increased the 
AA contents, as reported in the study by Brito et al. (2020). 

Furthermore, the increase in the pH values during the whole 
fermentative period provided ideal conditions for the growth of heter-
ofermentative LAB, resulting in increased AA contents (Muck et al., 
2018). This observation is noteworthy since corn silages typically 
exhibit low levels of AA, which is linked to poor aerobic stability (Kung 
et al., 2018). Weissella, the predominant LAB in FC, is recognized as a 
strong AA producer and exhibits antifungal properties, inhibiting mold 
and yeast growth in silages (Macêdo et al., 2018; Pereira et al., 2019). 

The microbial and fermentative profiles are strongly related to DM 
loss (Borreani et al., 2018). Consequently, DM loss was more pro-
nounced when FC was included at 20% (Table 4), attributed to the 
decline in GL, mainly linked to the diminished activity of MY and their 
generation of ethanol and CO2 from the non-fermented WSC (Pahlow 
et al., 2003). However, EL increased linearly, reaching a maximum of 20 
kg per ton of silage, probably due to the high moisture content of the FC 
(Table 1). Nevertheless, the recorded values for EL are relatively low, 
primarily attributed to the formation of mucilage in the FC. Mucilage, 
characterized as a hydrocolloid gum consisted of a heteropolysaccharide 
and protein matrix, acts to impede water leakage from the medium, 
stabilize emulsions, and reduces surface activity (Du Toit et al., 2018). 

As discussed above, FC promotes heterolactic fermentation, which is 
strongly related to aerobic stability (Brito et al., 2020; Mayer and 
Cushman, 2019; Pessoa et al., 2020; Santos et al., 2020). However, the 

observed deterioration, even in the mixed CS-FC silages, can be attrib-
uted to the combination of a higher content of non-fermented WSC and 
lactic acid in these silages (Table 3). These are the main substrates prone 
to deterioration by various microorganisms (Borreani et al., 2018; Muck 
et al., 2018). Considering that yeasts and aerobic acetic bacteria are the 
main initiators of aerobic deterioration (Wilkinson and Davies, 2013) 
and that MY counts were reduced in the mixed CS-FC silages compared 
to the control silage (Table 3), it can be inferred that other microbial 
groups have initiated aerobic deterioration. 

There are reports in the literature that Acetobacter predominates 
during the aerobic exposure of silages. Acetobacter can oxidize ethanol 
into acetic acid, along with converting lactic acid and acetic acid to CO2 
and water (Spoelstra et al., 1988). Due to the depletion of the organic 
acids in the feed-out phase, aerobic exposure favors the growth of other 
spoilage microorganisms (Jiang et al., 2020). According to Bai et al. 
(2021), who evaluated bacterial and fungal dynamics during five days of 
air exposure in corn silage with high (680 g kg− 1) and low moisture 
(620 g kg− 1), a significant increase was observed in the counts of aerobic 
bacterial and fungal communities from the opening time until the fifth 
day of air exposure. The main fungal genera found were Candida, 
Monascus, and Kazachstania, while the aerobic bacteria included Acine-
tobacter, Bacillus, and Lactobacillus. In this context, the microbial dy-
namics observed in the current study may be influenced by these factors, 
but additional research is required to enhance our comprehension of 
mixed CS-FC silages. 

5. Conclusion 

The inclusion of 20% FC in CS during ensiling improves the nutritive 
value, fermentative profile, microbial population, and DM preservation. 
The 90-h aerobic stability assessment indicates stable silage, making it 
suitable for on-farm use with cost-effectiveness. Further large-scale 
studies are required to comprehensively evaluate these variables. 
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