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ABSTRACT: This study aimed at evaluating the fermentation levels of pearl millet [Pennisetum Glaucum (L.)
R. Br] stovers silage during storage based on pH evolution. A completely randomized experimental design in a
6x2x2 factorial scheme with three replications for each treatment was used to evaluate three factors (6
cultivars, 2 different cutting stages, and with or without salt addition to the cultivars). The silages were
prepared in plastic bags and stored for 60 days at room temperature. The results revealed that the pH values
of the treatments were significantly (P<0.05) higher on the first day than in the other periods and a rapid drop
in pH, with significant differences (P<0.05), to levels below 4 was obtained on the third day of storage for the
majority of local Sadoré and Siaka Millet silages (Niger). Four types of pH evolution were recorded and the
variation was statistical significant among cultivars. Also, analysis of the relationships between pH, chemical
composition parameters and In Vitro Digestibiliy of Organic Matter (IVDOM) showed that increasing pH values
were associated with increasing Dry Matter content of stovers before silage (DM_BE), Dry Matter content of
silages (DM_S), Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF), Acid Detergent Lignin (ADL) values
and decreasing Crude Protein (CP), Metabolizable Energy (ME), IVOMD, and Ash values. However, the pH
values obtained for all silages showed that all the millet stovers used were suitable for silage. At the maturity
stage, it is thus possible to use the grain for human consumption and to ensile the stovers for animal feed.
This study also shows that monitoring the pH in the silo makes it possible to evaluate the quality of the
fermentations to avoid losses on the farms.
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INTRODUCTION

Rain-fed agriculture and agro-pastoralism systems are the source of employment for about 80-90% of the population in
the West Africa Sahel (Bado et al., 2021). However, crop production alone cannot meet basic human needs for nutrition or
income generation. The demand for livestock products is increasing due to an increasing human population and the
dietary changes that are driven by demographic changes of an urbanizing society (Thornton, 2010; Bado et al., 2021).
Livestock plays a crucial role, in generating income, nutrition and creating the means to purchase more diverse diets, and
paying for health and other household needs. However, the increasing demand for feed and seasonal shortage in feed and
water, particularly during the long dry season remain the major constraints limiting livestock production (Lamega et al.,
2021; Amole et al., 2022).

In Niger, nearly 66 % of the national livestock, mainly small ruminants, are raised in agricultural areas, in a
sedentary mode. The immediate consequence is chronic underfeeding of the animals, resulting in a decline in their
performance (Sourabie et al., 1995). Increasing feed availability for livestock and the demand for food for the population
is possible through the improvement of both grain and biomass production of the dominant crops, such as millet
(Ouendeba and Siaka, 2004; Malam et al., 2019).

But the main constraint of millet stovers in small farming systems is the gradual loss of their nutritional value,
ingestibility, and digestibility during storage (Cai et al., 2020). These losses can be controlled by managing storage
conditions. Silage is one of the technologies that have been found to preserve the quality of crop residues (AFSSA, 2004).
However, during the silage process, a number of parameters fluctuate and include: pH, temperature, types and numbers
of microorganisms, fermentation products and chemical composition (Cherney and Cherney, 2003). Thus, when the pH
value drops rapidly, the wet fodder is preserved from spoilage microorganisms (Rooke and Hatfield, 2003).

Therefore, monitoring acidity fluctuation over time is the simplest and quickest way to assess the fermentation and
final product quality of silage (Sprague and Taylor 1977; Decruyenaere et al., 2008; Ishiaku et al., 2020). But how does
pH relate to the quality of the final silage product? According to Cherney and Cherney (2003), the chemical composition of
the silage influences its nutrient quality. Furthermore, assessing the progression of fermentation during the silage process
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provides information on its relative success with different types of treatments (Sprague and Taylor, 1977; Cherney and
Cherney, 2003; Ahmed et al., 2022).

Therefore, this study was carried out to assess the progress of fermentation during the ensiling process by analyzing
the evolution of pH as function of cultivars, cutting stage and adding salt. Specifically, the aim is to: i) Characterise the
different types of pH evolution in millet stover silages; ii) Compare the different types of pH evolution in millet stover
silages according to cultivars, cutting stage and salt addition; and iii) determine the relationship between pH and chemical
composition parameters of millet stover silages.

MATERIALS AND METHODS

Study area and material

The experiment was conducted in Niger at the International Crops Research Institute for the Semi-Arid Tropic
(ICRISAT) research station at Sadoré, which is located between 13° 14' N and 2° 16' E. During the experiment, the
average minimum and maximum temperatures were 22.85+4.05°C and 36.42+3.91°C respectively, with an overall
average of 29.64+3.51°C. In this period, the total annual rainfall was 715.29 mm. The pearl millet stover was obtained
from pearl millet grown at the Sadoré experimental station
from 29 June to 14 November 2019. The number of days
between the flowering and maturity stage varied between 31 to

Table 1 - Number of days between sowing and harvest

(NDAS) according to cultivar and cutting stage.

’ i Cultivars Stage NDAS NDFM

55 days depending on the variety (Table 1). Chakti FIowering 15 -
Maturity 76

Experiment design _ _ . Millet of Siaka FIower?ng 73 42
A completely randomized experimental design was used Maturity 115

in a 6x2x2 factorial scheme with three replications. Three  |cR}-Tabi Flowering 72 40
factors were evaluated: cultivar, stage of cutting stover, and Matur?ty 112

inclusion or not of salt (i) the cultivar, with six modalities Alambana F;;:E:::g 1721;3 55
consisting of four improved dual-purpose varieties Chakti, FIowerinyg 38

ICMV167005 (Millet of Siaka), ICMV167006 (ICRI-Tabi), Maywa Maturity 138 50
ICMH177111 (Alambana) and two local varieties (Maywa and i Flowering 75

Local Sadoré). The four improved dual-purpose varieties were Local Sadoré Maturity 116 41

selected because they have been approved and evaluated in [RDESHNTTGIE gvvE VRN CIGTUVT A T3 T EE T gy 1o LT g o e ]
the field, while the local varieties were selected because they
are widely used in the study area and generally in all Niger. (ii) Two stages of cutting were considered: flowering and
maturity. Silages obtained from stover cut at the flowering stage were used as a basis for comparison, as this stage is
probably the best time to ensile millet stover (Morales et al., 2015). (iii) The addition of salt was also studied in two ways
(without salt and with salt). Salt was used at a rate of 10 kg per ton of fresh silage (Tamboura et al., 2005).

The treatments tested consisted of a combination of different modalities of the three factors, i.e. 6x2x2 giving 24
treatments. For each treatment, three repetitions were considered (Kim and Adesogan, 2006), giving 72 repetitions for
the whole trial.

between Flowering and Maturity.

Silage- making process and data measurements

The stovers were harvested, using a machete, at different periods depending on the cultivar and desired stage of
cutting for ensiling (Table 1). The stovers were chopped using a chopping machine, to obtain particles of approximately 2
to 3 centimeters (Trevisoli et al., 2017; Kang et al., 2018; Ishiaku et al., 2020). A 20 kg of fresh material was used for
each repetition (Morales et al., 2011). Thus, 20 kg of stover was put and compacted, using a manual compactor, in 100
kg capacity plastic bags. The filled plastic bag was hermetically sealed with string and tape. Then introduced in a second
bag to improve the anaerobic conditions. The plastic bags were kept in a covered area, at room temperature for 60 days
(Costa et al., 2012). Before ensiling and at 60 days, when the plastic bags were opened, fresh silage samples were taken
for dry matter determination in an oven at 65°C for 72 hours (Trevisoli et al., 2017) and stored in a freezer for laboratory
pH measurements. The dried samples were then ground with a 1 mm grid for the determination of the chemical
composition and the In Vitro Digestibility of Organic Matter (IVDOM).

The Direct pH and temperature of the silage were recorded on the 1st, 3rd, 45, and 60th day of storage, using a
Hanna instrument HI99161 portable pH meter, equipped with a penetration electrode for food products. The pH electrode
FC2023 is equipped with an integrated temperature sensor for direct reading of both parameters. In this regard, Sprague
and Taylor (1977), Cherney and Cherney (2003) and Shan et al. (2021) reported that pH and temperature during the
fermentation process in experimental silos or on-farm silos can be monitored effectively using pH probe electrodes, for
acceptable moisture levels.

For each repetition, the bag was perforated to place the pH meter electrode inside the silage. The flashing light
disappears to indicate the stabilization of the device for pH and temperature readings. Thus, for each repetition, this
operation was repeated three times, changing the position of the probe to take into account the heterogeneity inside the
silage. Then averages were calculated for each repetition to find the pH and temperature corresponding to a given
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measurement period. At the end of each measurement, the pH meter probe was properly cleaned with distilled water and
the hole formed at the introduction of the latter inside the bag was automatically and hermetically sealed with adhesive
tape. For the laboratory pH measurement, 10 g of fresh silage was mixed with 100 ml of distilled water using a blender.
After filtration, the laboratory pH was measured with a “WTW Multi 9620 IDS pH meter”. The chemical composition and
IVDOM were determined by Near Infra- Red Spectrometry (NIRS) at the International Livestock Research Institute (ILRI)
Laboratory in Burkina Faso.

Statistical analysis of data

The analysis of the pH evolution pattern was performed using SPSS chi-deux tests according to the different factors.

A principal component analysis (PCA) was carried out using XLSTAT 2014. Relationships between Factors (cultivars,
cutting stage and adding salt), direct pH, Laboratory pH, IV/DOM and some parameters of the chemical composition of
silages were established. The DM content was determined according to the ratio between the weight of the dried matter
(Pf) and the weight of the initial sample (Pi) (Cherney and Cherney, 2003). According to the factors and their modalities,
the frequencies of the different types of pH evolution have been calculated using the following formula:

NOTEm
FRtm = 7TNSf x 100
FRtm: Frequency of the type of evolution in the modality under consideration;
NOTEm: Number of Occurrence of the Type of evolution in the modality;

TNSf: Total Number of Samples for the considered factor.

RESULTS

Characteristics of pH evolution in millet stover silages

The stovers were ensiled at DM levels ranging from 19.06 to 41.69% (Table 2). In general, as a function of the
storage period, the pH decreased from day 1 to day 60 in all treatments (Figures 1 and 2). The pH values of the
treatments were significantly higher on the first day than in the other periods. A rapid drop in pH, with significant
differences, to levels below 4 was obtained on the third day of storage for the majority of the Local Sadoré and Millet of
Siaka silages (Table 2). Overall, from this period onwards, the pH evolved until the 60th day of storage with a tendency to
stabilize for the majority of silages (Table 2).

The pH values on the first day of storage did not vary significantly between treatments, except Maywa, which was
significantly lower than the others for all the different interactions between factors, and Local Sadoré for all the silages at
the maturity stage with and without salt. On the forty-fifth day of storage, for all silages at the flowering stage with and
without salt, there were no significant differences between all cultivars for the pH means. For maturity stage silages with
and without salt, the pH of Chakti and Maywa varieties was significantly lower than the others. At day 60 of storage,
significant differences were recorded between treatments. For silages at the flowering stage with salt, ICRI-Tabi,
Alambana, Chakti, and Millet of Siaka recorded the lowest pH values, while for silages at the flowering stage without salt,
Millet of Siaka, ICRI-Tabi, Local Sadoré, and Alambana gave the most acidic silages. For maturity silages with salt, the
varieties Chakti, Maywa, and Millet of Siaka recorded significantly lower pH values than the other varieties, while for
maturity silages without salt, the same result was obtained with Chakti and Local Sadoré (Table 2).

Comparison between the different types of pH evolution In millet stover silages according to cultivars, cutting stage,
and salt addition

Four types of pH evolution over time were identified, one normal (type 1) and three atypical (types 2-4). The type 1
showed a continuous fall in pH until stabilization, from the 1st to the 60th day of storage. The second type recorded pH
drop from the 1st to the 3rd day, followed by a slight increase until the 45th day, then a slight decrease until the 60th day.
Type 3 had a pH drop from the 1st to the 45th day, followed by a slight increase until the 60th day while the type 4
registered a pH falls from the 1st to the 3rd day, followed by an increase until the 60th day (Figures 1 and 2). Overall, type
1 evolution of pH was dominated in silages, followed by type 3 and then type 2, whereas the type 4 is weakly recorded
(Table 3). However, this global analysis of the type of pH evolution hides several disparities depending on the stage of
cutting, the addition of salt, and the cultivar. Regarding the cutting stage, although there was no significant difference (P >
0.05), type 2 has was dominated in silages from stover cut at flowering stage, while in silages from stover cut at maturity
stage, type 1 dominated. Type 4 was only record by silages from stover cut at maturity (Table 3). There was no significant
difference among silage from pearl millet stover with inclusion or not of salt (P > 0.05), but in these silages the type 1 was
dominated. Specifically, in silages without salt type 3, was dominated compared to type 2, while the opposite was
observed with silages with inclusion of salt (Table 3). The type of pH evolution was statistically different between cultivars
(P < 0.05). Chakti silages have all recorded a type 1 pH evolution (Table 3). 50 % of silages from millet of Siaka showed
type 2 pH evolution, while the 50% remaining were equally distributed in, types 1 and 3 pH evolution. In silages of ICRI-
Tabi pH evolution was in order to types 1, 2 and 3. In the Alambana silages, the pH evolved in order according to type 1
and type 3. As for Maywa silages, the pH evolution was type 1 and type 3. The type 4 pH evolution was only recorded in
the Local Sadoré silages (Table 3).
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Table 2 - Comparison of Dry Matter and pH values according to treatment and conservation period

Factors interaction Conservation period (day)
Cutting Stage x Adding Salt | Cultivar 1 60 P-value  Sign. level | 1 3 45 60 P-value Sign. level
Alambana 20.93¢B 23.57abA 0.015 & 6.392A 4.42abcB 4.3328 3.67bcB 0.002 eIe
Chakti 22.91bcA 21.77v8 0.038 &3 6.622A 5.71a8 4.31aC 3.76bcC 0.000 RIS
ICRI-Tabi 27.75%A 23.0208 0.022 & 6.672A 4.18bcB 4.3128 3.64¢8 0.000 WL
Flowering x With Salt Local Sadoré 26.03abA 21.21h8 0.049 & 6.492A 3.45¢cC 4.3828 4.09a208 0.000 WIS
Maywa 26.053bA 26.11°A 0.969 NS 5.89pA 5.08a08 4.153C 4.30aC 0.000 WL
Millet of Siaka 19.63¢B 22.19bA 0.006 W 6.582A 3.56¢C 4.0328 3.80¢pcBC 0.000 WIS
P-value 0.000 0.000 0.001 0.002 0.517 0.002
Significance level LI LI B B NS gk
Alambana 19.51aA 17.36%A 0.128 NS 6.712A 5.782B 4.11aC 4.14bcC 0.000 D
Chakti 22.172A 17.77vA 0.138 NS 6.862A 5.6728 4.65C 4.54aC 0.000 WL
ICRI-Tabi 22.962A 22.152A 0.561 NS 6.59aA 4.55bcB 4.2728 3.97bcB 0.000 WIS
Flowering x Without Salt Local Sadoré 24.61°A 19.243abA 0.051 NS 6.712A 3.61cC 4.2228 3.97bcBC 0.000 WL
Maywa 22.472A 23.592A 0.316 NS 5.870A 5.39a0B 4.30aC 4.313abC 0.000 WIS
Millet of Siaka 19.062A 20.743bA 0.055 NS 6.742A 3.76¢8 4.4328 3.87¢8 0.000 WL
P-value 0.057 0.003 0.000 0.000 0.109 0.001
Significance level NS €% B B NS eI
Alambana 38.90abA 37.75abA 0.684 NS 6.39abA 5.5628 5.2628 5.0928 0.003 e
Chakti 31.650A 26.464 0.004 B 6.622A 5.3928 4.34¢C 3.98¢C 0.000 WL
ICRI-Tabi 41.693A 41.063A 0.782 NS 6.643A 5.5628 4.83hC 4.78abC 0.000 LI
. . Local Sadoré 33.33bcdA 29.71cdB 0.035 & 5.930A 5.13a08 4.56bcC 4.72abC 0.000 WL
Maturity x With Salt
Maywa 31.90¢dA 32.97bcA 0.187 NS 5.12cA 4.79b8 4.37¢cC 4.29bcC 0.000 TLE
Mil of Siaka 37.47abcA 39.413A 0.314 NS 6.113bA 4.77v8 4.46bcB 4.4QbcB 0.000 WL
P-value 0.000 0.000 0.000 0.000 0.000 0.000
Significance |eVe| **k* **k* **k* **k* **k %k **k%*
Alambana 30.26PcA 29.83bcA 0.747 NS 5.92¢A 5.37a08 4.703bc 4.65C 0.000 WL
Chakti 30.960cA 24.87¢8 0.010 i 6.753A 4,928 4.30bEC 4.18cC 0.000 WL
ICRI-Tabi 39.613A 36.443A 0.356 NS 6.603bA 5.81a8 4.962C 5.4628C 0.000 WL
Maturity x Without Salt Local Sadoré 29.44¢A 27.22¢8 0.005 R 6.08PcA 3.58¢cC 4.3158C 4.47bcB 0.000 G
Maywa 28.56¢A 30.913abcA 0.287 NS 5.37dA 5.073abAB 4.8328¢C 4.600C 0.003 e
Millet of Siaka 35.12apA 35.98apA 0.562 NS 6.24abcA 4.818 4.30pc 4.57v8C 0.000 WL
P-value 0.000 0.000 0.000 0.000 0.001 0.000
Significance IeVeI * k% * k% * %% * %% * % * %%

In each column and according to parameter and interaction between the modalities, means with at least one similar lower case letter in superscript are not statistically different at 5% level. In each row,
according to parameter, means with at least one similar capital letter in superscript are not statistically different at the 5% level. Flowering x With Salt: Interaction between Flowering and With Salt ; Flowering x

Without Salt : Interaction between Flowering and Without Salt ; Maturity x With Salt : Interaction between Maturity and With Salt; Maturity x Without Salt : Interaction between Maturity and Without Salt; Sign.:
Significant; NS: Not Significant; *: P-value < 0.05; **: P-value < 0.01; ***: P-value < 0.001.

119
Korombé HS, Bado VB, Abdou N, Umutoni C, Ibrahima A, Gouro AS (2023). Evaluation of fermentation progress during storage of millet stovers silage based on pH-indicators. Online J. Anim. Feed Res., 13(2): 116-126. DOI:
https://dx.doi.org/10.51227/0jafr.2023.18



eee@ee Chakti i |\lillet of Siaka eeedee Chakti i Millet of Siaka

@mmge o+ |CRI-Tabi a= X ®Alambana e=te  |CRI-Tabi e= X = Alambana
= K= Maywa @= O== |ocal Sadoré = <= Maywa == O== Local Sadoré
7.5 7.0
&2 6.5
6.5 50
6.0
L55
3 5.0
%50 :
4.5
4.5
4.0 4.0
&3 3.5
3.0 3.0
1 3 45 60 1 3 45 60
a Number of days in storage b Number of days in storage

Figure 1 - pH of silages over time, (a) silages from stover cut at flowering stage, without addition of salt, and (b) silages
from stover cut at maturity, without addition of salt.
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Figure 2 - pH of silages over time, (a) silages from stover cut at flowering, with added of salt (a) and (b) silages from stover

cut at maturity, with added salt (b).

Table 3 - Mean of Dry Matter content at first day, mean of pH at day 60 and frequencies of different types of pH evolution

according to variety, cutting stage and salt addition

Types of pH evolution

Factors Modalities DM_BEwm (%) pHt¢ Type 1 (%) Type2(%) Type 3 (%) Type 4 (%) Total (%)
Chakti 26.922 4,122 100 0 0 (0] 100
Millet of Siaka 27.822 4,162 25 50 25 (0] 100
ICRI-Tabi 33.00° 4.46¢ 50 25 25 0 100
Cultivars Alambana 27.402 4.39¢ 75 (0] 25 0 100
Maywa 27.252 4.37¢ 50 (0] 50 (0] 100
Local Sadoré 28.352 4.31bc 0 50 25 25 100
P-value 0.000 0.000 0.000
Significance level EIRIES EIRIES BRI
Flowering 22.84a 4.002 333 41.7 25 0 100
. Maturity 34.08p 4.60p 66.7 (0] 25 8.3 100
Cutting stages o -lue 0.000 0.000 0.062
Significance level L L NS
Without salt 27.062 4.39p 41.7 16.7 333 8.3 100
Adding salt With salt 29.850 4.21a 58.3 25 16.7 0 100
P-value 0.000 0.000 0.53
Significance level B3I B3I NS
Global Frequencies 50 20.8 25 4.2 100

DM_BEw : Mean dry matter content at first day ; pH:: Mean pH at day 60; NS: Not Significant; ***: P-value < 0.001.
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Relationships between pH and pararameters of chemical composition and In Vitro Digestibily of Organic Matter of
millet stover silages

The results of the PCA between the factors (Cultivar, Salt addition, and Cutting stage), the pH was measured directly
on the 60th day of storage (Direct pH), the pH was measured in the laboratory on the 60th day of storage (Laboratory pH),
Chemical composition parameters (DM_BE, DM_S, CP, Ash, NDF, ADF, ADL, ME) and In Vitro Digestibility of Organic Matter
(IVDOM) was indicated that there were strong significant correlations between some parameters (Table 4 and Figure 3).
Figure 3 shows that all parameters are well represented on the first two axes of the plan, which together account for
81.02% of the information. Each parameter was well correlated positively or negatively with one of the two axes. Thus, all
the studied parameters are well correlated with axis 1 (70.21% of the information), except for Salt addition and cultivar
which are best represented on axis 2 (10.81% of the information). The analysis of Figure 3 and Table 4 shows a strong
positive correlation between direct and laboratory pH. Two groups of correlation can be distinguished according to the
analysis of the evolution of pH values on axis 1. The analysis of these relationships showed that the increase in pH values
was associated with the increase in DM_BE, DM_S, NDF, ADF, and ADL. All these parameters move in opposite directions
with CP, EM, MDMVI, and ash. The increase in these parameters is caused by the decrease in pH values. The analysis of
Table 4 and Figure 3, also allows us to deduce that all the parameters of the chemical composition and the IVDOM
studied can contribute to characterise the cutting stage, while only Ash contributes to separate the groups according to
the addition of salt and no parameter allows identifying the cultivar groups. The results also show that there are no
significant interactions between the three factors compared in pairs (Table 4).

Variables (axes F1 et F2 : 81,02 %)

Adding salt

0.75

0.5

F2 (10,81 %)

Direct pH

Cultivar

-0.75

-1
-1.000 -0.750 -0.500 -0.250 0.000 0.250 0.500 0.750 1.000

F1 (70,21 %)

Figure 3 - Spatial representation of the relationships between some silage parameters. Direct pH: Hydrogen potential measured
directly in silages at 60 days of storage; Laboratory pH: Hydrogen potential of silages measured in the laboratory after 60 days of storage;

DM_BE: Dry Matter content of stovers before silage; DM_S: Dry Matter content of silages; CP: Crude Protein; NDF: Neutral Detergent Fiber; ADF:
Acid Detergent Fiber; ADL: Acid Detergent Lignin; ME: Metabolizable Energy; IVDOM: In Vitro Digestibility of Organic Matter.
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Table 4 - Matrix of correlation between factors, pH, different parameters of chemical composition and In Vitro Digestibility of Organic Matter

Cultivar AS (] Ash CP NDF ADF ADL ME IVDOM | DirectpH | DM_S DM_BE | Laboratory pH
Cultivar 1
AS -0.024 1
cs 0.024 0.000 1
Ash -0.210 | 0.447* | -0.582** 1
CP 0.003 | -0.028 | -0.803** | 0.600** 1
NDF 0.081 -0.221 0.751* -0.730** | -0.924*" 1
ADF 0.062 | -0.117 | 0.830** | -0.716** | -0.908** | 0.943** 1
ADL 0.026 | -0.088 | 0.920** | -0.709** | -0.915** | 0.917** | 0.967** 1
ME -0.115 | -0.045 | -0.837** | 0.662** | 0.922** | -0.913** | -0.967** | -0.964** 1
IVDOM -0.076 | -0.013 | -0.874** | 0.689** | 0.925** | -0.917** | -0.977** | -0.982** | 0.994** 1
Direct pH 0.204 | -0.208 | 0.670** | -0.715** | -0.651** | 0.707** | 0.823** | 0.750** | -0.766** | -0.772** 1
DM_S 0.020 0.237 | 0.812** | -0.626** | -0.844** | 0.727** | 0.804** | 0.825** | -0.844** | -0.855* | 0.696** 1
DM_BE 0.026 0.210 | 0.847** | -0.596** | -0.852** | 0.758** | 0.861** | 0.871** | -0.888** | -0.896** | 0.735** | 0.918** 1
LaboratorypH | 0.206 | -0.109 | 0.640** | -0.574** | -0.590** | 0.610** | 0.769** | 0.680** | -0.705** | -0.716** | 0.947** | 0.660** | 0.708** 1

*: The correlation is significant at the 0.05 level; **: The correlation is significant at the 0.01 level. AS: Adding Salt; CS: Cutting Stage; CP: Crude Protein; NDF: Neutral Detergent Fiber; ADF: Acid Detergent Fiber; ADL:
Acid Detergent Lignin; ME: Metabolizable Energy; IVDOM: In Vitro Digestibility of Organic Matter; Direct pH: Hydrogen potential measured directly in silages at 60 days of storage; DM_S: Dry Matter content of silages;

DM_BE: Dry Matter content of stovers before silage; Laboratory pH: Hydrogen potential of silages measured in the laboratory after 60 days of storage.
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DISCUSSION

Analysis of the different types of pH evolution in silages

The variation of pH during the storage period revealed four types of evolution reflecting the silage preparation
conditions. Similar types of pH evolution in silage was reported by AFSSA (2004). The type 1 evolution suggests good
silage preparation conditions and involve high concentration of soluble sugars in stover, which would allow sufficient
production of lactic acid throughout the silage process. This probably led to a continuous decrease in pH from the first to
the sixtieth day of storage. Indeed, Kang et al. (2018) reported that Plant carbohydrates are the substrates of the
fermentation process, so their concentration in the original forage has a strong influence on the extent and nature of
silage fermentation. Thus a high concentration of soluble sugars in fresh forage would result in good- quality silage as this
would lead to high production of lactic acid which would be the basis for the gradual fall to stabilization of the pH of the
silage. For type 2 pH evolution, after a drop in pH to values below 4 between days 1 and 3 corresponding to stability pH,
the product becomes stable according to Adesogan and Newman (2021) because the development of undesirable
microorganisms is inhibited. But, the slight increase in pH observed between the 3rd and 45th day suggests that during
this period, the undesirable microorganisms have resumed their activities following air entry into the silos, because
according to Adesogan and Newman (2021) the quality of the silage and consequently the stability pH can be maintained
during storage as long as the silo remains sealed and air does not penetrate it. However, the rapid depletion of silo air and
the acceptable level of soluble sugar in the product resulted in a slight decrease in pH between days 45 and 60. For pH
evolutions of types 3 and 4, soluble sugars were probably insufficient in the stover to allow continuous production of lactic
acid, to maintain a decrease of silage pH until the end of the process. Soluble carbohydrates play an important role in the
fermentation process as they accelerate the acidification process. Their action, lead to a complete inhibition of any
microbial activity (even that of the lactic flora) and of any proteolytic activity (Rooke and Hatfield, 2003; Baumont et al.,
2011).

The rapid decrease of pH was observed in most of our silages between day 1 and 3 followed by pH stability during
the storage period indicates a good fermentation process as was reported by Hassanat et al. (2007), Alhaag et al. (2019)
and Hanif et al. (2020). Generally, pH is one of the quickest and simplest ways of evaluating silage quality (Ishiaku et al.,
2020). The majority of pH values obtained in our silages at day 60 show that the making process would have gone well.
This result shows good fermentation levels in these silages as was reported by Hassanat et al. (2007). Normally, good -
quality silage is defined by a pH < 4 (Demarquilly et al., 1998).

Analysis of the different types of pH evolution in millet stover silages according to cultivars, cutting stage, and salt
addition

For the cultivar, relatively low average pH (<4.5) and high frequencies of normal evolution (type 1) of pH recorded in
the silages of Chakti (100%) and Alambana (75%) show that these silages were made under very good conservation
conditions and that these cultivars produced stovers sufficiently rich in soluble sugars to make good silages. Moreover,
the average pH of less than 4.5 obtained in the silages of the cultivars Millet of Siaka, Local Sadoré, Maywa and ICRI-Tabi,
suggest that these cultivars produced stovers that are easily ensiled. However, the process of storage did not go well for
some of the samples, which would have resulted in types 2, 3, and 4 of pH evolution in silages of these cultivars.

Regarding the cutting stage, normal (type 1) pH evolution dominated in silages at the maturity stage (66.7%), while
atypical evolution of types 2 and 3 (66.7%) was predominantly recorded in silages at the flowering stage. However, the
average pH (Table 3) obtained in silages at the flowering - stage (4.00) was statistically lower (p<0.001) than that
recorded at the maturity stage (4.60). The frequency of atypical pH evolution in flowering stage silages would indicate
inadequate conditions in the preparation and conservation process of these silages. On the other hand, the frequency of
normal pH evolution obtained in silages from the maturity stage allows us to conclude that they were prepared under
better conditions and that, according to the quality grid based on pH and DM proposed by Decruyenaere et al. (2008), the
average pH of 4.6 and the average DM content of 34.08% (Table 3) would indicate that the stovers from the maturity
stage are suitable for silage. The variations of the average pH according to the cutting stage can be explained, on the one
hand, by the DM rate which is significantly higher in the silages of the maturity stage (Table 3), which would lead to a
weak decrease of the pH in these silages and, on the other hand, by the fact that the stovers of the flowering stage
contain more soluble sugars to allow a good decrease of the pH. These results are similar to those of Morales et al.
(2014), who reported a variation in silage quality depending on the cutting stage. Costa et al. (2012), Morales et al. (2014
and 2015) noted an increase in silage pH and DM with plant age.

As for adding salt, silages with salt had a significantly lower pH (p<0.001) than silages without salt and a
predominantly normal pH evolution (58.3%) compared to 41.7% in control silages. This shows that salt improved the
fermentation conditions of the silages. These results corroborate those of Cai et al. (1997) who observed, by adding salt
(NaCl), a decrease in pH and an improvement in silage quality. However, Shockey and Borger (1991) reported a negative
effect of salt on silage storage. This can be explained by the differences in the amount of salt used in the two trials and
the types of lactic acid bacteria present in the silage. Indeed, Amar and Manaa (2016) obtained three types of lactic acid
bacteria growth depending on the salt dose.
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Analysis of Relationships between pH and parameters of chemical composition and In Vitro Digestibility of organic
matter of millet silages

Our results showed that increasing pH values were associated with increasing DM_BE, DM_S, NDF, ADF, ADL values
and decreasing CP, ME, IVOMD, Ash values. Indeed, Smith (1954), Seglar (2003) and DuPonte et al. (2016) reported that
silage quality is closely related to the degree of acidity obtained during fermentation. According to Wilkinson et al. (2003)
and Cai et al. (2020), low pH values were associated with stable, good-quality silages. Furthermore, hay and silage quality
can be defined in several ways. It is associated with nutrients; protein, NDF, ADF and ADL, minerals, vitamins, lipids,
carbohydrates, energy, and digestibility, and also sometimes animal production (Charmley 2001; Newman et al. 2009).
Ephrem et al. (2015) reported that the CP content of the forage is the most important nutrient parameter to consider.
Thus, the results of our study suggest that good quality silage is characterized by low pH, high CP, ME, IVOMD, Ash
contents and low DM_BE, DM_S, NDF, ADF, ADL contents.

Also, CP, ME, NDF, ADF and ADL contents of silages were the most correlated with IVOMD. These results corroborate
those of Yang et al. (2018) and Aissa et al. (2021), who showed that nutrient digestibility and energy parameters are
positively correlated with forage CP content, but negatively correlated with NDF and ADF content. These authors also
showed that the CP, NDF and ADF contents of the forage most determine the digestibility of the nutrients.

CONCLUSION

This research revealed that the stover of six pearl millet varieties has the potential to provide good- quality silages based
on their pH analysis as a function of DM before ensiling. Stovers cut at flowering gave the best silages. However, silages at
the maturity stage are also suitable. This means that the grain can be used for human consumption and the stover silages
for animal feed. The addition of salt at 1% has the benefit to improve the quality of silage. The dual-purpose pearl millet
varieties Chakti and Siaka produced silage of better quality. However, the varieties of Local Sadoré and Siaka produced
the most suitable stover for silage. On the other hand, this study has shown that the pH evolution in the silo can be
monitored directly with an adapted pH meter in order to prevent silage fermentation problems. However, this study needs
to be completed with fermentation profile of the silages.

DECLARATIONS

Corresponding author
Hamza Seydou KOROMBE; Email: koseha2018@gmail.com; ORCID: https://orcid.org/0000-0003-4027-173X

Authors' contributions

HS KOROMBE contributed to protocol development, trial conduct, data analysis, manuscript writing, review, and
validation. VB BADO, N ABDOU, C UMUTONI and AS GOURO participated in protocol development, data analysis,
manuscript review, and validation of the manuscript. A IBRAHIMA participated in protocol development, data collection,
review and validation of the manuscript.

Acknowledgments

This study was made possible by the generous support of the American people through the United States Agency for
International Development (USAID) and its Feed the Future Innovation Lab for Livestock Systems managed by the
University of Florida and the International Livestock Research Institute. The authors would also like to thank Enjalbert
Francis, Professor of Animal Nutrition and Feeding at National Veterinary School of Toulouse (France) for the manuscript
review.

Competing interests
The authors declare that they have no competing interests.

REFERENCES

Adesogan AT and Newman YC (2021). Silage Harvesting, Storing, and Feeding. Agronomy Department, University of Florida /IFAS
Extension. Document SS-AGR-177/AG180.USA, 7p. https://edis.ifas.ufl.edu/publication/AG180

AFSSA (2004). Bonnes pratiques de fabrication de I'ensilage pour une meilleure maitrise des risques sanitaires [English title: Good
practices in silage making for better control of sanitary risks]. Imprimerie Bialec - Nancy, France [Good practices in silage making for
better control of sanitary risks. Bialec Printing-Nancy, France]. ISBN: 2-11-095445-0. https://medias.vie-
publique.fr/data_storage_s3/rapport/pdf/054000085.pdf

Ahmed MA, Rafii MY, Izzati MN, Khalilah AK, Awad EA, Kaka U, et al. (2022). Biological additives improved qualities, in vitro gas production
kinetics, digestibility, and rumen fermentation characteristics of different varieties of rice straw silage. Animal Production Science,
62: 1414-1429. https://doi.org/10.1071/AN21375

Aissa A, Ben Mustapha C, Alvir MR, Hadj Ayed M, Znaidi IEA, Moujahed N, et al. (2021). Relationship between In vivo, in vitro parameters
and chemical composition to predict the nutritive value of some legume forages. Agricultural Science Digest, 41: 295-300.
https://doi.org/10.18805/ag.D-252

124
Korombé HS, Bado VB, Abdou N, Umutoni C, Ibrahima A, Gouro AS (2023). Evaluation of fermentation progress during storage of millet stovers silage based on
pH-indicators. Online J. Anim. Feed Res., 13(2): 116-126. DOI: https://dx.doi.org/10.51227/0jafr.2023.18


https://edis.ifas.ufl.edu/publication/AG180
https://medias.vie-publique.fr/data_storage_s3/rapport/pdf/054000085.pdf
https://medias.vie-publique.fr/data_storage_s3/rapport/pdf/054000085.pdf
https://doi.org/10.1071/AN21375
https://doi.org/10.18805/ag.D-252

Alhaag H, Yuan X, Mala A, Bai J and Shao T (2019). Fermentation Characteristics of Lactobacillus Plantarum and Pediococcus Species
Isolated from Sweet Sorghum Silage and Their Application as Silage Inoculants. Applied Sciences, 9: 1247.
https://doi.org/10.3390/app9061247

Amar R and Manaa A (2016). Etude de la résistance a la salinité de quelques bactéries lactiques isolées du smen traditionnel
(Investigation of the salinity resistance of some lactic acid bacteria isolated from traditional smen). Mémoire de Master en Sciences
biologiques, Option: Microbiologie Alimentaire et Santé, Université A. MIRA - Bejaia, Algérie [Study of the resistance to salinity of
some lactic acid bacteria isolated from traditional smen (Investigation of the salinity resistance of some lactic acid bacteria isolated
from traditional smen). Master's thesis in Biological Sciences, Option: Food Microbiology and Health, A. MIRA University - Bejaia,
Algeria]. http://univ-bejaia.dz/dspace/123456789/5476

Amole T, Augustine A, Balehegn M, and Adesogoan AT (2022). Livestock feed resources in the West African Sahel. Agronomy Journal,

114(1):26-45. https://doi.org/10.1002/agj2.20955

Bado BV, Whitbread A and Sanoussi MML (2021). Improving agricultural productivity using agroforestry systems: Performance of millet,
cowpea, and ziziphus-based cropping systems in West Africa Sahel. Agriculture, Ecosystems & Environment, 305: 107175. DOI:
https://doi.org/10.1016/j.agee.2020.107175

Baumont R, Arigo Yand Niderkorn V (2011). Transformation des plantes au cours de leur conservation et conséquences sur leur valeur
pour les ruminants [English title: Plant transformation during conservation and consequences on their value for ruminants].
Fourrages, 205: 35-46. https://afpf-asso.fr/index.php?secured_download=1924&token=c16b0ba6e27clefb0d74a94026afe433

Cai Y, Ohmomo S, Ogawa M and Kumai S (1997). Effect of NaCl-tolerant lactic acid bacteria and NaCl on the fermentation characteristics
and aerobic stability of silage. Journal of Applied Microbiology, 83: 307-313. https://doi.org/10.1046/j.1365-2672.1997.00229.x

Cai Y, Du Z, Yamasaki S, Jethro DB and Man N (2020). Chemical composition, characteristics concerned with fermentative quality and
microbial population of ensiled pearl millet and sorghum stover in semi-arid West Africa. Animal Science Journal, 91(1): e13463.
DOI: https://doi.org/10.1111/asj.13463

Cherney JH and Cherney DJR (2003). Assessing Silage Quality. In: Silage Science and Technology, Agronomy Monographs, 42: 141-198.
https://doi.org/10.2134/agronmonogr42.c4

Costa KAP, Filho IAG, Assis RL, Guimaraes KC, Cruvinel WS, Epifanio PS and Gouveia RR (2012). Silage quality of pearl millet cultivars
produced in different cutting ages. Semina: Ciéncias Agrarias, Londrina, 33: 1189-1198.
https://www.redalyc.org/pdf/4457/445744113023.pdf

Decruyenaere V, Agneessens R, Toussaint B, Anceau C, Goffaux MJ and Oger R (2008). Qualité du fourrage en Région Wallonne (English
title: Fodder quality in Walloon Region), ed. REQUASUD, Gembloux, Belgique [Fodder quality in Walloon Region (English title: Fodder
quality in Walloon Region), ed. REQUASUD, Gembloux, Belgium]. Dépot légal: D/2006/8689/1. https://www.requasud.be/wp-
content/uploads/2017/07/brochure_fourragesVF.pdf

Demarquilly C, Dulphy JP and Andrieu JP (1998). Valeurs nutritive et alimentaire des fourrages selon les techniques de conservation: foin,
ensilage, enrubannage. Fourrages, 155: 349-369. https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=1645959

DuPonte MW, Cowell K, Jha R (2016). Banana silage: an alternative feed for swine. Livestock Management, 31: 1-8.
https://www.ctahr.hawaii.edu/oc/freepubs/pdf/LM-31.pdf

Ephrem N, Tegegne F, Mekuriaw Y, Yeheyis L (2015). Nutrient intake, digestibility and growth performance of Washera lambs
supplemented with graded levels of sweet blue lupin (Lupinus angustifolius L.) seed. Small Ruminant Research, 130: 101-107.
https://doi.org/10.1016/j.smallrumres.2015.07.019

Hanif NQ, Tahira I, Sultana N and Hasan M (2020). Effect of Homofermentative Inoculant on Fermentation Characteristics and Nutritive
Values of Corn Silage. Journal of Bioresource Management, 7: 57-67. https://corescholar.libraries.wright.edu/jbm/vol7/iss1/7/

Hassanat F, Mustafa AF and Seguin P (2007). Effects of inoculation on ensiling characteristics, chemical composition and aerobic stability
of regular and brown midrib millet silages. Animal Feed Science and Technology, 139: 125-140.
https://doi.org/10.1016/]j.anifeedsci.2007.01.005

Ishiaku YM, Hassan MR, Tanko RJ, Abdu SB and Musa A (2020). Feed Quality of Silage made from Forage Sorghum (Sorghum almum
Parodi) and Lablab (Lablab purpureus L. Sweet) in Shika, Nigeria. Nigerian Journal of Animal Science and Technology, 3: 91-95.
http://njast.com.ng/index.php/home/article/view/64

Kang S, Wanapat M and Nunoi A (2018). Effect of urea and molasses supplementation on quality of cassava top silage. Journal of Animal
and Feed Sciences, 27: 74-80. https://doi.org/10.22358/jafs/85544/2018

Kim SC and Adesogan AT (2006). Influence of Ensiling Temperature, Simulated Rainfall, and Delayed Sealing on Fermentation
Characteristics and Aerobic Stability of Corn Silage. Journal of Dairy Science, 89: 3122-3132. https://doi.org/10.3168/jds.s0022-
0302(06)72586-3

Lamega SA, Komainda M, Hoffmann MP, Ayisi KK, Odhiambo JJ, Isselstein J (2021). It depends on the rain: Smallholder farmers’
perceptions on the seasonality of feed gaps and how it affects livestock in semi-arid and arid regions in Southern Africa. Climate Risk

Management, 34:100362. https://doi.org/10.1016/j.crm.2021.100362

Malam AM, Issa S and Maman N (2019). Amélioration de la disponibilité des fourrages par la diversification des systémes de cultures a
base du mil en zone agricole au Niger [Improving the availability of fodder by diversifying millet-based cropping systems in
agricultural areas in Niger]. Afrique Science, 15: 328-339. www.afriquescience.net/PDF/15/5/28.pdf

Morales JU, Alatorre JAH, Escalante AA, Lopez SB, Vazquez HG and Gomez MOD (2011). Nutritional Characteristics of Silage and Hay of
Pearl Millet at Four Phenological Stages. Journal of Animal and Veterinary Advances, 10: 1378-1382.
https://www.cabdirect.org/cabdirect/abstract/20113180504

Morales JU, Alatorre AH, Becerra JFC and Vazquez HG (2014). Nutritive characteristics of pearl millet forage in four phenological stages.
Revista Mexicana de Ciencias Pecuarias, 5: 321-330. https://www.scielo.org.mx/scielo.php?pid=S2007-
11242014000300005&script=sci_abstract&ting=en

Morales JU, Alatorre HJA, Nieto RCA and Becerra CJF (2015). Forage production and nutritional content of silage from three varieties of
pearl millet (Pennisetum glaucum) harvested at two maturity stages. Journal of Animal & Plant Sciences, 27: 4161-4169.
https://www.m.elewa.org/JAPS/2015/27.1/1 jorges.pdf

Ouendeba B and Siaka BS (2004). Le mil [Pennisetum glaucum (L.) R. Br.] au Niger : généralités et résultats de la sélection. In: G.
Bezancon, JL Pham (editors).Ressources génétiques des mils en Afrique de I'Ouest, Diversité, conservation et valorisation. Actes du
colloque "Diversité, conservation et valorisation des ressources génétiques du mil ". ICRISAT, (Niamey, Niger), du 28 au 29 Mai 2002.
IRD Editions, Collection Colloques et Séminaires [English title: The millet [Pennisetum glaucum (L.) R. Br.] in Niger : Generalities and
selection results. In : G. Bezancon JL Pham (editors). Millet Genetic Resources in West Africa, Diversity, Conservation and Valorisation.

125
Korombé HS, Bado VB, Abdou N, Umutoni C, Ibrahima A, Gouro AS (2023). Evaluation of fermentation progress during storage of millet stovers silage based on
pH-indicators. Online J. Anim. Feed Res., 13(2): 116-126. DOI: https://dx.doi.org/10.51227/0jafr.2023.18


https://doi.org/10.3390/app9061247
http://univ-bejaia.dz/dspace/123456789/5476
https://doi.org/10.1002/agj2.20955
https://doi.org/10.1016/j.agee.2020.107175
https://afpf-asso.fr/index.php?secured_download=1924&token=c16b0ba6e27c1efb0d74a94026afe433
https://doi.org/10.1046/j.1365-2672.1997.00229.x
https://doi.org/10.1111/asj.13463
https://doi.org/10.2134/agronmonogr42.c4
https://www.redalyc.org/pdf/4457/445744113023.pdf
https://www.requasud.be/wp-content/uploads/2017/07/brochure_fourragesVF.pdf
https://www.requasud.be/wp-content/uploads/2017/07/brochure_fourragesVF.pdf
https://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=1645959
https://www.ctahr.hawaii.edu/oc/freepubs/pdf/LM-31.pdf
https://doi.org/10.1016/j.smallrumres.2015.07.019
https://corescholar.libraries.wright.edu/jbm/vol7/iss1/7/
https://doi.org/10.1016/j.anifeedsci.2007.01.005
http://njast.com.ng/index.php/home/article/view/64
https://doi.org/10.22358/jafs/85544/2018
https://doi.org/10.3168/jds.s0022-0302(06)72586-3
https://doi.org/10.3168/jds.s0022-0302(06)72586-3
https://doi.org/10.1016/j.crm.2021.100362
http://www.afriquescience.net/PDF/15/5/28.pdf
https://www.cabdirect.org/cabdirect/abstract/20113180504
https://www.scielo.org.mx/scielo.php?pid=S2007-11242014000300005&script=sci_abstract&tlng=en
https://www.scielo.org.mx/scielo.php?pid=S2007-11242014000300005&script=sci_abstract&tlng=en
https://www.m.elewa.org/JAPS/2015/27.1/1.jorges.pdf
https://books.openedition.org/irdeditions/529

Proceedings of the workshop "Diversity, conservation and valorisation of millet genetic resources], Paris, France. Pp 33-43.
https://books.openedition.org/irdeditions/536?lang=fr

Rooke JA and Hatfield RD (2003). Biochemistry of Ensiling, in Silage Science and Technology, Agronomy Monograph, 42: 95-139.
https://digitalcommons.unl.edu/usdaarsfacpub/1399,

Seglar B (2003). Fermentation Analysis and Silage Quality Testing in Proceedings of the Minnesota Dairy Health Conference, pp. 119-
136, University of Minnesota, May 2003. https://conservancy.umn.edu/bitstream/handle/11299/108997/Seglar.pdf

Shan G, Buescher W, Maack C, Lipski A, Acir IH, Trimborn M, Kuellmer F, Wang Y, Grantz DA and SunY (2021). Dual sensor measurement
shows that temperature outperforms pH as an early sign of aerobic deterioration in maize silage. Scientific Reports, 11: 8686.
https://doi.org/10.1038/s41598-021-88082-1

Shockey WL and Borger DC (1991). Effect of Salt on Fermentation of Alfalfa. 2. Treatment with Sodium Chloride, Clostridium butyricum,
and Lactic Acid Bacteria. Journal of Dairy Science, 74: 160-166. https://doi.org/10.3168/jds.S0022-0302(91)78157-5

Smith A M (1954). Seasonal variation in the quality of grass silage. Journal of the Science of Food and Agriculture, 5: 48-51.
https://doi.org/10.1002/jsfa.2740050107

Sourabie MK, Kayouli C, Dalibard C (1995). Le traitement des fourrages grossiers a l'urée: Une technique trés prometteuse au Niger
[English title: Urea treatment of roughage: A very promising technique in Niger]. FAO word animal review, 82: 3-13.
https://agris.fao.org/agris-search/search.do?recordID=XF19960130531

Sprague AM and Taylor BB (1977). A technique of monitoring acidity of silage during preservation and storage. Agronomy Journal, 69:
727-728. https://doi.org/10.2134/agronj1977.00021962006900040050x

Tamboura HH, Bougouma V, Traoré A, Kaboré A, Ouédraogo SB and Sawadogo L (2005). Technique de conservation des fourrages par voie
humide: L'ensilage [English title: Forage conservation technique by wet process: Silage]. Fiche technique n° 18, CIRDES.
https://www.cirdes.org/wp-content/uploads/2018/12/F18-ensilage.pdf

Thornton PK (2010). Livestock production: recent trends, future prospects. Philosophical Transactions of the Royal Society B: Biological
Sciences, 365: 2853-2867. https://doi.org/10.1098/rstb.2010.0134

Trevisoli FCA, Franca AFS, Corréa DS, Trevisoli PA and Oliveira LG (2017). Nutritional composition of silage from pearl millet cultivars with
the inclusion of soy hulls. Revista Ciéncia Agronémica, 48: 540-547. https://doi.org/10.5935/1806-6690.20170063 ;
https://www.scielo.br/j/rca/a/dNGCYEDLdQVWQWfsH5X77Mc/abstract/?lang=en

Wilkinson JM, Bolsen KK, Lin CJ (2003). History of silage. In: D.R. Buxton, R.E. Muck & J.H. Harrison (Eds.) Silage science and technology.
Madison: American Society of Agronomy, Pp 1-30. https://doi.org/10.2134/agronmonogr42.c1

Yang C, Gao P, Hou F, Yan T, Chang S, Chen X, Wang Z (2018). Relationship between chemical composition of native forage and nutrient
digestibility by Tibetan sheep on the Qinghai-Tibetan Plateau. Journal of Animal Science, 96: 1140-1149.
https://doi.org/10.1093/jas/sky002

126
Korombé HS, Bado VB, Abdou N, Umutoni C, Ibrahima A, Gouro AS (2023). Evaluation of fermentation progress during storage of millet stovers silage based on
pH-indicators. Online J. Anim. Feed Res., 13(2): 116-126. DOI: https://dx.doi.org/10.51227/0jafr.2023.18


https://books.openedition.org/irdeditions/536?lang=fr
https://digitalcommons.unl.edu/usdaarsfacpub/1399/
https://conservancy.umn.edu/bitstream/handle/11299/108997/Seglar.pdf
https://doi.org/10.1038/s41598-021-88082-1
https://doi.org/10.3168/jds.S0022-0302(91)78157-5
https://doi.org/10.1002/jsfa.2740050107
https://agris.fao.org/agris-search/search.do?recordID=XF19960130531
https://doi.org/10.2134/agronj1977.00021962006900040050x
https://www.cirdes.org/wp-content/uploads/2018/12/F18-ensilage.pdf
https://doi.org/10.1098/rstb.2010.0134
https://doi.org/10.5935/1806-6690.20170063
https://www.scielo.br/j/rca/a/dNGCY6DLdQVwQWfsH5X77Mc/abstract/?lang=en
https://doi.org/10.2134/agronmonogr42.c1
https://doi.org/10.1093/jas/sky002

