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Abstract: Storing silage in round bales (balage) is a commonly used method for preserving forage for
use as stock fodder that has a higher nutritional content than hay. Baling at the optimum density is
important for ensuring ideal fermentation conditions. In the manuscript, we present the research
methodology and the results of the experiment. We did experiments over the density of haylage
bales. We investigated the effect of the moisture content in the harvested material, the length of the
cut material and the pressing pressure in the round baler. We used the Barenbrug BG-5 forage mix at
different moisture content levels (69, 63, 56, 49, and 42%), that was either unchopped or chopped by
the round baler’s cutter bars (312 and 183 mm length) and baled at three different pressing pressures
(0.9, 1.4, and 1.8 MPa). The results showed that forage density in the bales reached the highest value
at a moisture content of 56% and a pressing pressure of 1.8 MPa, with the forage chopped by the
cutter bars.
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1. Introduction

The terms silage and haylage are often confused and used interchangeably. The correct
definition is essential here so that there are no mistakes in the interpretation of our research.
Silage is defined as “material produced by the controlled fermentation of a yield with a
high moisture content” [1]. Haylage has been defined as wrapped or anaerobically stored
feed containing >500 g dry matter per kg [2,3].

Storing silage in round bales (balage or haylage) is a commonly used method for
preserving forage for use as stock fodder that has a higher nutritional content than hay.
The density of plant material in bales formed with round balers is an important indicator
of these machines’ operating quality. In the case of the balage itself, good density ensures
advantageous conditions for fermentation [4-6]. Data presented in the literature indicate
that the moisture content of the plant material has a big impact on the compacting process.
Humid blades or stalks bend much more easily than dry ones. Particular attention should
be given to data concerning the compaction of bales formed from green fodder with a
dry mass content of ~63 to 64%. Material of this type, which has a low elasticity, is easily
pressed into the working chamber of a round baler, which results in a high concentration
within the cylindrical bales [7-11]. The inclusion of shredding assemblies within round
balers results in an increase in the concentration of the resulting bales by several percent,
which, in some cases, can be even more than 20% [6,12,13].

At present, the production of feed with the use of different additives to support the
silaging process is very popular, ensuring that farmers have supplies of cheap yet valuable
feed with low nutrients losses that is suitable for long-term storage [5,14-19]. Liquid
additives are applied to the plant material by applicators fitted to the baling machines.
Applicator nozzles are mounted on the baling machines at points that allow for optimum
distribution of additives in the collected plant material and low additive losses [19-21].

The aim of the experiment was to study the influence of: moisture content in the
har-vested material, length of the cut material and the pressing pressure in the baler on
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the obtained density of haylage bales. Haylage bales were made of grass Barenbrug BG-
5 forage mixtures (B&G-4 Milkway Universal, Barenbrug Poland, Tarnowo Podgorne,
Poland) with the addition of a liquid additive.

2. Materials and Methods

Our experiment included the following independent variables: moisture content of the
plant material (Mc), length of plant material (L), and pressing pressure (Pp). Compaction
of the plant material in bales (volumetric mass of the pressed material) was assumed to be
the dependent variable. A diagram of the study design is presented in Figure 1. The levels
and values of the independent variables (Mc, L, and Pp) are shown in Table 1.

Factors temporarily constant
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Figure 1. Experimental design.
Table 1. Levels and values of the independent variables.
Levels Independent Variables Unit
- Moisture content -
5 69 63 56 49 42 %
- Length of plant material -
2 312 183 mm
- Pressing pressure -
3 9 14 18 MPa

The levels and values of the independent variables have been adopted on the basis
of the literature, earlier studies, and the working parameters of the round baler used in
the studies.

The experiment was carried out in central Poland, near Nowe Miasto Lubawskie
(53.477914 N, 19.395095 W). The plant material used in the studies was the Barenbrug BG-5
forage mix in a hay pasture harvested at the second mowing of the year. The composition
of the mix was as follows: timothy (Phleum pratense L.), 25%; annual ryegrass (Lolium temu-
lentum L.), 20%; white clover (Trifolium repens L.), 10%; winter ryegrass (Lolium perenne L.),
20%,; red clover (Trifolium pratense L.), 5%. The characteristics of the Barenbrug BG-5 forage
mix are presented in Table 2.

Table 2. Characteristics of the Barenbrug BG-5 forage mix.

Moisture Bale Average Mass of a Average Length
Content 1 m3 Bale of Plant Material
Width Height Unchopped Chopped
Y% mm mm kg mm mm
69 4.10
63 3.44
56 1600 230-280 2.89 312 183
49 2.49
42 2.19
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Harvest was carried out at the beginning of florescence in June 2015. The weather
conditions during the experiment were average insolation, no precipitation, daytime
temperatures of 24 to 26 °C and northeasterly winds of 15 km h™!. The grass was mown
the day before baling with a disc mower with a swath conditioner (KDT 180, SAMASZ,
Zabtudoéw, Poland). The next day, it was conditioned and the swaths were formed for
harvesting with a rotary rake (Z-410, SAMASZ). The forage was baled after obtaining the
moisture content required for the experiment.

The additive KemiSile 2000 (Kemira Oyj, Helsinki, Finland; 55% formic acid, 9%
propionic acid, 24% ammonium formate, 7% benzoic acid ester) was used as an additive
to control the process of fermentation. This was added at a rate of 3 L Mg™ of harvested
grass. In the experiment, we added KemiSile to all bales, but we also made control samples
without adding any preservative.

The moisture content of the grass mix was determined by drying and weighing. The
density of the harvested grass is expressed as the volumetric mass of the pressed material
(kg m~3). The change of density in the harvested material was obtained after applying
different pressing pressures in the chamber of the round baler (Vicon RF 122 Opticut,
Kverneland Group Norvay, Klepp Stasjon, Norway): 0.9, 1.4, and 1.8 MPa.

The forage was harvested and baled at different moisture content levels (69, 63, 56, 49,
and 42%). To evaluate the effects of chopping the balage, the forage was either harvested
and baled unchopped (312 mm in length) or baled after being chopped by the round baler’s
cutter bars (183 mm length).

To ensure that the appropriate dosage of the additive was applied, a sample volume of
forage was harvested before the tests, which was then shaken and raked into bales. Before
each series of tests, the bales of forage were manually corrected to characterize the uniform
distribution of mass along their entire length and width. The moisture content of the forage
mix was controlled continually. The additive applicator (Junkkari HP5, JUNKKARI Oy,
Ylihdrma4, Finland) was adjusted to the capacity required to ensure the proper dosage
(3 L Mg™! of harvested forage) for the calculated volume of plant material. The applicator’s
nozzle was located in the front part of the round baler’s chamber (Figure 2), where losses
of the additive were lowest [20].

Figure 2. Location of the Junkkari HP 5 applicator spray nozzles on the Vicon RF 122 Opticut round
baler. 1, tractor; 2, round baler; 3, applicator; 4, green forage crop. The arrow shows the applicator
spray nozzles located above the press pickup.

To ensure that the tractor was driving at the same speed and that the round baler had
the same work efficiency as during harvest, the tractor towing the round baler to which
the applicator had been mounted was started up and driven along the bales with forage at
a predetermined speed to measure the time of its passage. The bales were wrapped with
foil (white 500-mm AgroWrap, Zaktad Produkgji Folii Efekt Plus, Warsaw, Poland) three
times and then weighted on a suspended scale (AWO 50H, UNIWAG, Krakéw, Poland)
with a measuring capacity of 0 to 1000 kg and an accuracy of 1 kg. The volumetric mass



Appl. Sci. 2021, 11, 11508

40f10

of the pressed material was calculated from the bales” dimensions (1.2 m wide and 1.2 m
in diameter).

The test results were subjected to ANOVA. The significance of the differences between
individual test groups were checked via Tukey’s range test. Regressions were carried out
with Statistica software (StatSoft Polska Sp., Krakow, Poland).

3. Results and Discussion

The average values of plant material density in the bales obtained in the course of the
experiment are presented in Table 3.

Table 3. Average values of compaction in kg dry matter (DM) m™ in bales for chopped and un-
chopped plant material at pressing pressures (Pp) of 9, 14, and 18 MPa.

Moisture Density of Bales, kg DM m™
Content, M¢ Unchopped Material (312 mm) Chopped Material (183 mm)
% PP, MPa
9 14 18 9 14 18
69 149 155 163 163 167 174
63 178 189 196 198 208 216
56 192 202 211 214 220 233
49 170 177 190 187 195 209
42 188 187 193 208 217 222
562 - - 187 - - 205

a Bales without an additive.

The data in Table 3 were used to create bar charts of the density value distribution
of the bales, which are presented in Figures 3—11. An analysis of the tests results showed
that for both the unchopped (L = 312 mm) and the chopped (L = 183 mm) material, the
density of bales made at Mc = 69% was lower than that of other moisture content levels
(Figures 3-5: unchopped material; Figures 6-8: chopped material).
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Figure 3. Bar chart of balage density in bales at different moisture content levels at a pressing pressure
of 18 MPa and plant material at a length of 312 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 4. Bar chart of balage density in bales at different moisture content levels at a pressing pressure
of 14 MPa and plant material at a length of 312 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 5. Bar chart of balage density in bales at different moisture content levels at a pressing pressure
of 9 MPa and plant material at a length of 312 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 6. Bar chart of balage density in bales at different moisture content levels at a pressing pressure
of 18 MPa and plant material at a length of 183 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 7. Bar chart of balage density in bales at different moisture content levels at a pressing pressure
of 14 MPa and plant material at a length of 183 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 8. Bar chart of balage density in bales at different moisture content levels at pressing pressure
of 9 MPa and plant material at a length of 183 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 9. Bar chart of balage density in bales at different pressing pressures (Pp) for plant material at

56% moisture content and a length Lm of 183 mm. Different lowercase letters indicate a statistically
significant difference at p < 0.05. d.m., dry matter.
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Figure 10. Bar chart of balage density in bales for two different plant material lengths (Lm) at 56%
moisture content and a pressing pressure of 18 MPa. Different lowercase letters indicate a statistically
significant difference at p < 0.05; d.m., dry matter.
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Figure 11. Bar chart of balage density in bales with additive and without additive for two plant
material lengths (312 and 183 mm) at 56% moisture content and a pressing pressure of 18 MPa. d.m.,
dry matter.

Under the experimental conditions, the highest density values were obtained at
Mc = 56%. For the material being cut, the bale density was statistically different for the Pp
pressing pressure of 18 and 14 MPa. In each of Figures 3-8 it can be seen that the lowest
bale density is for Mc = 69%. It is always significantly different in an experiment. The
obtained test results are close to the results obtained by other studies, in which the density
of cylindrical bales of forage at different moisture content levels changed across quite a
wide range. Uppenkamp [11], Lenge [9], Charmley and Firth [12], and Nowak [6] reported
that the highest density of balage was obtained by harvesting at a moisture content of ~40
to 50%. Bales formed of forage with a higher moisture content are characterized by a low
density. Forage with ~40% moisture content can constitute ~60% of balage density [6,11].

The bar charts of the density value distributions of balage harvested at Mc = 56%
(Figure 9) indicate that Pp has a statistically significant impact on the bales’ density. Es-
sential differences were found between the density of bales formed at Pp = 14 and 9 MPa.
In other comparisons, the differences were not statistically significant. Han et al. [4], who
studied the influence of the material’s pressing pressure in the working chamber of a
New Holland 648 press on the basic parameters of bales of Pennisetum americanum (L.)
Kostyra [22], found that the Pp had the biggest impact on the bales’ density, with a twofold
increase in pressure resulting in the bales” density increasing by almost 60%.

Analysis of the results also showed that the density of bales of material chopped by
the cutting device of the round baler (L, = 183 mm) was ~10% higher than the density
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of the unchopped material (L, = 312 mm) and these differences proved to be statistically
significant (Figure 10).

The problem of the impact of shredding forage material on the density of bales formed
by round balers has been mentioned in many studies. Most of these studies discuss the
advantageous impact of including a cutting device in the collecting press on the density
of the balage [6,9,10,22]. In these studies, depending on the experimental conditions, the
results covered a wide range of densities from only a few percent to over 20% [6,23].

The data presented in Figure 11 show that differences in the bales” density with and
without the additive for two different lengths of forage mix, applied in the tests L, = 312
and 183 mm (at Mc = 56% and Pp = 18 MPa), did not exceed 2% and were not statistically
significant. This is probably because a small increase in forage moisture content (the
additive increased by Mc by 3%) did not result in any significant changes in density.

The changes in the bales” density can be described by the equations presented in
Figure 12, which are equations of the third degree. The correlation coefficient of all the
equations is very high and ranges from r = 0.95 to 0.99. The density of the balage increased
at the beginning along with a drop in moisture content (to ~58%), then decreased until
reaching a minimum at Mc = ~47%. For both the unchopped and chopped green fodder,
the density of the balage increased with the increase in Pp.
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Figure 12. Relationship between balage density (pm) and plant material moisture content for (a) plant
material with a length (L) of 312 mm and (b) chopped plant material at Ly,= 183 mm.

In Hersom & Kunkle’s [8] analysis of density in bales of bermudagrass (Cynodon dacty-
lon (L.) Pers.), the results showed a moisture content range in which the maximum density
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value of the cylindrical bales was similar. Similar results were obtained in studies carried
out in Germany [11].

4. Conclusions

Grass harvesting for haylage is a well-known issue. Based on our own experience, it
can be concluded that the pressing pressure and the length of the material will directly
affect the bale density. However, in the case of moisture content, care should be taken to
ensure that it is correct. For the grass mixture used in the study, the best assumed moisture
content was Mc = 56%. Good bale density reduces transport costs and reduces the amount
of oxygen in the bale. Lack of oxygen in the bale is a prerequisite for good fermentation.
This situation allows the amount of chemical additives to be reduced.

On the basis of the authors’ previous research, it was found that the highest quality of
silage is obtained for the analyzed mixture of grasses when harvested with the addition
of KemiSile 2000, using material comminution (Im = 183 mm) and a pressing pressure of
18 MPa. The humidity of the collected material should be between 49-56% [24].
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