
ABSTRACT

The bedding material used in barns for dairy cows 
has a significant effect on animal welfare and per-
formance. Bedding influences the duration in which 
animals remain lying down and, consequently, the pro-
cesses of rumination and milk production. It is crucial 
to have a complete understanding of the properties of 
bedding materials and the effects of alternative bedding 
materials on dairy cattle. This paper aims to evaluate 
the physical, chemical, and biological properties of vari-
ous alternative and conventional bedding materials for 
dairy cattle for use in compost bedded pack or freestall 
barn systems. We analyzed 50 samples of 17 bedding 
materials produced in 3 European countries. We ana-
lyzed physical properties including the water holding 
capacity, porosity, moisture content, bulk density, dry 
bulk density, and particle size. Chemical analyses were 
performed to determine the total N, total organic C, 
and C:N ratio. In the biological analyses, the Esch-
erichia coli count, total bacteria count, coliform count, 
and Klebsiella spp. count were assessed. The results 
demonstrated how the physical properties of the bed-
ding materials may influence the chemical and biologi-
cal properties. All of the materials presented adequate 
chemical properties to be used as bedding material. 
The physical properties of the bedding materials dif-
fered widely among the materials except for the dry 
bulk density, which presented no difference. Moreover, 
the contamination of each studied microorganism was 
observed for each bedding material to determine which 
material had the lowest level of contamination. Posido-
nia oceanica, Miscanthus grass, and spelt husks could 
be considered as a potential alternative material for 
use as bedding material for dairy cows in both systems 
(i.e., composted bedded pack and freestall). This ex-

periment illustrated the importance of performing thor-
ough physical, chemical, and biological analyses before 
implementing a material as bedding for dairy cattle.
Key words: dairy cow, compost bedded pack barn, 
free stall barn

INTRODUCTION

Dairy cattle usually prioritize resting over other be-
haviors (Munksgaard et al., 2005; Norring et al., 2008); 
they generally spend 8 to 16 h/d lying down (Tucker 
et al., 2009). The duration that cows spend lying down 
depends on the type of bedding material provided, 
among other factors. Cows prefer to spend more time 
lying down when the bedding is deep, soft, and dry 
(Tucker and Weary, 2004; Tucker et al., 2009; Reich 
et al., 2010). Additionally, there is clear evidence that 
proper bedding management plays an important role in 
increasing the productivity of dairy farms (Yajima et 
al., 2017).

Although some housing systems require little to 
no bedding, most dairy systems rely on an adequate 
supply of bedding materials to ensure the comfort 
and hygiene of cows. The main function of bedding is 
to provide a lying surface with thermal comfort and 
softness for the animals, as cows have been shown to 
spend more time lying down when stalls are soft and 
dry (Wolfe et al., 2018). Moreover, bedding must be 
durable and have sufficient friction to allow for rising 
and lying down without slipping (van Gastelen et al., 
2011). Bedding material should also help to keep cows 
clean and healthy while minimizing daily labor require-
ments (Chaplin et al., 2000).

In bedded pack barns—including conventional straw 
yards and compost bedded pack (CBP) barns—cows 
walk, stand, and lie over the bedded pack. These sys-
tems generally require a relatively large amount of 
bedding materials to absorb the moisture contained in 
cattle excreta, which are deposited over the bedding 
(Bewley et al., 2017). In addition to providing a dry 
and soft surface for the cows to rest, bedding material 
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used in bedded pack barns needs adequate bearing ca-
pacity to support the weight of the cows during walking 
(Leso et al., 2020).

In contrast, in freestall (FS) barns with cubicles, 
cows mainly defecate and urinate outside of the rest-
ing area, and thus adequate hygiene can be maintained 
with relatively small amounts of bedding materials (Be-
wley et al., 2017). Furthermore, as cows do not need to 
walk over the bedded area, the weight bearing capacity 
of bedding materials is less of a concern in FS barns.

The efficiency of a specific bedding material is de-
termined by many factors, such as particle size (PS) 
and its water holding capacity (WHC), reduce mois-
ture content (MC), and alleviate caking (Kheravii et 
al., 2017). According to Agnew and Leonard (2003), 
an accurate evaluation of the physical properties of 
bedding material is essential for predicting appropri-
ate handling, storage, treatment, disposal, and cost. 
In dairy systems, an appropriate chemical substrate 
must be maintained in the bedding to promote aerobic 
microbial activity, especially in a CBP barn (Black et 
al., 2013). When cows lay down, their teats may come 
in direct contact with bacteria in the bedding (Cook et 
al., 2005; Hogan and Smith, 2012).

The ability of bedding to support bacterial growth 
varies between bedding type, and could be dependent 
upon the physical, biochemical, and nutritional proper-
ties of the bedding (Godden et al., 2008). Inorganic ma-
terials, such as sand, do not support bacterial growth, 
and can therefore reduce the risk of mastitis (Bewley 
et al., 2017). Organic bedding materials could result 
in a higher risk of mastitis. However, the resulting 
manure is easier to handle when using organic bed-
ding and can positively affect soil fertility as a result of 
higher amounts of OM. Furthermore, in other housing 
systems, such as CBP, an appropriate chemical sub-
strate must be maintained in the bedding to promote 
aerobic microbial activity, which forms the basis of the 
composting process (Black et al., 2013). Regardless of 
the housing system used, the compostability of bedding 
materials is a desirable characteristic, as composted 
manure has been shown to improve soil fertility and 
could potentially reduce the environmental impact of 
dairy systems (Leso et al., 2020).

The most commonly used bedding materials in cow 
housing systems are sawdust, wood shavings, and sand 
(Janni et al., 2007; Lybæk and Kjaer, 2019; Oliveira 
et al., 2019). Other materials, including straw, peanut 
shells, and woodchips (Galama, 2014; Fávero et al., 
2015; Leso et al., 2018; Leso et al., 2020), are also com-
monly used as bedding material. Oliveira et al. (2019) 
and Yajima et al. (2017) reported a growing demand 
for bedding materials, particularly sawdust and wheat 

straw. This demand has driven up prices, pushing farm-
ers to look for alternative bedding materials. However, 
it is crucial to have a complete understanding of the 
nature of these alternative materials and their charac-
teristics with regard to their use and handling as bed-
ding materials (Agnew and Leonard, 2003).

Thus, the present study aimed to evaluate the physi-
cal, chemical, and biological properties of conventional 
and alternative bedding materials for dairy cattle in 
CBP or FS barn systems. Furthermore, this study 
aimed to present new potential alternative materials 
for use as bedding for dairy cattle.

MATERIALS AND METHODS

To analyze the physical, chemical, and biological 
properties of bedding materials for dairy cattle in differ-
ent housing systems, 50 samples of 17 types of bedding 
materials were evaluated. Dairy cattle farmers from 3 
European countries (Italy, the Netherlands, and Slo-
venia) selected the bedding materials to be evaluated 
according to the availability of these materials on their 
respective properties, thereby allowing the farmers to 
evaluate the potential of these materials for bedding. 
Initially, the farms sent us potential materials, which 
were subsequently selected and sampled according to 
the type of material (Table 1). The bedding samples 
were classified as alternative or conventional materials 
based on the number of related scientific papers found 
in the literature. These samples were collected from the 
3 European countries, as shown in Table 1.

Physical Property Analysis

Physical property analyses of the materials were 
carried out at the Department of Agriculture, Food, 
Environment, and Forestry (DAGRI) of the University 
of Florence (UniFi), Italy. The physical properties we 
analyzed included the WHC, porosity (POR), MC, 
bulk density (BD), dry bulk density (BDdry), and PS.

The BD of the materials was determined according 
to ASAE Standard S269.4 DEC 91 (ASABE Standards, 
2007), using 3 glass containers with a known volume. 
The material was poured into a container from a spe-
cific height to facilitate a free flow of the sample until 
the container overflowed. The combined weight of the 
material and the container was recorded, and the BD 
(kg·m−3) was calculated using Equation 1:

 BD = M/V, [1]

where M is the mass of the tested bedding material (kg) 
and V is the container volume (m3).
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The methodology described by Dunlop et al. (2015) 
was adapted by following Standards Australia AS 
3743–2003 (Appendix B Method in Standards Austra-
lia, 2003) to obtain the WHC, POR, and BDdry.

The WHC was determined using Equation 2 to ob-
tain results (in kg·kg−1):

 WHC BD=
−( )

×
M M

V
w dry

b
,  [2]

where Mw is the mass of the saturated material (kg), 
Mdry is the dry mass of the material (kg), Vb is the 
volume of the recipient material (m−3), and BD is the 
bulk density (kg·m−3).

The POR (%) was calculated from Equation 3:

 POR = ×
V
V
drained

b
100,  [3]

where Vdrained is the volume of water drained from the 
material (L) and Vb is the volume of the recipient mate-
rial (L).

The BDdry can be obtained from Equation 4:

 BDdry
dry

b

m
V

= ,  [4]

where mdry is the mass of the dried material (kg) and Vb 
is the volume of the sample (m−3).

The initial moisture of the material obtained from 
the field was determined using a moisture balance 
(WPS 50SX-1; accuracy of 0.001 g/0.01%).

The PS was determined according to the methodol-
ogy proposed by Jobim et al. (2007). A 50-g sample 
was successively applied to a set of 6 meshes (50-, 16-, 
8-, 4-, 2-, and 0.425-mm and bottom) and shaken 5 
times at each horizontal 90° angle; this process was 
then repeated for a total of 40 shakes. After the shak-
ing process, each mesh and the remaining material 
were weighed, and the PS was calculated. Moreover, 
the largest particles remaining in the 50-mm mesh were 
measured by a caliper, and the smallest particles re-
mained at the bottom. Analyses of physical properties 
were carried out in 3 replicates for each type of bedding 
sample. The average of the results for each sample was 
used for analyses.

Chemical and Biological Property Analyses

Chemical and biological analyses were performed 
at the MADE HSE Laboratory located in Mantua, 
Italy. The chemical analyses included an assessment 
of the total N following the MI mep-c-62 (Kjeldahl) 
method, total organic carbon (TOC) following UNI 
EN 13137:2002, and the C:N ratio following the MI 
mep-c-41 calculation method.

The biological analyses included an Escherichia coli 
count following the MI mep-m-32 method, a total bac-
teria count (TBC) following the MI mep-m-26 method, 
a coliform count following the MI mep-m-32 method, 
and a Klebsiella spp. count following the PT 332 NA-
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Table 1. Bedding materials and their country of origin

Material
Number 

of samples  Country of origin  Classification

Barley husks 2 The Netherlands  Alternative
Bark mulch 2 The Netherlands  Alternative
Barley straw 3 Italy (1), the Netherlands (1), and Slovenia (1)  Conventional
Conifer forest litter 1 Italy  Alternative
Dried sawdust 6 Italy (5) and Slovenia (1)  Conventional
Fresh sawdust 2 Italy (1) and Slovenia (1)  Conventional
Flax straw 3 Slovenia  Alternative
Hemp straw 3 Slovenia  Alternative
Miscanthus grass 3 Italy (1), the Netherlands (1), and Slovenia (1)  Alternative
Posidonia oceanica 1 Italy  Alternative
Spelt husks 3 Slovenia  Alternative
Triticale husks 2 Slovenia  Alternative
Triticale straw 1 Italy  Conventional
Wood chips 6 Italy (2), the Netherlands (1) and Slovenia (3)  Conventional
Wheat husks 2 Slovenia  Alternative
Wood shavings 3 Italy (1) and Slovenia (2)  Conventional
Wheat straw 7 Italy (2) and Slovenia (5)  Conventional
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Terreno McConkey method. Chemical and biological 
analyses were performed once for each type of bedding 
sample.

Data Analyses

Statistical Analyses. One-way ANOVA was per-
formed to assess the effect of the material type on the 
response variables. The experimental unit was the sam-
ple of bedding material. Sources of variability resulted 
from different samples within each type of bedding ma-
terial. Bacterial concentrations were log-transformed 
before analysis. When a significant effect was found, 
the Scott–Knot test was used to determine differences 
between means, and differences were determined to be 
statistically significant at P ≤ 0.05. Analyses were per-
formed using R software (R Development Core Team, 
2019).

Cluster Heat Map. According to Wilkinson and 
Friendly (2009), a cluster heat map can simultaneously 
reveal row and column hierarchical cluster structures 
in a data matrix. This map consists of a rectangu-
lar tiling, with each tile shaded on a color scale to 
represent the value of the corresponding element of 
the data matrix. The rows (columns) of the tiling are 
ordered such that similar rows (columns) are near each 
other, with hierarchical cluster trees on the vertical 
and horizontal margins of the tiling (Wilkinson and 
Friendly, 2009).

Hierarchical agglomerative clustering analysis is a 
simple and effective method for evaluating similarities 
among data based on the idea of grouping objects that 
are similar according to some predetermined criteria 
(Linden, 2009). Hierarchical clustering analysis (HCA) 
involves calculating the distance matrices of data ob-
jects and then merging objects that are close to each 
other to form sub-clusters. This approach was used to 
interpret the PS distribution for each type of bedding 
material. Similar objects are grouped within clusters, 
whereas objects that differ are grouped into different 
clusters (Dominick et al., 2012).

In the present study, the relative levels of each 
PS were determined, and then, all data were z-score 
transformed to produce a heat map using a supervised 
HCA method, as described by Ferraz et al. (2014). The 
clustering method and similarity measure were set as 
the unweighted average and Euclidean distance, respec-
tively.

The Euclidean distance (ED; Equation 5) is based 
on a single binding (also known as a nearest neighbor), 
given as the connection or linkage distance (Dlink) di-
vided by the maximum distance (Dmax; Dominick et al., 
2012):

 ED
D
D
link

max
= ×100.  [5]

As the initial cluster, the Ward method considers indi-
viduals who provide the lowest sum of squares of devia-
tions (Melo Júnior et al., 2006). The PS is represented 
by colors in the heat map, illustrated as a single row 
of colored boxes, whereas columns represent different 
bedding materials. In the R statistical software (R De-
velopment Core Team, 2019), library gplots was used to 
develop the cluster heat map.

FreeViz Analysis. FreeViz is an intelligent multi-
variate visualization approach, as described by Demšar 
et al. (2005, 2007). According to these authors, FreeViz 
is an optimization method that finds a linear projection 
and an associated scatterplot that best separates in-
stances of different classes. Using a single graph, the re-
sulting FreeViz visualization can provide a global view 
of the classification problem being studied, reveal inter-
esting relations between classes and features, uncover 
feature interactions, and provide information about 
intra-class similarities. The mathematical foundations 
of FreeViz have been presented in previous work, with 
a report on its utility for various biomedical data sets. 
Demšar et al. (2007) presented the mathematical foun-
dations of FreeViz, explained the optimization method, 
and described its utility for various data sets. In the 
current study, a FreeViz analysis was applied to the 
biological counts of the different bedding materials. 
Orange Canvas (Demšar, and Zupan, 2013) was used 
to develop the FreeViz analysis.

RESULTS AND DISCUSSION

Physical properties are key features in the charac-
terization of bedding materials. In Table 2, the physi-
cal properties of the evaluated bedding materials are 
shown.

According to Dunlop et al. (2015), the WHC is an 
important characteristic of bedding materials because 
it indicates the amount of water that can be absorbed 
and stored. Eckelkamp et al. (2016) stated that the 
WHC refers to the amount of water held in the mate-
rial, which is influenced by the OM content, texture, 
and structure of the material. The alternative bed-
ding material Posidonia oceanica presented the highest 
WHC (Table 2), whereas wood shavings and barley 
straw, which are both conventional bedding materials, 
presented an intermediate WHC. The other materials 
presented similarly low values.

In this experiment, bark mulch, an alternative 
bedding material, presented the highest MC value 
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(61.95%), followed by fresh sawdust (43.72%), a con-
ventional bedding material. The other materials pre-
sented MC values of 9.07 to 15.27%. Adequate moisture 
is necessary to support microbial activity. According to 
Tchobanoglous et al. (1993), the optimum range that 
is generally recommended for composting is 50 to 60%. 
However, Liang et al. (2003) reported that maximum 
microbial activities were obtained for MC values in the 
range of 60 to 70%. According to Keys et al. (1976) 
and Fregonesi et al. (2007), cows prefer low- over 
high-moisture bedding in both winter and summer. 
The authors also reported that cattle avoid lying on 
surfaces with high MC. To avoid health problems, such 
as mastitis, Zehner et al. (1986) recommended that 
bedding materials for FS be kept as clean and dry as 
possible to limit bacterial inoculation and growth. For 
a CBP, the initial moisture of the bedding materials is 
important. According to Janni et al. (2007), adequate 
ventilation (air exchange) is necessary for this kind of 
barn to remove the heat and moisture generated by the 
biologically active pack. Thus, it is not desirable to use 
bedding material with a high-moisture value because 
energy will then be required to dry the bed. There-
fore, the use of materials that present high MC values, 
such as fresh sawdust (conventional) and bark mulch 
(alternative), is not feasible. Moreover, the bedding 
materials of CBP must be frequently turned. The MC 
of the bedding at the time of compaction also influences 
the amount of energy required to break up a piece of 
compacted material once it has dried (Dunlop et al., 
2016). Bernhart et al. (2010) reported that the force 
required to break compacted samples of bedding in-

creases substantially when the MC is higher at the time 
of compaction. Moreover, Ahn et al. (2008) reported 
that moisture promotes the aggregation of particles and 
reduces POR.

The degree of porosity of the bedding material is an 
important factor in the adsorption of microorganisms. 
Bedding material with a large interior void space allows 
microorganisms to attach under low shear conditions, 
and the fluid outside of the bedding material can move 
at high speeds (Cohen, 2001). The values of POR for 
the dried sawdust, fresh sawdust, and wood shavings 
were the lowest, whereas the other materials presented 
statistically equivalent values.

The BD is an important characteristic of bedding 
material. Agnew and Leonard (2003) showed that 
higher BD values imply an increase in mass and a 
decrease in POR and air volume. These authors also 
reported that the BD of a given bedding material is 
often considered in calculations of storage design and 
transportation, and also in determining the power re-
quirements for operations such as turning and mixing 
of the bedding. The highest BD value was exhibited by 
bark mulch, an alternative material, followed by dried 
sawdust and fresh sawdust. According to Michel et al. 
(2004), materials with small PS and high BD values 
experience lower reductions in volume over time, which 
may be the case for dried and fresh sawdust.

The BDdry value is the BD under water-saturated 
conditions, which enables a more thorough comparison 
of the materials. In this experiment, all of the materials 
exhibited statistically equivalent values under condi-
tions of saturation.

Ferraz et al.: CONVENTIONAL AND ALTERNATIVE BEDDING MATERIALS

Table 2. Average water holding capacity (WHC), moisture content (MC), porosity (POR), bulk density (BD), 
and dry bulk density (BDdry) of the bedding materials

Material
WHC 

(kg·kg−1)
MC 
(%)

POR 
(%)

BD 
(kg·m−3)

BDdry 
(kg·m−3)

Barley husks 1.62c 9.64c 63.81a 136.65c 101.60a

Bark mulch 0.65c 61.95a 61.01a 369.27a 141.85a

Barley straw 4.13b 9.80c 83.04a 26.30c 26.41a

Conifer forest litter 0.78c 12.27c 79.91a 123.01c 82.98a

Dried sawdust 3.19c 10.99c 23.41b 224.86b 178.61a

Fresh sawdust 2.08c 43.72b 33.12b 236.10b 138.65a

Flax straw 2.45c 9.42c 69.18a 71.55c 50.57a

Hemp straw 1.66c 10.17c 79.61a 72.33c 51.61a

Miscanthus grass 2.31c 15.27c 64.28a 90.60c 83.03a

Posidonia oceanica 7.32a 13.16c 71.49a 30.90c 41.47a

Spelt husks 1.65c 11.51c 63.69a 96.91c 78.28a

Triticale husks 2.92c 10.57c 85.40a 28.88c 21.42a

Triticale straw 2.90c 10.02c 89.85a 19.60c 16.76a

Wood chips 1.29c 12.82c 61.35a 178.34b 138.09a

Wheat husks 2.95c 9.07c 82.66a 36.44c 28.54a

Wood shavings 4.89b 10.09c 52.28b 86.85c 74.10a

Wheat straw 3.32c 9.33c 79.35a 33.13c 38.40a

P-value <0.05 <0.05 <0.05 <0.05 <0.05
a–cAverages followed by the same superscript letter in each column are not statistically different based on the 
Scott–Knot test at 5% significance.
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Based on the physical properties, the alternative 
bedding material P. oceanica is notable because it pre-
sented the largest WHC value. Additionally, this mate-
rial exhibited physical properties similar to those of the 
conventional materials evaluated. Bark mulch had the 
highest MC and BD values, which are not desirable 
for bedding material. For POR and BDdry, the alterna-
tive bedding materials presented values similar to those 
of the majority of the conventional bedding materials 
studied.

The different bedding materials were analyzed to 
determine the PS distributions via a hierarchically 
clustered heat map (Figure 1). Heat maps are visual 
representations of quantitative data on 2 axes; the x-
axis represents the groups based on PS, and the y-axis 
consists of the bedding materials. The field between 
the axes comprises an array of contiguous boxes that 
are color coded to reflect the corresponding quantities 
(Moon et al., 2009). This method can also be used to 
visualize the quantitative amount (%) of particles in 
each evaluated size. One significant advantage of the 
heat map is its ability to portray the bedding material 
PS, which allows patterns to be easily identified. In 
Figure 1, red represents high concentrations and green 
represents low concentrations of particles.

Figure 1 shows that the bedding materials were 
hierarchically clustered in 4 large clusters based on 
the PS fraction. The first cluster is composed of the 
straw samples (hemp, wheat, barley, triticale, flex) and 
Miscanthus. Thus, based on this cluster analysis, re-
gardless of the straw type (conventional or alternative), 
all straw samples presented a similar PS. In addition, 
this cluster primarily consists of particles larger than 
50 mm. Miscanthus is unique in this cluster because it 
presents a high concentration of particles larger than 
50 mm, as well as a considerable number of particles 
between 4 and 8 mm.

The 2 sawdust samples (dried and fresh) are included 
in the second cluster, but no alternative bedding mate-
rial exhibited this PS. In both sawdust samples, the 
greatest fraction corresponded to particle sizes between 
0.425 and 2 mm, representing almost 60% of the saw-
dust particles. Thus, this cluster can be considered to 
have the lowest PS. According to Nakasaki et al. (1986), 
materials with a higher proportion of small particles 
should be more desirable for compost materials because 
microorganisms primarily grow on particle surfaces. In 
addition, as bedding needs to be cultivated frequently 
in CBP barns, the authors suggested selecting materi-
als with a maximum PS of 25 mm for use in this type 
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Figure 1. Hierarchically clustered heat map of the particle size distribution of all bedding materials evaluated. The blue rectangles indicate 
the 4 hierarchical clusters (1, 2, 3, 4).
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of housing system (Shane et al., 2010). Materials with 
larger particles should be processed to less than 25 mm 
before being used in a CBP barn. For these reasons, 
fine materials are generally preferred for systems that 
rely on composting. On the other hand, if a material 
is too fine, it can be too easily compacted (Agnew and 
Leonard, 2003). In this case, the pore space can become 
very small, thereby limiting oxygen availability in the 
bedded pack, and in turn inhibiting the composting 
process. Thus, selecting materials with an adequate 
PS is particularly important in bedded pack systems, 
although some of the aforementioned concepts also ap-
ply to FS housing systems. Finally, another factor that 
should be considered in relation to PS is the production 
of dust. According to Samadi et al. (2012), high concen-
trations of fine particles should be avoided regardless 
of the housing system material used, as bedding has 
a strong influence on the level of dust in dairy barns. 
Of the materials analyzed in the current study, dried 
sawdust exhibited the highest content of fine particles 
(<0.425 mm), which indicated the potential for high 
levels of dust.

The third and fourth clusters presented intermedi-
ate PS, lying between the first and second clusters. 
The third cluster consists of bedding materials with 
a medium-sized fraction, primarily containing particles 
of 2 to 8 mm. This cluster includes husk samples (bar-
ley, wheat, and spelt), which are alternative bedding 
materials, and wood shavings, which are conventional 
bedding materials (Smith et al., 2017; Albino et al., 
2018; Ahn et al., 2020). Notably, more than 96% of the 
spelt husk particles fall in this interval. Wheat husk 
is unique in this cluster because it presents particles 
larger than 50 mm.

The fourth cluster is composed of materials with 
particle sizes of 4 to 16 mm. The conventional mate-
rial in this group is wood chips (Van Dooren et al., 
2016; Smith et al., 2017; Van Dooren et al., 2018), and 
the alternative bedding materials include bark mulch, 
conifer forest litter, P. oceanica, and triticale husks. In 
this group, 42% of the P. oceanica particles were in the 
size range of 8 to 16 mm.

Based on this HCA, clusters 1, 3, and 4 were com-
posed of both conventional and alternative bedding 
materials. This grouping enables a comparison of the 
material types and can facilitate choices among these 
materials.

The average chemical parameters of the bedding ma-
terials are shown in Table 3. Barley husks and conifer 
forest litter, which are alternative bedding materials, 
presented the highest total N values. All of the stud-
ied materials had statistically equivalent TOC values, 
except P. oceanica (322.0 g/kg), which presented the 
lowest value. The C content determines the amount 

of N that can be immobilized during decomposition 
(Kirchmann, 1985; Kirchmann and Witter, 1989). In 
a CBP, a high C content is desirable because microbes 
require C for the synthesis of cell material and energy; 
moreover, microbes require N to build cell proteins and 
other N-containing cell materials (Kirchmann 1985; 
Kirchmann and Witter, 1989). Hence, according to 
these authors, the addition of C-rich organic materials 
to manure allows more ammonium to be biologically 
immobilized during decomposition.

The conventional bedding materials (wood shavings, 
dried sawdust, and fresh sawdust) presented the highest 
C:N ratios. According to Jeppsson (1999), microbes use 
30 parts of C for 1 part of N (on average). In this ex-
periment, all of the materials presented C:N ratios ex-
ceeding 39.5, which is desirable. Poincelot (1974) stated 
that when the C:N ratio is below 26, the excess N is 
lost in the atmosphere as ammonia. Kirchmann (1985) 
reported that no ammonia N losses occur for C:N ratios 
above 50. Only the alternative bedding material barley 
husks presented a C:N ratio smaller than 50. The other 
evaluated material will not lose ammonia N because 
their C:N ratios are greater than 50.

Table 3 shows that the conventional and alternative 
materials are very similar, with the exception of bar-
ley husks (an alternative material), due to their high 
total N value and low C:N ratio. Although P. oceanica 
presented the lowest TOC value, it presented a satisfac-
tory C:N ratio according to the minimum proposed by 
Kirchmann (1985). Studies on the composting process 
have indicated that OM degrades faster when the C:N 
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Table 3. Average total N, total organic C (TOC), and C:N ratio for 
the evaluated bedding materials

Material
Total N 

(%)
TOC 
(g/kg)

C:N 
ratio

Barley husks 1.2a 476.0a 39.5b

Bark mulch 0.5b 537.0a 111.0b

Barley straw 0.6b 551.0a 96.3b

Conifer forest litter 0.9a 555.0a 62.0b

Dried sawdust 0.1b 537.2a 478.5a

Fresh sawdust 0.1b 548.5a 548.5a

Flax straw 0.5b 510.7a 102.0b

Hemp straw 0.6b 496.3a 98.7b

Miscanthus grass 0.4b 515.3a 169.0b

Posidonia oceanica 0.6b 322.0b 54.0b

Spelt husks 0.6b 504.7a 85.3b

Triticale husks 0.5b 483.0a 109.0b

Triticale straw 0.3b 473.0a 158.0b

Wood chips 0.3b 544.3a 349.8a

Wheat husks 0.4b 506.5a 127.0b

Wood shavings 0.4b 536.7a 292.3a

Wheat straw 0.5b 496.0a 94.0b

P-value <0.05 <0.05 <0.05
a,bAverages followed by the same superscript letter in each column are 
not statistically different based on the Scott–Knot test at 5% signifi-
cance.
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ratio is in the range of 25:1 to 30:1 (Misra et al., 2003). 
As dairy cow feces have a lower C:N ratio—ranging 
from 15:1 to 19:1 (Leonard, 2001)—the use of materials 
with high C N ratios could improve the compostability 
of bedding and the resulting manure. For this reason, 
the C:N ratio of bedding materials is particularly im-
portant in CBP (Leso et al., 2020).

Table 4 presents the bacteria count statistical analy-
sis of the evaluated bedding materials. Figure 2 (A and 
B) presents the FreeViz results of the biological counts 
of the bedding materials. The bedding materials were 
randomly divided into 2 figures to visualize the main 
contaminants for each bedding type. The FreeViz al-
gorithm optimizes a linear projection and displays the 
projected data in a scatterplot. The target projection 
is found through a gradient optimization approach and 
aims to separate instances of different classes in class-
labeled data (Demšar et al., 2007).

Figure 2 and Table 4 indicate which bacteria count 
is most relevant for each evaluated bedding material. 
Figure 2 shows the biological characteristics (i.e., bac-
terial counts) of each type of material. In addition, it is 
possible to see which of these characteristics exerts the 
greatest influence. Figure 2A highlights the high E. coli 
count and TBC values for dried sawdust, indicating that 
both of these biological characteristics are a potential 
concern when using this material. Wheat husks exhibit 
the highest level of coliform contamination (Table 4), 
as well as low counts of K (Figure 2A). Conifer forest 
litter exhibits the highest level of K contamination, as 
well as a lower level count of coliforms. Lastly, fresh 
sawdust has the highest level of TBC contamination. 

Figure 2B shows that wood chips are contaminated by 
E. coli and TBC, while Miscanthus has a high count 
of coliforms. In addition, Barley straw exhibits a high 
count of TBC, and flax straw displays high values for 
both Klebsiella spp. and coliforms

Microorganisms that cause mastitis can be related 
to the environmental transmission of pathogens (Ma-
nasa et al., 2019). E coli and Klebsiella spp. are among 
the most common gram-negative bacteria and are as-
sociated with more than 40% of all cases of clinical 
mastitis (Schukken et al., 2011; Oliveira et al., 2013). 
Escherichia coli tends to be the most prevalent, whereas 
clinical mastitis caused by Klebsiella spp. tends to be 
the most severe (Gorden et al., 2018). Bedding materi-
als are primary sources of exposure to environmental 
mastitis pathogens for bovine teats (Hogan et al., 
1990). Bovine mastitis results in substantial economic 
losses, primarily due to reduced milk yield, decreased 
milk quality, higher production costs, medication costs, 
loss of milk during and shortly after treatment, loss of 
milking days, reduced milk prices, increased labor, and 
increased recruitment costs due to culling (Seegers et 
al., 2003; Cremonesi et al., 2006). Therefore, the pres-
ence of pathogens in raw material should be considered 
when selecting a bedding material.

In this experiment, the alternative bedding materials 
flax straw and conifer forest litter presented the high-
est Klebsiella spp. counts. The presence of Klebsiella 
spp. was also noted in alternative bedding materials 
such as Miscanthus and spelt husk, as well as in con-
ventional materials such as dried sawdust, fresh saw-
dust, and wood shavings. The other materials did not 
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Table 4. Average total bacteria count (TBC), Escherichia coli count (Ecc), coliform count (Cc), and Klebsiella 
spp. count (Kc) for the 17 materials evaluated

Material
TBC 

(cfu/g)
Ecc 

(cfu/g)
Cc 

(cfu/g)
Kc 

(cfu/g)

Barley husks 11,300,000.0 110.0b 710,000.0a 0.0b

Bark mulch 9,450,000.0 0.0b 225,210.0a 0.0b

Barley straw 14,066,666.7 0.0b 80,333.3a 0.0b

Conifer forest litter 300,000.0 1,100.0a 19,000.0a 110,000.0a

Dried sawdust 8,483,333.3 1,833.3a 2,333.3b 2,166.7b

Fresh sawdust 24,500,000.0 10.0b 380.0b 200.0b

Flax straw 9,366,666.7 0.0b 199,600.0a 28,666.7a

Hemp straw 3,826,000.0 0.0b 8,466.7a 0.0b

Miscanthus grass 833,333.3 0.0b 182,033.3a 500.0b

Posidonia oceanica 440,000.0 0.0b 30.0b 0.0b

Spelt husks 700,000.0 0.0b 10,333.3a 1,633.3b

Triticale husks 14,000,000.0 0.0b 920,000.0a 0.0b

Triticale straw 100,000.0 0.0b 0.0b 0.0b

Wood chips 7,000,000.0 81.7b 5,533.3b 0.0b

Wheat husks 12,900,000.0 0.0b 915,000.0b 0.0b

Wood shavings 166,666.7 0.0b 0.0b 133.3b

Wheat straw 1,400,000.0 0.0b 20,714.3b 0.0b

P-value 0.7659 <0.05 <0.05 <0.05
a,bAverages followed by the same superscript letter in each column are not statistically different based on the 
Scott–Knot test at 5% significance.
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present Klebsiella spp. With regard to E. coli, many of 
the materials evaluated in this study presented no con-
tamination. Only barley husks and conifer forest litter, 

which are alternative materials, and dried sawdust and 
wood chips, which are conventional materials, showed 
contamination with this microorganism.
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Figure 2. FreeViz (Demšar et al., 2005, 2007) optimization of the biological count for (A) bark mulch, barley husk, conifer forest litter, dried 
sawdust, fresh sawdust, spelt husks, triticale husks, and wheat husks and for (B) barley straw, flax straw, hemp straw, Miscanthus, Posidonia 
oceanica, triticale straw, wheat straw, wood chips and wood shavings.
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The TBC can be useful for estimating farm sanitation 
efficacy, overall udder health, and proper milk handling 
and storage temperatures (Hayes et al., 2001). Bramley 
and Neave (1975) stated that organic materials, such as 
straw and sawdust, often contain >106 cfu/g of coliform 

bacteria when used as bedding. Barley husks, bark 
mulch, flax straw, triticale husks, and wheat husks (al-
ternative materials), as well as barley straw and fresh 
sawdust (which are conventional materials) presented 
the highest TBC values, exceeding 106.
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Figure 2 (Continued). FreeViz (Demšar et al., 2005, 2007) optimization of the biological count for (A) bark mulch, barley husk, conifer for-
est litter, dried sawdust, fresh sawdust, spelt husks, triticale husks, and wheat husks and for (B) barley straw, flax straw, hemp straw, Miscanthus, 
Posidonia oceanica, triticale straw, wheat straw, wood chips and wood shavings.
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According to Hogan and Smith (1997), sawdust and 
wood shavings are popular choices as bedding materi-
als despite evidence that outbreaks of coliform mastitis 
within herds are commonly attributed to contami-
nated bedding. This study demonstrated that materials 
should be evaluated before being used as bedding for 
cows to reduce mastitis risk.

The microbiological contamination of bedding exerts 
different influences depending on the house system 
(CBP or FS). For example, in CBP systems, even if 
bedding material contains no coliforms before use, the 
material is a rich source of nutrition for bacteria, and 
therefore promotes the composting process (Husfeldt 
et al., 2012). However, higher temperatures (55–65°C) 
could promote the destruction of pathogens in bedding 
that contains contamination before use (Stentiford, 
1996), which could be advantageous for the destruction 
of mastitis-causing bacteria. Furthermore, if the raw 
material has a microbiological contamination before 
use, it does not have importance in the microbiological 
contamination after use as bedding material (Husfeldt 
et al., 2012).

On the other hand, in FS housing systems, the bac-
teria count of the original bedding material could affect 
both the health of dairy cows and milk contamination. 
According to Drissler et al. (2005), the bacterial con-
tamination of fresh bedding may be linked to bacteria 
present in the older bedding in deep-bedded FS. As the 
depth of the material changes, new material is mixed 
with older bedding, which may already be contami-
nated.

Posidonia oceanica is a potentially useful alternative 
material due to its low E. coli count, TBC, coliform 
count, and Klebsiella spp. count. The same characteris-
tics were also observed for triticale straw, a conventional 
material. Thus, both of these materials are desirable 
with regard to low bacterial contamination.

A summary of the physical, chemical, and biologi-
cal properties of the bedding materials analyzed in the 
present study, as well as their suitability for different 
housing systems, is reported in Table 5. The suitable 
alternative materials for both housing systems were 
hemp straw, Miscanthus grass, P. oceanica, and spelt 
husks.

CONCLUSIONS

The physical, chemical and biological properties of 
conventional and alternative bedding materials for 
dairy cattle were evaluated in this study. The bedding 
materials were hierarchically clustered in 4 large groups 
based on the PS fraction. The physical properties ex-
hibited substantial differences among the materials, 
except for the BDdry, which showed no difference. With 
respect to the chemical properties, all of the tested 
materials presented desirable behavior. In addition, 
the contamination of each bedding material was deter-
mined for various microorganisms to determine which 
material had the lowest contamination.

The properties of the alternative bedding materials 
were similar to those of the studied conventional mate-
rials. Notably, P. oceanica presented a good PS distri-
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Table 5. Summary of the characteristics of the bedding materials analyzed in the present study (score ranges from − − to ++, where ++ is 
very positive, − − is very negative, and +/− is neutral) and their suitability for use in freestall (FS) and compost bedded pack (CBP) barns

Classification  Material
Physical 

properties
Chemical 
properties

Biological 
properties

Suitability for use 
in housing system

FS CBP

Conventional  Barley straw + +/− +/− X X1

  Dried sawdust ++ ++ − X X 
  Fresh sawdust − − ++ +/−
  Triticale straw + − ++ X X1

  Wood chips − + + X X 
  Wood shavings ++ + + X X 
  Wheat straw + − + X X1

Alternative  Barley husks +/− − − −
  Bark mulch − − +/− −
  Conifer forest litter − − − −
  Flax straw + +/− − −
  Hemp straw +/− +/− ++ X X1

  Miscanthus grass − +/− +/− X X 
  Posidonia oceanica ++ − ++ X X 
  Spelt husks +/− − + X X 
  Triticale husks + +/− − −
  Wheat husks + +/− − −  
1Can be used successfully in CBP if processed to <25 mm.
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bution, high WHC, and low contamination of pathogen 
microorganisms. Based on these results, P. oceanica can 
be considered as a potential alternative material for use 
as bedding material for dairy cows. In addition, our 
work shows that Miscanthus grass and spelt husks are 
suitable alternative materials for use in CBP and FS 
systems.

The experimental trials carried out in this study 
demonstrate that appropriate physical, chemical, and 
biological analyses should be performed before any ma-
terial is used as bedding for dairy cattle.
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