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ABSTRACT OF THESIS

COMPOST BEDDED PACK BARNS FOR DAIRY CATTLE: BEDDING
PERFORMANCE AND MASTITIS AS COMPARED TO SAND FREESTALLS
Lameness and mastitis are the two most costly diseases in the dairy industry.
Reduction of these diseases through housing and management is beneficial. Compost
bedded pack (CBP) and sand freestall barns were compared in a long-term, on-farm study
to assess the effect of housing on each disease. Another research objective was to
evaluate the effects of ambient weather conditions on moisture and 20 cm internal
temperature of CBP. Compost bedded pack moisture, C:N ratio, and internal temperature
effects on cleanliness, mastitis, and bedding bacterial counts were also considered. The
last research objective was to evaluate the economics of bedding material decisions in
CBP and provide a user-friendly decision support tool to predict bedding costs and
usefulness.
KEYWORDS: Management, Sand Freestall, Lameness, Economics, Decision Tool
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CHAPTER ONE
1Review of literature
INTRODUCTION
Compost bedded pack barns have been adopted in many U.S. states and several
countries throughout the world (Galama, 2011, Klaas and Bjerg, 2011, Black et al.,
2013). Cows housed in compost bedded pack barns have exhibited similar or improved
locomotion relative to cows housed in freestall barns without detrimental effects on
cleanliness or mastitis (Barberg et al., 2007b, Lobeck et al., 2011, Black et al., 2013).
Critics have expressed concerns about mastitis risks in compost bedded pack barns
(CBP). Environmental mastitis has been the main concern due to the bacterial load in
compost bedded pack barns. However, to the author’s knowledge no long-term study has
been performed comparing compost bedded pack barns to other housing systems for
observed clinical mastitis cases, somatic cell count, percentage of herd infected, or bulk
tank somatic cell count.
MASTITIS
Definition
The most costly disease in the dairy industry worldwide is inflammation of the
mammary gland, more commonly known as mastitis (Jain, 1979, Bramley et al., 1996).
According to the 2007 NAHMS survey (USDA), 94.9 ± 0.08% of U.S. dairy herds
reported at least one case of clinical mastitis per year with 16.5 ± 0.05% of each herd
affected. Two-thirds of the cost of mastitis is due to lost milk production. A single
infected quarter will result in a mean production loss per lactation of 735.75 kg. The
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remaining costs consist of discarded milk due to antibiotic use (16.4 ± 0.8% of cows with
mastitis treated), additional labor, potential replacement cow cost, veterinary services,
and treatment (Bramley et al., 1996, USDA, 2007). More recently, Liang (2013)
calculated the cost of the average clinical mastitis case as $309.93 ± 74.54 and $340.08 ±
80.14 per case in primiparous (first lactation) and multiparous (> 1 lactation) cows,
respectively. Similar to Bramley et al. (1996), Liang (2013) reported the highest cost of
mastitis was the lost milk production ($135.68 ± 44.24 and $137.88 ± 39.94 per case in
primiparous and multiparous cows, respectively). Bar et al. (2008) stated a lower cost of
mastitis in 5 New York herds ($179 per clinical case) with $115 of that cost caused by
lost milk production (Bar et al., 2008).
Indicators of mastitis exist in the composition of the milk, with the most readily
recognized being somatic cell count (SCC). Somatic cells are leukocytes whose purpose
is to phagocytize and destroy microorganisms in the infected quarter. An increased
individual cow and bulk tank somatic cell count (> 200,000 cells/mL) can be observed
with the presence of mastitis. Increasing a cow’s mean lactation SCC ≥ 100,000 cells/mL
decreases milk production in an individual animal, ranging from 90.7 to 907.2 kg per
year. Similarly, increasing bulk tank SCC ≥ 200,000 cells/mL corresponds to the
percentage of quarters infected in a particular herd, and the resulting production loss
(Bramley et al., 1996).
Destruction or neutralization of invading agents (or toxins produced by them) is
the purpose of the inflammatory response that gives mastitis its name. However, the
inflammation may also be due to physical trauma or chemical irritation. Destruction of
these intrusive organisms allows the mammary gland to return to its normal function.
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Intramammary infection in dairy cattle is caused by microbial invasion, generally
bacterial (Bramley et al., 1996). Bacterial agents enter the udder through the teat end and
teat canal (Jain, 1979). These bacteria multiply in secretory tissue and create toxins that
cause injury to the udder (Bramley et al., 1996).
Two categories of mastitis have been identified: subclinical and clinical mastitis.
Subclinical mastitis does not present physical signs in the udder or milk abnormalities,
but does lead to somatic cell count changes. Subclinical mastitis is typically the most
prevalent in dairy herds, decreasing overall milk production, and accounting for 2/3 of
reduced farm profit due to mastitis (10% of total milk sale value). Barberg et al. (2007b)
suggested methodology to calculate the herd level subclinical mastitis infection
prevalence (MIP). Mastitis infection prevalence was defined as the percentage of a herd
with a test SCC > 200,000 cells/mL. Clinical mastitis presents several physical changes
including: flakes, clots, watery appearance in the milk, and heat, sensitivity, swelling, and
pain in the affected quarter (Jain, 1979, Bramley et al., 1996). In certain cases, such as
acute or peracute mastitis, other systems of the cow may be affected and expressed
through symptoms such as: reduced rumen function, fever, dehydration, weakness,
depression, loss of appetite, or rapid pulse (Bramley et al., 1996). Somatic cell score
(SCS), derived from SCC using log2 (SCC / 100,000) + 3, can also be used to describe
mastitis incidence (Ali and Shook, 1980, Shook, 1982). Schreiner and Ruegg (2003)
reported an increase in SCS as contagious pathogens were isolated from composite
quarter samples until a SCS of 6 was reached. Above a SCS of 6, the percentage of milk
samples identified as contagious did not differ significantly between somatic cell scores.
Somatic cell score followed a similar trend to contagious pathogens for environmental
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pathogens and minor pathogens (coagulase-negative staphylococci, Actinomycetes spp.,
and Corynebacteria spp.), increasing with percentage of isolates from milk samples (P <
0.001).
Mastitis Causing Agents
Several causative agents have been linked to mastitis (Bramley et al., 1996).
Pathogens are grouped into two broad categories: contagious and environmental.
Contagious pathogens are transferred from cow to cow by contact with infected quarters.
Environmental pathogens are inherently present in the environment of the cow and infect
the udder when present in high levels or opportunistically (Bramley et al., 1996, Bradley,
2002). Environmental pathogens are not adapted for survival within a host, and typically
elicit an immune response and are quickly eliminated (Bradley, 2002). For all categories
of mastitis, higher parity cows (≥ 4 lactations) are associated with increased infection
rates (16.5, 20.5, 17.4, and 46.5% of clinical mastitis cases in the 1st, 2nd, 3rd, and ≥ 4th
lactation, respectively; P < 0.05) and decreased cure rates (39.4, 31.6, 30.3, and 26.2% of
clinical cases in 1st, 2nd, 3rd, and ≥ 4th lactation, respectively; P < 0.05; Deluyker et al.,
1999). Some pathogens do not fall in the contagious or environmental categories. These
include coagulase-negative staphylococci (CNS), yeast, molds, algae, Bacillus species,
Pseudomonas aeruginosa, Actinomyces pyogenes, Nocardia species, Mycoplasma bovis,
and Mycobacteria species (Bramley et al., 1996).
Contagious Pathogens
Contagious pathogens can spread through contaminated milking machine
inflations, the hands of milking personnel, or dirty udder towels. Predominant contagious
pathogens include Staphylococcus aureus and Streptococcus agalactiae. Streptococcus
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agalactiae is an obligatory udder parasite. Transfer can only occur through contact with
contaminated material from an infected quarter. Streptococcus agalactiae responds to
antibiotic treatment, and can be eradicated with relative ease if proper protocols are
followed. Neutrophil leukocytes in bovine milk and blood will also phagocytize S.
agalactiae when present from 200,000 to 500,000 neutrophils/mL of milk (Jain, 1979).
A low level of S. agalactiae was isolated from 189 clinical mastitis cases in France,
Germany, and Belgium (2.4% of 208 isolates). Clinical-plus-bacteriological cure rates
were very high overall (80.0%) with treatment by Lincocin Forte S (Pharmacia &
Upjohn, Puurs, Belgium) resulting in a 100% cure rate (Deluyker et al., 1999).
Staphylococcus aureus inhabits teat and udder skin or infected milk, and spreads
through contact with contaminated material. Antibiotic therapy has limited effect on
treating S. aureus infections due to bacteria penetrating tissue inside infected quarters.
Innate immune response, such as leukocytosis, is also less effective against S. aureus
(Jain, 1979). Staphylococcus aureus can survive inside neutrophils (Yancey et al., 1991,
Mullarky et al., 2001), form micro-abscesses and induce fibrosis (Ziv and Storper, 1985,
Sordillo et al., 1989, Erskine et al., 2003), form small-colony variants (L-forms; Owens
and Nickerson, 1989, Brouillette et al., 2004), and invade mammary epithelial cells
(Lammers, 2000, Kerro Dogo et al., 2002). All these properties may decrease
effectiveness of antimicrobial treatment in cows (Barkema et al., 2006). Staphylococcus
aureus has a low clinical-plus-bacteriological cure rate (18%) compared to other
staphylococcal species (40%; Deluyker et al., 1999). Animals should be selected for
treatment based on parity, SCC, and penicillin-resistance. Younger animals with
moderate SCC elevation and penicillin sensitivity should be treated whereas older
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animals with greatly elevated SCC and penicillin resistance should be separated from the
herd or culled (Barkema et al., 2006). Segregation or removal of infected cows from the
healthy animals in the herd may effectively reduce the spread of S. aureus (Jain, 1979,
Barkema et al., 2006).
Environmental Pathogens
Infectious agents causing most mastitis infections are shifting from contagious
pathogens spread during milking toward environmental pathogens (Bradley, 2002, Breen
et al., 2007). In 1967, 47.7% of the clinical cases identified in the United Kingdom were
because of contagious pathogens compared to 5.3% of the clinical cases in 1998.
Conversely, 19.6% of the clinical cases in 1967 were caused by environmental pathogens
compared to 52.2% of the clinical cases in 1998 (Wilson and Kingwill, 1975, Bradley
and Green, 2001). Environmental risk factors include bacteria level, pathogen nature,
environmental condition, and cow exposure (Jain, 1979, Bramley et al., 1996, Breen et
al., 2007). The environment of the cow is laden with mastitis risk factors (Jain, 1979).
Streptococci and staphylococci species were reported to be more prevalent in the
environment than coliform species by Jain (1979). Conversely, Smith et al. (1985)
reported environmental streptococci (those not S. agalactiae) and coliform bacteria had
the greatest prevalence. Streptococcus uberis and S. dysgalactiae are the most commonly
cultured causative agents of environmental mastitis. These generally cause subclinical
cases that will result in occasional flair ups of subacute or acute clinical mastitis
(Bramley et al., 1996). Environmental streptococcal infection rate increased with
increasing parity (0.009 to 0.0045 infections/cow-day from the 1st to ≥ 6th lactation,
respectively; Smith et al., 1985) .
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Coliforms encompass two commonly discussed mastitis pathogens: Klebsiella
species (Klebsiella pneumoniae and Klebsiella oxytocia) and Escherichia coli.
Additional coliform bacteria are Enterobacter aerogenes, Citrobacter spp., Serratia spp.,
and Proteus spp.(Smith et al., 1985). Coliforms cause acute or peracute mastitis with
occasional subclinical infections. Typically, coliforms cause no extensive damage or
decrease in milk production. In some instances, endotoxemia from coliform mastitis may
cause death within a few days (Jain, 1979). These pathogens have been isolated
throughout the environment, though certain bedding types, like sawdust, have been
suggested to increase coliform mastitis incidence, namely Klebsiella species (Newman
and Kowalski, 1973). Coliforms are relatively susceptible to the bovine immune system,
particularly to IgM and IgG1. When E. coli is specifically considered, large numbers of
neutrophil leukocytes (200,000 to 500,000 neutrophils/mL of milk) may prevent
infection. Neutrophil leukocytes also phagocytize Enterococcus aerogenes and
staphylococci species other than Staph. aureus (Jain, 1979). Similar to other mastitis
causing bacteria, increasing parity increased coliform bacteria infection rate (0.0004 to
0.0023 intramammary infections per cow-day from 1st to ≥ 6th lactations, respectively;
Smith et al., 1985). Research by Bradley (2002) reported a “U-shaped” distribution in
the United Kingdom for SCC, with cows < 20,000 cells/mL and > 60,000 cells/mL more
susceptible to clinical coliform mastitis. They suggested “an inadequate immune
response or inherent susceptibility to infection” was the driving mechanisms behind the
distribution (Bradley, 2002).
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Other Environmental Effects
Housing. Mastitis infections are present in all dairy operations, regardless of
bedding, housing, or management style. In a 12 month study from Canada, reported
incidence rate of clinical mastitis (IRCM per 100 cow years) was recorded over 3 barn
types and 101 farms (Olde Riekerink et al., 2008). No differences in IRCM were found
between tie-stalls, freestalls, or other housing (including straw yards and pasture-based
herds) when all pathogens isolated from samples were considered (IRCM of 26.6, 19.1,
and 19.5, respectively; P ≥ 0.05). However, cows in tiestall barns exhibited a higher
reported incidence of S. uberis, S. aureus, CNS, and Streptococcus species than freestall
barns (IRCM of 2.19 vs. 0.67, 4.04 vs. 1.62, 1.58 vs. 0.68, and 1.21 vs. 0.37, respectively;
P ≤ 0.05). Conversely, reported incidence in Klebsiella species in tiestall barns was
lower than that in freestall barns (IRCM of 0.40 vs. 1.00, respectively; P ≤ 0.05) (Olde
Riekerink et al., 2008). In a Wisconsin study, 50 herds using freestalls bedded with sand,
sawdust, mattresses, a combination sand and sawdust, or mattresses with sawdust were
observed. In these herds, E. coli was the most prevalent pathogen (22.5%), followed by
environmental streptococci (12.8%), Klebsiella spp. (6.9%), and CNS (6.1%; Oliveira et
al., 2013). In 216 Finnish farms, cows were housed in tiestall (89.8%) or loose-housing
systems (10.2%). At the end of 2000, mean clinical mastitis prevalence was 30.6%.
Unlike the previously noted studies, CNS was most often isolated (49.6%), with C. bovis
(34.4%), and S. aureus (10.2%) as the next most commonly isolated. Environmental
streptococci and coliforms made up a small percentage of 3.5% and 0.4% of all clinical
mastitis isolates (Pitkälä et al., 2004).
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The number of infections may be lower with different freestall dimensions and
bedding types. Fulwider et al. (2007) noted a negative correlation (r = -0.46, P = 0.01)
between SCC and stall length for dairies using rubber filled mattresses as stall bases in
their freestalls. Conversely, no significant correlation existed between SCC and stall
length for those dairies using sand or waterbeds as a stall base (Fulwider et al., 2007).
Again, when rubber filled mattresses were used as a stall base, stall width was negatively
correlated with SCC (r = -0.50, P = 0.005), but SCC was not significantly correlated with
sand or waterbed bases (Fulwider et al., 2007). Mastitis infection prevalence showed no
difference in cross-ventilated or naturally ventilated sand freestalls (26.8% for both;
Lobeck et al., 2011).
Cow effects. Physical signs such as hock health, lameness prevalence, and
cleanliness may be risk factors for high SCC or mastitis. Hock lesions with severe
swelling were correlated to SCC (r = 0.32; P = 0.003) as were cows that presented with
lameness on the day of scoring (r = 0.45; P < 0.0001; Fulwider et al., 2007). Schreiner
and Ruegg (2003) noted an increase in linear SCS with increasing udder hygiene score (1
through 4) (P < 0.001). A significant effect was noted between SCS and leg hygiene
score when hygiene score was > 1 (P = 0.01). Contagious and environmental mastitis
maintained a stronger association with udder hygiene score than did leg hygiene score (P
= 0.006 and 0.046 vs. 0.151, respectively). As udder hygiene score increased from 1 to 4,
contagious mastitis prevalence isolated was 2.8, 4.7, 5.1, and 7.4%, respectively.
Similarly, environmental mastitis prevalence isolated was 9.8, 9.6, 12.1, and 13.8%,
respectively. Although not significant, contagious and environmental mastitis prevalence
increased as hygiene score moved from 1 to 4 (2.9, 4.2, 5.5, and 5.6 and 7.7, 10.0, 10.6,
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and 13.5%, respectively; P = 0.151). Hyperkeratosis, or thickening of the teat skin on the
external teat orifice and lining of the teat canal, may influence clinical mastitis in
conjunction with hygiene score (Mein et al., 2003, Breen et al., 2007). Cows with very
dirty udders and severe hyperkeratosis were significantly more likely to develop clinical
mastitis (P < 0.05) than those without (Breen et al., 2007).
Bedding effects. Bedding bacteria level can be a risk factor for contracting
environmental mastitis. Pathogens may be present before bedding is used by cows, or
added by defecating or tracking manure into the rear of the stall (Godden et al., 2008).
Bedding bacterial levels greater than 1 million colony-forming units (cfu)/g represent the
tipping point for udder risk (Carroll and Jasper, 1978).
When box compost (composted biodegradable household waste), sand, horse
manure, and foam mattresses were compared, total bacteria were only significantly
different between sand and box compost (7.41 ± 7.17 vs. 7.97 ± 7.52 log10 cfu/g; P =
0.007). The high level of total bacteria in box compost is likely due to inoculation with
gram-positive Lactobacillus spp. before use to decrease potentially harmful gramnegative bacteria growth. However, significant differences in gram negative bacteria
were reported between box compost and horse manure (5.25 ± 5.29 and 6.04 ± 5.94 log10
cfu/g; P = 0.001), sand and horse manure (4.08 ± 4.20 and 6.04 ± 5.94 log10 cfu/g; P <
0.001), and foam mattresses and horse manure (5.20 ± 5.04 and 6.04 ± 5.94 log10 cfu/g; P
= 0.002; van Gastelen et al., 2011).
Newman and Kowalski (1973) intimated that green sawdust bedding increased
Klebsiella species and mastitis incidence. However, Verbist et al. (2011) reported that
most Klebsiella pneumoniae were isolated from feces (125 isolates) and not from used
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sawdust bedding (20 isolates) or unused sawdust bedding (6 isolates). During the same
study, only 2 isolates of K. pneumoniae were found among all mastitis samples (n =
2,644), occurring in two cows from a single herd, with 5 herds remaining free of K.
pneumoniae. They concluded that K. pneumoniae could be prevalent in the environment
without causing mastitis. Researchers also noted that the strain of K. pneumoniae
isolated from unused bedding was not the same strain as that isolated from clinical
mastitis samples, feces, or used bedding. Similarly, Magnusson et al. (2007) noted that
Bacillus cereus growth required a feces content greater than 1 to 2% of sawdust bedding.
Magnusson et al. (2007) tracked B. cereus and coliform counts in sawdust, sand, chopped
straw, and peat. Coliforms were prevalent in the top 10 cm and on the surface of sawdust
bedding (6.4 ± 0.1 and 6.2 ± 0.1 log10 cfu/g, respectively; P < 0.001) with the highest
amounts of B. cereus at 20 cm depth (4.9 ± 0.1 and 5.5 ± 0.1 log10/g at surface and 20 cm,
respectively). Peat bedding fully inhibited B. cereus growth, carrying over effects when
mixed with equal parts sawdust. Chopped straw, sawdust, and sand all supported B.
cereus growth. However, daily addition of bedding returned a lower B. cereus count on
the surface and at 10 cm than weekly bedding addition (3.8 ± 0.22 and 4.7 ± 0.18 log10/g
mean B. cereus count (surface and 10 cm) for daily and weekly bedding addition,
respectively; P = 0.02). No change was reported for coliform counts.
LAMENESS
Definition & Cost
Another costly disease in the dairy industry is lameness. Lameness can be a
function of injury to the hoof or leg of cattle or bacterial infection (Clarkson et al., 1996,
USDA, 2007). The NAHMS 2007 survey included a report that 87.9 ± 1.0% of all US
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dairy operations had at least one case of lameness per year. On average, producers
reported 14.0 ± 0.4% of cows in herds as lame (USDA, 2007). The total lameness costs
reported by Liang (2013) were $179.37 ± 66.51 and $217.66 ± 66.29 per case
(primiparous and multiparous cows, respectively). Total lameness cost is divided into
direct and indirect costs. Direct costs include the cost of treatment and discarded milk
from antibiotic treated cows (56.5 ± 4.1% of all lameness cases treated with antibiotics;
USDA, 2007, Buli et al., 2010). Liang (2013) reported the veterinary and treatment costs
as $102.67 ± 54.48 per case for all parities, and the cost from discarded milk as $1.68 ±
9.23 and $2.11 ± 11.56 per case (primiparous and multiparous cows, respectively).
Lower milk production ($19.62 ± 16.41 and $31.43 ± 15.58 per case for primiparous and
multiparous cows), reduced fertility ($8.52 ± 11.12 and $3.50 ± 4.33 per case for
primiparous and multiparous cows), and risk of early culling ($22.43 ± 12.17 and $49.09
± 17.85 per case for primiparous and multiparous cows) comprise indirect costs (Buli et
al., 2010, Liang, 2013). In low lameness operations (< 5% of herd affected per year) the
total cost was $13.71 per cow per year and in high lameness operations (20 to ≥ 25% of
herd affected per year) the total cost was $34.27 per cow per year (Buli et al., 2010).
Housing Effect
Lameness in cattle can be influenced by housing and stall design. Cook et al.
(2004) suggested that environmental factors affected a few main areas: lying and standing
behavior, claw horn growth, wear, and ground reaction forces on different walking
surfaces. Cattle housed in freestall systems remain on concrete for most their lactation
(74.0 ± 7.7% of all U.S. dairy operations), unless they are allowed access to a different
housing system or exercise lot (i.e. pasture (10.1 ± 1.7%), dirt lot (5.4 ± 1.1%), or other
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(10.5 ± 1.8%); USDA, 2007). According to Vokey et al. (2001), bedding type and alley
flooring had no effect on locomotion score (P = 0.15). However, cumulative lameness
incidence as a proportion of herd was highest for cows housed in concrete stalls with
concrete alleyways (32%) and lowest for sand stall on concrete alleyways (6%) or
mattresses on rubber alleyways (5%; Vokey et al., 2001). Stall dimensions also influence
lameness prevalence. In a study by Fulwider et al. (2007), prevalence of lame cows was
negatively correlated (r = - 0.22) with neck rail height in freestalls using sand, rubberfilled mattresses, and waterbed as stall bases (P = 0.05). Lobeck et al. (2011) found that
each 1 cm increase of neck rail height increased lameness prevalence by 0.0002% in
naturally ventilated and low-profile cross ventilated sand freestall barns. Fulwider et al.
(2007) noted, regardless of bedding type, a negative correlation existed between
frequency of hock lesions with swelling (score 2) and stall length (r = - 0.23; P = 0.05).
Leg Injuries & Lesions
Leg injuries may be a function of housing type or stall design. Leg lesions are
normally reported on dairy cattle hocks or knees (Weary and Taszkun, 2000, Fulwider et
al., 2007). Improving housing at first parturition may reduce the likelihood of claw horn
lesions in that and later lactations (Cook et al., 2004). Hock lesion prevalence (animals
with score ≥ 2 divided by number of cows scored that day) was not significantly different
between naturally ventilated and low-profile cross-ventilated sand bedded freestall barns
(24.1 and 31.4%; Lobeck et al., 2011).

Severe lesion prevalence (score = 3) did not

differ between low-profile cross-ventilated and naturally ventilated sand freestall barns
(Lobeck et al., 2011). However, naturally ventilated multiparous pens maintained a
higher lesion prevalence than primiparous pens (P < 0.001), whereas cross-ventilated
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pens parity did not affect lesion prevalence (Lobeck et al., 2011). Initial and final hoof
lesion scores over a year were positively correlated with locomotion scores regardless of
week (P < 0.05; Vokey et al., 2001). The relationship was stronger for claw lesions
observed 1 to 10 week after locomotion scoring than before locomotion scoring (r = 0.26
to 0.43 and 0.19 to 0.33, respectively; Vokey et al., 2001).
Lesions & bedding. van Gastelen et al. (2011) reported a correlation between
bedding characteristics and hock injury. With softer and dryer bedding, fewer hock
injuries were reported (r = -0.405; P = 0.05). Cows housed on rubber-filled mattresses
(RFM) were scored with a higher prevalence of all types of tarsal lesions than those
housed on sand or on waterbeds, primarily on the lateral tarsal joint and lateral tuber
calcis (Fulwider et al., 2007). Similarly, cows housed on either concrete or mattress stalls
with concrete alleyways did not improve in total hock score over a year (Vokey et al.,
2001). Cows housed in freestalls using foam mattresses maintained a lower incidence of
healthy hocks (no swelling or lesions) than those using box compost, sand, or horse
manure (20.5 ± 6.7 vs. 64.0 ± 10.5, 54.6 ± 8.2, and 54.6 ± 4.5, respectively; P < 0.001).
When only hock lesion incidence was considered, cows housed in freestalls using box
compost maintained the lowest incidence compared to sand or foam mattresses (25.8 ±
3.8 vs. 41.4 ± 6.5 and 42.1 ± 9.6, respectively; P = 0.006 and 0.002). Hock swelling
occurred at a higher prevalence when cows were housed on foam mattresses compared to
sand freestalls (10.6 ± 3.4 vs. 2.1 ± 1.7, respectively; P = 0.005). Severely damaged
hocks (both lesions and swelling) occurred most often in cows on foam mattresses, with
cows on sand having the lowest incidence followed by cows on box compost and horse
manure (26.8 ± 3.2 vs. 2.0 ± 2.8, 3.5 ± 4.7, and 5.5 ± 5.4, respectively; P < 0.001; van
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Gastelen et al., 2011). Waterbeds resulted in 50% of cows presenting with hairless knees
(loss of hair because of the lying surface), with the mean prevalence for all herds using
waterbeds (n = 28) as 0.05 ± 0.02%. Coarse or recycled sand also resulted in cows with
hairless knees (28 to 61% of cows on 7 dairies) and swollen knees (7 to 11% of cows on
3 dairies; Fulwider et al., 2007). When sand was compared to straw as a stall base,
severity of hock lesions was lower for sand housed cows than those on straw (0.50 vs.
1.00, P < 0.001, respectively; Norring et al., 2008). Allen (2007) also suggested that
sawdust could be abrasive and cause hock lesions.
Vokey et al. (2001) reported hock lesion prevalence when concrete, mattresses,
and sand were compared as freestall bases with either rubber or concrete alleyways.
Greater improvement over a year was noted on cows using sand as a stall base on both
rubber or concrete alleyways over those using concrete as a stall base on concrete
alleyways (P < 0.001; Vokey et al., 2001). Although not statistically significant (P =
0.07), rubber flooring improved hock lesion scores over concrete flooring, indicating a
protective effect (Vokey et al., 2001). Vokey et al. (2001) reported a significance by
parity for cows on concrete, but not for those on rubber flooring (P = 0.003 and 0.07,
respectively). Norring et al. (2008) suggested improved hock health could have been due
to the tendency of sand bedding to conform to the animal, reducing friction and pressure
on the affected area.
Hoof injury. Several different hoof health problems that can cause lameness have
been noted, including: sole hemorrhages, laminitis, heel horn erosion, white line disease,
sole ulcer, corkscrew claw, interdigital dermatitis, hairy heel wart, and foot rot (Vokey et
al., 2001, Norring et al., 2008). Norring et al. (2008) noted differences in hoof lesions
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between cows housed in sand freestalls and those housed in straw freestalls over a
yearlong period. Greater hoof improvement over the year was seen on sand housed cows
(-2.00 and 0.00 change in hock score from beginning to end of study period, P = 0.015;
Norring et al., 2008). Sole hemorrhages increased in cows (n =17 cows per stall base)
housed on straw and decreased in cows housed on sand (46 to 49 and 54 to 41 infected
claw halves, respectively; Norring et al., 2008). Heel horn erosion, white line disease,
and any other hoof lesions remained constant throughout the year for straw-housed cows
(n = 17 cows) and decreased in sand-housed cows (n = 17 cows; 51 to 51 vs. 68 to 18, 7
to 7 vs. 9 to 3, and 6 to 6 vs. 6 to 0 infected claw halves, respectively; Norring et al.,
2008). Conversely, no significant differences existed in changes of lesion score between
cows housed on concrete, mattresses, or sand (Vokey et al., 2001). However, all lesion
scores increased over the experimental period except in cows housed in concrete or sand
stalls on rubber alleyways (median increase in lesion score: 2.5, 2.0, 3.0, 1.0, 3.0, 0.0 for
concrete stall, mattress stall, sand stall on concrete or rubber alleyways, respectively, P =
0.01). When sand bedding was evaluated with either a concrete or rubber alley flooring,
cows on concrete alleyways returned a higher increase in lesion score than those on
rubber alleyways (P = 0.07; Vokey et al., 2001). Vokey et al. (2001) reported that
regardless of parity, rubber or concrete alley, and stall base of sand, mattresses, or
concrete stalls, the white line zone was the most affected by lesions of any severity
(range: 0 to 4 per claw). However, the site on the claw designated for sole ulcers was the
most affected by severe lesions (score for an area ≥ 2; Vokey et al., 2001).
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FREESTALL BARNS
Freestall housing facilities have been in use since the 1960’s. Adolph Oien in
Washington, USA developed the first barn identified as freestall in 1959 in which
individual stalls were installed in an existing loose housing shed. The primary driver
identified was a lower bedding requirement per cow yet still maintaining clean animals.
Later advantages included easy separation of lactating cow groups (days in milk, parity,
and health status) and feeding of a total mixed ration (Bickert and Light, 1982).
Barn Design
Two early freestall types were developed, a U-shaped and an L-shaped system.
The U-shaped system consisted of resting and feeding areas that formed legs of the U
with the milking parlor forming the base. This resulted in a large amount of paved area
that needed to be scraped (9.3 m2 paved area per cow vs. 5.6 to 6.5 m2 area per cow in
bedded pack). The development of L-shaped barns reduced the amount of paved area.
These barns were generally oriented with a south-facing resting area, an east-facing
feeding area, and the milking parlor at the system apex. The importance of paved area
space per cow was downgraded after 1962. In 1962, Paul Varney (Turner, ME) built an
inventive freestall design on his farm. This design, built by Rodney Martin, integrated
feeding and resting areas, although still separated, under a single roof. This barn adhered
to the prior recommendation of 9.3 m2 paved area per cow with 13.0 to 14.9 m2 total area
provided per cow. After adoption of this style, the stall design, not paved area per cow,
was reported as a predictor of cow cleanliness. Consequently, the recommended paved
space per cow was reduced to 7.4 m2 (Bickert and Light, 1982).
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In 1975, modified environment housing styles were introduced. Cold housing
systems were not fully enclosed and had internal temperatures similar to the ambient
temperatures, whereas completely enclosed housing kept the internal temperature warmer
than ambient. The modified freestalls attempted to keep animals warmer in winter than
in cold housing but not as warm as in completely enclosed barns. These barns relied
upon natural ventilation for temperature and moisture control. Covered barns with a
modified environment were particularly advantageous for reducing frozen manure in
alleyways and controlling the snow and rain runoff. An additional freestall design was
the corral style; in this barn design only the freestall area was covered, with or without a
cover over the concrete feed alley and bunk, generally with an adjoining dirt lot (Bickert
and Light, 1982).
More recently, the design of individual stalls has been standardized by animal
weight range. The areas of design concern are body space, head space, and lunge space
by (Bickert et al., 2000). Body space defines the area from the front of the cow’s knees
to her rear, head space as the area in front of the cow’s body occupied by her head, and
lunge space as the additional space required for the cow to thrust her head when lunging
forward to rise. Two main types of freestall designs are forward lunge and side lunge. A
forward lunge provides longer stalls to allow animals to move forward to propel
themselves up, whereas side lunge allows animals to move their heads into adjacent stalls
and lunging sideways to stand. Side lunge freestalls allow the animal to place their heads
above or below the lower partition (27.94 and 81.24 cm above the stall base, respectively;
Bickert et al., 2000). Lunge space is the forward space required when lying down or
rising up. The bob zone is the area within the lunge space where the chin nearly touches
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the ground when rising. When head lunge space is downward and upward, lunge space
extends forward. Standing requires space vertically and forward, whereas hindquarters
require space laterally (Buli et al., 2010). Recommended stall sizes for cow weight
ranges are provided in Table 1.1.
Stalls consist of side partitions defining each cow’s individual area, a brisket
board to define their total lying area, a neck rail to prevent animals from standing to far
forward in stalls, and a base for animals to rest on. The brisket board and neck rail limit
the cows lying and standing area, respectively, to prevent manure and urine from filling
the rear end of the stall. Brisket boards and neck rails may be placed too far forward,
allowing manure and urine to enter rear of stall. Shorter stalls, or brisket boards placed
too far to the rear, limit the resting area for cows and may inhibit cow comfort when
resting (Bickert et al., 2000). Brisket boards, particularly wooden boards, may reduce
stall usage. In a Canadian study, lying time (11.6 and 12.8 ± 0.39 h per 24 h period, P =
0.008) and length of lying bout (1.5 and 1.7 ± 0.08 lying bouts per 24 h period, P =
0.001) were shorter when brisket boards were present in stalls vs. when they were absent
from the stalls (Tucker et al., 2006). Tucker et al. (2006) suggested contact with stall
features was uncomfortable for resting animals, decreasing the length of lying bouts.
This change may be less severe with softer, rounded, or lower brisket boards than the
wooden ones used in the Canadian study.
Neck rail height altered the amount of time spent standing in the stall when neck
rail height was 102 (48 ± 11.8 min per 24 h period), 114 (48 ± 13.6 min per 24 h period),
and 127 cm (66 ± 12.5 min per 24 h period) or neck rail was absent (123 ± 34.2 min per
24 h period) (P = 0.01). Changes in neck rail height did not alter time spent lying or the
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amount of defecation or urination in the stall (Tucker et al., 2005). Stalls are generally
raised above the concrete alleyway, resulting in a curb (20.32 to 30.48 cm above
alleyway), permitting the avoidance of manure and water collection during alley scraping
or flushing (Bickert et al., 2000).
If a mattress or pad is used as the bedding surface, additional bedding material
may be added to improve stall comfort, reduce injury potential, add resilience, absorb
moisture, and collect manure tracked into the stall. Mattresses consist of a filler in a
heavyweight polypropylene or other heavy fabric material (Bickert et al., 2000).
Shredded rubber, water, and gel have been used as filler for mattresses (Bickert et al.,
2000, Fulwider et al., 2007, Main, 2013). Pads can be rubber mats, plastic mats,
carpeting materials, or other compressed products. Compressed earth or a concrete base
may be the sole resting surface. However, compressed earth allows deep pockets to form
at the front and rear of the stalls. These pockets trap manure and urine and increase the
cow’s difficulty in standing and lying. Pads, compressed earth, and concrete resting areas
are not satisfactory for cushioning and require larger amounts of bedding to keep cows
comfortable (7.62 to 10.16 cm per stall).
In a deep-bedding system, a minimum of 15.24 cm depth should be provided
(Bickert et al., 2000). Bedding choices include sawdust, straw, wood chips, shredded
newspaper, composted or dried separated manure solids, corn stalks, bark, sunflower
hulls, rice hulls, peanut hulls, sand, and ground limestone (Hogan et al., 1989b, Bickert et
al., 2000, NYSCHAP, 2002). Bickert et al. (2000) suggested twice-daily maintenance to
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remove wet bedding and manure and additional bedding should be added once or twice a
week. Alleyways in all housing systems need to be scraped or flushed clean a minimum
of twice a day (Bickert et al., 2000).
Stall Bedding
Organic bedding. Organic materials have been used extensively as bedding
material both as a top dressing for mattresses or pads and in deep-bedded stalls. Allen
(2007) suggested kiln-dried shavings would be ideal, due to the drying process it
undergoes that kills off most bacteria. Allen (2007) advised a minimum of 3 kg per cow
per day of sawdust and 5 kg per cow per day of straw as top dressing for mattresses,
waterbeds, or gel mattresses. Fairchild et al. (1982) compared several bedding materials
and teat swabs for total counts of coliforms and Klebsiella species. Trial 1 compared
bedding and teat end bacterial counts in stalls bedded with either green softwood sawdust
or the same sawdust mixed with 18 kg of agricultural lime. No differences were found
for total coliform or Klebsiella counts between the two bedding types for the trial
duration (P ≥ 0.05). However, unused bedding material exhibited significantly lower
counts than used bedding material for both coliforms and Klebsiella species (5.7 vs. 6.9
log10 cfu/g for coliforms in used and unused sawdust, 5.6 vs. 6.9 log10 cfu/g for coliforms
in sawdust and lime, 5.4 vs. 6.6 log10 cfu/g for Klebsiella species in sawdust, and 4.9 vs.
6.6 log10 cfu/g for Klebsiella species in sawdust and lime, respectively; P < 0.05). A
difference existed for teat end total Klebsiella counts between the bedding types (3.6 vs.
3.3 log10 cfu/g for sawdust and sawdust plus lime, respectively; P < 0.05). No difference
was noted for total coliform counts between sawdust and sawdust plus lime bedding.
There appeared to be little benefit of mixing lime into sawdust in the rear of freestall, as
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the increase in Klebsiella species was numerically small and the pH of both beddings fell
within range of 6 to 8, compatible with coliform growth. Fairchild et al. (1982)
suggested that high bacterial populations (> 6 log10 cfu/g) did not definitively lead to
udder infection under good management conditions as no cases of clinical mastitis were
reported. When green sawdust was compared to strictly bedding with agricultural lime,
lower growth for total coliforms and Klebsiella species was reported for lime bedding
and teat ends (3.9 and 2.3 log10 cfu/g vs. 6.9 and 6.5 log10 cfu/g for bedding total
coliforms and Klebsiella species, respectively; 0 vs 3.7 and 3.0 log10 cfu/g for teat end
total coliforms and Klebsiella species, respectively; P < 0.05). The third trial conducted
by Fairchild et al. (1982) compared total coliforms and Klebsiella species counts for
green softwood sawdust, washed concrete-grade sand, agricultural lime, and cellulose
fiber from old newspaper. Total coliform counts were higher in sawdust (6.6 log10 cfu/g)
and newspaper (4.9 log10 cfu/g) than in sand (< 3 log10 cfu/g) and lime (< 3 log10 cfu/g).
Similarly, Klebsiella species counts were higher in sawdust (6.5 log10 cfu/g) and
newspaper (4.4 log10 cfu/g) than in sand (< 3 log10 cfu/g) and lime (< 3 log10 cfu/g). In
both studies, lime and sand exhibited a pH outside the acceptable growth range for
coliforms and offered a lack of nutrients and moisture (Fairchild et al., 1982). Total
coliform and Klebsiella species in “fresh” sawdust bedding reached counts of 7 log10
cfu/g in less than 1 week of use and were generally higher than counts in stockpiled
bedding (6 month period; Fairchild et al., 1982).
Inorganic bedding. Inorganic materials, namely sand, have been considered the
gold standard for deep-bedded freestalls (Bickert, 1999, Allen, 2007). Sand can be
sourced from a variety of locations: mason sand, dredged sand, beach sand or quarried
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sand (Stowell and Inglis, 2000, Buli et al., 2010). Sand has 5 main qualities that have
made it an ideal bedding source: 1) comfortable resting surface improving cow comfort,
2) limits bacterial growth, 3) low initial moisture content reducing moisture build-up, 4)
non-insulator stays cool, reducing heat stress through lower lying temperature than other
bedding materials, and 5) reduces slipping through improved traction (Stowell and Inglis,
2000, Allen, 2007, Buli et al., 2010). The nature of loose sand allows for movement with
the animal, reducing friction on the hocks and increasing cushion for the animal (Bickert,
1999). A top layer of sand dries quickly due to water binding to single grains of sand,
limiting both bacterial growth and survivability (Stowell and Inglis, 2000, Allen, 2007,
Buli et al., 2010). Sand has a lower environmental impact than other bedding types due
to its natural and reusable nature (Buli et al., 2010). Increased traction allows cows to
express natural behaviors (mounting) with less risk of slipping (Anderson, 2008). A film
of sand in alleyways increased hoof growth and wear due to a more abrasive surface,
particularly when concrete flooring was present (Vokey et al., 2001). Vokey et al. (2001)
suggested that rubber alley in conjuncture with concrete or sand stalls balanced hind claw
growth and wear, whereas concrete alleys in conjuncture with mattress stalls caused
imbalances in wear and growth in both lateral and medial hind claws.
Large quantities of sand are required per cow per day (20 to 25 kg in US; 5 to 8
kg in Europe; Buli et al., 2010). Fifteen to twenty cm are required as a stall base,
although a minimum of 25 cm has been suggested, with complete sand bedding
replacement necessary every 12 to 14 days (Bickert, 1999, Buli et al., 2010, Cook, 2010).
Additional bedding may be needed during the week to cover the curb, and the stall should
be cleaned twice a day (Allen, 2007, Buli et al., 2010). The amount of bedding used will
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change with the sand level relative to the curb. If sand is above the curb, 20 to 25 kg per
day may be kicked out, reducing to 10 to 15 kg per day when the level is below the curb.
Failure to replace sand can decrease sand usage, but it will also decrease effective resting
space and lead to decreased stall usage (Buli et al., 2010). Fulwider et al. (2007) noted
that short sand lying areas and stalls that were not maintained at or above the curb often
resulted in higher medial tuber calcis lesions. This could be due to abrasions from the
exposed concrete curb. Recycled sand caused more knee injuries than fresh sand (P =
0.04; Fulwider et al., 2007).
Bickert (1999) claimed sand’s only detriment was its handling difficulty in
manure management. Similarly, Rodenburg (2000) referred to sand as the most laborious
bedding option due to its difficult handling. These difficulties are expressed through
increased wear on equipment and difficulty in slurry management (Buli et al., 2010).
Stall Utilization
Several factors affect usage and preference for stalls within freestall barns.
Wagner-Storch et al. (2003) calculated that distance from water was the greatest predictor
for stall occupancy (P < 0.001), though stall base, barn side, location within stall base
section, temperature, and length of time exposed to stall base were also significant (P <
0.01). Cows exhibited a greater occupancy preference for sand (68.% occupancy),
followed by pasture mats (65.2% occupancy), Comfy Cow Freestall Mattresses (57.4%
occupancy; Byron Center, MI), waterbeds (45.4% occupancy; Atlanta Cow Waterbeds,
Scottsdale, GA), rubber mats (32.9% occupancy), and concrete (22.8% occupancy; P <
0.05, respectively; Wagner-Storch et al., 2003). However, pasture mats (88.3%
occupancy) and Comfy Cow mattress (84.1% occupancy) stalls returned a higher
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occupancy percentage than sand (79.0% occupancy), rubber mats (64.8% occupancy),
waterbeds (61.6% occupancy), or concrete (38.7% occupancy; P < 0.05, respectively;
Wagner-Storch et al., 2003).
A cow comfort index (CCI = number of cows standing divided by the total
number of cows standing and lying in a stall) was calculated to obtain a numerical value
for preference of stall bases with a higher number indicating greater comfort (Cook,
2002). The CCI was higher when stocking density was at 100% over a lower stocking
density (13 to 49% and 24 to 36%, respectively; Wagner-Storch et al., 2003). The
highest CCI was for cows using rubber mats (49%) with sand having the lowest (13%;
Wagner-Storch et al., 2003). When box compost (81.2 ± 8.1%), sand (86.0 ± 8.7%),
horse manure (87.4 ± 6.3%), and foam mattresses (78.1 ± 7.0%) were considered, no
significant differences in CCI were reported (P = 0.24, respectively; van Gastelen et al.,
2011). However, numerically horse manure allowed the highest CCI, followed by sand
and box compost, with foam mattresses having the lowest. Lobeck et al. (2011) reported
a much higher CCI than Wagner-Storch et al. (2003), and similar to van Gastelen et al.
(2011), for naturally ventilated and cross-ventilated sand-bedded freestall barns (81.4%
vs. 85.9%; P = 0.08) although there were no significant differences between naturally
ventilated and cross-ventilated sand-bedded freestall barns.
Stall usage index (SUI) was calculated as the number of cows lying down in the
stalls divided by all animals in the pen not eating. As a freestall base, horse manure
obtained the highest numerical SUI (78.9 ± 6.6%), followed by sand (72.2 ± 13.5%) then
box compost (68.1 ± 10.6%), and foam mattresses having the lowest (67.8 ± 8.3%; P =
0.43; van Gastelen et al., 2011). Naturally ventilated sand freestall barns reported a lower
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SUI than cross-ventilated sand freestalls overall (71.5 vs. 76.8%, respectively; P = 0.037)
and during the summer (65.4 vs. 75.2%, respectively; P = 0.01). Similar, stocking
density increased SUI, with each 1-unit increase in stocking density increasing SUI by
0.13% in naturally ventilated or cross-ventilated sand freestall barns (P < 0.001; Lobeck
et al., 2011).
Cow Health
Hygiene. Hygiene depends on bedding material used, management style, barn
design, and stall dimensions. Different areas of the barn affect hygiene on different
portions of the cow. Generally, bedding surface and bedding type have more influence
on udder hygiene. Scraping frequency, ease of movement, and manure management
system have more influence on leg hygiene (Schreiner and Ruegg, 2003). Hygiene for 50
herds housed in freestalls in Minnesota, USA (no stall base information) was reported as
2.82 ± 0.5 (Barberg et al., 2007b). Hygiene score was 2.83 out of 5 in cross-ventilated
and 2.77 out of 5 in naturally ventilated sand freestall barns (1 being clean and 2 being
filthy; P ≥ 0.05; Lobeck et al., 2011). This signified no difference between housing
system, as both barn types employed similar stall bases (Lobeck et al., 2011).
Cows housed in sand freestalls had a greater proportion of higher hygiene scores
than cows housed on mattresses or waterbeds (P < 0.0001; Fulwider et al., 2007).
However, when compared to straw bedding, cows using straw stalls (hygiene score of
6.04) were dirtier than those using sand (hygiene score of 4.19, P < 0.001; Norring et al.,
2008). Three main areas showed significant differences between straw and sand: midlegs (1.43 vs. 0.57, P < 0.001, respectively), upper legs (0.71 vs. 0.29, P = 0.033,
respectively), and belly (0.57 vs. 0.14, P = 0.002, respectively; Norring et al., 2008).
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Conversely, van Gastelen et al. (2011) reported no differences in cow cleanliness for the
udder (1.76 ± 0.07 to 2.00 ± 0.19), leg (2.82 ± 0.07 to 3.28 ± 0.27), flank (2.15 ± 0.13 to
2.59 ± 0.19), or total rear body score (2.24 ± 0.09 to 2.62 ± 0.21) when animals were
housed in freestalls using box compost, horse manure, sand, or foam mattresses,
respectively, as a stall base (P ≥ 0.05).
Lameness. No difference in lameness prevalence (score ≥ 3 on a 1 to 5 scale)
existed between naturally ventilated and low-profile cross-ventilated freestall barns (14.7
and 13.4% of cows, respectively; P ≥ 0.05; Lobeck et al., 2011). Summer (11.1% of
cows) and fall (11.4% of cows) returned lower prevalence than spring (16.1% of cows)
and winter (18.0% of cows) for both freestall types (P < 0.001; Lobeck et al., 2011).
Naturally ventilated barns contained higher lameness prevalence in multiparous pens
(20.1% of cows) than multiparous (14.5% of cows) and primiparous (12.3% of cows)
cross-ventilated pens and primiparous naturally ventilated pens (10.0%; P < 0.001;
Lobeck et al., 2011). Conversely, no differences were detected between cross-ventilated
multiparous (14.5% of cows) and primiparous pens (12.3% of cows; P ≥ 0.05; Lobeck et
al., 2011). Severe lameness (score ≥ 4 on a 1 to 5 scale) was not different between
naturally ventilated (6.3% of cows) and cross-ventilated pens (6.5%; P ≥ 0.05; Lobeck et
al., 2011). However, naturally ventilated multiparous pens (8.5% of cows) had more
severe lameness than naturally ventilated primiparous pens (4.4%; P < 0.001), with parity
having no effect on severe lameness in cross-ventilated barns (Lobeck et al., 2011).
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CONVENTIONAL BEDDED PACK BARN
Building Recommendations
Bedded pack barns (BP), or straw yards, were a recognized form of loose housing
facility by the mid-1950’s (Bickert and Light, 1982, Kammel, 2004). They consist of
large resting areas of 5.6 to 9.3 m2 per animal (Bickert and Light, 1982, Thurgood et al.,
2009), or 7.0 and 5.6 m2 per animal for large and small breeds, respectively (Kammel,
2004). Bedded packs easily accommodate different breeds and serve as manure storage.
However, bedded packs need intensive management and require large amounts of
bedding to be effective (Bickert and Light, 1982, Thurgood et al., 2009, Benson, 2012).
A layer of gravel or concrete may be required as a base in the barn, depending on
regulations, to prevent leaching of water laden with urine, manure, or other nutrients into
the environment. Similar to other housing systems, good ventilation is necessary to
ensure cow health, aid in pack drying, and reduce barn odor (Kammel, 2004, Benson,
2012). In a study of New York and Vermont dairies, Benson (2012) reported the
following bedded pack barn advantages: producer satisfaction, increased cow comfort,
better manure storage, greater soil amendment values, and enhanced conservation
practices.
The reduced capital cost to build a bedded pack barn compared to a freestall barn
can make them an attractive option (Kammel, 2004). However, by the year after building
erection, 1,549 kg of bedding per animal unit were required for adequate bedding of the
pack area, increasing the annual costs to maintain the barn (Benson, 2012). Similarly,
Thurgood et al. (2009) noted an increase from 18.14 metric tons of bedding through the
winter before moving into the bedded pack to 59.7 metric tons of bedding through the
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winter in years 1 and 2 of bedded pack operation. This led to an annual amount of 391 kg
per animal before moving into the bedded pack, 1,347 kg per animal in the first year of
housing in the pack, and 2,910 kg per animal in the second year of housing in the pack.
Thurgood et al. (2009) suggested that the increased bedding required and the high cost of
bedding led to no overall economic benefit with the bedded pack barn system. However,
increasing capital cost for a greater space allowance, such as 9.3 instead of 7.0 m2 per
animal, may reduce variable costs later through reduced bedding requirements. The
higher surface area per cow increases the total water evaporated per cow, resulting in
lower bedding requirements.
For cow cleanliness and health, dry bedding (< 15% moisture) should be used to
maintain a clean environment and maintain low bacterial counts. Bedding requirements
can range from 4.5 to 15.9 kg per cow per day (Kammel, 2004). Allen (2007) suggested
a minimum of 7 m2 per cow with 18 kg of straw per cow per day to minimize
environmental mastitis and maximize cow comfort. Bedding use may be reduced
through removal of manure from the pack area, or removing accumulated manure from
feed alleys and water areas (Kammel, 2004, Thurgood et al., 2009).
Cow Health
Hoof injury & lameness. Bedded pack barns may lead to improved cow health
and welfare compared to other housing systems. Webster (2001) noted that first calf
heifers housed on bedded packs versus those housed in freestalls with rubber mats and a
straw layer experienced less severe claw horn lesions (1.63 vs. 4.58 out of 24 for bedded
packs and freestalls, respectively; P < 0.05). Heel erosion was more severe in bedded
pack housed heifers (5.8 vs. 1.3 out of 24, respectively; P < 0.001) with heifers having
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thick, spongy heels that were ‘pitted’ by heel erosion instead of worn down like the
freestall housed heifers. Although, in this study, neither system was the initial cause of
claw horn lesions, the freestalls exacerbated the severity of the lesions (Webster, 2001).
Similarly, Phillips and Schofield (1994) reported bedded pack housed cows
exhibited deeper heels than those housed in freestalls. Cows housed in freestall barns lost
heel depth at a rate of – 27.2 ± 10.2 μm per day whereas cows housed in bedded packs
gained heel depth at a rate of + 42.4 μm per day (P < 0.01). However, no significant
differences were observed for lameness, with both housing systems maintaining a low
change in locomotion score and no observed clinical lameness through the 6 month study
(Phillips and Schofield, 1994). Livesey et al. (1998) also noted that cows housed in
freestalls were at greater risk of developing white line and sole hemorrhages than those in
bedded packs comparing the differences from 12 weeks post partum and pre-partum
(12.6 vs. – 6.3 ± 6.3 out of 24 for freestalls and bedded pack, respectively; P < 0.001).
However, bedded pack housed cows experienced a greater incidence of heel erosion (20.4
vs 6.9 ± 3.9 out of 24 for freestalls and bedded pack, respectively; P < 0.05), whereas
neither system increased lameness overall (Livesey et al., 1998). Somers et al. (2003)
investigated causes of lameness in pasture herds (P), housed herds (H), and straw bedded
packs (BP) where cows were not housed on concrete. Mean percent of herds infected
with interdigital dermatitis or heel erosion, digital dermatitis, and sole hemorrhages was
lowest in straw bedded packs (heel erosion = 5.7%, digital dermatitis = 0.0%, sole
hemorrhages = 28.8%) compared to housed herds (heel erosion = 48.8%, digital
dermatitis = 24.4%, sole hemorrhages = 41.2%) and pasture herds (heel erosion = 24.2%,
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digital dermatitis = 27.6%, sole hemorrhages = 54.1%). Conversely, white line
separation was greater in BP compared to P or H herds (5.5 and 4.7 times greater risk,
respectively; Somers et al., 2003).
Lying time. Increased lying times have been reported in bedded pack barns
compared to freestalls (Kammel, 2004, Fregonesi et al., 2009). When 10 m2 were
provided per cow, increased lying (817.5 vs. 762.5 ± 20.2 min per 24 h), bed occupancy
(978.5 vs. 884.5 ± 12.7 min per 24 h), and rumination time (522.5 vs. 470.5 ± 12.6 min
per 24 h) were observed in bedded pack barns relative to freestalls by Fregonesi and
Leaver (2001). With 9.2 m2 per cow, no differences were noted in lying time (723 vs.
710 ± 27.5 min per 24 h), bed occupancy (894 vs. 924 ± 21.3 min per 24 h), and
rumination time (494 vs. 507 ± 16.9 min per 24 h). High yielding cows spent less time
lying in straw bedded packs with no difference between high and low yielding cows in
freestalls (high: 745 vs. 837 ± 18.5 min per 24 h, P < 0.001; low: 594 vs. 629 ± 27.8 min
per 24 h, P ≥ 0.05 for bedded packs and freestalls, respectively; Fregonesi and Leaver,
2002). When offered a choice between freestalls and the bedded pack, cows spent more
time in the bedded pack and increased overall lying time by 1.34 h per day (P < 0.013)
(Fregonesi et al., 2009). Phillips and Schofield (1994) noted that cows in all stages of
estrous spent more time lying or feeding (interaction between housing and estrous period)
and less time walking or standing in bedded packs than in freestalls (51.5 vs. 34.8 ± 2.8,
25.3 vs. 21.0 ± 4.4, 1.1 vs. 2.6 ± 0.4, and 22.0 vs. 41.2 ± 2.1 min per 100 min; P < 0.001
for bedded packs and freestalls, respectively).
Hygiene & mastitis. Somatic cell count (386,000 vs. 107,000 cells per mL) and
hygiene score (1.5 vs. 1.0; range 1 to 5) increased in the bedded pack housed cows at 9.2
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m2 per cow compared to those housed at 10 m2 per cow (P ≥ 0.05). Clinical mastitis
incidence increased in cows housed in bedded packs compared to freestalls when both
provided 9.2 m2 per cow (8 vs. 2 quarters infected out of 128, respectively; P < 0.01).
Reduction in milk yield occurred due to discarded milk from mastitis treatment in bedded
pack barns (32.6 to 30.2 kg per cow per day) compared to freestalls (33.8 kg per cow per
day; P < 0.05).
Reproduction & behavior. Play behavior (mock fleeing, mock aggression, and
environmental exploration) was noted when cows were moved from freestalls into the
bedded pack, which may indicate greater animal welfare benefits (Fregonesi and Leaver,
2001). More estrous behaviors (incidences per 30 min on day of estrous) were recorded
in bedded pack barns compared to freestall barns including: standing to be mounted (0.48
vs. 0.42, P ≥ 0.05), mounting without standing (0.36 vs. 0.30, P ≥ 0.05), successful
mounting (0.54 vs. 0.36, P ≥ 0.05), chin rubbing on rump (0.30 vs. 0.24, P ≥ 0.05),
sniffing or licking of the genital area (0.30 vs. 0.18, P < 0.01), and fewer unsuccessful
mounting attempts (0.42 vs. 0.54, P < 0.05). Consequently, pregnancy rate at first
service improved in bedded packs compared to freestalls (90 vs. 55%, P < 0.001; Phillips
and Schofield, 1994).
Disadvantages
Some disadvantages have been associated with bedded pack barns. The amount
of bedding needed (4.5 to 18.0 kg per cow per day), and the potential cost of bedding
($0.09 to 1.80 per cow per day), was greater in bedded pack barns compared to freestalls
(Kammel, 2004, Allen, 2007). However, Buli et al. (2010) suggested using 20 to 25 kg
of sand per cow per day in U.S. and 5 to 8 kg of sand per cow per day in Europe in
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freestall barns, similar to the amount of bedding required in bedded packs. Although
milk yield did not change (25.6 vs. 25.3 kg per day), Phillips and Schofield (1994)
reported cows decreased in body condition in straw-bedded pack barns (-0.82 ± -0.44 kg
per day) compared to freestall barns (-0.40 ± -0.44 kg per day; P < 0.05). This may have
been due to consumption of bedding straw when in the pack area, increasing rumen fill
with a low energy source.
Barn orientation and space per animal are important in maintaining hygiene score
and avoiding detrimental effect in straw-bedded packs (Fregonesi and Leaver, 2001,
2002, Kammel, 2004). Cows housed in straw-bedded packs with low space allowance
(high: 10 m2 per animal; low: 9.2 m2 per animal) produced increased SCC, clinical
mastitis incidence, and hygiene scores with an accompanying milk yield reduction
(Fregonesi and Leaver, 2001). This may be due to greater environmental pathogen
exposure in bedded pack barns (Kammel, 2004). Additionally, Kammel (2004) noted
that access from the short side of the barn instead of the long side of the barn decreased
space efficiency and cleanliness of the entryway.
COMPOST BEDDED PACK BARNS
Compost bedded pack barns (CBP) have become a housing system of interest
globally. These systems are similar to bedded pack barns, with the addition of a
composting through tilling the bedded area (Kammel, 2004). Composting could
potentially reduce the costs associated with bedding and maintain reduced capital
investment in the building shell, compared to a freestall barn ($511 to $2,489 vs. $1,100
to $1,500 per cow, respectively; Knoblauch and Galton, 1996, Petzen et al., 2009, Black
et al., 2013). Composting may also limit the risks of higher SCC and mastitis associated
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with bedded park barns, and still take advantage of the improved foot and leg health, heat
detection, and conception rates seen in bedded pack barns (Kammel, 2004, Janni et al.,
2006). Additionally, the ability to store manure long term in the housing system may
enhance its appeal (Petzen et al., 2009). Potential advantageous soil amendment values,
such as improved plant available nitrogen, may also result from the composted product
within the barns (Galama et al., 2012).
In the U.S., the first compost bedded pack barns were developed by Virginia dairy
producers in the 1980’s to increase cow comfort and longevity (Wagner, 2002).
Minnesota (Janni et al., 2006, Barberg et al., 2007a, Shane et al., 2010a), Kentucky
(Damasceno, 2012, Black et al., 2014, Eckelkamp et al., 2014a), Ohio (Douridas, 2012,
Zhao et al., 2012), and New York (Petzen et al., 2009) researchers have conducted
research on the compost bedded pack barns and herds housed within them. Israel,
Germany, Austria, the Netherlands, South Korea, Italy, and Canada have begun using
compost bedded pack barns as housing systems (Ferrari and Moscatelli, 2009, Galama,
2011, LeBlanc and Anderson, 2013). South Korea, Brazil, Argentina, and Columbia
have also recently adopted the system (Taraba, 2013).
Barn Design
Compost bedded pack barns may be a more sustainable system than traditional
dairy housing facilities. As a loose housing system, compost bedded pack barns do not
include the stalls and partitions found in freestall housing. Without stalls, the cows’
resting and exercise areas are combined (Barberg et al., 2007a, Galama, 2011, Black et
al., 2013). This combination of resting and exercise space for animals concurrently
reduces ammonia emissions and costs, and maintains cow health and well-being (Klaas et
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al., 2010, Galama, 2011). The large, open resting areas (6.8 ± 1.1 to 9.0 ± 2.2 m2 per
cow) are generally separated from a concrete feed alley by a 1.2-m retaining wall (Janni
et al., 2006, Barberg et al., 2007a, Black et al., 2014). To allow easy access to the feed
alley and water, walkways onto the pack should be provided every 35 to 40 m (Janni et
al., 2006). Feed bunk space per cow should be 46.0 to 76.2 cm (Janni et al., 2006,
Bewley et al., 2013) with at least 2 water troughs in the feed alley. Water troughs should
be separated from the pack by a retaining wall to decrease moisture on the pack (0.91 m
of water space per 15 to 20 cows; Janni et al., 2006, Bewley et al., 2013).
To maintain adequate natural ventilation and offset the height of the retaining
wall, high sidewalls (4.26 to 4.9 m) are required in the barn (Janni et al., 2006, Bewley et
al., 2013). Further requirements to maintain adequate natural ventilation include: a roof
pitch of at least 4:12, ridge vent opening of at least 7.62 cm for every 3.05 m of roof
width with a minimum opening width of 30.48cm, and an east-west orientation (Bewley
et al., 2013). To prevent excess moisture from entering the pack, roof overhangs should
be no less than 1 m and preferably a length one-third the height of the sidewall opening
(Janni et al., 2006, Bewley et al., 2013). A base of clay, gravel, or concrete may be
required to prevent leaching of urine, slurry, or other nutrients into the environment,
depending on current government restrictions (Bewley et al., 2013). Additional lighting
or mechanical ventilation may be used in the barns, depending on dairy management
style (Janni et al., 2006, Damasceno, 2012). Any features in the barn need to be high
enough to allow tractors entry onto the pack regardless of bedding depth for normal
tilling and maintenance (Janni et al., 2006).
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Composting the pack area allows feces and urine to be handled as solids (Janni et
al., 2006). Barns can store manure for 6 to 12 months before cleaning is required. The
solid portion is commonly used for direct land application in the fall, although half to two
thirds could be removed in spring to allow adequate summer storage. This allows
reestablishment of the barn before cold weather starts (Janni et al., 2006). The concrete
feed alley collects 25 to 30% of manure and urine produced. This slurry needs to be
handled and stored in a manure handling facility such as a lagoon, mini-manure pit, stack
slabs, or with daily manure hauling (Janni et al., 2006, Barberg et al., 2007a). Manure
from the feed alley should not be spread back onto the pack, as the microbial activity of
drying should equal the amount of manure voided on the pack. If the manure is spread
onto the pack, it may increase the amount of bedding needed and create wet spots or
overly manure-laden areas if not evenly spread. In addition, the extra traffic (from tractor
or spreader) may increase compaction and reduce compost activity through reduced
aeration (Janni et al., 2006).
Research Recommendations & Values
Research recommendations vary from the industry standards based on climate and
county. Minnesota researchers suggested varying space per cow depending on breed
with space recommendation for large breeds of cattle (i.e. Holsteins) at ≥ 7.4 m2 per cow
and ≥ 6.0 m2 for smaller breeds (i.e. Jerseys; Janni et al., 2006). Kentucky researchers
visited all compost bedded pack barns in Kentucky (n = 47) and found mean compost
bedded pack space per cow similar to that suggested for bedded packs of 9.29 m2 per cow
(9.0 ± 2.2 m2 per cow in CBP; Bickert and Light, 1982, Black et al., 2014). Barns with
an attached feed alley allowed 9.2 ± 2.0 m2 per cow (barn cost: $1,013 ± 383 per cow),
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whereas barns without an attached feed alley allowed 8.9 ± 2.7 m2 per cow (barn cost:
$511 ± 312; Black et al., 2013). In New York, barns were built to provide 7.4, 8.4, and
9.3 m2 per cow. The total cost estimate included general construction with curtain
sidewalls, excavation and drainage, clay lining, concrete, electrical and plumbing, and
overhead doors. For each space allotment, the cost per cow was $1,988, $2,239, and
$2,489 for 7.4, 8.4, and 9.3 m2 per cow, respectively. Cost to build compost bedded pack
barns in Ohio was below that of New York and above that in Kentucky ($1,200 to $1,600
per cow at 7.4 m2 per animal; Douridas, 2012).
Countries outside the U.S. recommend higher space allowance per cow. Galama
(2011) recommended 12.5 m2 per animal for compost barns in the Netherlands. Israeli
compost bedded packs have a minimum of 15 m2 per cow when the feeding area was
concrete, and a range of 20 to 30 m2 per cow when the feed area was part of composting
area (Klaas et al., 2010). Decreased space per cow decreased barn effectiveness, similar
to traditional bedded pack barns, by increasing the moisture in the pack area (Janni et al.,
2006). If space per cow decreased below 9.3 m3, compaction and moisture could
increase and inhibit compost efficacy (Janni et al., 2006).
Increasing ventilation rates may increase evaporation of moisture from the
bedded pack barn and prevent heat stress during warmer times of the year (Lobeck et al.,
2011, Damasceno, 2012). Supplemental ventilation may be provided through mixing
fans (Janni et al., 2006). Fans can increase the air movement rate over the surface of the
bed, which increases bed drying and reduces heat stress(Galama, 2011). Shane et al.
(2010a) reported a mean air velocity of 0.81 m/s in 6 compost bedded pack barns in
Minnesota. Cow respiration rates from 9 barns in the upper Midwest indicate that
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maintaining ventilation and cow cooling in compost barns was not different than in
naturally or cross ventilated sand freestalls (58.4, 59.3, and 57.5 breaths per min,
respectively; P ≥ 0.05; Lobeck et al., 2011). In Kentucky, Damasceno (2012) reported
that 53% of compost bedded pack barns lacked adequate ridge openings, increasing the
likelihood of heat stress and increasing the necessity of mechanical ventilation. Light
intensity was reported to be 3,250 lux within compost bedded pack barns in Minnesota
(Shane et al., 2010a). Damasceno (2012) noted that only 41% of compost bedded pack
barns in Kentucky used additional lighting, with light in compost bedded pack barns
ranging from 13 to 192 W.
Pack Management
Compost bedded pack barns require periodic bedding addition and twice daily
tilling (Janni et al., 2006, Barberg et al., 2007a, Black et al., 2013). Aeration (tilling)
incorporates manure and air (oxygen) into the pack (Shane et al., 2010a). This process
promotes aerobic microbiological activity, heating and drying the pack. Tilling of the
pack also exposes greater pack surface area for drying (Janni et al., 2006). Heating and
drying the pack provides a fresh, dry surface for cattle to lie on (Shane et al., 2010a). The
depth of tilling varies by the individual producer and specific tillage tool used (18 to 30
cm; Janni et al., 2006, Barberg et al., 2007a). Unlike U.S. compost bedded pack barns,
Israeli and Denmark compost barns are only tilled once per day (Klaas et al., 2010, Bjerg
and Klaas, 2014). However, some U.S. producers chose to till once or 3 times per day,
depending on management style (Black et al., 2014). New York researchers reported a
tilling practice based on ambient temperature to improve pack temperature over the
winter season (internal temperature ≥ 21.1°C at all ambient temperatures). When the
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ambient temperature was > -3.9°C, the pack was tilled twice daily as in all other seasons.
If ambient temperature was between -3.9 and -12.2°C, the pack was tilled once daily.
When ambient temperature was below -12.2°C, the pack remained untilled. Managing in
this way required twice weekly bedding addition when the pack was tilled twice daily,
and required daily bedding addition under the other 2 tilling strategies (Petzen et al.,
2009).
To start a compost bedded pack barn, a bedding layer from 25 to 50 cm deep is
added (Janni et al., 2006, Barberg et al., 2007a, Black et al., 2013). In Kentucky,
producers began these barns with 25.1 cm of shavings (3.5 to 121.9 cm, n=35). Bedding
material is added to the pack at a mean layer of 8.8 cm over the entire barn area (m2),
ranging from a dusting of bedding (0.1 cm) to a full load of bedding (35.3 cm; Black et
al., 2013). In Minnesota, a full semi-load (14 to 16 metric tons) is added when moisture
content enables bedding to stick to cattle (every 1 to 5 weeks; Janni et al., 2006, Barberg
et al., 2007b, Endres and Janni, 2007). Israeli compost barns did not add additional
bedding in their research, instead relying solely on the composting process to maintain
dry bedding (Klaas et al., 2010).
Bedding material. Several different types of bedding have been used in compost
bedded pack barns. Janni et al. (2006) and Barberg et al. (2007a) recommended sawdust
and dry, fine wood shavings, although ground soybean straw was also effective.
Kentucky dairy producers used green and kiln-dried shavings or sawdust, a mixture of
shavings and sawdust, a mixture of soy hulls and shavings, or a mixture of soy hulls and
sawdust (Black et al., 2013). Shavings exhibited the potential to improve handling,
mixing, aeration, and biological activity due to large surface area (Janni et al., 2006).
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This increases the ability of microbial populations to grow and breakdown manure and
urine added but prevents excessive compaction of the bedding between tillings (Janni et
al., 2006).
Shane et al. (2010a) noted most Minnesota dairy producers preferred sawdust
over wood chips, flax straw, wheat straw, oat hulls, strawdust (byproduct of wheat, very
fine material), soybean straw, or soybean stubble. However, all bedding was able to
sustain adequate composting temperatures (Shane et al., 2010a). Petzen et al. (2009)
evaluated the ability of cereal grain straw, chipped pallet wood, coarse hay, soybean
straw, and corn stover to maintain adequate compost temperatures and decrease compost
moisture content. Combinations of soybean straw and sawdust and chipped pallet wood
and sawdust worked well in the compost bedded pack barns, although neither soybean
straw or chipped pallet wood was used as the sole bedding material. Coarse hay and
cereal grain straw matted and clumped, decreasing effectiveness as bedding material and
were discontinued. Corn stover did not maintain a coarse particle size, and was
discontinued (Petzen et al., 2009).
Farmers in Israel and the Netherlands have used dried manure or compost from
other sources (food or paper industry waste) in compost barns (Klaas et al., 2010,
Galama, 2011). Bjerg and Klaas (2014) reported that Denmark compost bedded pack
barns were bedded with wood chips with leaves, roots, and garden residuals, a
combination of sawdust and wood shavings, or heathland vegetation. Israeli compost
bedded pack barns established composting using layers of an inorganic residual product
from oil extraction (similar to cat litter), paper industry waste, or a layer of dried manure
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obtained before compost system establishment. However, only the barn that used dried
manure achieved a heat greater than ambient temperature (25 to 42°C at 20 cm depth;
Klaas et al., 2010).
Some bedding materials are ineffective in compost bedded pack barns. Nova
Scotia researchers explored the possibility of utilizing waste wallboard and wood fiber
mixtures in compost bedded pack barns and in freestalls. Wallboard consists of 92%
gypsum (calcium sulfate), 7% paper, and > 1% impurities or additives. Farmers preferred
a mixture of 75% wood fiber and 25% waste wallboard for use as bedding in either
freestalls or compost bedded pack barns. This mixture did not promote heat production
in compost bedded pack barns and barns on the study did not regain heat after switching
to a complete wood fiber bedding, requiring daily addition of bedding (LeBlanc and
Anderson, 2013). Janni et al. (2006) did not recommend straw, corn stalks, and wet or
green sawdust. Straw and corn stalks proved difficult for proper tilling using the various
tillage tools. Wet or green sawdust decreased the amount of water that could be absorbed
from the pack (Janni et al., 2006). The increased possibility of Klebsiella species counts
in bedding also increased concerns for green sawdust (Newman and Kowalski, 1973,
Janni et al., 2006, Bewley et al., 2013). Cedar, black walnut, and cherry were not
recommended for compost bedded pack barn bedding because of antimicrobial properties
or the potential to cause diseases such as laminitis (Janni et al., 2006, Bewley et al.,
2013).
Bedding life. Bedding life is defined as the length of time before addition of new
bedding is necessary. Moisture content of the original bedding, moisture added to the
pack, composting temperature, and ambient weather conditions dictate length of bedding
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life (Janni et al., 2006, Black et al., 2014). Promotion of a good composting environment
could decrease the cost of additional bedding ($0.35 to $0.85 per cow per day) by
increasing the time a load of bedding would last in a compost bedded pack barn (Barberg
et al., 2007b). Janni et al. (2006) offered an example of how to estimate bedding life.
Assuming a lactating cow produced 40 kg of milk per day, 68 kg of manure slurry would
be produced with a moisture content of 87%. If 80% of the slurry was voided in the pack
area, 59 kg moisture per cow per day was added. When 15 cm of bedding was added
(density of 160 kg/m3 and 9% moisture content) and no heat of composting was included,
moisture of compost pack would be 61% after 7 day. Under the same conditions, if 25%
of moisture was evaporated due to heat of composting, bedding lasted 3 days longer. If
50% of moisture was evaporated due to heat of composting, bedding lasted 11 days
longer (ASAE, 2005, Janni et al., 2006). Bjerg and Klaas (2014) reported results in a
Danish compost bedded pack barn with forced air movement. Air was pumped into the
pack from the floor beneath the pack. From December 4, 2012 to October 13, 2013, the
total amount of material added to the barn (dry matter and water) was 11.6 t/cow and the
total amount of material removed from the pack was 4.4 t/cow. Of the mass lost, 62%
was because of moisture evaporation, resulting in a total dry matter (DM) content of 41%
in the final bedding removed (mean DM content for the study period = 25%). Bjerg and
Klaas (2014) noted that during the winter period (5 months) moisture evaporation was
insufficient to dry the pack (i.e. increase DM content). Conversely, no bedding addition
was required during the summer period (7 months) because of sufficient moisture
evaporation from the pack.
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Kentucky researchers used similar calculations to determine the effect of drying
rate on bedding life. Drying rate was adapted from Bird et al. (1960) to account for the
overall mass transfer of moisture from the pack to the bedding and the environment
(Damasceno, 2012, Black et al., 2013). Drying rate was dictated by ambient humidity,
ambient temperature, barn humidity, and compost surface temperature in the following
equation (1.1; Black et al., 2013) .
DR = K × (Csur – Camb)

Equation 1.1

In this equation, DR was the drying rate (kg of H2O/m2 × s), K was the overall
mass transfer coefficient (m/s), relative humidity was assumed to be 100% at the compost
surface resulting in the air moisture concentration, Csur, and the ambient air moisture
concentration, Camb (adapted from Equation 21.3a, page 655 of Bird et al., 1960). Air
velocity (m/s) and ambient temperature (°C) dictated K, which was directly dependent on
air velocity (inferred from Equation 21.2 to 25, page 647 of Bird et al., 1960). As drying
rate increased through increased ventilation rate, bedding life increased (estimated
coefficient of -51.55 ± 8.43; P < 0.01). Bedding life increased with the higher ambient
temperatures present in the summer compared to winter (16.5 (1 to 56 days) vs. 18.2 (1 to
45 days) winter and summer, respectively), although increased drying rate reduced
moisture content regardless of season (P < 0.01; Black et al., 2013).
Temperature. To be effective, adequate temperatures must be maintained in
compost bedded pack barns. The recommended internal temperature for compost bedded
pack barns at 15 to 31 cm depth ranges from 43.3 to 65.0°C (Janni et al., 2006, Bewley et
al., 2013). However, the ranges reported by researchers vary considerably. Barberg et al.
(2007a) reported a mean (± SD) internal temperature of 42.5 ± 7.6°C for 12 compost
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barns in Minnesota. Summer and winter months altered internal temperature for compost
bedded back barns in Minnesota (31.8 to 48.1°C and 13.8 to 40.6°C, respectively; Shane
et al., 2010a). Ohio researchers reported internal pack temperatures from 32.2 to 48.9°C
(Zhao et al., 2012). Galama (2011) found that compost barns in the Netherlands could
generate internal temperatures of 40 to 50°C, although temperatures of 25 to 30°C were
more common. Bjerg and Klaas (2014) reported that Danish compost bedded pack barns
maintained internal pack temperatures 20 to 40°C above the ambient temperature (0°C in
the winter months). Kentucky researchers noted a lower mean temperature for both 20.3
and 10.2 cm internal pack temperature (36.1 ± 11.0°C and 32.3 ± 10.6°C, respectively).
Surface temperature remained near ambient for all collection days due to ventilation and
evaporative cooling (10.5 ± 8.0°C vs. 9.9 ± 9.4°C, respectively; Black et al., 2013).
Similarly, internal temperatures in all Israeli compost barns exceeded the ambient
temperature, indicating that biological activity and aerobic decomposition were occurring
(Klaas and Bjerg, 2011). Greater temperatures were visually linked to areas that
appeared fluffy and loose (Shane et al., 2010a). They were generally lower in manure
and urine content, and less packed by cattle which promoted composting through
increased air penetration (NRAES-54, 1992, Barberg et al., 2007a). Areas of the barn
that were chunky and compacted after stirring indicated pockets of anaerobic activity and
lower temperature (Janni et al., 2006).
Moisture. Moisture content is the other parameter closely monitored for adequate
composting in barns. The optimum moisture content for composting is 40 to 65%
(NRAES-54, 1992). Bewley et al. (2013) recommended a narrower range of 40 to 60%.
Shane et al. (2010a) recommended keeping moisture content in the top 15 cm of the pack
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below 65%. The influx of moisture in compost barns comes from feces, urine, and
moisture from microbial activity (Janni et al., 2006). The moisture from feces and urine
increases depending upon feed stuffs, lactation stage, and milk yield (ASAE, 2005). In
deep litter systems, composting was considered to be effective if the moisture produced
in the composting process and the moisture from the degraded DM evaporated
(Kapuinen, 2001). Shane et al. (2010a) suggested weekly monitoring of moisture in top
15 cm to aid in deciding when clean bedding needed to be added. The moisture from the
bedding material added should not exceed the moisture absorption capacity of the
material (Kapuinen, 2001). Minnesota compost barns (n = 12) fell within the
recommended range with an average moisture content for the top 15 cm and the lower 15
to 30 cm of 50.7 and 56.7 ± 8.8%, respectively (Janni et al., 2006, Barberg et al., 2007a).
Compost bedded packs remained on the lower end of the recommended range during
winter and summer (29.6 to 41.9% and 36.0 to 45.8%, respectively; Shane et al., 2010a).
Kentucky compost barns were maintained at a similar moisture content of 56.1 ± 12.4%
(Black et al., 2013). Compost barns in the Netherlands were maintained at a lower
moisture content of 30 to 40% (Galama, 2011). Farmers in Nova Scotia managed
compost barns for a level below 30% moisture (LeBlanc and Anderson, 2013). Nova
Scotian barns did not heat well, which could be partially due to lack of water for
microbial proliferation, slowing the compost rate (Bewley et al., 2013, LeBlanc and
Anderson, 2013).
Bedding Bacteria
Early compost bedded pack barn research suggested that maintaining a
temperature of 54 to 65°C for 3 to 4 days had the potential to inactivate pathogens,
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viruses, destroy weed seeds, fly larvae, and decrease odor emanating from the pack.
Inactivating mastitis pathogens was of particular interest (Janni et al., 2006). Bedding
bacterial count has been linked to SCC and clinical mastitis incidence (Hogan et al.,
1989b, Hogan and Smith, 1997, Zdanowicz et al., 2004). A linear relationship exists
between total rates of clinical mastitis and gram-negative bacteria and Klebsiella species
counts in bedding (P < 0.05; Hogan et al., 1989). However, research by Black et al.
(2014), indicated that managing for good composting allowed proliferation of coliforms,
Staphylococcus, Streptococcus, and Bacillus species in the pack. Similarly, Petzen et al.
(2009) isolated Streptococcus species, Staphylococcus species, gram-negative and grampositive-bacillus species, Klebsiella species, and E. coli from compost bedded pack
samples. Petzen et al. (2009) suggested a balance of organisms in the bed might
competitively inhibit pathogens present in the cow’s feces.
Total bacterial count was 5.2 ± 5.1 log10 cfu/g DM in compost barns in
Minnesota, whereas Kentucky compost barns counts were 8.2 ± 0.4 log10 cfu/g DM. The
levels of pathogens differed between the two states with 10.70 vs. 1.86% coliforms, 39.40
vs. 20.61% environmental streptococci, 17.40 vs. 52.28% environmental staphylococci,
and 32.50 vs. 25.25% Bacillus species for Minnesota and Kentucky, respectively
(Barberg et al., 2007a, Black et al., 2014). Lobeck et al. (2012) compared bedding
samples from low-profile cross-ventilated sand freestall barns, naturally ventilated sand
freestall barns, and compost bedded pack barns. Overall, no differences were observed
among housing systems for geometric means of coliforms (4.78, 4.43, and 4.32 log10
cfu/g), environmental streptococci species (3.48, 3.48, and 3.70 log10 cfu/g), and
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Staphylococcus species (4.04, 0.00, and 0.00 log10 cfu/g) for compost bedded pack barns,
low-profile cross-ventilated sand freestall barns, and naturally ventilated sand freestall
barns (Lobeck et al., 2012).
Coliform bacteria are a common cause of chronic environmental mastitis present
in manure and bedding (Bramley et al., 1996, Zdanowicz, 2002, Verbist et al., 2011).
Compost internal temperature was positively correlated with coliform counts and
moisture was negatively correlated with coliform counts (r = 0.42, - 0.34, P < 0.05,
respectively). Escherichia coli counts maintained a similar positive correlation with
ambient temperature and internal temperature and a negative correlation with moisture (r
= 0.54, 0.46, and – 0.45; P < 0.05, respectively), though only ambient temperature
remained significant when all parameters were included in the model (Black et al., 2014).
Shane et al. (2010a) observed similar behavior with coliforms increasing in the summer
(5.29 log10 cfu/g) compared to winter (4.61 log10 cfu/g).
Staphylococcus species cause contagious and environmental mastitis infections.
Staphylococcus aureus is a highly contagious mastitis pathogen (Jain, 1979). Coagulasenegative staphylococci are generally opportunistic invaders of the udder present on the
teat skin and in the teat canal (Bramley et al., 1996). Staphylococcus counts in the
compost were positively correlated with ambient temperature and negatively correlated
with moisture and C:N ratio (r = 0.53, -0.44, and -0.52; P < 0.05, respectively), though
only ambient temperature remained a significant predictor when all parameters were
included in the model. As ambient temperature increased, staphylococcus species
concentration increased (P < 0.05; Black et al., 2014). Shane et al. (2010a) reported no
staphylococcus species spikes in the winter (< 3 log10 cfu/g present), whereas three farms
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spiked in the summer (5.80 log10 cfu/g) to make up most of the yearly mean (5.14 log10
cfu/g). However, S. aureus isolated from bulk tank milk samples was greater in the
winter than in the summer in compost bedded pack barns (Barberg et al., 2007a).
Streptococcus dysgalactiae and S. uberis are two well-known mastitis-causing
pathogens referred to as environmental streptococci. They are present in the environment
of the cow, including the lying surface bedding (Bramley et al., 1996). Streptococcus
species in the compost bedding exhibited a moderate negative correlation with space per
cow (m2 per cow; r = -0.38; P < 0.05). However, streptococcus species behaved
differently, depending on the moisture and C:N ratio. Reduction in streptococcus species
concentration occurred in low moisture and high C:N ratio, but concentration increased at
low moisture and a C:N between 20:1 and 22:1 (P < 0.05, respectively; Black et al.,
2014).

Streptococcus agalactiae was not present in any of the six Minnesota compost

barns monitored by Barberg et al. (2007a)
Ambient temperature, moisture, C:N ratio, and space per cow dictated the
behavior of Bacillus spp. At low ambient temperature (-3°C), Bacillus spp. increased
when space per cow decreased below 8 m2 per cow and moisture increased over 34%,
and when moisture and C:N ratio decreased below 38% and 23:1. At high ambient
temperatures (27°C), Bacillus spp. increased under several different conditions: C:N ratio
below 16:1 and moisture above 66%, moisture below 33% and C:N ratio over 37:1, and
moisture below 31% and space per cow above 11 m2 per cow (Black et al., 2014). All
farms monitored by Shane et al. (2010a) produced greater Bacillus spp. counts in summer
than in winter (6.12 vs. 4.17 log10 cfu/g, respectively).
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These studies confirm that managing CBP moisture, temperature, C:N ratio, and
space per cow does not ensure reduction in bacteria levels. Black et al. (2014) suggested
managing a dry lying surface to promote cleaner cows and to decrease SCC. Barberg et
al. (2007a), Klaas and Bjerg (2011), and Shane et al. (2010a) agreed that the high
bacterial counts of mastitis causing pathogens in CBP reinforced the need for excellent
milking procedures.
Environmental Implications
Compost nutrient and emissions from the CBP may be a concern for
environmental regulations and land application. In a traditional compost pile, four stages
are present: mesophilic, thermophilic, cooling, and maturing. The mesophilic phase
persists until the compost reaches an internal temperature of 40°C. At that time,
thermophilic bacterial dominate degradation as mesophilic bacterial populations
decrease. Upon reaching a temperature of 60°C, thermophilic fungi activity decreases,
but thermophilic spore formers persist until degradable material is depleted. Once that
point is reached, compost enters the cooling phase. Although they were present in large
numbers, bacterial species made up a relatively small portion of compost microbial
population (Gray et al., 1971). Compost bedded pack barns rarely reach temperatures of
60°C, so thermophilic bacteria may continue to proliferate at temperatures from 40 to
60°C. Also, unlike traditional compost piles, fresh sources of C, N, P, K, and a bacterial
load with a wide range of species are constantly incorporated into the active compost area
in compost bedded pack barns (Black et al., 2014).
Greenhouse gases. Ammonia (NH3) has been considered one of the most
harmful gases generated by agriculture. Odor creation and negative effects on air and
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water quality create environmental risks (Becker and Graves, 2004). Ammonia
emissions are limited to 9.5 kg per cow per year in the Netherlands. The UK limits total
ammonia emission per year to 297 kt of NH3, with dairy contributing 38.2 kg per cow per
year in 2009 (Buli et al., 2010, Misselbrook et al., 2010, Hawkins and Consumption,
2011). Currently, the USA has no maximum emission limit on NH3 per cow per year
(Buli et al., 2010), but OSHA (2010) suggests limiting chronic exposure to 50 ppm. Of
the total NH3 emitted from livestock production facilities and other human activities,
43.4% was contributed to cattle and calves (Becker and Graves, 2004).
Compost bedded pack barns maintained ammonia levels below the level required
in each of these countries (3.9, < 0.5, and 0 to 1.6 ppm per day, Shane et al. (2010a),
Klaas et al. (2010), and Zhao et al. (2012), respectively). Klaas et al. (2010) noted that
compost bedded pack barn NH3 levels were lower in the pack (< 0.5 ppm) than in the
concrete alley (6 ppm). Barberg et al. (2007a) measured ammonia levels within the pack
at a depth of 15 and 30 cm. The ammonia content within the pack was 461 ppm at 15cm
and 857 ppm at 30 cm (Barberg et al., 2007a). Rosen et al. (2000) states C:N ratios <
25:1 may emit ammonia odor. A lower C:N ratio at 30 cm (17.6:1 with 857 ppm NH3)
compared to C:N ratio at 15 cm (21.4:1 with 461 ppm NH3) supports this statement,
although both C:N ratios were below the threshold for ammonia odor. Galama (2011)
reported 314 mg of NH3 per m2 of pack area. This was 2.75 times higher than the
emissions from a slated floor in a freestall barn (Galama, 2011). Similar results were
noted by Lobeck et al. (2012) with greater ammonia concentrations in low-profile crossventilated sand freestall barns than in naturally ventilated sand freestall barns or compost
bedded pack barns (5.20, 3.30, and 3.90 ± 0.35; P = 0.049 and 0.005, respectively).
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Conversely, when 10 m2 was provided per animal total ammonia emission was 3.2 kg per
cow per year in Denmark compost bedded pack barns compared to 2.5 kg per cow per
year in freestall barns. Researchers suggest the reason for the greater emission is the
greater surface area per cow in compost bedded pack barns than freestall barns (10 vs. 5.1
m2 per cow). However, the amount of ammonia issued from the pack was lower than that
issued from the solid floor feeding area (0.15 ± 0.17 vs. 0.48 ± 0.37 kg per m2 per year,
respectively; Bjerg and Klaas, 2014). Ammonium and nitrate concentrations were
greatest over the summer in Minnesota compost bedded pack barns (568 to 1,270 vs. 384
to 1,450 ppm of ammonium and 8.7 to 9.1 vs. 1.33 to 1.68 ppm of nitrate, summer and
winter, respectively; Shane et al., 2010a).
Carbon dioxide chronic exposure should remain below 5,000 ppm (OSHA, 2010).
Carbon dioxide in Ohio compost bedded pack barns was reported at levels well below the
limit (400 to 700 ppm; Zhao et al., 2012). Klaas and Bjerg (2011) surmised that 2.5 tons
per cow per year of C was added to pack. This amount generated 9 tons of CO2 (4 to 12
tons per cow per year), the methane equivalent of 3 tons of CO2 per cow per year, and the
nitrous oxide equivalent of 0.2 tons CO2 per cow per year. Hydrogen sulfide was below
the exposure limit of 20 ppm in Ohio compost barns (0.001 to 0.012 ppm; Zhao et al.,
2012). Hydrogen sulfide levels remained below OSHA regulations in low-profile crossventilated sand freestall barns (0.032 ppm), naturally ventilated sand freestall barns
(0.012 ppm), and compost bedded pack barns (0.013 ppm), with cross-ventilated barns
having the highest levels compared to naturally ventilated barns and compost bedded
pack barns (P =0.044 and < 0.006; Lobeck et al., 2012). Although more research is
needed, Klaas and Bjerg (2011) suggested compost bedded pack barns may potentially
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pose challenges in relation to all three greenhouse gases with possible effects on global
warming. However, the American compost bedded pack barns maintained hydrogen
sulfide and carbon dioxide emission levels below the OSHA chronic exposure limits. No
study reported ammonia emissions from the pack, but ammonia levels within the compost
bedded pack samples were greater than the recommended OSHA chronic exposure limits.
Nutrient profile. Compost barn nutrient content has been monitored in several
studies. Ratio of C:N should be between 25:1 and 30:1 for good composting (Bewley et
al., 2013). Shane et al. (2010a) reported lower than optimum ratios for summer with C:N
ratios of 13:1 to 18:1, although winter could reach the optimum range at 16:1 to 26:1.
Total C in Minnesota compost bedded pack barns was 15.3 to 17.4% in the summer and
12.7 to 20.1% in the winter, with a total N content of 0.89 to 1.23% in the summer and
0.61 to 0.89% in the winter (Shane et al., 2010a). The mean C:N ratio for the top 30 cm
of compost in all Minnesota barns in the study completed by Barberg et al. (2007a) was
19.5:1, with the greatest concentration in the upper 15 cm of the compost in all barns
(21.4:1 in top 15 cm vs. 17.6:1 from 15 to 30 cm). Damasceno (2012) reported higher
total C at 42.7 ± 3.8% (29.8 to 47.1%) and total N of 1.6 % (0.5 to 2.5%) in Kentucky
compost bedded pack barns. Black et al. (2013) reported C:N values in Kentucky
compost bedded pack barns within the range for good composting at 26.7 ± 7.8:1 (11.3 to
43.2:1). The C:N ratio varied with depth in a Kentucky compost barn when the bedded
pack had a 65cm mean depth at the time of sampling. The highest mean C:N ratio was
28:1 in the top 15 cm of the compost pack and 27:1 in the bottom 15 cm of the pack
(from 50 to 65 cm within the pack). The lowest mean C:N ratio (19:1) was reported in
the center 15 cm of the compost pack (from 30 to 45 cm within the pack). These ratios
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were inversely related to the moisture content of the bedded at the same depths. The N%
(DM) also followed the same pattern with depth and corresponding moisture content with
the lowest means in the top 15 cm (1.6% N) and the bottom 15 cm (1.3% N) and the
highest mean in the middle 15 cm (2.1% N). The nutrient profile of the bed reflects the
management of the bedding moisture content with bedding additions at the time the
bedding was in the surface tillage layer (Hammond et al., 2014). Winter season had a
low availability with resulted in bedding additions that could not maintain the same
moisture levels of the warm season. This resulted in higher moisture in the tillage layer
where manure additions to bedding additions ratios were higher in the winter than the
warm season leading to low C:N ratio. The highest total C was found in New York
compost bedded pack barns at 44.6% (38.1 to 49.0%) and total N of 1.6% (1.0 to 1.8%;
Petzen et al., 2009).

New York compost bedded pack barns exhibited the highest C:N

ratio (29.1, 21.5 to 45.1; Petzen et al., 2009). Ohio researchers reported a wide range for
C:N ratio (9 to 36). Researchers suggested this volatility was due to continuous addition
of urine and feces to the pack area (Zhao et al., 2012). However, that extreme variation
in values in Ohio compost bedded pack barns was not seen in the other U.S. compost
bedded pack barns.
Potassium was highest in Minnesota compost bedded pack barns in summer
(14,200 to 22,700 ppm in summer vs. 7,800 to 19,200 ppm in winter) and at 15 to 30 cm
within the pack (17,202 ppm from 0 to -15 cm vs. 13,841 ppm -15 to -30 cm; Barberg et
al., 2007a, Shane et al., 2010a). Phosphorus in Minnesota compost bedded pack barns
increased in summer (2,800 to 4,300 ppm in summer vs. 1,500 to 2,600 ppm in winter)
and at 15 to 30 cm within the pack (3,442 ppm from 0 to -15 cm vs. 3,111 ppm from -15
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to -30 cm; Barberg et al., 2007a, Shane et al., 2010a). Black et al. (2013) reported a
lower level of potassium in bedding samples from Kentucky compost bedded pack barns
(13,000 ± 5,200 ppm potassium). Black et al. (2013) reported a higher level of
phosphorus in bedding samples from Kentucky compost bedded pack barns (4,000 ±
1,500 ppm phosphorus). Hammond et al. (2014) reported the phosphorus and potassium
levels in a Kentucky compost bed at sample depths from 15 to 65 cm within the pack and
found similar patterns to N% in the previous paragraph. The lowest means for P and K
occurred in the top 15 cm (5,300 ppm P and 17,000 ppm K) and in the bottom 15 cm
(5,300 ppm P and 16,000 ppm K from 50 to 65 cm within the pack). The highest P and K
mean concentrations occurred in the middle 15 cm (30 to 45 cm within the pack) at 7,000
ppm P and 22,000 ppm K. These nutrient content levels were inversely correlated to the
moisture content of the bedding at the corresponding depths. The nutrient profile of the
bed reflects the management of the bedding moisture content with bedding additions at
the time the bedding was in the surface tillage layer (Hammond et al., 2014). A slightly
higher potassium level was observed in New York compost bedded pack barns (16,100
ppm potassium; Petzen et al., 2009). The highest level of phosphorus was seen in New
York compost bedding samples (6,800 ppm phosphorus; Petzen et al., 2009). The
differences in all nutrient contents may be due to changes in location, with Barberg et al.
(2007a) and Shane et al. (2010a) in the upper Midwest U.S., Petzen et al. (2009) in the
Northeast U.S., and Black et al. (2013) in the Central U.S.
Animal Health
Locomotion, hock, and hygiene score are useful ways to monitor animal health.
Locomotion scoring allows for visual observation of lameness (Sprecher et al., 1997).
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Hock score is indicative of hock health and the condition of the surface on which cattle
rest (Weary and Taszkun, 2000). Hygiene score has been linked to SCC and mastitis
incidence in dairy cattle (Schreiner and Ruegg, 2003, Reneau et al., 2005).
Lameness. Shane et al. (2010a) observed the number of lame and severely lame
cows over a year (one visit every season) in 6 compost bedded pack barns. The
percentages of lame cows were 7.1% in fall, 9.7% in spring, 10.2% in summer, and 9.2%
in winter. Percentages of severely lame (locomotion score ≥ 4) cows were recorded as
2.0% in fall, 2.4% in spring, 2.0% in summer, and 3.8% in winter. Overall, 9.1% were
lame (locomotion score ≥ 3) and 2.5% severely lame (Shane et al., 2010a). This was
slightly greater than the 7.8% of reported cases of clinical lameness in 12 compost
bedded pack barns by Barberg et al. (2007b). Lower clinical lameness was likely due to
two herds with no lame cows (Barberg et al., 2007b). The highest number was reported
by Black et al. (2013) with 11.9% clinically lame and 5.0% severely lame. However,
69.3% of cows housed in Kentucky compost bedded pack barns were scored as 1 (perfect
locomotion; Black et al., 2013). Comparing locomotion scores across scorers must be
interpreted with caution because of individual difference in scorer interpretations of the
scale.
Compost bedded pack barns exhibited decreased lameness incidence compared to
low-profile cross-ventilated and naturally ventilated sand freestall barns with 4.4, 13.1,
and 15.9% of herds having a lameness score ≥ 3. Multiparous and primiparous cows in
compost bedded pack barns exhibited less lameness than those in naturally ventilated
freestalls (P = 0.016), whereas only primiparous cows in compost bedded pack barns
exhibited less lameness than either cross-ventilated or naturally ventilated freestalls (P =
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0.013 and P = 0.024, respectively). Cows housed in all barn types presented greater
lameness in winter than spring, summer, or fall (P < 0.001, P = 0.026, and P < 0.001,
respectively). During the spring, cows experienced greater lameness prevalence than in
the summer or fall for all housing types (P < 0.001). Severe lameness did not differ
between housing types (0.8, 1.0, 1.4%, P ≥ 0.05; Lobeck et al., 2011). Similarly, New
York researchers observed decreased lameness prevalence after transitioning to compost
bedded pack barns (23.7 to 3.4% of the herd; Petzen et al., 2009), reducing treatment
costs to the dairy producer by $33,000. Lameness prevalence seemed to be lower in
compost bedded pack barns than freestalls that were not bedded with sand and lower than
bedded pack barns (Klaas and Bjerg, 2011).
Hock health. Hock scores in compost bedded pack barns were reported as 25.1%
of all animals (n = 793 cows) with a hock lesion, with 24.1% having hair loss and only 1
% with a swollen hock (Barberg et al., 2007b). No hock or body lesions were reported
for cows housed in Israeli compost bedded pack barns (n = 3 compost bedded pack barns;
Klaas et al., 2010). Similarly, Lobeck et al. (2011) found a lower prevalence of lesions
(score ≥ 2 divided by number of all animals scored that day) on compost bedded pack
barns than cross-ventilated or naturally ventilated sand freestalls (3.8, 31.2, and 23.9%,
respectively; P < 0.001). Severe hock lesion prevalence (score = 3) was lowest in
compost bedded pack barns compared to cross-ventilated and naturally ventilated sand
freestalls (1.0, 6.5, and 6.3%, respectively). The compost bedded pack barn softer
surface could have been more forgiving and provided less friction than the sand-bedded
freestalls (Lobeck et al., 2011). Fulwider et al. (2007) reported similar findings with
compost bedded pack barns having no lesions whereas cows housed on sand, waterbeds,
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or rubber-filled mattresses exhibited lesions on both hocks and knees (25, 35.2, and
71.6% with lesions, respectively). Overall, hock health and lameness were indicative of
good foot and leg health in compost bedded pack barn regardless of bedding material
(Shane et al., 2010a).
Hygiene & mastitis. Udder and cow hygiene have been related to SCC and
subclinical mastitis (Schreiner and Ruegg, 2003, Reneau et al., 2005). Shane et al.
(2010a) found a mean hygiene score of 3.1 (range 2.2 to 3.8) for all cows housed in CBP
with several different bedding materials. Somatic cell count was only reported for the
summer months (range 224,000 to 729,000 cells/mL; Shane et al., 2010a). A slightly
lower mean hygiene score (2.66 ± 0.19) was reported by Barberg et al. (2007b) with a
corresponding reduction in mean SCC (325,000 ± 172,000 cells/mL). After transitioning
to compost bedded pack barns, Minnesota dairy producers reported SCC as 325,000 ±
172,000 cells/mL (88,000 to 658,000 cells/mL), below the state average of 357,000
cells/mL (Barberg et al., 2007b). The average mastitis infection prevalence (MIP)
(percent of animals in each herd with a test SCC > 200,000 cells/mL) was decreased after
moving into the compost bedded pack barn from previous housing facilities (35.4%
before, 27.7% after; Barberg et al., 2007b). A New York dairy producer noted no
difference in SCS over the year after moving to the compost bedded pack barn (72.0%
with SCS < 4 before move and 70.9% with SCS < 4 after move; Petzen et al., 2009).
Ohio dairy herds housed in compost barns reported mean SCC of 144,000 to 188,000
over a year (Zhao et al., 2012). The 2010 somatic cell count was 252,860 cells/mL in
Kentucky compost bedded pack housed cows, below the 2010 state average of 313,000
cells/mL (Black et al., 2014).
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For a single year, Klaas et al. (2010) reported 2, 130, and 0 clinical mastitis cases
for three Israeli compost bedded pack barns (farm 1 (n = 59 cows), 2 (n = 458 cows), and
3 (n = 280 cows), respectively). Farm 3 exhibited the highest compost bedded pack barn
internal 20 cm temperature and the cleanest cows on the study (10% scored as dirty vs.
90% scored as dirty on farm 2, mean 51.2%). However, farm 3 returned the highest
mean SCC (133, 000 ± 35,000, 214,000 ± 41,000, and 229,000 ± 46,000 cells/mL for
farm 1, 2, and 3, respectively; Klaas et al., 2010).
Black et al. (2013) reported a lower hygiene score of 2.2 ± 0.7 (n = 1,699) for
compost bedded pack barns in Kentucky. Lobeck et al. (2011) found that animals housed
in compost barns exhibited greater overall hygiene score than sand bedded crossventilated and naturally ventilated freestall barns (3.18, 2.83, and 2.77; P = 0.024 and P =
0.010, respectively). Winter hygiene scores were greater in compost barns than in sand
bedded cross-ventilated and naturally ventilated freestall barns (P = 0.007 and P = 0.029,
respectively). Producers reported difficulty keeping compost barns at optimal moisture
and temperature in winter. The increased hygiene score showed no effect on mastitis
infection prevalence (33.4, 26.8, and 26.8% for compost, naturally ventilated, and crossventilated freestall, respectively; Lobeck et al., 2011). Lobeck et al. (2011) reported no
differences among percentages of the herd culled for mastitis or production.
Hygiene scores for cows housed on compost barns were similar to those housed
on waterbeds in freestalls, and lower than those for cows housed in sand freestalls or
rubber-filled mattresses (Fulwider et al., 2007). Milk production was increased by 955 ±
315 kg per cow per year after the transition to compost barns monitored by Barberg et al.
(2007b). Eight dairies increased milk fat percentage and milk protein after the transition
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to CBP (3.77 ± 0.31 to 3.88 ± 0.22% and 3.13 ± 0.12 to 3.21 ± 0.10%, respectively).
Barberg et al. (2007b) and Janni et al. (2006) suggested that tilling the pack area, drying
the surface and incorporating manure could potentially improve cow comfort and
decrease mastitis in compost bedded pack barns unlike conventional bedded pack barns.
Bulk tank milk. Bulk tank somatic cell count is another way to monitor the
health status of a herd, although not a specific as individual animal SCC. Bulk tank SCC
(BTSCC) in 12 compost bedded pack barns in Minnesota was reported as 261,170
cells/mL (Endres and Barberg, 2007). In 12 Kentucky herds, BTSCC decreased after
transitioning to compost bedded pack barn housing (323,690 ± 7,300 before vs. 252,860
± 7,110 cells/mL after the transition; Black et al., 2013). Barberg et al. (2007b) reported
similar findings with 3 of 7 compost bedded pack barns in Minnesota included in the bulk
tank analysis having a reduction in BTSCC of 90,310 ± 50,340 cells/mL (32,600 to
125,100 cells/mL; P < 0.01) after transitioning to compost bedded pack barn housing.
One of the herds included in the analysis experienced an increase in BTSCC after the
transition of 54,600 cells/mL (P < 0.01). Researchers suggested maintaining excellent
cow preparation procedures and effective management in the barn and the milk parlor to
maintain a low BTSCC (Barberg et al., 2007b).
Bulk tank milk samples were taken in several studies to ascertain what level of
bacteria and what pathogens were present in the saleable milk. Lobeck et al. (2012)
reported no differences (P ≥ 0.05) in bulk tank bacterial counts between compost bedded
pack barns, low-profile cross-ventilated sand freestall barns, and naturally ventilated sand
freestall barns (Table 1.2). In six Minnesota compost barns, bulk tank bacterial counts
(other than S. aureus) were lower in winter than in summer (coliforms 2.4 vs. > 6.0 log10
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cfu/g, environmental streptococci 3.9 vs. > 6.0 log10 cfu/g, and staphylococci species 1.7
vs. > 6.0 log10 cfu/g for winter and summer, respectively). The counts greater than > 6.0
log10 cfu/g in the summer were due to two farms returning counts of TNTC (too
numerous to count; > 7.7 log10 cfu/g). Staphylococcus aureus presence was low in all
herds and was greater in the winter than in the summer (1.3 vs. 0.2 log10 cfu/g in winter
and summer, respectively) with 1 farm remaining free of S. aureus in both seasons
(Shane et al., 2010a).
Another study by Shane et al. (2010b) reported bulk tank bacterial counts in
compost bedded pack barns bedded with sawdust, corn cobs, wood chip fines and
sawdust, soybean straw and sawdust, wood chip fines and soybean straw, and soybean
straw. No bedding or combination of bedding returned S. agalactiae in the bulk tank, and
the bacterial counts of coliforms (54.6 vs. 18.7%), streptococci species (29.7 vs. 34.1%),
and staphylococci species (15.7 vs. 0.4%) were lower in the milk compared to the
bedding material bacterial counts (% of 2.6 or 4.3 log10 cfu/g in milk and bedding,
respectively). Excellent milking preparatory procedures were suggested to be the reason
for the low bacteria counts in the bulk tank milk samples (Shane et al., 2010b).
Producer Satisfaction
Producer perceptions of the compost bedded pack barns were recorded for several
different studies and regions. Minnesota farmers claimed increased cow comfort and
longevity, ease of completing daily chores, increased production, decreased SCC,
reduction in health problems, and increased time a herd spent in the barn as advantages
(Janni et al., 2006, Barberg et al., 2007a, Shane et al., 2010a). However, increased milk
production and decreased SCC may have been due to other changes, such as nutrition,
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that occurred concurrently with moving to the compost bedded pack barn (Janni et al.,
2006). Kentucky producers using compost bedded pack barns all reported satisfaction
with their barns (n = 42). Cow comfort (n = 28), cow cleanliness (n = 14), low barn
maintenance (n = 10), usefulness for special needs animals (n = 10), lower bedding cost
(n = 1), cleaner pasture (n = 1), less odor (n = 1), fewer flies (n = 1), and lower
investment cost (n = 1) were also mentioned as benefits of the system (Black et al.,
2013).
Minnesota and Kentucky producers recommended finding a reliable bedding
source before building a barn (Barberg et al., 2007a, Black et al., 2013). Additional
recommendation included increasing size or space per cow (n = 15), improved ventilation
and higher sidewalls (n = 17), utilizing a retaining wall if one was not in place (n = 6),
and adding curtains for the winter (n = 5). Kentucky producers also mentioned
recommendations following the industry standard including: stirring twice daily (n = 9),
supplying 9.3 m2 per cow (n =5), using kiln-dried bedding (n = 6), and keeping the
moisture content low (n = 5; Black et al., 2013). Disadvantages of the system stated by
producers included the rising cost of bedding and a few cases of eye irritation and
pneumonia from dusty loads of sawdust (Barberg et al., 2007a).
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CONCLUSIONS
Freestalls and compost bedded pack barns both depend on management to
function properly. When managed according to recommendations, compost bedded pack
barns improve lameness, hock health, reduce SCC, maintain cow cleanliness, and
increase milk production when compared to freestalls and to state averages (Barberg et
al., 2007b, Lobeck et al., 2011, Black et al., 2014). Similarly, freestall barns with limited
overcrowding, recommended stall dimensions, and adequate bedding decrease lameness
incidence, improve hock health, maintain low SCC, cow cleanliness, and milk production
(Vokey et al., 2001, Fulwider et al., 2007, Lobeck et al., 2011).
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Table 1.1. Freestall dimensions by dairy cattle weight class and stall design adapted from Holmes et al. (2013).

Stall dimensions (cm) by body weight class (kg/cow)
Stall area
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454

544

635

726

817

Total stall length when stall faces a wall

244.83

244.83

274.32

304.80

304.80

Distance from outside curb to outside curb in a head to head stall

487.68

487.68

518.16

518.16

548.64

Distance from rear of curb to rear of brisket locator

162.56

167.64

172.72

177.80

182.88

Center-to-center of stall dividers (stall width)

111.76

116.84

121.92

127.00

137.16

7.62

7.62

10.16

10.16

10.16

Height of brisket locator above the top of the curb (loose
bedded) or mat/mattresses surface
Height of upper edge of bottom stall divider above the curb
(loose bedded) or mat/mattresses surface
Height of neck rail above the top of the curb (loose bedded) or
mat/mattresses surface
Horizontal distance between rear edge of neck rail and rear of
curb (mattress surface only)
Horizontal distance between rear edge of neck rail and rear of
curb (deep-bedded stalls only)1

27.94

27.94

30.48

30.48

30.48

111.76

116.84

121.92

127.00

132.08

162.56

167.64

172.72

177.80

182.88

147.32

152.4

157.48

162.56

167.64

Rear curb height

20.32

20.32

20.32

20.32

20.32

Rear curb width (loose-bedded stalls only)

15.24

15.24

15.24

15.24

15.24

Based on curb height of 15.24 cm. Heights outside the range of 15.24 to 20.32 cm are not recommended.

Table 1.2. Bulk tank milk sample pathogen type and count (geometric mean and range in cfu/g) associated with 6 lowprofile cross-ventilated sand bedded freestall barns, 6 naturally ventilated sand bedded freestall barns, and 6 compost
bedded pack barns in Minnesota and eastern South Dakota from Lobeck et al. (2012)

Low-profile cross-ventilated
sand bedded freestall barns

Naturally ventilated sand bedded
freestall barns

Compost bedded pack barns

Pathogen type
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Geometric
mean

Range

Geometric
mean

Range

Geometric
mean

Range

Coliform species

18

1 to 251

120

4 to 3,3777

407

59 to 2,801

Streptococcus species

711

88 to 5,730

227

26 to 2,009

878

137 to 5,617

Staphylococcus species

20

1 to 403

93

2 to 4,149

53

6 to 430

Staphylococcus aureus

18

3 to 95

18

2 to 155

4

1 to 115
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INTRODUCTION
Compost bedded pack barns (CBP) have been adopted in many U.S. states and
several countries throughout the world (Galama, 2011, Klaas and Bjerg, 2011, Black et
al., 2013). As a loose housing system, compost bedded pack barns do not include the
stalls and partitions utilized in freestall housing. Without stalls, the cows’ resting and
exercise areas are combined (Barberg et al., 2007a, Galama, 2011, Black et al., 2013).
Compost bedded pack barns require periodic bedding addition and twice daily tilling of
the pack (Janni et al., 2006, Barberg et al., 2007a, Black et al., 2013). Aeration (tilling)
incorporates manure and air (oxygen) into the pack. This process promotes
microbiological activity, heating and drying of the pack. Tilling of the pack also exposes
greater pack surface area for drying (Janni et al., 2006). Heating and drying the pack
provides a fresh, dry surface on which cattle can lie (Shane et al., 2010a).
Freestall barns contain stalls consisting of side partitions that define each cow’s
resting area. Stalls may contain a brisket board to define an animal’s total lying area, a
neck rail to prevent animals from standing too far forward in stalls, and a base on which
animals can rest. The brisket board and neck rail limit the animal’s lying and standing
area, respectively, to prevent manure and urine from filling the rear of the stall (Bickert et
al., 2000). Stalls are generally raised above a concrete alleyway, resulting in a curb
(20.32 to 30.48 cm above the alleyway). A curb limits collection of manure and water in
the stall during alley scraping or flushing, maintaining a cleaner cow resting surface
(Bickert et al., 2000).
Brisket boards, particularly wooden boards, may reduce stall usage. In a
Canadian study, lying time (11.6 and 12.8 ± 0.39 h per 24 h period, P = 0.008) and length
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of lying bout (1.5 and 1.7 ± 0.08 lying bouts per 24 h period, P = 0.001) were shorter
when brisket boards were present in stalls vs. when they were absent from the stalls
(Tucker et al., 2006). Tucker et al. (2006) suggested contact with stall features was
uncomfortable for resting animals, decreasing the length of lying bouts. This change may
be less severe with softer, rounded, or lower brisket boards than the wooden ones used in
the Canadian study. Neck rail height altered the amount of time spent standing in the
stall when neck rail height was 102 (48 ± 12 min per 24 h period), 114 (48 ± 14 min per
24 h period), and 127 cm (66 ± 13 min per 24 h period) or neck rail was absent (123 ± 34
min per 24 h period; P = 0.01). Changes in neck rail height did not alter time spent lying
or the amount of defecation or urination in the stall (Tucker et al., 2005).
Inorganic materials, namely sand, have been considered the gold standard for
freestalls (Bickert, 1999, Allen, 2007). Sand has five main qualities that make it a
superior bedding source: 1) comfortable resting surface improving cow comfort; 2)
inorganic properties limiting bacterial growth; 3) low initial moisture content reducing
moisture build-up; 4) lack of heat insulation maintaining a cool lying surface; 5)
improved traction reducing slippage in alleyways or stalls (Stowell and Inglis, 2000,
Allen, 2007, Buli et al., 2010). The cool lying surface may reduce heat stress in animals
through conductive cooling (Buli et al., 2010). Sand moves with the animal during lying,
standing, and movement within the stall. This property reduces friction on the hocks and
knees, and increases resting area cushion for the animal (Bickert, 1999).
Stall dimensions, stall base, and bedding material in freestall and tiestall barns
affect lameness, mastitis, and hock health (Vokey et al., 2001, Fulwider et al., 2007, Olde
Riekerink et al., 2008). In a study by Fulwider et al. (2007), prevalence of lame cows (%
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of the herd scored ≥ 3) was negatively correlated (r = - 0.22) with neck rail height in
freestalls (P = 0.05). Lobeck et al. (2011) reported that each 1 cm increase of neck rail
height increased lameness prevalence by 0.0002% in naturally ventilated and low-profile
cross-ventilated sand freestall barns. Fulwider et al. (2007) noted, regardless of bedding
type, a negative correlation between frequency of hock lesions with swelling (score 2)
and stall length (r = - 0.23; P = 0.05). Researchers also reported a negative correlation
between somatic cell count (SCC) and stall length (r = -0.46, P = 0.01) and stall width (r
= -0.50, P = 0.005) for dairies using rubber filled mattresses as stall bases in freestalls
(Fulwider et al., 2007).
Cows in compost bedded pack barns exhibited decreased lameness incidence
(4.4% of herds with a lameness score ≥ 3) compared to cows in low-profile crossventilated (13.1% of herds with a lameness score ≥ 3) and naturally ventilated sand
freestall barns (15.9% of herds with a lameness score ≥ 3; Lobeck et al., 2011. Similarly,
New York researchers observed decreased lameness prevalence after transitioning to
compost bedded pack barns (23.7 to 3.4% of the herd; Petzen et al., 2009), reducing
treatment costs to the dairy producer by $33,000. Lameness prevalence in Israeli cows
seemed to be lower in compost bedded pack barns and sand-bedded freestall barns than in
freestall barns using other bedding and conventional bedded pack barns (Klaas and Bjerg,
2011).
Lobeck et al. (2011) reported a lower prevalence of lesions (score ≥ 2 divided by
number of all animals scored that day) on compost bedded pack barns (3.8% of animals)
than cross-ventilated (31.2% of animals) or naturally ventilated sand freestalls (23.9% of
animals; P < 0.001). Severe hock lesion prevalence (score = 3) was lower in compost
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bedded pack barns (1.0%) compared to cross-ventilated (6.5%) and naturally ventilated
sand freestalls (6.3%). The compost bedded pack barn softer surface could have been
more forgiving and provided less opportunity for friction than the sand-bedded freestalls
(Lobeck et al., 2011). Fulwider et al. (2007) reported similar findings with compost
bedded pack barns having no lesions whereas cows housed on sand, waterbeds, or
rubber-filled mattresses exhibited lesions on both hocks and knees (25, 35.2, and 71.6%
with lesions, respectively). Overall, hock health and locomotion score were indicative of
good foot and leg health in compost bedded pack barns regardless of bedding material
(Shane et al., 2010a).
Critics have expressed concerns about mastitis risks in compost bedded pack
barns. Researchers proposed that maintaining a temperature of 54 to 65°C for 3 to 4 days
could inactivate pathogens and viruses, destroy weed seeds and fly larvae, and decrease
odor emanating from the pack. Inactivating mastitis pathogens was of particular interest
to producers and researchers (Janni et al., 2006). Bedding bacterial count has been linked
to SCC and clinical mastitis incidence (Hogan et al., 1989b, Hogan and Smith, 1997,
Zdanowicz et al., 2004). A linear relationship has been reported between total rates of
clinical mastitis and gram-negative bacteria and Klebsiella spp. counts in bedding (P <
0.05; Hogan et al., 1989b). Similarly, Zdanowicz et al. (2004) reported positive
correlations between bedding bacterial counts and bacterial counts present on teat ends
(coliforms: r = 0.35 or 0.47, P < 0.05 or P < 0.001; Klebsiella spp.: r = 0.40 or 0.69, P <
0.05 or P < 0.001; and streptococci: r = 0.28 or 0.60, P = 0.06 or P < 0.001 for sand and
sawdust bedding, respectively).
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Black et al. (2014) and Barberg et al. (2007a) reported coliforms, staphylococci,
streptococci, and Bacillus species counts in the compost bedded pack. Total bacterial
count was 7.0 ± 6.8 log10 cfu/g in compost barns in Minnesota, whereas Kentucky
compost barns counts were 8.2 ± 0.4 log10 cfu/g of dry matter. The proportions of
pathogens differed between the two studies with 10.7 vs. 1.9% coliforms, 39.4 vs. 20.6%
environmental streptococci, 17.4 vs. 52.3% environmental staphylococci, and 32.5 vs.
25.2% bacillus species for Minnesota and Kentucky, respectively (Barberg et al., 2007a,
Black et al., 2014). Petzen et al. (2009) isolated Streptococcus species, Staphylococcus
species, gram-negative and gram-positive bacillus species, Klebsiella species, and E. coli
from compost bedded pack samples that were typical of housing environments in the
Northeast (no numbers reported). Lobeck et al. (2012) compared bedding samples from
low-profile cross-ventilated sand freestall barns, naturally ventilated sand freestall barns,
and compost bedded pack barns. Overall, no differences were observed among housing
systems for geometric means of coliforms (4.8, 4.4, and 4.3 log10 cfu/g), environmental
streptococci (3.5, 3.5, and 3.7 log10 cfu/g), and Staphylococcus species (4.0, 0.0, and 0.0
log10 cfu/g) for compost bedded pack barns, low-profile cross-ventilated sand freestall
barns, and naturally ventilated sand freestall barns (Lobeck et al., 2012). These two
studies indicate that both housing systems maintained similar exposure levels to
pathogens present in the housing environment.
No adverse effects on somatic cell count or high SCC prevalence in the compost
bedded pack barns have been reported in research. Somatic cell count for October 2010
to March 2011 was 246,500 ± 84,422 cells/mL in Kentucky compost bedded pack housed
cows (n = 47 herds), below the 2010 state average of 313,000 cells/mL (Black et al.,
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2014). After transitioning to compost bedded pack barns in 2005, Minnesota dairy
producers reported SCC as 325,000 ± 172,000 cells/mL (88,000 to 658,000 cells/mL),
below the 2005 state average of 357,000 cells/mL. The average high SCC prevalence
(HSP) (percent of animals in each herd with a test SCC > 200,000 cells/mL) decreased
after moving into the compost bedded pack barn from previous housing facilities (35.4%
before to 27.7% after; Barberg et al., 2007b). High SCC prevalence did not differ for
compost bedded pack barns, naturally ventilated, and cross-ventilated freestall barns
studied at the same time period (33.4, 26.8, and 26.8%, respectively; P ≥ 0.05; Lobeck et
al., 2011).
To the authors’ knowledge, no long-term study comparing compost bedded pack
barns to other housing systems for observed clinical mastitis cases, somatic cell count,
percentage of herd infected, or bulk tank somatic cell count currently exists. The
objective of this study was to assess differences between compost bedded pack and sand
freestall barns on visually observed and sampled clinical mastitis, Dairy Herd
Information Association (DHIA, Raleigh, NC) herd somatic cell count, high SCC
prevalence (% of herd ≥ 200,000 cells/mL SCC), bulk tank somatic cell count, and herd
mean locomotion, hygiene, and hock scores.
MATERIALS AND METHODS
This study was conducted using seven Kentucky sand bedded freestall barns
(SFB) and eight compost bedded pack barns (CBP) barns from May 2013 and May 2014.
Each farm was visited every 2-weeks for a total of 26 visits over the study period. The
study focused on housing effects on cow hygiene, locomotion, and mastitis indicators.
All barns were used as the primary housing facility for lactating cows. All herds on this
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study were enrolled in DHIA. To be enrolled in the study, herds needed to maintain a
yearly mean SCC < 300,000 in 80% of the herd during the year before enrollment in the
study. Overall, 48 ± 5 cows were scored by the same observer per farm. All herds were
fed a total mixed ration, used fans to cool cows in the barn, and had regular bedding
additions. Sand bedded freestalls had fresh sand added at least once every two weeks and
were groomed daily. Compost bedded pack barns were tilled twice daily for all but three
farms. Two producers tilled the barn once daily from December through early February.
One producer chose not to till the barn at all from December through early February and
added fresh bedding daily.
Data Collection
An initial survey included specifics concerning the farm, milking technique, dry
cow treatment, and mastitis management. Performance records from DHIA were
collected with the permission of participating farmers. Records included in subsequent
analyses were test day milk production (kg per cow), average herd SCC (cells/mL), high
SCC prevalence (HSP; % of animals in each herd with a test day SCC ≥ 200,000
cells/mL), and lactating herd number. Bulk tank somatic cell count (BTSCC) from every
milk pick-up was obtained from fluid-milk buyers with farmer permission. Researchers
provided cooperating herds with a Tycon ProWeatherStation (model # TP1080WC;
Tycon Systems, Buffdale, Utah) to record barn temperature and humidity, ambient
temperature and humidity, and wind speed. Supplemental ambient temperature,
humidity, wind speed, and precipitation data was collected from University of
Kentucky’s Weather Center stations. Hourly ambient temperature and relative humidity
were collected from the cities of Bowling Green, Covington, Fort Knox, Frankfort,
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Glasgow, Hopkinsville, Lexington, and Somerset. Daily wind speed and precipitation
were collected from the counties of Adair, Barren, Boone, Casey, Franklin, Logan,
Madison, Metcalfe, Taylor, and Warren.
Herd locomotion, hygiene, and hock health. Locomotion, hygiene, and hock
scores were collected for each farm every 2 weeks (n = 26 visits per farm). Over the
study period, the same observer scored 50 cows at each farm visit. If fewer than 50 cows
were housed in the primary housing facility, all cows were scored. If herd size was 100
to 150, cows with even identification numbers were scored. One herd included ≥ 400
cows housed in four compost barns. For this study, a single compost barn was selected as
a representation of the farm, limiting the number of animals recorded to the range of 100
to 150 cows. If herd size was 150 to ≥ 200, cows with identification numbers ending in
3, 6, or 9 were scored.
Locomotion was assessed using the 5-point scoring system of Sprecher et al.,
(1997) where 1 = normal, 2 = mildly lame, 3 = moderately lame, 4 = lame, and 5 =
severely lame. Observations were collected by encouraging the animal to move on a
concrete surface, such as the feed alley or parlor exit, and evaluating the legs and back
arch. Locomotion scores ≥ 3 were classified as clinically lame, with scores ≥ 4 classified
severely lame. Hygiene evaluation was conducted using the 4-point system of Cook and
Reinemann (2007) where: 1 = clean, 2 = moderate dirt, 3 = plaques of dirt with hair
visible and 4 = confluent plaques of dirt with no hair visible. Hocks were evaluated as 1
= no swelling or missing hair, 2 = no swelling with missing hair, and 3 = swelling or
lesion through hide (Nocek, 2010).
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Barn analysis. Sand freestalls and compost bedded pack barns were visited every
2-weeks (n = 26) on the same day as herd locomotion, hygiene, and hock scoring.
Surface temperature was collected in three predetermined stalls in each row of freestalls
from the center of the back one-third of the stall using an infrared thermometer (accuracy
of ± 1˚C; Fluke, model 62, Everett, WA, USA). The observer stood behind the stall and
pointed the laser light at the center of the stall. The temperature was recorded when the
digital readout no longer fluctuated. Stalls were located on both ends and the center of
the freestall row. If an even number of stalls existed in a row, the center stall was offset
with one side having a single stall less between the center stall and the end stall. If a
double row of freestalls had an even number of stalls on each side, the offset occurred on
different ends of the freestall barn (see Figure 2.1).
Each CBP was divided into 9 sections (Figure 2.2; adapted from Black et al.,
2013). At the center of each section, the observed collected surface temperature using an
infrared thermometer (accuracy of ± 1˚C; Fluke, model 62, Everett, WA, USA). The
observer pointed the laser light at the center of the section. The temperature was
recorded when the digital readout no longer fluctuated. Samples of compost material
were collected at the same site using a 59.1 cm3 measuring cup for a 118.3 cm3 composite
sample in a 3.8 L plastic bag. Each bag was thoroughly mixed and stored on ice until
transfer to a freezer at 4.44°C at the University of Kentucky. University of Kentucky
Regulatory Services laboratory personnel determined moisture concentrations using
procedures defined by Peters et al. (2003).
Clinical mastitis identification and collection. All participating farmers were
provided a kit including alcohol soaked cotton balls in a sealed container, sterile sample
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collection tubes (14 ml tube with snap top, Fisher Scientific Company LLC, Hanover
Park, IL, USA), a laminated instruction sheet, and a binder containing recording material.
The instruction sheet included steps for sterile milk collection and a mastitis severity
guide adapted from Hogan et al. (1989a). Mastitis severity was reported as 1 = abnormal
milk (flakes, clots, or watery appearance) without swelling of the affected quarter, 2 =
normal or abnormal milk and swelling of the affected quarter, or 3 = abnormal milk,
swelling of the affected quarter, and systemic signs (fever, reduced rumen function,
dehydration, weakness, depression, loss of appetite, or rapid pulse; Hogan et al., 1989a,
Bramley et al., 1996). Samples were frozen following the milking collected and pickedup for culturing at each 2-week visit. Samples were stored in a -18°C freezer at the
University of Kentucky until culturing the week following each visit period.
Clinical mastitis culturing. Clinical mastitis culturing occurred at the University
of Kentucky Animal and Food Science Department microbiology laboratory. Clinical
mastitis samples were thawed at room temperature and plated in duplicate. A 0.1 mL
sample was inoculated onto a half of a Difco (BD Diagnostic Systems, Detroit, MI)
Columbia blood esculin agar plate with 5% calf’s blood using a plastic L-shaped agar
spreader. Plates were incubated for 48 h at 37°C followed by bacterial growth
observation. Use of colony morphology and hemolytic characteristic analysis allowed for
tentative bacteria identification on the primary culture medium. Mastitis pathogen
isolates were placed in brain-heart-infusion broth and incubated for 24 h at 37 °C. Heat
fixing of 10 µL of each broth culture to a microscope slide was conducted, followed by
Gram staining. Gram stains were performed by drenching each slide in crystal violet for
1 min, Gram’s iodine for 1 min, alcohol for 30 s, and safranin for 30 s. Between steps,
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slides were rinsed with water and blotted with bibulous paper. Slides were examined
under a microscope for gram-negative (retain crystal violet; purple shade) and grampositive (fail to retain crystal violet and take counter-stain color; pink to red shade)
identification and all isolates were further evaluated by Vitek 2 Compact (bioMérieux,
Durham, NC). A milk sample returning ≥ 3 colony types was deemed contaminated.
Additional analyses. To remove bias from well-managed herds, an additional
analysis was conducted using bulk tank somatic cell counts from all herds in Kentucky
enrolled in DHIA from January 2013 to January 2014. Data was collected from the
Kentucky Milk Safety Branch. The Kentucky Dairy Development Council was
contacted, and the housing systems for all herds included in the analysis were determined
from past experiences with the dairy producers. Housing facilities were identified as
compost bedded pack barns, freestall barns, tie-stall barns, conventional bedded pack
barns, or pasture based housing. Some dairy producers used multiple types of housing,
referred to as mixed housing. One subset of mixed housing was included in the analysis
as compost bedded pack barn with freestall housing. All other housing combinations
were referred to as mixed housing.
Statistical Analysis
Inclusion criteria. To limit bias from lack of data, inclusion criteria were
determined before analyses. All analyses including DHIA data required a minimum of 6
DHIA tests on file for the study period (half the year accounted for). One herd was
excluded from locomotion, hygiene, hock, and bulk tank SCC analyses because of lack of
DHIA data (< 6 tests for the year). Two farmers on DHIA test declined participation in
the SCC analysis provided by DHIA as an additional service. Consequently, 2 herds
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were excluded from high SCC prevalence and SCC analyses because of lack of somatic
cell data from DHIA. Several farmers on the study were not sampling all mastitis cases.
One farmer did not continue taking samples after August 2013, another after November
2013. To include herds that were consistently sampling, reported clinical mastitis
incidence analyses required 13 weeks of data. Four compost bedded pack and 3 sand
freestall herds were excluded from the reported clinical mastitis incidence analyses
because of lack of mastitis data (< 13 weeks of data for the year).
Herd information. The MEANS procedure of SAS 9.3 (SAS Inst. Inc., Cary,
NC) was used to determine the lactating cow number, DHIA test day milk yield, DHIA
SCC, BTSCC, and stocking density for each herd in the study. The MEANS procedure
of SAS was also used to create a herd mean locomotion, hygiene, and hock score and the
BTSCC for each herd at each visit period. The means were included in the MIXED
analyses in SAS comparing variables between barn types. The FREQ procedure of SAS
was used to determine the percentage of cows in each herd and barn type with perfect
hock scores, perfect locomotion, clinical lameness, and severe lameness.
Housing comparison. The MIXED procedure of SAS was used to develop all
models for all barn type comparison analyses. Somatic cell count and HSP data for 12
herds across the study period were adjusted for 5th and 95th percentiles to remove the
impact of extreme outliers. Reported clinical mastitis incidence data for 8 herds across
the study period were adjusted for 5th and 95th percentiles to remove the impact of
extreme outliers. Explanatory variables for locomotion, hygiene, and hock score
included barn type and maximum ambient temperature humidity index (THI) group.
Temperature humidity index was calculated using Eq. 2.1 (NOAA, 1976):
77

THI = temperature (°F) - (0.55 - (0.55 * relative humidity/100))

Equation 2.1

* (temperature (°F) - 58.8)
Temperature humidity index was adjusted for 5th and 95th percentiles to remove
the impact of extreme outliers. Adjusted THI data was grouped as cool or warm defined
as ≤ or > the median maximum ambient THI of 66.30, respectively. Locomotion,
hygiene, and hock score were compared as a herd mean for each farm and visit period
across time. Variables were repeated by visit period with farm as subject. Stepwise
backwards elimination was used to remove non-significant 2-way interactions (P ≥ 0.05).
All main effects remained in the model regardless of significance. The model generated
LSMeans (± SE) for locomotion, hygiene, and hock scores for each barn type and THI
group.
Bulk tank SCC and DHIA herd SCC explanatory variables were barn type,
maximum ambient THI group, and mean herd rear cow hygiene score. Variables were
repeated by visit period with herd as subject. Stepwise backwards elimination was used
to remove non-significant 2-way interactions (P ≥ 0.05). All main effects remained in the
model regardless of significance. The model generated LSMeans (± SE) for BTSCC and
DHIA herd SCC for each barn type and THI group.
High SCC prevalence and RCMI explanatory variables were barn type, maximum
ambient THI group, and mean herd rear hygiene score. High SCC prevalence and RCMI
were calculated as a herd percentage for each visit period. High SCC prevalence was the
% of the herd with a DHIA SCC ≥ 200,000 cells/mL at each visit period. Reported
clinical mastitis incidence was calculated using Eq. 2.2:
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Isolates per week

RCMI = Lactating herd number�2

Equation 2.2

Variables were repeated by visit period with herd as subject. Stepwise backwards
elimination was used to remove non-significant 2-way interactions (P ≥ 0.05). All main
effects remained in the model regardless of significance. The model generated LSMeans
(± SE) for HSP and RCMI for each barn type and THI group.
Mastitis pathogens. To determine differences in proportion of clinical pathogens,
χ2 analyses were conducted using the FREQ procedure of SAS at a < 0.05 significance
level. Tables were generated with pathogen group as a percentage of total isolates per
barn type. Nine groups of pathogens were included in the analysis: no growth,
coagulase-negative staphylococci, environmental streptococci, Escherichia coli,
Klebsiella species, Staphylococcus aureus, yeast species, other gram-negative species,
and other gram-positive species. To determine differences in mastitis severity, χ2
analyses were conducted using the FREQ procedure of SAS at a < 0.05 significance
level. Tables were generated with severity code (1, 2, and 3) as a percentage of total
isolates per barn type.
Yearly changes. The GLM procedure of SAS 9.3 was used to determine
differences between compost bedded pack and sand freestall barns at each visit period.
Hygiene score, locomotion score, lying surface temperature (°C), DHIA herd somatic cell
count (cells/mL), and bulk tank somatic cell count (cells/mL) were included in the
analyses, with the LSMeans (± SE) for each barn type compared by each visit period.
Tukey’s test for multiple comparisons was used with a < 0.05 significance level.
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An additional analysis was conducted using the GLM procedure of SAS 9.3 to
determine the differences in BTSCC among all housing types in Kentucky using the
DHIA management system. Housing types included in the analysis were compost
bedded pack barns, freestall barns, tie-stall barns, bedded pack barns, pasture based, and
mixed housing. The LSMeans (± SE) for each housing type was compared for the period
between January 2013 and January 2014. Tukey’s test for multiple comparisons was
used with a < 0.05 significance level.
RESULTS AND DISCUSSION
Herd Information
During the study, 178 ± 108 and 84 ± 37 cows were housed in compost bedded
pack and sand bedded freestall barns at each visit, respectively. Dairy Herd Information
Association reported mean daily milk production over the year was 33.69 ± 4.29 and
32.15 ± 4.83 kg per cow per day for compost bedded pack barns and sand bedded
freestalls, respectively. All farmers pre- and post-dipped their cows with iodine based
(pre - 7 herds; post – 10 herds), chlorine based (pre - 4 herds; post – 2 herds), peroxide
based (pre - 4 herds; post - none), or a mixture of lactic acid, phosphoric acid, and sodium
chlorite (pre – none; post – 3 herds) teat dips. Cloth or paper towels were used to dry the
teats of cows before milking unit attachment. Cows were milked in herringbone (7
herds), parallel (4 herds), and parabone (2 herds) parlors. Most (7 herds) milked twice
daily, with 4 herds milking 3 times per day seasonally and 2 herds milking 3 times per
day continuously (Table 2.1).
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Yearly mean (± SD) daily milk yield, DHIA weighted average SCC, BTSCC,
total cow resting area, and stocking density for each cooperating herd are reported in
Table 2.2. Through the questionnaire, researchers asked farmers to report the dimensions
of the compost bedded pack area (m2) or the number of stalls available to cows in a
freestall barn. Space per cow was calculated as the amount of stalls available for cows in
freestall barns (100 cows in 100 stalls = 100% stocking density). Space per cow was
based on providing 9.3 m2 per cow in compost bedded pack barns (9.3 m2 per cow =
100% stocking density).
Lying Surface
Sand bedding is a non-insulator, maintaining a cool surface temperature even in
warm ambient temperatures (Stowell and Inglis, 2000). In a previous Kentucky study,
compost bedded pack barn surface temperatures remained near ambient temperatures (9.9
± 9.4 and 10.5 ± 8.0°C for surface and ambient temperature, respectively). This was
achieved through evaporative cooling of the compost surface coupled with barn
ventilation (Black et al., 2013). In the current study, the temperature of each barn type’s
lying surface was not different between barn types over the year (17.81 ± 9.03°C and
16.12 ± 8.52°C for compost bedded pack and sand freestall barns, respectively; P = 0.95;
Figure 2.3), although similar variations in surface temperature at each visit period
occurred throughout the year in both barns (P < 0.001). The changes over the year
corresponded to changes in ambient temperature and maximum THI. Drastic increases in
the surface temperature in both barns occurred at cooler ambient temperatures (< 10°C) at
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the same visit period (December 21, 2013). The surface temperature increases may be
because of cow body heat warming the lying surface, or a warmer visit period than the
mean ambient temperature for the preceding and following 2-wk periods.
Cow Measures
Hock health. Overall, LSMeans (± SE) of hock score were not different between
barn types (1.00 ± 0.00 for both housing types; P = 0.12; Table 2.3). Of all mean herd
hock scores, 88.72% were equal to a score of 1 (no swelling or lesion), with no herd
having a mean score greater than 2 (n = 390, 1 to 1.08). In each barn type, percentages of
scores equal to 1 were 91.35 and 85.71% in compost bedded pack and sand bedded
freestall barns, respectively. The lack of difference may be because of the cow comfort
aspects of both the compost bedded pack barns and the sand freestall barns. Sand allows
movement with the animal, reducing friction on the hocks and increasing the cushion
provided to the cow (Bickert, 1999). Compost bedded pack barns maintain a soft and dry
lying surface, which may be why excellent hock health was maintained in this study.
van Gastelen et al. (2011) reported decreasing hock injuries with softer and dryer
bedding (r = -0.41; P = 0.05). Freestalls using foam mattresses maintained a lower
incidence of cows with healthy hocks (no swelling or lesions) than those using box
compost, sand, or horse manure (20.5 ± 6.7 vs. 64.0 ± 10.5, 54.6 ± 8.2, and 54.6 ± 4.5%,
respectively; P < 0.001). When only hock lesion incidence was considered, cows housed
in freestalls using box compost (composted biodegradable household waste) held the
lowest incidence compared to sand or foam mattresses (25.8 ± 3.8 vs. 41.4 ± 6.5 and 42.1
± 9.6%, respectively; P = 0.006 and 0.002). Hock swelling occurred at a higher
prevalence on foam mattresses compared to sand freestalls (10.6 ± 3.4 vs. 2.1 ± 1.7%,
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respectively; P = 0.005). Severely damaged hocks (both lesions and swelling) occurred
most often on foam mattresses, with sand having the lowest incidence followed by box
compost and horse manure (26.8 ± 3.2 vs. 2.0 ± 2.8, 3.5 ± 4.7, and 5.5 ± 5.4%,
respectively; P < 0.001; van Gastelen et al., 2011). These results were similar to the
current study, with sand bedded freestalls and box compost bedded freestalls having the
most desirable hock scores. Although box compost is different from compost bedded
pack barns, these results show that sand and compost were both able to maintain a high
incidence of healthy hocks as a freestall base.
Barberg et al. (2007b) reported a greater percentage of all animals scored
presenting a hock lesion in compost bedded pack barns than the current study (25.1 vs.
8.7%, respectively). Klaas et al. (2010) reported no hock or body lesions on cows housed
in Israeli compost barns. These researchers also observed fewer herds (n = 3) over a
shorter period than the current study which may explain the absence of lesions in these
herds (Klaas et al., 2010).
Contrary to this study, Lobeck et al. (2011) and Fulwider et al. (2007) reported a
lower incidence of hock lesions in compost bedded pack barns compared to sand,
waterbeds, or rubber-filled mattresses in freestalls. Lobeck et al. (2011) noted that lesion
prevalence (score ≥ 2 divided by number of animals scored) was 3.8% in compost bedded
pack barns with a higher percentage of 31.2 and 23.9% in cross-ventilated and naturally
ventilated sand freestall barns (P < 0.001). No lesions were recorded for cows housed in
compost barns by Fulwider et al. (2007). Researchers did report lesions on 25, 35.2, and
71.6% of herds housed on sand, waterbeds, or rubber-filled mattresses. No statistical
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analyses were conducted between compost barns and freestall systems and only
numerical differences between the housing types were reported (Fulwider et al., 2007).
Locomotion. Herd locomotion score (LSMeans ± SE) was not different between
compost bedded pack (2.22 ± 0.05) and sand bedded freestall barns (2.27 ± 0.06) (P =
0.57; Table 2.3). In compost bedded pack barns, 27.44% of animals were scored as 1
(perfect locomotion) and the same score was observed in 28.79% of cows in sand
freestall barns. The highest percentage of cows were scored mildly lame (score 2) for
both barn types (33.31 and 30.42% for CBP and SFB, respectively). Percent of cows in
each barn type scored clinically lame (score ≥ 3) were 39.24 and 40.80% in compost
bedded pack and sand freestall barns, respectively. The percent scored severely lame
(score ≥ 4) were 10.71 and 13.33% in compost bedded pack and sand freestalls barns,
respectively. No differences between barn types at each visit period were observed (P =
0.99; Figure 2.4), although locomotion score did vary over the year in both housing
systems (P < 0.001).
Black et al. (2013) reported 69.3% of all cows housed in Kentucky compost
bedded pack barns as perfect locomotion (score 1) versus the 27.44% in the current study.
Lower clinical and severe lameness prevalence was noted in Kentucky compost bedded
pack barns (11.9 and 5.0 %, respectively; Black et al., 2013). Shane et al. (2010a)
observed the amount of lame and severely lame cows over a year (one visit every season)
in 6 compost bedded pack barns. The percentages of lame cows were 7.1, 9.7, 10.2, and
9.2% in fall, spring, summer, and winter, respectively. Percentages of severely lame
(locomotion score ≥ 4) cows were recorded as 2.0, 2.4, 2.0, and 3.8 % in fall, spring,
summer, and winter, respectively. Overall, 9.1 % were lame (locomotion score ≥ 3) and
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2.5 % severely lame (Shane et al., 2010a). This was slightly greater than the 7.8 % of
reported cases of clinical lameness in 12 compost bedded pack barns by Barberg et al.
(2007b). Less clinical lameness was likely because of 2 herds with no lame cows
(Barberg et al., 2007b).
Contrary to the current study, Lobeck et al., (2011) reported that cows housed in
compost bedded pack barns exhibited decreased lameness incidence compared to cows
housed in low-profile cross-ventilated and naturally ventilated sand freestall barns with
4.4, 13.1, and 15.9% of herds having a locomotion score ≥ 3. Severe lameness incidence
did not differ between housing types (0.8, 1.0, 1.4%, P ≥ 0.05;). Similarly, New York
researchers observed decreased lameness prevalence after transitioning to compost
bedded pack barns (23.7 to 3.4% of the herd; Petzen et al., 2009), reducing treatment
costs to the dairy producer by $33,000. Researchers noted that lameness prevalence
seemed to be lower in compost bedded pack barns than freestalls that were not bedded
with sand and lower than bedded pack barns. However, no visual differences were noted
between compost bedded pack barns and sand bedded freestalls similar to this study
(Klaas and Bjerg, 2011).
Hygiene. Unlike other studies, no differences were observed between mean herd
rear cow hygiene score (mean of flank, upper leg and flank, and udder hygiene scores)
between compost bedded pack barns (2.21 ± 0.05) and sand bedded freestall barns (2.27
± 0.05; P = 0.38; Table 2.3). Black et al. (2013) reported a similar mean herd hygiene
score of 2.2 ± 0.7 (n = 1,699) for compost bedded pack barns in Kentucky. Both housing
types on this study were below the mean herd hygiene score for 50 herds housed in
freestalls in Minnesota, USA (no stall base information) reported as 2.8 ± 0.5 (Barberg et
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al., 2007b). Shane et al. (2010a) reported a mean herd hygiene score of 3.1 (range 2.2 to
3.8) for all cows housed in CBP with several different bedding materials. A slightly
lower mean hygiene score (2.7 ± 0.2) was reported by Barberg et al. (2007b) for cows
housed in compost bedded pack barn in Minnesota. The differences were likely because
of inclusion of compost bedded pack barns that were maintaining 20 cm internal
temperatures and moisture contents within the recommended ranges, which was not a
requirement for some previous studies. This enforces the importance of bedding
management in compost bedded pack barns.
The higher mean herd hygiene score (3.1) reported by Shane et al. (2010a)
corresponded to a lower moisture content (29.6 to 45.8% moisture) than the moisture
content in the current study (59.9 ± 6.6%). This observation by Shane et al. (2010a) was
contrary to results in a companion study (Eckelkamp et al., 2014b) in which increasing
moisture content increased hygiene score (P < 0.001). Minnesota dairy producers and
researchers also noted difficulty in maintaining a clean and dry barn environment in
winter, when moisture content was greater (Barberg et al., 2007b). Lobeck et al. (2011)
found that animals housed in compost barns exhibited greater overall hygiene score than
sand bedded cross-ventilated and naturally ventilated freestall barns (3.18, 2.83, and 2.77;
P = 0.024 and P = 0.010, respectively). The increase was because of greater winter
hygiene scores in compost barns than in sand bedded cross-ventilated and naturally
ventilated freestall barns (P = 0.007 and P = 0.029, respectively; Lobeck et al., 2011).
Hygiene scores for cows housed in compost barns were similar to those housed on
waterbeds in freestalls, and lower than for cows housed in sand freestalls or rubber-filled
mattresses. A greater percentage of cows had lower hygiene scores (1 or 2) in waterbeds
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(80.8%), mattresses (84.4%), and CBP (79.0%) than sand bedded freestalls (73.6%, P <
0.0001; Fulwider et al., 2007). However, when compared to straw bedding, cows using
straw stalls were dirtier than those using sand (6.04 vs. 4.19, P < 0.001; Norring et al.,
2008).
A slight increase in hygiene score occurred in the current study in the cooler THI
group (below the median THI; 2.27 ± 0.04) compared to the warmer THI group (above
the median THI; 2.20 ± 0.04; P = 0.02). However, the interaction between barn type and
THI group was not significant (P = 0.76). The increase in hygiene score in the cooler
THI group was 0.07 points higher than the warm THI group. Both hygiene scores were
within the range of 2 to 3, indicating splashes of manure, but no confluent plaques of
manure. No differences were observed between barn types over time (P = 0.99; Figure
2.5), with some variation between study periods over the year (P < 0.001). Lobeck et al.
(2011) reported that animals housed in compost barns exhibited greater overall hygiene
score than sand bedded cross-ventilated and naturally ventilated freestall barns (3.18,
2.83, and 2.77; P = 0.024 and P = 0.010, respectively). The greater overall hygiene score
was likely because of greater winter hygiene scores in compost barns than in sand bedded
cross-ventilated and naturally ventilated freestall barns (P = 0.007 and P = 0.029,
respectively). Producers reported difficulty keeping compost barns at optimal moisture
and temperature in winter (Lobeck et al., 2011). Although overall differences did not
occur between barn types, the slight increase at the cooler THI level could indicate a
similar situation in compost bedded pack barns and sand freestall barns.
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Mastitis
Somatic cell count. Herd average somatic cell count from DHIA showed no
differences between barn types, THI group, or hygiene score (P ≥ 0.05). Compost
bedded pack and sand freestall barns both had yearly LSMeans (± SE) of 241,716 ±
21,450 and 228,796 ± 22,761 cells/mL respectively (P = 0.69; Table 2.4). Sand bedded
freestall barns were below the Kentucky state average of 237,000 cells/mL with compost
bedded pack barns slightly above the state average (Norman and Walton, 2013). Black et
al. (2014) reported similar findings with SCC in Kentucky compost bedded pack housed
cows having a SCC of 252,860 cells/mL, below the Kentucky state average of 313,000
cells/mL. After transitioning to compost bedded pack barns, Minnesota dairy producers
reported SCC as 325,000 ± 172,000 cells/mL (88,000 to 658,000 cells/mL), below the
state average of 357,000 cells/mL (Barberg et al., 2007b).
No differences in SCC were observed between barn types over time (P = 0.58;
Figure 2.6), with some variation in SCC between study periods over the year (P = 0.04).
The lowest SCC in both barns occurred at the period when lying surface temperatures
were lowest in compost bedded pack and sand freestall barns. The mechanisms behind
this phenomena are not fully understood, as mean rear cow hygiene score, pack moisture
content, 20 cm internal temperature, and compost bedded pack bacterial counts all
increased when SCC was lowest (Eckelkamp et al., 2014b). Similar to observations by
Barberg et al. (2007a), Klaas and Bjerg (2011), and Shane et al. (2010a), excellent
milking procedures were required to maintain low SCC and mastitis control. In the
current study, all herds pre- and post- dipped their cows, used a clean paper or cloth towel
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to clean individual cows, and all but 1 herd dry-treated their cows. These practices may
explain the low SCC over the year, even when the compost bedded pack barns were high
in moisture content and low in composting temperature.
The lack of difference in hygiene score between barn types was reflected in the
somatic cell count. Shane et al. (2010a) reported a greater hygiene score of 3.1 (range 2.2
to 3.8) for all cows housed in CBP with several different bedding materials. Somatic cell
count was only reported for the summer months (range 224,000 to 729,000 cells/mL) but
was greater than that reported in this study (Shane et al., 2010a). A slightly lower mean
hygiene score (2.66 ± 0.19) was reported by Barberg et al. (2007b) with a lower mean
SCC (325,000 ± 172,000 cells/mL) in Minnesota compost bedded pack barns. Again,
these results were higher than this study reported for both hygiene score and SCC. Klaas
et al. (2010) reported hygiene and SCC for three Israeli compost bedded pack barns (farm
1 (n = 59 cows), 2 (n = 458 cows), and 3 (n = 280 cows)). Unlike the previous studies,
Farm 3 exhibited the cleanest cows on the study (10% scored as dirty vs. 90% scored as
dirty on farm 2, mean 51.2 %) and returned the highest mean SCC (133, 000 ± 35,000,
214,000 ± 41,000, and 229,000 ± 46,000 cells/mL for farm 1, 2, and 3, respectively;
Klaas et al., 2010).
Mastitis. Mastitis was measured in two ways in this study: producer reported
clinical mastitis incidence and subclinical high SCC prevalence. High SCC prevalence
was not different between barn types, ambient THI group, and hygiene score or their
interactions (P ≥ 0.05). The LSMeans (± SE) of high SCC prevalence were 21.8 ± 2.0
and 19.4 ± 2.1% for compost bedded pack and sand bedded freestall barns, respectively
(P = 0.43; Table 2.4). Similarly, high SCC prevalence showed no difference among
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compost bedded pack barns, cross-ventilated, or naturally ventilated sand freestalls (33.4,
26.8, and 26.8%, respectively; P ≥ 0.05; Lobeck et al., 2011). Conversely, the average
high SCC prevalence decreased after moving into the compost bedded pack barn from
previous housing facilities (35.4% before, 27.7% after; P < 0.05; Barberg et al., 2007b).
Producer reported clinical mastitis incidence (RCMI) was not different between
barn types, ambient THI group, or hygiene score (P ≥ 0.05). The LSMeans (± SE) of
RCMI were 1.2 ± 0.1 and 1.2 ± 0.1% for compost bedded pack and sand bedded freestall
barns, respectively (P = 0.90; Table 2.4). A 12 month study from Canada reported
incidence rate of clinical mastitis (IRCM per 100 cow years) over 3 barn types and 101
farms (Olde Riekerink et al., 2008). No differences were reported between tie-stalls,
freestalls, or other housing (including straw yards and pasture-based herds) when all
pathogens isolated from samples were considered (IRCM of 26.6, 19.1, and 19.5%,
respectively; P ≥ 0.05). The results of this study indicated that all housing systems
affected clinical mastitis similarly (Olde Riekerink et al., 2008). In the current study and
previous studies, some samples may have been missed or not reported. The current study
attempted to compensate by restricting the herds included in the analysis to those with at
least 13 of the 26 visit periods with RCMI.
Causative pathogen. The distribution of mastitis pathogen isolates (% of total
isolates) were different between compost bedded pack and sand freestall barns (Table
2.5; P = 0.03). Plates that were identified as No Growth (no growth occurred in the
media) constituted 19.8 and 20.1% in CBP and SFB, respectively. Overall, the highest
percentages of isolates for compost bedded pack and sand bedded freestall barns were
Escherichia coli and environmental streptococci. The highest percentages of pathogens
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isolated in CBP were E. coli (28.8%; n = 83 isolates) followed by environmental
streptococci (17.4%; n = 50 isolates). The opposite was true for SFB with environmental
streptococci constituting the highest percentage of pathogens isolated (25.5%; n = 38
isolates) followed by E. coli (17.5%; n = 26 isolates). Conversely, in a study of 6
freestall housed herds in Somerset, England, Bradley and Green (2001) reported E. coli
as the predominant causative mastitis pathogen (34.7% of 337 cases). In a companion
study, streptococcus species and coliform species made up a large portion of bacterial
population in the bedding of compost bedded pack barns (7.2 ± 0.7 and 6.2 ± 0.6 log10
cfu/g on a dry matter basis (Eckelkamp et al., 2014b). This was similar to studies by
Barberg et al. (2007a) and Black et al. (2014) in which environmental streptococci
constituted larger percentages than coliforms (39.4 and 20.6% vs. 10.7 and 1.9% for
environmental streptococci and coliforms in Minnesota and Kentucky CBP,
respectively). The reason for higher E. coli isolates compared to environmental
streptococci isolates was not fully understood. However, both bacterial types are present
in the CBP environment in high numbers.
In a Canadian study, cows in tie-stall barns exhibited a higher reported incidence
of S. uberis and streptococcus species than freestall barns (IRCM of 2.19 vs. 0.67% and
1.21 vs. 0.37%, respectively; P ≤ 0.05; Olde Riekerink et al., 2008). In a Finnish study,
environmental streptococci and coliforms made up a small percentage of 3.5% and 0.4%
of all clinical mastitis isolates unlike the current study (Pitkälä et al., 2004). In a
Wisconsin study, 50 herds using freestalls bedded with sand, sawdust, mattresses, a
combination sand and sawdust, or mattresses with sawdust were observed. In these
herds, E. coli was the most prevalent pathogen (22.5%), followed by environmental
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streptococci (12.8%; Oliveira et al., 2013). The differences between the North American
studies and the Finnish study may be because of changes in climate and management
differences between the countries.
Klebsiella species in the current study constituted a small percentage of causative
pathogens in compost bedded pack housed cows (1.4%; n = 4 isolates) and sand bedded
freestall barn housed cows (3.4%; n = 5 isolates). The number of Klebsiella species
isolates in this study was similar between housing types. However, Klebsiella species as
a percent of total isolates was greater in sand bedded freestall housed cows (3.4 vs.
1.4%). Conversely, Newman and Kowalski (1973) intimated that green sawdust bedding
increased Klebsiella species and mastitis incidence when compared to sand bedding.
However, Verbist et al. (2011) reported that most Klebsiella pneumoniae was isolated
from feces (125 isolates) and not from used sawdust bedding (20 isolates) or unused
sawdust bedding (6 isolates) and concluded that K. pneumoniae could be prevalent in the
environment without causing mastitis. In a Canadian study, Klebsiella species reported
incidence in tie-stall barns was lower than that in freestall barns (IRCM per 100 cow
years of 0.40 vs. 1.00%, respectively; P ≤ 0.05). Relative to other pathogens in the
Canadian study, Klebsiella species constituted a greater percentage than in the current
study (Olde Riekerink et al., 2008). In a Wisconsin study, Klebsiella species constituted
a larger percentage of isolates (6.9%) than the current study in freestall housed cows.
The difference may be due to climate changes, bedding differences, or management
changes between Wisconsin, Kentucky, and Canada. In the current study, yeast species
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also constituted a small percentage of causative pathogens in compost bedded pack
housed cows (2.8%; n = 8 isolates) and sand bedded freestall barn housed cows (2.7%; n
= 4 isolates).
Staphylococcus aureus comprised a greater percentage of causative pathogens,
with a slightly greater percent isolated from sand-freestall housed cows (6.7%; n = 10
isolates) than compost bedded pack housed cows (4.5%; n =13 isolates). In a Canadian
study, cows housed in freestall barns had IRCM of 1.62% (per 100 cow years). This was
the largest percentage of pathogens in freestall barn housed cows (Olde Riekerink et al.,
2008). In the current study, coagulase negative staphylococci made up a larger
percentage of isolates in compost bedded pack housed cows (7.6%; n = 22 isolates)
compared to sand bedded freestall housed cows (4.0%; n = 6 isolates). In a Canadian
study, CNS was the third most often isolated pathogen in freestall barns (0.68%)
following S. aureus and Klebsiella spp. (Olde Riekerink et al., 2008). In a Wisconsin
study, freestall housed cows exhibited greater CNS (6.1%) than the freestall housed cows
in the current study (3.5%) (Oliveira et al., 2013). The percentage was closer to that from
compost bedded pack housed cows (6.3%). Unlike previously mentioned studies, CNS
was most often isolated from Finnish cows (49.6%), with C. bovis (34.4%), and Staph.
aureus (10.2%) as the next most commonly isolated pathogens (Pitkälä et al., 2004).
Other gram-negative species constituted 13.2% (n = 38 isolates) in compost
bedded pack housed cows compared to 10.7% (n = 16 isolates) in sand bedded freestall
housed cows. Other gram-negative species isolated included: Achromobacter
xylosoxidans, Acinetobacter lwoffii, Brevundimonas species, Chryseobacterium
indologenes, Citrobacter koseri, Enterobacter species, Pasturella species, Proteus
93

mirabilis, Pseudomonas luteola, Rhizobium radiobacter, Salmonella species, Serratia
marcescens, Sphingomonas paucimobilis, and Stenotrophomanos maltophilia. Other
gram-positive species constituted 4.5% (n = 13 isolates) in compost bedded pack housed
cows compared to 9.4% (n = 14 isolates) in sand bedded freestall housed cows. Other
gram-positive species included: Arcanobacterium pyogenes, Bacillus circulans, Bacillus
lentus, Bacillus licheniformis, Bacillus pumilus, Kocuria rosea, Kocuria varians,
Lactococcus lactis, Lactococcus garvieae, Microbacterium species, and Paenibacillus
amylolyticus.
Mastitis severity. Mastitis infection severity was different between CBP and SFB
(Table 2.6, P < 0.001). Some variance may have occurred between farms based on
milking staffs’ interpretation of the severity scale. Severity score of 1 (abnormal milk but
no swelling) made up the highest percentage of scores for both housing systems (67.2 and
54.8% of scores for CBP and SFB, respectively). The severity score of 2 (abnormal milk
with swelling) was 29.4 and 29.9% of scores for CBP and SFB, respectively. The largest
difference was the severity score of 3 (systemic signs). The most severe cases of mastitis
were most often seen in SFB (15.3% of scores) compared to CBP (3.4%). In SFB, 43.5%
(n = 10 isolates) of the cases scored as 3 were caused by E. coli. Similarly, in CBP
66.7% (n = 6 isolates) of the cases scored as 3 were caused by E. coli. Similar results
were reported by Bradley and Green (2001) with 67.4% of mastitis cases recorded as
severity 1, 26.4% as severity 2, and 6.2% as severity 3. Of those scored severity 3, E.
coli was more likely to be the causative agent (11.4% of 105 E. coli cases scored 3) than
all other mastitis causative agents (4.3% of 211 other mastitis cases scored 3). Coliforms
cause acute or peracute mastitis with occasional subclinical infections. Typically,
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coliforms cause no extensive damage and the decrease in milk production may be less
noticeable than other mastitis causing pathogens. In some instances, endotoxemia from
coliform mastitis may cause death within a few days (Jain, 1979). These results
emphasize the importance of managing environmental mastitis pathogens regardless of
bedding type.
Bulk tank somatic cell count. Previous research has suggested maintaining
excellent cow preparation procedures and effective management in the barn and the milk
parlor results in a low BTSCC (Barberg et al., 2007b). In the current study, no effect of
barn type, ambient maximum THI group, and hygiene score or their interactions occurred
for bulk tank SCC (P ≥ 0.05). Mean bulk tank somatic cell count remained below
300,000 cells/mL for both barn types (229,582 ± 18,478 and 205,131 ± 19,581 cells/mL
for CBP and SFB, respectively; P = 0.38; Table 2.4). No differences were observed
between barn types over time (P = 0.63; Figure 2.7), with some variation between study
periods over the year (P < 0.001). The changes over the year were similar to the changes
in DHIA herd SCC over the year. Herd SCC was a monthly snapshot of herd
performance, whereas BTSCC was a constant measure in all herds recorded with every
milk load pick-up. Bulk tank SCC may be a more accurate representation of what
occurred in each barn type on a herd level.
Similar results were observed when all herds on DHIA were compared (Figure
2.8). Compost bedded pack barns coupled with freestall barns had the lowest BTSCC
(227,695 ± 22,706 cells/mL), with compost bedded pack barns, freestall barns, tie-stall
barns, and mixed housing following but not significantly different (258,252 ± 24,526 to
260,411 ± 11,353 cells/mL; P ≥ 0.05). Bedded pack barns and pasture only housing were
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different from compost bedded pack barns coupled with freestall barns (303,612 ±
34,685, 316,896 ± 17,342, and 227,695 ± 22,706 cells/mL, respectively; P < 0.05). In
Kentucky, many producers used compost bedded pack barns as special needs housing for
lame cows, or cows with difficulty lying in stalls. This practice may improve the overall
health status of the animal, by increasing lying time and limiting lying in alleyways,
resulting in the decreased BTSCC for all herds using this practice in Kentucky.
A greater BTSCC of 261.17 × 1,000 cells/mL was reported in 12 compost bedded
pack barns in Minnesota (Endres and Barberg, 2007). Barberg et al. (2007b) reported 3
of the 7 compost bedded pack barns in Minnesota included in the bulk tank analysis had a
reduction in BTSCC of 90.31 ± 50.34 × 1,000 cells/mL (32.60 to 125.10 × 1,000
cells/mL; P < 0.01) after transitioning to compost bedded pack barn housing. One of the
herds included in the analysis experienced an increase in BTSCC after the transition of
54.60 × 1,000 cells/mL (P < 0.01). In 12 Kentucky herds, BTSCC decreased after
transitioning to compost bedded pack barn housing (323.69 ± 7.30 vs. 252.86 ± 7.11 ×
1,000 cells/mL before and after transition, respectively; Black et al., 2013). This BTSCC
for Kentucky compost bedded pack herds was slightly greater than that reported for
compost bedded pack and sand bedded freestall barns in the current study.
In a national study, freestall, tiestall, loose housing, and pasture based systems
were used on 52.9, 26.9, 13.9, and 6.3% of all operations (n = 1,013 dairies in 21 states).
Housing was related to BTSCC (P = 0.01). In all housing systems, most herds had
BTSCC between 200,000 to 400,000 cells/mL, with pasture-based herds having a greater
percentage over 400,000 cells/mL (32.3% vs. 12.3, 24.6, and 19.3% in pasture, freestall,
loose housing, and tiestalls, respectively). Sand, mattress, and newspaper bedding
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decreased BTSCC (P = 0.02, 0.006, and < 0.001, respectively). Composted manure and
straw bedding was not significantly associated with BTSCC (P = 0.08 and 0.22; Wenz et
al., 2007). These results differed from the current study, with all bedding types effecting
BTSCC similarly. However, like the current study, pasture based systems had a greater
BTSCC than freestall, compost bedded pack, tiestall, compost bedded pack and freestall,
and other mixed housing types (P ≥ 0.05). Pasture based systems lying surfaces are more
susceptible to changes in ambient weather conditions than housed herds. Lack of shelter
from the elements and unmanaged lying surfaces may be the cause of the greater BTSCC
in these herds. Moisture content of the lying surface affected BTSCC in winter and
summer. During the winter, bedding that was usually dry or bedding that contained
obvious surface moisture (wet) 50% of the time made up a greater percentage of the
herds with BTSCC > 400,000 cells/mL than bedding that almost always displayed
obvious surface moisture (20.7 and 19.6 vs. 10.5%, respectively; P = 0.009). Similarly,
bedding that was usually dry or bedding that was wet 50% of the time made up a greater
percentage of the herds in summer with BTSCC > 400,000 cells/mL than bedding that
was almost always wet (20.6 and 15.7 vs. 8.8%, respectively; P = 0.02; Wenz et al.,
2007). In a companion study, compost bedded pack moisture content had no effect on
BTSCC (P ≥ 0.05) but no evaluation on sand bedding moisture content was conducted.
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CONCLUSIONS
Compost bedded pack barns and sand bedded freestall barns are equally able to
maintain a healthy environment for dairy cattle. Hock health, locomotion score, and cow
hygiene responded similarly in each housing system regardless of ambient maximum THI
group. Similar results were observed with subclinical high SCC prevalence, reported
clinical mastitis incidence, herd somatic cell count, and bulk tank somatic cell count. The
bulk tank somatic cell counts from herds across Kentucky also returned lower counts for
compost barns, freestall barns, and tie-stall barns and mixtures of the housing systems
than counts for bedded pack barns and cows housed solely on pasture. This study
validates producers’ observations of adequate somatic cell count and mastitis incidence
prevalence in compost bedded pack barns compared to sand bedded freestalls. However,
the higher percentage of systemic mastitis in sand bedded freestall barns may make
compost bedded pack barns a more attractive housing option.
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Table 2.1. Herd data collected in an initial survey from 8 compost bedded pack and 7 sand bedded freestall barns in
Kentucky from May 2013 to May 2014.

Farm
code

99
1

Barn
type1

Mastitis
treatment2

Dry treatment
(cows only)

Milking
parlor

Milkings
per day

Herringbone

2

Teat dip
vessel

B

FS

Mixture

Quartermaster, THexx, & Orbeseal

C

FS

Pursue

Tomorrow

Herringbone

2

E

FS

Oxytocin

Quartermaster
& T-Hexx

Parallel

2

G

FS

Mixture

Albadry Plus

Parabone

2

I

FS

Mixture

Parabone

3

L

FS

Mixture

Herringbone

23

Q

FS

Mixture

Quartermaster

Herringbone

24

A

CBP

Mixture

Tomorrow
& Orbeseal

Herringbone

2

F

CBP

--

Herringbone

23

Parallel

3

Parallel

2

Herringbone

2

Herringbone

2

Spray hose

Parallel

25

Herringbone

2

Non-return
cup
Non-return
cup8

P1 Gold
Spike
Spectramas
t

Tomorrow
& Orbeseal
Tomorrow
& Orbeseal

Spectramast
& Orbeseal
Quartermaster
& Orbeseal

H

CBP

J

CBP

Mixture

K

CBP

Mixture

Tomorrow

M

CBP

Spectramas
t

N

CBP

Mixture

P

CBP

Mixture

Quartermaster
& Orbeseal
Tomorrow
& Orbeseal
Quartermaster
& Orbeseal

FS = freestall system; CBP = compost bedded pack system.

Non-return
cup
Non-return
cup
Non-return
cup
Mixture6
Non-return
cup7
Non-return
cup
Non-return
cup
Non-return
cup
Non-return
cup
Return cup
Non-return
cup
Non-return
cup

Teat dip active ingredient

Estimated length
of preparation
time (minutes)

Teat drying
towel type

Predip

Postdip

Chlorhexidine

Iodine

0.75 to 0.83

Paper

Peroxide

Iodine

2.00

Paper

Iodine

Iodine

0.50 to 1.00

Cloth

Iodine

Iodine

3.00

Cloth

Iodine

Iodine

1.00 to 2.00

Cloth

Peroxide

Lactic &
phosphoric acid

2.00

Cloth

Peroxide

Iodine

9.00 to 10.00

Paper

Chlorine

Uddergold-5
star

2.00 to 3.00

Paper

Chlorine

Chlorine

2.00 to 2.50

Cloth

Iodine

Iodine

1.00 to 1.50

Cloth

Iodine

Iodine

1.00 to 2.00

Paper

Chlorine

Chlorine

3.00

Paper

Iodine

Iodine

2.00

Cloth

Iodine

Sodium chlorite
& lactic acid

1.00

Paper

Peroxide

Iodine

2.00

Cloth

Table 2.1. cont.
2

Mixture of treatments included: Today, Naxeel, Pursue, SVC tubes, Spectramast, Albadry Plus, Excenel, LA-200, Excede,
Quartermaster
3

Producer milked 3 times per day from October 2013 to March 2014.

4

Producer milked 3 times per day from October 2013 to May 2014.

5

Producer milked 3 times per day from September 2013 to May 2014.

6

Producer used non-return and return dip cups in the parlor.

7

Producer used spray hoses for pre-dip and non-return dip cups for post-dip.

8

Producer used spray cups for pre-dip and non-return dip cups for post-dip.
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Table 2.2. Mean (± SD) lactating herd number, Dairy Herd Information Association herd somatic cell count (DHIA SCC),
bulk tank somatic cell count (BTSCC), available cow resting area, and stocking density for 8 compost bedded pack and 7
sand bedded freestall Kentucky herds from May 2013 to May 2014.1

Farm
code
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M
H
K
A3
J
N
F
P
C
G
Q3
I
L
E
B

Number of
DHIA tests
12
5
13
7
12
11
6
8
7
12
3
6
6
12
10

Lactating cow
number

Test d milk
yield (kg/cow/d)

205.3 (± 27.3)
455.1 (± 23.3)
159.9 (± 15.0)
120.3 (± 13.4)
102.3 (± 12.0)
89.8 (± 14.5)
111.8 (± 4.9)
212.0 (± 13.7)
44.0 (± 3.6)
58.8 (± 3.6)
110.7 (± 31.6)
151.3 (± 8.4)
49.4 (± 8.4)
94.3 (± 3.9)
97.8 (± 8.6)

35.8 (± 5.8)
36.9 (± 1.2)
31.1 (± 2.8)
36.4 (± 2.3)
29.8 (± 2.7)
36.8 (± 3.9)
32.0 (± 2.7)
32.9 (± 1.2)
35.5 (± 3.2)
28.0 (± 3.0)
38.1 (± 2.8)
35.8 (± 2.5)
29.0 (± 3.0)
28.4 (± 2.6)
36.9 (± 1.6)

DHIA SCC
BTSCC
(x 1,000
(x 1,000
cell/mL)
cells/mL)
160.2 (± 68.2) 150.0 (± 42.4)
179.8 (± 31.3) 173.7 (± 18.5)
205.9 (± 63.2) 224.2 (± 68.5)
-226.6 (± 46.7)
290.0 (± 106.9) 260.6 (± 105.8)
240.7 (± 102.0) 264.0 (± 82.7)
314.0 (± 99.3) 283.7 (± 84.3)
365.6 (± 70.7) 335.3 (± 89.7)
105.7 (± 22.2) 118.9 (± 33.4)
128.2 (± 80.1) 122.7 (± 48.5)
-181.2 (± 63.7)
270.2 (± 26.7) 218.1 (± 37.9)
267.9 (± 82.6) 268.9 (± 110.2)
235.8 (± 69.5) 283.2 (± 42.0)
371.1 (± 74.2) 298.6 (± 52.4)

Lying area
Compost
Freestall
(total m2) (total stall #)
1,858.1
4,496.5
1,560.8
1,081.4
1,137.1
891.9
1,117.1
2,322.6
51
66
136
1502
60
118
112

Stocking
density (%)
102.7 (± 13.7)
94.0 (± 4.8)
95.2 (± 8.9)
87.9 (± 11.5)
83.6 (± 9.8)
93.5 (± 15.1)
92.9 (± 4.0)
84.8 (± 5.5)
86.4 (± 6.6)
89.1 (± 5.5)
81.4 (± 23.3)
113.6 (± 10.8)
82.3 (± 14.0)
79.9 (± 3.3)
87.3 (± 7.8)

1

Lactating cow number, test d milk yield, DHIA herd SCC, bulk tank SCC and stocking density reported as the mean number
across the study period for the available DHIA tests.
2

Farm I underwent a renovation during the study period, increasing available stalls from 100 to 150. Stocking density was
calculated using 100 stalls from May 18, 2013 to February 20, 2014 and 150 stalls from March 6, 2014 to April 30, 2014.
3

Farm Q and farm A did not take advantage of the DHIA somatic cell count service and had no somatic cell count data for the study
period.

Table 2.3. Comparison of LSMeans (± SE) for locomotion, hygiene, and hock scores observed on 48 ± 5 cows per herd per
visit period across 26 visits periods from May 2013 to May 2014 for 8 compost bedded pack and 6 sand bedded freestall
barns in Kentucky.1

Variable
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1

Compost bedded pack barns

Sand bedded freestall barns

(n = 8)

(n = 6)

P - value

Hock score2

1.00 (± 0.00)

1.00 (± 0.00)

0.12

Locomotion score3

2.22 (± 0.05)

2.27 (± 0.05)

0.57

Hygiene score4

2.21 (± 0.05)

2.27 (± 0.05)

0.38

A single observer conducted all scoring at each visit period. Visual observation was used to collect hock, locomotion, and hygiene

scores. All locomotion scoring observed with cows walking on concrete flooring. All results were obtained using the MIXED
procedure of SAS 9.3 with visit period as the repeated measure.
2

Hock score (Nocek, 2010) where 1 = no swelling or hair missing, 2 = no swelling with missing hair, 3 = swelling or lesion through

the hide.
3

Locomotion score (Sprecher et al., 1997) where 1 = normal, 2 = mildly lame, 3 = moderately lame, 4 = lame, and 5 = severely

lame. All locomotion scoring conducted with cows walking on concrete flooring.
4

Hygiene score (Cook and Reinemann, 2007) where 1 = clean, 2 = moderate dirt, 3 = plaques of dirt with hair visible, and 4 =

confluent plaques of dirt with no hair visible.

Table 2.4. Comparison of LSMeans (± SE) derived from the MIXED procedure of SAS 9.3 for Dairy Herd Information
Association herd weighted average somatic cell count, high SCC prevalence, reported incidence of clinical mastitis, and
bulk tank somatic cell count for 26 visit periods (visit period as the repeated measure in SAS) from May 2013 to May 2014
for compost bedded pack and sand bedded freestall barns.

Variable

Compost bedded pack barns

Sand bedded freestall
barns
228.80 (± 22.76)
19.43 (± 2.08)
1.18 (± 0.14)

P - value
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Herd somatic cell count1 ( × 1,000 cells/mL)
241.72 (± 21.45)
0.69
2
High SCC prevalence
21.79 (± 1.96)
0.43
Reported clinical mastitis incidence3
1.16 (± 0.13)
0.90
4
Bulk tank somatic cell count (× 1,000
229.58 (± 18.48)
205.13 (± 19.58)
0.38
cells/mL)
1
Dairy Herd Information Association weighted average somatic cell count reported as × 1,000 cells/mL. Seven compost bedded
pack and 6 sand bedded freestall barns were included in this analysis.
2

High SCC prevalence derived from the Dairy Herd Information Association reported as the % of the herd with somatic cell counts
≥ 200,000 cells/mL. Seven compost bedded pack and 6 sand bedded freestall barns were included in this analysis.
3

Reported clinical mastitis incidence collected from cooperating farmers and reported as % of the herd infected per week. Total
mastitis incidence was calculated for each visit period then divided by the number of lactating animals in the herd. The herd
incidence was divided by 2 creating a weekly herd incidence. Four compost bedded pack and 4 sand bedded freestall barns were
included in this analysis.

4

Bulk tank somatic cell count collected from cooperating farm milk cooperatives and marketers over the study period reported as ×
1,000 cells/mL. Eight compost bedded pack barns and 7 sand bedded freestall barns were included in this analysis.

Table 2.5. Comparison of mastitis causative pathogen isolates from 296 and 151 cases of reported clinical mastitis from
cows housed in 7 compost bedded pack and 7 sand bedded freestall barns from May 2013 to May 2014 (P = 0.02) obtained
through the FREQUENCY procedure of SAS 9.3.
Compost bedded pack barns
total new cases = 296
total isolates = 288
mean (± SE) cows1 = 1,244 ± 110
Number of isolates2 Percent of total isolates

Pathogen isolated

Sand freestall barns
total new cases = 157
total isolates = 149
mean (± SE) cows1 = 600 ± 65
Number of isolates2
Percent of total isolates
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No growth
Escherichia coli
Environmental streptococci
Klebsiella species
Yeast species
Staphylococcus aureus
Coagulase negative
staphylococci
Other gram-negative species3

57
83
50
4
8
13

19.8
28.8
17.4
1.4
2.8
4.5

30
26
38
5
4
10

20.1
17.5
25.5
3.4
2.7
6.7

22

7.6

6

4.0

38

13.2

16

10.7

4

13

4.5

14

6.7

Other gram-positive species
1

Mean population of cows at each sample period throughout the study.

2

One to two isolates were possible per sample, with ≥ 3 isolates per sample categorized as contaminated.

3

Other gram-negative species consisted of Achromobacter xylosoxidans, Acinetobacter lwoffii, Brevundimonas species,
Chryseobacterium indologenes, Citrobacter koseri, Enterobacter species, Pasturella species, Proteus mirabilis, Pseudomonas
luteola, Rhizobium radiobacter, Salmonella species, Serratia marcescens, Sphingomonas paucimobilis, and Stenotrophomanos
maltophilia.

Table 2.5. cont.
4

Other gram-positive species consisted of Arcanobacterium pyogenes, Bacillus circulans, Bacillus lentus, Bacillus licheniformis,
Bacillus pumilus, Kocuria rosea, Kocuria varians, Lactococcus lactis, Lactococcus garvieae, Microbacterium species, and
Paenibacillus amylolyticus.
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Table 2.6. Comparison of mastitis severity score1 of 296 and 151 cases of reported clinical mastitis from cows housed in 7
compost bedded pack and 7 sand bedded freestall barns from May 2013 to May 2014 (P < 0.001) obtained through the
FREQUENCY procedure of SAS 9.3.

Severity score

Compost bedded pack barns

Sand freestall barns

total new cases = 296

total new cases = 157

mean (± SE) cows2 = 1,244 ± 110

mean (± SE) cows2 = 600 ± 65

Number of cases

Percent of total cases

Number of cases

Percent of total cases

106

1

199

67.2

86

54.8

2

87

29.4

47

29.9

3

10

3.4

24

15.3

1

Mastitis severity was reported as 1 = abnormal milk (flakes, clots, or watery appearance) without swelling of the affected quarter,
2 = normal or abnormal milk and swelling of the affected quarter, or 3 = abnormal milk, swelling of the affected quarter, and
systemic signs (fever, reduced rumen function, dehydration, weakness, depression, loss of appetite, or rapid pulse) (Hogan et al.,
1989a, Bramley et al., 1996).

2

Mean population of cows at each sample period throughout the study.

Figure 2.1. Layout of the sand bedded freestall barns with sampling locations used for collection of surface temperature.
Points A1 through A12 indicate estimated distribution of sampling locations in each sand bedded freestall barn visited.

A7

A2
Freestall resting area
A8

A3

A9

A4

A10
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Walkway
Feed alley

A5
Freestall resting area
A11

A6

A12

Waterer

A1

Waterer

Waterer

Walkway

Figure 2.2. Layout of the compost bedded pack barns with sampling locations used for collection of bedded material for
moisture analysis and surface temperature. Points A1 through A9 indicate estimated distribution of sampling locations in
each compost bedded pack barn visited (adapted from (Black et al., 2013)).

• A1

• A4

• A7

Walkway
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Concrete wall
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Walkway

Compost pack resting area

Figure 2.3. LSMeans (± SE) lying surface temperature (°C) for 8 compost bedded pack and 7 sand bedded freestall barns
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LSMeans lying surface temperature (°C)

at each visit period (n = 26) from May 2013 to May 2014 derived using the GLM procedure in SAS 9.3. 1

Study period denoted by the median visit day for each period
Compost bedded pack barns
Sand bedded freestall barns
1
The difference between compost bedded pack and sand bedded freestall barns at each visit period was not significantly different
(P = 0.95). However, the variation between visit periods over the year was significant (P < 0.001).

Figure 2.4. LSMeans (± SE) herd locomotion score1 for 8 compost bedded pack and 7 sand bedded freestall barns at each
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LSMeans herd locomotion score

visit period (n = 26) from May 2013 to May 2014 derived using the GLM procedure in SAS 9.3.2

Study period denoted by the median visit day for each period
Compost bedded pack barns
Sand bedded freestall barns
1

Locomotion scores were collected by a single observer using the system of Sprecher et al. (1997) where 1 = normal, 2 = mildly
lame, 3 = moderately lame, 4 = lame, and 5 = severely lame. All locomotion scoring conducted with cows walking on concrete
flooring.
2

The difference between compost bedded pack and sand bedded freestall barns at each visit period was not significantly different
(P = 0.95). However, the variation between visit periods over the year was significant (P < 0.001).

Figure 2.5. LSMeans (± SE) herd hygiene score1 for 8 compost bedded pack and 7 sand bedded freestall barns at each visit
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LSMeans herd hygiene score

period (n = 26) from May 2013 to May 2014 derived using the GLM procedure in SAS 9.3.2

Study period denoted by the median visit day for each period
Compost bedded pack barns
Sand bedded freestall barns
1
Hygiene scores were collected by a single observer using the system of Cook and Reinemann (2007) where 1 = clean, 2 =
moderate dirt, 3 = plaques of dirt with hair visible, and 4 = confluent plaques of dirt with no hair visible. All hygiene scoring
conducted with cows walking on concrete flooring.
2

The difference between compost bedded pack and sand bedded freestall barns at each visit period was not significantly different
(P = 0.99). However, the variation between visit periods over the year was significant (P < 0.001).

Figure 2.6. LSMeans (± SE) Dairy Herd Information Association herd somatic cell count (cells/mL) for 7 compost bedded
pack and 6 sand bedded freestall barns at each visit period (n = 26) from May 2013 to May 2014 derived using the GLM
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Lsmean herd somatic cell count
(cells/mL)

procedure in SAS 9.3.1

Study period denoted by the median visit day for each period
Compost bedded pack barns
Sand bedded freestall barns
1

The difference between compost bedded pack and sand bedded freestall barns at each visit period was not significantly different
(P = 0.58). However, the variation between visit periods over the year was significant (P = 0.04).

Figure 2.7. LSMeans (± SE) bulk tank somatic cell count (cells/mL) for 8 compost bedded pack and 7 sand bedded freestall
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LSMeans bulk tank somatic cell count
(cells/mL)

barns at each visit period (n = 26) from May 2013 to May 2014 derived using the GLM procedure in SAS 9.3.1

Study period denoted by the median visit day for each period
Compost bedded pack barns
Sand bedded freestall barns
1
The difference between compost bedded pack and sand bedded freestall barns at each visit period was not significantly different
(P = 0.63). However, the variation between visit periods over the year was significant (P < 0.001).

Figure 2.8. LSMeans (± SE) bulk tank somatic cell counts for all herds in Kentucky using the Dairy Herd Information
Association by barn type for the period between January 2013 and January 2014 derived using the GLM procedure in SAS
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Yearly mean bulk tank somatic cell
count (cells/mL)

9.3. Differences in column shading and letter indicate significant differences (P < 0.05).
400,000
a

ab

ab

ab

ab

259,193
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260,411

Compost
n = 36

Freestall
n = 92

Mixed
n = 12

Tiestall
n = 56

350,000
300,000

b
303,612

b
316,896

Bedded pack
n=6

Pasture
n = 24

227,695

250,000
200,000
150,000
100,000
50,000
0
Compost &
Freestall
n = 14

Housing facility1,2,3
1
Freestall barns were bedded with limestone (1 farm), mattresses (16 farms), mattresses & waterbeds (2 farms), waterbeds (3
farms), sand (32 farms), wood sawdust (26 farms), wood shavings (6 farms), or undefined bedding (6 farms)
2

Mixed housing included: compost bedded pack & tiestall barn housing, pasture & freestall barn housing, pasture & bedded pack
barn housing, pasture and compost bedded pack barn housing.
3

Tiestall barns were bedded with mattresses top dressed with sawdust (55 farms) or undefined bedding (1 farm).
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INTRODUCTION
Compost bedded pack barns (CBP) have become a housing system of interest
globally. In the U.S., the first compost bedded pack barns were developed by Virginia
dairy producers in the 1980’s to increase cow comfort and longevity (Wagner, 2002).
Minnesota (Janni et al., 2006, Barberg et al., 2007a, Shane et al., 2010a), Kentucky
(Damasceno, 2012, Black et al., 2014, Eckelkamp et al., 2014a), Ohio (Douridas, 2012,
Zhao et al., 2012), and New York (Petzen et al., 2009) researchers have conducted
research on the compost bedded pack barns and herds housed within them. Israel,
Germany, Austria, the Netherlands, South Korea, Italy, and Canada have begun using
compost bedded pack barns as housing systems (Ferrari and Moscatelli, 2009, Galama,
2011, LeBlanc and Anderson, 2013). South Korea, Brazil, Argentina, and Columbia
have also recently adopted the system (Taraba, 2013).
As a loose housing system, compost bedded pack barns do not include the stalls
and partitions found in freestall housing. Without stalls, the cows’ resting and exercise
areas are combined (Barberg et al., 2007a, Galama, 2011, Black et al., 2013). This
combination of resting and exercise space for animals concurrently reduces ammonia
emissions and building costs, and maintains cow health and well-being (Klaas et al.,
2010, Galama, 2011). The large, open resting areas (6.8 ± 1.1 to 9.0 ± 2.2 m2 per cow)
are generally separated from a concrete feed alley by a 1.2-m retaining wall (Janni et al.,
2006, Barberg et al., 2007a, Black et al., 2014). Composting the pack area allows feces
and urine to be handled as solids (Janni et al., 2006). Barns can store manure for 6 to 12
months before cleaning is required with some barns in Kentucky found to store manure
for more than 2 years (Black et al., 2014).
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Compost bedded pack barns require periodic bedding addition and twice daily
tilling (Janni et al., 2006, Barberg et al., 2007a, Black et al., 2013). Aeration (tilling)
incorporates manure and air (oxygen) into the pack (Shane et al., 2010a). This process
promotes microbiological activity, heating and drying the pack. Tilling of the pack also
exposes greater pack surface area for drying (Janni et al., 2006).
Heating and drying the pack provides a fresh, dry surface for cattle to lie on
(Shane et al., 2010a). For effective composting, adequate temperature and moisture
content must be maintained in compost bedded pack barns. The recommended internal
temperature for compost bedded pack barns at depths of 15 to 31 cm ranges from 43.3 to
65.0°C (Janni et al., 2006, Bewley et al., 2013). The optimum moisture content for
composting is 40 to 65% (NRAES-54, 1992). Bewley et al. (2013) suggested a slightly
narrower range of 40 to 60%.
Cows in compost bedded pack barns exhibited decreased lameness incidence
compared to cows in low-profile cross-ventilated and naturally ventilated sand freestall
barns with 4.4, 13.1, and 15.9% of cows having a lameness score ≥ 3 (Lobeck et al.,
2011). Similarly, New York researchers observed decreased lameness prevalence after
transitioning to compost bedded pack barns (23.7 to 3.4% of the herd; Petzen et al.,
2009), reducing treatment costs to the dairy producer by $33,000. Lameness prevalence
in Israeli cows seemed to be lower in compost bedded pack barns and sand bedded
freestall barns than in freestall barns using other bedding and conventional bedded pack
barns (Klaas and Bjerg, 2011). In a companion study, no differences in locomotion score
were reported between compost bedded pack and sand bedded freestall barns in Kentucky
(Eckelkamp et al., 2014c)
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Lobeck et al. (2011) reported a lower prevalence of hock lesions (score ≥ 2
divided by number of all animals scored that day) on compost bedded pack barns than
cross-ventilated or naturally ventilated sand freestalls (3.8, 31.2, and 23.9%, respectively;
P < 0.001). Severe hock lesion prevalence (score = 3) was lower in compost bedded
pack barns than cross-ventilated and naturally ventilated sand freestalls (1.0, 6.5, and
6.3%, respectively). The compost bedded pack barn softer surface could have been more
forgiving and provided less opportunity for friction than the sand-bedded freestalls
(Lobeck et al., 2011). Fulwider et al. (2007) reported similar findings with compost
bedded pack barns having no lesions whereas cows housed on sand, waterbeds, or
rubber-filled mattresses exhibited lesions on both hocks and knees (25, 35.2, and 71.6%
with lesions, respectively). Overall, hock health and lameness were indicative of good
foot and leg health in compost bedded pack barn regardless of bedding material (Shane et
al., 2010a).
Researchers proposed that maintaining a temperature of 54 to 65°C for 3 to 4 days
could inactivate pathogens and viruses, destroy weed seeds and fly larvae, and decrease
odor emanating from the pack. Inactivating mastitis pathogens was of particular interest
to producers and researchers (Janni et al., 2006). Bedding bacterial count has been linked
to SCC and clinical mastitis incidence (Hogan et al., 1989b, Hogan and Smith, 1997,
Zdanowicz et al., 2004). A linear relationship has been reported between total rates of
clinical mastitis and gram-negative bacteria and Klebsiella spp. counts in bedding (P <
0.05; Hogan et al., 1989b). Similarly, Zdanowicz et al. (2004) reported positive
correlations between bedding bacterial counts and bacterial counts present on teat ends
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(coliforms: r = 0.35 or 0.47, P < 0.05 or P < 0.001; Klebsiella spp.: r = 0.40 or 0.69, P <
0.05 or P < 0.001; and streptococci: r = 0.28 or 0.60, P = 0.06 or P < 0.001 for sand and
sawdust bedding, respectively).
Black et al. (2014) and Barberg et al. (2007a) reported coliforms, staphylococci,
streptococci, and Bacillus species counts in the compost bedded pack. Total bacterial
count was 5.2 ± 5.1 log10 cfu/g of dry matter in compost barns in Minnesota, whereas
Kentucky compost barns counts were 8.2 ± 0.4 log10 cfu/g of dry matter. The proportions
of pathogens differed between the two studies with 10.70 vs. 1.86% coliforms, 39.40 vs.
20.61% environmental streptococci, 17.40 vs. 52.28% environmental staphylococci, and
32.50 vs. 25.25% bacillus species for Minnesota and Kentucky, respectively (Barberg et
al., 2007a, Black et al., 2014). Petzen et al. (2009) isolated Streptococcus species,
Staphylococcus species, gram-negative and gram-positive-bacillus species, Klebsiella
species, and E. coli from compost bedded pack samples that were typical of housing
environments in the Northeast (no numbers reported). Lobeck et al. (2012) compared
bedding samples from low-profile cross-ventilated sand freestall barns, naturally
ventilated sand freestall barns, and compost bedded pack barns. Overall, no differences
were observed among housing systems for geometric means of coliforms (4.78, 4.43, and
4.32 log10 cfu/g), environmental streptococci species (3.48, 3.48, and 3.70 log10 cfu/g),
and Staphylococcus species (4.04, 0.00, and 0.00 log10 cfu/g) for compost bedded pack
barns, low-profile cross-ventilated sand freestall barns, and naturally ventilated sand
freestall barns (Lobeck et al., 2012). These two studies indicate that both housing
systems maintained similar exposure levels to pathogens present in the housing
environment.
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No adverse effects on individual or herd somatic cell count or herd high SCC
prevalence in the compost bedded pack barns have been reported in research. Somatic
cell count for October 2010 to March 2011 was 246,500 ± 84,422 cells/mL in Kentucky
compost bedded pack housed cows (n = 47 herds), which was below the 2010 state
average of 313,000 cells/mL (Black et al., 2014). In a companion study, no differences
were reported between Kentucky compost bedded pack and sand bedded freestall barns in
herd somatic cell count, herd high SCC prevalence, or clinical mastitis incidence (P ≥
0.05; Eckelkamp et al., 2014c). After transitioning to compost bedded pack barns in
2005, Minnesota dairy producers reported SCC as 325,000 ± 172,000 cells/mL (88,000 to
658,000 cells/mL), which was below the 2005 state average of 357,000 cells/mL. The
average high SCC prevalence (HSP; percent of animals in each herd with a test SCC >
200,000 cells/mL) decreased after moving into the compost bedded pack barn from
previous housing facilities (35.4% before to 27.7% after; Barberg et al., 2007b). High
SCC prevalence did not differ for compost bedded pack barns, naturally ventilated, and
cross-ventilated freestall barns studied at the same time period (33.4, 26.8, and 26.8%,
respectively; P ≥ 0.05; Lobeck et al., 2011).
To the author’s knowledge, no continuous long-term study of compost bedded
pack barns’ effect on observed clinical mastitis cases, somatic cell count, percentage of
herd infected, or bulk tank somatic cell count currently has been published. The
objective of this study was to describe the relationships among compost pack
management and ambient weather conditions, cow health, and bedding bacterial counts.
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MATERIALS AND METHODS
The study was conducted using data from eight Kentucky compost bedded pack
barns (CBP) from May 2013 to May 2014. Each farm was visited every 2-weeks for a
total of 26 visits. The study focused on moisture and temperature management effects on
cow hygiene, locomotion, and mastitis indicators, compost nutrient profile, and bedding
bacteria count. Ambient weather conditions effects on moisture content, 20 cm internal
temperature, and surface temperature were also examined. All barns were used as the
primary housing facility for lactating cows. All herds on this study were enrolled in the
Dairy Herd Information Association (DHIA; Raleigh, NC). To be enrolled in the study,
herds needed to maintain a yearly mean SCC < 300,000 in 80% of the herd for the year
before enrollment. Over the study period, 50 cows were scored by the same observer at
every farm visit. All herds were fed a total mixed ration, were cooled by fans in the barn,
and had regular bedding additions. Compost bedded pack barns were tilled twice daily in
all but 3 farms. Two producers tilled the barn once daily from December through early
February. One producer chose not to till the barn at all from December through early
February and added fresh bedding daily.
Data Collection
Performance records from DHIA were collected with the permission of
participating farmers. Records included in subsequent analyses were test day milk
production (kg per cow), average herd SCC (cells/mL), high SCC prevalence (HSP; % of
animals in each herd with a test day SCC ≥ 200,000 cells/mL), and lactating cow number.
Bulk tank somatic cell count (BTSCC) from every milk pick-up was obtained from fluidmilk buyers with farmer permission. Researchers provided cooperating herds with a
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Tycon ProWeatherStation (model # TP1080WC; Tycon Systems, Buffdale, Utah) to
record barn temperature and humidity, ambient temperature and humidity, and wind
speed. Supplemental ambient temperature, humidity, wind speed, and precipitation data
were collected from University of Kentucky’s Weather Center stations. Hourly ambient
temperature and relative humidity were collected from the cities of Bowling Green,
Covington, Frankfort, Fort Knox, Glasgow, Hopkinsville, Lexington, and Somerset.
Daily wind speed and precipitation were collected from the counties of Adair, Barren,
Boone, Casey, Franklin, Logan, Madison, Metcalfe, Taylor, and Warren. Stocking
density was determined by dividing the available barn area by the lactating cow number
(m2 per cow).
Herd Hygiene and Barn Analysis. In a companion study herd hygiene was
collected for each farm every 2 weeks (n = 26 visits per farm; Eckelkamp et al., 2014c) .
Hygiene evaluation was conducted using the 4-point system of Cook and Reinemann
(2007) where 1 = clean, 2 = moderate dirt, 3 = plaques of dirt with hair visible and 4 =
confluent plaques of dirt with no hair visible.
Each compost bedded pack barn was divided into 9 sections (see; Eckelkamp et
al., 2014c). At the center of each section, surface temperature was collected using an
infrared thermometer (accuracy of ± 1˚C; Fluke, model 62, Everett, WA, USA). Internal
temperature at 20.3 cm within the pack was collected using a thermocouple attachment to
the infrared thermometer (0.22 m length, accuracy of ± 2.2°C; Fluke Inc., model 87,
Everett, WA, USA). Samples of compost material were collected and stored as explained
in Eckelkamp et al. (2014c). University of Kentucky Regulatory Services laboratory
personnel evaluated moisture, P, K, Ca, Mg, Zn, Cu, Mn, and Fe concentrations by
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procedures defined by Peters et al. (2003). Nitrate (NO3N) and ammonium (NH4N) were
analyzed by University of Kentucky Soil and Plant Analysis laboratory by procedures
defined by Crutchfield and Grove (2011).
Bacterial analysis. A subset of farms (n = 4) had an additional compost sample
collected for bacterial analysis at the University of Kentucky Animal and Food Science
microbiology laboratory. Samples were collected from the surface of each of the 9
sampling locations using a 59.1 cm3 measuring cup for a 118.3 cm3 composite sample in
a 3.8 L plastic bag. Samples were stored on ice until transfer to a freezer at - 40 °C.
Samples were stored until bacterial analysis could be performed at the University of
Kentucky Animal and Food Science microbiology laboratory. Bedding was thawed at
room temperature then diluted to a 1:10 dilution using 25 g of bedding bacteria and 225 g
of 0.1% peptone solution. The dilution was hand mixed until bedding was thoroughly
suspended in peptone solution. Countable plates were acquired through further serial
dilution (102 to 105). Total coliform species were determined by addition of 1 mL of the
appropriate dilution to 3M Petrifilm Coliform Count Plates in duplicate (3M
Microbiology Products, St. Paul, MN), and incubation at 35°C for 24 h. Klebsiella
species were determined by addition of 1 mL of the appropriate dilution to each half of a
MacConkey-inositol-carbenicillin (MCIC) agar (Becton, Dickinson and Company,
Franklin Lakes, NJ) prepared according to manufacturer directions using an agar
spreader. Colony forming units (cfu) were counted manually and averaged for each
duplicate, obtaining a coliform and Klebsiella species count.
Researchers determined Streptococcus, Staphylococcus, and Bacillus species
count using TKT agar, Difco Staph 110, and Difco MYP Agar Mannitol-Egg Yolk
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Polymyxin B (Becton, Dickinson and Company, Franklin Lakes, NJ), respectively,
prepared in the lab according to manufacturer instructions. The appropriate dilution (102
to 103) was spiral plated onto two plates of each media type (Eddy Jet, IUL Instruments,
I.L.S., Leerdam, The Netherlands). Plates were incubated for 48 h at 35ºC. Colony
forming units were counted automatically using a colony counter (Flash & Go, IUL
Instruments, I.K.S., Leerdam, The Netherlands). All bacteria counts are reported in log10
cfu/g on a dry matter basis.
Clinical mastitis identification and collection. All participating farmers were
provided a kit including alcohol soaked cotton balls in a sealed container, sterile sample
collection tubes (14 ml tube with snap top, Fisher Scientific Company LLC, Hanover
Park, IL, USA), a laminated instruction sheet, and a binder containing recording material.
The instruction sheet included steps for sterile milk collection and a mastitis severity
guide adapted from Hogan et al. (1989a). Mastitis severity was reported as 1 = abnormal
milk (flakes, clots, or watery appearance) without swelling of the affected quarter, 2 =
normal or abnormal milk and swelling of the affected quarter, or 3 = abnormal milk,
swelling of the affected quarter, and systemic signs (fever, reduced rumen function,
dehydration, weakness, depression, loss of appetite, or rapid pulse; Hogan et al., 1989a,
Bramley et al., 1996). Further detail on mastitis sample culturing procedure was
described in Eckelkamp et al. (2014c).
Statistical analysis
Inclusion criteria. To limit bias from lack of data, inclusion criteria were decided
before analyses. All analyses including DHIA data required a minimum of 6 DHIA tests
on file for the study period (half the year accounted for). One farmer on DHIA test
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declined participation in the SCC analysis provided by DHIA as an additional service.
Consequently, 1 herd was excluded from high SCC prevalence and SCC analyses
because of lack DHIA somatic cell data. Several farmers on the study were not sampling
all mastitis cases. One farmer did not continue taking samples after August 2013, another
after November 2013. To include herds that were consistently sampling, reported clinical
mastitis incidence analyses required 13 weeks of data. Four herds were excluded from
the reported clinical mastitis incidence analyses because of lack of mastitis data (< 13
week of data for the year). Variables deemed biologically significant were obtained from
the literature. The CORR procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC) determined
inclusion criteria for all MIXED models (r 0.1 < 0.9, P < 0.05; Table 3.1). Variables with
an r-value greater than 0.9 were avoided because of confounding effect and less than 0.1
because of lack of effect.
Herd and pack information. The MEANS procedure of SAS was used to
determine mean (± SD) cow number, DHIA test day milk yield, stocking density, hygiene
score, BTSCC, DHIA SCC, HSP, RCMI, moisture content, 20 cm deep compost bed
internal temperature, and compost nutrient values for the study period as described in
Eckelkamp et al. (2014c). The MIXED procedure of SAS was used to develop all
models for all analyses between farms. Explanatory variables for pack moisture and 20
cm internal pack temperature were test day milk yield, maximum temperature humidity
index within the barn (BTHI), stocking density, mean weekly rain level (cm), and mean
weekly wind speed (kph). The C:N ratio for all herds across the study period was
adjusted for 5th and 95th percentile to remove the impact of extreme observations.
Variables were repeated by visit period with herd as subject. Stepwise backwards
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elimination was used to remove non-significant 2-way interactions (P ≥ 0.05). All main
effects remained in the model regardless of significance. Temperature humidity index
was calculated as described in Eckelkamp et al. (2014c).
Explanatory variables for hygiene score included pack moisture, internal
temperature, and BTHI. Bulk tank SCC, HSP, and mean herd SCC explanatory variables
were pack moisture content, 20 cm internal pack temperature, and total bacteria count.
High SCC prevalence was calculated as a herd percentage for each visit period
(Eckelkamp et al., 2014c). Hygiene score and maximum barn THI were not included in
this model to avoid confounding effects with pack moisture content. Variables were
repeated by visit period with herd as subject. Stepwise backwards elimination was used
to remove non-significant 2-way interactions (P ≥ 0.05). All main effects remained in the
model regardless of significance.
Reported clinical mastitis incidence were calculated as a herd percentage for each
visit period (see Eckelkamp et al., 2014c) . Explanatory variables for RCMI were pack
moisture and 20 cm internal pack temperature. Total bacterial count was not included in
this model because 3 of the 4 herds included lacked bacterial data. Variables were
repeated by visit period with herd as subject. Stepwise backwards elimination was used
to remove non-significant interactions (P ≥ 0.05). All main effects remained in the model
regardless of significance.
Bacterial analysis. Four herds were included in the bacterial analysis of the
compost bedded pack barns. Staphylococcus species, Streptococcus species, Klebsiella
species, Bacillus species, and total coliform counts (log10 cfu/g) analyses included
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explanatory variables of pack moisture, 20 cm internal pack temperature, C:N ratio, and
stocking density. Staphylococci bedding bacterial analyses, counts were adjusted for 5th
and 95th percentiles to remove the impact of extreme observations. Variables were
repeated by visit period with herd as subject. Stepwise backwards elimination was used
to remove non-significant interactions (P ≥ 0.05). All main effects remained in the model
regardless of significance.
Yearly changes. The GLM procedure of SAS 9.3 was used to determine
differences between compost bedded pack barns across time. Hygiene score, compost
moisture content, compost 20 cm internal temperature (°C), C:N ratio, DHIA herd
somatic cell count (cells/mL), and bulk tank somatic cell count (cells/mL) were included
in the analysis, with the LSMeans (± SE) for each barn type compared by each visit
period. Tukey’s test for multiple comparisons was used with a < 0.05 significance level.
RESULTS AND DISCUSSION
Compost Results
Temperature. The compost bedded pack barn data are presented in Table 3.2.
The mean (± SD) 20 cm internal temperature (37.6 ± 11.7°C) was below the
recommended range of 43.3 to 65.0°C (Janni et al., 2006, Bewley et al., 2013). Over the
year, 75% of the mean (± SD) 20 cm internal temperatures were within the recommended
range (43.2 ± 8.9 to 47.2 ± 6.1°C). For 3 of the 8 CBP observed, the mean temperatures
were within the recommended range (Herd A, F, and M). Fluctuations throughout the
year loosely followed the changes in ambient temperature (Figure 3.1). Mean weekly
wind speed (kph), stocking density (%), and rain level (cm), had no effect on compost

127

bedded pack 20 cm internal temperature when they were included in the MIXED model
(P = 0.67, 0.35, and 0.35 respectively). Barn THI, milk yield (kg per cow per day), and
the interaction of milk yield and barn THI were significant predictors of compost bedded
pack 20 cm internal temperature (P < 0.001, respectively). Compost bedded pack barns
require a narrow range of moisture and temperature for optional functionality. An
inverse relationship exists between moisture content in the pack and the internal
temperature. With increasing THI, an increase in internal temperature occurred (Figure
3.2). This was probably because of the greater ambient temperature allowing the pack to
maintain a greater heat level. Conversely, increasing milk yield reduced internal
temperature (Figure 3.3). This relationship was driven by the increased moisture
deposited on the pack at greater milk production. The interaction of milk yield and THI
indicated that when cows were producing > 40 kg/d, an increase in internal temperature
occurred with increasing THI. However, when production was ≥ 40 kg/d, the internal
temperature did not vary depending on THI and remained below 40°C (Figure 3.4).
Barberg et al. (2007a) reported a greater mean (± SD) internal temperature of 42.5
± 7.6°C for 12 compost barns in Minnesota. Similar to the current study, summer and
winter months altered internal temperature for compost bedded back barns in Minnesota
(31.8 to 48.1°C and 13.8 to 40.6°C, respectively; Shane et al., 2010a). Ohio researchers
reported internal pack temperatures similar to the current study from 32.2 to 48.9°C
(Zhao et al., 2012). Kentucky researchers noted a similar mean temperature for both 20.3
and 10.2 cm internal pack temperature (36.1 ± 11.0 and 32.3 ± 10.6°C, respectively;
Black et al., 2013). Galama (2011) found that compost barns in the Netherlands could
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generate internal temperatures of 40 to 50°C, although temperatures of 25 to 30°C were
more common. The current study reported similar maximum temperatures from 45.2 to
58.2°C, with the mean temperatures ranging from 29.6 to 46.4°C.
Mean C:N ratio for the study period was 20.5:1.0 (± 5.9), below the
recommended range of 25:1 to 30:1 (Table 3.3; Bewley et al., 2013). Throughout the
year, C content (%) in the compost showed little variation, with N decreasing in the
cooler months (October through February; Figure 3.5). The C:N ratio was higher during
the cooler months, which may be because of greater bedding frequency during the cooler
months to keep the moisture content of the pack within the acceptable range. Mean C:N
ratio for all but 3 herds fell within the recommended range of 25:1 to 30:1 with 2 herds
remaining below the recommended range for the duration of the study (herd H: 11.6:1 to
19.0:1 and herd M: 12.4:1 to 19.6:1). The low C:N ratio was because of the high
nitrogen content isolated from both herds (3.1 ± 0.4% and 2.7 ± 0.3%; Table 3.3).
Nitrogen is added to the pack from manure and urine added by the cows housed on the
pack. The higher N percentage may have been because of lack of tilling and daily fresh
bedding addition over from December through February in herd H and high stocking
density in herd M (102.7 ± 13.7%) increasing the amount of manure and urine added to
the same surface area (m2 per cow).
Shane et al. (2010a) reported lower than optimum ratios for summer with C:N
ratios of 13:1 to 18:1, although winter could reach optimum range at 16:1 to 26:1. Total
C was 15.3 to 17.4% in the summer and 12.7 to 20.1% in the winter, with total N 0.89 to
1.23% in the summer and 0.61 to 0.89% in the winter (Shane et al., 2010a). Overall, the
numbers reported by Shane et al. (2010a) were lower than the current study. Damasceno
129

(2012) reported higher total C at 42.7 ± 3.8% (29.8 to 47.1%) and total N of 1.6 % (0.5 to
2.5%). The highest total C was found in New York compost bedded pack barns (44.6,
38.1 to 49.0%) and total N of 1.6% (1.0 to 1.8%; Petzen et al., 2009). The mean C:N
ratio for the top 30 cm in all barns was greater in the study completed by Barberg et al.
(2007a) at 19.5:1, with the greatest concentration in the upper 15 cm (21.4:1 in top 15 cm
vs. 17.6:1 within the pack, 15 to 30 cm). Black et al. (2013) reported C:N values within
the range for good composting at 26.7 ± 7.8:1 (11.3 to 43.2:1). New York compost
bedded pack barns exhibited the highest C:N ratio (29.1, 21.5 to 45.1; Petzen et al.,
2009). Ohio researchers reported a wide range for C:N ratio (9 to 36). Researchers
suggested this volatility was due to continuous addition of urine and feces to the pack
area (Zhao et al., 2012). However, that volatility was not seen in the other U.S. compost
bedded pack barns or in the current study.
Moisture. Mean moisture content over the year for all compost bedded pack
barns was 59.9 ± 6.6%, within the recommended range of 40 to 65% (NRAES-54, 1992;
Table 3.3). Kentucky compost barns (n = 42) in a previous study were maintained at a
similar moisture content of 56.1 ± 12.4% (Black et al., 2013). Minnesota compost barns
(n = 12) fell within the recommended range with an average moisture content for the top
15 cm and the lower 15 to 30 cm of 50.7 and 56.7 ± 8.8%, respectively (Janni et al.,
2006, Barberg et al., 2007a). Moisture content in the current study was unaffected by
milk yield (P = 0.27), stocking density (P = 0.29), wind speed (P = 0.14), or rain level (P
= 0.23). Ambient weather dictated the moisture content of the compost bedded pack
barns (Figure 3.6). As temperature humidity index in the barn decreased, pack moisture
content increased (P = 0.001; Figure 3.7). The increase in pack moisture may be because
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of the decrease in ambient temperature accompanying the decrease in THI (see Equation
3.1). Previous research and industry standards (Bewley et al., 2013) reported low
ambient temperatures associated with the winter season were inhospitable to compost
barn establishment. Dairy producers and researchers also noted difficulty in maintaining
a clean and dry barn environment in the winter season, when temperatures were lower
(Barberg et al., 2007b). Unlike the current study, 6 Minnesota compost bedded pack
barns remained on the lower end of the recommended range during winter and summer
(29.6 to 41.9% and 36.0 to 45.8%, respectively; Shane et al., 2010a). Compost barns in
the Netherlands were maintained at a lower moisture content of 30 to 40% (Galama,
2011). Farmers in Nova Scotia managed compost barns for a level below 30% moisture
(LeBlanc and Anderson, 2013). Nova Scotia barns did not heat well, which could be
partially due to lack of water for microbial proliferation, slowing the compost rate
(Bewley et al., 2013, LeBlanc and Anderson, 2013).
Cow Results
Cleanliness. All herd data is reported in a companion paper (Eckelkamp et al.,
2014c). Each herd’s mean (± SD) cleanliness and mastitis indicators are reported in
Table 3.4. Overall, herd hygiene score remained below a score of 3 (solid plaques of dirt
with hair visible) (mean (± SD) 2.23 ± 0.25, 1.64 to 2.85; Figure 3.8). Black et al. (2013)
reported a similar hygiene score of 2.2 ± 0.7 (n = 1,699 cows) for compost bedded pack
barns in Kentucky. Shane et al. (2010a) found a mean HS of 3.1 (range 2.2 to 3.8) for all
cows housed in Minnesota CBP with several different bedding materials. A slightly
lower mean hygiene score (2.66 ± 0.19) was reported by Barberg et al. (2007b). Herd
hygiene score in the current study was unaffected by 20 cm internal pack temperature (P
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= 0.17). However, pack moisture content and THI within the barn were predictors of
herd hygiene score (P < 0.001 and 0.02, respectively). With increasing pack moisture
content, herd hygiene score increased drastically (Figure 3.9). As material increases in
moisture, it adheres more easily to cattle, increasing hygiene score. Minnesota dairy
producers and researchers also noted a difficulty in maintaining a clean and dry barn
environment in the winter season, when moisture content was greater (Barberg et al.,
2007b). Lobeck et al. (2011) found that animals housed in compost barns exhibited
greater overall hygiene score than sand bedded cross-ventilated and naturally ventilated
freestall barns (3.18, 2.83, and 2.77; P = 0.02 and P = 0.01, respectively). The increase
was because of greater winter hygiene scores in compost barns than in sand bedded crossventilated and naturally ventilated freestall barns (P < 0.01 and P = 0.03, respectively;
Lobeck et al., 2011). Temperature humidity index had the opposite relationship with
hygiene score. With increasing THI, herd hygiene score decreased (Figure 3.10). As
reported previously, pack moisture also decreased with increasing THI (Figure 3.7).
Because pack moisture influences herd hygiene score, the carryover effect of THI drying
the pack leads to less material adhering to the cows, decreasing the herd hygiene score.
Mastitis indicators. Pack moisture content (%), 20 cm internal pack temperature
(°C), and THI had no effect on reported clinical mastitis incidence (P = 0.66, 0.49, and
0.64) or directly on bulk tank SCC (P = 0.93, 0.05, and 0.21). However, the interaction
of 20 cm internal pack temperature and THI was a significant predictor of BTSCC (P =
0.03; Figure 3.11). Bulk tank SCC remained below 300,000 cells/mL, with increasing
THI corresponding to increased BTSCC except when compost 20 cm internal
temperature was 10°C. This result should be interpreted with caution, as compost
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temperatures rarely dropped to 10°C at greater THI. Temperature humidity index was a
significant predictor of herd SCC (P < 0.001) and high SCC prevalence (P = 0.005),
while 20 cm internal pack temperature and compost moisture content were not significant
predictors (SCC, P = 0.70 and 0.40; HSP, P = 0.81 and 0.05). Herd SCC and high SCC
prevalence both increased with increasing THI (Figure 3.12 and 3.13). The interaction of
compost moisture content and THI was a significant predictor of high SCC prevalence (P
= 0.02). With increasing moisture content and increasing THI, the high SCC prevalence
increased (Figure 3.14). Hygiene score has a positive correlation with SCC (Ruegg and
Schreiner, 2002). As reported previously, hygiene score increased with increasing
moisture, indicating that SCC would also increase with increasing moisture content.
In a companion study Eckelkamp et al. (2014c) reported no effect of herd hygiene
score or THI on herd SCC, bulk tank SCC, high SCC prevalence, or reported clinical
mastitis incidence (P ≥ 0.05). Mean (± SD) herd SCC was 254,614.75 ± 107,386.34
cells/mL, above the 2013 Kentucky state average of 237,000 cells/mL (Norman and
Walton, 2013). In a previous Kentucky study (n = 42 barns), the 2010 somatic cell count
was 252,860 cells/mL in Kentucky compost bedded pack housed cows, below the 2010
state average of 313,000 cells/mL (Black et al., 2014). In the current study, herd somatic
cell count remained below 500,000 cells/mL for all but 2 of the 8 herds for the duration
of the current study (Herd J and P), with all but 2 herd means remaining below 300,000
cells/mL (Herd F and P). Somatic cell count was only reported for the summer months in
one Minnesota study (n = 6 barns) (range 224,000 to 729,000 cells/mL; Shane et al.,
2010a). In an additional Minnesota study (n = 12 barns), Barberg et al. (2007b) reported
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mean SCC as 325,000 ± 172,000 cells/mL. Ohio dairy herds housed in compost barns
reported the lowest mean SCC of 144,000 to 188,000 over a year (Zhao et al., 2012).
Mean (± SD) herd high SCC prevalence (% of herd infected) was 23.1 ± 9.3%.
The greatest high SCC prevalence existed in Herd F (mean ± SD = 37.7 ± 12.9%; max =
62.0%), with the study period mean remaining below 30.0% for all but 2 herds (Herd F
and P). This corresponds to the greater herd SCC, which was expected as high SCC
prevalence was dependent on the percentage of cows in a herd with a SCC ≥ 200,000
cells/mL. Similarly, the greatest producer reported clinical mastitis incidence (% of herd
infected) was seen in Herd F (mean ± SD = 2.4 ± 1.3%), with Herd P (2.1 ± 1.3%) being
excluded from the analyses due to insufficient data. At the beginning of the study period,
Herd F suffered an outbreak of Staphylococcus aureus mastitis, a contagious pathogen.
This may have caused the increase in herd SCC, herd high SCC prevalence, and producer
reported clinical mastitis incidence relative to the other 7 herds in the study. The mean
high SCC prevalence was greater in Minnesota compost bedded pack barn than the
current study (27.7% and 33.4% vs. 23.1%; Barberg et al., 2007b, Lobeck et al., 2011).
Bedding Bacteria Results
Bedding bacteria counts were 7.22 ± 0.72 log10 cfu/g, 6.34 ± 0.50 log10 cfu/g, 7.74
± 0.62 log10 cfu/g, 4.52 ± 1.15 log10 cfu/g, 6.20 ± 0.62 log10 cfu/g on a dry matter basis
for Streptococcal species, Staphylococcal species, Bacillus species, Klebsiella species,
and coliform species, respectively (Table 3.5). Except for Klebsiella species, all means
were above the threshold of mastitis infection for bedding bacteria (6 log10 cfu/g of
bedding; Carroll and Jasper, 1978, LeBlanc and Anderson, 2013). Fairchild et al. (1982)
suggested that high bacterial populations (> 6 log10 cfu/g) did not definitively lead to
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udder infection under good management conditions. The lack of difference in DHIA
herd somatic cell count, BTSCC, high SCC prevalence, and reported clinical mastitis
incidence between the 8 compost bedded pack barns on this study and 7 sand bedded
freestall barns in a companion study seems to support this claim (Eckelkamp et al.,
2014c).
Total bacterial count was 5.2 ± 5.1 log10 cfu/g of dry matter in compost barns in
Minnesota, whereas Kentucky compost barns counts were 8.2 ± 0.4 log10 cfu/g of dry
matter. The differences may be because of changes in location, sampling technique, or
sampling schedule, with the current study taking samples every 2-week period, unlike the
previous studies (once a season in Minnesota and once per barn in Kentucky). The levels
of pathogens differed between the two states with 10.70 vs. 1.86% coliforms, 39.40 vs.
20.61% environmental streptococci, 17.40 vs. 52.28% environmental staphylococci, and
32.50 vs. 25.25% bacillus species for Minnesota and Kentucky, respectively (Barberg et
al., 2007a, Black et al., 2014). Lobeck et al. (2012) compared bedding samples from
low-profile cross-ventilated sand freestall barns, naturally ventilated sand freestall barns,
and compost bedded pack barns. Overall, no differences were observed among housing
systems for geometric means of coliforms (4.78, 4.43, and 4.32 log10 cfu/g),
environmental streptococci species (3.48, 3.48, and 3.70 log10 cfu/g), and Staphylococcus
species (4.04, 0.00, and 0.00 log10 cfu/g) for compost bedded pack barns, low-profile
cross-ventilated sand freestall barns, and naturally ventilated sand freestall barns (Lobeck
et al., 2012).
Coliform species. Coliform bacteria, a common cause of chronic environmental
mastitis, are present in manure and bedding (Bramley et al., 1996, Zdanowicz, 2002,
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Verbist et al., 2011). Coliform counts were relatively stable over the year, fluctuating
between mean counts of 6 to 7 log10 cfu/g (Figure 3.15). Total coliform counts (log10
cfu/g) experienced a slight increase as 20 cm internal pack temperature increased (P =
0.02; Figure 3.16). Stocking density, pack moisture content, and C:N ratio had no
significant effect on coliform counts (P = 0.65, 0.10, and 0.76). When 20 cm internal
temperature and pack moisture content were considered together, total coliform counts
changed depending on 20 cm internal temperature (P = 0.02; Figure 3.17). Below 60%
moisture, total coliform counts decreased with increasing 20 cm internal temperature. At
or above 60% moisture, total coliform counts increased with increasing 20 cm internal
temperature. The lowest and highest coliform counts occurred at 10°C when pack
moisture was 70 and 40%, respectively (5.8 and 7.4 log10 cfu/g). At all 20 cm internal
temperatures, 60% pack moisture content maintained a relatively stable coliform count
(6.3 to 6.4 log10 cfu/g from 10 to 58°C). At low temperatures, high moisture content may
be inhospitable to coliform growth, whereas high moisture content at high temperatures
promoted coliform growth.
Black et al. (2014) reported similar findings, with internal temperature positively
correlated with coliform count (r = 0.42, P < 0.05). Additionally, pack moisture was
negatively correlated with coliform count (r = -0.34, P < 0.05). However, when a
MIXED model was run, none of the explanatory variables affected coliform counts.
Black (2013) suggested that the lack of significance indicated that managing compost
bedded pack barns for recommended values may not alter coliform counts in the pack
material. Conversely, the current study showed that increasing compost bedded pack
barn 20 cm internal temperature would moderately increase the coliform bacteria in the
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pack. The significance in the current study may be because of similarity between
compost barns and a controlled study, unlike Black (2013). The same may be true for the
response of coliform bacteria to an interaction of 20 cm internal temperature and pack
moisture content. Shane et al. (2010a) noted similar behavior with coliforms increasing
in the summer (5.29 log10 cfu/g) compared to the winter (4.61 log10 cfu/g), corresponding
to warmer internal pack temperatures and lower moisture content in the summer
compared to the winter.
Magnusson et al. (2007) reported coliforms were prevalent in the top 10 cm and
on the surface of sawdust freestall bedding (6.4 ± 0.10 and 6.2 ± 0.13 log10 cfu/g,
respectively; P < 0.001). In another freestall study, total coliform counts were higher in
sawdust (6.61 log10 cfu/g) and newspaper (4.94 log10 cfu/g) than in sand (< 3 log10 cfu/g)
and lime (< 3 log10 cfu/g; Fairchild et al., 1982). The coliform counts in the current study
were similar to the coliform counts in sawdust freestall bedding.
Klebsiella species count, a subset of the total coliforms, had no significant
relationship with pack moisture (P = 0.83), 20 cm internal temperature (P = 0.48), C:N
ratio (P = 0.30), or stocking density (P = 0.84). Klebsiella species means over the year
were more volatile than total coliforms, ranging from 2.25 to 6.54 log10 cfu/g (Figure
3.18). The volatility could be because of differences in bedding materials used on each
farm. Klebsiella pneumoniae increased from 0 to 72 h from inoculation count in clean
sand, recycled sand, post-digested manure solids, and wood shavings (1.07 ± 0.84, 1.91 ±
0.57, 3.16 ± 0.23, and 1.44 ± 0.79 log10 cfu/g, respectively; Godden et al., 2008).
Similarly, Klebsiella species counts were higher in sawdust (6.53 log10 cfu/g) and
newspaper (4.40 log10 cfu/g) than in sand (< 3 log10 cfu/g) and lime (< 3 log10 cfu/g). In
137

both studies, lime and sand exhibited a pH outside the acceptable growth range for
coliforms and offered a lack of nutrients and moisture (Fairchild et al., 1982).
Newman and Kowalski (1973) intimated that green sawdust bedding increased
Klebsiella species and mastitis incidence. However, Verbist et al. (2011) reported that
most Klebsiella pneumoniae were isolated from feces (125 isolates) and not from used
sawdust bedding (20 isolates) or unused sawdust bedding (6 isolates). During the same
study, only 2 isolates of K. pneumoniae were found from all mastitis samples (n = 2,644),
occurring in two cows from a single herd, with 5 herds remaining free of Klebsiella
pneumoniae. They concluded that K. pneumoniae could be prevalent in the environment
without causing mastitis (Verbist et al., 2011). All of these studies indicate that
Klebsiella species and coliform species are present in shavings, sawdust, and postdigested manure solids. However, the counts from the current study were greater than
those isolated by Godden et al. (2008).
Streptococcus species. Streptococcus dysgalactiae and S. uberis are two wellknown mastitis-causing pathogens referred to as environmental streptococci. They are
present in the environment of the cow, including the lying surface bedding (Bramley et
al., 1996). Similar to total coliform counts, streptococcus species counts responded to 20
cm internal pack temperature (P = 0.01), but not pack moisture content (P = 0.12), C:N
ratio (P = 0.58), or stocking density (P = 0.68). As compost 20 cm internal pack
temperature increased, streptococcus species counts decreased (Figure 3.19). Over the
year, streptococcus species counts were greatest from November 2013 to February 2014,
when the 20 cm internal temperatures were lowest (Figure 3.20). Conversely, Black et al.
(2014) reported no effect of 20 cm internal pack temperature on streptococcus species
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counts. Streptococcus species in the compost bedding exhibited a moderate negative
correlation with space per cow (m2 per cow; r = -0.38; P < 0.05). Changes in pack
moisture content and C:N ratio altered streptococcus species counts. Reduction in
streptococcus species concentration occurred in a low moisture and high C:N ratio
environment, but increased in a low moisture and a C:N ratio between 20:1 and 22:1 (P <
0.05, respectively).
Black (2013) recommended managing for low pack moisture conditions to
decrease streptococcal species growth. Managing for decreased moisture and increased
internal pack temperature may limit streptococcus species growth based on both
Kentucky compost bedded pack barn studies. Shane et al. (2010a) reported that
streptococcus species increased in winter, agreeing with the results of the current study
and not those of Black et al. (2014), as 20 cm internal temperature was decreased, and
C:N ratio and pack moisture content were high (7.20 vs. 6.52 log10 cfu/g).
Staphylococcus species. Staphylococcus species cause contagious and
environmental mastitis infections. Staphylococcus aureus is a highly contagious mastitis
pathogen (Jain, 1979, Barkema et al., 2006). Coagulase-negative staphylococci are
generally opportunistic invaders of the udder present on the teat skin and in the teat canal
(Bramley et al., 1996, Pitkälä et al., 2004). Staphylococcus species experienced a slight
decrease with increasing 20 cm internal pack temperature (P = 0.01; Figure 3.21). Over
the year, the lowest staphylococcus species counts were present in the summer months
(Figure 3.22). Staphylococcus species counts were not affected by pack moisture
content, C:N ratio, or stocking density (P = 0.38, 0.60, and 0.19, respectively). Unlike
the current study, Black et al. (2014) noted staphylococcus species counts held a positive
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correlation with ambient temperature and negative correlations with moisture and C:N
ratio (r = 0.52, -0.44, and -0.52; P < 0.05, respectively). When the effects were modeled,
only ambient temperature had a significant effect (P < 0.05). With increasing ambient
temperature, staphylococcus species increased (Black et al., 2014). Internal compost
temperature was not significantly affected by ambient temperature in the current study.
However, the 20 cm internal temperature was greater during the warmer months than the
cooler months over the year.
Bacillus species. Bacillus species responded to changes in 20 cm internal pack
temperature and C:N ratio (P = 0.03 and 0.02, respectively), but not to pack moisture
content or stocking density (P = 0.93 and 0.81, respectively). With increasing 20 cm
internal temperature, bacillus counts within the pack decreased (Figure 3.23). Conversely
with increasing C:N ratio, bacillus counts within the pack increased (Figure 3.24). Over
the year, bacillus species counts were greatest from November 30, 2013 to March 6,
2014, corresponding to the lower 20 cm internal temperatures present during that period
(Figure 3.25). All farms monitored by Shane et al. (2010a) produced greater Bacillus ssp.
counts in summer than in winter (6.12 vs. 4.17 log10 cfu/g, respectively). Unlike the
current study, bacillus species counts increased at warmer internal temperatures and
lower C:N ratios that occurred in summer. In a previous Kentucky study, when ambient
temperature was low (-3°C), Bacillus spp. increased when space per cow decreased
below 8 m2 per cow and moisture increased over 34%, and when moisture and C:N ratio
decreased below 38% and 23:1. At high ambient temperatures (27°C), Bacillus ssp.
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increased under several different conditions: C:N ratio below 16:1 and moisture above
66%, moisture below 33% and C:N ratio over 37:1, and moisture below 31% and space
per cow above 11 m2 per cow (Black et al., 2014).
Black et al. (2014) suggested managing a dry lying surface promoted cleaner
cows and decreased SCC. Barberg et al. (2007a), Klaas and Bjerg (2011), and Shane et
al. (2010a) agreed that the high bacterial counts of mastitis causing pathogens in CBP
reinforced the need for excellent milking procedures. The companion study by
Eckelkamp et al. (2014c) outlined the milking procedure used on the eight compost
bedded pack barns included in the current study. Additionally, the study inclusion
criteria selected for dairy producers maintaining low SCC herds. These criteria limited
the study to well-managed herds which may be why no differences between compost
bedded pack barn herds and sand bedded freestall barn herds was seen in the companion
study (Eckelkamp et al., 2014c).
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CONCLUSIONS
Similar to previous research, compost bedded pack barn moisture, temperature,
C:N ratio, and space per cow management did not ensure reduction in bacteria levels.
Hygiene in the study herds was indicative of the compost bedded pack barns ability to
maintain adequate cleanliness, corresponding to the overall low levels of subclinical and
clinical mastitis infection in the compost bedded pack barn herds included in this study.
Herd and bulk tank somatic cell counts were below 300,000 cells/mL, and unaffected by
the pack moisture content, 20 cm internal pack temperature, or the mean total bacteria
count of the bedding. Pack moisture was affected by temperature humidity index,
stocking density, and rain level, reinforcing the need to avoid overcrowding in compost
bedded pack barns, and build the compost bedded pack barns according to industry
recommendations.
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Table 3.1. List of correlations and significance levels (CORR procedure in SAS 9.3) for the variables1 included in GLM and
MIXED analyses. Data was corrected for the 5 and 95th percentiles of carbon and nitrogen ratio and Staphylococci species
counts to remove the impact of extreme observations. Correlations are the top number with the P-value below.
Temp
C:N
H2O
THI
Wind
Rain
MY
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StD
Hyg
SCC
BSC
HSP
CM
Tcol
Kleb
Strep
Staph
Baci

Temp
1.00

C:N
-0.34
<0.01
1.00

H2O
-0.78
<0.01
0.52
<0.01
1.00

THI
0.66
<0.01
-0.49
<0.01
-0.80
<0.01
1.00

Wind
-0.59
<0.01
0.44
<0.01
0.61
<0.01
-0.67
<0.01
1.00

Rain
-0.03
0.82
-0.02
0.84
-0.01
0.95
0.07
0.53
0.13
0.25
1.00

MY
-0.06
0.65
0.15
0.26
0.21
0.13
-0.51
<0.01
0.28
0.04
-0.21
0.13
1.00

StD
-0.30
0.01
-0.10
0.42
0.41
<0.01
-0.44
<0.01
0.29
0.01
-0.02
0.87
0.49
<0.01
1.00

Hyg
-0.62
<0.01
0.31
0.01
0.60
<0.01
-0.65
<0.01
0.61
<0.01
-0.20
0.08
0.41
<0.01
0.39
<0.01
1.00

SCC
-0.03
0.84
0.16
0.31
-0.09
0.55
0.34
0.02
-0.08
0.62
-0.09
0.56
-0.51
<0.01
-0.75
<0.01
-0.04
0.81
1.00

BSC
0.08
0.50
0.09
0.42
-0.21
0.07
0.43
<0.01
-0.20
0.09
0.04
0.72
-0.48
<0.01
-0.65
<0.01
-0.21
0.07
0.86
<0.01
1.00

HSP
-0.05
0.75
0.15
0.33
-0.06
0.71
0.33
0.03
-0.17
0.28
-0.11
0.47
-0.54
<0.01
-0.79
<0.01
-0.07
0.66
0.96
<0.01
0.89
<0.01
1.00

CM
-0.16
0.40
-0.19
0.32
-0.04
0.85
0.10
0.60
0.14
0.48
0.11
0.58
-0.49
0.02
-0.34
0.07
-0.13
0.51
0.22
0.41
0.15
0.45
0.22
0.42
1.00

Tcol
0.00
0.98
-0.10
0.39
0.10
0.37
-0.01
0.96
-0.16
0.18
-0.01
0.90
0.03
0.81
0.16
0.19
-0.23
0.05
-0.16
0.30
0.06
0.62
-0.08
0.60
0.09
0.63
1.00

Kleb
-0.16
0.17
-0.09
0.45
0.24
0.04
-0.19
0.11
-0.01
0.95
-0.10
0.39
0.16
0.25
0.43
<0.01
-0.01
0.93
-0.26
0.09
-0.19
0.11
-0.25
0.11
-0.13
0.51
0.64
<0.01
1.00

Strep
-0.60
<0.01
0.28
0.01
0.64
<0.01
-0.38
<0.01
0.33
<0.01
-0.02
0.84
<0.01
0.98
0.23
0.05
0.23
0.05
0.15
0.33
0.08
0.51
0.21
0.18
0.18
0.34
0.41
<0.01
0.27
0.02
1.00

Staph
-0.29
0.01
-0.30
0.01
0.09
0.46
-0.17
0.14
-0.11
0.36
-0.12
0.32
-0.05
0.70
0.13
0.29
0.19
0.10
0.08
0.59
0.03
0.78
0.17
0.27
<0.01
0.99
0.30
0.01
0.29
0.01
0.26
0.03
1.00

Baci
-0.66
<0.01
0.25
0.03
0.70
<0.01
-0.59
<0.01
0.44
<0.01
-0.01
0.90
0.20
0.15
0.55
<0.01
0.46
<0.01
-0.08
0.59
-0.17
0.15
-0.04
0.81
-0.25
0.20
0.34
<0.01
0.54
<0.01
0.67
<0.01
0.30
0.01
1.00

Table 3.1. cont.
1

Temp = the mean 20 cm internal temperature (°C) of 8 compost bedded pack barns in Kentucky from May 2013 to May 2014.

C:N = the mean carbon and nitrogen ratio of 8 compost bedded pack barns in Kentucky from May 2013 to May 2014.
H2O = the mean moisture content (% moisture on an as-is basis) of 8 compost bedded pack barns in Kentucky from May 2013 to
May 2014.
THI = the mean temperature humidity index for each 2-week visit period of 8 compost bedded pack barns in Kentucky from May
2013 to May 2014.
Wind = the mean wind speed (kph) over 8 compost bedded pack barns in Kentucky for each 2-week visit period from May 2013 to
May 2014.
Rain = the mean rainfall (cm) near 8 compost bedded pack barns in Kentucky for each 2-week visit period from May 2013 to May
2014.
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MY = the mean test day milk yield (kg per cow per day) of cows housed in 8 compost bedded pack barns in Kentucky from May
2013 to May 2014.
Std = the mean stocking density of herds housed in 8 compost bedded pack barns from May 2013 to May 2014. Stocking density
was based on 9.3 m2 per cow equal to 100%.
Hyg = the mean hygiene score of cows housed in compost bedded pack barns using the 4-point system of Cook and Reinemann
(2007) where 1 = clean, 2 = moderate dirt, 3 = plaques of dirt with hair visible and 4 = confluent plaques of dirt with no hair
visible.
SCC = Dairy Herd Information Association herd somatic cell count (cells/mL) of herds housed in 8 compost bedded pack barns in
Kentucky from May 2013 to May 2014.
BSC = the mean bulk tank somatic cell count (cells/mL) of herds housed in 8 compost bedded pack barns in Kentucky from May
2013 to May 2014.
HSP = the mean high SCC prevalence (% of herd with somatic cell count ≥ 200,000 cells/mL) of herds housed in 8 compost
bedded pack barns in Kentucky from May 2013 to May 2014.

Table 3.1. cont.
CM = the mean weekly reported clinical mastitis incidence (% of herd with a clinical case of mastitis) of herds housed in 8 compost
bedded pack barns in Kentucky from May 2013 to May 2014.
Tcol = the mean total coliform counts (log10 cfu/g) from bedding samples of 4 compost bedded pack barns in Kentucky from May
2013 to May 2014.
Kleb = the mean Klebsiella species counts (log10 cfu/g) from bedding samples of 4 compost bedded pack barns in Kentucky from
May 2013 to May 2014.
Strep = the mean Streptococcus species counts (log10 cfu/g) from bedding samples of 4 compost bedded pack barns in Kentucky
from May 2013 to May 2014.
Staph = the mean Staphylococcus species counts (log10 cfu/g) from bedding samples of 4 compost bedded pack barns in Kentucky
from May 2013 to May 2014.
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Baci = the mean Bacillus species counts (log10 cfu/g) from bedding samples of 4 compost bedded pack barns in Kentucky from
May 2013 to May 2014.

Table 3.2. Mean, standard deviation, maximum, and minimum values for compost bedded pack moisture (%), carbon (%),
nitrogen (%), phosphorous (%), potassium (%), calcium (%), magnesium (%), zinc (ppm), copper (ppm), manganese
(ppm), iron (ppm), nitrate (ppm), and ammonium (ppm) content of compost bedded pack barn material collected from 8
Kentucky compost bedded pack barns from May 2013 to May 2014 (n = 26 visits per barn over the year).
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Variable

N

Mean

Standard deviation

Maximum

Minimum

Moisture (%)

207

59.94

6.60

44.00

79.00

Carbon (%)

207

43.91

2.17

33.78

54.40

Nitrogen (%)

207

2.29

0.56

0.93

3.75

Phosphorous

207

0.53

0.14

0.22

0.85

Potassium (%)

207

1.74

0.48

0.69

2.97

Calcium (%)

207

1.73

0.47

0.72

3.23

Magnesium (%)

207

0.58

0.17

0.26

1.02

Zinc (ppm)

207

155.82

52.17

48.56

309.71

Copper (ppm)

207

38.29

20.66

8.12

244.76

Manganese (ppm)

207

224.34

153.90

102.60

2,256.19

Iron (ppm)

207

1,288.75

866.38

360.31

7,445.34

Nitrate (ppm)

207

38.03

23.63

11.23

251.15

Ammonium (ppm)

207

36.71

79.24

0.83

701.88

Table 3.3. Mean (± SD) and range of compost bedded pack moisture content (%), 20 cm internal pack temperature (°C),
and carbon and nitrogen ratio (C:N ratio) for 8 Kentucky compost bedded pack barns from May 2013 to May 2014 (n = 26
visits per barn over the year.

Farm
Code

Moisture content (%)

20 cm internal pack temperature (°C)

C:N ratio
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Mean (± SD)

Range

Mean (± SD)

Range

Mean (± SD)

Range

P

60.4 (± 5.7)

51.0 to 70.0

29.6 (± 11.7)

9.7 to 46.1

22.5:1.0 (± 4.4)

16.9:1.0 to 32.6:1.0

J

61.1 (± 4.9)

53.0 to 69.0

32.2 (± 6.4)

20.4 to 45.2

21.1:1.0 (± 4.2)

14.1:1.0 to 31.0:1.0

H

63.6 (± 7.7)

50.0 to 79.0

33.0 (± 12.8)

9.6 to 48.5

14.8:1.0 (± 2.4)

11.6:1.0 to 19.0:1.0

N

62.7 (± 5.2)

54.0 to 71.0

35.2 (± 10.8)

16.1 to 49.8

17.7:1.0 (± 3.2)

14.3:1.0 to 24.1:1.0

K

59.6 (± 6.1)

51.0 to 72.0

37.3 (± 12.0)

9.9 to 52.2

23.6:1.0 (± 8.5)

16.2:1.0 to 51.3:1.0

M

54.0 (± 5.5)

45.0 to 64.0

43.5 (± 6.8)

21.9 to 54.0

15.8:1.0 (± 2.0)

12.4:1.0 to 19.6:1.0

A

59.3 (± 7.3)

44.0 to 71.0

43.8 (± 12.1)

15.5 to 58.2

26.9:1.0 (± 5.6)

19.6:1.0 to 41.5:1.0

F

58.8 (± 6.0)

48.0 to 70.0

46.4 (± 7.8)

28.5 to 55.1

21.7:1.0 (± 2.7)

16.8:1.0 to 26.9:1.0

Table 3.4. Mean (± SD) and range for Dairy Herd Information Association herd somatic cell count (cells/mL), herd high
somatic cell count prevalence (% of herd), herd reported clinical mastitis incidence (% of herd), and herd hygiene for 8
Kentucky herds housed in compost bedded pack barns from May 2013 to May 2014 (n = 26 visits per barn over the year).

Farm
Code

Herd hygiene score1

DHIA herd somatic cell count (×
1,000 cells/mL)
Mean (± SD)
Range
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Mean (± SD)

Range

4

A

2.2 (± 0.2)

1.9 to 2.6

M

2.2 (± 0.2)

1.8 to 2.5

160.2 (± 68.2)

84.0 to 332.0

H

2.3 (± 0.3)

1.8 to 2.7

179.8 (± 31.3)

K

2.0 (± 0.2)

1.6 to 2.4

N

2.1 (± 0.3)

J

--

--

Herd high SCC prevalence2
(% of herd)
Mean (± SD)
Range
--

Herd reported clinical mastitis
incidence3 (% of herd)
Mean (± SD)
Range

--

0.8 (± 0.7)

0.4 to 2.7

14.6 (± 3.8)

9.0 to 20.0

0.7 (± 0.6)

0.2 to 1.8

143.0 to 227.0

17.6 (± 2.8)

13.0 to 21.0

0.5 (± 0.5)

0.1 to 2.6

205.9 (± 63.2)

126.0 to 319.0

20.7 (± 5.0)

12.0 to 30.0

0.5 (± 0.3)

0.3 to 1.1

1.7 to 2.6

240.7 (± 102.0)

105.0 to 418.0

20.5 (± 5.7)

11.0 to 30.0

1.5 (± 0.9)

0.5 to 3.7

2.4 (± 0.2)

1.9 to 2.9

290.0 (± 106.9)

170.0 to 504.0

21.7 (± 6.5)

15.0 to 31.0

1.6 (± 1.1)

0.4 to 3.4

F

2.3 (± 0.3)

1.9 to 2.6

314.0 (± 99.3)

218.0 to 483.0

37.3 (± 12.9) 27.0 to 62.0

2.4 (± 1.3)

0.5 to 5.1

P

2.3 (± 0.2)

1.9 to 2.8

365.6 (± 70.7)

279.0 to 512.0

32.4 (± 5.2)

2.1 (± 1.3)

0.3 to 4.2

24.0 to 41.0

1

Hygiene score of cows housed in compost bedded pack barns was collected using the 4-point system of Cook and Reinemann
(2007) where 1 = clean, 2 = moderate dirt, 3 = plaques of dirt with hair visible and 4 = confluent plaques of dirt with no hair
visible.
2

High SCC prevalence calculated as the percent of herd with a DHIA somatic cell score ≥ 200,000 on the test day

3

Herd reported clinical mastitis incidence calculated from the total incidence of mastitis divided by the lactating herd number for
the visit period divided by 2 to adjust the result to a weekly basis (each visit period = 1 fortnight)
4

Herd A was excluded from DHIA herd somatic cell count and herd high SCC prevalence analyses because of lack of somatic cell
count data.

Table 3.5. Mean (± SD) and range for total coliform species, Klebsiella species, Streptococcus species, Staphylococcus
species, and Bacillus species bedding bacterial counts (log10 cfu/g) for 4 Kentucky compost bedded pack barns from May
2013 to May 2014 (n = 26 visits per barn over the year).

Total coliform species
(log10 cfu/g)
Farm
Code

Mean

Klebsiella species
(log10 cfu/g)
Mean

Range
(± SD)

Streptococcus species
(log10 cfu/g)
Mean

Range
(± SD)

Staphylococcus
species (log10 cfu/g)
Mean

Range
(± SD)

Bacillus species
(log10 cfu/g)
Mean

Range
(± SD)

Range
(± SD)
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A

6.1 (± 0.7)

4.8 to 7.1

4.1 (± 0.9)

2.3 to 6.2

7.2 (± 0.9)

5.1 to 8.3

6.1 (± 0.6)

5.4 to 7.5

7.5 (± 0.7)

6.5 to 8.5

K

6.6 (± 0.4)

5.7 to 7.4

5.4 (± 0.9)

3.4 to 6.5

7.5 (± 0.6)

6.2 to 8.2

6.4 (± 0.6)

5.0 to 7.8

8.1 (± 0.5)
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Figure 3.1. Mean (± SD) compost bedded pack barn 20 cm internal temperature (°C) for 8 Kentucky compost bedded pack

barns at each visit period (n = 26 visits per barn) from May 2013 to May 2014.
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Figure 3.2. Maximum barn temperature humidity index as a predictor of compost bedded pack barn 20 cm internal
temperature (°C) from May 2013 to May 2014 (n = 26 visits per barn over the year).
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Figure 3.3. Mean milk yield per cow (kg/d) as a predictor of compost bedded pack barn 20 cm internal temperature (°C)
from May 2013 to May 2014 (n = 26 visits per barn over the year).
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Figure 3.4. Interaction of maximum temperature humidity index in the barn and mean milk yield per cow (kg/d)1 as a
predictor of compost bedded pack 20 cm internal temperature (°C) isolated from 8 Kentucky compost bedded pack barns
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at each visit period (n = 26 visits per barn) from May 2013 to May 2014.
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Figure 3.5. Mean (± SD) compost bedded pack barn carbon and nitrogen ratio (C:N ratio) for 8 Kentucky compost bedded

pack barns at each visit period (n = 26 visits per barn) from May 2013 to May 2014.
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Figure 3.6. Mean (± SD) compost bedded pack barn moisture content (%) for 8 Kentucky compost bedded pack barns at

each visit period (n = 26 visits per barn) from May 2013 to May 2014.
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Figure 3.7. Maximum barn temperature humidity index as a predictor of compost bedded pack barn moisture content (%)
from May 2013 to May 2014 (n = 26 visits per barn over the year).
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Figure 3.8. Mean (± SD) herd hygiene score1 for 8 Kentucky compost bedded pack barn housed herds at each visit period
(n = 26 visits per barn) for May 2013 to May 2014.
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Herd hygiene score collected using the 4-point system of Cook and Reinemann (2007) where 1 = clean, 2 = moderate dirt, 3 =
plaques of dirt with hair visible, and 4 = confluent plaques of dirt with no hair visible. Fifty cows in each herd were scored at each
visit.

Figure 3.9. Compost bedded pack barn moisture content (%) as a predictor of mean herd hygiene score1 for 8 Kentucky
compost bedded pack barn housed herds at each visit period (n = 26 visits per barn) for May 2013 to May 2014.
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Herd hygiene score collected using the 4-point system of Cook and Reinemann (2007) where 1 = clean, 2 = moderate dirt, 3 =
plaques of dirt with hair visible, and 4 = confluent plaques of dirt with no hair visible. Fifty cows in each herd were scored at each
visit.

Figure 3.10. Maximum temperature humidity index within the barn for the 2-week visit period as a predictor of mean herd
hygiene score1 for 8 Kentucky compost bedded pack barn housed herds at each visit period (n = 26 visits per barn) for May
2013 to May 2014.
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Herd hygiene score collected using the 4-point system of Cook and Reinemann (2007) where 1 = clean, 2 = moderate dirt, 3 =
plaques of dirt with hair visible, and 4 = confluent plaques of dirt with no hair visible. Fifty cows in each herd were scored at each
visit.

Figure 3.11. Interaction of maximum temperature humidity index in the barn and compost bedded pack 20 cm internal
temperature (°C)1 as a predictor of herd bulk tank somatic cell count (cells/mL) from 8 Kentucky compost bedded pack
barn housed herds at each visit period (n = 26 visits per barn) from May 2013 to May 2014.
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The legend indicates the mean compost bedded pack 20 cm internal temperature (°C) associated with the corresponding line.
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Figure 3.12. Maximum temperature humidity index within the barn for the 2-week visit period as a predictor of mean herd
somatic cell count (cells/mL) for 8 Kentucky compost bedded pack barn housed herds at each visit period (n = 26 visits per
barn) for May 2013 to May 2014.
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Figure 3.13. Maximum temperature humidity index within the barn for the 2-week visit period as a predictor of mean herd
high somatic cell count prevalence (% of herd with a somatic cell count > 200,000 cells/mL per month) for 8 Kentucky
compost bedded pack barn housed herds at each visit period (n = 26 visits per barn) for May 2013 to May 2014.
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Figure 3.14. Interaction of maximum temperature humidity index in the barn and compost bedded pack moisture content
(%)1 as a predictor of mean herd high somatic cell count prevalence (% of herd with a somatic cell count > 200,000 cells/mL
per month) from 8 Kentucky compost bedded pack barn housed herds at each visit period (n = 26 visits per barn) from
May 2013 to May 2014.
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The legend indicates the mean compost bedded pack moisture content (% moisture) associated with the corresponding line.
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Figure 3.15. Mean (± SD) compost bedded pack coliform species counts (log10 cfu/g) isolated from bedding samples of 8

Kentucky compost bedded pack barns at each visit period (n = 26 visits per barn) for May 2013 to May 2014.
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Figure 3.16. Compost bedded pack barn 20 cm internal temperature (°C) as a predictor of total coliform species counts
(log10 cfu/g) isolated from bedding samples of 8 Kentucky compost bedded pack barns at each visit period (n = 26 visits per
barn) for May 2013 to May 2014.
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Figure 3.17. Interaction of compost bedded pack barn moisture content1 (%) and 20 cm internal temperature (°C) as a
predictor of total coliform species counts (log10 cfu/g) isolated from compost bedding samples from May 2013 to May 2014
(n = 26 visits per barn over the year.
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May 16, 2014 and May 28, 2014 data points excluded for lack of Klebsiella species counts data
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Figure 3.18. Mean (± SD) compost bedded pack Klebsiella species counts1 (log10 cfu/g) isolated from bedding samples of 8

Kentucky compost bedded pack barns at each visit period (n = 26 visits per barn) for May 2013 to May 2014.
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Figure 3.19. Compost bedded pack barn 20 cm internal temperature (°C) as a predictor of total streptococcal species
counts (log10 cfu/g) isolated from bedding samples of 8 Kentucky compost bedded pack barns at each visit period (n = 26
visits per barn) for May 2013 to May 2014.
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Figure 3.20. Mean (± SD) compost bedded pack streptococcus species counts (log10 cfu/g) isolated from bedding samples of

8 Kentucky compost bedded pack barns at each visit period (n = 26 visits per barn) for May 2013 to May 2014.
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Figure 3.21. Compost bedded pack barn 20 cm internal temperature (°C) as a predictor of total staphylococcus species
counts (log10 cfu/g) isolated from bedding samples of 8 Kentucky compost bedded pack barns at each visit period (n = 26
visits per barn) for May 2013 to May 2014.
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May 16, 2014 and May 28, 2014 data points excluded for lack of staphylococcal species counts data
Study period denoted by the median visit day for each period
April 30, 2014

April 15, 2014

April 3, 2014

March 20, 2014

March 6, 2014

February 20, 2014

February 7, 2014

January 24, 2014

January 10, 2014

December 21, 2013

December 12, 2013

November 30, 2013

November 14, 2013

October 31, 2013

October 15, 2013

September 29, 2013

September 19, 2013

September 5, 2013

August 22, 2013

August 7, 2013

July 25, 2013

July 13, 2013

June 27, 2013

June 13, 2013

May 28, 2013

May 16, 2013

171
Mean staphylococcal species isolated from
compost bedded pack barns (log10 cfu/g)

Figure 3.22. Mean (± SD) compost bedded pack staphylococcus species1 counts (log10 cfu/g) isolated from bedding samples

of 8 Kentucky compost bedded pack barns at each visit period (n = 26 visits per barn) for May 2013 to May 2014.
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Figure 3.23. Compost bedded pack barn 20 cm internal temperature (°C) as a predictor of total Bacillus species counts
(log10 cfu/g) isolated from bedding samples of 8 Kentucky compost bedded pack barns at each visit period (n = 26 visits per
barn) for May 2013 to May 2014.
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Figure 3.24. Compost bedded pack barn carbon and nitrogen ratio (C:N ratio) as a predictor of total Bacillus species
counts (log10 cfu/g) isolated from bedding samples of 8 Kentucky compost bedded pack barns at each visit period (n = 26
visits per barn) for May 2013 to May 2014.
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Figure 3.25. Mean (± SD) compost bedded pack Bacillus species counts (log10 cfu/g) isolated from bedding samples of 8

Kentucky compost bedded pack barns at each visit period (n = 26 visits per barn) for May 2013 to May 2014.

10

9

8

7

6

5

4

3

2

1

0

CHAPTER FOUR

4A decision support tool for cost analysis of bedding as affected by bedding
moisture, ventilation type, and herd characteristics for compost bedded pack barns
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INTRODUCTION
Farmers make most decisions with a goal of improving profitability. For farmers
with compost bedded pack barns (CBP) the highest variable cost is bedding material cost.
Bedding material type, herd size, milk production, and producer management style all
affect the time between bedding additions. Predicting the bedding cost based on these
factors may assist producers in making economic and management decisions.
Compost bedded pack barns have become a global system of interest. In the U.S.,
the first compost bedded pack barns were developed by Virginia dairy producers in the
1980’s to increase cow comfort and longevity (Wagner, 2002). Since then, interest
spread throughout the U.S. Minnesota (Janni et al., 2006, Barberg et al., 2007a, Shane et
al., 2010a), Kentucky (Damasceno, 2012, Black et al., 2014, Eckelkamp et al., 2014a),
Ohio (Douridas, 2012, Zhao et al., 2012), and New York (Petzen et al., 2009) researchers
have conducted extensive research on the compost bedded pack barns and herds housed
within them. Other countries such as France, Great Britain, Israel, Ireland, Germany,
Austria, the Netherlands, Italy, and Canada have begun using compost bedded pack barns
as housing systems (Ferrari and Moscatelli, 2009, Galama, 2011, LeBlanc and Anderson,
2013). South Korea, Brazil, Argentina, and Columbia have also recently adopted the
system (Taraba, 2013).
Compost bedded pack barns are free from the stalls and partitions found in
freestall housing, allowing a combination of the resting and exercise areas (Barberg et al.,
2007a, Galama, 2011, Black et al., 2013). This combination concurrently reduced gas
emissions and costs, and maintained cow health and well-being (Klaas et al., 2010,
Galama, 2011). The large, open resting areas (6.8 ± 1.1 to 9.0 ± 2.2 m2 per cow) are
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generally separated from a concrete feed alley by a 1.2-m retaining wall (Janni et al.,
2006, Barberg et al., 2007a, Black et al., 2014). Adding composting to the bedded pack
system allowed feces and urine to be handled as solids (Janni et al., 2006). Barns can
store manure for 6 to 12 months before cleaning is required, with some capable of storing
manure for 24 months.
Compost bedded pack barns require periodic bedding addition and twice daily
tillage (Janni et al., 2006, Barberg et al., 2007a, Black et al., 2013). Aeration (tillage)
incorporates manure and air (oxygen) into the pack, providing a fresh, dry surface for
cattle to lie on (Shane et al., 2010a). Tillage of the pack also promotes microbiological
activity, generating the heat for composting and exposing greater pack surface area for
drying (Janni et al., 2006). To be effective, adequate temperature and moisture content
must be maintained in compost bedded pack barns. The recommended internal
temperature for compost bedded pack barns at 15 to 31 cm depth ranges from 43.3 to
65.0 °C (Janni et al., 2006, Bewley et al., 2013). The optimum moisture content for
composting is 40 to 65% (NRAES-54, 1992).
Bedding for compost bedded pack barns is selected based on availability, price,
and useful life (Shane et al., 2010a, Black et al., 2013, Black et al., 2014). Producers
have to weigh cow welfare against bedding material cost. In Kentucky, dairy producers
bedded with shavings, sawdust, and soy hull shavings. Kiln-dried shavings or sawdust
was used by 50% of the producers and green sawdust by 33%. A mixture of green, kilndried, or soy hull shavings was used by the remaining 17%. Overall, bedding cost in
Kentucky was $6.55 ± 4.72 per m3. Kiln-dried bedding cost more per m3 than green
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bedding ($8.19 ± 4.95 vs. $3.30 ±1.91 per m3). However, producers using kiln-dried
bedding added less per cow per day to the pack than those using green bedding (0.05 ±
0.04 vs. 0.07 ± 0.06 m3 per cow per day; Black et al., 2013).
Green bedding materials have been intimated to sustain higher bacteria amounts
(Newman and Kowalski, 1973). Consequently, they have been more thoroughly
scrutinized as a bedding material concerning udder health (Zdanowicz, 2002, Verbist et
al., 2011). Zdanowicz et al. (2004) found correlations between bedding bacterial counts
and bacterial counts present on teat ends (coliforms: r = 0.35 or 0.47, P < 0.05 or P <
0.001; Klebsiella species: r = 0.40 or 0.69, P < 0.05 or P < 0.001; and streptococci: r =
0.28 or 0.60, P = 0.06 or P < 0.001 for sand and sawdust bedding, respectively). Verbist
et al. (2011) reported that the majority of Klebsiella pneumoniae was isolated from feces
(125 isolates) and not from used sawdust bedding (20 isolates) or unused sawdust
bedding (6 isolates). During the same study, only 2 isolates of K. pneumoniae were
found from all mastitis samples (n = 2,644), occurring in two cows from a single herd,
with 5 herds remaining free of Klebsiella pneumoniae. They concluded that K.
pneumoniae could be prevalent in the environment without causing mastitis. Researchers
also noted that the strain of K. pneumoniae isolated from unused bedding was not the
same strain as that isolated from clinical mastitis samples, feces, or used bedding.
Kiln-dried bedding wood source undergoes a drying process that kills most
bacteria, leading to recommendation for bedding in freestalls and compost bedded pack
barns to reduce bacterial load (Janni et al., 2006, Allen, 2007). Green sawdust is sawdust
from green wood (Briggs, 1994). Moisture content is the primary physical difference
between the two bedding types. Kiln-dried bedding has a lower moisture content (≤
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18%) , while green bedding material generally has a higher moisture content of 35% (15
to 60%; Briggs, 1994, LeBlanc and Anderson, 2013). This high moisture content in
green bedding may decrease its efficacy as a bedding material in compost bedded pack
barns, because it may be greater than or equal to the intended moisture management goal
of 45 to 55%, leaving little capacity for water absorption (Janni et al., 2006, Bewley et
al., 2012).
Spreadsheet and simulation models can help farmers make management and
financial decisions. General approximations may be more useful in a “rough and ready”
simulation than more complex models (Rushton et al., 1999). An effective model allows
a user to consider several different management choices using an easily understandable
user-interface (Huirne, 1990). An easily understandable decision making tool is more
valuable than one that only the developer can understand (Bethard, 1997). Diet changes
(Cabrera, 2010), disease treatments (Charlier et al., 2012), breeding decisions (Demeter et
al., 2011), and housing and equipment decisions (Black, 2013) have been modeled to
assist the farmer. Some models allow decision makers to enter specific inputs, tailoring
results to individual operations or scenarios (Cabrera, 2012, Black, 2013).
The objective of this research was to create a user-friendly program for dairy
producers to predict possible bedding costs based on changes in pack moisture content
(ASAE, 2005, Damasceno, 2012, Black et al., 2014). This model was created to
adequately describe the efficacy and economic implications of bedding selection.
Variable costs were changeable based on individual producers’ barn design, management
preferences, and herd information. The equations resulted in an output of cost per cow, a
daily cost, an annual cost, an annual load requirement, and a lifetime length for a single
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load of each bedding type. Additional information provided included a recommendation
for purchase of green or kiln-dried bedding based solely on either length of bedding life
or annual cost of bedding.
MATERIALS AND METHODS
A Microsoft Excel spreadsheet (Microsoft Excel 2010, Microsoft, Seattle, WA)
model with an Xcelsius 4.0 (SAP® BusinessObjectsTM, Newtown Square, PA) add-in
was developed to evaluate the economic impact of different bedding materials in a
compost bedded pack barn. The model included a cost prediction and a useful life
prediction for a side-by-side comparison of kiln-dried and green sawdust, shavings, or a
sawdust and shavings mixture. All calculations were done on a wet basis (as-is) and not
a dry basis. The bedding types were included in calculations tailored to individual
producers operation through a series of changeable inputs. The analysis did not include
additional costs for tilling the barn or electricity for mechanically ventilated barns.
Calculations continued until a full year cycle had been completed. Each calculation
returned the final moisture content in the pack at the end of each day throughout the year.
Model Structure
The model was developed using equations from published literature and from
previous study by the University of Kentucky’s Department of Biosystems and
Agricultural Engineering and Department of Animal and Food Sciences (Damasceno,
2012, Black et al., 2014). Additional information was obtained from the University of
Kentucky Weather Center. Bedding types included shavings, fine dry sawdust, and a
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sawdust and shavings mixture. Each bedding material was compared against itself in
either green or kiln-dried form. Table 4.1 presents default values and assumptions
presented in this model.
Model inputs included the number of lactating cows housed in the barn (COWL),
barn area (AB), average milk production per cow (MY), and the goal moisture content
managed for by the user (MPP). The model could be run in barns with natural air
movement (NV; 30.9% of all Kentucky compost barn ventilation) or mechanical
supplementation (F; 69.1% of all Kentucky compost barn ventilation; Damasceno, 2012).
Fan speed was selected as low (3.21 kph), medium (6.44 kph), or high (9.66 kph) air
movement rates. Air movement over the bed surface from natural ventilation was
calculated using the mean daily wind speed from 30-year mean hourly weather data and a
ventilation rate factor accounting for barn design, wind angle, and presence or absence of
nearby structures.
Natural ventilation wind speed was corrected (CFD) depending on the
predominant wind direction relative to the barn ridge, open or closed ridge vent, and
adjacent buildings proximity. The correction factors, CFD, below for wind direction
relative to barn orientation were approximated from values in Albright (1990; p 419) for
open-sided, gable-roof dairy barn. Situations included were wind direction parallel to a
closed ridge with 15.24 m between buildings (RCC; CFD = 0.3), wind direction parallel
to a closed ridge with 45.72 m between buildings (RCF; CFD = 0.5), wind direction
parallel to an open ridge with 15.24 m between buildings (ROC; CFD = 0.4), wind
direction parallel to an open ridge with 45.72 m between buildings (ROF; CFD = 0.6),
wind direction perpendicular to a closed ridge with 15.24 m between buildings (PCC;
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CFD = 0.4), wind direction perpendicular to a closed ridge with 45.72 m between
buildings (PCF; CFD = 0.7), wind direction perpendicular to an open ridge with 15.24 m
between buildings (POC; CFD = 0.5), or wind direction perpendicular to an open ridge
with 45.72 m between buildings (POF; CFD = 0.8).
The month and day of bedding addition was changeable, along with the type of
bedding used in the barn. Producers entered values for load volume, load cost, and
moisture content for green and kiln-dried bedding. Green and kiln-dried bedding are
always included in the model. Default values assumed farmers were following
management recommendations for compost bedded pack barns (twice daily tilling, 9.3 m2
per cow, sidewall opening of at least 4.3 m, and adequate ventilation; Janni et al., 2006,
Barberg et al., 2007a, Bewley et al., 2013). Model defaults were mean values from
Kentucky producer reports gathered by Black et al. (2013) (Table 4.1). Weather data was
averaged for each day in the year from 30-year data collected by the University of
Kentucky Weather Center including ambient temperature, relative humidity, dew point,
and wind speed. Weather values could not be altered from the model interface. This
model assumes the compost bedded pack barn was actively composting (internal
temperatures ≥ 40°C), fans were only 80% effective in affecting air movement over the
total pack area, and animal health did not change with the bedding material used. This
model uses daily calculations for a yearlong period (365 iterations) to predict the bedding
useful life over a year and the total number of loads required annually.
Moisture calculations. Moisture content was the key calculation in this model.
Manure and urine deposit a determined amount of moisture per cow per day on the
compost bedded pack (ASAE, 2005). It was assumed that the herd uniformly distributed
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the moisture over the total bed area. Moisture added by the cows was determined in two
parts, Equations 4.1 and 4.2:
MC = (((MY × 0.453592) × 0.647) + 43.212) –
2

(((MY × 0.453592) × 0.096) + 5.073) × 3 ,

(Eq. 4.1)

where MC was the kg of moisture produced from manure and urine per cow per day, MY
was the average milk production for that farm, 0.453592 converts lbs. to kg, two-thirds
adjusted the total cow manure production to the amount deposited in the pack area versus
that deposited in the concrete alley, milking parlor, and holding area; 0.647, 43.212,
0.096, and 5.073 were equation constants (adapted from equation 5.3.1 (3) and 5.3.2 (9),
page 6 of ASAE, 2005).
MT = MC × COWL

(Eq. 4.2)

Total moisture (MT) from manure and urine produced by the lactating herd per
day was calculated using MC (kg of moisture produced from manure and urine per cow
per day) and the number of lactating animals housed in the barn (COWL). Janni et al.
(2006) suggested 70 to 80% of manure and urine was deposited in the pack area, however
Kentucky researchers suggested two-thirds was deposited in the pack instead (Taraba,
2013). The amount of moisture removed from the pack on a daily basis by evaporation
was calculated in Equation 4.3 and 4.4:
DRNV = (793.5 + 27.028 × ((WSC × 1.61) × CFD)0.5) ×
5

(((( 9 × (° F – 32)) + 460)0.67 × (DDF x
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35.513
2.2

)),

(Eq. 4.3)

DRF = (793.5 + 27.028 × ((WSF × 1.61) × FSC)0.5) ×
5

((( 9 × (° F – 32)) + 460)0.67 × (DDF x

35.513
2.2

)),

(Eq. 4.4)

where DRNV was the bed drying rate in naturally ventilated barns, DRF was the drying
rate in mechanically ventilated barns, with 793.5 was the overall mass transfer coefficient
at normal temperature and pressure (25°C and 1 atm in still air), 27.028 was the linearregression slope constant for compost bed material from a compost bedded pack barn
where experimental data for bed drying was determined (Taraba, 2013), and 460
converted temperature to absolute Rankin, WSF was the air velocity of the fans in mph,
WSC was the air velocity in mph at 5.08 cm above the pack area for the daily 30-year
average wind speed. WSC is corrected from the standard US Weather service wind speed
data taken at an elevation of 10 m using the equation:
WS = WS10 (h/h10)a
Where WS is wind speed in mph, h is elevation of wind corrected to elevation of interest,
h10 is standard wind speed measurement elevation, 10m; a is the coefficient used to adjust
wind speed in the boundary layer near the surface. First the WS is adjusted to mid eave
height of the barn side-wall opening with a = 0.4 for rough terrain. The resulting wind
speed is adjusted from the mid-eave height to 5.08 cm over bed surface with a = 0.14 for
a relatively smooth surface (Albright, 1990; p 363).
The conversion factor, 1.61, converted mph to kph. CFD is the pressure
coefficient that accounts for the wind velocity loss as air moves through the side-wall and
through the structure (Albright, 1990; p 337). The correction factor for wind direction
relative to barn orientation were approximated from values in (Albright, 1990). Average
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temperature from weather data was in °F for the day and was converted to °C, DDF was
the drying driving force, water concentration difference in the ambient air and the bed
surface which is assumed 100% RH at the bed surface temperature, in lbs. of water per ft3
of dry air, where

35.513
2.2

converted DDF to kg of water per m3 of dry air, and the power

term converted the equation to its linear form. Drying rates were similar to those used by
Black et al. (2013) (adapted from Equation 21.3a, page 655 of Bird et al., 1960). Drying
driving force (DDF) was a function of the change in absolute humidity (Equation 4.5), of
the air at the bed surface of the barn, HAIR (Equation 4.6):
DDF = HSURFACE – HAIR,

(Eq. 4.5)

where DDF was the driving drying force, HSURFACE was the absolute humidity of the
compost bedded pack surface at TSURFACE (temperature at the bed surface of the barn)
with RH of 100%, and HAIR was the average absolute humidity at average TAMB for a day
(adapted from Vaisala, 2010).
The compost bed surface temperature on which HSURFACE is calculated is
estimated (Equation 4.6) from all the data from compost bedded pack barns visits in from
September 2010 through February 2011 where TSURFACE and TAMB were measured in 54
compost bedded pack barns (Taraba et al., 2011, Damasceno, 2012, Black, 2013). The
resulting linear regression is Equation 4.6 (R2 = 0.51, P < 1 × 10-5):
TSURFACE = TAMB + (9.004 – (0.174 × TAMB),

(Eq. 4.6)

When estimating the bed TSURFACE, the TAMB was the daily ambient temperature
from 30-year hourly weather data collected by the University of Kentucky Weather
Center. The corrected wind speed at 5.08 cm above the pack area was derived using the
185

average daily wind speed from 30-year hourly data collected by the University of
Kentucky Weather Center. This data was collected at 10 m above the earth’s surface to
prevent interference from surface roughness. This number was corrected twice using
Equations 4.7 and 4.8:
V1.82 m = V10.00 m × (6.0/32.8)0.40

(Eq. 4.7)

V5.08 cm = V1.82 m × (2.0/72.0)0.14

(Eq. 4.8)

Where V1.82 m was the velocity of the wind that entered the barn through an open side wall
at elevation where one-half the side wall opening height occurs (1.8 m), V10.00 m was the
average daily wind speed from 30-year hourly data collected by the University of
Kentucky Weather Center, 6.0/32.8 was the ratio of height from half of the eave height
and the height the wind speed was measured, and 0.40 was the correction factor for hilly
terrain with trees surrounding a barn. Similarly, V5.08 cm was the velocity of the wind that
moved over the surface of the compost bedded pack. V1.82 m was the velocity of the wind
that entered the barn, calculated in Eq. 4.7. 2.0/72.0 was the ratio of height from above
the surface of the pack area and the half the eave height, and 0.14 was the correction
factor for air moving over a smooth surface.
Bedded area calculations: initial pack measurements. A set of calculations was
performed for each day that bedding was used in the barn. The model assumed the barn
was actively composting on the day the first bedding addition was applied and that barns
were consistently tilled twice daily. Initial calculations included bedding volume
(Equation 4.9) starting dry matter (Equation 4.10), starting moisture content (Equation
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4.11), change in moisture content (Equation 4.12), and moisture content after bedding
addition (Equation 4.13):
VI = AB × 0.2032

(Eq. 4.9)

DMI = 4.96 × VI

(Eq. 4.10)

H2OI =

(MPP × DMI )

(Eq. 4.11)

(1- MPP )

∆ H2OI = H2OI – 0
∆ H2 OI

H2OWBI = ∆ H

2 OI

+DMI

(Eq. 4.12)
× 100

(Eq. 4.13)

Where VI was the initial volume (m3) of the active composting layer, AB was the
total area (m2) of the pack area in the barn, and 0.2032 m restricted the depth to the top
20.32 cm of bedding. DMI was the initial dry matter content (kg of DM per m3) of the
bedding, and 4.96 was the bulk density (kg of DM per m3) determined in previous work
by University of Kentucky’s Department of Biosystems and Agricultural Engineering
(Taraba, 2013). The initial water content (kg of water per m3) of the pack area prior to
bedding addition was H2OI, where MPP was the moisture content managed for by the
individual producer (default value 50%), and DMI was the initial dry matter content (kg
of DM per m3) of the bedding. Water content (∆ H2OI) did not change in the initial
calculation due to no influx of additional bedding. Finally, H2OWBI was the percent
moisture content of the pack divided by the total volume of the pack, both water and dry
matter, resulting in the total moisture multiplied by 100 to create a percentage. Equation
4.13 was used for all bedding types and all iterations in the model.
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Bedded area calculations: day of bedding addition. The first day bedding was
added in the model, calculations evolved from the initial calculations. Equations 4.14
and 4.15 calculated dry matter and moisture content:
DM1 = (DMI + (DMB × VB)) – (DMB × VB)
H2OD = ∆ H2OI +

H2 OB ×(DMB ×VB )
1- H2 OB

H2 OWB

(1- H O × (DMB × VB))
2

(Eq. 4.14)

+ MT –

(Eq. 4.15)

WB

Where DM1 was the dry matter on the day of bedding addition (D1), DMI was the
initial dry matter content of the bedding, DMB was the bulk density of bedding material
used in kg of dry matter per m3 (249.41, 115.65, and 162.27 kg per m3 for sawdust,
shavings, and a mixture of sawdust and shavings, respectively), and VB was the volume
of bedding added in m3. Equation 4.14 remained the same for both green and kiln-dried
bedding options, regardless of the day and month of bedding addition and the volume of
bedding added. For Equation 4.15, H2OD was the water contained in the pack till layer on
the day of bedding addition (D 1), where ∆ H2OI was the initial moisture of the pack,
H2OB was the water contained in the bedding, DMB was the bulk density of bedding
material used in kg of dry matter per m3, VB was the volume of bedding added in m3, MT
(kg water per m3) was the total water from manure and urine produced by the lactating
herd per day, and H2OWB was the water contained in the pack from the previous day.
After the first day of bedding addition, alternate equations were used depending
on bedding moisture content of the pack and the goal moisture (MPP) content for which
the producer chose to manage. If the previous day’s pack moisture content was lower
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than MPP, the day’s dry matter was equal to the dry matter of the previous day. If the
previous day’s pack moisture content was higher than MPP, Equation 4.14 was used,
substituting the previous day’s dry matter (DMP) for DMI. Similarly, if the previous
day’s pack moisture content was lower than MPP, the previous day’s change in bed
moisture was added to the MT for that day’s total moisture content. If the previous day’s
moisture content was higher than MPP, Equation 4.15 was used, substituting the previous
day’s change in moisture (∆ H2OP) for ∆ H2OI.
The change in moisture had differing equations depending on the moisture
content of the total pack area (Stombaugh and Nokes, 1996). The first equation (4.16)
was used if moisture percentage of the pack plus the bedding from the previous day was
< 40%:
H2 O(WBD - 1)

∆ H2OL = H2O(D) – ( (1- H

(DRNV (F) × AB)

M

��1- MCF � ) ×

2 O(WBD - 1) )

CF

(Eq. 4.16)

Where ∆ H2OL was the daily change in bed moisture because of drying when the
moisture in the bedding material were lower than 40%. Moisture at these levels
decreased more slowly in the compost bedded pack when overall moisture dropped below
40%. The drying rate slows as the moisture content of the bedding falls. In this equation,
H2O(D) indicated the moisture level in the pack on the same day, H2O(WBD - 1) was the
moisture in the pack and the bedding from the previous day, MCF/(1 – MCF) was the
moisture correction factor which adjusted the bed drying rate as the bed moisture content
fell below 40%, DRNV (F) indicated that either the drying rate for naturally ventilated
barns or barns utilizing fans could be selected by the farmer, and AB was the total area of
189

the pack area in the barn. The second equation (4.17) was used if moisture percentage of
the pack plus the bedding from the previous day was a moisture content ≥ 40%:
∆ H2OH = H2O(D) – (DRNV (F) × AB)

(Eq. 4.17)

Where ∆ H2OH was the daily change in moisture when the moisture in the pack
and the bedding material were ≥ 40% and unaffected by the moisture content, and H2O(D)
indicated the moisture level in the pack on the same day, DRNV (F) specified that either the
drying rate for naturally ventilated barns or barns utilizing fans could be selected by the
farmer, and AB was the total area of the pack area in the barn. The appropriate equation
from this selection was repeated throughout the model for a total of 365 iterations,
yielding a result on a yearly basis, from the day of bedding addition (D 1) to the day the
following year before D 1 (D F).
The total number of loads required over a year was tabulated using the SUM
function in Microsoft Excel (Microsoft Excel 2010, Microsoft, Seattle, WA). This
number was used to calculate the total cost per year, cost per day, and cost per cow per
day (Equations 4.18 to 4.20):
$Y = $L × LY

(Eq. 4.18)

$D = $Y / 365

(Eq. 4.19)

$CD = $D / COWL

(Eq. 4.20)

Where $Y was the total cost per year of either green or kiln-dried bedding, $L
was the cost of a single load of green or kiln-dried bedding, and LY was the number of
loads required of green or kiln-dried bedding per year. Cost per day ($D) was calculated
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using the cost per year ($Y) divided by 365 to return a daily value. Cost per cow per day
($CD) was calculated using the cost per day ($D) and the number of lactating cows in the
herd (COWL).
Sensitivity analysis
A sensitivity analysis was conducted to gauge the response of bedding to different
scenarios. The analysis altered a single variable while holding others at the mean default
values for Kentucky from Black et al. (2013) including: bedding type, natural ventilation
rate, fan speed (kph), milk production (kg), goal pack moisture content (% H2O),
stocking density (m2 per cow), load amount (kg), and bedding moisture content (% H2O).
Scenario 1 altered milk production, goal bed moisture content, and stocking density along
ranges reported in literature while holding load amount, bedding cost, and bedding
moisture content at default values (Janni et al., 2006, Barberg et al., 2007a, Black et al.,
2014). Scenario 2 held milk production, bedding type, ventilation type, goal bed
moisture content, stocking density, and cost per load at default values while altering load
amount or bedding moisture content (LeBlanc and Anderson, 2013, Black et al., 2014).
Scenario 3 held milk production, bedding type, ventilation type, goal bed moisture
content, stocking density, cost per load, load amount, and bedding moisture content at
default values and altered the temperature humidity index at which fans were turned on.
Scenario 4 altered the effectiveness of the composting temperature based on a 20 cm
internal temperature < 37.8°C (poor), ≥ 37.8°C (good), or a mixture of each (average).
All analyses were calculated at the first of each month, resulting in a yearly mean for
bedding life, loads per year, cost per day, cost per cow per day, and cost per year.
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Dashboard interface
Xcelsius 4.0 (SAP® BusinessObjectsTM, Newtown Square, PA), a Macromedia
FlashTM software, was used to create an interface allowing users to change default values
to produce outputs tailored to a specific operation. The dashboard includes several userfriendly tab sets with scroll-over informational buttons for all inputs and outputs (Figure
4.1). The output tab includes a side-by-side comparison for kiln-dried and green bedding,
a best price option, and a best life option. The best life option includes cost per day, cost
per cow per day, bedding life in days, cost per year, and loads of bedding per year.
Sensitivity analysis 1
The first analysis adjusted herd management variables while keeping bedding
type (sawdust and shavings mixture), bedding cost (kiln-dried: $13.59 per m3; green:
$8.70 per m3), bedding moisture content (kiln-dried: 12% H2O; green: 45% H2O), and
bedding load amount (73.58 m3 for green and kiln-dried) constant (variables from Black
et al., 2013). Ninety lactating cows were assumed for all models, with m2 per cow altered
to change stocking density. Milk production was calculated as 17.8, 23.3, 27.3, 31.3, and
45.4 kg per cow per day, with the default set at 27.3 kg per cow per day. Goal bed
moisture content was run as 45, 50, 55, 60, or 65%, with the default at 55%. Stocking
density was calculated to provide 4.4, 6.0, 6.8, 7.4, 8.6, 9.0, 9.3, 11.2, 12.0, or 19.6 m2
per cow, with the default at 9.3 m2 per cow (Janni et al., 2006, Barberg et al., 2007a,
Black et al., 2013). Natural ventilation air speed rates were calculated for RCC, RCF,
ROC, ROF, PCC, PCF, POC, and POF situations, however natural ventilation was not set
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as the default ventilation type. Mechanical ventilation rates were set at low (3.21 kph),
medium (6.44 kph), and high (9.66 kph) fan air speeds, with the default ventilation type
as mechanical ventilation at high speed (9.66 kph).
Sensitivity analysis 2
The second analysis changed bedding information, holding milk production (27.3
kg per cow per day), ventilation type (fans at 9.66 kph), goal moisture (55% H2O),
stocking density (9.3 m2 per cow), and cost per load (kiln-dried: $13.59 per m3; green:
$8.70 per m3) at default values while altering load amount or bedding moisture content.
Ninety lactating cows were assumed for all models. Green bedding moisture content was
run as 30, 40, 45, 50, or 60%, with the default at 45%. Kiln-dried bedding moisture
content was calculated as 6, 9, 12, 15, or 18%, with the default at 12%. Three bedding
load levels were run at either low, medium, or high load amounts (8.36, 73.58, or 295.15
m3 per load, respectively). This corresponded to a layer of 1.0, 8.8, or 35.3 cm,
respectively, over the entire pack surface area. Bedding type was held constant for both
green and kiln-dried bedding and used sawdust, shavings, or a mixture of both. A
sawdust and shavings mixture was the default bedding type for all other analyses.
Sensitivity analysis 3
The third analysis dealt with altering the temperature humidity index at which
fans were turned off within the compost bedded pack barn. Bedding type (sawdust and
shavings mixture), bedding cost (kiln-dried: $13.59 per m3; green: $8.70 per m3), bedding
moisture content (kiln-dried: 12% H2O; green: 45% H2O), and bedding load amount
(73.58 m3 for green and kiln-dried) were held constant (variables from Black et al.,
2013). Ninety lactating cows were assumed for all models, with milk production (27.3
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kg per cow per day), ventilation type (fans at 9.66 kph), goal moisture (55% H2O), and
stocking density (9.3 m2 per cow) at model defaults. The fans were turned off when the
temperature humidity index fell below 30, 40, 50, 60, or 70; the natural ventilation wind
speed rate was used instead. The model default was to turn fans off when the
temperature humidity index fell below 60.
Sensitivity analysis 4
The fourth analysis examined the differences in pack performance when the
compost temperatures were poor, average, or good. Bedding type (sawdust and shavings
mixture), bedding cost (kiln-dried: $13.59 per m3; green: $8.70 per m3), bedding moisture
content (kiln-dried: 12% H2O; green: 45% H2O), and bedding load amount (73.58 m3 for
green and kiln-dried) were held constant (variables from Black et al., 2013). Ninety
lactating cows were assumed for all models, with milk production (27.3 kg per cow per
day), ventilation type (fans at 9.66 kph), goal moisture (55% H2O), and stocking density
(9.3 m2 per cow) at model defaults. The fans were turned off in the barn when the
temperature humidity index fell below 60, and the natural ventilation wind speed rate was
used instead. The drying driving force was altered for poor, average, and superior
internal temperatures based on the HSURFACE portion of the equation. The compost bed
surface temperature on which HSURFACE is calculated is estimated (Equation 4.6) was
from all the data from compost bedded pack barns visits in from September 2010 through
February 2011 where TSURFACE and TAMB were measured in 54 compost bedded pack
barns (Taraba et al., 2011, Damasceno, 2012, Black, 2013). Conversely, only compost
barns with 20 cm internal temperatures < 37.8°C were used to determine the HSURFACE for
the poor drying driving force. Similarly, only compost barns with 20 cm internal
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temperatures ≥ 37.8°C were used to determine the HSURFACE for the good drying driving
force. To correct through variability throughout the year and simulate the results seen in
Kentucky compost barns, a correction factor of 0.70 was used on the good drying driving
force.
RESULTS AND DISCUSSION
Sensitivity analysis 1
Management changes in the barn and herd altered bedding life and cost. Bedding
return variables did not differ between RCF and POC natural ventilation situations, or
between ROC and PCC (Table 4.2). This result was expected because of similar
structural correction factors for each pair (CFD = 0.5 and 0.4, respectively). The most
desirable situation was POF with the lowest load requirement, greatest bedding life
length, and lowest associated costs for green and kiln-dried sawdust and shavings
mixture. Conversely, RCC had the least desirable situation with the highest load
requirement, lowest bedding life length, and greatest associated costs for green and kilndried sawdust and shavings mixture.
When fans were used for air circulation, all bedding return variables were
improved above the level achieved by solely natural ventilation (mean cost per cow per
day: $0.65, 0.33, 0.79, and 0.40; mean cost per year: $21,546.67, 10,916.67, 25,937.33,
and 12,916.67; mean bedding life: 81, 105, 26, and 57; mean loads per year: 34, 11, 41,
and 13 for green and kiln-dried bedding at high fan speed and POF natural ventilation,
respectively; Table 4.3). Fans on low speed resulted in bedding life and cost values
similar to POF ventilation, with low speed being less costly by $0.01 per cow per day,
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$450.66 and $250.00 per year (green and kiln-dried bedding, respectively), 1 and 4 days
greater bedding life (green and kiln-dried bedding, respectively), and 1 load less of green
bedding with no change in kiln-dried bedding loads. These results agree with visual
observations of Taraba (2013) and reports of Damasceno (2012), stating that greater air
movement over the pack increased heat and moisture transfer, maintaining a higher level
of drying rate increasing bedding life.
Increasing milk yield from 17.8 to 45.4 kg per cow per day incrementally
increased number of bedding loads and decreased bedding life for both green and kilndried bedding. The increase in loads per year also increased mean cost per day, cost per
cow per day, and cost per year (Table 4.4). This was likely do to the greater moisture
load deposited on the pack through higher milk production, increasing the time to achieve
moisture balance and dry the pack. Janni et al. (2006) reported decreased bedding life
with increased moisture addition. Assuming a lactating cow produced 40 kg of milk per
day, 68 kg of manure slurry would be produced with a moisture content of 87%. If 80%
of the slurry was voided in the pack area, 59 kg moisture per cow per day was added.
When 15 cm of bedding was added (density of 160 kg/m3 and 9% moisture content) and
no heat of composting was included, moisture of compost pack would be 61% after 7
days. Under the same conditions, if 25% of moisture was evaporated due to heat of
composting, bedding lasted 3 days longer (10 days total). If 50% of moisture was
evaporated due to heat of composting, bedding lasts 11 days longer (ASAE, 2005, Janni
et al., 2006). Therefore, promotion of a good composting environment could decrease
the cost of additional bedding ($0.35 to $0.85 per cow per day) by increasing the time a
load of bedding would last in a compost bedded pack barn; Barberg et al., 2007b).
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The opposite was observed when managed goal pack moisture content of the pack
was increased from 45 to 65%. With increasing goal pack moisture, fewer loads were
required and bedding life increased (Table 4.5) (mean bedding life: 67, 71, 116, and 119;
mean loads per year: 157, 19, 12, and 7 for green and kiln-dried bedding at 45 or 65%,
respectively). As load number decreased, associated mean costs decreased (cost per cow
per day: $3.06, 0.57, 0.23, and 0.20; cost per year: $100,320.00, 18,583.33, 7,626.67, and
6,750.00 for green and kiln-dried bedding at 45 or 65%, respectively). Originally,
researchers recommended a pack moisture content of 45 to 65% (NRAES-54, 1992,
Shane et al., 2010a). Recently the recommended pack moisture content was restricted to
45 to 60%, with an optimum goal moisture of 55% (Bewley et al., 2012, Bewley et al.,
2013). Increased pack moisture content allowed material to adhere to animals housed in
the pack, and decreased cow cleanliness (Fregonesi and Leaver, 2001, Lobeck et al.,
2011, Black et al., 2013). Dirtier cows (hygiene score ≥ 2) have been linked to increased
SCC and mastitis incidence (Ward et al., 2002, Schreiner and Ruegg, 2003, Reneau et al.,
2005). The potential cost of increased SCC and mastitis incidence would likely negate
any savings in bedding cost at the higher pack moisture contents.
Increasing space per cow from 4.4 to 19.6 m2 per cow decreased mean loads per
year and costs with a corresponding increase in bedding life (Table 4.6). At the lowest
space allowance (4.4 m2 per cow), green and kiln dried bedding mean costs were $197.85
and $111.03 per day, $2.20 and $1.23 per cow per day, $72,215.00 and $40,527.00 per
year. Mean bedding life was 2 and 5 days, respectively, with 238 and 86 loads per year.
Conversely, when 19.6 m2 per cow was provided, green and kiln dried bedding costs
were $3.70 and $5.78 per day, $0.04 and $0.06 per cow per day, $1,350.00 and $2,110.00
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per year. Mean annual bedding life was 365 days, respectively, with a single load per
year required. This reflects the results of Klaas et al. (2010) and Galama (2011)
regarding Israeli compost bedded pack barns. These barns maintain a high space
allowance (15 m2 per cow) and do not add additional bedding after the initial amount
required to bed the compost bedded pack barn (Klaas et al., 2010).
Sensitivity analysis 2
Changes in bedding type, moisture content, and load amount altered bedding life
and cost. The type and amount of bedding is decided upon prior to purchase by the
producer. However, specific moisture contents of green and kiln-dried bedding may be
out of producer control. Different types of bedding have varying bulk density, altering
bedding life and associated costs although bedding load amount, moisture, and cost were
held equal for all analyses (Table 4.7). When only sawdust bedding (green and kilndried) was used compared to only shavings (green and kiln-dried), mean costs were
$38.58 and $20.78 to $81.24 and $40.19 per day; $0.43 and $0.23 to $0.91, and $0.45 per
cow per day; $14,080.00 and $7,583.33 to $29,653.33, and $14,666.67 per year for green
and kiln-dried bedding, respectively. Mean bedding life was 83 and 107 to 80 and 84
days, with 22 and 8 to 46 and 15 loads per year required for green and kiln-dried bedding
sawdust or shavings, respectively. A mixture of sawdust and shavings resulted in value
between those returned if either bedding was used exclusively (mean cost per day: $59.03
and $29.91, mean cost per cow per day: $0.65 and $0.33; mean cost per year: $21,246.67
and $10,916.67; mean bedding life: 81 and 105 days; mean loads per year: 34 and 11 for
green and kiln-dried sawdust and shavings mixture, respectively). Sawdust, particularly
kiln-dried, may be the best option for bedding due to its high bulk density, lower costs,
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and greater bedding life (249.41, 115.65, and 162.27 kg per m3 for sawdust, shavings,
and a mixture of sawdust and shavings, respectively; Taraba, 2013). However, Janni et
al. (2006) considered shavings to have the greatest potential to improve handling, mixing,
aeration, and biological activity due to large surface area. This increased the ability of
microbial populations to grow and breakdown manure and urine added while preventing
excessive compaction of the bedding between tillings (Janni et al., 2006). Conversely,
Shane et al. (2010a) noted that the majority of dairy producers preferred sawdust over
wood chips, flax straw, wheat straw, oat hulls, strawdust (byproduct of wheat, very fine
material), soybean straw, or soybean stubble.
The amount of bedding added to each pack is controlled by producer discretion.
Janni et al. (2006) offered an example in which a 15 cm layer was added to the total pack
area. Black et al. (2013) reported a large range, from a dusting of bedding (0.1 cm per
m2) to a full load of bedding (35.3 cm per m2; mean = 8.8 cm per m2). A low, medium,
and high range of bedding was calculated, of a 1.0, 8.8, and 35.3 cm layer per m2,
respectively. Unsurprisingly, higher levels of bedding layers resulted in lower loads per
year and a greater bedding life. However, an increase in bedding costs also occurred, due
to calculation of load cost on a m3 basis (kiln-dried: $13.59 per m3; green: $8.70 per m3;
Table 4.8). The medium level (8.8 cm) resulted in costs of $59.03 and 29.91 per day,
$0.65 and 0.33 per cow per day, and $21,546.67 and 10,916.67 per year for green and
kiln-dried bedding, respectively. Corresponding mean annual bedding life was 81 and
105 days with 34 and 11 loads per year for green and kiln-dried bedding, respectively.
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Bedding life numbers are much higher than those reported by Janni et al. (2006; 7 to 18
days). This is likely due to a dramatic increase in bedding life during the summer months
(> 100 days), resulting in a high mean annual bedding life length.
Bedding moisture content was also modeled at varying levels for one bedding
type (green: 30, 40, 45, 50, or 60% H2O or kiln-dried: 6, 9, 12, 15, or 18% H2O) while
holding the other at the default value (green: 45%; kiln-dried: 12%). Green bedding
increased dramatically in costs and loads per year as moisture content increased (Table
4.9). Lowest costs were recorded when moisture was 30% for green bedding (mean
costs: $29.96 per day, $0.33 per cow per day, and $10,933.33 per year). Mean bedding
life was 84 days, with 17 loads per year. However, when bedding was at the upper limit
of the moisture range (60% H2O), mean costs were $640.00 per day, $7.11 per cow per
day, and $233,600.00 per year, with bedding lasting 1 day and requiring 365 loads per
year. This high cost was due to moisture content of the bedding being unable to absorb
as much water as fresh bedding moisture content increased and evaporative drying of the
pack barn could not overcome the added bedding moisture. When the moisture of the
bedding added was above the goal bed moisture content of 55%, the bedding was not
effectively reducing moisture content. Moisture of the added bedding was unable to
offset the moisture in the pack and the additional moisture from manure and urine added
to the pack, necessitating daily bedding addition. A moisture content of 50% allowed
absorption to occur, with a mean bedding life of 80 days, requiring 57 loads per year.
The cost per day was > $500 cheaper than that at 60% ($100.39 vs. 640.00 for green
sawdust and shavings mixture at 50 and 60% moisture, respectively).
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Kiln-dried bedding was much less volatile in costs and bedding life. When each
end of the range was compared, costs were $28.09 and 32.20 per day, $0.31 and 0.36 per
cow per day, $10,250.00 and 11,750.00 per year, with 10 and 12 loads per year with
bedding life of 160 and 105 days for kiln-dried sawdust and shavings mixture at 6 and
12% moisture, respectively (Table 4.10). This was likely due to all bedding moisture
contents being well below the managed moisture level for compost bedded pack barns.
This allowed for greater absorption of moisture from the pack when bedding was added.
Consequently, there was greater potential for maintaining low pack moisture when the
cows added manure and urine.
Sensitivity analysis 3
Altering the temperature humidity index at which fans were turned off affected
bedding life and bedding cost. Fans are typically turned on to prevent heat stress in dairy
cattle herds when the temperature humidity index exceeds the dairy cattle thermal neutral
zone (68 THI; Bucklin et al., 1991). Having the fans on in the pack area also enhances
moisture loss from the pack, drying it and increasing the useful life of bedding material.
As reported in sensitivity analysis 1, fans at 9.6 kph speeds improved bedding life and
cost over natural ventilation. Altering the amount of time the fans were on, even when
the risk of heat stress is low, may improve pack performance and decrease bedding costs.
In Table 4.12, increasing the length of time fans were on decreased daily and yearly
bedding costs for both green and kiln-dried bedding. Having fans on at a lower
temperature humidity index also increased bedding life, and decreased the loads of
bedding required for both green and kiln-dried bedding. The increased bedding life
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agrees with the observations of Taraba (2013) and reports of Damasceno (2012), that
greater air movement over the pack increased heat and moisture transfer, maintaining a
higher level of drying rate and increasing bedding life.
Cows experience cold stress at a lower temperature than humans do, with feed
intake suppressed at -4°C and milk yield decreased at -23°C (MacDonald and Bell,
1958). Having the fans on at 30 THI should not cause adverse effects in the cow. If fans
are turned on at 40 THI instead of 30, the cost per day increased by $13 in green bedding,
$6 in kiln-dried bedding, which caused an $0.16 and $0.07 increase in cost per cow per
day for green and kiln-dried bedding, respectively. Additionally, 8 and 4 more loads per
year of green and kiln-dried bedding were required at 40 THI compared to 30 THI,
respectively. Compared to the THI set at the default (60), the cost per day was $39 and
$18 dollars less at 30 THI for green and kiln-dried bedding respectively. Similarly, the
bedding life was 39 and 43 days shorter in green and kiln-dried bedding at 30 THI
compared to 60. Less fluctuation in cost and bedding life was seen when 50, 60, and 70
THI were compared. This may indicate that, although the costs are decreased, it may not
offset the cost of the electricity to fun the fans at high speed. The increased bedding life,
decreased loads, and decreased costs associated with having the fans on until THI reaches
40 or 30 may offset the cost of electricity used, with annual savings averaging $9,387 for
green and $5,417 for kiln-dried bedding compared to turning fans on at 60 THI. Greater
savings were evident compared to 70 THI, with annual savings averaging $10,400 for
green and $5,833 for kiln-dried bedding when fans were turned on at 30 or 40 THI.
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Sensitivity analysis 4
The effectiveness of the compost pack can be measured in part through the 20 cm
internal temperature (Bewley et al., 2013). Previous studies have shown that barns with
lower internal temperatures have greater moisture contents (Barberg et al., 2007b). These
lower internal temperatures and greater moisture contents often accompany lower
ambient temperatures (Barberg et al., 2007b, Shane et al., 2010a, Eckelkamp et al.,
2014b). This analysis explored the effect of keeping 20 cm internal temperature ≥ 37.8°C
(good), < 37.8°C (poor), or a mixture of each (average).
In Table 4.13, good composting temperatures had lower costs and higher bedding
life than both average and poor composting temperatures. When good composting was
maintained, an annual savings of $3,574 and $56,214 occurred when green bedding was
used at average and poor composting temperatures, respectively. Similarly, good
composting resulted in an annual savings of $1,584 and $26,834 when kiln-dried bedding
was used at average and poor composting temperatures, respectively. The cost savings
stemmed from the increased bedding life and decreased loads per year that occurred with
good composting. Bedding requirements were 88 and 27 loads less at good composting
compared to poor for green and kiln-dried bedding, respectively. Maintaining good
composting temperatures through management resulted in a high cost savings, with
drastically improved bedding life. Eckelkamp et al. (2014b) reported that the temperature
humidity index within the barn, milk yield (kg per cow per d), and their interactions were
significant predictors of 20 cm internal temperature (P < 0.001, respectively).
Researchers also reported an inverse relationship between moisture and 20 cm internal
temperature. In order to maintain good composting temperatures year round, the
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producer must manage the moisture content, be aware of increasing milk yield increasing
moisture content, and be mindful of the ambient temperature humidity indexes effect on
temperature.
Model limitations
No model can explain a biological system with 100% accuracy (Bethard, 1997).
Oversimplification in a model may be a critique, but even simplified models exceed the
calculative and cognitive abilities of human dairy producers and managers (Delorenzo
and Thomas, 1996). Creating models that incorporate all biological and physical
parameters is not feasible and can impede model adoption (Jalvingh, 1992, Delorenzo
and Thomas, 1996). The goal of an economic simulation is not to provide exact results,
but rather to “highlight relative consequences of different strategies” (Lien, 2003).
Several assumptions were made that could not adequately be defined in the
model. Compost internal temperature was assumed to be within the range of adequate
composting ranges of 43.3 to 60.0°C at 15 to 31 cm within the pack (Bewley et al.,
2013). Although moisture balance equations depended on external temperatures, drying
rate models equations were based on a compost barn whose internal temperature
maintained adequate composting temperatures. Another limitation was the assumption
that all barns would have ventilation rates within the options allowed. All wind speed
was assumed to affect all surface area in the barn equally, which Damasceno (2012) did
not support. However, mechanical ventilation was adjusted to 80% efficacy, based on the
bedded resting area impacted by the fans, to increase model accuracy, although the end
user could not change that value. Temperature humidity index was relied upon as the cue
for turning fans “on” or “off” within the model. If the THI was < 60, fans were not
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turned “on,” resulting in reliance on natural ventilation. Individual users may turn on
fans at a lesser or greater THI depending on management style. Fan type was also not
considered in the model, calculations assumed a high volume low speed fan. However,
because wind speed was included in the model and not fan type, this limitation may not
be too severe.
To avoid an overly complex model, the costs focused on the bedding cost and
were not a full cost assessment for the yearly operation of the compost bedded pack barn.
Delorenzo and Thomas (1996) suggested that overly complex models caused suspicion in
dairy managers due to model details they did not understand. The cost to run the fans
was not included in the model. Neither was the potential cost of increased SCC or
mastitis infection due to bedding type or high bedding moisture content. Newman and
Kowalski (1973) intimated that green sawdust bedding increased Klebsiella species and
mastitis incidence. However, Verbist et al. (2011) reported that the majority of Klebsiella
pneumoniae was isolated from feces (125 isolates) and not from used bedding (20
isolates) or unused bedding (6 isolates). During the same study, only 2 isolates of K.
pneumoniae were found from all mastitis samples (n = 2,644), occurring in two cows
from a single herd, with 5 herds remaining free of Klebsiella pneumoniae. They
concluded that K. pneumoniae could be prevalent in the environment without causing
mastitis. Verbist et al. (2011) noted that the strain of K. pneumoniae isolated from
unused bedding was not the same strain as that isolated from clinical mastitis samples,
feces, or used bedding. Furthermore, no study has shown an increase in SCC, high SCC
prevalence, or clinical mastitis incidence in compost bedded pack barns, regardless of
bedding used.
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CONCLUSIONS
Several management factors within the producers control can improve bedding
life and decrease costs. Utilizing fans at the recommended level resulted in the lowest
bedding cost for green and kiln-dried bedding, and greater bedding life. This would also
decrease the labor required for adding bedding to the pack, decreasing those costs also.
Increased space per cow also resulted in greater bedding life and decreased costs.
Conversely, decreasing space per cow below 8.6 m2 resulted in a drastic increase in
bedding load requirement for both bedding types. Kiln-dried bedding under all analysis
was the best option for both cost and load amount, even with the cost of a load of bedded
was > $300 for kiln-dried bedding (73.58 m3 per load). However, green bedding with a
moisture content of 30% was similar or lower in cost to kiln-dried bedding from 12 to
18% moisture. Having the fans on at lower THI increased bedding life and decreased
bedding costs for both green and kiln dried bedding. Similarly, maintaining 20 cm
internal temperatures ≥ 37.8°C decreased bedding costs and increased bedding life for
both green and kiln-dried bedding. Using the Compost Bedded Pack Barn Bedding
Decision Dashboard allows users to input their specific values resulting in more informed
bedding purchases.
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Table 4.1. Default inputs for herd parameters and bedding parameters used for moisture calculations to determine length
of time a load of either kiln-dried or green bedding would last in a compost bedded pack barn.
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Parameter

References

Value

Lactating cows housed in barn

Black et al. (2013)

90

Mean milk yield (kg per cow per day)

Black et al. (2013)

27.30

Compost barn total area (m2)

Black et al. (2013)

836.13

Compost bedded pack goal moisture content (% H2O wet
basis)
Air velocity over bedding surface rate1 (kph)

Bewley et al. (2013)

Bedding type (for both green and kiln-dried bedding)

Black et al. (2013)

Green bedding load cost ($)

Black et al. (2013)

Shavings and sawdust
mixture
$ 640.00

Kiln-dried bedding load cost ($)

Black et al. (2013)

$ 1000.00

Green bedding2 load size (m3)

Black et al. (2013)

73.58

Kiln-dried bedding2 load size (m3)

Black et al. (2013)

73.58

Green bedding moisture content (% H2O wet basis)

LeBlanc and Anderson (2013)

45

Kiln-dried bedding moisture content (% H2O wet basis)

LeBlanc and Anderson (2013)

12

55

Damasceno (2012)

9.66

1

Fans on high speed were used as the model default. All fan speeds were equal to natural ventilation rate when the predominant
wind direction was perpendicular to a barn with an open ridge with 45.72 m until the nearest building (correction factor of 0.8)
when temperature humidity index was < 60 or when the natural ventilation air speed was greater than the fan ventilation air speed.
2

Load size was determined assuming a layer of 8.8 cm was applied to the total barn area of 863.13 m2

Table 4.2. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings used in a compost bedded pack
barn at different natural ventilation situations with all other input values maintained at defaults.
Bedding type
Natural
ventilation

Kiln-dried sawdust and shavings mixture (12% moisture)

Cost per

Cost per cow

Cost per yr

Bedding

Loads

Cost per

Cost per cow

Cost per

Bedding

Loads

d ($)2

per d ($)3

($)4

life (d)5

per yr6

d ($)

per d ($)

yr ($)

life (d)

per yr

RCC

182.51

2.03

66,613.33

5

104

87.67

0.97

32,000.00

12

32

RCF

128.00

1.42

46,720.00

8

73

62.33

0.69

22,750.00

19

23

ROC

153.13

1.70

55,893.33

6

87

73.97

0.82

27,000.00

15

27

ROF

106.81

1.19

38,986.67

12

61

52.74

0.59

19,250.00

24

19

PCC

153.13

1.70

55,893.33

6

87

73.97

0.82

27,000.00

15

27

PCF

87.82

0.97

32,053.33

17

50

43.38

0.49

15,833.33

33

16

POC

128.00

1.42

46,720.00

8

73

62.33

0.69

22,750.00

19

23

POF

71.16

0.79

25,973.33

26

41

35.39

0.40

12,916.67

57

13

rate1
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1

Green sawdust and shavings mixture (45% moisture)

RCC = predominant wind direction parallel to a barn with a closed ridge with 15.24 m until the nearest building
RCF = predominant wind direction parallel to a barn with a closed ridge with 45.72 m until the nearest building
ROC = predominant wind direction parallel to a barn with an open ridge with 15.24 m until the nearest building
ROF = predominant wind direction parallel to a barn with an open ridge with 45.72 m until the nearest building
PCC = predominant wind direction perpendicular to a barn with a closed ridge with 15.24 m until the nearest building

Table 4.2. cont.
PCF = predominant wind direction perpendicular to a barn with a closed ridge with 45.72 m until the nearest building
POC = predominant wind direction perpendicular to a barn with an open ridge with 15.24 m until the nearest building
POF = predominant wind direction perpendicular to a barn with an open ridge with 45.72 m until the nearest building
2

Cost per d ($) = total cost of a load of bedding divided by the total day that load of bedding would last

3

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

4

Cost per yr ($) = total cost of all loads of bedding required for a year

5

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
6
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Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.3. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn at different fan speeds with all other input values maintained at defaults1.

Fan rate2
Low
Medium
High

Bedding type
Green sawdust and shavings mixture (45% moisture)
Kiln-dried sawdust and shavings mixture (12% moisture)
Cost per Cost per cow
Cost per
Bedding
Loads
Cost per Cost per cow Cost per yr Bedding Loads per
d ($)3
per d ($)4
yr ($)5
life (d)6
per yr7
d ($)
per d ($)
($)
life (d)
yr
69.84
0.78
25.486.67
27
40
34.71
0.39
12,666.67
61
13
59.47
0.66
21,706.67
80
34
29.91
0.33
10,916.67
104
11
59.03

0.65

21,546.67

81

34

29.91

0.33

10,916.67

105

11
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1

Fan rate was equal to natural ventilation rate when the predominant wind direction was perpendicular to a barn with an open ridge
with 45.72 m until the nearest building (correction factor of 0.8) when temperature humidity index was < 60 or when the natural
ventilation rate was greater than the fan ventilation rate
2

Low = 3.21 kph
Medium = 6.44 kph
High = 9.66 kph

3

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

4

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd
5

Cost per yr ($) = total cost of all loads of bedding required for a year

6

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
7

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.4. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn at different milk yields with all other input values maintained at defaults.
Bedding type
Milk yield
(kg per
cow per d)
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1

Green sawdust and shavings mixture (45% moisture)

Kiln-dried sawdust and shavings mixture (12% moisture)

Cost per

Cost per cow

Cost per

Bedding

Loads

Cost per

Cost per cow

Cost per

Bedding

Loads

d ($)1

per d ($)2

yr ($)3

life (d)4

per yr5

d ($)

per d ($)

yr ($)

life (d)

per yr

17.8

38.43

0.43

14,026.67

114

22

20.78

0.23

7,583.33

118

8

23.3

48.81

0.55

17,813.33

86

28

25.57

0.28

9,333.33

110

9

27.3

59.03

0.65

21,546.67

81

34

29.91

0.33

10,916.67

105

11

31.3

66.63

0.74

24,320.00

77

38

34.25

0.38

12,500.00

82

13

45.4

106.38

1.18

38,826.67

52

61

50.68

0.57

18,500.00

71

19

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

2

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

3

Cost per yr ($) = total cost of all loads of bedding required for a year

4

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
5

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.5. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn at different goal pack moisture contents with all other input values maintained at defaults.
Bedding type
Goal pack
moisture

Green sawdust and shavings mixture (45% moisture)

Kiln-dried sawdust and shavings mixture (12% moisture)

Cost per

Cost per cow

Cost per

Bedding

Loads

Cost per

Cost per cow

Cost per

Bedding

Loads

d ($)1

per d ($)2

yr ($)3

life (d)4

per yr5

d ($)

per d ($)

yr ($)

life (d)

per yr

45

274.85

3.06

100,320.00

67

157

50.91

0.57

18,583.33

71

19

50

127.56

1.42

46,560.00

74

73

39.27

0.44

14,333.33

79

14

55

59.03

0.65

21,546.67

81

34

29.91

0.33

10,916.67

105

11

60

33.03

0.37

12,053.33

88

19

23.52

0.26

8,583.33

112

9

65

20.89

0.23

7,626.67

116

12

18.50

0.20

6,750.00

119

7

(% H20)
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1

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

2

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

3

Cost per yr ($) = total cost of all loads of bedding required for a year

4

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
5

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.6. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn at different space per cow (m2 per cow) with all other input values maintained at defaults.

Space per
cow
(m2 per cow)
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4.4
6.0
6.8
7.4
8.6
9.0
9.3
11.2
12.0
19.6
1

Bedding type
Green sawdust and shavings mixture (45% moisture)
Kiln-dried sawdust and shavings mixture (12% moisture)
Cost per
Cost per cow
Cost per yr Bedding
Loads
Cost per
Cost per cow
Cost per yr
Bedding
Loads per
d ($)1
per d ($)2
($)3
life (d)4
per yr5
d ($)
per d ($)
($)
life (d)
yr
197.85
2.20
72,215.00
2
238
111.03
1.23
40,527.00
5
86
138.42
1.54
50,523.67
9
122
69.02
0.77
25,194.00
21
39
103.86
1.15
37,910.83
47
81
53.82
0.60
19,642.00
51
27
96.18
1.07
35,105.00
50
69
47.49
0.53
17,334.75
54
22
69.86
0.78
25,499.00
74
43
36.36
0.40
13,272.67
78
14
62.28
0.69
22,733.33
78
37
31.86
0.35
11,628.00
83
12
59.03
0.65
21,546.67
81
34
29.91
0.33
10,916.67
105
11
31.73
0.35
11,580.00
124
15
17.34
0.19
6,331.50
127
5
23.23
0.26
8,476.75
131
10
14.75
0.17
5,383.33
160
4
3.70
0.04
1,350.00
365
1
5.78
0.06
2,110.00
365
1

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

2

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

3

Cost per yr ($) = total cost of all loads of bedding required for a year

4

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
5

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.7. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding for use in a compost bedded pack barn for different bedding types
with all other input values maintained at defaults.
Bedding group
Bedding
type
Sawdust
Shavings
Mixture1
1
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2

Cost per
d ($)2
38.58
81.24
59.03

Green bedding (45% moisture)
Cost per cow Cost per yr Bedding
per d ($)3
($)4
life (d)5
0.43
14,080.00
83
0.91
29,653.33
80
0.65
21,246.67
81

Loads
per yr6
22
46
34

Cost per
d ($)
20.78
40.19
29.91

Kiln-dried bedding (12% moisture)
Cost per cow
Cost per
Bedding
per d ($)
yr ($)
life (d)
0.23
7,583.33
107
0.45
14,666.67
84
0.33
10,916.67
105

Loads
per yr
8
15
11

Mixture of sawdust and shavings bedding
Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

3

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

4

Cost per yr ($) = total cost of all loads of bedding required for a year

5

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
6

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.8. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn at different dry matter load amounts with all other input values maintained at defaults.

Load
amount1
Low
Medium
High
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1

Bedding type
Green sawdust and shavings mixture (45% moisture)
Kiln-dried sawdust and shavings mixture (12% moisture)
Cost per Cost per cow
Cost per
Bedding Loads Cost per Cost per cow
Cost per
Bedding
Loads
d ($)2
per d ($)3
yr ($)4
life (d)5 per yr6
d ($)
per d ($)
yr ($)
life (d)
per yr
27.17
0.30
9,897.58
78
136
26.47
0.29
9,661.50
79
85
59.03
0.65
21,546.67
81
34
29.91
0.33
10,916.67
105
11
63.32

0.70

23,112.00

107

9

54.04

0.60

19,725.67

111

5

3

Low = 1.0 cm layer deposited on entire pack surface (8.36 m per load)
Medium = 8.8 cm layer deposited on entire pack surface (73.58 m3 per load)
High = 35.3 cm layer deposited on entire pack surface (295.15 m3 per load)

2

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

3

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

4

Cost per yr ($) = total cost of all loads of bedding required for a year

5

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
6

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.9. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for a green bedding mixture of sawdust and shavings for use in a compost bedded pack barn at
different bedding load moisture contents with all other input values maintained at defaults.
Green sawdust and shavings mixture
Bedding load
moisture content
(% H2O)
30

216
1

Cost per d ($)1

Cost per cow per d ($)2

Cost per yr ($)3

Bedding life (d)4

Loads per yr5

29.96

0.33

10,933.33

84

17

40

42.23

0.47

15,413.33

82

24

45

59.03

0.65

21,546.67

81

34

50

100.39

1.12

36,640.00

80

57

60

640.00

7.11

233,600.00

1

365

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

2

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd
3

Cost per yr ($) = total cost of all loads of bedding required for a year

4

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
5

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.10. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for a kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack barn at
different bedding load moisture contents with all other input values maintained at defaults.
Kiln-dried sawdust and shavings mixture
Bedding load
moisture content
(% H2O)
6

217
1

Cost per d ($)1

Cost per cow per d ($)2

Cost per yr ($)3

Bedding life (d)4

Loads per yr5

28.09

0.31

10,250.00

160

10

9

29.23

0.33

10,666.67

106

11

12

29.91

0.33

10,916.67

105

11

15

30.60

0.34

11,166.67

105

11

18

32.20

0.36

11,750.00

105

12

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

2

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd
3

Cost per yr ($) = total cost of all loads of bedding required for a year

4

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content

5

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.11. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for a kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack barn at
different composting levels with all other input values maintained at defaults.

Composting
efficacy1
Poor
Average
Good

Bedding type
Green sawdust and shavings mixture (45% moisture)
Kiln-dried sawdust and shavings mixture (12% moisture)
Cost per Cost per cow
Cost per
Bedding Loads Cost per Cost per cow
Cost per
Bedding Loads
d ($)2
per d ($)3
yr ($)4
life (d)5 per yr6
d ($)
per d ($)
yr ($)
life (d)
per yr
203.25
2.26
74,186.67
6
116
99.08
1.10
36,166.67
13
36
59.03
0.65
21,546.67
82
34
29.91
0.33
10,916.67
105
11
2.19
0.03
800.00
309
1
2.74
0.03
1000.00
365
1

1
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Poor = calculated based on Kentucky compost bedded pack barns maintaining temperatures < 37.8°C at a compost depth of 20.32
cm
Average = calculated based on all Kentucky compost bedded pack barns regardless of temperature at a compost depth of 20.32 cm
Good = calculated based on Kentucky compost bedded pack barns maintaining temperatures ≥ 37.8°C at a compost depth of 20.32
cm
2

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

3

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

4

Cost per yr ($) = total cost of all loads of bedding required for a year

5

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
6

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.12. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn when fans are turned off below different temperature humidity indexes with all other input values maintained at
defaults.

THI1
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30
40
50
60
70

Bedding type
Green sawdust and shavings mixture (45% moisture)
Kiln-dried sawdust and shavings mixture (12% moisture)
Cost per
Cost per cow Cost per yr Bedding
Loads
Cost per
Cost per cow Cost per yr Bedding Loads
d ($)2
per d ($)3
($)4
life (d)5
per yr6
d ($)
per d ($)
($)
life (d)
per yr
19.73
0.22
12,000.00
132
11
11.62
0.13
4,250.00
160
4
33.76
0.38
12,320.00
130
19
18.50
0.20
6,750.00
132
7
52.46
0.58
19,146.67
93
30
27.40
0.31
10,000.00
117
10
59.03
0.66
21,546.67
82
34
29.91
0.33
10,916.67
105
11
61.81
0.69
22,560.00
60
35
31.05
0.35
11,333.33
97
11

1

THI = the temperature humidity index below which fans are turned off. Natural ventilation rates were set to the predominant wind
direction perpendicular to a barn with an open ridge with 45.72 m until the nearest building (correction factor of 0.8) when
temperature humidity index or when the natural ventilation air speed was greater than the fan ventilation air speed.

2

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

3

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

4

Cost per yr ($) = total cost of all loads of bedding required for a year

5

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content

6

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Table 4.13. Annual mean bedding cost per day, bedding cost per cow per day, bedding cost per year, bedding life, and
bedding loads per year for green or kiln-dried bedding mixture of sawdust and shavings for use in a compost bedded pack
barn at poor, average, and good composting temperatures with all other input values maintained at defaults.
Bedding type
DDF1

Poor

Green sawdust and shavings mixture (45% moisture)
Cost per
d ($)2
203.25

Cost per cow
per d ($)3
2.26

Cost per
yr ($)4
74,186.67

Bedding
life (d)5
6

Loads
per yr6
116

Kiln-dried sawdust and shavings mixture (12% moisture)
Cost per
d ($)
99.08

Cost per cow
per d ($)
1.10

Cost per
yr ($)
36,166.67

Bedding
life (d)
13

Loads
per yr
36
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Average

59.03

0.65

21,546.67

82

34

29.91

0.33

10,916.67

105

11

Good

49.24

0.55

17,973.33

79

28

25.57

0.28

9,333.33

84

9

DDF = the drying driving force corrected based on Kentucky compost barns with 20 cm internal temperatures < 37.8°C (poor), ≥
37.8°C (good), or the average of all Kentucky compost barns (average).
1

2

Cost per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last

3

Cost per cow per d ($) = total cost of a load of bedding divided by the total days that load of bedding would last divided by the
number of animals in the lactating herd

4

Cost per yr ($) = total cost of all loads of bedding required for a year

5

Bedding life (d) = total days a load of bedding would last in the compost barn before a new load of bedding was required to
maintain goal pack moisture content
6

Loads per yr = number of individual bedding loads required over the year to maintain goal pack moisture content

Figure 4.1. Compost bedded pack barn bedding decision analysis dashboard
interface allowing the end-user farm specific variable adjustments.
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Figure 4.1. cont.
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APPENDIX
Assumption behind compost bedded pack dry matter density
In Equation 4.14, DM1 = (DMI + (DMB × VB)) – (DMB × VB). DMB and VB
cancel each other so DM1 = DM1. This result was based on the assumption of constant
dry matter density in the till layer of the compost bedded pack barn (20.23 cm in this
study). It was assumed that although moisture varied in the pack, aerobic degradation
was equal to the amount of manure solids (DM) added each day. In the calculations used,
the pack till layer contained 38,555 kg of DM with manure and urine adding 655 kg of
DM per day, or 1.7% of the total DM in the tilled layer. This small percentage made the
assumption reasonable that DM added by bedding at each bedding addition and the daily
addition of manure DM balance the amount of pack DM lost through aerobic
decomposition and movement out of the active (tillable) layer of compost.
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