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LITERATURE REVIEW 

INTRODUCTION 

 Dairy farms are complex systems consisting of many integral parts that must be 

well managed in order to ensure the success of a dairy operation. This literature review 

will focus on animal well-being, udder health, and milk quality in modern dairy 

production systems. Additional information on anaerobic digestion and mechanical 

separation of manure solids for potential use as a bedding material for dairy cows is also 

included to provide readers with pertinent background information. Recent interest in this 

technology and the use of manure solids for bedding is growing as tighter environmental 

regulations are being implemented and the availability of common bedding sources is 

decreasing while prices have increased. If manure solids can be used for bedding without 

compromising animal welfare, udder health, and milk quality then it is likely bedding 

dairy cows with manure solids will be a preferred option for the dairy industry.                         

ANIMAL WELFARE 

 The traditional concept of good animal welfare includes the absence of poor 

health and injury and has always been a major concern of dairy producers (von 

Keyserlingk et al., 2009). In recent years, increased interest by consumers over the 

welfare of dairy cattle has prompted retail organizations to request the development of 

standards and guidelines to assure cattle are treated properly on farms (Mench, 2003). 

Research related to the welfare of animals is growing. Much of the welfare related 

research that exists today investigates the effect of housing systems on animal health and 

injuries. Animal-based measurements such as lameness, hock lesions, and body condition 
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are typically evaluated; however, other measurements such as mortality and culling also 

provide a general indication of welfare and overall animal health.  

Cow Comfort 

Providing cows with a clean, dry, and comfortable surface to rest on is important 

to the well-being of dairy cows as they spend approximately 12 hours each day resting 

(Dechamps et al., 1989; Haley et al., 2000; 2001). Previous research has shown freestalls 

which allow ease of rising and lying movements and provide cows with a comfortable, 

conforming base are used more by cows (Bickert and Ashley, 1991). Additional research 

has shown when provided softer resting surfaces cows spend greater amounts of time 

resting and less time standing (Haley et al., 2001). Cow comfort, as measured by the cow 

comfort index was found to be greater for cows in deep bedded sand stalls than for cows 

housed on mattresses (Cook et al., 2005). It has been observed that cows prefer to stand 

in mattress based stalls and rest in deep bedded sand based stalls (Wagner-Storch et al., 

2003; Cook et al., 2004; 2005). Tucker et al. (2003) found cows preferred to rest in deep 

bedded stalls with either sand or sawdust bedding than in mattress based stalls with 2 to 3 

kg of sawdust (Tucker et al., 2003). However, when provided with greater amounts of 

bedding material on top of mattresses, cow comfort, as measured by lying times and cow 

preference was improved (Tucker and Weary, 2004). In deep bedded sand freestalls, 

lying times decreased as much as 1.15 h/d in stalls with the lowest bedding levels 

(Drissler et al., 2005).  Removing brisket boards from stalls has been found to improve 

cow comfort as cows spent an additional 1.2 h/d resting in stalls without brisket boards 

(Tucker et al., 2006). It has been reported that upon deprivation of resting, eating, and 

social contact, cows made resting a greater priority than eating and social contact 
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(Munksgaard et al., 2005). Due to the significance of resting in the time budget of dairy 

cows, it is critical to provide cows with a comfortable resting surface. Doing so is one 

step to ensuring the well-being of dairy cattle in today‟s production systems. 

Lameness 

 Lameness is a visual expression of pain by cows (Whay et al., 1997, 1998) and  

has been observed to alter daily behavior (Galindo and Broom, 2002; Juarez et al., 2003);  

it continues to be one of the most important production disorders affecting dairy cattle 

today.  Lameness has been suggested as one of the most significant welfare indicators for 

dairy cattle (Whay et al., 2003); however, it is often underestimated by dairy producers 

and herd managers due to a lack of observation, differences in lameness classification, 

and reluctance to admit it is a problem in their herds (Wells et al., 1993; Whay et al., 

2002; Espejo et al., 2006). Cows experiencing lameness spent more time lying outside of 

stalls, had greater lying times, and devoted less time to eating than their non-lame 

counterparts (Galindo and Broom, 2002). Lame cows were also found to remain closer to 

the pen entrance, and required more time to return from milking (Juarez et al., 2003). 

Analysis of 103 dairy herds indicated  risk factors for lameness included decreased lying 

comfort, the use of mats or mattresses as a stall base, lunge space impediments, short 

neck rail-curb diagonals, and low body condition scores (Dippel et al., 2009). Exposing 

cows to concrete can have an adverse effect on the proportion of cows experiencing claw 

disorders (Somers et al., 2003).  

 Several studies have investigated the prevalence of lameness on modern 

production facilities. Cows housed in deep bedded freestalls with sand were found to 

have reduced lameness prevalence in comparison to cows housed on mattress based 
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freestalls (Cook et al., 2003; Espejo et al., 2006).  Additionally, lameness prevalence in 

compost barns was reported to be lower than the prevalence found in freestall barns 

(Barberg et al., 2007). Although certain housing systems have been shown to reduce the 

prevalence of lameness in dairy cattle, it continues to be a problem on modern dairy 

operations and poses a significant welfare concern to both dairy producers and the 

consuming public. 

Economic consequences. Lameness represents a significant economic loss to 

dairy producers in the form of decreased milk production, reduced fertility, and 

premature culling. Green et al. (2002) found milk production was decreased in clinically 

lame cows as many as 4 months prior to diagnosis of lameness and persisted up to 5 

months after treatment. Resulting 305-day milk yields in lame cows were reduced by 

approximately 360 kg (Green et al., 2002). Additionally, milk production was reported to 

be more adversely affected in cows of greater parity and for cows with greater severities 

of lameness (Warnick et al., 2001). Other studies have reported undesirable effects on 

reproductive performance. Melendez et al. (2003) observed reduced conception rates in 

lame cows (17.5%) compared to non-lame cows (42.6%) and reported ovarian cysts were 

more common in cows that were lame (25% vs. 11%). As many as 17 additional days 

until first service and up to 30 additional days to conception have been associated with 

lameness (Lucey et al., 1986). Days to first service for cows experiencing lameness in a 

hindleg was found to be 2.9 days longer than for non-lame cows; when lameness was 

experienced in a foreleg, days to first service was 4.6 days longer than non-lame 

counterparts (Barkema et al., 1994).  Lameness scores greater than 2 predicted cows 

would have increased days to first service, longer days to conception, require more 
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services per pregnancy, and be 8.4 times more likely to be culled (Sprecher et al. 1997). 

A survival analysis of cows diagnosed as lame during the first part of lactation showed 

survival decreased by as much as 2 times that of non-lame cows. In particular, cows 

diagnosed as being lame within the first 60 DIM were at greater risk of being culled 

between 121 and 240 DIM (Booth et al., 2004). In comparison to other production 

diseases in dairy cattle, only mastitis resulted in greater economic loss than lameness 

(Kossaibati and Esslemont, 1997). The consequences of lameness represent a significant 

economic loss to dairy producers.  

Hock Lesions 

  Modern housing systems for dairy cows have been designed to minimize labor 

and the amount of bedding material necessary to optimize cow comfort. However, as 

several studies have shown, these housing systems can vary in their ability to promote the 

welfare of dairy cows. Hock injuries are one of the most common injuries experienced by 

dairy cows (Livesey et al., 2002). In a study of 1752 lactating dairy cows, approximately 

73% of cows had hock lesions with 88.6% of cows having lesions on both legs (Weary 

and Taszkun, 2000). Kielland et al. (2009) found the prevalence of hock lesions to 

average 60.5% for 2,335 cows housed in freestalls. The preference of dairy cows for 

softer resting surfaces corresponded to reduced incidence and severity of hock lesions 

(Tucker et al., 2003). Lesion prevalence and severity has been found to be greater in 

herds with mattresses compared to herds with deep bedded sand (Weary and Taszkun, 

2000; Fulwider et al., 2007; Lombard et al., 2010) while the presence of hock lesions in 

compost bedded pack barns is rare (Barberg et al., 2007; Fulwider et al., 2007). Mowbrey 

et al. (2003) reported hock lesions were larger in size for cows using mattresses 
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compared to cows using deep bedded stalls with sand. The same study also reported that 

lesions located at the point of the hock (tuber calcis) were larger for cows housed in deep 

bedded stalls with sand compared to those on mattresses. Lesions for cows on mattresses 

were most frequently located on the lateral and medial surface of the tuber calcis and the 

lateral surface of tarsal joints of cows whereas lesions for cows housed in stalls with deep 

sawdust or sand occurred more often on the dorsal surface of the tuber calcis (Weary and 

Taszkun, 2000). It is believed the increased incidence of lesions located on the dorsal 

surface of the tuber calcis is a result of contact with the rear curb of the stall (Mowbrey et 

al., 2003). The prevalence, severity, and location of hock lesions can vary greatly among 

modern housing systems.  

Culling and Mortality 

 There are a wide variety of reasons why cows leave or are removed from dairy 

herds (Smith et al., 2000). In most cases, this decision involves consideration of several 

factors related to the health and performance of individual cows as well as salvage values 

and milk and feed prices (Dohoo and Dijkhuizen, 1993). The decision is often 

categorized as either voluntary or involuntary (Smith et al., 2000; Fetrow et al., 2006) and 

has been characterized largely as an economic decision by dairy producers (Fetrow et al., 

2006). Rogers et al. (1988) suggested a cull rate of 25% was optimal, however, no 

specific cull rate is deemed optimal for every dairy herd each year as culling decisions 

also consider farm goals and objectives (Fetrow et al., 2006).  

 Herds experiencing high cull rates over extend periods of time warrant 

investigation of factors which contribute to the premature removal of cows from the herd 

(Fetrow et al., 2006). Dechow and Goodling (2008) investigated dairy cow mortality and 
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culling within the first 60 DIM on dairy herds in Pennsylvania. Results from this study 

revealed most of the culling or removal of cows during this period was due to 

compromised animal health and injuries which may indicate sub-optimal welfare. 

Mortality was indicated as the most common cause of removal during the first 60 DIM 

(Dechow and Goodling, 2008) and 42% of all cow mortalities that occurred during 

lactation occurred during this period (Hadley et al., 2006). Mortality rates among dairy 

operations appear to be a growing problem. The USDA:APHIS:VS National Animal 

Health Monitoring System (NAHMS) Dairy 2007 survey indicated annual mortality rates 

on US dairy operations increased to 5.7% from 4.8% in 2002  (USDA, 2002; USDA, 

2007). Increasing rates of mortality are a growing welfare concern in the dairy industry 

(Thomsen et al. 2004) as they may indicate suboptimal health and compromised animal 

welfare (Thomsen et al., 2006).    

MILK QUALITY AND UDDER HEALTH 

Somatic Cell Count 

 Somatic cell counts (SCC) in milk are used as an indicator of udder health on the 

basis that these cells signal an immune response by the cow and therefore the presence of 

intramammary infection (IMI) (Bradley and Green, 2005). For this reason, the SCC of 

milk has been widely accepted as the international or “gold standard” measurement of 

milk quality (Harmon, 2001; Reneau, 2001). Somatic cells are primarily leukocytes or 

white blood cells and include macrophages, lymphocytes and polymorphonuclear 

neutrophils (PMN).  Macrophages, the predominant cell type found in milk of cows free 

of IMI, are an important component of the non-specific immune defense and antigen 

presentation (Harmon, 2001; Bradley and Green, 2005).  The macrophages of an 
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uninfected mammary gland perform a surveillance-like function, guarding against 

invading mastitis causing pathogens that penetrate the physical barrier of the teat canal 

(Harmon, 2001; Paape 2002). Upon detection of invading bacteria, macrophages release 

chemical messengers that signal migration of PMN to the site of infection within the 

mammary gland (Paape, 2002).  Therefore, the rapid entry of PMN to the mammary 

gland results in an increased SCC (Harmon, 2001). The SCC threshold  for classifying 

cows as being infected has generally been set at 200,000 cells/ml, with SCC  less than 

200,000 cells/ml being considered normal and or uninfected (Harmon, 2001; Bradley and 

Green, 2005). Eberhart et al. (1979) estimated that 50% of uninfected cows had SCC less 

than 100,000 cells/ml and 80% had SCC less than 200,000 cells/ml. Several studies have 

shown a positive association between bulk tank milk SCC (BTSCC) and the prevalence 

of subclinical mastitis (Fenlon et al., 1995; Wilson et al., 1997a; Rodrigues et al., 2005), 

but the association between the two is not perfect (Lievaart, 2007b).  The BTSCC is only 

a „crude‟ measure of the prevalence of IMI within a herd as it may not include milk from 

high SCC cows that are being excluded from the tank. The herd SCC estimated from milk 

recording of all cows provides the most reliable indication of herd management and 

prevention strategies and is therefore a better tool for monitoring the level of IMI on a 

farm. At any point in time, it is reported that well managed dairy herds are able to 

maintain greater than 90% of the herd with SCC less than 200,000 cells/ml and less than 

5% of the herd having 3 consecutive milk recordings (one month apart) greater than 

200,000 cells/ml (Bradley and Green, 2005). Elevated SCC reduce milk production and 

alter milk composition by decreasing milk lactose, butter fat, solids-non-fat, α-

lactalbumin and casein synthesis. Additionally, levels of sodium and chloride increase 
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while potassium and calcium levels decrease (Harmon, 1994). Such compositional 

changes have been reported to decrease cheese yields, shorten the shelf-life of dairy 

products and produce a rancid flavor in milk (Dohoo and Meek, 1982; Jones, 1986). It is 

for this reason that many dairy processing plants pay premiums for high quality, low SCC 

milk (Dohoo and Meek, 1982; Rodrigues, 2005). The SCC of milk is a useful tool in 

assessing milk quality and udder health. 

Factors affecting SCC.  The major factor affecting the SCC of milk is the 

infection status of the mammary gland (Eberhart et al., 1979; Sheldrake et al. 1983). 

Other factors such as parity, stage of lactation, season, stress, diurnal and day-to-day 

variation have relatively minor effects on SCC (Reneau, 1986).   Major pathogens, such 

as Staphylococcus aureus, Streptococcus agalactiae, Streptococcus species other than 

agalactiae and coliforms often cause greater SCC responses, therefore resulting in higher 

SCCs than that of minor pathogens such as Corynebacterium bovis and coagulase-

negative Staphylococci (Eberhart et al., 1979; Bradley and Green, 2005). In several 

studies that analyzed bulk tank milk samples, Staphylococcus aureus and Streptococcus 

agalactiae, both contagious mastitis pathogens, were more commonly found in herds 

with high BTSCC compared with herds having low BTSCC (Fenlon et al. 1995; Jayarao 

et al., 2004; Rodrigues et al. 2005). Barkema et al. (1999) found a strong relationship 

between management style and BTSCC. In herds where the management style was 

characterized as being clean and accurate, the BTSCC was found to be lower than that of 

herds whose management style was considered quick and dirty. Herds utilizing automatic 

take offs (ATOs), sand bedding, dip cups opposed to sprayers for applying teat dip and 

regularly practiced pre- and post dipping had significantly lower BTSCCs  (Jayarao et al., 
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2004). Greater attention to cow hygiene as well as cleanliness of calving pens is also 

associated with lower BTSCC as it reduces the exposure to environmental pathogens. 

Additionally, stricter attention to dry cow treatment and the duration of treatment of 

clinical mastitis cases are also associated with lower BTSCC (Barkema et al., 1998). 

Prevention of mammary gland infection is critical in managing individual cow or whole 

herd SCC. 

Mastitis 

  Mastitis prevention and treatment are of utmost concern to the dairy industry as it 

continues to be the most economically devastating disease affecting adult dairy cattle 

today (Sordillo et al., 1997; Bradley, 2002). Mastitis is a multifactorial disease caused by 

an infection of the mammary gland (Bradley, 2002; Rodrigues et al., 2005). The infection 

is predisposed by an interaction among the pathogen (bacteria), the cow, and the 

environment (Hutton et al., 1990; Rodrigues et al., 2005). Organisms ranging from 

bacteria, mycoplasma, yeasts and algae have been linked as causes of this disease. 

Mastitis pathogens are typically classified into one of two categories, environmental or 

contagious pathogens (Bradley, 2002).  Environmental pathogens originate from the 

environment the cows live in (Smith et al., 1985) whereas contagious mastitis pathogens 

are suited to live within the host, particularly the mammary gland (Bradley, 2002). 

Environmental pathogens are opportunistic invaders of the mammary gland, as they 

typically invade, multiply, produce an immune response by the host  and are quickly 

eliminated (Bradley, 2002). Environmental pathogens frequently encountered include 

streptococci (other than agalactiae) and coliform bacteria such as Escherichia coli, 

Klebsiella pneumoniae, Klebsiella oxytocia, Enterobacter aerogenes and species of 
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Citrobacter, Serratia, and Proteus (Smith et al., 1985). Contagious pathogens often 

establish prolonged (chronic) sub-clinical infections within the mammary gland and are 

transferred from cow to cow (Blowey, 1999; Bradley, 2002; Rodrigues et al. 2005). The 

major contagious pathogens are Staphylococcus aureus, Streptococcus agalactiae and 

Mycoplasma (Bradley, 2002; Riekerink et al., 2006).  

 The first defense mechanism against invasion of mastitis causing pathogens is the 

teat end. The teat end is composed of sphincter muscles which maintain a tight closure 

between the mammary gland and invasive bacteria. The teat canal is lined with keratin, 

which aids the teat end in preventing invading bacteria from reaching the mammary 

gland. Mastitis pathogens which are able to pass through the teat canal must then survive 

the antibacterial activities of the mammary gland before the disease can be established 

(Sordillo et al., 1997). During the milking process, pathogens have several opportunities 

to penetrate the teat canal due to improper teat preparation and teat end impacts. Teats 

which have been washed with water or some other liquid and not thoroughly dried will 

create a droplet at the teat end which often contains fecal material from the teat surface. 

Upon attachment of the milking unit, this droplet may be forced up into the teat canal 

(Blowey, 1999; Jones, 1986). Teat end impacts are often a result of liner slips that occur 

most frequently toward the end of milking or unit removal. Impacts are milk particles 

which are propelled toward the teat end. If the impacts contain bacteria and are able to 

penetrate the teat duct, mastitis may result (Blowey, 1999; Jones, 1986). Pathogens also 

have several opportunities to gain access to the teat after and between milkings. 

Immediately after milking, drops of milk often remain on the teat end, providing contact 

between the teat canal and the external environment. For this reason it is advised to 
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promptly apply teat disinfectant after removal of the milking unit (Jones, 1986). Between 

milking intervals, the effectiveness of teat disinfectants fade allowing environmental 

bacteria an opportunity to invade the teats of cows. Similarly, cows leaking milk provide 

bacteria with a continuous column of milk between the teat ducts and the external 

environment, giving way to an obvious path of infection (Jones, 1986). Mastitis 

prevention hinges on the ability to protect teat ends and minimize the opportunities 

bacteria have to gain access to the teat canal.  

Classification and severity. As previously mentioned, a distinction is generally 

made between mastitis caused by environmental and contagious pathogens depending 

upon the origin of the causative pathogen (Smith et al., 1985). There is also a distinction 

made between clinical and subclinical mastitis which is dependent upon the presence or 

absence of evident symptoms (Blowey, 1999; Harmon, 1999). In the case of subclinical 

mastitis, there are no evident changes in the appearance of milk or the udder, yet milk 

production decreases, milk composition is altered and bacteria are being shed in the milk 

(Harmon, 1994; Blowey, 1999). Detecting subclinical mastitis is usually done through the 

use of BTSCC, individual cow Dairy Herd Improvement Association (DHIA) SCC data 

or cow side tests such as the California Mastitis Test (CMT) (Leslie et al., 2002; Lievaart 

et al., 2006). Clinical mastitis is characterized by abnormal milk often with pain and 

swelling of the infected quarter and may be accompanied by systemic signs. Milk 

production is decreased, composition is altered and bacteria are present in the milk 

(Harmon, 1994; Blowey, 1999). In addition to classifying mastitis as environmental or 

contagious and subclinical or clinical, mastitis can also be classified based upon severity. 

In a study done by Hogan et al. (1989), clinical mastitis was coded by severity as 3 for 
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abnormal milk without apparent swelling to the infected quarter, 4 for normal or 

abnormal milk with swelling of the infected quarter and 5 for abnormal milk, swelling of 

the infected quarter and systemic signs. The one-year study of nine commercial dairy 

herds found 46.9% of all clinical mastitis cases reported were coded as severity of 4, 

38.4% as severity code 3 and 14.7% as severity code 5. Another study by Sargeant et al. 

(1998) found the lactational incidence risk for abnormal milk only (score 3) was 9.8%, 

for abnormal milk with a hard swollen quarter (score 4) was 8.2%, and for abnormal milk 

and systemic signs of mastitis (score 5) was 4.4%. Classification of mastitis depends 

upon the origin of infection and the presence or absence of visible signs while severity 

depends on the speed of the immune response as well as the initial SCC. 

Incidence. Clinical mastitis incidence has been found to vary greatly between 

farms. These differences have been attributed to various factors ranging from housing, 

bedding and overall management of the dairy operation. The rate of clinical mastitis was 

monitored in a one-year study of nine commercial dairy operations with a low herd SCC. 

Upon completion of the study, average rates of clinical mastitis ranged from 0.273 to 

0.748 clinical cases/305 cow-days, with an overall average incidence of 0.457 clinical 

cases/305 cow-days (Hogan et al., 1989). Schukken et al. (1991) observed an average rate 

of clinical mastitis of 5.2 cases per 10,000 cow-days at risk in 125 herds with annual 

BTSCC <150,000 cells/mL. Elbers et al. (1998) studied the incidence rate of clinical 

mastitis in 171 dairy herds from the southern part of the Netherlands and reported an 

average annual incidence of 12.7 quarter cases/year per 100 cows. Just two years later, 

Peeler et al. (2000) reported an incidence rate of 22.8 cases per 100 cows/year from a 

survey of more than 1800 dairy operations in Great Britain. The incidence rate of clinical 
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mastitis was studied more recently in 106 dairy farms in Canada by Riekerink et al. 

(2007). Results from the study indicated an average incidence rate of 23 cases per 100 

cow-years with a range among herds of 0.7 to 97.4 cases per herd. There is evidence that 

herds with lower BTSCC experience greater incidences of clinical mastitis (Elbers et al., 

1988; Elbers et al. 1998) as well as greater variability (Barkema et al., 1998).  Many 

factors related to housing, bedding and general management differ between dairy herds 

and are believed to influence incidence rates of clinical mastitis. 

Prevalence. The prevalence of mastitis can vary depending upon the type of 

pathogen involved. Mastitis caused by contagious pathogens are often of long duration 

whereas mastitis caused by environmental pathogens are typically of short duration 

(Harmon, 1994; Rodrigues et al., 2005). It has been reported that at any point in time, the 

prevalence of infection due to environmental pathogens is less than 10% (Harmon, 1994). 

In a study by Smith et al. (1985), approximately 69% of coliform infections were present 

for 30 days or less and 57% were present for less than 10 days. The same study also 

reported nearly 59% of mastitis infections due to environmental streptococci lingered for 

30 days or less and 36% lasted for less than 10 days. The vast majority of coliform cases 

(81%) and more than half (53%) of environmental streptococci cases exhibited clinical 

signs. While most of these infections were of short duration, 13% of coliform infections 

and 18% of environmental streptococci infections persisted for more than 100 days 

(Smith et al., 1985). In the case of mastitis caused by contagious pathogens, particularly 

Streptococcus agalactiae and Streptococcus aureus, the majority (60%) of cases occur as 

subclinical infections rather than clinical infections (Smith et al., 1985). The prevalence 

of subclinical mastitis has been documented to be positively associated with BTSCC.  
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However, the incidence of subclinical mastitis between herds in low (<250,000 cells/mL), 

medium (250,000 to 400,000 cells/mL) and high (>400,000 cells/mL) BTSCC categories 

did not differ. This phenomenon is believed to be caused by the presence of different 

mastitis pathogens as contagious pathogens were more commonly found in herds with 

high BTSCC than herds with low BTSCC (Rodrigues et al., 2005). Similar results were 

found by Erskine et al. (1988) where herds having a low SCC (<150,000 cells/ml) had a 

much different distribution of mastitis causing pathogens as compared to herds with a 

high SCC (>700,000 cells/ml). In low SCC herds,  0.0%, 2.2%, 12.3%, and 43.5% of 

mastitis cases were caused by Streptococcus agalactiae, Staphylococcus aureus, 

streptococci (other than agalactiae), and coliforms, respectively. For those herds with 

high SCC, the respective distribution of mastitis pathogens was 41.5%, 18.3%, 12.6%, 

and 8.0%.  

Ethiology. Clinical cases of mastitis can be caused by a variety of different 

pathogens. Several studies have been conducted in the past which have sought to 

determine the distribution of pathogens isolated from cases of clinical mastitis. Smith et 

al. (1985) cultured milk from all clinical mastitis cases detected in the Ohio Agricultural 

Research and Development dairy herd over a period of five years. Results from this study 

indicated coliforms as the causative pathogen in 31.8% of all clinical mastitis cases, 

followed by streptococci (other than agalactiae) at 30.2%. No pathogen was isolated in 

15.1% of the cases, whereas Corynebacterium bovis and coagulase-negative 

Staphylococci were found in 10.3% and 9.0% of mastitis cases, respectively. Hogan et al. 

(1989) reported the causative agents in 646 clinical cases of mastitis from nine 

commercial dairy operations. Coliforms accounted for 29.7% of all cases, followed by 
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environmental streptococci at 25.4%, and culture negative results at 27.2%.  In another 

study involving 106 dairy operations throughout Canada, over 3,000 clinical mastitis 

cases were sampled and cultured. Analysis of culture results revealed 43.9% were 

culture-negative, 10.3% were caused by Staphylococcus aureus, 8.4% were due to 

Escherichia coli, 6.3% were a result of Streptococcus uberis, and 5.1% resulted from 

coagulase-negative Staphylococci (Riekerink et al 2008). Such studies indicate pathogens 

involved in clinical mastitis can differ considerably between countries and within 

countries (Riekerink et al., 2008). Research in the United States has indicated that 

coliforms and streptococci other than agalactiae are the most frequently isolated mastitis 

pathogens (Smith et al., 1985; Hogan et al., 1989; Erskine et al., 1988). However, 

researchers in Norway have cited Staphylococcus aureus as the most numerous mastitis 

pathogen, followed by coagulase-negative Staphylococci (Reksen et al. 2006). In Canada, 

the most commonly isolated pathogen was Staphylococcus aureus, followed by 

Escherichia coli. It was also determined that Staphylococcus aureus, Strep. Uberis, and 

Strep. dysagalactiae were less common in the western provinces of Canada  (Riekerink et 

al 2008). Mastitis is caused by a wide range of pathogens and may vary based upon the 

geographic location of the herd. 

Risk factors. Perhaps the biggest mystery of mastitis is that while herds have 

been able to make management changes to minimize and control mastitis caused by 

contagious pathogens, improvements in animal husbandry have not resulted in reductions 

in mastitis caused by environmental pathogens (Bradley, 2002). Management practices 

such as the post milking teat disinfection, whole herd dry cow therapy and culling of 

chronically infected cows have been successful in controlling contagious mastitis (Smith, 
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1983; Hogan et al., 1989; Bradley, 2002). However, practices which control contagious 

mastitis do not control environmental mastitis (Smith, 1983; Hogan et al., 1989). 

Therefore, herds which have effectively controlled contagious mastitis may still have 

unacceptable frequencies of clinical mastitis (Smith et al., 1985). Barkema et al. (1998) 

reported the variability of clinical mastitis incidence between herds increased as BTSCC 

decreased.  Several studies (Schukken et al. 1991; Elbers et al., 1998; Barkema et al., 

1999; Peeler et al., 2000) have sought to identify sources of variation among herds with 

varying incidence rates of clinical mastitis. Results from these studies as well as others 

have identified numerous risk factors for clinical mastitis which can be categorized into 

three groups, resistance of the cow to intramammary infection, exposure to mastitis 

causing pathogens, and the cure of intramammary infection and inflammation (Barkema 

et al., 1999).  

Resistance. Animal nutrition has been reported to be associated with the 

incidence rate of clinical mastitis in dairy herds (Schukken et al. 1990; Barkema et al., 

1999). The presence of minerals in the diets of lactating cows was associated with 

decreased incidence rates of mastitis caused by Streptococcus dysgalactiae and 

Streptococcus uberis (Barkema et al., 1999). Supplementation of vitamin E and selenium 

in diets has been reported to reduce both the incidence and duration of mastitis (Smith et 

al., 1984). The inclusion of sugar beet pulp in the ration of lactating cows was associated 

with higher incidence rates of mastitis. Although not proven, it is speculated that this was 

due to lower mineral content of the diets (Schukken et al., 1990). Deficiencies in either 

vitamin E or selenium have also been associated with increased rates of clinical mastitis 

and increased severity of infection. Supplementation of vitamin E and selenium in the 
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diet of lactating dairy cows resulted in an improved immune response by the cow (Smith 

et al., 1997).  

 In addition to nutrition, milk production, leaking of milk and trampled teats have 

also been indicated as factors associated with the incidence rate of mastitis. Schukken et 

al. (1990) reported a higher incidence of mastitis in herds with greater milk production. 

Similar results were found by Barkema et al. (1999) where the milk production of cows 

in low BTSCC herds was positively associated with mastitis caused by Escherichia coli. 

Several studies have indicated that one or more cows leaking milk between milking 

intervals or in the parlor and holding pen prior to milking was associated with an 

increased risk of clinical mastitis (Elbers et al., 1998; Barkema et al., 1999; Peeler et al., 

2000). Cows leaking milk between milkings may be at a greater risk of mastitis due to a 

continuous stream of milk between the teat cistern and the external environment 

(Schukken et al., 1990; Peeler et al., 2000). Additionally, leaking milk upon entering the 

parlor may increase exposure to other cows as the milk may contain bacteria from 

infected quarters (Peeler et al., 2000). Trampled or damaged teats were also found to be 

associated with increased rates of mastitis (Elbers et al., 1998). The same study also 

found increased incidence of clinical mastitis in herds with lower annual BTSCC 

(<150,000 cells/ml). It is believed that farmers who are better at detecting clinical 

mastitis are likely diverting more high SCC milk from the bulk tank (Elbers et al., 1998).  

 Practicing post milking teat disinfection regularly was significantly associated 

with higher levels of mastitis (Peeler et al., 2000) which is similar to results of Elbers et 

al. (1998) who found herds that always practiced post milking teat disinfection 

experienced a 1.4 times higher rate of clinical mastitis than herds that did not regularly 
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perform this practice, and similar to results of Schukken et al. (1990) who found herds 

with low BTSCC experienced increased rates of clinical mastitis. Higher rates of clinical 

mastitis in herds which regularly practice post milking teat disinfection has been 

attributed to infections by Escherichia coli (Lam et al., 1997; Barkema et al., 1999). The 

use of post milking teat disinfectant has been found to be a risk factor for mastitis cases 

caused specifically by Escherichia coli (Schukken et al., 1991; Elbers et al., 1998). It has 

been suggested that this management practice may reduce the prevalence of minor 

pathogens, particularly Corynebacterium bovis on the teat surface allowing major 

pathogens a better chance to invade the teat canal and cause infection (Rainard and 

Poutrel, 1988; Lam et al., 1997).   

 Other studies have indicated the incidence rate of clinical mastitis can be 

influenced by factors such as breed, parity and stage of lactation. Red and White (Meuse-

Rhine-Yssle) cattle in comparison to Holstein-Friesian cattle were found to have a higher 

incidence rate of mastitis (Schukken et al., 1990). Elbers et al. (1998) reported similar 

results in that Red and White cattle were associated with a higher rate of clinical mastitis. 

Reports by Smith et al. (1985) and Morse et al. (1987) indicated a positive association 

between parity and rates of mastitis. However, results by Hogan et al. (1989) contradicted 

previous findings. Cows in parity groups 1 and 2 were reported to have higher incidences 

of clinical mastitis than cows in parity groups 3 and 4. The risk for mastitis appears to be 

greatest in early lactation as opposed to late lactation (Smith et al., 1985; Hogan et al., 

1989). However, many infections are acquired during the dry period and become clinical 

during early lactation (Hogan and Smith, 1998). Rates for clinical mastitis in 406 cows 

across nine commercial herds were greater during the first 90 days of lactation and 



 

- 20 - 

decreased as lactation progressed. Nearly 200 cases (31%) of the 646 clinical cases of 

mastitis occurred within the first month of lactation and 129 cases (19.9%) occurred 

within the first week of lactation (Hogan et al., 1989).  

Exposure. Confinement housing, greater cow densities and the utilization of 

bedding materials that promote bacterial growth are all examples of current trends in 

dairy cattle housing which have increased concerns regarding exposure to environmental 

pathogens (Smith, 1983).  Rodrigues et al. (2005) reported a strong association between 

the type of facility as well as herd size and BTSCC.  Lactating dairy cows housed in 

straw yards were reported to have a higher incidence rate of clinical mastitis than cows 

housed in freestalls (Peeler et al., 2000). The incidence rate of clinical mastitis also 

increased when dry cows and pregnant heifers were housed together (Barkema et al., 

1999). Stalls utilizing rubber mats as a lying surface were found to be a risk factor for 

mastitis (Schukken et al., 1990). The presence of rubber mats in stalls was associated 

with a moist surface, which can result in an environment favorable to bacterial growth 

(Zehner et al. 1986). Cows housed in freestalls had higher incidences of mastitis caused 

by Klebsiella species and Escherichia coli compared to cows housed in tie-stalls.  

However, cows in tie-stalls experienced greater incidences of mastitis due to 

Staphylococcus aureus, Streptococcus uberis, coagulase-negative staphylococci and other 

streptococcal species in comparison to cows in freestalls (Riekerink et al., 2007).  

Incidence rates of mastitis caused by Escherichia coli were found to be lower when 

animal densities were lower and slatted floors existed in the pens and alleyways 

(Barkema et al., 1999). The type of housing facility can have an impact on the udder 

health of a dairy herd.  
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 In addition to housing facilities, another area shown to have a profound impact on 

mastitis is overall hygiene.  Several studies have indicated a lack of cleanliness and 

routine disinfection of the calving area and or calving pens as risks for increased 

incidence of clinical mastitis (Schukken et al., 1990; Peeler et al., 2000). This is due, in 

large part, to the fact that immediately prior to and after parturition, cows are more 

susceptible to mastitis caused primarily by environmental pathogens (Smith et al. 1985). 

In comparing management styles of „clean and accurate‟ with „quick and dirty,‟ herds 

that were described as being „clean and accurate‟ were reported to have better overall 

hygiene, yet these herds experienced a greater overall incidence of clinical mastitis 

(Barkema et al., 1999). Poor freestall cleanliness has also been cited as a risk factor for 

mastitis and was consequently found to be correlated with cow hygiene (Schukken et al., 

1990). Stall cleanliness is frequently linked to environmental exposure (Hogan et al., 

1989) and reports by Schreiner and Ruegg (2003) as well as Reneau et al. (2005) have 

shown that hygiene scores of the udder and hind limbs of a cow were positively 

associated with the cow‟s somatic cell score. Additionally, survey results of nearly 1800 

dairy herds by Peeler et al. (2000) indicated herds which scraped the gathering yard or 

holding pen less than twice a day and confined the cows in a yard after milking 

experienced higher incidences of clinical mastitis.   

 Bedding materials can also affect the dairy cows‟ exposure to mastitis pathogens. 

Bedding materials are in frequent and direct contact with the teat ends of the cow for 

extended periods of time (Carroll, 1977; Bishop et al., 1980). The contact of the teat ends 

with the bedding material while lying down allows for bacteria to be transferred to teat 

surfaces (Hogan and Smith, 1997; Hogan et al., 1999). Several studies have shown 
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bacterial populations of bedding were positively correlated with bacterial populations 

found on teat ends (Hogan and Smith, 1997; Zdanowicz et al., 2004). Additionally, 

bacterial counts in bedding materials have been linked to the incidence of mastitis 

(Hogan et al., 1989). Therefore, reducing teat end exposure and ultimately intramammary 

infections hinges on the ability to control and minimize bacterial populations in bedding 

materials (Bey et al., 2002).  

The choice of bedding material is one of the most influential environmental 

factors affecting bacterial exposure to the dairy cow (Hogan and Smith, 1998). Bacterial 

growth in various bedding materials is believed to be dependent upon the availability of 

nutrients, moisture, humidity, temperature, pH, and stall management (National Mastitis 

Council, 1996; Godden et al., 2008). Most organic bedding materials provide sufficient 

nutrition to support the growth of coliforms and environmental streptococci to reach 

populations that exceed 10
7
 colony forming units

 
(cfu) per gram of bedding (Hogan and 

Smith, 1998). Bacterial populations however, do vary among common organic bedding 

materials. Wood products, such as sawdust and shavings were found to contain greater 

populations of coliforms and Klebsiella compared with straw, yet streptococci bacteria 

were more numerous in straw than wood products (Rendos et al., 1975). Bacteria have 

been observed to proliferate quickly in fresh sawdust when cows and feces are present. 

When inoculated with feces, coliform bacteria levels grew two to three logs within 24 to 

48 hours in fresh sawdust (Carroll and Jasper, 1980). Although many organic bedding 

materials contain relatively low bacterial counts prior to use, bacteria may increase as 

much as 10,000-fold within a few hours of use (Hogan and Smith, 1998). The population 
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of bacteria in organic bedding materials has been shown to grow the most within 24 to 48 

hours after bedding placement in the stall (Hogan and Smith, 1998; Bey et al., 2002). 

The use of inorganic bedding materials, particularly washed sand has been 

considered the ideal bedding source from a bacteriological perspective (Hogan and 

Smith, 1998; Bey et al., 2002). Fairchild et al. (1982) concluded growth of bacteria was 

inhibited in both sand and limestone by a lack of moisture as well as available nutrients. 

Common organic bedding materials were found to have significantly higher moisture 

content than inorganic materials. Additionally, those same organic bedding materials 

contained significantly higher coliform, Klebsiella, streptococci and gram-negative 

bacteria counts than inorganic materials (Hogan et al., 1989). Similar results were 

reported by Fairchild et al. (1982), where organic bedding materials promoted the 

greatest growth of coliforms and Klebsiella bacteria in comparison to washed sand. 

Zdanowicz et al. (2004) compared bacterial populations on the teat ends of cows bedded 

with either sand or sawdust. Results from this study indicated that teat ends of cows 

bedded with sawdust contained twice as many coliforms and six times as many Klebsiella 

bacteria than cows bedded with sand. However, 10 times as many streptococcus species 

were found on the teat ends of cows bedded with sand compared to cows bedded with 

sawdust. Despite sand and crushed limestone‟s inorganic characteristics, these bedding 

materials were found to contain both streptococci and gram-negative bacteria greater than 

10
6
 cfu/gram of dry weight (Hogan et al., 1989), the same amount believed to be 

necessary to  trigger  intramammary  infections (Jasper, 1980). The type of bedding 

material however, is only one potential source of contamination, and may have no direct 
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relationship with the incidence of mastitis with good, consistent management (Bishop et 

al. 1981; Hogan et al., 1989).  

Besides the origin of the bedding material, many physical and chemical properties 

also influence the amount of bacterial growth that occurs. Particle size has been 

determined to be an important factor that drives bacterial growth. Fine, particulate 

bedding materials support greater bacterial populations than that of large particles and are 

also more prone to adhere to the teats and udder, which increases exposure to the teat end 

(Hogan and Smith, 1998; Bey et al., 2002). In addition to the particle size of the bedding, 

other studies indicate bedding pH and the percent of total carbon C (%) present may also 

influence the growth of bacteria.  Godden et al. (2008) reported pH and C (%) content to 

have a positive relationship with growth of Klebsiella pnuemoniae and only bedding pH 

to be positively associated with the growth of Enterococcus faecium.  Other studies, 

which have manipulated bedding pH by the addition of lime or acidic bedding 

conditioners, have reported an antimicrobial effect by increasing or decreasing bedding 

pH. The optimal pH range for bacterial growth is 6.8 to 7.4 (Janzen et al., 1982). The 

effect of manipulating pH however, appears minimal as bacteria populations and bedding 

pH were found to be similar between treatments after the second day of being placed in 

the stall (Janzen et al., 1982 Hogan and Smith, 1997 Hogan et al., 2007).   

 The season of the year as it corresponds with temperature and humidity has also 

been found to play a role in bacterial populations found in bedding material and the 

subsequent incidence of mastitis. Both the temperature and moisture content of bedding 

materials was observed to reflect ambient conditions when dry recycled manure was 

utilized as bedding (Carroll and Jasper, 1980). It was also observed by Morse et al. 
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(1988) that as the temperature-humidity index increased, clinical mastitis incidence also 

increased.  Coliforms and gram-negative bacteria were found to be greatest in chopped 

straw during the summer as compared with winter, spring and fall. Additionally, in 

sawdust, coliform and gram-negative bacteria counts were higher in summer and fall than 

in winter and spring (Hogan et al., 1989). Rates of coliform and streptococci (excluding 

Streptococcus agalactiae) intramammary infections were greatest during the summer, 

coinciding with greatest exposure to coliforms in bedding materials (Smith et al., 1985). 

Similar results were reported by Hogan et al. (1989), where average rates of clinical 

mastitis peaked during the summer, decreased through fall and winter, and then bottomed 

out in the spring. Riekerink et al. (2006) reported cows in total confinement experienced 

higher incidences of clinical mastitis during the summer due to Escherichia coli than 

during the winter.  However, the same study also reported clinical mastitis incidence was 

at its highest during the winter months of December and January, with the exception of 

mastitis caused by Streptococcus uberis, which peaked during late summer.  

Cure. Research has implicated the dry period as the time of greatest risk for the 

development of new intramammary infections (Smith et al., 1985). The dry period 

however, has also been reported to provide the greatest efficacy in curing existing 

mammary infections (Natzke, 1971).  Dry cow therapy is a recommended management 

tool used to minimize the rate of intramammary infection by eliminating infections 

existing at dry off as well as preventing new infections during the dry period (Neave et 

al., 1966). The rate of new infections has been reported to be as much as 10 to 15% when 

dry cow therapy is not utilized (Natzke, 1971). In a study by Rindsig et al. (1978), the 

new infection rate was significantly lower at 3.1% for cows treated in all four quarters 
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compared to 6.5% for cows that received selective dry cow treatment.  The same study 

also reported cows that received complete dry cow therapy had significantly fewer 

infected quarters after calving than cows that received selective dry cow therapy. Results 

by Schukken et al. (1993) were similar, with quarters not receiving antibiotic treatment 

prior to dry off being ten times at greater risk for developing clinical mastitis. Effective 

dry cow therapy has been observed to eradicate between 70 to 90% of existing infections 

at dry off (Natzke, 1981). The use of dry cow therapy has also been found to reduce the 

rate of infections caused by streptococcal bacteria during the early dry period (Smith et 

al., 1985). In addition to not utilizing complete dry cow therapy, dry periods lasting 

longer than sixty days were reported to increase the rates of new infections (Rindsig et 

al., 1978). More recently, Peeler et al. (2000) reported average dry period lengths above 

40 days put cows at an increased risk of clinical mastitis. Management of cows during the 

dry period is a crucial factor in mastitis control. 

Economic importance and costs. Mastitis has been implicated as the most costly 

disease in dairy cattle, accounting for 38% of direct health costs experienced by dairy 

producers (Kossaibati and Esslemont, 1997). Harmon (1994) estimated the economic loss 

to dairy producers in the United States due to mastitis was nearly $2 billion annually. 

Estimating the actual costs associated with mastitis is rather difficult (Bradley, 2002) as 

financial losses due to mastitis stem from a variety of factors such as culling, death, 

reduced milk production, treatment of the infection, discarded milk and loss of milk 

quality bonuses (Bradley, 2002; Rodrigues et al. 2005). The single greatest loss 

associated with mastitis is reduced milk production. This loss arises from both reduced 

milk yield and milk withdrawal (Kossaibati and Esslemont, 1997). It has been estimated 
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that losses due to mastitis may range anywhere from $140 to $300 per cow per year, and 

it is generally believed that 70% to 80% of this cost is a result of reduced milk production 

(Fetrow et al., 2000). Mastitis was also reported as the second-most common cause of 

death in dairy cows in England (Esslemont and Kossaibati, 1997). Reproductive 

performance has also been found to be influenced by the presence of IMI. Schrick et al. 

(2001) reported increased days to first service, days open, and services per conception in 

cows with clinical or subclinical mastitis as compared to cows free from infection. 

Because mastitis is present on every dairy operation and often causes pain and discomfort 

to the infected dairy cow, it has also become an animal welfare issue (FAWC, 1997). 

Dairy producers experience significant financial losses each year as a result of mastitis 

which may be the most devastating disease affecting dairy cattle today. 

ANAEROBIC DIGESTION 

 

  Anaerobic digestion is a controlled biological process which can significantly 

reduce livestock‟s manure impact on both water and air quality (Martin et al., 2003). The 

process of anaerobic digestion uses microorganisms to breakdown organic material (i.e., 

dairy manure) in the absence of oxygen to produce biogas consisting of methane (60%) 

and carbon dioxide (40%) as well as some trace gases and stabilized organic matter 

(Wright, 2001). The resulting biogas can then be used as a renewable energy source to 

produce both electricity and heat (Burke, 2001). The organic material remaining after 

anaerobic digestion, often referred to as effluent, can be mechanically separated into solid 

and liquid fractions. The solids obtained from separation can be utilized as a bedding 

material for dairy cows, soil amendment or compost and the nutrient-rich liquid portion 

can be applied to crop land as fertilizer (Burke, 2001; Wright, 2001). 
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Three groups of microbes, liquifying bacteria, acid forming bacteria, and 

methanogens are involved in the digestion process.  The first step that occurs in digestion 

is hydrolysis which requires the liquifying bacteria, through the use of extra cellular 

enzymes, to convert insoluble fibrous material to soluble material.  Following this, 

soluble carbohydrates, proteins, fats and short-chained organic acids are converted by the 

acid forming bacteria to short-chain organic acids for use by the methanogens in the 

production of biogas (Wright, 2001; Burke, 2001). Biogas production is dependent upon 

the composition of the organic material being used as well as its biodegradability, and the 

rate of production is dependent on both the temperature of the digester and the existing 

microbial population (Lusk, 1998). The solid content of the dairy manure being fed to the 

digester can be broken down into total solids and an inorganic fraction (Wright, 2001). 

The total solids consist of 70% - 80% volatile solids, which are mostly cellulose and 

hemicelluloses that can readily be converted to biogas. However, volatile solids also 

include lignin, which will not degrade during digestion and therefore not aid in the 

production of biogas (Burke, 2001). The total solid composition of dairy manure can 

fluctuate based on diet, stage of lactation, milk production and the bedding material being 

used on the dairy (Converse, 2001); however, most dairy manure will range anywhere 

from 10-20% total solids as excreted (EPA, 2002). 

Digester Components 

 Components of a typical anaerobic digestion system include manure collection 

and pretreatment, the digester itself, effluent storage, biogas recovery, handling and use 

(Liebrand & Ling, 2009; Moser, 2009). Fresh manure is added to the digester daily, 

therefore it must be collected daily from the dairy operation.  Depending upon the type of 
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digester being used, it may be necessary to pre-treat or adjust the manure slurry via 

mixing pits or solid separation to meet the solid content requirements of the system 

(Moser, 2009).  The anaerobic digester is an airtight containment vessel that promotes the 

growth of anaerobic bacteria and allows for the collection of biogas. The digester can be 

heated via hot water pipes to desired temperatures or left unheated and can be either 

mixed or unmixed depending upon the type of digester used. Manure is added to the 

digester from the collection pit and slowly progresses through the vessel while 

undergoing the process of digestion. The period of time manure spends in the digester is 

known as the hydraulic retention time and is typically around 20 days for most digesters 

treating dairy manure (Liebrand & Ling, 2009). The size of the digester is dependent 

upon the number of cows as well as the rate of digestion. The rate of digestion depends 

on how conducive the digester environment is and can be improved with greater 

temperatures, recycling bacteria and providing media for bacteria to adhere to (Wright, 

2001).  The stabilized effluent is often mechanically separated to obtain digested solids, 

whereas the liquid portion, which is about 4% solids (Wright, 2001) and reported to have 

an enhanced fertilizer value, will need to be stored until it can be applied to crop land 

(Liebrand & Ling, 2009). The biogas produced within the digester is collected and 

directed toward a filter or „scrubber‟ to remove hydrogen sulfide and moisture to prevent 

corrosion of the equipment (Liebrand & Ling, 2009; Moser, 2009).  Once the biogas is 

compressed to operating pressure and metered, it can be utilized as a fuel to generate 

electricity, which can be sold to the electrical grid or used on site. There is also an 

opportunity to capture heat from the generator to heat water for use by the farm or to heat 

the digester itself (Liebrand & Ling, 2009).  
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Digester Temperatures 

Anaerobic digestion can occur at three different temperature ranges. 

Psychrophilic, less than or equal to 68 degrees Fahrenheit, is typical of covered lagoons 

and produces the least amount of gas. Mesophillic, 95-105 degrees Fahrenheit, tends to 

be the most common temperature range of anaerobic digesters on livestock operations; 

however, thermophillic digesters may be able to produce more biogas but require more 

energy to maintain high temperatures of 125-135 degrees Fahrenheit (Lusk, 1998; Burke, 

2001; Wright, 2001). Digester temperatures are critical to biogas production and must be 

maintained within a narrow and steady range. Temperature fluctuations as little as 5 

degrees Fahrenheit may be enough to hamper biogas production and render system 

failure (Balsam, 2002).  Additionally, the heating process of anaerobic digestion has also 

been found to reduce the amount of harmful pathogens in the manure such as 

Mycobacterium avium paratuberculosis and fecal coliforms (Martin et al., 2003; Wright, 

2003). 

Digester Types 

Currently, there are four different types of anaerobic digesters being used for 

treating dairy manure. The type of digester a dairy operation utilizes is based on the 

manure management system the dairy employs (scrape or flush) as each digester is 

designed to handle manure influent with different solid contents ranging from less than 

2% to as much as 14% (Wilkie, 2005). Covered lagoons and fixed film digesters are two 

different anaerobic digesters that are designed to handle manure with solid contents less 

than 2% and are typically found on dairies using a flush system. In these types of 

systems, fibrous material is removed prior to entering the digester and digestion occurs at 
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psychrophilic temperatures.  Hydraulic retention times for the digesters range from 35-60 

days for covered lagoons and 2-4 days for fixed film digesters (Kirch, 2005; Wilkie, 

2005). Complete mix and plug-flow digesters are designed to handle manure with greater 

solid contents. Complete mix digesters are generally steel or concrete silo-like tanks that 

use agitators to mechanically mix incoming manure with material already in the digester 

in order to maintain a consistent slurry. This design typically will handle solid contents 

ranging from 3-10% and operates at mesophillic temperatures. Plug-flow digesters are 

typically insulated concrete tanks that are below grade which utilize plugs of fresh 

manure entering the digester at one end to replace manure exiting the digester at the other 

end. This type of digester often operates at mesophillic temperatures and is designed to 

handle manure with solid contents ranging from 10-14%.  Hydraulic retention times for 

both complete mix and plug flow digesters are usually around 20 days (Burke, 2001; 

Kirch, 2005; Wilkie, 2005). Neither plug-flow nor complete mix digesters are designed to 

handle manure from dairy operations using sand bedding as sand will settle out within the 

digester and decrease the digester‟s volume and efficiency.  However, fixed film and 

covered lagoons are capable of handling manure from herds that utilize sand bedding but 

require sand and solid separation prior to entering the digester (Wilkie, 2005).  

Costs and Economic Viability 

 Anaerobic digestion is not economically justifiable for all farms as the costs 

required for installation can be rather extensive.  Costs of an anaerobic digester will vary 

based on the system type, size and other site-specific conditions (EPA, 2010).   Most 

research suggests anaerobic digesters are more economically viable on larger dairy farms 

because the capital investment per cow is greatly reduced.  Kramer (2004) reported a 
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capital investment per cow for farms generating electricity to range from $417 to $763.  

Recent estimates by AgStar as reported by the EPA (2010) put the capital investment per 

cow to be as high as $1,000 for a complete mix digester and $1,400 for a plug flow 

digester.  While research has not clearly defined the minimum number of cows necessary 

to successfully operate an anaerobic digester profitably, the minimum reported has 

ranged from 500 to 1,000 cows (Leuer et al., 2008; EPA, 2010).   

MANURE SEPARATION  

 Modern dairy operations are growing in size and decreasing in number. As farms 

have become more consolidated, concerns regarding odor control and nutrient 

management as it relates to environmental pollution have grown. Fortunately, the 

separation of the solid and liquid portions of manure can be an effective way to treat 

animal waste (Zhang and Westerman, 1997) by reducing odors and the potential risks of 

ground water pollution (Burton, 2007; Mukhtar et al., 1999). Additional benefits of 

manure separation have also been recognized and include reduced organic loading of 

manure storage basins and build up of solids and sludge in lagoons (Mukhtar et al., 1999) 

as well as improved manure handling efficiency and the possibility of added value from 

animal wastes produced on the farm (Burton, 2007). The separated solids portion of the 

manure can be utilized as bedding, mulch for gardening, and even feed (White, 1980). 

Separation Techniques 

The goal of manure separation is to remove all suspended solids and some of the 

dissolved solids from manure slurry (Zhang and Westerman, 1997; Mukhtar et al., 1999). 

Fresh dairy manure typically contains 62-83% suspended solids while the remaining 

percentage represents dissolved solids (Loehr, 1974). There are two concepts which are 
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primarily used by modern separation technologies and they include particle size and 

particle density. Separation techniques such as screening and pressing utilize the particle 

size principle, whereas sedimentation and centrifugation employ the particle density 

principle (White, 1980).  

Screening and sedimentation are most commonly used for the separation of 

animal wastes (Zhang and Westerman, 1997). Sedimentation, also known as settling 

basins, utilizes gravity to aid in separation (Mukhtar et al., 1999).  This type of system is 

most effective in treating dilute manure slurry (Zhang and Westerman, 1997) and results 

in a solid fraction with high moisture content (White, 1980).  

The process of screening can be performed in various ways including stationary 

inclined screens, vibrating screens, and rotary screens. Inclined screens, which are widely 

used on US dairy farms (Zhang and Westerman, 1997), utilize gravity to separate the 

liquid and solid portions of manure (Makhtar et al., 1999). Manure slurry is pumped to 

the top edge of the inclined screen at which point the slurry begins to travel down the 

incline. The liquid portion is able to pass through the screen, while the solids continue to 

slide down the inclined screen to a collection area. This type of system is particularly 

attractable as maintenance is minimal due to a lack of moving parts (Zhang and 

Westerman, 1997; Mukhtar et al., 1999). Vibrating screen separators utilize rapid 

vibrating motion to aid in separation of the solid and liquid portions of manure. In this 

system, manure slurry is pumped onto the vibrating screen at a controlled rate. Much like 

the inclined screen, liquid passes through the screen while the solids gradually move 

toward the edges of the screen for collection (Zhang and Westerman, 1997; Mukhtar et 

al., 1999). Finally, rotary screen separators utilize a rotating screen to separate manure 
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into solid and liquid fractions. In this system, manure slurry is fed at a controlled rate on 

the top of the rotating screen. As the screen rotates, the liquid fraction passes through the 

screen and the solids remain on the screen until removed by a scraper for collection 

(Zhang and Westerman, 1997; Mukhtar et al., 1999).  

In addition to the sedimentation and screening techniques used for the separation 

of manure, presses are another form of mechanical separation which utilizes pressure 

applied by rollers or screws against opposing screens to partition manure into solid and 

liquid fractions (Zhang and Westerman, 1997). Roller presses employ two concave 

screens in addition to a series of brushes and rollers. Manure slurry is deposited onto the 

first screen and then passed onto the second screen while the brushes and rollers force the 

manure slurry against the screens which allows the liquid to be removed through the 

screens and the solids to remain until removal after the second screen (Zhang and 

Westerman, 1997; Mukhtar et al., 1999). Another type of press used in manure separation 

is the belt press. The belt press uses a perforated belt which runs through a series of 

rollers forcing the liquid fraction through the perforations in the belt while retaining the 

solid fraction. The solids are then carried on the belt until being dropped into a collection 

bay (Zhang and Westerman, 1997; Mukhtar et al., 1999). The final type of press separator 

is the screw press separator. Screw press separators utilize a screw-like auger surrounded 

by a cylindrical screen to perform separation. The cylindrical screen maintains the solid 

fraction of the incoming manure slurry within the chamber until discharged by the 

rotating auger, while the liquid fraction is forced through the screen and removed (Zhang 

and Westerman, 1997; Mukhtar et al., 1999).       
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Separator Performance 

 Measuring the performance of manure separation technologies is often done by 

measuring separation efficiency, also known as the total percent of solids removed from 

the influent manure (Mukhtar et al., 1999) as well as the dry matter content of the 

separated solids (Zhang and Westerman, 1997). Assuming complete removal of 

suspended solids plus an additional 5% of dissolved solids, maximum separation 

efficiency for dairy manure should be within the range of 64-84% total solids removal 

(Zhang and Westerman, 1997). However, several parameters can affect separator 

performance including particle size, initial total solids content (Zhang and Westerman, 

1997) as well as influent flow rate (Mukhtar et al., 1999). To date, screen separators have 

received the most thorough testing of the separation techniques (Zhang and Westerman, 

1997). Test results indicate performance of screen separators is dependent upon screen 

size, influent flow rate, and manure characteristics such as initial solids content, particle 

size, and distribution (Zhang and Westerman, 1997; Mukhtar et al., 1999). Screens with 

smaller openings yield a greater percentage of solids but tend to result in solids 

containing higher moisture content Zhang and Westerman, 1997) whereas increased flow 

rates and higher solids content predisposed the screen to clogging resulting in solids with 

elevated moisture levels (Mukhtar et al., 1999). In addition to clogging that occurs due to 

increased flow rates and high solids content, screens can become clogged or blinded by 

the film that builds up on the surface of the screen. Therefore, regular cleaning and 

maintenance is recommended for separators utilizing screens (Shutt et al., 1975). The 

efficiency of manure separation can be affected by a variety of factors related to manure 

influent and screen maintenance.  
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EXPERIMENT I: 

Bedding management and characteristics of recycled manure solids used for 

bedding in Midwest freestall dairy herds  

SUMMARY 

 Interest in using recycled manure solids (RMS) as a bedding source for dairy 

cows has increased in the Midwest US. Cost of common bedding sources has increased in 

recent years and their availability has decreased.  Information regarding the composition 

of RMS and its use as a bedding material for dairy cows in the Midwest is limited. 

Therefore we conducted an observational study on 38 Midwest dairy operations bedding 

freestalls with RMS between July and October 2009. Farms were visited once in order to 

collect and characterize RMS as a bedding material, observe bedding management 

practices, document the methods of obtaining RMS, and describe housing facilities. 

Methods of reclaiming manure solids for bedding included separation of digested 

manure, separation of raw manure, and separation of raw manure followed by drum-

composting for 18 to 24 h. Average bedding moisture of unused RMS was 72.4% (±6.0) 

with a pH of 9.16 (±0.2). Unused samples contained 1.4% (±0.2) N, 44.9% (±1.1) C, 32.7 

(±5.2) C:N ratio, 4413 (±1878) ppm P, 7038 (±2071) ppm K, 76.5% (±2.5) neutral 

detergent fiber, 9.4% (±2.0) ash, 4.4% (±1.6) non-fiber carbohydrates, and 1.1% (±0.5) 

fat. Bedding moistures were lowest for drum-composted solids prior to and after use as 

freestall bedding. Total bacterial populations in unused bedding were greatest in 

separated raw manure solids but were similar between digested and composted manure 

solids. Drum-composted manure solids had no coliform bacteria prior to use as freestall 
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bedding. After use as bedding, digested manure solids had lower total bacteria counts 

compared to composted and separated raw manure solids which had similar counts. Used 

bedding samples of digested solids contained fewer environmental streptococci bacteria 

than drum-composted and separated raw solids and had reduced bacillus counts in 

comparison to separated raw solids. Coliform counts were similar for all three bedding 

sources. Addition of a mechanical blower post-separation and use of a shelter for storage 

were associated with reduced fresh bedding moistures but not associated with bacterial 

counts.   

Key words: bedding characteristics, bacterial populations, recycled manure solids 

INTRODUCTION 

 Increased costs and reduced availability of common bedding materials such as 

straw and sawdust have prompted dairy producers to search for alternative bedding 

sources. Sand can be considered the ideal bedding source for dairy cows as it offers 

improved cow comfort (better cushion and traction) and being inorganic provides 

minimal nutritive support to mastitis pathogens; however, not all producers consider sand 

a feasible alternative for their operation. Inherent properties of sand can make it difficult 

to handle especially with existing manure systems. Recent improvements in anaerobic 

digestion technology as well as the associated environmental and economic benefits of 

using digesters make them an attractive option for dairy producers. Large amounts of 

bedding can be obtained from mechanical separation of manure as long as the system is 

well maintained. The use of large amounts of bedding in stalls can optimize cow comfort, 

minimize lameness and hock lesions, and increase cow longevity if udder health is not 

compromised.  
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 Much like any other organic bedding material, recycled manure solids (RMS) 

provides bacteria with the nutrients necessary for growth. Several studies have 

investigated the ability of RMS to promote the growth of environmental bacteria 

compared to other common bedding sources and found bacterial counts were greatest 

with RMS (Zehner et al., 1986; Godden et al. 2008).  Such studies have suggested certain 

chemical and physical properties of bedding materials may influence bacteria growth 

(Janzen et al., 1982; Godden et al., 2008). Previous research suggested a positive 

relationship between bacteria types and counts in bedding materials to those found on the 

teat ends of cows (Hogan and Smith, 1997; Zdanowicz et al. 2004) and clinical mastitis 

rates have been reported to be associated with bacterial counts in bedding (Hogan et al., 

1989).     

Due to the high bacterial concentration in RMS, there is some skepticism from 

producers and other professionals in the dairy industry about using it as a successful 

bedding source for dairy cows. Research data on the use of RMS as bedding material for 

dairy cows, the chemical and bacteriological characteristics of RMS, and the methods of 

obtaining RMS for bedding in the Midwest US were not available. Therefore, the 

objectives of this study were to 1) characterize RMS as a bedding material, 2) describe 

different methods of obtaining RMS, 3) document management practices, and 4) compare 

characteristics of RMS obtained from different systems. 

MATERIALS AND METHODS 

 This observational study was conducted on 38 Midwest dairy operations using 

RMS for bedding the freestalls of lactating dairy cows. Herds were visited once between 

July and October 2009 to collect bedding samples and observe methods of reclaiming 
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manure solids for bedding. Herds included in this study were selected on the basis of 

previous use of RMS as a primary bedding source for lactating dairy cows for a period of 

at least 1 year prior to our visit. During our visit, producers were provided with a 

questionnaire designed to gather information related to the method used to reclaim 

manure solids as well as bedding and other management practices. The questionnaire 

consisted of 50 questions related to herd characteristics, record system management, 

bedding and stall maintenance, RMS use and characteristics, digester type, dimensions, 

design, and use (when applicable), separator use and maintenance, and manure system 

management. Study herds were identified by extension educators, industry 

representatives, and other dairy producers. Following the identification of potential herds 

for use in this study, dairy producers were contacted to confirm the use of RMS for a 

period of at least 1 year and to obtain their consent to participate in the study. 

Bedding Analysis 

 Composite samples of both the unused and used bedding material were obtained 

from each herd for chemical and bacteriological analysis. Unused bedding material was 

collected from approximately 10 different locations from the newly separated pile of 

RMS and composited per farm. Samples of used bedding material were obtained from the 

stalls in each lactating pen and 1 dry cow pen by sampling bedding from the back third of 

20% of the stalls in each of the respective pens. Samples were composited by pen. Stall 

samples were taken prior to the addition of new bedding. Immediately after collection, 

samples were frozen and later transported in a cooler to the University of Minnesota 

where they were stored at -40°C until analysis. Bedding depth was estimated prior to the 

addition of fresh bedding by visual observation of stalls with mattresses. In deep bedded 
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stalls, bedding depth was measured in the back third of the stall by the use of a steel rod 

manually driven through the bedding material to the base of the stall with subsequent 

measurement of the portion of the steel rod above the stall surface. 

 Chemical Analysis. Composite samples of unused bedding material and used stall 

samples from the high and low production, first lactation and dry cow groups were used 

for chemical analyses. Thirty-eight total samples of unused RMS consisting of 25 

digested, 9 separated raw, and 4 drum-composted solids were analyzed. The total number 

of used bedding samples analyzed was 128 and consisted of 85 digested, 29 separated 

raw, and 14 drum-composted samples of RMS. The pH was measured by adding 5 g of 

bedding material to 50 mL of sterile distilled water, mixing well, and allowing the 

bedding:water mixture to stand for 30 min with occasional mixing. The pH was 

determined using a Thermo Orion Model 410 pH meter calibrated to buffers pH 4 and 7. 

Bedding samples were dried in a 60°C forced-air oven for 48 h and then ground in a 

Cyclone Mill with a 1-mm screen prior to chemical analysis. Samples were further dried 

to obtain absolute dry matter by drying in an oven at 100°C for 24 h. In both cases, 

samples were not allowed to cool before weighing. Determination of NDF content was 

performed using the Ankom
200

 fiber system with sodium sulfite and α-amylase (Ankom 

Technology Corporation, Fairport, NY). Fat content was analyzed by petroleum ether 

extraction using the Ankom
XT100

 system (Ankom Technology Corporation, Fairport, NY). 

Analysis of ash content, total nitrogen (N), total carbon (C), carbon to nitrogen ratios 

(C:N), and total P and K were performed by the University of Minnesota Soil Testing and 

Analytical Lab. Ash content was analyzed by placing a 0.5 gram sample in a forced air 

oven heated to 485°C for 10 hours. Samples were cooled in a vacuum desiccator and 
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percent ash was calculated. Total N and C were determined simultaneously using an 

Elementar Vario MAX CN combustion analyzer (Elementar Americas, Inc., Mt. Laurel, 

NJ). Total P and K were analyzed by Inductively Coupled Plasma Atomic Emission 

Spectrometry (ARL (Fisons) Model 3560 ICP-AES).   

 Bacterial Analysis. Composite samples of unused bedding and samples from all 

lactating pens and one dry cow pen from each dairy were analyzed for bacterial 

populations by the University of Minnesota Laboratory for Udder Health. Overall, 38 

unused bedding samples (25 digested, 9 separated raw, and 4 drum-composted) and 308 

used bedding samples were analyzed. Of the 308 used bedding samples analyzed, 199 

were digested, 71 were separated raw, and 38 were drum-composted. Bedding samples 

were allowed to thaw in a refrigerator prior to analysis. Fifty cubic centimeters of 

bedding material was measured using a sterile container and placed into a Whirl-Pak® 

bag (Nasco, Fort Atkinson, Wis.). Two hundred fifty cubic centimeters (cc) of sterile 

distilled water was added to the bedding material which was mixed and allowed to stand 

for 10 min. The sample was mixed again, a liquid sample was removed by pipette and 

serial 10-fold dilutions were made in sterile brain heart infusion broth. Sample dilutions 

were plated (200 µl) on colistin naladixic acid (CNA) agar (BBL, Sparks, Md.), 

MacConkey agar (BBL, Sparks, Md.) and TKT agar medium. Colony counts were 

determined for each sample after 24 h of incubation at 37°C. Bacterial groups were 

identified as coliforms (lactose-positive colonies on MacConkey‟s agar), Streptococcus 

species (growth on TKT agar), and coagulase negative Staphylococci (growth on the 

CAN agar and catalase activity) Bacteria counts are expressed as colony forming units 

(cfu)/mL of bedding sample.  



 

- 42 - 

 In addition, fresh manure solids samples were cultured for the presence of 

Mycobacterium paratuberculosis (Johnes disease) at the University of Minnesota 

Veterinary Diagnostic Laboratory.  

Statistical Analysis 

 The MEANS procedure (SAS Institute Inc. Cary, NC) was used to describe 

average farm measurements such as herd size, daily milk weights, bulk tank somatic cell 

count, and overall bedding characteristics. The CORR procedure (SAS Institute Inc. 

Cary, NC) was used to investigate the correlations between characteristics of unused and 

used bedding. Associations between bedding characteristics and method of obtaining 

manure solids (post-digestion, separated raw, and drum-composted) were evaluated using 

the MIXED procedure (SAS Institute Inc. Cary, NC).  Method of obtaining manure solids 

was used as the explanatory variable in all models. For the analysis of bedding moisture 

among unused bedding samples, the use of additional drying methods after separation 

(mechanical blower) was included as an additional explanatory variable in the model. For 

the analysis of used bedding samples, bedding frequency per week was included as an 

additional explanatory variable in the model. Tukey-Kramer adjustment was used to 

compare the least squares means between methods of obtaining manure solids.  

Individual samples were used as the experimental unit for analysis of bedding 

characteristics. 

 

 

 

 



 

- 43 - 

RESULTS AND DISCUSSION 

Herd Characteristics 

 Thirty-eight Midwest dairy operations from Wisconsin (26), Minnesota (6), South 

Dakota (4), and Iowa (2) were included in this study. Anaerobic digestion preceded 

mechanical separation of manure solids on 50% of the farms, with plug-flow digesters 

(14) being more common than complete-mix digesters (5). Farms without anaerobic 

digesters were separating raw manure for bedding (13) or purchasing manure solids from 

dairies with anaerobic digesters (6). Of the 13 farms separating raw manure for bedding, 

4 farms mechanically composted the solids for 18 to 24 h prior to use as bedding. The 

latter was obtained by using a Bedding Recovery Unit (FAN Separator GmbH, Westfalia, 

Germany) in which the manure solids are treated  in “an intensive aerobic process for 

hygienization and drying.” Nineteen farms were bedding manure solids in deep bedded 

freestalls, whereas 15 farms bedded manure solids on top of mattress based freestalls (i.e. 

pasture mats, rubber mats, or water beds) and 4 farms had both deep beds and mattresses. 

Stall lengths (mean±SD) were 232.2±15.0 and 217.9±15.7 cm, stall widths were 

119.6±4.8 cm and 118.4±4.6 cm, body resting lengths were 178.1±6.4 and 175.0±5.3 cm, 

and neckrail heights were 117.3±5.8 and 117.6±6.1 cm for deep bedded and mattress 

based freestalls, respectively.  Thirty-two farms had naturally ventilated freestall barns, 1 

farm had a cross-ventilated barn, and 5 farms had tunnel ventilated freestall barns. In 28 

of the naturally ventilated freestall barns, cooling fans were located over the freestalls 

directing air flow slightly downward toward the stalls. Distance between fans ranged 

from 6 to 22 m. In the cross-ventilated barn, fans approximately 152 cm in diameter lined 

the north wall of the facility and pulled air across the width of the barn. Farms with 
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tunnel ventilated freestall barns had fans approximately 152 cm in diameter which lined 

either the south or east end of the barn depending on barn orientation. Fans were mounted 

side by side from the base of the barn to the peak of the roof and were used to pull air 

across the length of the freestall barn. Automatic scrapers cleaned the alleys within pens 

on 13 farms whereas 25 farms manually scraped alleys with skid loaders or tractors. Dry 

cows were housed in freestalls bedded with manure solids on 75% of farms and the 

remaining 25% of farms used alternative bedding sources either in freestalls or bedded 

pack barns. Herd size averaged 1300 cows and ranged from 130 to 3700 cows. Holsteins 

were the primary breed on 95% of the herds while Jerseys were the primary breed in the 

remaining 5% of herds. Average daily milk production was 35.0 kg/cow and ranged from 

18.2 to 45.5 kg/cow; annual bulk tank somatic cell counts averaged 274,000 (±98,000) 

cells/mL. 

Reclaiming Manure Solids 

Separation of the solid and liquid portions of manure can be achieved through 

several techniques including gravity settling, rundown screens, vibrating screens, 

centrifuges, screw and roller presses (White, 1980). In the current study, all herds used 

mechanical screw press separators to obtain RMS and 19 of the 38 farms were utilizing 

anaerobic digestion prior to mechanical separation of manure. The process of anaerobic 

digestion produces methane gas which can be used to generate electricity. Anaerobic 

digestion is reported to reduce pathogens, farm odors, and green house gas emissions (US 

EPA, 2002; Wilkie, 2005). Although the process of anaerobic digestion is often used 

prior to mechanical separation of manure solids, it may not be feasible for all dairy 

operations as capital investments can be quite extensive and the potential profitability 
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appears to be greater for larger dairy operations (Leuer et al. 2008). Average herd size of 

farms using anaerobic digesters was 1755 cows with a range of 130 (1 dairy with 

experimental digester) to 3673 cows. Removing the smallest herd (130 cows) from this 

dataset reveals the average herd size increases to 1845 cows with a range of 700 to 3673 

cows.   

In herds where anaerobic digestion was not used, producers mechanically 

separated raw manure or subjected the solids to drum-composting for 18 to 24 h at 

approximately 65.5°C. Nine herds used separated raw manure solids whereas 4 herds 

used manure solids after drum-composting. Average herd size of farms utilizing a drum-

composting unit was 1025 cows and for farms separating raw manure solids it was 1105 

cows. Herd sizes ranged between 700 and 1295 cows for farms using a drum-composter 

and 140 to 2378 cows for farms using separated raw manure solids. Six herds in this 

study were purchasing digested manure solids from another dairy operation. In these 

herds, manure solids were stockpiled for a period of 1-3 weeks and used as needed by the 

dairy producer. In herds purchasing manure solids, herd size averaged 542 cows and 

ranged between 154 and 1396 cows. 

Bedding Characteristics 

 Unused bedding moisture averaged 72.4% (±6.0) with a pH of 9.16 (±0.2) and 

contained 1.4% (±0.2) N, 44.9% (±1.1) C, 32.7 (±5.2) C:N ratio, 4413 (±1878) ppm P, 

7038 (±2071) ppm K, 76.5% (±2.5) NDF, 9.4% (±2.0) ash, 4.4% (±1.6) non-fiber 

carbohydrates (NFC), and 1.1% (±0.5) fat. Total bacterial counts in unused bedding were 

4,211,927 cfu/mL and ranged from 325 to 23,373,500 cfu/mL. Proportionally, samples 

had 58.0% bacillus species, 37.2% environmental Streptococci species, 4.0% 
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Staphylococcus species, and 0.9% coliforms. Used bedding samples obtained from the 

back portion of freestalls in each lactating pen and one dry cow pen had an average 

moisture content of 50.4% (±12.6) and a pH of 9.39 (±0.2). These samples also contained 

71.3% (±4.1) NDF, 12.2% (±4.2) ash, 1.9% (±0.4) N, 43.0% (±2.1) C, and had a C:N 

ratio of 22.6 (±4.3). Total bacterial population in used bedding was 13,285,010 cfu/mL 

and ranged between 25,100 and 73,036,500 cfu/mL. Proportionally, bedding samples had 

51% bacillus species, 39.3% of environmental Streptococci, 7.4% environmental 

Staphylococcus species, and 2.2% coliforms. Correlations between unused and used 

bedding characteristics (Table 1) were greatest for ash content, total C and N, bedding 

moisture, and counts of Staphylococcus species. Bedding characteristics least correlated 

included bedding pH, NDF content, counts of environmental Streptococci and yeasts. 

Bedding Comparisons. An investigation of manure solids obtained from different 

types of separation systems showed that variation existed in the chemical and 

biochemical properties between systems (Jorgensen and Jensen, 2009). Previous research 

has suggested differences in chemical and physical properties of bedding materials may 

influence the growth of bacteria (Janzen et al., 1982; Godden et al., 2008). The process of 

anaerobic digestion utilizes organic material to produce methane and has been reported to 

reduce the amount of pathogens present in material (effluent) leaving the system (Wright, 

2001). Composting involves the decomposition of organic materials (NRAES-54, 1992) 

and has been shown to reduce bacterial counts in unused manure solids in comparison to 

non-composted manure solids (Bishop et al., 1981). Material obtained from the Bedding 

Recovery Unit goes through a heating process achieving temperatures similar to 

composting that was expected to reduce bacterial counts in the manure solids. In the 
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current study, we compared the chemical and bacteriological characteristics of RMS 

obtained from anaerobic digestion, drum-composting, and separated raw manure intended 

for use as dairy bedding to investigate potential similarities and differences. 

Unused Bedding. Drum-composted manure solids contained 12% less moisture 

(P < 0.0001) than both digested and separated raw manure solids (Table 2). Composted 

solids also had a higher (P < 0.01) NDF content (80.0%) compared to digested (75.6%) 

solids. Manure solids obtained post digestion contained less NFC (3.2%) than separated 

raw (6.2%) manure solids (P < 0.01) and also contained a higher percentage of ash 

(10.2%) than both composted (6.8%) and separated raw (8.1%) solids (P < 0.01). Greater 

ash contents were also found in digested manure solids by Jorgensen and Jensen (2009). 

These authors suggest digestion of volatile solids during anaerobic digestion leads to 

higher concentrations of ash. Total nitrogen content was greater in digested solids (1.5%) 

compared to composted (1.3%) (P < 0.05) and separated raw (1.2%; P < 0.0001) solids. 

Therefore, C:N ratio was lower in digested solids (30.2) than composted (35.9;P < 0.05) 

and separated raw (38.9;(P < 0.0001) solids. These results are similar to those found by 

Jorgensen and Jensen (2009) in which digested manure solids contained higher 

concentration of total N and lower C:N ratio in comparison to separated raw manure 

solids. Phosphorous levels were more concentrated (P < 0.0001) in digested solids (5452 

ppm) than both composted (2358 ppm) and separated raw (2321 ppm) solids. Results are 

similar those reported by Jorgensen and Jensen (2009). Although levels of potassium 

were numerically greater in digested solids, no difference was detected. Differences in 

pH were observed among digested (9.26), composted (9.09), and separated raw (8.93) 

solids.  
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Separated raw manure solids contained the greatest total counts of bacteria prior 

to use as freestall bedding. In particular, populations of bacillus, coliforms, and 

environmental Streptococci were greater than those found in digested and composted 

manure solids (Table 3). Populations of bacillus and environmental Streptococci species 

were similar between digested and composted solids. No difference was found in the 

populations of Staphylococcus species between digested, composted, and separated raw 

manure solids. Coliform bacteria were not detected in unused samples of composted 

solids, which agree with findings by Bishop et al. (1981). Mycobacterium 

paratuberculosis was found in only 4 of 38 farms (2 digested and 2 raw solids) at the 

lowest detectable concentration. 

Used Bedding. Chemical analyses were performed on bedding samples obtained 

from the back portion of the stalls in the high and low lactation groups as well as the first 

lactation and dry cow groups (Table 4). Composted solids had lower moisture (41.3%) 

than both digested (55.9%) and separated raw (57.2%) solids (P < 0.001). Digested solids 

had lower NDF content (70.5%) compared to composted (75.0%; P < 0.001) and 

separated raw (73.1%; P < 0.05) solids. Total N content was greater (P < 0.01) in 

digested solids (2.0%) than separated raw (1.7%) solids. Percent total C was lower in 

digested solids (42.6%) than composted (44.7%) solids (P < 0.01) and the C:N ratio was 

lower for digested solids (21.1) than for composted (25.6) and separated raw (25.0) solids 

(P < 0.001). Separated raw manure solids tended (P = 0.07) to contain less total C 

(43.2%) than composted solids. Ash content was greatest in digested solids (12.7%) 

compared to composted (7.4%; P < 0.0001) and separated raw (9.9%; P < 0.05) manure 

solids.  
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Bacterial counts among the different types of manure solids were more similar 

after use as freestall bedding;  however, digested manure solids contained less total 

bacteria than composted (P < 0.0006) and separated raw manure solids (P < 0.006). 

Coliform bacteria, not present in composted solids prior to bedding, were found in 

amounts similar to that of digested and separated raw manure solids after use as freestall 

bedding (Table 5). Environmental Streptococci were present in lower concentrations (P < 

0.0001) in digested manure solids (1,379,180 cfu/mL) than composted (5,614,707 

cfu/mL) and separated raw (3,934,915 cfu/mL) manure solids. Digested solids also 

contained fewer bacillus species (1,375,599 cfu/mL) than separated raw (2,852,767 

cfu/mL) manure solids (P < 0.05). No differences were observed in counts of 

Staphylococcus species.  

Digester Comparison. Anaerobic digestion was being utilized by 19 of the 38 

farms in this study and 6 herds were purchasing digested solids from another dairy. Plug-

flow digesters were most common, with 14 of the 19 herds using this type of digester. 

The remaining 5 herds used complete-mix digesters. Differences between systems 

include percent solids of manure entering the digester, mixing of manure within the 

system, and most notably the design (Balsam, 2002; Kirch et al., 2005; Wilkie, 2005). 

Plug-flow digesters usually are built below grade; utilize plugs of fresh manure entering 

the digester at one end to replace the manure leaving the system at the opposite end.  This 

type of system is capable of handling manure with 11-14% total solids (Balsam, 2002; 

Wilkie 2005). Complete-mix digesters are typically silo-like tanks built above ground 

which use agitators to periodically mix digester contents. Complete-mix digesters handle 

manure with 3-10% total solids content (Balsam, 2002; Wilkie, 2005). 
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 Analysis of unused RMS obtained from both systems indicated only minor 

differences existed. Manure solids reclaimed from plug-flow digesters contained less N 

(1.4%; P < 0.01) than solids from complete-mix digesters (1.6%). This difference 

resulted in a greater C:N ratio (P = 0.03) for solids obtained from plug-flow digesters 

(31.3) compared to complete-mix (27.7) digesters. Unused bedding moisture, NDF, NFC, 

ash, total C, P, and K content as well as pH were not different between digester types. 

Bacterial populations of bacillus, coliforms, environmental Streptococci, and 

Streptococcus species were similar between unused RMS obtained from plug-flow and 

complete-mix digesters. Used RMS from complete-mix digester systems, after 

adjustment for bedding frequency, contained less moisture (49.0%) than RMS from plug-

flow digester (57.5%) systems (P = 0.01). Percent NDF was found to be greater in used 

RMS from complete-mix digesters (72.3%) than that found in RMS from plug-flow 

digesters (70.5%; P = 0.02). There was a tendency (P = 0.07) for used RMS obtained 

from plug-flow digesters to contain a greater percentage of ash (13.9%) than RMS 

obtained from complete-mix digesters (12.0%). Although bacterial populations in used 

RMS were similar between digesters, populations of coliforms and Staphylococcus 

species tended (P = 0.07 and P = 0.09, respectively) to be more numerous in RMS from 

plug-flow digesters. These results may be due to unbalanced sample size as 18 herds 

were utilizing manure solids from plug-flow anaerobic digesters and 7 herds were using 

manure solids from complete-mix anaerobic digesters. 

Management Strategies 

 Nineteen herds in this study used RMS in deep bedded freestalls, 15 herds used 

RMS on top of mattresses, and 4 herds used a combination of deep beds and mattress 
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based freestalls. Prior to the addition of new bedding, bedding depth across herds with 

deep bedded freestalls averaged 22.1 cm and ranged between 7.6 and 30.5 cm. In herds 

bedding RMS on top of mattresses bedding depth averaged 9.1 cm and ranged from 5.1 

to 15.2 cm (with more material located in the front 2/3 of the stall). Sixty percent of 

farms added fresh bedding  to the freestalls 3 or more times per week whereas the 

remaining 40% added at least once a week. Farms using deep bedded freestalls leveled 

the stall surface regularly, whereas farms with mattresses found it difficult to retain 

bedding in the stalls. Used bedding from mattress based stalls had moisture content of 

51.5±2.6% whereas the moisture content of used bedding from deep bedded stalls was 

55.8±2.0%. Bedding moistures were not different between stall types. Deep bedded stalls 

had a tendency (P = 0.08) to contain greater counts of coliform bacteria than mattress 

based stalls. Populations of environmental Streptococci were greatest (P < 0.001) in RMS 

from stalls with mattresses (Table 6). Counts of bacillus and Staphylococcus species were 

not different between stall types.  

We observed producers employing additional efforts to reduce the moisture levels 

of RMS intended for use as bedding. Reducing moisture levels of bedding is believed to 

impede bacterial growth (Bey et al., 2002). Ten farms were using a mechanical blower to 

further reduce the moisture content of the freshly separated manure solids. In all cases, 

freshly separated manure solids were funneled into the mechanical blower and blown into 

the storage compartment within a shelter. Comparison of moisture content between farms 

that utilized a blower and farms that did not, indicated blown manure solids were drier (P 

= 0.01). Manure solids that were blown had a moisture content of 69.8% compared to 

73.5% for manure solids which were not blown. Twenty-nine farms had a shelter to store 
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the manure solids prior to use. Sheltered manure solids were drier than non-sheltered 

manure solids (P = 0.04). Average moisture of sheltered manure solids was 71.7% 

compared to 74.9% for non-sheltered manure solids. These additional efforts to reduce 

the moisture content of RMS did not appear to hinder bacterial growth in the current 

study. This result may be due to the relatively minor reduction in moisture levels 

observed when manure solids were blown (-3.7%) or sheltered (-3.2%).  

Conclusions 

 Differences in the chemical and bacteriological characteristics of digested, drum-

composted, and separated raw manure solids were found prior to and after use as 

bedding. These differences were likely due to the processes of anaerobic digestion and 

drum-composting. Bacteriological differences were substantial in unused RMS but were 

minor after use as freestall bedding. Minor differences existed between RMS obtained 

from plug-flow and complete-mix digesters. Bedding RMS on top of mattresses was 

associated with lower bedding moisture and greater concentrations of environmental 

Streptococci. Utilizing mechanical blowers and storing RMS in a shelter were associated 

with lower fresh bedding moisture but not associated with reduced bacterial counts.     
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Table 1. Correlations between unused and used bedding characteristics of recycled 

manure solids used in freestall barns in the Midwest US. 

 

Characteristic r p-value 

Moisture (%) 0.48 < 0.0001 

NDF (%) -0.17 0.0158 

NFC (%) 0.28 0.0002 

Ash (%) 0.62 < 0.0001 

Total N (%) 0.53 < 0.0001 

Total C (%) 0.58 < 0.0001 

pH 0.16 0.0309 

Bacillus species (cfu/mL) 0.44 < 0.0001 

Coliforms (cfu/mL) 0.22 0.0032 

Environmental Streptococci (cfu/mL)  0.16 0.0322 

Staphylococcus species (cfu/mL) 0.52 < 0.0001 

Yeasts (cfu/mL) -0.04 0.5755 

Total bacteria (cfu/mL) 0.31 < 0.0001 
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Table 2. Least squares means and standard errors for chemical composition of digested, 

composted, and separated raw manure solids prior to use as bedding in freestall barns in 

the Midwest US. 

 Type of Solids 

 Digested Composted Raw 

Characteristic LSMeans SE LSMeans SE LSMeans SE 

Moisture (%) 72.9
a
  0.7 60.3

b
 1.6 72.6

a
  1.1 

NDF (%) 75.6
a
  0.4 80.0

b
 1.1 77.2

ab
 0.7 

NFC (%) 3.8
a
  0.3 4.4

ab
 0.6 6.2

b
 0.5 

Fat (%) 1.1 0.1 0.8  0.3 1.3  0.2 

Ash (%) 10.2
a
  0.3 6.8

b
  0.8 8.1

b
 0.6 

Total N (%) 1.5
a
  0.03 1.4

a
  0.09 1.2

b
  0.05 

Total C (%) 44.8  0.5 45.9  0.2 44.9 0.4 

C:N ratio 30.3
a
  0.8 35.9

b
  1.9 38.9

b
 1.3 

Total P (ppm) 5451.9
a
  240.1 2358.0

b
  588.1 2321.4

b
  415.8 

Total K (ppm) 7366.7  423.8 6305.8  1038.2 6418.9  734.1 

pH 9.26
a
  0.02 9.09

b
  0.05 8.93

c
  0.04 

a,b,c
Significant differences within rows (P < 0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 55 - 

 

Table 3. Bacterial populations least squares means and standard errors (ln cfu/mL) in 

digested, composted, and separated raw manure solids prior to use as bedding in freestall 

barns in the Midwest US.  

 Type of Solids 

 Digested Composted Raw 

Bacteria LSMeans SE LSMeans SE LSMeans SE 

Bacillus 10.62
a
 0.65 8.99

a
 1.60 14.96

b
 1.06 

Coliforms 4.02
a
 0.42 0.00

b
 1.04 9.37

c
 0.69 

Environ. Strep 9.42
a
 0.75 9.21

a
 1.83 14.81

b
 1.22 

Staph species 3.37 0.97 2.36 2.37 7.01 1.58 
a,b,c

Significant differences within rows (P < 0.05) 
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Table 4. Least squares means and standard errors of bedding characteristics for digested, 

composted, and separated raw manure solids after use as bedding. 

 Type of Solids 

 Digested Composted Raw 

Characteristic LSMeans SE LSMeans SE LSMeans SE 

Moisture (%) 55.9
a
 1.9 41.3

b
 3.6 57.2

a
 3.1 

NDF (%) 70.5
a
 0.6 75.0

b
 1.1 73.1

b
 0.9 

Ash (%) 12.7
a
 0.6 7.4

b
 1.2 9.9

b
 1.0 

Total N (%) 2.0
a
 0.04 1.8

ab
 0.09 1.7

b
 0.06 

Total C (%) 42.6
a
 0.2 44.7

b
 0.5 43.2

a
 0.4 

C:N ratio 21.3
a
 0.6 25.8

b
 1.1 25.4

b
 0.9 

pH 9.44 0.04 9.24 0.10 9.33 0.07 
a,b,c

Significant differences within rows (P < 0.05) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 57 - 

Table 5. Bacterial counts least squares means and standard errors (ln cfu/mL) in digested, 

composted, and separated raw manure solids after use as bedding. 

 Type of Solids 

 Digested Composted Raw 

Bacteria LSMeans SE LSMeans SE LSMeans SE 

Bacillus 14.13
a
 0.17 14.66

ab
 0.34 14.86

a
 0.31 

Coliforms 10.77 0.16 10.62 0.32 11.21 0.29 

Environ. Strep 14.14
a
 0.11 15.54

b
 0.24 15.19

b
 0.18 

Staph species 12.06 0.27 13.23 0.65 11.71 0.52 
a,b,c

Significant differences within rows (P < 0.05) 
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Table 6. Bacterial counts least squares means (ln cfu/mL) in deep bedded and mattress 

based freestalls.  

 Stall Type 

 Deep Beds Mattress 

Bacteria LSMeans SE LSMeans SE 

Bacillus 14.37 0.18 14.04 0.24 

Coliforms 10.92 0.16 10.51 0.23 

Environ. Strep 13.80 0.11 15.45 0.13 

Staph species 12.13 0.28 12.00 0.40 
a,b,c

Significant differences within rows (P < 0.05) 
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EXPERIMENT II: 

Association between stall surface and various animal welfare measurements on 

dairy herds using recycled manure solids for bedding freestalls 

SUMMARY 

The objective of this observational study was to investigate the association 

between stall surface and various animal welfare measurements on dairy operations using 

recycled manure solids (RMS) as a bedding material in the upper Midwest. The study 

included 34 dairy operations with herd sizes ranging from 130 to 3700 lactating cows. 

Forty five percent of the herds had mattresses and 55% had deep bedded stalls. Farms 

were visited once between July and October 2009. At the time of visit, approximately 

50% of the lactating herd was scored for locomotion, hygiene, and hock lesions. On-farm 

herd records were collected and used to investigate mortality, culling, milk production, 

and mastitis incidence. Stall surface was associated with lameness and hock lesion 

prevalence. Lameness prevalence (locomotion score ≥3 on a 1 to 5 scale) was lower in 

deep bedded freestalls (13.2%) than freestalls with mattresses (19.5%). Severe lameness 

prevalence (locomotion score ≥4) was also lower for cows housed in deep bedded 

freestalls (3.6%) than for cows housed in freestalls with mattresses (5.9%). The 

prevalence of hock lesions (hock lesion scores ≥2 on a 1 to 3 scale) and severe hock 

lesions (hock lesion score = 3) was also lower in cows housed in deep bedded freestalls. 

Hock lesion prevalence in herds with deep bedded freestalls was 49.4% and in herds with 

mattresses was 67.3%. Severe lesion prevalence was 6.4% for cows in deep beds and 

13.2% for cows housed on mattresses. Herd turnover rates were not associated with stall 

surface; however, the percentage removals due to voluntary (low production, disposition 
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and dairy) and involuntary (death, illness, injury, and reproductive) reasons was different 

between deep bedded and mattress based freestalls. Voluntary removals averaged 16.1% 

of all herd removals in deep bedded herds, whereas in mattress herds these removals were 

7.9%.  Other welfare measurements such as hygiene, mortality rate, mastitis incidence, 

and milk production were not associated with stall surface. 

Key words: lameness, recycled manure solids, stall surface, welfare 

INTRODUCTION 

 Providing a clean, dry, and comfortable surface for cows to rest on is important to 

the well-being of dairy cows as they spend approximately 12 hours per day resting (Haley 

et al., 2001). Comfortable stalls are those which do not interrupt the natural movements 

of rising and lying behaviors. Several animal-based measurements such as cow 

preference, standing and lying behaviors, and the prevalence of lameness and hock 

lesions have been used to evaluate the comfort of freestalls. Observed differences in these 

measurements are often associated with stall surface, design, dimensions, and bedding 

management (Weary and Taszkun, 2000: Cook et al., 2003; Tucker and Weary, 2004).  

 Research has shown that when cows were given softer resting surfaces they spent 

more time resting and less time standing (Haley et al., 2001). Greater amounts of bedding 

material provided on top of mattresses improved cow comfort as measured by lying times 

and cow preferences (Tucker and Weary, 2004). Deep bedded stalls with either sand or 

sawdust bedding were preferred by cows compared to mattresses with 2 to 3 kg of 

sawdust (Tucker et al., 2003). Cow comfort, as measured by the cow comfort index was 

greater for cows in deep bedded sand stalls than for cows housed on mattresses (Cook et 

al., 2005). Decreased lying comfort and the use of mattresses as a stall base have been 
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implicated as risk factors for lameness (Dippel et al., 2009) which is considered one of 

the greatest welfare concerns in the dairy industry (Whay et al., 2003). Lameness was 

found to be less prevalent in herds using deep bedded sand stalls than herds using 

mattresses (Cook et al., 2003; Espejo et al., 2006). Stall surface has also been shown to 

affect the prevalence of hock lesions, which are indicative of inadequate lying surfaces 

(Huxley and Whay, 2006). Lesions were observed less frequently in cows housed in deep 

bedded sand stalls than cows on mattresses (Weary and Taszkun, 2000; Fulwider et al., 

2007) and severe lesions were less prevalent in sand beds than on mattresses (Weary and 

Taszkun, 2000).  

 Changes to the cow‟s physical environment and increases in physiological stress 

are considered probable causes for rising mortality rates (Norgaard et al., 1999). 

Increases in mortality rates are a growing welfare concern in the dairy industry (Thomsen 

et al., 2004) as they may indicate suboptimal health and compromised animal welfare 

(Thomsen et al., 2006). High cull rates in dairy herds, especially within the first 60 DIM 

may also signify inadequacies in welfare. Compromised animal health and injuries were 

cited most frequently as reasons cows were culled prior to 60 DIM (Dechow and 

Goodling, 2008). Analysis of DHIA records from the upper Midwest and the Northeast 

between 1993 and 1999 showed nearly 80% of all culling was related to the health of 

dairy cows (Hadley et al. 2006).  

The welfare of dairy cows across various housing systems has been well 

documented (Cook et al., 2003; Fulwider et al., 2007). However, to our knowledge, little 

if any information exists regarding the welfare of cows bedded with recycled manure 

solids (RMS). Increased costs and reduced availability of other common bedding sources 
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has prompted many dairy producers to search for more feasible alternatives such as sand 

or RMS. Although sand can be considered the ideal bedding source for dairy cows, not 

all producers are willing and able to convert to sand bedding as it presents several 

challenges related to manure management. There is growing interest in RMS for bedding 

and information is lacking related to its use on farms and influence on the welfare of 

dairy cows. Therefore the objective of this study was to investigate the association 

between stall surface and various animal welfare measurements (locomotion, hock 

lesions, hygiene, mortality, herd turnover rates, milk production, and clinical mastitis 

incidence) in herds using RMS as bedding for dairy cows.  

MATERIALS AND METHODS 

This cross-sectional observational study was conducted between July and October 

of 2009 and included 34 dairy operations in the upper Midwest that utilized RMS for 

bedding the freestalls of lactating dairy cows. Herds were selected on the basis that they 

had been using RMS as a primary bedding source for the lactating herd for a period of at 

least 1 year prior to our visit. In an effort to not limit our sample size, the source and 

mechanisms for obtaining RMS were not included in our criteria for farm selection. 

However, sources and mechanisms used by farms in the study included: RMS obtained 

from mechanical separation post-anaerobic digestion, RMS obtained from mechanical 

separation of raw manure, and mechanically composted RMS. Dairy producers utilizing 

RMS as bedding for freestalls were identified by extension educators, industry 

representatives, and other producers. Following the identification of potential herds for 

use in the study, dairy producers were contacted to confirm the use of RMS for a period 

of at least 1 year and to obtain their consent to participate in the study.  
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Data Collection 

 Each farm was visited once to perform on-farm data collection, which included 

visually scoring at least 50% of the lactating herd for locomotion, hygiene, and hock 

lesions. Records from the dairy‟s on farm herd management software were obtained 

during the visit to the farm and in early January 2010 by email to allow for a 12 month 

analysis of each farm to be performed (culling, mortality, mastitis incidence). Daily bulk 

tank milk information from January to December 2009 was obtained from each herd‟s 

milk processor when accessible.  

 Animal Measurements. Animals were evaluated for lameness using a 5-point 

locomotion scoring system (Flower and Weary, 2006). Locomotion scores (LS) were 

identified as 1 = normal locomotion, 2 = imperfect locomotion, 3 = lame, 4 = moderately 

lame, 5 = severely lame. Locomotion scoring was performed by one observer as cows 

were exiting the milking parlor. A representative sample of cows from the beginning, 

middle, and end of each lactating pen was scored for locomotion to avoid biasing the 

results. Lameness prevalence for each lactating pen was calculated as the number of 

animals with LS ≥ 3 divided by the total number of animals scored in the pen. Severe 

lameness prevalence by pen was calculated as the number of animals with LS ≥4 divided 

by the total number of animals scored in the pen.  

 Cows were scored for hock lesions (HL) and hygiene in the milking parlor by one 

observer. HL were scored on a 3-point scale with 1 = no lesion, 2 = hair loss (mild 

lesion), 3 = swollen hock with or without hair loss (severe lesion). Hock lesion 

prevalence by pen was calculated as HL ≥ 2 divided by the total number of cows scored 

in the pen. Severe hock lesion prevalence by pen was calculated as HL = 3 divided by the 



 

- 64 - 

total number of cows scored in the pen. Cow hygiene was assessed by the amount of 

manure on the udder and lower hind legs and was based on a 5-point scale with 1 = clean 

and 5 = dirty (Reneau et al., 2005). Across all farms approximately 40,000 cows were 

scored for locomotion and 30,000 cows were assessed for hock lesions and hygiene.  

 Stall Measurements. Freestalls were measured for stall width, body resting 

length, total stall length, neck rail height, and bedding depth. Stall width was measured as 

the width between two freestall loops on center. Body resting length consisted of the 

space from the base of the brisket board (if existing) to the edge of the curb at the back of 

the stall. Total stall length was measured from the center of two rows of freestalls facing 

head-to-head to the edge of the curb in the back of the stall. Neck rail height was 

measured as the distance between the bottom of the neck rail to the stall surface. 

Measurements from each farm were assumed similar between each pen unless obvious 

differences in stall dimension were observed, in which case another set of measurements 

were collected. An average of each stall measurement was calculated for each herd based 

on the measurements of a representative number of stalls (>8). The depth of bedding was 

estimated prior to the addition of fresh bedding by visual observation of stalls with 

mattresses. In deep bedded stalls, bedding depth was measured in the back third of the 

stall by the use of a steel rod manually driven through the bedding material to the base of 

the stall with subsequent measurement of the portion of the steel rod above the stall 

surface.  

 Mastitis Incidence. Herd mastitis incidence was calculated as the number of cases 

per 100 cow years (36,500 days) at risk. Both the number of mastitis cases and cows at 

risk during the year of 2009 were obtained from each dairy‟s on farm record system. 
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Each reported mastitis case was considered to be a new case if a 14 d period had passed 

between the previous and current case of clinical mastitis (Barkema et al. 1998b). The 

number of cows at risk during the year of 2009 was calculated as the average of the 

weekly lactating herd size as reported in the on farm record system. Herd managers were 

asked about the consistency and completeness of recording mastitis cases. Three herds 

with mattresses and 4 with deep beds were excluded from the analysis due to incomplete 

record keeping.  

 Culling and Mortality. Culling and mortality were collected from on farm records 

and DHIA records when no on farm records were available. Two herds with mattresses 

and 1 herd with deep bedded freestalls were excluded from analysis due to inaccurate 

record keeping. Herd turnover rate was calculated as the number of animals that left the 

farm (died or sold) over the course of one year divided by the average herd inventory (dry 

and lactating cows). Herd turnover rate for cows less than 60 DIM was calculated as the 

number of animals that died or were sold within the first 60 DIM divided by the number 

of animals that freshened during the year (Fetrow et al., 2006). Reasons for culling as 

reported in the records were categorized into injuries, low production, dairy, mastitis, 

breeding, feet and legs, udder conformation, aborted, sick, and a category for 

miscellaneous and unknown reasons. Voluntary culls consisted of culling animals for 

dairy purposes, low production, and disposition. Involuntary culls consisted of culling 

due to injury, sickness, breeding, death, lameness, udder conformation, abortions and 

miscellaneous or unknown reasons.  

 Mortality rates were calculated as the total number of adult animals that died 

during the year divided by the average herd inventory. Reasons for mortalities as reported 
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in the records were categorized as injury, mastitis, lameness, euthanasia, miscellaneous, 

and unknown reasons.  

Statistical Analysis 

 The MEANS procedure (SAS Institute Inc. Cary, NC) was used to describe 

average farm measurements such as herd size, parity, days in milk (DIM), daily milk 

weights, somatic cell counts (SCC), and stall dimensions. Associations between stall 

surface and lameness prevalence, hock lesion prevalence, hygiene scores, herd turnover 

rates, mortality rates, milk production, and mastitis incidence were evaluated using the 

MIXED procedure of SAS (SAS Institute Inc. Cary, NC). Stall surface was used as an 

explanatory variable in all models. Other explanatory variables included in the models 

were average pen DIM, average pen milk production, average pen parity, average herd 

DIM, average herd milk production, and average herd parity. In addition, bedding 

frequency per week and stall dimensions were used as explanatory covariates in the 

models for lameness, hock lesions, and hygiene. Tukey-Kramer adjustment was used to 

compare the least squares means between stall surfaces (deep beds and mattresses). 

Normality and homogeneity of variance were visually evaluated using residual plots.  

Variables that were deemed non-normal were arcsine transformed for analysis and back 

transformed with the 95% confidence interval for interpretation.  

Lameness prevalence, hock lesion prevalence and hygiene scores were analyzed 

using pen within farm as the experimental unit with farm being used as a random effect. 

Herd turnover rates, mortality rates, milk production and mastitis incidence were 

analyzed using farm as the experimental unit. Milk production was analyzed by herd on a 

monthly basis, using milk production as a repeated measure.  
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RESULTS AND DISCUSSION 

Herd Characteristics 

Of the 34 dairies included in this study, 22 were from Wisconsin, 6 from 

Minnesota, 4 from South Dakota, and 2 from Iowa.  Nineteen of the 34 farms housed 

cows in deep bedded freestalls and 15 farms housed cows in freestalls with mattresses 

(i.e. pasture mats, rubber mats, or water beds). Post-digested RMS were used on 21 of the 

34 herds in the study, 9 herds used RMS from separated raw manure and 4 herds used 

composted RMS. Average lactating herd size was 1519 and 1078 cows for deep bedded 

and mattress herds, respectively. Herd size for farms with deep beds ranged from 130 to 

3673 cows, whereas farms with mattresses ranged in size from 154 to 2378 cows. 

Holstein was the primary breed on 32 of the 34 dairies used in this study with the other 2 

herds consisting of Jerseys. Average annual bulk tank somatic cell count (BTSCC) was 

268,000 and 282,000 cells/ml for herds with deep beds and mattresses, respectively. Stall 

lengths (mean±SD) were 232.2±15.0 and 217.9±15.7 cm, stall widths were 119.6±4.8 cm 

and 118.4±4.6 cm, body resting lengths were 178.1±6.4 and 175.0±5.3 cm, and neckrail 

heights were 117.3±5.8 and 117.6±6.1 cm for deep bedded and mattress based freestalls, 

respectively. Prior to the addition of new bedding, bedding depth across herds with deep 

bedded freestalls averaged 22.1 cm and ranged between 7.6 and 30.5 cm. In herds 

bedding RMS on top of mattresses bedding depth averaged 9.1 cm and ranged from 5.1 

to 15.2 cm. Sixty percent of farms added fresh bedding  to the freestalls 3 or more times 

per week whereas the remaining 40% added at least once a week. Farms using deep 

bedded freestalls leveled the stall surface regularly, whereas farms with mattresses found 

it difficult to retain bedding in the stalls. 
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Lameness 

Cows housed in deep bedded freestalls had a lower (P<0.0001) prevalence 

(13.2%) of lameness than cows housed in freestalls with mattresses (19.5%). Severe 

lameness prevalences were also different (P<0.0001) between deep bedded (3.6%; n = 

145) and mattress (5.9%; n = 90) based freestalls. These results are similar to those 

reported by Cook et al. (2003) and Espejo et al. (2006) who also observed an association 

between lameness prevalence and stall surface. In both studies, lameness prevalence was 

compared between herds with deep bedded sand and non-sand or mattress based 

freestalls. Cook et al. (2003) observed lameness prevalence in sand stalls was lower 

during the winter (16.5%) and summer (18.9%) than the prevalence observed in non-sand 

stalls during winter (24.4%) and summer (26.9%). High-producing Holstein cows in 

Minnesota had a lameness prevalence of 17.1% in herds with sand based freestalls 

compared to 27.9% in herds with mattresses (Espejo et al., 2006).  It is interesting to note 

that the lameness prevalence for deep beds in the current study was similar to the 

lameness prevalence observed with deep bedded sand in previous studies. Differences in 

lameness prevalence likely occur between deep bedded and mattress based stalls due to 

greater resting comfort in deep bedded stalls. When provided the choice between deep 

beds with either sand or sawdust bedding and mattresses with 2 to 3 kg of bedding, cows 

showed a preference for deep beds (Tucker et al., 2003).  Several studies have shown 

cows prefer stalls with greater surface cushion and spend more time lying down and less 

time standing when stall surfaces provide a greater degree of comfort (Haley et al. 2000; 

2001; Tucker and Weary, 2004). The use of mattresses as a stall surface has been 



 

- 69 - 

implicated as a risk factor for lameness in dairy cows (Dipple et al., 2009). Deep bedded 

freestalls likely provide greater comfort than mattresses with small amounts of bedding.  

Hock Lesions 

 Skin lesions are often found on the tuber calcis and tarsal joints (hock) of dairy 

cows and are believed to occur when the hock comes into contact with the lying surface. 

Several studies have documented the prevalence and severity of hock lesions in relation 

to stall surface and indicate cows experienced fewer and less severe lesions when housed 

in deep bedded stalls with sand compared to stalls with mattresses (Weary and Taszkun, 

2000; Mowbray et al. 2003; Fulwider et al., 2007). Results from the current study using 

RMS as a bedding source agree with these findings. Cows in deep bedded stalls with 

RMS had a lower (P<0.0001) prevalence of hock lesions (49.4%) than cows in stalls with 

mattresses (67.3%), and cows in deep bedded stalls also had less (P<0.0001) severe 

lesions (6.4%) than cows in mattress based stalls (13.2%).  Although these results agree 

with previous research between sand and non-sand stalls, the prevalence of hock lesions 

in deep bedded stalls with RMS was found to be greater than that reported in deep bedded 

stalls with sand (Weary and Taszkun, 2000; Fulwider et al., 2007). The greater 

prevalence of hock lesions observed in deep bedded stalls with RMS may be due to the 

differences in bedding material. Although sand also conforms to the cow when resting, it 

is a very dense bedding material in comparison to RMS which is very soft and fluffy. 

When cows lie down on RMS, the bedding material is compressed by the weight of the 

cow, likely exposing the rear curb of the stall which is believed to be responsible for the 

increase in prevalence of lesions on the tuber calcis of cows in sand stalls (Weary and 

Taszkun, 2000; Mowbray et al., 2003). Although the location of lesions was not 
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specifically documented in the current study, the majority of lesions in herds with deep 

beds were noted as occurring on the tuber calcis. In addition, we observed a lower 

prevalence of hock lesions in herds using mattresses than reported by Weary and Taszkun 

(2000) and Fulwider et al., (2007). This may be due to greater amounts of RMS bedding 

being added to the stalls by dairy producers as the material is often produced daily and 

available in large quantity on each farm. 

  Severe hock lesion prevalence was 5.4% and 13.0% in deep bedded and mattress 

based stalls, respectively. These numbers are similar to 2.5% for deep bedded sand and 

17% for mattress based herds (Fulwider et al., 2007). An assessment of cow comfort on 

491 dairy operations throughout the United States revealed that cows bedded with dry or 

composted manure solids had a greater percentage of cows with severe hock lesions 

(2.7%) compared to sand (0.7%), straw (1.9%), and sawdust (1.5%) bedding (Lombard et 

al., 2010).   

Hygiene 

 Good cow hygiene is important in the control and prevention of environmental 

mastitis in dairy cows. Increases in the hygiene scores of the lower rear legs and udders 

of cows were found to be associated with increases in somatic cell scores (Reneau et al., 

2005). Cow cleanliness is often influenced by the environment where cows are housed 

and varies between farms with similar housing systems. Barkema et al. (1998a) found 

herds with low BTSCC had cleaner cows and provided cleaner housing for cows than 

herds with medium and high BTSCC. Previous work has shown stall surface can affect 

cow hygiene (Fulwider et al., 2007). Stall surface was not associated with cow hygiene in 

the current study. Hygiene score (LSMeans±SE) was 2.47±0.03 with deep beds and 
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2.54±0.05 for herds with mattresses. Bedding cows with their own manure may lead 

many to believe cows exposed to such an environment would experience poor hygiene; 

however, these results appear to suggest otherwise.  

Mastitis and Milk Production 

 Mastitis is a multifactorial disease that continues to challenge dairy producers 

despite the use of management and intervention practices (Bradley, 2002). Estimates of 

annual losses attributed to mastitis range from $140 to $300 per cow, with nearly 70 to 

80% of the losses coming from reduced milk production (Fetrow et al., 2000). Additional 

financial losses associated with mastitis arise from culling, mortality, and costs related to 

treatment (Bradley, 2002).  Recently, only lameness or injury was reported more often 

than mastitis as the primary cause of death among US dairy cows (USDA, 2007). High 

incidence rates of mastitis may indicate problems with management or the environment. 

Mastitis not only represents a considerable financial loss to dairy producers, it also raises 

welfare concerns about the well-being of dairy cows. 

Incidence rates of clinical mastitis in the current study were 66.3 and 49.0 cases 

per 100 cow/years for deep bedded and mattress herds, respectively and ranged from 9.3 

to 108.7 cases per 100 cow/years in deep bedded herds and 13.2 to 107.6 cases per 100 

cow/years in herds with mattresses. No association was found between clinical mastitis 

incidence and stall surface. Incidence rates in the current study were greater than 22.8 

cases per 100 cows/year reported by Peeler et al. (2000) and 23.0 cases per 100 

cow/years found by Olde Riekerink et al. (2008). These differences are likely due to 

discrepancies associated with environmental conditions, housing systems, and herd 
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management as previous research has shown variations of such factors to be associated 

with mastitis (Peeler et al., 2000).   

 Daily milk production was similar between stall surfaces. Herds with deep beds 

averaged 34.8 kg per cow with a range of 18.2 kg to 45.5 kg per cow.  In herds with 

mattresses, daily milk production was 35.1 kg per cow with a range of 23.6 kg to 44.1 kg. 

Milk production is influenced by several factors other than housing and is not a direct 

indicator of cow welfare. Additionally, both low and high milk production have been 

identified as a potential welfare risk for dairy cows (Whay et al., 2003). For this reason, 

milk production should probably not be recommended as a welfare measurement between 

housing systems and dairy operations.   

Mortality 

      Herds utilizing RMS in deep bedded and mattress based stalls were found to 

have similar mortality rates. In herds with deep beds, mortality rates were 8.2% and for 

herds with mattresses mortality rates were 8.6%. These results are higher than those 

reported by Smith et al. (2000) in which mortality rates in the northern region of the US 

were 5.9%. Mortality rates, however, do appear to be a growing problem among US dairy 

operations and represent an important welfare concern (Thomsen et al., 2006). The Dairy 

2002 USDA:APHIS:VS National Animal Health Monitoring System (NAHMS) survey 

reported annual mortality rates on US dairy operations of 4.8% (USDA, 2002), whereas 

the Dairy 2007 survey indicated that number had increased to 5.7% (USDA, 2007).    

Producer attributed causes for mortalities among herds in the current study were 

similar between stall surfaces (Table 2). Miscellaneous causes were reported most often, 

followed by unknown reasons, injuries, mastitis, euthanasia, and lameness. Euthanasia of 
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cows was only reported by 9 of the 34 dairy operations in this study. This result may be 

due to limitations by management software in recording multiple reasons for causes of 

death or may suggest producers are not euthanizing downer cows. Nearly half of all 

mortalities were found to occur prior to 60 DIM.  In herds with deep beds 47.2% of 

mortalities occurred prior to 60 DIM and ranged from 18.7 to 74.0%.  Herds with 

mattresses reported 42.7% of deaths occurred before 60 DIM with a range of 33.8 to 

55.3%.  

Herd Turnover 

 The decision to remove cows from a dairy herd involves consideration of several 

factors related to the health and performance of individual cows as well as salvage values 

and milk and feed prices (Dohoo and Dijkhuizen, 1993). Optimal turnover rates of 25% 

have been suggested (Rogers et al., 1988); however, turnover rates can vary greatly 

between herds depending upon farm objectives. Expanding dairies and operations with 

limited replacement animals are likely to retain more cows than dairy operations not 

looking to expand or with excessive replacements.  

Herd turnover rates for herds with deep beds and mattresses were 37.2% and 

38.6%, respectively and were not associated with stall surface. Turnover rates ranged 

from 24.5% to 49.0% in herds with deep bedded stalls whereas the range in turnover rates 

among herds with mattresses was 23.5% to 50.6%. Stall surface was associated with 

removals due to voluntary and involuntary reasons (P = 0.04). Voluntary and involuntary 

removals consisted of 16.1% and 83.9% of herd removals in deep bedded herds whereas 

just 7.9% of removals in herds with mattresses were voluntary and 92.1% were 

involuntary. Reasons for removals for deep bedded and mattress herds are listed in Table 
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3. Overall, reported reasons for removing cows were similar between deep bedded and 

mattress herds; however, herds with deep beds reported removing more cows for low 

milk production (15.0%; P = 0.02) compared to herds with mattresses (7.1%). We 

suggest that is likely the reason for the observed difference between stall surface and 

voluntary and involuntary removals. Other than the percentage of cows leaving herds due 

to death, mastitis was recorded most frequently as the reason for removal in herds 

utilizing RMS, whereas reproduction and infertility have been indicated as the primary 

reason among US dairy operations (USDA, 2007).  

 Herd turnover rates within the first 60 DIM were 10.4% and 9.4% in herds with 

deep beds and mattresses, respectively and were not associated with stall surface. Sixty 

day turnover rates for deep beds ranged between 4.2% and 22.7% and for mattresses the 

range was 6.7% to 15.7%. These results are slightly higher than 6.8% reported by 

Dechow and Goodling (2008) which included cows 21 days prior to expected calving 

dates. Reasons for removal prior to 60 DIM are listed in Table 4. Herds with deep beds 

reported removing fewer cows for aborting (0.7%) than herds with mattresses (3.6%; P = 

0.03). Overall, death was reported as the most frequent reason cows left herds during the 

first 60 DIM for both deep bedded and mattress herds.  

Conclusions 

 The use of RMS in deep bedded freestalls appeared to provide cows with a more 

welfare friendly resting surface than the use of RMS on top of mattresses. Cows housed 

in deep beds experienced a lower prevalence of lameness and hock lesions compared to 

cows housed in stalls with mattresses. Additionally, the prevalence of severe lameness 

and severe hock lesions in herds with deep bedded stalls was lower than those observed 
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in herds with mattresses. Cows bedded with RMS irrespective of stall surface appeared to 

be rather clean despite the negative perception of bedding cows with their own manure. 

However, clinical mastitis incidence suggests udder health may be compromised when 

bedding lactating dairy cows with RMS. Mortality rates and reasons implicated in dairy 

cow mortalities were similar between stall types and conform to recent trends in dairy 

cow mortality among US dairy operations. Similar herd turnover rates were found 

between deep bedded and mattress based herds, however removals due to voluntary and 

involuntary reasons were found to be different. Death was indicated as the primary reason 

for herd removal both during lactation and prior to 60 DIM. 
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Table 1. Least squares means and 95% confidence intervals for prevalence of lameness, 

severe lameness, hock lesions, and severe hock lesions of cows housed in deep bedded 

and mattress based freestalls with recycled manure solids. 

 

  Stall Surface 

 Deep Beds  Mattress 

Measurement LSMeans 95% CI P-value LSMeans 95% CI 

Lameness (%) 13.2 12.3-14.2 <0.0001 19.5 18.0-21.5 

Severe lame (%) 3.6 3.1-4.2 <0.0001 5.9 5.1-6.8 

Hock lesion (%) 49.4 45.4-53.4 <0.0001 67.3 62.4-71.9 

Severe hock lesion (%) 6.4 5.6-7.3 <0.0001 13.2 11.8-14.7 
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Table 2. Least squares means and standard errors of mortality rates, percent of mortalities 

prior to 60 DIM, and reasons for dairy cow mortalities in deep bedded and mattress based 

freestall herds bedding with recycled manure solids. 

 

   Stall Surface 

   Deep Beds  Mattress 

Characteristic LSMeans SE P-value LSMeans SE 

Mortality rate  8.2 0.7 0.73 8.6 0.9 

Mortalities ≤ 60 DIM 
1
 47.2 3.0 0.32 42.7 3.3 

Mastitis
1
 12.0 1.8 0.79 12.7 2.0 

Injury
1
 15.9 2.2 0.71 14.7 2.4 

Lameness
1
 1.4 0.8 0.93 1.3 0.8 

Euthanized
1
 4.3 2.7 0.64 2.4 3.0 

Unknown
1
 25.6 6.0 0.86 27.2 6.7 

Miscellaneous
1
 40.8 4.7 0.90 41.7 5.3 

1
Expressed as a percentage of all reported mortalities 
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Table 3. Least squares means and standard errors of herd turnover rates, voluntary and 

involuntary removals, and producer attributed reasons for removal in deep bedded and 

mattress based freestall herds bedding with recycled manure solids. 

 

   Stall Surface 

   Deep Beds  Mattress 

Characteristic LSMeans SE P-value LSMeans SE 

Herd turnover rate 37.2 1.7 0.62 38.6 2.0 

Voluntary removal
1 

16.1 2.3 0.04 7.9 2.8 

Involuntary removal
2 

83.9 2.3 0.04 92.1 2.8 
 

Removal Reasons 

Death
3
 22.6 2.0 0.99 22.7 2.3 

Mastitis
3 

16.7 1.9 0.76 17.6 2.3 

Injury
3 

3.6 0.7 0.62 4.1 0.8 

Production
3 

15.0 2.2 0.02 7.1 2.5 

Reproduction
3 

11.2 1.9 0.31 14.1 2.1 

Feet and legs
3 

4.8 0.9 0.89 5.0 1.0 

Sickness
3 

7.0 1.3 0..56 8.1 1.4 

Udder conformation
3 

2.4 0.8 0.78 2.7 0.9 

Abortion
3 

1.8 1.0 0.05 4.7 1.1 

Dairy
3 

2.4 1.1 0.26 0.5 1.2 

Miscellaneous or unknown
3 

12.9 2.8 0.41 16.4 3.2 
1
Percent of cows removed for low milk production or dairy sale 

2
Percent of cows removed due to death, injury, sickness, reproduction, feet and legs, 

udder conformation, aborting, and miscellaneous or unknown reasons 
3
Expressed as a percentage of all herd removals 
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Table 4. Least squares means and standard errors of turnover rates by 60 DIM and 

reasons for removal during the first 60 DIM in deep bedded and mattress based freestall 

herds bedding with recycled manure solids. 

 

   Stall Surface 

   Deep Beds  Mattress 

Characteristic LSMeans SE P-value LSMeans SE 

Turnover by 60 DIM 10.4 0.9 0.43 9.5 1.0 

 Removal Reasons 

Death
1
 41.5 3.7 0.39 36.7 4.1 

Mastitis
1 

10.6 1.5 0.30 8.1 1.8 

Injury
1 

4.1 0.8 0.49 3.3 0.9 

Production
1 

7.3 1.7 0.39 5.0 2.0 

Reproduction
1 

1.3 0.5 0.81 1.1 0.6 

Feet and legs
1 

4.0 0.9 0.59 4.8 1.1 

Sickness
1 

8.6 1.7 0.81 9.3 2.0 

Udder conformation
1 

4.1 1.4 0.81 4.6 1.7 

Aborted
1 

0.7 0.8 0.03 3.6 1.0 

Dairy
1 

1.1 0.5 0.41 0.4 0.6 

Miscellaneous or unknown
1 

16.9 3.7 0.39 23.2 4.4 
1
Expressed as a percent of all removals by 60 DIM 
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EXPERIMENT III: 

Management practices and bedding characteristics associated with bulk tank 

somatic cell count in herds bedding freestalls with recycled manure solids 

 

SUMMARY 

 The objective of this study was to evaluate the association of herd management 

practices and bedding characteristics with bulk tank somatic cell count (BTSCC) on 

Midwest dairy operations bedding freestalls with recycled manure solids (RMS). The 

study was conducted between July and October 2009 and included 34 dairy operations. 

Average BTSCC was 275,000 cells/mL. Eighteen percent of farms had a yearly BTSCC 

< 200,000 cells/mL whereas 9% of farms exceeded 400,000 cells/mL. Twenty-three 

variables related to management practices and bedding characteristics were screened for 

their association with BTSCC using univariate analysis. The presence of fans over the 

freestalls, type of manure solids used for bedding (digested, composted, or separated 

raw), contagious pathogen counts in bulk tank milk, capability index (Cpk) of the herds‟ 

milking procedure to meet the suggested prep-lag time (60-120 s), stall bedding pH, 

NFC, NDF, and ash content were not associated with BTSCC. Variables identified by 

univariate analysis to be associated with BTSCC were used to build a multivariate model 

using backward elimination. Bedding frequency per week, use of automated scrapers, 

stall surface (mattress or deep bed), percentage of culls due to mastitis, total C content of 

stall bedding, fresh bedding pH, and fresh bedding NDF content were removed from the 

final model. Management practices and bedding characteristics remaining in the final 

model included cow hygiene, environmental Streptococci and coliform bacterial counts 
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in bulk tank milk, housing dry cows in facilities other than freestalls bedded with RMS, 

NFC content of fresh bedding, and moisture, total N content and total bacterial counts of 

stall bedding. All these factors were positively associated with BTSCC.  Results highlight 

the importance of cow hygiene, thorough milking preparation, sanitation of milking 

equipment, dry cow housing, and bedding management in maintaining a low BTSCC 

when bedding freestalls with RMS. 

Key words: bulk tank somatic cell count, recycled manure solids, dairy management 

INTRODUCTION 

  Bulk tank SCC (BTSCC) is a crude estimate of udder health within a dairy herd 

as milk SCC indicates an immune response due to infection of the mammary gland 

(Bradley and Green, 2005). Whether measured at the herd, cow, or quarter level, the 

infection status of the mammary gland alone is the most influential factor affecting SCC 

(Dohoo and Meek, 1982; Reneau, 1986). Herd level estimates, such as BTSCC, are 

dependent upon the number and duration of existing infections as well as the rate of new 

infections (Reneau, 2001). The environment in which cows are housed significantly 

influences exposure to environmental bacteria and the ability of the cow to resist 

infection (Hogan and Smith, 1998). Therefore, maintaining and managing a housing 

environment that minimizes exposure is imperative to mammary gland health.  

Milk processors and dairy producers routinely monitor BTSCC as it is widely regarded as 

the gold standard measurement of milk quality (Reneau, 2001). Dairy producers that sell 

high quality, low BTSCC milk often receive milk quality premiums from milk processors 

because high BTSCC milk has a reduced shelf life and altered composition (Dohoo and 

Meek, 1982; Harmon, 1994; Ma et al. 1999). Elevations in SCC are also associated with 
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reduced milk production (Jones et al., 1984) due primarily to subclinical mastitis (Dohoo 

and Meek, 1982). Specific management practices effective at controlling contagious 

mastitis pathogens have been developed and proven successful; however, these same 

practices have demonstrated to be less effective against environmental mastitis pathogens 

(Smith, 1983) which have recently been suggested to have a greater impact on BTSCC 

than previously thought (Wenz et al., 2007).    

 Observed variation among herds in BTSCC average has led many researchers to 

investigate herd characteristics and management practices to determine possible sources 

of variation among herds. Hutten et al. (1990) discovered low SCC herds were more 

likely to milk high production cows first and clinical mastitis cows last, utilize automatic 

detachers, maintain a lower bedding moisture, and disinfect teat ends prior to antibiotic 

treatment. Greater attention to hygiene and supplementing cow rations with minerals 

were found to occur more often in herds with BTSCC ≤ 150,000 cells/mL (Barkema et 

al., 1998). Overall management style has also been found to be associated with BTSCC. 

Herds having low BTSCC were described as clean and accurate, working precisely rather 

than fast, whereas high BTSCC herds were described as quick and dirty (Barkema et al., 

1999). In a more recent study, Wenz et al. (2007) reported herds using composted manure 

solids as bedding were nearly 3 times more likely to have a high BTSCC than herds using 

other bedding materials. Although this finding may indicate the use of manure solids as a 

risk factor for elevated BTSCC, interest in utilizing the material for bedding is growing 

among dairy producers as common bedding sources become less available and 

increasingly expensive. Previous research has indicated recycled manure solids (RMS) 
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can be a suitable bedding alternative under the provision of sound management (Bishop 

et al., 1981).  

Specific management practices and bedding characteristics associated with 

BTSCC in herds bedding with RMS have not yet been investigated in the upper Midwest 

US. Due to the growing interest in using manure solids as a source of bedding, and the 

variable success rate among producers currently bedding with manure solids, we 

conducted a study to investigate various management practices and bedding 

characteristics associated with BTSCC on dairy operations utilizing RMS for bedding.     

MATERIALS AND METHODS 

This cross-sectional observational study was conducted between July and October 

of 2009 and included 34 Midwest dairy operations bedding freestalls with RMS. Herds 

were selected on the basis that they had been using RMS as a primary bedding source for 

the lactating herd for a period of at least 1 year prior to the beginning of the study. The 

source and mechanisms for obtaining RMS were not included in our criteria for farm 

selection in order to prevent limiting our sample size. Methods of obtaining RMS for 

bedding used by farms in this study included: mechanical separation post-anaerobic 

digestion, mechanical separation of raw manure, and mechanical separation of raw 

manure followed by mechanical composting for 18-24 h. Dairy producers utilizing RMS 

as bedding for freestalls were identified by extension educators, industry representatives, 

and other producers. Following the identification of potential herds for use in the study, 

dairy producers were contacted to confirm the use of RMS for a period of at least 1 year 

and to obtain their consent to participate in the study.  
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Data Collection 

 Each farm was visited once to perform on-farm data collection, which included 

observation of milking procedures, bedding management, stall maintenance, facility 

design, cow hygiene, and collection of bedding samples. Cow hygiene was assessed by 

the amount of manure on the udder and lower hind legs using a 5-point scoring system 

where 1 = clean and 5 = dirty (Reneau et al., 2005). During our visit, a questionnaire 

designed to gather additional information related to herd management, bedding practices 

and characteristics, record keeping, and the process used to obtain RMS for bedding was 

administered to the herd owner or manager. Information related to culling was obtained 

from farm records during 2009 as provided by each dairy operation. Daily bulk tank 

information from January through December 2009 was obtained from each herd‟s milk 

processor when accessible.  

Milking Procedure Analysis 

 Milking procedures and timing intervals between each procedure were monitored 

and recorded for approximately 60-80 individual cows from each farm using handheld 

PC software (ParlorPal™, AgriMetrica, LLC, Ellensburg,WA). Prep-lag times (defined 

as the time interval between the first significant udder stimulation to milking unit 

attachment) recorded from each farm were analyzed using a capability index (known as 

Cpk; Graham and Cleary, 2000) that included the center of the data relative to the defined 

prep-lag times, as well as the variation in the process. This index allowed us to 

summarize each herd‟s process performance. Index values greater than 1 indicate the 

process was meeting the specifications whereas index values less than 1 indicate the 

process was not meeting specifications.   
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Bulk Tank Culture Analysis 

  Bulk tank milk samples were collected by the milk hauler for 5 consecutive days 

following our visit to each farm. Samples were immediately frozen after collection and 

shipped in a cooler to the Laboratory for Udder Health at the University of Minnesota 

and used for bacterial culture.  For analysis, samples were thawed in a refrigerator. Upon 

thawing, samples were thoroughly mixed, and 2-mL were removed from each sample and 

pooled into a sterile tube. After mixing, serial 10-fold dilutions were made in sterile brain 

heart infusion broth. Two hundred microliters from each dilution were spread over the 

surface of separate MacConkey agar, TKT agar, and Factor agar plates. After 24 h of 

incubation at 37°C, the plates having 30 to 300 colonies were chosen for enumeration of 

bacteria. Those colonies that appeared to be Staphylococcus aureus were presumptively 

identified by catalase activity, tube coagulase test, and biochemical reactions using the 

API-STAPH (BioMerieux, Hazelwood, MO).  Bacterial counts were recorded as number 

of bacteria per mL of milk. 

Bedding Analysis 

 Composite samples of both the fresh (unused) and stall (used) bedding material 

were obtained from each herd for chemical and bacteriological analysis. Fresh bedding 

material was collected from approximately 10 different locations from the newly 

separated pile of RMS and composited for each farm. Stall bedding samples were 

obtained from the freestalls in each lactating pen and 1 dry cow pen by sampling bedding 

from the back third of 20% of the stalls in each of the respective pens. Stall samples were 

taken prior to the addition of new bedding and composited by pen. Immediately after 
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collection, samples were frozen at the dairy operation and later transported to the 

University of Minnesota where they were stored at -40°C until analysis. 

 Chemical Analysis. Composite samples of fresh bedding material and stall 

bedding samples collected from the high, low and primiparous lactation groups and dry 

cow group from each farm were used for chemical analysis. All samples (except for pH) 

were dried in a 60°C forced-air oven for 48 h and then ground in a Cyclone Mill prior to 

chemical analysis. Samples were further dried to obtain absolute dry matter by drying in 

an oven at 100°C for 24 h. In both cases, samples were not allowed to cool before 

weighing. Determination of NDF content was performed using the Ankom
200

 fiber 

system with sodium sulfite and α-amylase (Ankom Technology Corporation, Fairport, 

NY) and fat was analyzed by petroleum ether extraction using the Ankom
XT100

 system 

(Ankom Technology Corporation, Fairport, NY). Analysis of ash content, total nitrogen 

(N), and total carbon (C) were performed by the University of Minnesota Soil Testing 

and Analytical Lab. Ash content was analyzed by placing a 0.5 gram sample into a forced 

air oven heated to 485°C for 10 hours. Samples were cooled in a vacuum desiccator and 

percent ash was calculated. Total N and C were determined simultaneously using an 

Elementar Vario MAX CN combustion analyzer (Elementar Americas, Inc., Mt. Laurel, 

NJ). Bedding pH was measured by adding 5 g of as-is bedding material to 50 mL of 

sterile distilled water, mixing well, and allowing the mixture to stand for 30 min with 

occasional stirring. The pH was determined using a Thermo Orion Model 410 pH meter 

(Beverly, MA) calibrated to buffers pH 4 and 7.   

 Bacterial Analysis. Composite samples of fresh bedding as well as samples from 

all lactating pens and 1 dry cow pen from each dairy were analyzed for bacterial 
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populations by the University of Minnesota Laboratory for Udder Health. Bedding 

samples were allowed to thaw in a refrigerator prior to analysis. Fifty cubic centimeters 

of bedding material was measured using a sterile container and placed into a Whirl-Pak® 

bag (Nasco, Fort Atkinson, Wis.). Two hundred fifty cubic centimeters (cc) of sterile 

distilled water was added to the bedding material which was mixed and allowed to stand 

for 10 min. The sample was mixed again, a liquid sample was removed by pipette and 

serial 10-fold dilutions were made in sterile brain heart infusion broth. Sample dilutions 

were plated (200 µl) on colistin naladixic acid (CNA) agar (BBL, Sparks, Md.), 

MacConkey agar (BBL, Sparks, Md.) and TKT agar medium. Colony counts were 

determined for each sample after 24 h of incubation at 37°C. Bacterial groups were 

identified as coliforms (lactose-positive colonies on MacConkey‟s agar), Streptococcus 

species (growth on TKT agar), and coagulase negative Staphylococci (growth on the 

CAN agar and catalase activity), bacillus species, and yeast. Bacteria counts are 

expressed as colony forming units (cfu)/mL of bedding sample.  

Statistical Analysis 

Five consecutive daily BTSCC from the date of each farm visit was used as 

dependent variable with repeated measures in PROC MIXED (SAS Institute Inc., Cary, 

NC). The 5-day period for each farm was selected for analysis due to the natural variation 

that can occur in several of the independent variables measured (i.e., bedding moisture, 

bacterial counts) in this study. Daily BTSCC values were transformed using the natural 

logarithm. Twenty-three variables for which data were collected were screened for 

associations with BTSCC by univariate analysis. Farm was used as the experimental unit. 

All measured characteristics of stall bedding were investigated for their association with 
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BTSCC because cows were in daily contact with this material.  In addition, correlations 

between fresh bedding and stall bedding characteristics were evaluated using PROC 

CORR (SAS Institute Inc., Cary, NC). Fresh bedding characteristics not correlated with 

stall bedding characteristics were included as independent variables in the univariate 

analysis.  

Variables with P ≤ 0.3 in the univariate screening test were used to build a multivariate 

model using PROC MIXED (SAS Institute Inc., Cary, NC). Backwards stepwise 

elimination was used to build the model until remaining variables included were 

significant at P < 0.05.  Tukey-Kramer adjustment was used for multiple comparisons of 

least squares means in categorically distributed variables.  

RESULTS AND DISCUSSION 

Herd Characteristics 

 Thirty-four Midwest dairy operations from Wisconsin (24), Minnesota (5), South 

Dakota (3), and Iowa (2) were visited to gather information for data analysis. Herd size 

among participating herds averaged 1,340 lactating cows and ranged between 130 and 

3,700 cows. Holsteins were the primary breed on 33 of the 34 herds, whereas 1 herd had 

primarily Jerseys. Daily milk production averaged 35.4 kg per cow and ranged between 

18.2 and 45.5 kg. Yearly average BTSCC was 275,000 cells/mL and ranged between 

121,000 and 688,000 cells/mL. Eighteen percent and 9% of operations had a yearly 

BTSCC < 200,000 cells/mL and > 400,000 cells/mL, respectively. Deep bedded freestalls 

were used by 17 (50%) farms whereas mattresses were used by 13 (38%) farms and 4 

(12%) farms used a combination of deep beds and mattresses. Each of the 4 herds with a 

combination of stall types consisted primarily of deep bedded freestalls, therefore they 
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were categorized as having deep bedded freestalls. Digested manure solids were used as 

bedding on 23 (68%) farms whereas 7 (21%) farms bedded freestalls with separated raw 

manure solids and 4 (11%) farms bedded freestalls with mechanically composted manure 

solids. Recommended milking procedures such as the practice of pre and post-milking 

teat disinfection, and single use of towels for drying udders were adopted by all herds, 

and all producers indicated dry cow therapy was routinely practiced at dry off.  

Univariate Analysis 

 Five qualitative (Table 1) and 18 quantitative (Table 2) variables related to 

management practices and bedding characteristics were initially screened for their 

association with BTSCC. The presence of fans over the freestalls,  type of RMS used for 

bedding (i.e, digested, composted, separated raw), contagious pathogen counts in bulk 

tank milk, capability index of the milking procedure to meet the suggested prep-lag time 

(60-120 s), stall bedding pH, NFC, NDF, and ash content were not associated with 

BTSCC (P > 0.30). Therefore, these variables were not considered in the multivariate 

model.  

Proper ventilation of cattle housing facilities is essential to moderate the effects of 

heat and humidity (Hogan and Smith, 1998) which have been shown to have adverse 

effects on mastitis incidence and milk SCC (Smith et al., 1985; Morse et al., 1988). 

Increased ambient temperature and humidity also play a key role in the growth of bacteria 

in bedding (Smith et al., 1985). Coliforms and environmental streptococci flourish during 

periods of warm, wet weather (Hogan and Smith, 1998) and growth of coliform bacteria 

in bedding during the summer has been found to exceed growth during all other seasons 

(Smith et al., 1985).  Elevated rates of intramammary infection and subsequently milk 
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SCC are believed to be a result of the combination of heat and humidity which cause 

stress to dairy cows and therefore may increase the susceptibility to infection during a 

period of increased exposure to environmental mastitis pathogens in bedding (Smith et 

al., 1985).  In addition to the importance of ventilation to moderate the effects of heat and 

humidity, we hypothesized the presence of fans over the freestalls may aid in lowering 

the moisture content of RMS on the surface of the freestalls and therefore possibly reduce 

bacterial growth.    

Differences in the procurement processes between digested, composted, and 

separated raw manure solids exist. The process of anaerobic digestion utilizes organic 

material to produce methane gas and is reported to reduce the amount of pathogens 

present in the effluent leaving the digester for mechanical separation (Wright, 2001). 

Composting also involves the breakdown of organic material (NRAES-54, 1992) and has 

been reported to decrease the bacteria counts of RMS prior to use as bedding (Bishop et 

al., 1981). Unlike digestion and composting, separation of raw manure does not involve 

decomposition of organic material; therefore the resulting solids likely contain different 

chemical properties compared to digested and composted manure solids. Previous 

research has suggested that differences in chemical and physical properties of bedding 

materials may influence bacteria growth (Godden et al., 2008). Populations of bacteria in 

bedding are positively associated with bacteria populations found on the teat ends of 

cows (Hogan and Smith, 1997; Zdanowicz et al. 2004) and rates of clinical mastitis 

(Hogan et al., 1989). The different processes used to obtain RMS for bedding in this 

study were investigated as a possible source of variation in BTSCC among herds due to 

the assumption that bacterial growth may be different among bedding types.  
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The prevalence of contagious mastitis pathogens in dairy herds has been found to 

be associated with BTSCC (Wilson et al., 1997b). Hutton et al. (1990) reported a higher 

prevalence of mammary gland infections with Staphylococcus aureus in high SCC herds 

(> 283,000 cells/mL) compared to low SCC herds (≤ 283,000 cells/mL). Similar results 

were reported by Rodrigues et al. (2005) where contagious mastitis pathogens, 

particularly Staphylococcus aureus were isolated more frequently among herds with high 

BTSCC (> 400,000 cells/mL). In the present study, contagious mastitis pathogens were 

isolated in bulk tank milk samples from 19 (56%) of the 34 herds. Streptococcus 

agalactiae was detected at low levels (20 cfu/mL) in 1 herd, whereas Staphylococcus 

aureus was detected more frequently (19 herds) at counts ranging between 5 to 1,050 

cfu/mL. In contrast to other studies (Wilson et al., 1997b; Rodrigues et al., 2005), the 

presence of contagious mastitis pathogens in bulk tank milk samples was not associated 

with BTSCC in the current study.  

Although the capability index used to assess prep-lag times observed at each dairy 

did not have an association with BTSCC in the current study, prep-lag time has been 

deemed an important characteristic in pre-milking udder preparation as it optimizes 

milking efficiency, and reduces milking machine on-time (Sandrucci et al., 2007). 

Excessive machine on-time and overmilking can have detrimental effects on teat end 

health (Neijenhuis et al., 2000) and subsequently influence susceptibility to infection 

(Neijenhuis et al., 2001). We hypothesized that BTSCC would be higher in herds with 

milking routines less capable of meeting the suggested 60 to 120 s prep-lag time. No 

herds in our dataset had a capability index greater than 0.9, indicating all herds were 

observed to have at least some prep-lag times outside of the suggested range. 
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Several stall bedding characteristics including pH, NFC, NDF, and ash content 

were investigated for their associations with BTSCC based on our hypothesis that these 

characteristics may influence bacteria growth in RMS and subsequently impact teat end 

exposure to environmental pathogens. These characteristics however, were not found to 

be associated with BTSCC.  Previous research showed an association between bedding 

pH and bacterial growth in bedding materials (Janzen et al., 1982; Hogan and Smith, 

1997); however, to our knowledge no studies have investigated the association of 

bedding NFC, NDF, and ash content with bacterial growth or BTSCC.  

Multivariate Analysis 

 Fifteen of the original 23 variables were initially included in the multivariate 

model (P < 0.30). Seven variables, including bedding frequency per week, use of 

automated scrapers, stall type, percentage of culls due to mastitis, total C content of stall 

bedding, fresh bedding pH, and fresh bedding NDF content were removed from the final 

model by backwards elimination.  

 Bedding frequency per week varied among dairy operations. Herds bedding daily 

perceived it important to keep stall bedding fresh, whereas herds bedding less frequently 

perceived it important to allow the bedding to dry in the stalls. Frequent addition of fresh 

bedding to stalls is often recommended (Bey et al., 2002) as bacteria levels peak within 

24 h of bedding addition to the stalls (Hogan and Smith, 1998). However, frequently 

adding fresh bedding may actually promote bacterial growth as nutrients essential for 

growth are continually added to stalls (Hogan and Smith 1998). Bramley (1985) reported 

daily replacement of bedding reduced bacterial contamination of stalls, which was 

subsequently found to be associated with reduced mastitis incidence. In contrast, Hogan 
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and Smith (1997) reported that daily replacement of bedding had minimal effects on stall 

bedding bacterial counts and bacterial populations on teat surfaces. Although reported 

results of daily bedding have been slightly different, we hypothesized that more frequent 

addition of fresh bedding material would increase the moisture content of stall bedding 

and therefore could promote bacterial growth, increasing teat end exposure and 

subsequently influence udder health. 

 Twelve (35%) herds in this study used automated alley scrapers, whereas 

remaining herds scraped alleyways with tractors and loaders at milking time (Table 1). 

Previous research has shown the use of automated alley scrapers improves the cleanliness 

of alleyways, lowers udder hygiene scores, and reduces manure contamination of freestall 

bedding in comparison to alleys without mechanical scrapers (Magnusson et al., 2008). 

Frequent cleaning of housing facilities, specifically alleyways has been reported to be 

associated with BTSCC (Kelly et al., 2009) whereas udder hygiene has also been found 

to be associated with the SCC of milk (Reneau et al., 2005). Reducing manure build up in 

alleyways likely reduces the chance of manure splashing up on to the cow‟s udder (Kelly 

et al., 2009); reduced manure contamination of freestall bedding likely leads to lower 

bedding bacteria counts, minimizing exposure to environmental pathogens and therefore 

reducing the potential for mammary gland infection and elevated BTSCC.  

 Deep bedded freestalls are becoming more common in dairy housing facilities as 

they offer improved comfort and welfare in comparison to stalls with mattresses (Espejo 

et al., 2006). Inorganic bedding materials such as sand are often used and considered 

ideal for bedding deep bedded freestalls. This concept is due to the differing capabilities 

of inorganic and organic bedding materials to support bacterial growth (Hogan and 
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Smith, 1989). Previous work has shown softer resting surfaces to have a beneficial 

influence on udder health (Ruud et al., 2010) and the use of certain bedding materials to 

be associated with lower BTSCC (Wenz et al., 2007) but no previous research has 

investigated the association between freestall surface and BTSCC, particularly when a 

common bedding source is used. In the present study, 21 (62%) farms bedded RMS in 

deep bedded freestalls whereas 13 (38%) farms bedded RMS on top of mattresses (Table 

1). Based upon the improved comfort and welfare of cows housed in deep bedded stalls 

(Espejo et al., 2006) and the beneficial influence of softer resting surfaces on udder health 

(Ruud et al., 2010) we hypothesized deep bedded freestalls could be associated with 

lower BTSCC. 

Herds in this study reported an average of 20.4% of all culls were due to mastitis 

(Table 2).  Previous research has shown managers of low SCC herds were more likely to 

cull cows due to mastitis than herds with high SCC (Hutton et al., 1990). In contrast, 

Rodrigues et al. (2005) reported a positive association between the number of mastitis 

culls and BTSCC. Although the percent of mastitis culls was removed from the final 

model in the current study, we anticipated increased removal of infected cows from the 

milking string would reduce the amount of high SCC milk going into the bulk tank, and 

therefore reduce the herd BTSCC. 

Bedding characteristics including the total C content of stall bedding, fresh 

bedding pH and fresh bedding NDF were also investigated based on the hypothesis that 

these characteristics may promote or inhibit bacterial growth and consequently influence 

teat end exposure and udder health. Godden et al. (2008) suggested that differences in 

bacterial growth of common environmental pathogens among different bedding materials 
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may have been related to bedding pH and total C content, but no previous research to our 

knowledge has investigated NDF content.  

Final Model 

  Variables remaining in the final model included cow hygiene, environmental 

Streptococci and coliform bacterial counts in bulk tank milk samples, type of housing 

facility used for dry cows, fresh bedding NFC content, and stall bedding moisture, total N 

content, and total bacterial counts (Table 3). Although several variables were found to be 

significantly associated with BTSCC, they are not necessarily causally related to BTSCC. 

Additionally, results of the current study are likely confounded by the quality and 

application of management practices investigated in the study, which have been shown to 

be associated with BTSCC (Barkema et al., 1999).  

 There was a positive association between cow hygiene and BTSCC (P < 0.0001) 

in the current study. Each unit increase (cows become dirtier) in the herd‟s average cow 

hygiene score was associated with a 54% increase in BTSCC (Table 3). Ellis et al. (2007) 

also reported a positive association between cow cleanliness and BTSCC on organic 

dairy farms. Cow cleanliness is often influenced by the environment in which cows are 

housed and can vary between farms with similar housing systems. Barkema et al. (1998) 

found herds with low BTSCC had cleaner cows and provided cleaner housing for cows 

than herds with high BTSCC. Previous research has demonstrated an association between 

cow hygiene and individual cow somatic cell scores (Reneau et al., 2005) suggesting the 

importance of cow hygiene for udder health. Various aspects of dairy management have 

been shown to be related to cow hygiene, including the use of automated scrapers 

(Magnusson et al., 2008), stall cleanliness (Schukken et al., 1990), and quantity of 
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bedding used (Chiappini et al, 1994). Cleaner cows are easier to clean and prepare prior 

to milking and are less susceptible to intramammary infections. 

 Bulk tank milk cultures can be a useful tool for diagnosing the source of bacterial 

contamination, and can also be used to evaluate milking practices and effectiveness of 

equipment sanitation (Reinemann et al., 1997). Cultures of bulk tank milk among herds in 

this study revealed a very high degree of contamination with environmental Streptococci 

and moderate levels of coliform bacteria. Counts of environmental Streptococci were 

2,729 cfu/mL and ranged between 60 and 23,600 cfu/mL, whereas coliform counts 

averaged 1,351 cfu/mL, and ranged between 0 and 9,000 cfu/mL. The degree of bulk tank 

milk contamination with environmental Streptococci and coliform bacteria was found to 

be associated with BTSCC (P < 0.0089 and P < 0.0001, respectively). Increases of 1 

percentage unit of environmental Streptococci and coliform bacteria were associated with 

BTSCC increases of 4.5% and 6.6%, respectively.  

Contamination of bulk tank milk with environmental Streptococci and coliform 

bacteria can occur via cows with intramammary infections as well as contaminated teats, 

bedding, manure, and water (Jayarao et al., 2004). Elevated levels of these bacteria are 

indicative of potential problems with stall management, udder cleanliness, and milking 

practices and hygiene (Godkin and Leslie, 1993; Jayarao and Wolfgang, 2003). Coliform 

counts in particular are often used to assess the effectiveness of cow preparation at 

milking time since the primary source of coliform bacteria is dirty teats (Reinemann et 

al., 1997). Counts between 100 and 1,000 cfu/mL suggest, whereas counts exceeding 

1,000 cfu/mL indicate bacterial growth in milk handling equipment, and counts below 

100 cfu/mL are considered acceptable (Reinemann et al., 1997). Using this guideline, 15 
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(44%) herds in this study had coliform counts suggestive of inadequate milking 

preparation procedures, whereas 10 (29%) herds had counts in excess of 1,000 cfu/mL 

and 9 (27%) herds recorded counts < 100 cfu/mL. The high degree of bulk tank milk 

contamination with environmental Streptococci is likely due to the exposure of these 

pathogens in freestall bedding. Environmental Streptococci thrive in organic bedding 

with high moisture content (Hillerton and Berry, 2003) and were found to be the second 

most predominant bacteria isolated from 308 samples of RMS (Husfeldt et al., 

unpublished results). Due to the origin of environmental Streptococci and coliform 

bacteria in bulk tank milk and their subsequent association with BTSCC, the importance 

of stall maintenance, milking hygiene, and milking equipment sanitation appear to be 

critical in maintaining a low BTSCC when bedding lactating dairy cows with RMS.  

 Herds housing dry cows in freestalls bedded with RMS (n=26) were found to 

have lower BTSCC (254,474 cells/mL) compared to herds housing dry cows on bedded 

or compost packs (n=8; 301,117 cells/mL; P < 0.0025).  Khaitsa et al. (2000) reported 

similar results with herds housing dry cows in freestalls and loose housing systems 

having lower average BTSCC compared to other types of housing. Although dry cows 

are provided with adequate feed, water, and shelter, they are often the group of animals 

on the farm that receive minimal attention, especially in terms of their housing 

environment, which can have detrimental effects on udder health (Bey et al., 2002). The 

dry period, particularly the period immediately following dry off and just prior to calving, 

has been reported to be the time of greatest risk for developing new mammary infections 

(Smith et al., 1985; Bey et al., 2002). Other studies have reported the importance of dry 

cow therapy (Khaitsa et al., 2000; Kelly et al., 2009) and disinfection of teat ends prior to 
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antibiotic treatment (Hutton et al., 1990) as being associated with BTSCC. All herds in 

the current study reported dry cow therapy was regularly practiced; however, producers 

were not asked whether teat ends were disinfected prior to treatment. The beneficial 

impact of housing dry cows in freestall facilities could be related to the differences in 

management of the housing environments which likely influences the exposure to 

environmental pathogens. Management of dry cow pens in freestall facilities may more 

closely resemble the management of lactating cow pens (i.e., daily scraping of alleys, 

regular stall maintenance, and more frequent bedding) whereas management of other 

housing systems may be more sporadic in nature.    

  Moisture is one of several essential factors necessary for bacterial growth in 

bedding materials (Bey et al., 2002) therefore, it is important to keep bedding as dry as 

possible to minimize exposure to environmental mastitis pathogens (Zehner et al., 1986). 

Previous research by Hutton et al. (1990) reported that increased bedding moisture was 

associated with increased populations of environmental mastitis pathogens. This same 

study also reported lactating cow bedding was drier in herds with low SCC compared to 

herds having high SCC.  Results of the current study show a positive association between 

the moisture of freestall bedding and BTSCC (P < 0.0001) with a 1% increase in freestall 

bedding moisture being associated with a 1% increase in BTSCC.  Although this 

relationship appears rather small, finding additional methods to reduce the moisture 

content of RMS as bedding could prove to have a beneficial influence on udder health 

and BTSCC.  

Further reducing bedding moisture is likely to reduce the total bacterial 

populations of bedding which was also found to be associated with BTSCC in this study 
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(P <0.0001). Increasing the total stall bedding bacteria count by 1 % was associated with 

a 13% increase in BTSCC. Freestall bedding is frequently in direct contact with teat ends 

of cows for extended periods of time (Bishop et al., 1981). Contact between teat ends and 

bedding allows for bacteria to be transferred to teat surfaces (Hogan and Smith, 1997). 

Previous research has linked bacteria populations found in bedding materials to those 

found on the teat ends and surfaces of cows (Hogan and Smith, 1997; Zdanowicz et al., 

2004). In another study by Hogan et al. (1989) bacteria counts in bedding were reported 

to be associated with mastitis incidence; however, no previous study has reported its 

association with BTSCC. Our hypothesis was the greater the amount of bacteria exposure 

to the cow and teat ends while resting in the stalls, the greater the chance for mammary 

gland infection and subsequent elevations in BTSCC.  

 Fresh bedding NFC content and stall bedding total N content were among several 

bedding characteristics assessed for their association with BTSCC in this study. The NFC 

content of fresh bedding was associated with BTSCC (P <0.0001) as was the total N 

content of bedding obtained from the stall surface (P < 0.0082). No previous research to 

our knowledge has investigated the NFC content of bedding and its association with 

BTSCC or bacterial growth. Environmental pathogens such as Streptococci and coliforms 

are believed to utilize such sugars as an energy source (Stainer et al., 1976).  Previous 

work by Godden et al. (2008) investigated the relationship between total N content of 

various bedding materials and growth of environmental pathogens and indicated total N 

content was not associated with bacterial growth. It is possible that the association 

between these bedding characteristics and BTSCC play an integral role in bacterial 
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growth of RMS and therefore influence the exposure of teat ends to environmental 

mastitis pathogens and ultimately intramammary infections.  

Conclusions   

 Management practices and bedding characteristics associated with BTSCC in the 

current study were mostly the ones related to environmental exposure. When bedding 

with RMS, the importance of cow hygiene, stall maintenance, equipment sanitation, 

milking time hygiene, dry cow housing, bedding moisture, and bedding bacterial 

populations must be recognized if udder health and low BTSCC are to be maintained.    
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Variable Level Herds (%) P-value 

Automated scrapers Yes 35 0.2188 

 No 65  

Fans over freestalls Yes 77 0.4722 

 No 24  

Dry cow housing facility Bedded pack 24 0.0737 

 Freestalls 77  

Freestall surface Deep bed 62 0.2996 

 Mattress 38  

Type of manure solids used Digested 68 0.5406 

 Composted 12  

 Raw 21  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Distribution of qualitative variables and their association with BTSCC by 

univariate analysis in herds using recycled manure solids for bedding freestalls the Midwest 

US. 
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Variable Mean SD P-value 

Capability index (Cpk) -0.14 0.99 0.3329 

Contagious pathogens (cfu/mL)
1,3 

3.70 1.91 0.4853 

Env. Streptococci (cfu/mL)
1,3 

6.86 1.42 0.0001 

Coliforms (cfu/mL)
1,3 

5.87 1.97 0.0003 

Cow hygiene 2.55 0.28 0.1015 

Stall bedding moisture (%) 50.3 11.6 <0.0001 

Bedding frequency
2 

3.18 1.87 0.0211 

Mastitis culls (%) 20.4 10. 8 0.0486 

Fresh bedding pH 9.17 0.20 0.0085 

Fresh bedding NFC (%) 4.2 1. 6 0.0580 

Fresh bedding NDF (%) 76.5 2.5 0.1160 

Stall bedding pH 9.37 0.22 0.4628 

Stall bedding NFC (%) 4.4 1.33 0.4653 

Stall bedding NDF (%) 58.7 13.6 0.7298 

Stall bedding ash (%) 12.9 4.6 0.3402 

Stall bedding total C (%) 42.4 2.4 0.1894 

Stall bedding total N (%) 1.88 0.30 0.0100 

Stall bacteria count (cfu/mL)
3 

15.93 1.04 <0.0001 
1 

Cultured from bulk tank milk samples 
2 

Bedding frequency per week 
3 

Natural log (cfu/mL) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Distribution of quantitative variables and their association with BTSCC by 

univariate analysis in herds using recycled manure solids for bedding freestalls in the 

Midwest US. 
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Variable Estimate 95% CI P-value 

Env. Streptococci (cfu/mL)
 

0.045
* 

0.012 - 0.079 0.0089 

Coliforms (cfu/mL) 0.065
* 

0.039 - 0.092 <0.0001 

Cow hygiene 0.433
*
 0.249 - 0.616 <0.0001 

Stall bedding moisture (%) 0.011
*
 0.007- 0.015 <0.0001 

Fresh bedding NFC (%) 0.085
*
 0.047 - 0.123 <0.0001 

Stall bedding total N (%) 0.234
*
 0.062 - 0.407 0.0082 

Stall bacterial counts (cfu/mL) 0.120
* 

0.075 - 0.166 <0.0001 

Dry cow housing facility    

     Bedded pack 0.168
*
 0.060 - 0.276 0.0025 

     Freestalls 0 0 - 
*
One unit increase in x represents 100*(exp(estimate)-1) percent increase in y 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Final regression model for management practices and bedding characteristics 

associated with BTSCC in herds using recycled manure solids for bedding freestalls in the 

Midwest US. 
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