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The objective of this dissertation was to examine associations of lameness and health 

disorders with milk production and behavior of cows in herds with automated (robotic) milking 

systems (AMS). The first study was focused on lameness and examining herd- and cow-level 

factors associated with lameness, productivity, and behavior. At the herd level, the two main 

factors associated with productivity and behavior were lameness prevalence and stocking 

density. The prevalence of lameness (either clinical or severe) was negatively associated with 

environmental temperature and the frequency of manure alley scraping, and was positively 

associated with stocking density and curb height of lying stalls. At the cow level, factors 

associated with lameness were lower body condition, higher parity, and lower environmental 

temperature. When accounting for other cow-level factors, lame cows produced less milk in 

fewer milkings each day, were more likely to be fetched, and spent more time lying down in 

bouts which were longer, compared to non-lame cows. In a second study, cows were monitored 

longitudinally and data were analyzed retrospectively relative to the day diagnosis of multiple 

health disorders; deviations in productivity, body weight, rumination time, and a commercial 

measure of activity occurred several days to 2 wk before diagnosis. In the final study, a larger 

sample of cows were similarly monitored in terms of behavior, production, and health status. 
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Acute health disorders were associated with noticeable deviations from those cows’ baseline 

AMS data occurring 4 to 12 d before diagnosis, and rumination time often declined 1 d prior to 

milk yield. More chronic, state-like disorders were associated with significant, but subtle, longer-

term changes in productivity and behavior. In summary, this dissertation provides evidence that 

the behavior and productivity of cows in AMS herds differ between healthy cows and those 

afflicted with lameness and health disorders. These data provide much-needed information to 

inform the development and validation of AMS-specific alerts for lameness and health disorders. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

Rapid adoption of automated (robotic) milking systems (AMS) has been occurring 

worldwide. As of 2014, over 25,000 farms globally were using AMS (Barkema et al., 2015) and 

this number continues to grow. In Canada, AMS are particularly successful because of stable 

milk prices through supply management and our relatively small average herd size. In 2014, 

5.6% of Canadian dairy farms had AMS, which grew to 6.8% in 2015, and 7.5% in 2016 

(Canadian Dairy Information Centre, 2016). Applying that same trajectory of a 1.2 percentage 

point increase per year, it is likely that roughly 1000 herds in Canada use AMS today. Benefits 

of AMS for producers include reduced labor requirements and greater time flexibility, while 

cows benefit by having more freedom to control their time budgets (Jacobs and Siegford, 2012a) 

and are described as more quiet and relaxed (Woodroff et al., 2015). In a recent survey of 

Canadian AMS producers, it was reported that 66% of producers changed their health 

management strategies after transitioning to AMS and that 80% of producers perceived illness 

detection to be easier with AMS and the associated health monitoring software (Tse et al., 2017). 

Those researchers also reported little to no perceived change in rates of lameness and culling, 

and that most producers thought rates of mastitis were similar or lower than before, while having 

improved conception rates. Therefore, Canadian AMS producers feel generally successful about 

their transition to AMS and new health management systems (Tse et al., 2017).  

Managing herd health and that of individual cows with AMS requires adaptation of 

conventional management techniques, as well as consideration of new strategies. With the 

opportunities that come with each new management tool, there are also associated complications 

to realizing the full potential of this technology. These characteristics include the automation of 

milking and feed supplementation for individual cows in the AMS at different milking 
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frequencies and varying milking intervals. Milking activity must now be encouraged through 

optimal management of nutrition, cow health, welfare, and behavior, which also affect the 

willingness and ability of cows to visit the AMS. Minimizing lameness and maintaining a 

healthy herd are crucial because of the (ideally) voluntary component of milking activity. 

Therefore, both prevention and detection of lameness and health disorders are vital for the 

successful management of productive cows in AMS. Management skills must become more 

technology-based as dairy producers spend more time in the office as cow managers. 

Consequently, producers must learn to interpret AMS data correctly, and the AMS-generated 

reports must provide timely, valid, and actionable information. Using this information, 

management and corrective action may be implemented to achieve success with AMS. 

1.1 The Automation of Milking  

The automation of the milking process provides more consistency in the implementation 

of milking protocols and a more predictable experience for cows (Svennersten-Sjaunja and 

Pettersson, 2008). Milking in AMS is quarter-based, such that each quarter is milked for less 

time and each teat cup releases once milk flow drops below a certain threshold; this reduces the 

risk of over-milking, the spread of intramammary infection (IMI) between quarters through the 

milking claw, and the risk of IMI spread between cows, because AMS flush teat cups between 

cows and can milk cows more frequently (Hogeveen et al., 2001; Hovinen and Pyörälä, 2011). 

However, AMS are unable to determine udder shape and cleanliness as well as a manual operator 

could, thus limiting the efficacy of pre- and post-milking teat disinfection (Edmondson, 2012). 

Another disadvantage is that AMS do not dry teats after washing, nor can they forestrip teats like 

a manual operator.  



3 

 

Automated milking also frees up time for producers to focus on health management, 

either in the barn or the office, using data from milking and health monitoring software 

(discussed in section 1.5). However, if producers do not spend adequate time with animals in the 

barn, they impair their ability to visually detect estrus, lameness, and health problems, and thus, 

must rely more heavily on AMS data and reports. Therefore, these new technologies should be 

used to supplement visual observation of cows and should not be used to replace contact time 

with the herd. 

1.2 Individualized Milking and Feed Supplementation in AMS 

Given that cows are individually milked and provided supplemental feed in the AMS, 

producers can provide individualized management for each cow to maximize metabolic and 

udder health. This allows producers to: 1) milk early lactation cows more often to maximize peak 

milk yield and to provide nutritional supplements to improve metabolic health, and 2) step down 

milking frequency for late lactation cows to reduce physiological stress, mammary pressure, and 

the risk of IMI. Asynchronous milking in AMS may improve feed access at the bunk, but may 

also reduce the ability of cows to maintain behavioral synchrony. Finally, there is the potential 

for cows to experience stress due to isolation during milking, but it is unknown how this 

compares to stress caused by human milkers or close proximity to dominant cows during group 

milkings.  

1.2.1 Managing Metabolic Health at the Cow Level 

The ability to provide a customized supplemental feeding regimen to each cow can help 

combat negative energy balance (NEB) for fresh cows, and can help manage body condition and 

related health disorders. For example, loss of body condition during lactation has been associated 

with greater risk of subclinical ketosis (SCK; Kaufman et al., 2016a) and mechanical hoof 
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disorders (Bicalho et al., 2009). Over-conditioning in the dry period can increase the risk of SCK 

(Vanholder et al., 2015; Kaufman et al., 2016a), while cows that experience a greater loss of 

body condition during the transition period (2 wk before to 4 wk after calving) are also more 

likely to have SCK (Kaufman et al., 2016a). Cows with low body condition are also at a greater 

risk for lameness and cows that experience more severe body condition loss are at an even higher 

risk of developing lameness and less likely to recover in the following two weeks (Lim et al., 

2015). The prevalence of non-infectious claw horn disease is related to digital cushion thickness 

and body condition (Bicalho et al., 2009). Thus, it is crucial to manage energy balance and body 

condition to maintain metabolic and hoof health.  

Maximizing milking frequency for early and peak lactation cows may also have negative 

consequences for cow health. In a recent study, it was reported that AMS herds have a higher 

prevalence of SCK (Tatone et al., 2017), whereas some older studies did not find greater NEB in 

AMS herds (reviewed by Jacobs and Siegford, 2012a). The extent to which NEB affects AMS 

herds is currently unknown, as is the ability to manage NEB, but it is important to balance feed 

consumption at the bunk with supplement intake in the AMS. More work is needed to establish 

optimal feeding strategies to improve metabolic health in AMS herds.  

1.2.2 Managing Udder Health at the Cow Level 

The ability to reduce milking frequency for late-lactation cows can reduce the 

physiological stress of abrupt dry-off (Bertulat et al., 2013); this is important for high-producing 

cows (>20 kg/d) but may not be necessary for lower-producing cows (<15 kg/d). In theory, 

reducing milking frequency should reduce milk yield before dry off and milk leakage after dry 

off, resulting in a reduced risk of IMI after dry off. In an experimental trial with 24 cows, gradual 

milking cessation (skipped milkings over 5 d) successfully lowered milk yield and milk leakage 
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(Zobel et al., 2013); unfortunately, that study was not designed to assess differences in IMI or 

somatic cell count (SCC). In a study of 285 cows producing 24 kg/d before dry off, gradual 

cessation (1x/d milking for 7 d) reduced milk yield at dry-off, but did not influence the risk of 

IMI or milk leakage as expected (Gott et al., 2016). No difference in milk leakage after dry off 

was observed between cows that were dried off gradually or abruptly. Within primiparous cows, 

those exhibiting milk leakage and those dried off abruptly had a higher risk of IMI, whereas 

multiparous cows were more likely to have IMI with gradual milking cessation (Gott et al., 

2016). Thus, there may be differences in optimal dry-off strategies for cows based on parity, 

providing another benefit to udder health management in AMS. Because dry-off procedures can 

easily be managed for individual cows in AMS herds, this aspect of robotic milking is a 

promising tool for udder health. Most AMS software includes dry-off management and step-

down features, however, research is lacking in this area. It is unknown how much producers 

utilize and benefit from this option and field observations indicate there is large variation among 

farms.  

1.2.3 Potential Stress during Milking  

In theory, cows in AMS may experience stress due to isolation during milking, but 

studies comparing physiological and behavioral stress responses in conventional parlor milking 

and AMS have reported no conclusive differences. Primiparous cows in AMS had lower heart 

rates and lower maximum plasma adrenaline than cows milked in a conventional parlor, but 

there were no differences in fecal cortisol metabolites (Hopster et al., 2002). Other researchers 

demonstrated large spikes in heart rate prior to AMS milking, which paralleled conventional 

systems throughout milking and were likely due to the anticipating of receiving supplement in 

the AMS (Wenzel et al., 2003). Rates of kicking and stepping in AMS have been lower, similar, 
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or higher compared to parlor systems, depending on the study and phase of milking (during 

attachment for parlors and detachment in AMS; Jacobs and Siegford, 2012a). Unfortunately, 

there is no research to date that has evaluated the stress response of cows to comparable milkings 

under isolation vs. negative social situations (whether with a human milker or another cow). 

Overall, there has been no evidence to suggest that AMS impair welfare or cause greater stress 

for cows. 

1.2.4 Benefits of Reduced Behavioral Synchrony for Feeding Behavior 

The lack of a structured daily milking routine may reduce behavioral synchrony in 

robotic herds, while also encouraging healthier feeding behavior. In a direct comparison of AMS 

and parlor-milked cows, the percentage of cows at the feed bunk was lower in AMS, but also 

much more consistent (Wagner-Storch and Palmer, 2003); cows in AMS still had small spikes in 

bunk attendance after feed delivery, but did not exhibit that peak attendance following group 

parlor milkings. This improves access to feed throughout the day, which may potentially benefit 

ruminal health by reducing feed competition and minimizing feed sorting, as well as udder health 

and rest time. In conventionally milked herds, greater feed space per cow reduced the number of 

displacements of lower ranking cows (Huzzey et al., 2006) and has been associated with 

improved milk yield and udder health (Sova et al., 2013). In AMS herds, Deming et al. (2013b) 

found that greater bunk space available per cow was associated with greater milk yield, longer 

lying bouts, and greater daily lying time. Thus, asynchronous milking in AMS may improve feed 

access, behavior, and health, despite its negative effect on behavioral synchrony. Ultimately, 

however, AMS only desynchronizes the milking process, as fresh feed provision is still the 

primary driver of feeding activity (Winter and Hillerton, 1995). Considering that spikes in 

feeding activity are likely smaller in AMS herds (Wagner-Storch and Palmer, 2003), cows may 
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have better access and freedom to feed in these systems, particularly in herds with free cow 

traffic (Hermans et al., 2003). Barn traffic systems, choice, and behavioral freedom will be 

discussed in section 1.3.  

 

1.2.5 Limitations of Individualized Management 

With all the options for individualized management, producers are still limited in how 

much they can do at a cow level. Producers must still feed the same partial mixed ration to each 

pen of cows and small herds typically have only one main pen, making it difficult to meet the 

needs of cows of all ages and stages of lactation. Targeted supplement allowance is not always 

realized (Bach et al., 2007a; G. Penner, unpublished data), likely because milking frequency does 

not necessarily achieve that specified in milking permission settings (Melin et al., 2005). These 

are areas for future research to examine and provide recommendations to industry. 

1.3 The Voluntary Component of Milking  

Ideally, cows will be both willing and able to voluntarily visit the AMS. While this 

freedom and choice may enhance their health in some ways, it also creates many challenges for 

managing milking intervals and udder health. Thus, cows must be trained and motivated to visit 

the AMS, or must be manually fetched for milking or directed to the AMS using selection gates, 

requiring additional labor and equipment within the barn. 

1.3.1 Cow Freedom and Choice  

Automated milking systems may allow cows to make more choices regarding their daily 

schedule and time budget (Jacobs and Siegford, 2012a). Particularly with free cow traffic 

(discussed in section 1.3.5), cows can freely move from rest areas to the AMS and feeding areas. 
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This can enhance their ability to express natural behaviors, thereby satisfying their internal 

motivations. The capability of AMS to adjust the frequency of milking across a cow’s lactation 

curve can also help better parallel what would happen under natural suckling conditions. The 

element of choice may not only enhance behavioral freedom, but also the health of dairy cattle. 

Feeding and lying behavior both greatly influence cow health, and each cow may have different 

behavioral wants and needs throughout the day. For example, choice of feed selection has been 

suggested to promote good welfare in cattle (Manteca et al., 2008). It is plausible that behavioral 

freedom can improve the health of cows milked by automated systems because they can make 

decisions according to their individual needs. 

1.3.2 Variation in Milking Intervals  

Relying on voluntary behavior of cows to visit the milking unit also creates vast variation 

in milking intervals. Because AMS are able to refuse cows visiting too soon since their last 

milking, longer milk intervals are more of a concern. Long milk intervals cause accumulation of 

milk and changes in the udder tissue, such that tight junctions become leaky, which changes milk 

composition and impairs secretion (Hogeveen et al., 2001). As a result, overall milk production 

and yield per quarter may be reduced, while flow rate may be greater in cows with leaky quarters 

and/or elongated milk intervals (Persson-Waller et al., 2003; Bach and Busto, 2005; Tänavots et 

al., 2015). Likewise, reduced milking frequency and milk leakage have been associated with 

higher SCC (Stelwagen and Lacy-Hulbert, 1996; Hogeveen et al., 2001; Hovinen and Pyörälä, 

2011). Herds with AMS have been reported to have greater milk leakage compared to 

conventional free stall and tie stall barns, and a greater proportion of cows leaking milk were 

found lying down in AMS barns (89%), compared to conventional free stalls (47%), which had 

many more cows leaking milk while standing (Persson-Waller et al., 2003; Tänavots et al., 
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2015). This may also impact SCC; however those results are from small scale studies with only 3 

farms in each (Persson-Waller et al., 2003; Tänavots et al., 2015) and further replication of these 

findings is needed to fully support this theory.  

 

1.3.3 Social Hierarchy 

The motivation of subordinate cows to avoid dominant individuals is very high. In a Y-

maze experiment, low-ranking cows chose to consume lower quality feed to avoid a potentially 

negative social interaction with a dominant cow near higher quality feed (Rioja-Lang et al., 

2009). Subordinate cows must, therefore, modify their behavior when trying to access the AMS. 

They spend more time waiting to milk and end up milking at less preferred times of day 

(Ketelaar-de Lauwere et al., 1996; Jago et al., 2003). It has been reported that low-ranking cows 

left the waiting area of the AMS to go lie down if more than 3 cows were waiting (Melin et al., 

2005). As a result, dominant cows have higher milking frequencies (i.e. shorter milk intervals) 

than subordinates (Ketelaar-de Lauwere et al., 1996; Jago et al., 2003). 

1.3.4 Training and Motivating Cows to Visit the AMS  

Cows must be taught how to use the AMS and be continually encouraged to visit the 

AMS using a variety of strategies. After transitioning an entire herd to an AMS, it has been 

reported that the training process takes 3 to 4 wk until 80 to 90% of cows use the system 

voluntarily (Rodenburg and Wheeler, 2002; Jacobs and Siegford, 2012b). Primiparous cows and 

those new to AMS are typically trained by passing through the AMS at least once prior to 

calving while being offered a grain concentrate in the AMS. Motivating cows to milk throughout 

lactation also incorporates the use of supplemental feeds offered in the AMS. Otherwise, 
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producers must fetch cows, creating additional labor requirements and disruptions in the barn. 

Proper management of cow motivation is also critical for cow behavior and productivity in 

AMS. 

It is important to understand that cows are less motivated to be milked than they are to 

consume feed. Udder pressure was speculated to be a factor motivating cows to visit milking 

stations. This idea has never been experimentally or observationally justified, and the results of 

Prescott et al. (1998) propose the opposite. In that study, cows were either high-producers in 

mid-lactation (mean 33.9 L/day, 129 DIM) or low-producers in late lactation (mean 13.8 L/day, 

264 DIM). With the opportunity to be milked 5 x/d, cows chose to be milked at similar 

frequencies regardless of production group, suggesting that udder fill may not be a key factor. 

However, only 6 cows per group were used in that study, with large variation between cows in 

both groups. Although the differences were not significant, high-producers chose to be milked 

numerically more often than low-producing cows (3.3 vs. 2.1 x/d), and this difference may have 

become significant with a greater sample size and less variation. Similar results were found in 

more recent studies, where early lactation cows with higher yields visited the AMS more often 

and had shorter milking intervals, and moved much more quickly towards the AMS (Jago et al., 

2006). In a comparison of traffic systems (discussed below), the early lactation cows in free flow 

systems had greater milking frequencies than their counterparts in guided systems (Gygax et al., 

2007), supporting the idea that free traffic allows milk frequency to mirror milk production 

throughout lactation. It is unclear however whether these two studies support the udder fill 

hypothesis or the influence of another motivator correlated with milk production. 

An alternative idea is that supplemental concentrate is the main motivator bringing cows 

to automated milking stations. Early lactation cows may have a greater motivation to feed to 
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compensate for the negative energy balance associated with high production. Numerous studies 

have examined this concept, manipulating whether or not supplement was provided, as well as 

the amount, type, and location of supplement. Prescott et al. (1998) also tested this hypothesis, 

by giving another group of 6 high-producing cows (mean 35.2 L/day, 129 DIM) the choice 

between being milked vs. receiving 0.33 kg of their total mixed ration (TMR). At every test, all 

cows chose to feed over milking. Therefore, even in high-producing cows assumed to have the 

greatest udder fill, the motivation to feed is much stronger than the motivation to be milked. In 

another experiment, Prescott et al. (1998) compared milking frequencies of cows with and 

without supplemental concentrate in the AMS. Feeding the concentrate increased milking 

frequency, further supporting the notion that feed is a strong factor motivating cows to milk. One 

downfall of this experimental design was the lack of reversal in the order of treatments, whereby 

all cows were first tested with no concentrate, followed by testing with concentrate. There is a 

chance that cows were more habituated to milking, thus going to be milked more often once 

provided with concentrate. Nevertheless, with supporting evidence from the other experiments, 

the motivation to feed seems more likely to be the main motivator. When concentrate was 

offered to cows on pasture, as opposed to not being offered, there was an increase in milking 

frequency, with shorter milking intervals and reduced waiting times before milking (Scott et al., 

2014). Bach et al. (2007a) reported that offering a supplement in the AMS increased milking 

frequency for cows that were already milking voluntarily, but that this did not improve visit 

frequency of cows already needing to be fetched. To summarize the results of these studies, 

experimental evidence indicates that feed is the main stimulus for AMS milking activity.  

The amount of supplemental feed offered is usually based on milk production, parity, and 

stage of lactation and can be manipulated to optimize milking frequency. Cows provided the 
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same TMR with different concentrate allowances in the AMS did not increase their voluntary 

visit behavior with additional concentrate (Halachmi et al., 2005; Bach et al., 2007a). Because 

there is a risk of over-feeding concentrate and over-satiating cows (Bach et al., 2007a), there may 

be a limit at which there are diminishing returns of providing concentrate as a positive 

motivation for cows.  

Various types of supplement may also be offered, with differing consistencies, 

compositions and flavors; only certain alterations appear to influence milk frequency and 

production. According to Rodenburg et al. (2004), the physical stability of pellets is the most 

important factor to consider, because differences in pellet composition were not as influential as 

the stability of the pellet in terms of AMS visits and milkings. Those authors concluded that 

supplement delivery equipment should cause very little pellet breakdown because visits and 

milking frequency declined when cows were offered a weaker, crumbly pellet (Rodenburg et al., 

2004). Halachmi et al. (2006) found that providing a pellet with reduced starch content and 

greater fiber content had no effect on behavior or milk composition; those authors reported no 

effect on milk yield, although production was numerically greater with the high-fiber pellet. 

Madsen et al. (2010) reported that, based on daily intakes of various concentrate, total AMS 

visits, and number of fetch cows, supplements made of (1) wheat and (2) barley and oats were 

most preferred by cows, followed by (3) barley and (4) maize. Less preferred supplemental feeds 

were (5) pellets high in fat (13.2%) and (5) 100% artificially dried grass (Madsen et al., 2010).  

1.3.5 Directing Cows to Visit the AMS  

As an alternative to managing voluntary visit behavior, producers may opt to install 

different designs of cow traffic. There are two basic systems of traffic flow in robotic milking 

barns. First, free cow traffic allows cows to freely move between feeding areas, rest areas, 
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drinkers, and milking areas. The second option is the guided or directed traffic, which controls 

the movement of cows between areas of the barn. Milk-first systems guide cows from the lying 

area through the robot in order to access feed. Feed-first systems direct cows from the feed bunk 

and through the robot on the way to the rest area. Various intermediate designs are also possible, 

forming semi-directed traffic scenarios. Selection gates can be installed just preceding the 

milking area in both free and guided systems in order to avoid congestion in holding areas and 

reduce wasted robot time spent sorting cows ineligible to milk. Cows may have free access to 

and from feed until eligible to milk again. Selection gates may also route cows to concentrate 

feeders after milking has occurred. One-way gates can be used to guide cows in one general 

direction throughout the barn, with or without controlling access to certain areas.  

Guided traffic is an option to direct cows to the AMS, but is not ideal for cow health, 

behavior, and choice. Hagen et al. (2005) suggested that cows in a partially guided AMS design 

experienced more chronic stress than those in a parlor system, because they had altered heart rate 

variability while lying down; however, that study found no differences in heart rate variability 

while standing or milking, or in mean heart rate during lying, standing, or milking. Other 

researchers who compared free and guided traffic in AMS with parlor systems found no 

differences in milk cortisol (Gygax et al., 2006; Lexer et al., 2009). Although many researchers 

have reported little to no difference in behavior and productivity between free, semi-directed, 

and directed traffic systems, there is strong evidence to support the use of free cow traffic in 

terms of behavior and health. Researchers have previously determined that smaller meals 

consumed slowly and more frequently are more conducive to ruminal health (Krause and Oetzel, 

2006). In studies comparing free, guided, and semi-guided traffic, cows in guided systems spent 

less time feeding and consumed feed faster in fewer, longer, larger meals, likely because they 
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were more restricted from moving between lying and feeding areas (Ketelaar-de Lauwere et al., 

2000; Hermans et al., 2003; Bach et al., 2009). In a study by Melin et al. (2007), cows in guided 

traffic also had the lowest chewing and rumination times, whereas free traffic cows ruminated 

the most and had the highest dry matter intake. In that study, greater effects of social rank on 

chewing behavior in forced traffic systems were reported, as dominant cows spent even more 

time chewing while subordinate cows had reduced chewing times (Melin et al., 2007). Lexer et 

al. (2009) found partially-directed traffic to increase the waiting time of low-ranking cows in 

front of the AMS. To summarize, even if directed traffic reduces the need to fetch cows and 

increases milking frequencies (Melin et al., 2007; Bach et al., 2009), there has been no 

improvement in milk production in any study (i.e. Hermans et al., 2003; Gygax et al., 2007; 

Munksgaard et al., 2011). Feeding and rumination behavior, however, were much more 

conducive to rumen health and stability in free cow traffic (Ketelaar-de Lauwere et al., 2000; 

Hermans et al., 2003; Bach et al., 2009), which also minimized negative social effects for 

subordinate cows (Melin et al., 2007; Lexer et al., 2009).  

Interestingly, Melin et al. (2007) reported that many low-ranking cows in directed traffic 

learned to go backwards through the selection gates to enter feeding areas; those authors 

suggested that this was because cows were not satisfied with their access to feed. In that study, 

there were no differences in meal frequency, likely due to this learned behavior. Finally, in a 

study with the option to take a free route vs. the selection system with concentrate, cows often 

chose the free route, especially during busy times (Ketelaar-de Lauwere et al., 1998). Perhaps 

cows in that study were previously habituated to the free access route, but also this could support 

the idea that cows prefer freedom of movement or to avoid waiting. Tremblay et al. (2016) also 

reported increased milk production for cows milked in free traffic AMS, but very few study 
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herds in that survey had forced traffic (7% of observations) and it was unknown what mechanism 

was driving the improved milk production for free traffic herds. 

1.4 Lameness Management 

Managing lameness is especially crucial in AMS herds because of the (ideally) voluntary 

component of milking activity. At the cow level in AMS, lameness has been associated with 

reduced milk yield, reduced total and voluntary milking frequency, and greater daily lying time 

(Bach et al., 2007b; Deming et al., 2013a; Westin et al., 2016a). Lame cows require more 

fetching in AMS (Bach et al., 2007b; Borderas et al., 2008) and those milked in parlors are last in 

the milking order (Maxwell et al., 2015). Milk yield is commonly greater throughout lactation 

for cows ever experiencing lameness (+1.1 kg/d), but once diagnosed, their production drops to 

that of an average cow and is reduced for up to 5 months after treatment (average of 360 kg lost 

per lactation; Green et al., 2002). Reproduction has been negatively impacted by lameness in all 

studies (reviewed by Huxley, 2013). After calving, cyclicity is often delayed and the expression 

of estrus is much weaker in lame cows. The impaired production and reproduction of lame cows 

may also put them at a greater risk for culling, as has been shown by many studies; however, 

others reported no difference in culling risk, perhaps because higher-producing cows that 

developed lameness were retained for their production. It was also proposed that cows scheduled 

to be culled may not be priorities for treatment and either become or stay lame (Huxley, 2013). 

High-producing cows spend more time standing and feeding, increasing their risk of developing 

lameness. Once lame, they often spend more time lying down, avoid traveling to the farthest feed 

troughs, and often reduce their feeding time (Bach et al., 2007b; Deming et al., 2013a; Huxley, 

2013). These cows then compensate by consuming feed more quickly in fewer meals, with lower 

dry matter intake, especially for multiparous cows (Bach et al., 2007b; Gonzalez et al., 2008). 
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This feeding behavior puts them at risk for sub-acute ruminal acidosis (Krause and Oetzel, 

2006), which has been linked to lameness (Bicalho and Oikonomo, 2013). Low-ranking cows 

may also enter a negative cycle, because they likely to become lame, and once lame, they initiate 

fewer displacements (relative to the total number of displacements; Galindo and Bloom, 2000) 

and may be forced to feed at less preferable times and consume sorted feed. This can further 

exacerbate hoof health issues through more extreme body condition loss (Huxley, 2013). With an 

understanding of the many negative effects of lameness on health and production, prevention 

should be the first step and focus of herd health management. 

1.4.1 Preventing Lameness at the Herd Level 

One major change is that cows in AMS herds never leave the barn for milking and 

milking activity is spaced out throughout the day, making it harder to run large equipment in the 

barn to bed stalls and clean manure alleys. Thus, wide cross-over alleys are recommended to 

leave room for equipment (Rodenburg et al., 2010). To reduce the number of disruptions, AMS 

herds often install automatic alley scrapers to avoid driving through manure alleys multiple times 

per day. This may increase the frequency of alley cleaning, potentially improving hygiene or 

disrupting behavior, but no study has compared scraping frequency between milking systems. 

Studies of conventional free-stall barns have found both positive and negative effects of having 

automatic alley scrapers and various frequencies of scraping. It is possible that scrapers cause 

claw horn trauma as cows trip over scrapers or are exposed to large waves of slurry passing over 

the hooves (Barker et al., 2007; 2010). Cramer et al. (2009) found that increased scraping 

frequency was a risk factor for lameness. Conversely, Somers et al. (2003; 2005) found that 

having alley scrapers reduced the odds and prevalence of digital dermatitis and interdigital 

dermatitis/heel erosion by providing dry, clean flooring to cows. Supporting this finding, 
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DeVries et al. (2012) found that lower scraping frequency was associated with poorer hygiene of 

the lower legs, but no measures of hoof health were taken in that study. Further work is needed 

to understand the optimal frequency of alley scraping, particularly in AMS barns, and ways to 

reduce the risk of injury and lameness necessary for voluntary visitation to the AMS. 

Running footbaths in AMS herds is another challenge. Unless they are manually directed, 

not all cows in a herd will pass through specific areas of the barn at similar frequencies. Further, 

footbaths placed in the exit lanes of AMS can deter milking activity, according to Rodenburg 

(2014), who suggested that footbaths be placed either at the far side of the barn away from the 

AMS or directly after AMS using selection gates and separate pathways. Footbaths placed away 

from the AMS keep chemicals away from milk and equipment (Rodenburg, 2014), but require 

producers to push cows through in large groups, which creates disturbances. These footbaths 

should be the width of the cross-over alley and at least 3.0 m in length (Rodenburg, 2014). This 

length is required to attain a probability >95% for at least two immersions per rear foot (Cook et 

al., 2012). Footbaths that were 3.7 m long had 3-4 immersions per rear foot (Cook et al., 2012). 

Alternatively, cows can pass through footbaths after milking when directed to a specific pathway 

using selection gates; this would better control the frequency each cow passes through and, if a 

locking feature could stop cows from leaving too quickly, cows could be held in the footbath for 

a desired amount of time (Rodenburg, 2014). Footbath efficacies are reported to be best at 1-3 d 

per week, provided that the solution is relatively clean; however, in one study, 80-3,000 cows 

were walked through baths between changes (Cook et al., 2012). Therefore, while producers may 

run footbaths more frequently than recommended (3 d/wk), solutions may not be clean enough to 

be effective (Cook et al., 2012). 
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To improve hoof health, rubber flooring is recommended as opposed to concrete floors. 

Softer, high friction surfaces can improve locomotion and hemorrhage scores by reducing 

excessive wear and providing more secure and comfortable footing, while increasing feeding 

time and slowing feed intake (Flower et al., 2007; Ouweltjes et al., 2011), which also improves 

ruminal health (Krause and Oetzel, 2006). However, in a recent study of Canadian herds, Solano 

et al. (2015) found no association of lameness prevalence by flooring type in the holding pen, 

milking parlor, or feed alley. Slatted floors may cause unequal weight distribution increasing 

stress on the claw and therefore, solid flooring may be preferable due to greater contact area 

between the claw and floor (Hinterhofer et al., 2006). Pasture is the a preferred option to improve 

hoof health, as the wear and growth of hooves are more natural and the need to routinely trim 

feet is greatly reduced, aside from treating lame animals (Somers et al., 2003; Refaai et al., 2013; 

Mahendran and Bell, 2015). Automated milking has been successfully incorporated into pasture-

based systems, but this requires an additional level of milking interval management beyond the 

scope of this review. 

 Another factor impairing hoof health is poor stall design and availability of lying stalls. 

In AMS herds, herd-level risk factors for lameness were obstructed lunge space, narrow stalls, 

and narrow feed alleys, whereas sand-based stalls tended to lower the probability of lameness 

(Westin et al., 2016b). Overstocking and excessive standing time, particularly perching in lying 

stalls, have been associated with a greater number of lesions and lameness cases (Leonard et al., 

1996; Galindo and Broom, 2000). In univariable analyses, stall stocking density has also been 

associated with higher odds of lameness in AMS herds (Westin et al., 2016b). The increased time 

spent standing in slurry can increase the risk of developing soft tissue lesions, and inadequate 

rest time can reduce blood supply to the hooves and the ability to heal (Galindo and Broom, 
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2000; Mahendran and Bell, 2015). Stall surface is a major factor affecting lying time. Cows 

preferred and spent more time lying down on deep-bedded (sand or sawdust) stalls compared to 

mattresses (Tucker et al., 2003). Sand bedding has been associated with an approximately 10 

percentage point reduction in lameness prevalence (Cook, 2003; Cook et al., 2004; Espejo et al., 

2006) and greater milk production (reviewed by Bicalho and Oikonomo, 2013) relative to non-

sand surfaces and mattresses. Lame cows were also better able to perform natural lying behavior 

in deep-bedded sand stalls (Cook et al., 2004). Stall size is also important to consider. Larger 

stalls (in both length and width) and those with less restrictive neck rails improved lying time 

and gait scores while reducing perching time, but cow and stall cleanliness were worse due to 

soiling of stalls (Tucker et al., 2004). Unfortunately, subordinate cows spent less time lying 

down and more time standing and perching, which increased their risk of soft tissue lesions and 

lameness (Galindo and Broom, 2000). Therefore, adequate stall sizing, bedding amounts, and 

availability of rest areas are a key part of managing health of cows in AMS herds. 

1.4.2 Preventing Lameness at the Cow Level 

Susceptibility to lameness at the cow level is influenced by milk yield, genetics, body 

condition, stage of lactation, parity, and previous lameness. Many of these factors are interrelated 

and can compound their effects on locomotion. Aside from genetic selection decisions, which 

could better balance milk production with conformation and hoof health traits, the only cow-

level factors which producers can manage are body condition and previous lameness, by 

detecting and treating lame cows earlier. Low body condition has been previously discussed as a 

risk factor for lameness (Bicalho et al., 2009; Green et al., 2014; Lim et al., 2015). Previous 

lameness is another key risk factor for lameness (Green et al., 2014; Oikonomou et al., 2013), 

which makes initial prevention a priority. For example, Gomez et al. (2015) found that heifers 
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having one or multiple digital dermatitis (DD) events within six months before calving were at 

higher risk for DD than heifers with no previous DD. Additionally, DD events occurred sooner 

after calving in animals previously affected (Gomez et al., 2015). In a recent study of AMS 

herds, cow-level risk factors for lameness were low body condition and the presence of hock 

lesions (Westin et al., 2016b). Another factor was parity, combined with body size relative to 

stall width, meaning that primiparous cows (whose hip width was more than one half the width 

of their stalls) and multiparous cows (regardless of body size) had greater odds of being lame 

compared to primiparous cows that fit their stalls (Westin et al., 2016b). This information 

highlights the need to ensure stall comfort and adequate body condition for all cows in AMS 

herds.  

 

 

1.4.4 Gaps in Lameness Research for AMS Herds 

No study has yet examined the effects of lameness at the herd level in AMS. Given the 

current understanding of lameness prevention and outcomes in conventional herds, it is not clear 

whether the same risk factors and management strategies are applicable for AMS herds, although 

they are likely quite similar. There is also very limited research regarding associations of 

lameness with behavior and productivity in AMS herds, both at the cow and herd levels, as well 

as the potential use of such data to be used in lameness detection in a practical setting.  

1.5 Data, Reports, and Alerts for Health Management in AMS 

 A key feature of AMS is data collection and subsequent generation of management 

reports and alert lists. Data can be used to create management reports and task lists, as well as 



21 

 

attention lists of cows with potential health problems. These reports can potentially overwhelm 

producers with excessive alerts (false positives), while not necessarily being sensitive enough to 

pick up chronic disorders (false negatives). Thus, these data must be transformed into useful, 

reliable information for producers, using field experience and science-based recommendations.  

Alerts created by AMS manufacturers are currently available on-farm, but do not 

necessarily incorporate validated models and algorithms using data from validated technologies. 

These reports include a mastitis detection index and a milking performance index (teat 

attachment speed) for herds with the DeLaval system, DelPro (DeLaval International AB, 

Tumba, Sweden). Herd Navigator (DeLaval International AB, Tumba, Sweden) measures lactate 

dehydrogenase for mastitis detection, milk BHB for ketosis detection, and milk progesterone for 

heat detection and pregnancy. Lely’s T4C software (Time-for-Cows, Lely Industries N.V., 

Maassluis, the Netherlands) has milk, estrus, and rumination attention lists which flag cows with 

deviations in milk yield, cell count, conductivity, and temperature, body weight, activity, and 

rumination time. Within the last year, Lely has created a sick cow report which uses a 

combination of these variables. While these metrics and commercial alerts have great potential to 

aid in illness detection, they have not been fully validated (or done so transparently) and are 

already in use in the field. 

Those same variables however, have been incorporated into various detection models 

created and validated by researchers. To identify a multitude of health disorders, Stangaferro et 

al. (2016a; b; c) assessed the validity of a health index score, composed of rumination and 

activity data during a 5-d period before diagnosis. The index achieved a sensitivity of 98% for 

displaced abomasum (DA), 91% for ketosis, 89% for indigestion, and 93% for those 3 disorders 

combined (Stangaferro et al., 2016a). Sensitivity for all cases of clinical mastitis and metritis 
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were 58% and 55%, respectively; while this was similar for cases of only mastitis (55%) or 

metritis (53%), the sensitivity was greater for cows with mastitis and another health disorder 

(89%), and for cows with metritis and another disorder (78%; Stangaferro et al., 2016b; c). 

Additionally, the index was most sensitive for cases of E. coli-caused mastitis (81%), but less so 

for gram-positive cases of mastitis (45 to 48%) and less severe cases of metritis (Stangaferro et 

al., 2016b; c). In summary, those researchers reported an overall sensitivity of 59% and 

specificity of 98% of the health index score for all health disorders studied. 

Regarding lameness detection, Garcia et al. (2014) created models using activity, milk 

flow, and teat cup attachment data from the week of and week before lameness diagnosis in an 

AMS herd. Separate models were created for 1st and 2nd lactation cows, which had reported 

specificities of 77% and 83%, respectively, and both had a sensitivity of 79%. Using a model 

combining several activity variables, milk yield per day, and concentrate leftovers per day, de 

Mol et al. (2013) created a model with high sensitivity (85.5%) and specificity (88.8%) to detect 

lameness on the day of diagnosis. Those two studies, however, did not include cows with an 

uneven gait that did not obviously favor one limb, which made up almost 50% of their 

observations; the difference between those and lame cows can be subtle and those authors 

recognized this data exclusion as a large limitation of their study. Van Hertem et al. (2013) also 

created a lameness detection model, which used milk yield, activity, and rumination data from 4 

to 7 d before diagnosis in a parlor-milked herd. Those authors reported a sensitivity of 89% and 

specificity of 86%, finding that lame cows produced less milk, were proportionately less active 

during the day, and spent less time ruminating at night, compared to sound cows. Other 

researchers have incorporated similar variables into lameness detection models, such as body 

weight, activity, milk order, walking speed, standing bouts, lying time, and limb weight ratio 
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during milking (Kamphuis et al., 2013; Beer et al., 2016; Nechanitzky et al., 2016); however, 

those studies excluded cows affected by health disorders other than lameness, which would 

reduce their false positive rates, and two studies excluded fresh cows <30-40 DIM, when many 

other health disorders arise. Thus, the remaining gap in knowledge is how to best identify cows 

with lameness or other health disorders in AMS herds using a combination of rumination, 

activity, and milk data, especially for early lactation animals.  

1.6 Thesis Objectives 

 Given the current availability of studies examining lameness and health disorders in AMS 

herds, further work is needed to assess factors associated with lameness in AMS herds, as well as 

associations of lameness and other health disorders with behavior and productivity. These data 

will provide much-needed information for the development and validation of AMS-specific 

alerts for health disorders. The overall hypothesis of this thesis was that behavior and 

productivity data from AMS herds would differ between healthy cows and those afflicted with 

lameness or sickness. The following specific hypotheses were addressed in the studies conducted 

for this thesis: 

1. Herd-level associations of lameness, productivity, and behavior 

a. The prevalence of lameness would be associated with different management 

strategies, barn design features, and seasonal conditions 

b. Lameness prevalence would be negatively associated with measures of 

productivity at the herd level 

c. Lameness prevalence would be associated with altered lying behavior at the herd 

level, i.e. longer lying times, longer bout duration, and fewer lying bouts per day 

2. Cow-level comparison of lame and sound cows 
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a. Lameness status would be associated with greater parity, lower body condition, 

greater stocking density, and potentially season as well 

b. Lame cows would produce less milk, in fewer milkings, with fewer AMS refusals 

c. Lame cows would have longer lying times and bouts, and fewer bouts per day 

d. Lame cows would be less active and would spend less time ruminating  

3. Deviations in behavior and productivity data prior to diagnosis of health disorders 

a. Various behavior and production variables would respond differently to different 

type of health disorders, with different magnitudes and timing of their response 

b. Behavior and production variables would deviate 1 to 3 d before clinical 

symptoms and diagnosis occurred, but behavior was expected to respond earlier 

than production  

 

 

4. Behavior and productivity prior to diagnosis of fresh cow health disorders  

a. The timing at which sick cows would deviate from their own baseline would 

differ from their deviation from a group of healthy cows, and this may differ by 

variable 

b. Sick cows would deviate from healthy cows before they deviate from the average 

of all cows (useful as a more practical, on-farm comparison) 
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CHAPTER 2: HERD-LEVEL ASSOCIATIONS OF HOUSING, MANAGEMENT, AND 

LAMENESS PREVALENCE WITH PRODUCTIVITY AND COW BEHAVIOR  

 

2.1 Introduction 

 Successful farms with automated milking systems (AMS) are those with high production, 

good health, and little need to fetch cows for milking. Before managing behavior and 

productivity at a cow level, barns must be well designed and managed with a thorough 

understanding of the herd-level factors for success with AMS. Thus far, most herd-level AMS 

studies have been focused on barn design (various types of cow traffic systems; reviewed by 

Jacobs and Siegford, 2012a) and the manipulation of supplemental feed (provision, amount, 

composition, and location relative to the AMS; e.g., Prescott et al., 1998; Halachmi et al., 2006; 

Scott et al., 2015). A recent study by Tremblay et al. (2016) of over 600 North American AMS 

herds analyzed associations of barn design and management with production per cow and per 

AMS. Several significant factors were identified, including cow traffic, the number of AMS per 

pen, the number of cows per AMS, and whether barns were new or retrofitted (Tremblay et al., 

2016). Greater stocking density at the AMS has previously been associated with enhanced milk 

production per AMS but also with reduced milking frequency per cow (Castro et al., 2012; 

Deming et al., 2013b). Supporting this, Tremblay et al. (2016) found a negative association 

between cows per AMS and milk yield per cow at lower milking frequencies (2.0 ×/d), but there 

was an inverse association at higher milking frequencies (3.0 ×/d). Furthermore, Castro et al. 

(2012) provided theoretical optimal stocking densities under ideal conditions and thus, more 

research is needed under commercial conditions to identify the optimal stocking density at the 

AMS. Other herd-level housing and management factors studied in AMS have been the 
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frequency of feed delivery and feed bunk space available per cow. Milk yield per cow was 

positively associated with linear bunk space per cow in AMS (Deming et al., 2013b). In 

conventional parlor-milking farms, Bach et al. (2008) associated production with the number of 

lying stalls per cow (85% of farms in that study housed lactating cows in free-stalls); no work 

has yet quantitatively investigated this association in AMS herds.  

Management of rest areas and lying behavior are also crucial to productivity and health, 

especially due to the bidirectional relationship between lameness and lying time: longer standing 

time and perching are risk factors for lameness, but once lame, cows spend more time lying 

down (Galindo and Broom, 2000; Deming et al., 2013a). Researchers have recently estimated 

mean herd-level lameness prevalence in AMS barns in Canada and the USA to be 15% (Westin 

et al., 2016a). This was lower than estimates reported in conventional free-stall farms in British 

Columbia (28%), California (31%), North-Eastern USA (55%; von Keyserlingk et al., 2012) and 

other parts of Canada (21%; Solano et al., 2015).  Even so, mobility should remain a priority in 

AMS as lameness has negative impacts on the willingness of cows to milk voluntarily (Bach et 

al., 2007b; Borderas et al., 2008). Understanding the herd-level risk factors for lameness is 

complicated by the multi-factorial nature of this condition. At present, across milking systems, 

research supports the influence of nutrition, flooring, pasture access, and season, as well as the 

size, availability, base, and bedding of rest areas on lameness and cow behavior (Bicalho and 

Oikonomo, 2013; Refaai et al., 2013; Mahendran and Bell, 2015). In AMS specifically, only one 

study has investigated herd-level risk factors of lameness, which were obstructed lunge space, 

narrow stalls, and narrow feed alleys, whereas sand-based stalls tended to lower the probability 

of lameness (Westin et al., 2016a). With regards to lying time at the cow level, researchers have 

found that bunk space per cow and the frequency of feed push-ups were positively associated 



27 

 

with daily lying time in AMS (Deming et al., 2013b), but no work has evaluated this at the herd 

level. Aside from those findings, in no study has milking activity, production, and lying behavior 

been analyzed at a herd-level and many unidentified associations remain between management, 

barn design, lameness prevalence, and productivity in AMS. 

Therefore, this study evaluated associations of herd-level factors with the following 

outcomes: lameness prevalence, lying behavior, milking frequency, and milk production. Factors 

assessed included feeding, manure, and bedding management, barn design, and stocking density 

relative to feed bunk space, lying stall availability, and the number of AMS units. Our specific 

objectives were to: (1) assess the impact of herd-level factors on the prevalence of lameness in 

commercial AMS farms, and (2) examine how lameness and other herd-level factors influence 

milking frequency, production, and lying behavior in AMS herds. 

2.2 Materials and Methods 

2.2.1 Farm Selection 

We visited 41 commercial dairy farms with AMS (Ontario: n = 26; Alberta: n = 15) from 

October 2014 to June 2015. Target sample size was determined through power analysis using the 

Power Analysis and Sample Size software program (PASS, Kaysville, Utah, USA; Hintze, 

2008). Estimates of variation for the primary response, dependent variables (including lameness 

prevalence, lying behavior, milking frequency, and yield) were based on previously reported 

values from similar herd-level studies (Espejo et al., 2006; Ito et al., 2009; Castro et al., 2012; 

Sova et al., 2013). An estimated minimum sample size of 40 herds was determined sufficient to 

detect a 10% difference in prevalence of the dependent variables, with 95% confidence. 
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Using contact lists provided by AMS dealers in Canada and by Alberta Milk (Edmonton, 

Alberta, Canada), AMS producers were contacted via phone or email and asked to participate in 

the study. Selection criteria were that farms milk Holstein cows with an AMS exclusively and to 

have done so for a minimum of 5 mo. The distribution of AMS types was 25 Astronauts (Lely 

Industries N.V., Maassluis, the Netherlands), 15 VMS (DeLaval International AB, Tumba, 

Sweden), and one MIone (GEA Farm Technologies GmbH, Siemensstraße, Germany). Eight 

farms used a form of guided cow traffic for the majority of their herd and 33 farms used free cow 

traffic designs. All farms had free-stall barns except for one bedded-pack barn. The study design 

was approved by the University of Guelph Animal Care Committee and Research Ethics Board, 

and animal use complied with the guidelines of the Canadian Council on Animal Care (2009). 

2.2.2 Data Collection 

Farms were visited twice, 7 d apart, to collect 6 complete days (each representing a 24-h 

period between 0000 and 2359 h) of milking and lying behavior data for each farm. At each visit, 

we recorded the number of lactating cows in total. Herd-level stocking densities were calculated 

as the average number of lactating cows in the main herd relative to the number of lying stalls 

available to this group x 100%; data for this were not available for the one bedded-pack barn. 

The number of cows per AMS unit was calculated as the average number of lactating cows per 

farm relative to the available number of AMS units. Cow lists with parity and DIM details were 

collected from the AMS computer of each farm; these data were used to calculate the average 

parity and DIM of each herd. 

2.2.3 Management and Housing Survey  

 Producers were interviewed about routine management practices on the first visit to each 

farm including information about feed delivery, feed push-ups, bedding, and manure alley 
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management. Type of bedding and the base material of lying stalls were recorded, as were the 

types of flooring near the feed bunk, lying stalls, and cross-over alleys near AMS units. The 

length of the feed bunk and stall dimensions were measured by the researchers. Based on 

measurements of 4 randomly-selected stalls per farm (or 2 stalls per pen if there were > 2 pens), 

we calculated the average lying stall width, length, and curb height, as well as neck rail height, 

and distance from the neck rail to the back of the stall (methodology adapted from von 

Keyserlingk et al., 2012).  

2.2.4 Assessment of Lameness 

On the first visit to all farms, cows were individually locomotion scored by one observer 

on a 5-point numerical rating system (NRS) at increments of 1 (Flower and Weary, 2006). A 

total of 40 cows were scored per farm, or a minimum of 30% of herds with > 130 milking cows, 

to accurately represent the prevalence of clinical (NRS ≥ 3) and severe lameness (NRS ≥ 4) in 

each herd (Endres et al., 2014). Locomotion scoring was performed on a random sample of cows 

from a clear posterior side angle, only while cows took at least 6 strides on flat flooring, making 

sure they exhibited no other gait aside from walking and were not stumbling, falling, defecating, 

urinating, or restricted from free movement by a nearby cow (Flower and Weary, 2006). We 

used systematic random sampling to select individuals by only including every nth cow, based 

on the number of cows needed relative to the size of each pen. This ensured that cows were 

selected proportionately from all parts within a pen (i.e. those lying down, feeding, standing idly, 

etc.). In cases of farms housing milking cows in more than one pen, a proportionate number of 

cows per pen were selected to ensure that a representative and random sample was achieved; this 

included cows separated into smaller treatment/separation pens. We did not score, or include in 

our analysis, any cow without voluntary access to an AMS. Based on these results, we calculated 
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the prevalence of clinically lame cows (% of cows with NRS ≥ 3) and the prevalence of severely 

lame cows (% of cows with NRS ≥ 4) for each farm (Endres et al., 2014). 

2.2.5 Milking Activity and Yield 

 Milk visits and related production parameters were automatically recorded by the AMS 

computer system of each farm. Six complete days of data for the whole herd were extracted by 

research personnel on the second (and final) visit and included information such as date, time, 

duration, and the outcome of each visit of each cow to the AMS unit (failure, refusal, successful 

milking). Milk data were completely unavailable for one farm and at another, could only be 

extracted manually, which was done for the 30 cows used for lying time evaluation (see below). 

For both successful and failed milkings, AMS systems recorded total yield for each cow. 

Respectively, successful and failed milkings were defined as those at which teat cup attachment 

was successful or not, and whether the amount of milk collected either exceeded or did not meet 

the system requirement to qualify as a milking event. Data were summarized daily to record the 

frequency of successful milkings per farm per d and expressed on a per cow basis. Daily milk 

yield was calculated as the sum of all milk collected per cow per d, whether it was from a 

successful or failed milking. Daily means were calculated per farm on a per cow basis, and the 6 

d were averaged into one value per farm for each outcome variable. Daily milk harvested per 

AMS was calculated by dividing daily farm milk production by the number of AMS units, and 

again averaged across the 6-d period into one value per farm. Producers were also asked to 

record every cow they fetched for all milkings, which allowed us to calculate the 6-d average of 

the percentage of fetched cows (i.e. any cow fetched at least once in a day) and involuntary 

milkings (total number of fetched milkings in a day). Fetch cow data were missing or incomplete 

for 6 farms and, therefore, not used in any analysis. Involuntary/fetched milkings were defined 
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solely based on whether the producer fetched the cow, and were classified independently from 

the success of the milking. 

2.2.6 Lying Behavior 

Electronic data loggers (HOBO Pendant G Logger, Onset Computer Corporation, 

Pocasset, MA, USA) were used to record lying behavior, as validated by Ledgerwood et al. 

(2010). Loggers were fitted to a subsample of 30 cows, a sample size previously observed to 

accurately represent lying behavior of herds of similar size to the current study (Ito et al., 2009). 

These 30 individuals were selected from the sample of cows scored for lameness. After loggers 

were attached below the hock of the medial side of either hind leg using veterinary bandaging 

tape, they remained attached for approximately 7 d to capture a complete 6-d data collection 

period and were removed on the second visit. Data were collected at 1-min intervals and were 

used to calculate daily standing and lying time (min/d) and the length of each lying bout 

(min/bout). If a producer removed a logger before the end of the 6-d period, only complete days 

were included in the analysis. Across all farms and cows observed (n = 1230 cows), lying data 

were completely or partially missing for 16 and 14 cows, respectively. Data for the 30 focal cows 

per farm were averaged daily, and averaged over 6 d into value per farm for each lying behavior 

variable.  

2.2.7 Milk Quality and Environmental Temperature 

 Dairy Herd Improvement Association (DHIA; CanWest DHI, Guelph, Ontario, Canada) 

data on SCC were available from 26 farms (ON: n = 19; AB: n = 7) and were collected from the 

test date nearest to the data collection period. No DHIA data were included if the test occurred > 

20 d from the data collection period. One value per farm was calculated as the average of all 

cows’ SCC tested on that date. Average daily temperatures were retrieved from Environment 
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Canada weather stations nearest each farm (as validated by Schüller et al., 2013) for each 6-d 

collection period and averaged into one value per farm. 

2.2.8 Statistical Analyses 

 Prior to analyses, all data were screened for normality by assessing the distribution of 

data and any outliers using the UNIVARIATE procedure of SAS (SAS Institute, 2013). Data for 

the prevalence of severe lameness (NRS ≥ 4), fetched cows, and involuntary milkings, were 

right-skewed; therefore, these were transformed by taking the natural logarithm of the value +1. 

Data for SCC were also right-skewed and natural log-transformed. Continuous predictor 

variables included average parity, DIM, stocking density (% cows/lying stalls), cows per AMS, 

frequencies of feed push-ups and alley scraping, lying stall dimensions, linear feed bunk space 

per cow, and environmental temperature (Table 2.1). The remaining variables were categorized 

prior to analysis: stall base, flooring type near feed bunks, and the frequency at which producers 

raked stalls/d, delivered feed/d, and fetched cows/d. Univariable models were then used to screen 

the various independent variables (as fixed effects) in linear regression models using the MIXED 

procedure of SAS. Degrees of freedom for fixed effects were estimated using the Kenward-

Roger option in the MODEL statement. Outcome variables averaged at a herd level and 

expressed on a per cow basis were SCC, daily milk yield, milking frequency, lying time, and 

lying bout length; those expressed on a per farm basis were the prevalence of clinical and severe 

lameness, milk harvested per AMS, and the proportion of fetched cows and involuntary milkings 

(Table 2.2). 

Given that data collection in the 2 provinces occurred at different times of year, location 

(AB or ON) was tested as a fixed effect in all univariable models, as was temperature 

(continuous), on various outcome variables in SAS (SAS Institute, 2013). In all models, the 
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random effect was herd. Only variables with P < 0.25 in the univariable models were included in 

multivariable models (Dohoo et al., 2009). In cases where temperature and location were both 

retained for model building, we chose the variable with the lower P-value to include in the 

multivariable model. Multivariable (mixed effect) linear regression models were then used to 

associate the effects of predictor variables on outcome variables using the MIXED procedure of 

SAS. When analyzing Pearson correlation coefficients between independent variables (CORR 

procedure of SAS, 2013), if any variables were correlated (r > 0.6), the most biologically 

plausible variable was retained for the multivariable model. Manual backward elimination was 

then used to remove any variables with P > 0.1; those retained were considered significant at P ≤ 

0.05 and tendencies at P ≤ 0.1. 

2.3 Results and Discussion 

2.3.1 Housing, Environment, and Management 

Information on herd demographics, housing, and management are found in Table 2.1. 

Mean herd DIM and parity were 176 d and 2.2 lactations, respectively. These values are 

comparable to recent surveys of AMS herds (Deming et al., 2013b) and conventional free-stall 

herds (Charlton et al., 2014) in Canada. The average herd size of study farms was 105 lactating 

cows, with 2.2 AMS units. Therefore, the average number of cows per AMS unit was 49, similar 

to the 51 cows/AMS reported by Tremblay et al. (2016), which is well below the industry 

expectation of 60 cows per AMS unit (Jacobs and Siegford, 2012a; Deming et al., 2013b) and 

slightly less than other reports of 54 and 55 cows/AMS (Deming et al., 2013b; Westin et al., 

2016a).  

Stocking density in lying stalls was also low (mean = 89%; Table 2.1); this was below the 

93% found by Westin et al. (2016a) in AMS herds, the recommendation (≤ 100%) and 
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requirement (≤ 120%) of the Canadian Code of Practice for Dairy Cattle (DFC-NFACC, 2009), 

as well as averages from North American free-stall herds (von Keyserlingk et al., 2012). Resting 

surfaces were either some form of mattress (n = 30) or deep bedding (n = 11) and were raked ≤ 2 

×/d (n = 29) or > 2 ×/d (n = 12). Curb height at the back of lying stalls averaged 21 cm, similar to 

the 20 cm reported by Westin et al. (2016a). Mean stall dimensions (Table 2.1) fell within, but in 

the lower range of, recommended stall size guidelines (Cook, 2009), aside from stall length, 

which was longer than recommended. Mean stall width (116 cm) fell within reported averages 

from North American free-stall herds (112 to 120 cm; von Keyserlingk et al., 2012; Westin et al., 

2016a). Stalls were longer than in other free-stall herds (249 vs. 231 to 243 cm) and neck rails 

were higher (123 vs. 112 to 118 cm), but the placement of neck rails from the rear curb was 

similar to previous reports (167 vs. 160 to 175 cm; von Keyserlingk et al., 2012; Westin et al., 

2016a).  

Even though 11 farms provided < 60 cm of bunk space/cow, 4 of which were < 40 

cm/cow, bunk space still averaged 67 cm/cow (Table 2.1). Thus, herds generally exceeded the 

recommendation for linear feed bunk space in the Canadian Code of Practice for Dairy Cattle (60 

cm/cow; DFC-NFACC, 2009), similar to herds in Westin et al. (2016a). All farms fed a 

supplemental concentrate in the AMS; 38 farms fed a partial mixed ration in the bunk and 3 fed 

separate components. Fresh feed was delivered to bunks ≤ 1 ×/d (n = 23) or > 1 ×/d (n = 18) and 

feed push-ups took place 8 ×/d, on average, ranging from 2 to 24 ×/d. Seven farms had closed 

mangers and did not push up feed; thus, data from these farms were excluded when using push-

up frequency as a predictor variable. Feed push-ups were more frequent in this study compared 

to the 1.6 push-ups/d reported for Ontario AMS farms (Deming et al., 2013b) and 4.6 push-ups/d 

reported for conventional free-stall parlor-milking farms in Ontario (Sova et al., 2013). 
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Flooring near the feed bunk was made of rubber (n = 11) or concrete (n = 30). The frequency of 

alley scraping ranged from once every 2 d to continuously 24 ×/d (Table 2.1). Cows were fetched 

2 ×/d (n = 26) or > 2 ×/d (n = 11); data were incomplete for 4 farms. Mean environmental 

temperatures during data collection on farms in Ontario were -1.6 ± 9.9°C, ranging from -15.3 to 

12.0°C, compared to 14.9 ± 3.1°C in Alberta, ranging from 12.4 to 19.3°C (Table 2.1). 

2.3.2 Lameness Prevalence 

Across farms the mean herd-level prevalence of clinical lameness (NRS ≥ 3) was 26% 

and the prevalence of severe lameness (NRS ≥ 4) was 2.2% (Table 2.2). Clinical lameness was 

more prevalent than a recently published estimate of herd-level lameness in North American 

AMS herds (15%; Westin et al., 2016a) and more comparable to herd-level prevalence reported 

in conventional free-stall herds in North America (21 to 55%; von Keyserlingk et al., 2012; 

Solano et al. 2015). In the current study, a small portion of cows were severely lame, similar to 

samples of other herds previously studied (4 to 8%; von Keyserlingk et al., 2012; Westin et al., 

2016a). Perhaps the reason there were so few severely lame cows in this study is that individual 

milking in AMS can help producers identify these cows more easily; AMS facilities may also 

make it easier to separate these cows into smaller groups for treatment with closer access to the 

AMS. Additionally, producers tend to identify only severely lame cows as being lame 

(Horseman et al., 2014) and make a large effort to treat these individuals, but may not diagnose 

cases of lameness until they are well-established (on average 65 d after an external researcher, as 

found by Leach et al., 2012). 

The prevalence of clinical and severe lameness were moderately correlated with one 

another (r = 0.5, P < 0.001) and both were negatively associated with environmental temperature 

(Table 2.3). Each 10˚C increase in temperature was associated with a reduction of 6.3 percentage 
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points (p.p.) in clinical lameness, while an increase of 10˚C from the mean (4.4˚C) was 

associated with a reduction of 0.6 p.p. in severe lameness prevalence. Lameness and associated 

hoof lesions are often reported to be more prevalent in winter than summer (Murray et al., 1996; 

Cook, 2003; Espejo et al., 2006). Producers are more likely to have issues with alley scrapers and 

footbaths functioning in cold weather, allowing buildup of slurry and reducing the efficacy of 

footbaths (Cook, 2003). Standing in wet, slippery conditions promotes slips and falls, softening 

of claws, and transmission of anaerobic bacteria (Borderas et al., 2004; Refaai et al., 2013). 

Therefore, it may be that winter conditions are the driver of the higher prevalence at lower 

temperatures. In contrast, high temperatures negatively impact feeding behavior and intake 

(Chen et al., 2013; Gorniak et al., 2014). This has been hypothesized to predispose cows to 

acidosis, which has further been suggested to be linked to laminitis (reviewed by Bicalho and 

Oikonomo, 2013). However, it takes several weeks or months for a visible lesion to be seen 

following the inciting factor and there also appears to be a lag between lesion development and 

lameness manifestation within an individual lactation (Mahendran and Bell, 2015). For example, 

most claw horn lesions develop during early lactation (Mahendran and Bell, 2015), but impaired 

mobility generally presents in mid-late lactation (Green et al., 2002; Bach et al., 2007b; Lim et 

al., 2015). Therefore, high lameness prevalence in winter may also represent a ‘carry over’ effect 

from seasonal management or heat stress (Murray et al., 1996), because Sanders et al. (2009) 

observed the highest incidence rates for hoof lesions in summer, followed by fall. Thus, higher 

incidence of hoof lesions in summer and fall may explain the greater lameness prevalence in 

winter months observed in this and other studies.  

There tended to be fewer clinically lame cows in herds that scraped manure alleys more 

frequently (i.e. every 2 extra passes/d were associated with a 1.2 p.p. decrease in clinical 
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lameness; Table 2.3). There is some empirical support for this finding. The use of automatic 

alley scrapers can reduce the odds and prevalence of digital dermatitis, interdigital dermatitis, 

and heel erosion by providing dry, clean flooring (Somers et al., 2003; 2005), whereas wet, 

slurry-covered flooring may inhibit locomotion (Phillips and Morris, 2000). Lower scraping 

frequency has been associated with poor hygiene of the lower legs (DeVries et al., 2012); 

although no measures of hoof health were taken in the DeVries et al. (2012) study, cow hygiene 

has previously been linked with the probability of lameness (Dembele et al., 2006). 

Alternatively, other researchers have found that automatic alley scrapers and increased scraping 

frequency were risk factors for lameness, ulcers, and digital dermatitis, potentially due to 

physical trauma as cows trip over passing scrapers or the associated wave of slurry soiling their 

feet (Barker et al., 2007; Cramer et al., 2009; Barker et al., 2010). More work is needed to 

establish the optimal frequency and timing of alley scraping for free-stall herds, especially for 

AMS herds where cows may be continuously exposed to passing scrapers and waves of slurry, as 

opposed to conventional herds that may only scrape alleys while cows are moved out of their 

pens during milking time. 

The prevalence of severe lameness was positively associated with increasing stocking 

density and curb height. A 10 p.p increase in stocking density above the mean (88.6%) was 

associated with a 0.5 p.p. increase in severe lameness (Table 2.3). This could have been related 

to reduced daily lying time at higher stocking densities (Fregonesi et al., 2007), which would 

have increased the risk of lameness by increasing standing and perching time (Leonard et al., 

1996; Galindo and Broom, 2000). However, unlike previous studies that reported reductions in 

lying time at greater stocking densities (Fregonesi et al., 2007), the current study found no 

association between stocking density and lying behavior parameters (Table 2.4). A 5 cm increase 
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in curb height above the average (20.9 cm) was associated with a 1.0 p.p. increase in severe 

lameness (Table 2.3). The average curb height in this study was above the recommendation of 

Cook (2009) and in a past survey of 37 farms, those with curbs higher than 20 cm were 

associated with worsened lameness and locomotion rankings (Faull et al., 1996). Higher curbs 

could protrude above the level of the bedding and reduce available resting space, forcing cows to 

lay diagonally with a hind leg extending across the curb. With the weight of the leg and potential 

abrasion from the rough curb surface on the hock, medial ulcers could form (Nordlund and 

Cook, 2003). Thus, it could be that farms with higher curbs were not providing adequate bedding 

to reach the top of the curb; unfortunately bedding depth and leg injuries were not measured in 

this study. 

2.3.3 Milking Activity and Production 

Mean herd milking frequency was 3.0 ×/cow/d, with a mean daily yield of 33.7 kg/cow/d 

(Table 2.2). Milk harvested per AMS averaged 1645 kg/d (Table 2.2). Mean milking frequency 

(expressed per cow/d) was negatively associated with stocking density at the AMS (Table 2.5). 

As with other studies, a greater number of cows per AMS negatively affected milking frequency 

(Castro et al., 2012; Deming et al., 2013b); in the current study, each additional 10 cows/AMS 

reduced individual milking frequency by 0.22 ×/cow/d (Table 2.5). Unlike the interaction 

between milking frequency, stocking density at the AMS, and milk production per cow found by 

Tremblay et al. (2016), the current study did not find an association between cows per AMS and 

milk yield per cow. Milk harvested per AMS, however, was positively associated with the 

number of cows per AMS; each additional cow/AMS was associated with an increase of 32.3 kg 

of total milk/AMS/d (Table 2.5). This was expected because no herd in the current study milked 

more than 63 cows/AMS and each additional cow provided their daily production as additional 
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yield. The common recommendation is to stock groups at approximately 60 cows/AMS (Jacobs 

and Siegford, 2012a). Unfortunately, to date, there is no research where the upper limit of AMS 

stocking density has been tested, likely because of cow-specific demands on the AMS that vary 

based on factors such as milk production, DIM, and parity. Further, management philosophies 

differ; some producers aim for greater milking frequencies while others prioritize total daily 

yield per cow to maximize efficiency and production per AMS. By modeling data from Galacian 

dairy farms, Castro et al. (2012) suggested that it is possible to maximize milk yield per AMS by 

stocking at higher rates and reducing individual cow milking frequency up to, for example, 

approximately 69 cows/AMS at 2.5-2.7 ×/cow/d. Because modeling studies use values specific 

to those herds, no blanket recommendations can currently be made as to what the optimal 

number of cows per AMS should be, and this will also depend on milking efficiency of unique 

herds and on producers’ management preferences.  

Milk production, expressed per cow and per AMS, was negatively associated with severe 

lameness prevalence. Doubling the prevalence of severe lameness (i.e. from 2.5 to 5%) was 

associated with reductions of 0.7 kg/cow/d and 39 kg/AMS/d (Table 2.5). In previous studies of 

the associations between mobility and milking activity, cows with higher locomotion scores, 

using similar 5-point scales, produced less milk in fewer total milkings and fewer voluntary 

milkings (Bach et al., 2007b; Deming et al., 2013a). To our knowledge, the current study is the 

first to report negative effects of lameness on milk production in AMS at the herd level. Median 

herd SCC was 223,910 cells/mL at the nearest DHIA test date (Table 2.2), which was positively 

associated with environmental temperature and average DIM of the herd. An increase of 10 DIM 

above the mean (175.6 DIM) was associated with an increase of 26,660 cells/mL (P = 0.02). 
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Furthermore, an increase of 10˚C from the mean (4.4˚C) tended to be associated with an increase 

of 34,500 cells/mL (P = 0.09). 

Relative to herd size, the proportion of cows fetched for milking and the proportion of 

total involuntary milkings per d ranged from 0 to 10% (Table 2.2). Percentages of cows fetched 

and of involuntary milkings relative to herd size were both negatively associated with the 

frequency of alley scraping and tended to be positively associated with stocking density of lying 

stalls (Table 2.6). The magnitude of these associations was small. In a herd of 120 cows, for 

example, running alley scrapers an extra 4 ×/d above the mean was associated with fetching 2 

fewer cows/d and, therefore, 2 fewer involuntary milkings/d. While lameness prevalence was not 

related to either fetching variable, greater alley scraping frequencies were associated with less 

prevalent clinical lameness and less fetching (Tables 2.3 and 2.6). Finally, a 10 p.p. decrease in 

stocking density below the mean (88.6%) tended to be associated with 1 less cow being fetched 

per d and 1 less involuntary milking per d. The fact that fetching cows was associated with 

stocking density in lying stalls, and not the stocking density at the AMS, suggests that it is not a 

lack of access to the AMS, but rather a lack of rest space that reduced cows’ willingness to milk 

voluntarily. Whether this was due to potential crowding in standing areas or another cause is 

unknown. Further research is required to understand the factors influencing voluntary versus 

fetched milking frequency at the herd level. 

2.3.4 Lying Behavior 

On average, cows spent 11.5 h/d lying down and transitioned from lying to standing 9.3 

×/d, resulting in average lying bout duration of 76 min (Table 2.2). These values were very 

similar to those reported by Westin et al. (2016b) for AMS herds in North America (mean = 11.4 

h/d, 9.5 bouts/d, 71 min/bout). Daily lying time was positively associated with the frequency of 
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feed-pushups and negatively so with environmental temperature, i.e. cows spent less time lying 

down in higher temperatures (Table 2.4). Lying time increased by 2.5 min/d with each additional 

feed push-up; therefore, the difference from the minimum (2 ×/d) to the maximum (24 ×/d) push-

up frequencies would be associated with cows spending an additional 55 min/d lying down. 

Deming et al. (2013b) reported an even stronger effect of push-up frequency at the cow level, 

with a lower average (2.1 ×/d) and range (0-5.5 ×/d) of push-ups in that study. Lying time 

decreased by 15 min/d with each 10°C increase in temperature, an association consistent with 

other studies reporting declining lying time at higher temperatures (Lombard et al., 2010; Schütz 

et al., 2010). Correspondingly, lying bout length decreased by 4.7 min/bout with each 10°C 

increase in temperature (Table 2.4). Bouts were also 11.5 min longer in herds with deep-bedded 

stalls as opposed to mattress-based stalls (Table 2.4). These associations are logical, but had not 

yet been demonstrated at the herd level, particularly for AMS herds. In conventional free-stall 

barns, there were no differences in lying time, number of bouts, or bout length, but time spent 

standing in stalls and the proportion of very long lying bouts was greater in sand stalls compared 

to mattresses (Cook et al., 2004). Therefore, lying behavior may be variably affected by stall 

base, differing at the cow and herd level, but there are definite associations between cow comfort 

and lying behavior. 

2.4 Conclusions 

The two main factors associated with herd-level productivity and behavior in AMS herds 

were: (1) lameness prevalence and (2) stocking density. For the 41 commercial AMS herds 

surveyed in this study, the mean herd-level prevalence of clinical lameness (NRS ≥ 3) was 

26.2%, while the prevalence of severe lameness (NRS ≥ 4) was much lower (2.2%). The 

prevalence of both clinical and severe lameness were negatively associated with environmental 
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temperature. Clinical lameness was also negatively associated with the frequency of alley 

scraping, while severe lameness was positively associated with stocking density and curb height 

of lying stalls. As expected, lameness had a negative impact on productivity; daily milk yield per 

cow and per AMS were negatively associated with severe lameness prevalence. Stocking density 

at the AMS was associated with greater milk production per AMS, but also reduced milking 

frequency per cow. Lying behavior was associated with feed push-up management, temperature, 

and stall base. These results suggest that management and barn design may be modified to 

improve the mobility and productivity of cows in AMS herds. 
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Table 2.1. Descriptive statistics of herd information, housing, and management of 41 Canadian 

herds with automated milking systems. 

Variable Mean SD Minimum Maximum 

Months since AMS installation 44.2 40.8 5 168 

DIM1 175.6 22.4 126.7 236.8 

Parity1 2.2 0.3 1.5 3.1 

Farm size (# lactating cows)2 105 56 37 365 

Cows per AMS2 49.4 7.9 34.5 63.0 

Number of AMS units total2 2.2 1.3 1 9 

Stocking density (cows/lying stalls x 100%)2 88.6 17.2 58.8 115.7 

Feed bunk space (cm/cow)3 67.1 17.4 31.6 95.1 

Linear water access (cm/cow)3 9.4 3.3 4.1 17.0 

Frequency of alley cleaning (#/d)4 8.8 5.1 0.5 24 

Frequency of feed push-ups (#/d)4 8.0 6.1 2 24 

Stall dimensions      

    Curb height (cm)3 20.9 3.4 16.3 28.8 

    Width (cm)3 115.6 3.3 107.8 128.5 

    Length (cm)3 249.4 18.9 214.8 283.5 

    Neck rail distance from rear curb (cm)3 166.9 11.2 137.8 183.8 

    Neck rail height (cm)3 122.5 6.8 106.3 136.5 

Daily environmental temperature (˚C)5 4.4 11.4 -15.3 19.3 

    Ontario herds (October 2014-February 2015) -1.6 9.9 -15.3 12.0 

    Alberta herds (May-June 2015) 14.9 3.1 12.4 19.3 

1Herd DIM and parity information was extracted on the final visit. 

2Average number of total lactating cows, cows per AMS, and stocking density in lying stalls. 

3Dimensions were measured by research personnel on the final visit. 

4Management practices described by producers. 

5Average temperature during 6-d data collection periods at Environment Canada weather stations 

nearest each farm.  
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Table 2.2. Descriptive statistics of herd-level lameness prevalence, milking activity, and lying 

behavior variables for 41 Canadian herds with automatic milking systems. 

Variable Mean 

(Median1) 

SD  

(95% CI1) 

Minimum 

Value 

Maximum 

Value 

Clinical lameness prevalence (% cows NRS≥3) 26.2 13.0 2.5 57.5 

Severe lameness prevalence (% cows NRS≥4) 2.2 (0.0) 3.1 (0.0-7.9) 0.0 12.2 

Milking frequency (#/cow/day) 3.0 0.3 2.3 3.7 

Milk yield (kg/cow/day) 33.7 2.8 27.5 40.2 

Milk harvested per AMS (kg/AMS/day) 1645 299 1067 2178 

SCC (x1,000 cells/mL) 236 (224) 110 (119-453) 116 569 

Fetched cows2 (%/day) 8.1 (6.8) 6.7 (0-23) 0.0 25.6 

Involuntary milkings2 (%/day) 10.4 (9.1) 8.6 (0-32) 0.0 33.6 

Lying time (h/day) 11.5 0.9 10.1 14.5 

Lying bouts (#/d) 9.3 1.3 6.6 11.7 

Lying bout length (min/bout) 76.0 13.6 57.1 116.4 

1Median values and 95% confidence intervals are presented for those variables that were not 

normally distributed.  

2Daily percentages of fetched cows and involuntary milkings relative to herd size.
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Table 2.3. Final general linear models of the factors associated with the herd-level prevalence of 

clinical (locomotion score ≥ 3 out of 5) and severe (locomotion score ≥ 4 out of 5)1 lameness (n 

= 41 herds). 

 Clinical lameness (NRS ≥ 3)  Severe lameness1 (NRS ≥ 4) 

Variable  β2 SE P  β2 SE P 

Intercept  34.6      3.6      -  -2.4 1.18 - 

Temperature (°C)3 -0.63       0.16       <0.001  -0.035 0.010 0.002 

Frequency of alley 

scraping (#/d) 
-0.61      0.34 0.09  - - - 

Stocking density (%)4 - - -  0.021 0.009 0.04 

Curb height - - -  0.07 0.04 0.05 

1Data were transformed by taking the natural log + 1 of the herd prevalence of severe lameness.  

2Estimated regression coefficient. 

3Average temperature during 6-d data collection periods at Environment Canada weather stations 

nearest each farm. 

4Average percentage of cows relative to available lying stalls.
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Table 2.4. Final general linear models of associations of herd average lying behavior variables 

with explanatory variables. 

 Lying time1  

(min/d) 
 

Length of lying bouts2 

(min/bout) 

Variable  β3 SE P  β3 SE P 

Intercept  675.3 15.7 -  75.1 2.24 - 

Temperature (°C)4 -1.46 0.79 0.07  -0.47 0.16 0.005 

Frequency of feed 

push-ups/d 
2.51 1.51 0.1  - - - 

Stall base       0.007 

     Deep bedding - - -  11.5 4.03  

     Mattress - - -  Referent -  

1Daily lying time averaged over 6-d data collection periods.  

2Length of lying bouts averaged over 6-d data collection periods.  

3Estimated regression coefficient. 

4Average temperature during 6-d data collection periods at Environment Canada weather stations 

nearest each farm. 



47 

 

Table 2.5. Final general linear models of the associations herd average milking activity with herd-level explanatory variables1. 

1Data were averaged over 6-d data collection periods. 

2Estimated regression coefficient. 

3Data were transformed by taking the natural log + 1 of the herd prevalence of severe lameness. 

4Average number of cows per AMS unit. 

 Milking frequency 

(#/cow/d) 

 Milk yield 

(kg/cow/d) 

 Milk harvested per AMS 

(kg/AMS/d) 

Variable  β2 SE P 
 

β2 SE P 
 

β2 SE P 

Intercept  4.04 0.28 - 
 

34.5 0.57 - 
 

84.4 138.9 - 

Severe lameness prevalence 

(NRS ≥ 4)3 
- - - 

 
-0.98 0.49 0.05 

 
-55.7 24.4 0.03 

Cows per AMS4 -0.022 0.006 <0.001 
 

- - - 
 

32.3 2.69 <0.001 
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Table 2.6. Final general linear models of herd average fetched cows and involuntary milkings1. 

 Fetched cows2 (%/d)  Involuntary milkings (%/d)3 

Variable  β4 SE P  β4 SE P 

Intercept  1.18 0.90 -  1.22 0.97 - 

Frequency of alley 

scraping/d 
-0.083 0.035 0.03  -0.095 0.038 0.02 

Stocking density (%)5 0.016 0.009 0.1  0.019 0.010 0.07 

1Based on producers’ fetch cow sheets. 

2Natural log + 1 of daily percentages of fetched cows relative to herd size.  

3Natural log + 1 of daily percentages of involuntary milkings relative to herd size.  

4Estimated regression coefficient. 

5Average percentage of cows relative to available lying stalls. 
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CHAPTER 3: COW-LEVEL ASSOCIATIONS OF LAMENESS, 

BEHAVIOR, AND MILK YIELD 

 

3.1 Introduction 

The expanding use of automated milking systems (AMS) provides many challenges and 

opportunities to dairy producers. In addition to reduced labor costs and greater time flexibility, 

producers can manage supplemental feed for each cow and the permission for cows to access the 

AMS for milking and a feed reward. Individual milking of cows at various frequencies creates 

the opportunity to: 1) milk early lactation cows more often and provide more supplement 

(including additives) to maximize peak milk yield, and 2) taper off milking frequency for late 

lactation cows to reduce the stress of sudden dry-off (Bertulat et al., 2013). The use of AMS also 

has the advantage of monitoring cow-level milking frequency and quarter-level production and 

milk quality, which can be helpful tools for illness detection (Jacobs and Siegford, 2012a). 

Nonetheless, not all health disorders can be detected electronically and producers must still 

physically assess cows as well as fetch cows for milking if their milking interval is too long. The 

number of cows needing to be fetched in Canadian herds was recently estimated to be 8% of the 

herd per day (King et al., 2016). 

Lameness is a major health and welfare concern in the dairy industry. Producers strongly 

agree that lameness is a painful condition and they are willing to implement proven control 

measures, even if they are inconvenient; however, they still greatly underestimate the prevalence 

of lameness in their herd (Bennet et al., 2014). Many cases go untreated for several weeks and 

those that are treated often develop repeat cases requiring further treatment (Leach et al., 2012; 

Green et al., 2014). Recent studies have reported prevalence estimates of lameness in North 



50 

 

America to be 21 to 55% in conventional free-stall herds (von Keyserlingk et al., 2012; Solano et 

al., 2015) and 15 to 26% in AMS free-stall herds (Westin et al., 2016a; King et al., 2016). For 

any herd, lameness has negative implications for productivity and behavior (Huxley, 2013), but 

this may be heightened in AMS due to the (ideally) voluntary nature of cows visiting the milking 

unit.  

Demonstrating the negative changes associated with lameness, especially when 

accounting for other factors, would help dairy producers gain a better appreciation of the 

negative impacts of even moderate cases of lameness and would likely motivate them to improve 

their lameness monitoring and treatment protocols. To date, no researchers have examined 

associations of lameness with both productivity and behavior at the cow level in AMS, while 

also evaluating and controlling for many other cow-level factors. Cow-level studies of lameness 

in AMS herds have reported reduced milk yield and total and voluntary milking frequency, and 

greater daily lying time for lame cows (Bach et al., 2007b; Deming et al., 2013a; Westin et al., 

2016b). Other factors influencing milking and lying behavior include parity, social status, DIM, 

and stocking density: for example, multiparous cows in AMS are milked less often, yet produce 

more milk than primiparous individuals (Borderas et al., 2008; Deming et al., 2013b) and 

subordinate cows may achieve similar milking frequencies to dominant individuals, but spend 

more time standing, perching in stalls (Galindo and Broom, 2000), and waiting to access the 

AMS (Ketelaar-De Lauwere et al., 1996). Milking frequency and yield per cow decline with 

increasing DIM (Deming et al., 2013a,b) and with greater stocking density at the AMS (Deming 

et al., 2013b; King et al., 2016).  

Therefore, our objective was to compare the behavior and productivity of lame and non-

lame cows, while accounting for body condition, parity, DIM, and other environmental factors. 



51 

 

Comparisons were made regarding daily milk yield, milking and refusal frequencies, lying 

behavior, rumination behavior, and a measure of activity. 

3.2 Materials and Methods 

3.2.1 Farm Selection 

From October 2014 to June 2015, we visited 41 commercial dairy farms with AMS (26 

herds in Ontario and 15 herds in Alberta). Farms visited were those used in a herd-level analysis 

by King et al. (2016) and were contacted using information from Ontario AMS dealers and 

Alberta Milk (Edmonton, AB). Selection criteria and herd descriptions are reported in King et al. 

(2016). Study herds milked 105 ± 56 lactating cows with 2.2 ± 1.3 AMS units and over 80% of 

herds used free cow traffic. The study design was approved by the University of Guelph Animal 

Care Committee and Research Ethics Board, and animal use complied with the guidelines of the 

Canadian Council on Animal Care (2009). 

3.2.2 Data Collection 

Farms were visited twice, 7 d apart, to collect one period of 6 complete days (each 

representing a 24-h period between 0000 and 2359 h) of behavior data for focal cows. At each 

farm, 30 focal cows were randomly selected for this analysis to accurately represent lying 

behavior of herds of similar size to the current study (Ito et al., 2009). If all lactating cows were 

housed in one large group, all 30 focal cows were selected from that group. In cases of farms 

housing lactating cows in >1 pen, we selected a proportionate number of cows per pen, based on 

the number of cows per pen. Therefore, we also included a proportionate number of cows 

separated into smaller treatment/separation pens with AMS access. We used systematic random 

sampling to select focal cows by only including every nth cow, based on the number of cows 
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needed per pen. This ensured that cows were selected proportionately from all parts within a pen 

(i.e. lying stalls, feed bunks, and all alleyways). This ensured that a representative and random 

sample was achieved, which is evident by similar means of DIM, parity, milking data, and lying 

behavior variables at the cow level, in comparison to the herd-level means reported by King et al. 

(2016). As the stocking density of lactating cows relative to AMS units and lying stalls has 

previously been associated with behavior and production in AMS herds (King et al., 2016), the 

number of cows in every pen was recorded at both visits. Stocking density (%) in stalls was 

calculated as the average number of cows per pen relative to the number of lying stalls × 100%. 

Cows per AMS unit was calculated as the average number of cows relative to the number of 

AMS units per group. Cow parity and DIM details were collected from the AMS computer at 

each farm.  

3.2.3 Assessment of Gait and Body Condition 

On the first visit to all farms, locomotion was scored for the 30 focal cows per farm by 

one observer using a 5-point numerical rating system (NRS) at increments of 1.0 (Flower and 

Weary, 2006). Locomotion scoring was performed from a clear posterior side angle while cows 

took at least 6 steps on flat flooring only while walking, and not when stumbling, falling, 

defecating, urinating, or restricted from free movement by a nearby cow (Flower and Weary, 

2006). A total of 12 cows were excluded altogether, either due to missing locomotion scores or 

cows that were unexpectedly dry and housed with lactating cows. Cows with NRS <3 were 

classified as non-lame (n = 865) and cows with NRS ≥3 were classified as lame (n = 353). Body 

condition score (BCS) was assessed for the same 30 focal cows per farm using a 5-point scale, 

developed by Wildman et al. (1982). Cows were classified as either BCS ≤2.5 (n = 190), BCS =3 

(n = 742), or BCS ≥3.5 (n = 264). Body condition was scored on the second visit, and therefore 
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was not measured for 22 cows that were culled, dried off, or switched to manual milking during 

the data collection period. 

3.2.4 Milk Yield, Rumination, and Activity  

 Visits to the AMS for milking and related production parameters were automatically 

recorded by the AMS computer system of each farm. Six complete days of AMS data were 

extracted by research personnel on the second visit and included information such as visit date, 

time, duration, and the outcome of that visit (refusal, failure, or successful milking). Refusals 

were defined as visits to the AMS when a cow was rejected with no milking or feed reward due 

to insufficient expected yield or time passed since her last milking. Successful and failed 

milkings were defined as those at which teat cup attachment was successful or not, respectively, 

and whether the amount of milk collected either exceeded or did not meet the system 

requirement to qualify as a milking event. For both successful and failed milkings, AMS systems 

recorded information on total yield and yield per quarter. Data were summarized daily to record 

the frequency of milkings, failures, and refusals. Daily milk yield was calculated as the sum of 

all milk collected, whether it was from a successful or failed milking. Milk data were completely 

unavailable for one farm; in total, milking data were completely or partially missing for 33 and 

14 cows, respectively. Producers were also asked to record every cow they fetched for milking 

over the 6-d period on each farm, which allowed us to calculate the number of 

fetched/involuntary milkings per cow. Six days of data per cow were then averaged into one 

value per cow for each variable. If a cow was culled, dried off, or switched to manual milking 

during the 6-d data collection period, only complete days of data were used to calculate the 

averages included in the analysis. 



54 

 

 Additional data were available from 22 of the 41 herds, those which were equipped with 

automated behavioral monitoring systems, providing rumination data for 569 cows and activity 

data for 615 cows. Rumination behavior and activity data were collected by automated data 

loggers on the neck collar of each cow (Lely Qwes-HR collars, Lely Industries N.V., Maassluis, 

The Netherlands). Loggers recorded the time spent ruminating (as validated by Schirmann et al., 

2009) and cow activity (a unit-less measure of head and neck motion) in 2-h intervals. These 

data were transferred at each milking using an automatic reader located in the AMS, and were 

then summarized by day and separated into summaries of day and night time values (Van 

Hertem et al., 2013); day was defined as 0801 to 1800 h and night as 1801 to 0800 h to reflect 

daily management schedules and daylight hours. Those values were then converted into ratios of 

night:day time activity and rumination. Daily summaries and ratios were averaged over 6 d to 

obtain one value per cow.  

3.2.5 Lying Behavior 

To monitor standing and lying behavior, electronic data loggers (HOBO Pendant G 

Logger, Onset Computer Corporation, Pocasset, MA, USA) were attached below the hock of the 

medial side of either hind leg using veterinary bandaging tape (Vetrap Bandaging Tape; 3M 

Canada Co., London, ON, Canada). These loggers, previously validated by Ledgerwood et al. 

(2010), recorded the behavior of the same 30 focal cows per herd assessed for lameness and 

body condition. Data loggers remained attached for approximately 7 d to capture a complete 6-d 

data collection period, taking measurements at 1-min intervals, and were removed on the second 

visit. Data collected were used to calculate daily standing and lying time (min/d), the length of 

each bout (min/bout), and bout frequency (n/d).  If a producer removed a logger before the end 

of the 6-d period, only complete days were included in analyses. Across all farms and cows 
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observed, lying data were completely or partially missing for 16 and 14 cows, respectively. Data 

for each focal cow were averaged daily, and then averaged over 6 d to get one value per cow for 

each lying and standing variable.  

3.2.6 Environmental Temperature 

 Average daily ambient temperatures were retrieved from Environment Canada weather 

stations nearest each farm (as validated by Schüller et al., 2013) for each 6-d collection period 

and averaged into one value per farm. These values were included in the analyses due to the 

documented seasonality of lameness prevalence (Cook, 2003) and standing and lying behavior 

(Lombard et al., 2010). 

3.2.7 Statistical Analyses 

 Prior to analyses, all data were screened for normality and outliers using the 

UNIVARIATE procedure of SAS (SAS Institute, 2013). Data for milking refusal frequency were 

transformed by taking the natural logarithm +1, due to a large number of zero values.  

A logistic regression model (using the GLIMMIX procedure of SAS; distribution = 

binomial, link = logit; SAS Institute, 2013) was used to identify factors associated with lameness 

status (lame or non-lame). Degrees of freedom for fixed effects were estimated using the 

Kenward-Roger option in the MODEL statement. Farm was considered a random effect. 

Univariable models were used to screen various independent variables as fixed effects; these 

included the categorical variables parity (1, 2, or ≥3) and BCS (≤2.5, =3, or ≥3.5), and the 

continuous variables DIM, cows per AMS unit, stocking density in lying stalls, and 

environmental temperature. Only variables with P < 0.25 were offered to multivariable models 

(Dohoo et al., 2009). Pen was also considered as a potential fixed effect because most farms with 
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>1 pen included one pen of primiparous individuals, thus, confounding parity with pen. Pen 

qualified to be offered to 3 multivariable models, but in those cases, parity was offered instead 

due to its greater biological relevance (Dohoo et al., 2009). Manual backward elimination was 

then used to remove any variables with P > 0.10; those retained had P ≤ 0.10 for tendencies and 

P ≤ 0.05 for significance. In the final model, the factors associated with lameness status were 

parity, BCS, and environmental temperature (Table 3.1). Subsequently, if any of those 3 factors 

were retained in the final model for any outcome variable, the interaction with lameness status 

was examined; these interactions were all P > 0.10 and, therefore, were not retained.  

Due to the low number of involuntary milkings, these data were categorized according to 

how often they occurred during each 6-d data collection period (0, 1, or >1 times) and tested 

using a polytomous logistic regression model (using the GLIMMIX procedure of SAS; 

distribution = multinomial, link = glogit; SAS Institute, 2013). Farm was considered a random 

effect. Univariable models were used to screen the predictor variables parity (1, 2, or ≥3), BCS 

(≤2.5, =3, or ≥3.5), DIM, cows per AMS unit, stocking density in lying stalls, environmental 

temperature, and lameness status. Only variables with P < 0.25 were offered to the multivariable 

model (Dohoo et al., 2009) and manual backward elimination was used to remove any variables 

with P > 0.10; those retained had P ≤ 0.10 for tendencies and P ≤ 0.05 for significance. 

All remaining analyses were performed with the MIXED procedure of SAS (SAS 

Institute, 2013) to test the associations of various predictor variables with continuous outcome 

variables in a mixed-effect linear regression model. Farm was considered a random effect. 

Degrees of freedom for fixed effects were estimated using the Kenward-Roger option in the 

MODEL statement. Outcomes tested in this manner were milking frequency, milk yield, refusal 

frequency, lying time, length and frequency of lying bouts, as well as daily summaries and ratios 
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of rumination and activity. Univariable models were again used to screen various independent 

variables as fixed effects, including pen, parity (1, 2, or ≥3), BCS (≤2.5, =3, or ≥3.5), DIM, cows 

per AMS unit, stocking density in lying stalls, and environmental temperature, in addition to 

lameness status. Aside from the latter, which was retained in all final models to provide a 

consistent comparison of lame and non-lame cows, only variables with P < 0.25 were offered to 

multivariable models (Dohoo et al., 2009). Manual backward elimination was again used to 

remove any variables with P > 0.10; those retained had P ≤ 0.10 for tendencies and P ≤ 0.05 for 

significance. 

3.3 Results and Discussion 

 Comparisons of behavior and productivity were made between lame (NRS ≥3; n = 353, 

29%) and non-lame (NRS <3; n = 865, 71%) cows on 41 AMS farms in Canada. Factors 

associated with lameness status are in Table 3.1 and are discussed at the end of this section. 

Descriptive statistics on lame and non-lame cows are in Table 3.2. 

3.3.1 Productivity and Behavior 

Lameness had a detrimental impact on the majority of outcome variables analyzed, 

particularly parameters related to milk production and AMS visits (Table 3.3). Lame cows 

produced 1.6 kg/d less milk during the 6-d data collection period in this study. Many studies 

have reported milk yield losses per case of lameness, most ranging from 270 to 574 kg per 

lactation (i.e., 0.9-1.9 kg/d in a 305-d lactation); however, these studies have calculated this 

value in different ways (comparing lame cows to themselves or to healthy cows, reviewed by 

Huxley, 2013). Because it is high-producing cows that often develop lameness (Huxley, 2013), 

305-d milk production of cows ever experiencing lameness can, in fact, be greater than healthy 

cows (Green et al., 2002). This may be why Deming et al. (2013a) did not observe any 
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differences in productivity with lameness. Perhaps this is also why producers underestimate the 

prevalence of lameness in their herds (Bennet et al., 2014), as they may see no large differences 

in production. While accounting for other cow-level variables, cows in the current study and 

Green et al. (2014) produced more milk with higher parity, as expected. Finally, in the current 

study it was found that milk yield declined throughout lactation (like Deming et al., 2013a) and 

was higher for cows with lower BCS (similar to Green et al., 2014). The negative association 

between body condition and milk yield is likely due to the fact that high-producing cows 

experience greater reductions in body condition. Numerous longitudinal studies have determined 

the sequence of events to be increased milk production, followed by body condition loss, and 

finally lameness (Green et al., 2014; Lim et al., 2015). Because the current study was cross-

sectional, we could not capture the development of these processes and only report associations 

at the point in time of data collection. 

Milking frequency was also negatively associated with lameness (-0.3 milkings/d for 

lame cows; Table 3.3). Deming et al. (2013a) reported a similar finding, noting a linear 

association of increasing locomotion score and decreasing milking frequency; an increase of 1 

point of NRS was associated with an estimated loss of 0.3 milkings/d. In that study, only one 

herd was assessed that had an average NRS of 1.5, with 91% of cows having NRS <3 and very 

few qualifying as lame (9%) according to the classification used in the current study. In contrast, 

we observed 29% of cows to be lame and 57% to have NRS =2. Similarly, Borderas et al. (2008) 

classified cows as high or low frequency visitors to the AMS and observed lower locomotion 

scores (i.e. less lameness) for the high visitor group. In the current study, cows were milked 

fewer times per day later into lactation and cows of greater parity had lower milking frequencies. 

As the number of cows per AMS unit increased, cows were milked less often. Increasing parity, 
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DIM, and stocking density at the AMS have all been previously associated with lower milking 

frequency (Castro et al., 2012; Deming et al., 2013b). Other researchers also have reported 

younger cows to be milked more often in AMS (Bach et al., 2007b; Borderas et al., 2008), and 

an interaction between parity and locomotion, such that the milking frequency of primiparous 

cows was more sensitive to increasing NRS than in multiparous cows.  

Refusals at the AMS were less frequent for lame cows, for those of higher parity, and 

when more cows were stocked to an AMS unit (Table 3.3). Body condition score was also 

associated with refusal frequency; relative to cows with BCS ≥3.5, cows with BCS ≤2.5 were 

refused less often (P = 0.005) and cows with BCS =3 tended to have fewer refusals (P = 0.1). 

We are not aware of other reports on factors associated with AMS refusal frequency, and 

although it may not be a direct measure of cow productivity, it is an important measure of AMS 

efficiency, free time, and availability for other cows. It also brings forward the idea that perhaps 

cows with high BCS are just as highly food-motivated as we assume under-conditioned cows to 

be. Roche et al. (2009) previously suggested that hunger may influence the behavioral choices 

made by high-producing cows due to their high milk yield and low BCS, but there may also be a 

cyclical relationship such that body condition may reflect a cow’s motivation to consume feed.  

Thus, the body condition of cows in the present study may have been associated with AMS 

refusal frequency due to differences in feed motivation. It may also be that refusal frequencies 

were influenced by milking permission settings and thus, milk production. For example, lower-

producing cows (primiparous or BCS ≥3) may have been granted fewer milkings and refused 

more often due to their low production; alternatively, high-producers that were older or thinner 

may have been granted greater milk access and, thus, refused less often. Depending on the AMS 

manufacturer, these settings were based on: 1) DIM, parity, expected yield, and time since last 
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milking, or 2) parity, DIM, expected milk yield, and a minimum and maximum desired milking 

frequency. In the first situation, milk yield would have influenced milking permission. In the 

latter case, milk access was given to ensure a minimum number of milkings or once a cow's 

expected yield exceeded the provided threshold, whichever occurred first. Therefore, the 

influence of milk yield on milking permission could have been overridden by the minimum 

milking frequency for a low-producing cow, and a high-producer could be given greater access 

because she often exceeded the expected yield threshold. 

 Lame cows were more likely to be fetched >1x for milking during the 6-d data collection 

period (Table 3.4). Of the lame cows, 15.3% were fetched >1x, 6.3% were fetched 1x, and 

78.4% not at all during the 6-d data collection period. In contrast, 8.2, 6.2, and 85.6% of non-

lame cows were fetched at those frequencies, respectively. The odds of being fetched at the 

highest frequency were 2.2 times greater for lame cows, but there was no increased risk for the 

intermediate frequency with lameness (Table 3.4). The need to fetch cows with impaired 

locomotion has previously been reported by Bach et al. (2007b). The odds of being fetched at the 

highest frequency were also higher for older cows, but there was no interaction of parity with 

lameness; therefore, the combined effect of greater parity and lameness was not associated with 

an increased need to fetch older, lame cows. Increasing DIM and stocking density in lying stalls 

were also associated with higher odds of being fetched >1x. Cows later in lactation were 

producing less milk (Table 3.3) and thus, may have been less motivated to relieve any associated 

udder pressure; however, because Prescott et al. (1998) found that cows always chose to feed 

instead of visiting the AMS for milking, it is more likely that late lactation cows were fetched 

more often because they were less motivated to access supplemental concentrate in the AMS as 

their energetic demands decreased (Prescott et al., 1998). Interestingly, lying stall availability 
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was also associated with fetching cows at the herd level by King et al. (2016), who suggested 

that this association may reflect a lack of rest space or crowding in alleyways and not necessarily 

AMS availability.  

 As expected, lame cows spent more time lying down each day in longer bouts, which 

tended to be more frequent than non-lame cows (Table 3.5). These findings are comparable to 

recent studies of conventionally (Ito et al., 2010) and AMS (Deming et al., 2013a,b; Westin et 

al., 2016b) milked cows. Lying time and bout length also increased with DIM (Table 3.5; similar 

to Deming et al., 2013a; Westin et al., 2016b). There was no difference between BCS =3 and 

≥3.5 in terms of daily lying time, but under-conditioned cows spent ~35 min more time standing 

each day compared to BCS ≥3.5 (P = 0.009). The magnitude of this association was comparable 

to that reported by Westin et al. (2016b) but there was no association between BCS and bout 

length or frequency. Consistent with our expectations, cows in warmer conditions tended to 

spend less time lying down in shorter, more frequent bouts. The reduction in lying time with 

increasing temperature and heat load has been previously documented in dairy cows (Lombard et 

al., 2010). There was also a tendency for a negative association between stocking density in stalls 

and lying time (Table 3.5), which was roughly one half the magnitude of the association reported 

by Fregonesi et al. (2007). While this exact association was not observed in a study of lying time 

and stocking density by Charlton et al. (2014), similar measures of high stocking density were 

associated with shorter and more frequent lying bouts, and farms that overstocked (>100%) did 

not achieve the recommended herd average lying time of 12 h/d in that study.  

Lameness was not associated with daily rumination time, night:day rumination ratio, or 

daily activity. Lame individuals did, however, have greater night:day activity ratios (Table 3.6), 

as reported by Van Hertem et al. (2013). This could have corresponded to changes in activity 
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either at night, day, or both. To better understand this finding, we examined similar measures: 

raw summary values of milking frequency, rumination, and activity for day and night periods, in 

addition to the night:day milking frequency, a similar ratio comparing successful milkings taking 

place during the day (0801 to 1800 h) and night (1801 to 0800 h). That analysis provided no 

association of night:day ratios or raw summary values of rumination or activity with lameness. It 

did, however, show a reduced night:day milking frequency ratio in lame cows (P = 0.004; data 

not shown). That is, the reduced milking frequency we observed in lame cows was 

disproportionately attributable to fewer milkings at night. These analyses were inspired by Van 

Hertem et al. (2013), who found that night:day activity ratios were greater for lame cows before 

and after diagnosis and treatment, due to greater activity for non-lame cows during the day. 

Those researchers also observed lower daily rumination time for lame cows, unlike the current 

study, in addition to total daytime activity and nighttime rumination. A similar study by Garcia et 

al. (2014) found the variance and median of activity indices to be useful in lameness detection; 

for 1st and 2nd lactation cows, lame cows had unstable activity throughout the day and were more 

active in the evening or early morning. Lame cows also had poor and unstable milking 

performance indices (i.e. variable speeds of teat cup attachment; Garcia et al., 2014). In the 

current study, the daily sums and ratios of rumination and activity were associated with parity 

(Table 3.6); older cows spent more time ruminating (as seen by Kaufman et al., 2016a), had 

lower daily activity values, and had smaller night:day ratios for rumination and activity (Table 

3.6). Cows with BCS ≤2.5 had a smaller night:day ratio of activity compared to those with BCS 

≥3.5 (P = 0.01; Table 3.6). Both daily rumination and activity were negatively associated with 

DIM, corresponding with declining milk yield and increasing lying time throughout lactation. 

Finally, activity increased as the number of cows per AMS unit increased. To our knowledge, the 
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current study is the first to analyze activity and rumination in AMS herds relative to time of day, 

parity, and body condition. 

3.3.2 Cow-Level Factors Associated with Lameness 

In this cross-sectional study, we assessed stocking density, environmental temperature, 

body condition, stage of lactation, and parity as possible risk factors for lameness. The factors 

associated with lameness were body condition, parity, and environmental temperature (Table 

3.1). Lower BCS categories were associated with greater odds of lameness (Table 3.1). 

Compared to cows with BCS ≥3.5, the odds of lameness were 1.6 times greater for cows with 

BCS ≤2.5 (P = 0.04) and those with BCS =3 tended to have 1.4 times greater odds of being lame 

(P = 0.06). Low body condition is a well-known risk factor for lameness, especially at parturition 

and in early lactation (Green et al., 2014; Lim et al., 2015). By comparing body condition, digital 

cushion thickness, and lameness, Bicalho et al. (2009) found that the prevalence of non-

infectious claw horn-related disease was highly associated with digital cushion thickness, as was 

body condition, and concluded that thinner cows mobilize fat throughout the body, including the 

digital cushion. This phenomenon was not observed in cases of digital dermatitis, an infectious 

lesion (Green et al., 2014), further reinforcing the relationship between body condition and horn-

related disease specifically. Increased milk production in older cows can exacerbate this effect, 

as multiparous cows go further into negative energy balance in early lactation and lose more 

body condition. Correspondingly, cows of greater parity had greater odds of lameness (Table 

3.1). Compared to cows in lactation ≥3, those in their 2nd and 1st lactation had 2.1× and 2.7× 

lower odds of being lame, respectively. Other researchers have also observed more prevalent 

lameness in older cows in AMS (Bach et al., 2007b; Borderas et al., 2008) and in conventionally 

milked herds (Espejo et al., 2006). Infectious lesions, claw-horn lesions, and general lameness 
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often reoccur in later lactations, and previous lameness itself may be the strongest risk factor for 

developing lameness (Green et al., 2014). Environmental temperature was the final factor 

associated with the odds of lameness (Table 3.1). Each increase of 11.3°C (+1 SD above the 

mean of 4.3°C) was associated with 1.6× lower odds of being lame, such that cows had lower 

odds lameness in summer and fall compared to winter. This association was also observed at the 

herd level by King et al. (2016) and is consistent with previous research of lameness prevalence 

by season (Cook, 2003; Espejo et al., 2006). Therefore, our results support the findings of related 

studies in conventional milking systems that have reported similar risk factors associated with 

lameness (Espejo et al., 2006; Green et al., 2014; Lim et al., 2015). 

3.4 Conclusions 

 Through a comparison of individual lame and non-lame cows in automated milking 

systems, this cross-sectional study provides detailed estimates of the differences in behavior and 

productivity associated with lameness. When accounting for other cow-level factors, lame cows 

produced less milk in fewer milkings each day, were more likely to be fetched, and spent more 

time lying down in bouts which were longer, compared to non-lame cows. Cow-level risk factors 

identified for lameness in AMS were lower body condition, higher parity, and lower 

environmental temperature. While not directly associated with lameness in this study, greater 

stocking densities (at the AMS and relative to lying stalls) were associated with reduced lying 

time, increased daily activity, and an increased need to fetch cows for milking.  
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Table 3.1. Multivariable logistic regression model of cow-level variables associated with 

lameness (n = 353 lame cows, 865 non-lame cows) in automated milking systems.  

 Odds Ratio1 

Variable  Estimate 
95% Confidence 

Interval 
P-value 

Temperature2 0.64 0.52-0.79 <0.001 

Parity    

          1  

          2 

          ≥3 

 

0.37 

0.47 

Referent 

 

0.26-0.51 

0.34-0.65 

 

<0.001 

 

 

 

BCS  

          ≤2.5 

          =3 

          ≥3.5 

 

1.60 

1.40 

Referent 

1.02-2.52 

0.98-1.98 

0.09 

 

 

 

1Adjusted odds-ratios and 95% confidence intervals for categorical variables from the referent 

state and for a 1 SD increase for the continuous variable temperature (SD = 11.3°C). 

2Average temperature during 6-d data collection period at Environment Canada weather station 

nearest each farm.  
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Table 3.2. Descriptive statistics for focal cows (n = 1218) in automated milking systems (AMS)1. 

 Lame Cows (n = 353)  Non-lame Cows (n = 865) 

Variable Mean ± SD 
Min 

Value 

Max 

Value 
n  Mean ± SD 

Min 

Value 

Max 

Value 
n 

Lactation 2.67 ± 1.38 1 7 353  2.17 ± 1.31 1 9 862 

DIM2 186 ± 107 3 537 353  179 ± 112 7 690 863 

Milk yield (kg/cow/d) 34.11 ± 1.0 9.0 64.4 348  34.88 ± 9.8 8.7 63.5 835 

Milking frequency (no./cow/d) 2.72 ± 0.78 0.75 5 347  3.08 ± 0.85 0.67 6 837 

Refusal frequency1 (no./cow/d) 0.33 (0.0-1.0) 0 12.8 335  0.83 (0.2-2.0) 0 26.3 820 

Fetch frequency1 (no./cow/6 d) 0 (0-0) 0 1.8 320  0 (0-0) 0 1.8 808 

Lying time (min/day) 727 ± 165 207 1201 352  676 ± 129 143 1193 857 

Lying bout length (min/bout) 87.6 ± 30.5 14.5 195.1 352  79.0 ± 25.8 21.8 204.5 857 

Lying bouts (no./d) 9.27 ± 3.8 1.2 33.2 352  9.29 ± 2.9 1.8 23.0 857 

Daily rumination time (min/d) 483.4 ± 98.9 162 695 158  492.6 ± 98.7 100 707 411 

Night:day Rumination Ratio 1.24 ± 0.20 0.87 2.13 149  1.26 ± 0.26 0.82 4.62 397 

Daily Activity (units/d) 378.0 ± 126 165 788 172  402.9 ± 121 193 907 443 

Night:day Activity Ratio 0.92 ± 0.11 0.66 1.34 172  0.88 ± 0.09 0.58 1.17 443 

Cows per lying stall (%)3 87 ± 13 59 116 344  87 ± 13 25 116 832 

Cows per AMS4 49 ± 9 26.5 63 353  50 ± 8 26.5 63 862 

Ambient temperature (˚C)5 0.76 ± 12.2 -15.3 19.3 353  5.91 ± 10.6 -15.3 19.3 865 

1Median values and inter-quartile ranges are presented for those variables that were not normally distributed.  
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2Days in milk at the beginning of each observation period. 

3Average stocking density in lying stalls (cows/stalls x 100%).                                                

4Average number of cows per AMS. 

5Average environmental temperature during 6-d data collection periods at Environment Canada weather stations nearest each farm.
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Table 3.3. Final general linear models for lameness and other cow-level factors associated with milk yield and the frequency of 

milkings and refusals in automated milking systems (AMS)1. 

 Milk Yield (kg/d) 
 

Milking Frequency (no./d)  Refusal Frequency (no./d)1 

Variable  β2 SE P-value 
 

β2 SE P-value  β2 SE P-value 

Intercept  44.3 0.86 <0.001  4.40 0.23 <0.001  1.45 0.21 <0.001 

Lameness 

     Lame 

     Non-lame 

 

-1.64 

Referent 

0.51 

0.001 

 

 

 

 

-0.31 

Referent 

0.048 

<0.001 

 

 

 

 

-0.20 

Referent 

0.035 

<0.001 

 

 

DIM3 -0.046 0.002 <0.001  -0.0028 0.0002 <0.001  - - - 

Parity    

     1 

     2 

     ≥3 

 

-5.95 

-2.02 

Referent 

 

0.54 

0.55 

 

<0.001 

 

 

 

 

 

0.054 

0.11 

Referent 

 

0.051 

0.052 

 

0.1 

 

 

 

 

 

0.22 

0.097 

Referent 

 

0.037 

0.038 

 

<0.001 

 

 

 

BCS 

     ≤2.5 

     =3 

     ≥3.5 

 

3.00 

2.44 

Referent 

 

0.78 

0.57 

 

<0.001 

 

 

 

 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

 

-0.14 

-0.06 

Referent 

0.051 

0.038 

0.02 

 

 

 

Cows per AMS4 - - -  -0.018 0.0045 <0.001  -0.016 0.004 <0.001 

1AMS data collected from 6-d data collection periods. Refusal frequency data were transformed by taking the natural log + 1. 

2Estimated regression coefficients. 

3Days in milk at the beginning of each observation period. 

4Average number of cows per AMS unit. 
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Table 3.4. The final polytomous logistic regression model for cow-level factors associated with 

fetch frequency1. 

 Odds Ratio2 

 Intermediate Fetch Frequency (1x) 
 

Highest Fetch Frequency (>1x) 

Variable  Estimate 95% CI P-value 
 

Estimate 95% CI P-value 

Lameness 

    Lame 

    Non-lame 

 

1.03 

Referent 

 

0.58-1.86 

 

0.91 

 

 

  

2.20 

Referent 

 

1.38-3.51 

 

0.001 

 

 

DIM3 1.21 0.94-1.56 0.13 

 

1.45 1.17-1.78 0.001 

Parity    

    1 

    2 

    ≥3 

 

0.69 

0.52 

Referent 

0.37-1.27 

0.27-0.99 

0.23 

0.05 

  

0.52 

0.59 

Referent 

0.30-0.89 

0.35-1.00 

0.02 

0.05 

Cows per stall (%)4 1.35 0.93-1.97 0.12  1.64 1.14-2.36 0.008 

1Fetch data collected by producers (35 farms) over 6-d data collection periods. The 3 outcome 

categories were that a cow was fetched 0x (lowest frequency as the referent state), 1x, or >1x 

during the 6-d data collection period at each farm. 

2Odds-ratios and 95% confidence intervals for categorical variables from the referent state or for 

a 1 SD increase in continuous variables: DIM (1 SD = 110.1 days) and stocking density in lying 

stalls (1 SD = 13.3%), given that the other variables in the model are held constant. 

3Days in milk at the beginning of each observation period. 

4Average stocking density in lying stalls (cows/stalls x 100%).
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Table 3.5. Final general linear models for lameness and other cow-level factors associated with daily lying time, the length and 

frequency of lying bouts1. 

 Lying Time (min/d)  
Length of Lying Bouts 

(min/bout) 
 

Frequency of Lying Bouts 

(no./d) 

Variable  β2 SE P-value  β2 SE P-value  β2 SE P-value 

Intercept  725.6 51.4 <0.001  75.8 2.63 <0.001  9.03 0.26 <0.001 

Lameness 

          Lame 

          Non-lame 

 

37.6 

Referent 

8.7 

<0.001 

 

 

 

 

3.46 

Referent 

1.59 

0.03 

 

 

 

 

0.35 

Referent 

0.20 

0.08 

 

 

DIM3 0.32 0.036 <0.001  0.043 0.0063 <0.001  - - - 

Parity    

          1 

          2 

          ≥3 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

 

-4.64 

3.14 

Referent 

 

1.69 

1.73 

 

<0.001 

 

 

 

 

 

0.53 

-0.68 

Referent 

 

0.21 

0.22 

 

<0.001 

 

 

 

BCS 

          ≤2.5 

          =3 

          ≥3.5 

 

-35.2 

-12.2 

Referent 

 

13.4 

9.8 

 

0.03 

 

 

 

 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

Cows per stall (%)4 -0.97 0.57 0.09  - - -  - - - 

Temperature5 -1.47 0.76 0.06  -0.59 0.18 0.002  0.04 0.018 0.03 

1Lying behavior collected from 6-d data collection periods.  

2Estimated regression coefficients. 

3Days in milk at the beginning of each observation period. 

4Average percentage of cows relative to available lying stalls between the two visits. 

5Average temperature during 6-d data collection period at Environment Canada weather station nearest each farm.
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Table 3.6. Final general linear models for lameness and other cow-level factors associated with daily totals and ratios of rumination 

time and activity1. 

 
Daily Rumination Time 

(min/d) 
 Night:day Rumination Ratio  Daily Activity (units/d)  Night:day Activity Ratio 

Variable  β2 SE P-value  β2 SE P-value  β2 SE P-value  β2 SE P-value 

Intercept  526.1 12.9 <0.001  1.22 0.028 <0.001  234.4 82.7 0.01  0.88 0.015 <0.001 

Lameness 

          Lame 

          Non-lame 

 

-7.44 

Referent 

8.86 

0.40 

 

 

 

 

0.003 

Referent 

0.024 

0.91 

 

 

 

 

-8.75 

Referent 

8.8 

0.32 

 

 

 

 

0.019 

Referent 

0.008 

0.01 

 

 

DIM3 -0.077 0.034 0.02  - - -  -0.14 0.033 <0.001  - - - 

Parity    

          1 

          2 

          ≥3 

 

-47.7 

-12.6 

Referent 

 

9.44 

9.59 

 

<0.001 

 

 

 

 

 

0.058 

0.032 

Referent 

 

0.025 

0.025 

 

0.07 

 

 

 

 

 

57.7 

34.8 

Referent 

 

9.4 

9.4 

 

<0.001 

 

 

 

 

 

0.019 

0.022 

Referent 

 

0.008 

0.008 

 

0.02 

 

 

 

BCS 

          ≤2.5 

          =3 

          ≥3.5 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

 

- 

- 

- 

 

- 

- 

- 

 

- 

- 

- 

 

 

-0.027 

-0.011 

Referent 

 

0.011 

0.008 

 

0.04 

 

 

 

Cows per AMS4 - - -  - - -  3.33 1.71 0.06  - - - 

1Data for 6 d from 22 herds with automated monitoring systems. Day was defined as 0801 to 1800 h and night as 1801 to 0800 h. 

2Estimated regression coefficients. 

3Days in milk at the beginning of each observation period. 

4Average number of cows per AMS unit.   
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CHAPTER 4: DEVIATIONS IN BEHAVIOR AND PRODUCTIVITY DATA PRIOR TO 

DIAGNOSIS OF HEALTH DISORDERS 

 

4.1 Introduction 

Automated milking and behavior monitoring systems are gaining popularity worldwide. 

To improve the welfare and productivity of both dairy cows and producers, these technologies 

must be thoroughly tested and validated before being relied upon. Automated milking systems 

(AMS) record a vast amount of data, and are often coupled with electronic monitors of behavior, 

including rumination and general cow activity. Many alerts and reports (i.e. attention lists) are 

generated using these data, either helping producers or, in other cases, overwhelming them with 

partially reliable or actionable information. Health alerts often flag cows showing deviations in 

their milk yield, rumination time, and other variables, but it is imperative that these reports be 

precise, efficient, and validated. While many AMS attention lists are supported by research, 

others remain untested or are undisclosed under patents or commercial property. Therefore, users 

must combine field experience with science-based recommendations to generate illness attention 

reports and to select settings for each farm.  

The negative implications of lameness for cow welfare and productivity in AMS have 

been well documented (e.g. Bach et al., 2007b; Deming et al., 2013a; King et al., 2016, 2017), 

but fewer data are available to describe changes in behavior and productivity that precede other 

health disorders in AMS. Furthermore, little work has evaluated the use of behavior and 

productivity monitoring for early detection of health issues in AMS specifically. Research in 

conventional milking systems has identified associations of biological and behavioral changes 

leading up to, and in response to, mastitis (Fogsgaard et al., 2012), milk fever (Liboreiro et al., 
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2015), metritis (Huzzey et al., 2007; Gáspárdy et al., 2014; Liboreiro et al., 2015; Schirmann et 

al., 2016), retained placenta (Liboreiro et al., 2015), subclinical ketosis (Goldhawk et al., 2009; 

Gáspárdy et al., 2014; Liboreiro et al., 2015; Kaufman et al., 2016a,b; Schirmann et al., 2016), 

clinical ketosis (Grӧhn et al., 1999; Itle et al., 2014), and lameness (Bicalho et al., 2008). 

Additionally, lameness detection models for conventional systems have included milk yield, as 

well as daily patterns of rumination behavior and a commercial measure of activity in the days 

leading up to diagnosis (Van Hertem et al., 2013). Patterns of data for cow activity and a 

commercial index of milk performance were also used to predict lameness in AMS (Garcia et al., 

2014). Most recently, Stangaferro et al. (2016a; b; c) evaluated an alert system using a health 

index score comprised of rumination and activity in a conventional milking system. Those 

authors assessed alerts for various types of illness, and reported that the models for displaced 

abomasum, ketosis, and indigestion had the greatest specificity, sensitivity, and accuracy, while 

the performance of alerts for mastitis and metritis depended on the cause and severity of cases. 

No study has yet described the changes in these measures preceding different types of health 

disorders in AMS, nor has any study evaluated the use of lying behavior to detect lameness or 

hoof disorders in AMS. 

Therefore, the objective of this explorative pilot study was to examine potential changes 

in productivity and behavior associated with, and preceding, various types of naturally-occurring 

health disorders in a herd of cows milked with an automated system. Outcome variables tested 

were daily milking frequency, milk yield, AMS supplement intake, daily rumination time (DRT), 

activity (a unit-less measure of head/neck motion), and lying behavior (lying time, bout 

frequency, and bout duration). We hypothesized that these variables would begin to deviate 1-3 d 

before diagnosis and that the response could vary based on the type of disorder; in contrast, the 
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null hypothesis was that such variables would not deviate prior to diagnosis and, therefore, not 

aid in detection. 

4.2 Materials and Methods 

4.2.1 Animals, Facilities, and Management 

At the University of Guelph, Kemptville Campus Dairy Education and Innovation Center 

(Kemptville, Ontario, Canada), we monitored 57 Holstein dairy cows (19 primiparous, 15 in 

their 2nd lactation, and 23 in their 3rd to 6th lactation). Cows were managed according to the 

standard operating procedures for this facility, which included limiting the number of cows in the 

facility to no more than the number of lying stalls. The use of cows and experimental procedures 

complied with the guidelines of the Canadian Council on Animal Care (2009) and were approved 

by the University of Guelph Animal Care Committee (AUP#2709). All cows in the research herd 

(maximum 52 lactating cows at any one time) were sampled to provide data for all lactating 

animals present at the facility. Exclusion criteria were that cows must not be enrolled in any 

other trial and, therefore, were managed only according to protocols for the milking herd. If a 

cow was enrolled in another research trial, any data past that point was removed. 

At least 1 wk prior to their expected calving date, cows were housed in straw-bedded box 

stalls (3 isolation stalls approximately 15 m2 each) with outdoor access and enrolled in the study. 

Within 24 h after calving, cows were moved to the main herd, provided that no severe health 

complications had developed during that time. The milking herd was housed in a free-stall 

facility with free cow traffic to a single AMS unit (Lely Astronaut A3 Next, Lely Industries 

N.V., Maassluis, The Netherlands). Barn staff fetched cows 2 times per d, to ensure that cows 

did not go without milking for >10-12 hours since their last AMS visit. The facility had 52 free-

stalls with water mattress bases (DCC Waterbeds, Advanced Comfort Technology Inc., 
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Reedsburd, Wisconsin, USA), arranged in 2 head-to-head rows. Lying stalls had a mean bed 

length of 2.74 m and measured 1.16 m wide center to center, with the neck rail positioned 1.27 m 

above the stall bedding surface and 1.81 m from the rear curb. The mean distance from the 

brisket board to the back of the stall was 1.94 m and the curb height was 0.20 m. Free-stalls were 

bedded with wooden shavings once per wk and raked twice daily. Cows had access to 2 water 

troughs (180 x 35 cm), one at each end of the pen. All flooring was made of scarified concrete, 

including the alley near lying stalls, the feed alley, and cross-over alleys. Alley floors were 

cleaned using a cable-driven automated scraping system (GEA Houle Inc., Drummondville, 

Québec, Canada) which removed manure 12 times per d. 

 Cows were fed a partial mixed ration containing, on a DM basis, 15% high moisture corn, 

31% corn silage, 41% haylage, and 13% protein concentrate. Feed was mixed once per d in a 

TMR mixer wagon (Jaylor 4425, Jaylor Fabricating, East Garafraxa, Ontario, Canada) and 

delivered once per d at approximately 1030 h. At least one headlock with feed bunk access was 

available for each cow at any time (total of 55 headlocks spaced at 0.74 m center-to-center). 

Supplemental concentrate pellets fed in the AMS (supplied by Dundas Feed & Seed Ltd.; 

Winchester, Ontario, Canada) included the ingredients: wheat shorts, soybean meal, corn, corn 

distillers grains, oat by-product, molasses, dry fat, calcium carbonate, dicalcium phosphate, 

choline chloride, salt, vitamins, trace minerals, pellet binder, and flavour/attractant. The amount 

of supplement offered was determined automatically by the AMS computer using feed tables 

accounting for parity, stage of lactation, and milk yield. Beginning January 2015, a fresh cow 

pellet (supplied by Grand Valley Fortifiers; Cambridge, Ontario, Canada) was fed to cows < 30 

DIM, which included the ingredients: wheat shorts, soy hulls, soybean meal, corn distillers, 

glycerol, beet pulp, vitamins, and minerals. From 0 to 50 DIM, cows were given permission to 
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milk no more than 5×/d, or when their expected milk yield exceeded 5.5 kg per milking, 

whichever occurred first. From 50 DIM onwards, cows could be milked at that same frequency 

(no more than 5×/d) or with an expected milk yield of 6.0 kg per milking, whichever occurred 

first.  

4.2.2 Data Collection 

 Data were collected from September 1, 2014 to September 28, 2015. The average 

environmental temperature during this period was 6.9 ± 12.8C; data were retrieved from the 

Environment Canada weather station in Kemptville, Ontario, Canada. All cases of health 

problems and treatment were recorded by barn staff (3 individuals in total) according to standard 

operating procedures of the research station; these diagnoses were conducted by barn staff and, 

when necessary, by one of two herd veterinarians. Displaced abomasum (DA) was diagnosed 

when cows were off-feed with a gas-filled abomasum on the left or right side, diagnosed by a 

"ping" sound on percussion by a veterinarian, followed by surgery. Pneumonia was defined as a 

fever (rectal temperature ≥ 39.5°C), heavy breathing, increased respiratory rate, and nasal 

discharge. Whole blood β-hydroxybutyrate (BHB) concentrations were measured electronically 

with a hand-held meter (Precision Xtra, Abbott Diabetes Care, Inc., Alameda, CA, USA; 

validated by Iwersen et al., 2009) to detect cases of subclinical ketosis (SCK; BHB ≥1.2 mmol/L, 

as recommended by Duffield et al., 1997). The barn staff tested cows twice post-partum (average 

of both tests = 13.5 ± 8.9 DIM); the first BHB test was conducted between 4 and 18 DIM and the 

second approximately 7 d later. Cases of hoof disorders were diagnosed when mechanical or 

infectious lesions were detected by barn staff and/or during routine semi-annual hoof trimming, 

and treated with corrective hoof trims. Types of hoof disorders included digital dermatitis, 

interdigital dermatitis, sole ulcers, and abscesses. Finally, cases of metritis were identified by 
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foul-smelling vulvar discharge and a rectal temperature ≥ 39.5°C in cows < 20 DIM; these 

diagnoses were made by barn staff and a veterinarian when necessary.  

 Visits to the AMS and other related information were recorded automatically by the 

AMS. This included visit success, milk yield, milk temperature, amount of concentrate 

supplement fed, and body weight (BW). Daily milk yield was calculated as the sum of all milk 

collected per cow per d, whether it was from a successful or failed milking. Respectively, 

successful and failed milkings were defined as those at which teat cup attachment was successful 

or not, and whether the amount of milk collected either exceeded or did not meet the system 

requirement to qualify as a milking event (i.e. at least 80% of a cow’s expected yield for that 

milking). Only data from complete days (0000 to 2359 h) were used in analyses. Daily milk yield 

data were later converted to 3-d rolling averages to reduce day-to-day variation (due to variable 

timing of milkings per day), similar to Gomez et al. (2015), in which a 5-d rolling average was 

used.  

 Rumination time and activity data were collected by electronic rumination detection 

loggers on the neck collar of each cow in 2-h intervals (Lely Qwes-HR collars, Lely Industries 

N.V., Maassluis, The Netherlands). The collection of rumination data using these collars has 

been validated by Schirmann et al. (2009). Cow activity was recorded as a unit-less measure of 

upward, vertical head and neck movements, such as walking and mounting, while excluding 

downward, vertical and horizontal movements such as feeding (Elischer et al., 2013). The 

accuracy of these collars’ activity data has been validated to an extent in a pasture-based AMS; 

the collars recorded walking behavior with a moderate degree of accuracy, but did not reliably 

differentiate between standing and lying behavior (Elischer et al., 2013). These data were 

transferred at each milking via an automatic reader located in the AMS, and were then 
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summarized by day and separated into sums of day and night values; night was defined as 1801 

to 0800 h and day as 0801 to 1800 h. These sums were then converted into ratios of night:day 

activity and rumination.  

 Lying and standing behavior were recorded continuously using electronic HOBO data 

loggers (Onset Computer Corporation, Bourne, MA, USA), taking measurements of leg 

orientation at 1-min intervals (validated by Ledgerwood et al., 2010). Data loggers were wrapped 

in and attached, using veterinary bandaging tape (VetRap, 3M Products, St. Paul, Minnesota, 

USA), to the medial side of the lower hind leg. The first fitting with a data logger occurred at 

least 6 d prior to the expected calving date. Following enrollment, loggers were switched 1×/wk 

to provide cows with a fresh wrap and to download collected data. Prior to removing a logger, a 

new logger was fitted to the other hind leg of the cow. These data were used to calculate daily 

lying time, frequency of lying bouts, and mean daily lying bout duration (min/bout). 

4.2.3 Statistical Analyses 

After data collection was complete, an estimated minimum sample size for each disorder 

was retrospectively determined through power analysis using WinPepi version 11.62 (Abramson, 

2011). Estimates of standard deviation and differences in rumination behavior, activity, and milk 

yield from previous studies were used (Van Hertem et al., 2013; Liboreiro et al., 2015; Kaufman 

et al., 2016a). Data for all cows were grouped and analyzed by health disorder; only those with a 

sufficient number of cases over the course of the study were used in statistical analyses to 

minimize variation due to a small sample size. Additionally, because cases of metritis, 

pneumonia, and SCK were diagnosed soon after calving in this study, we only present the 

preceding 4 to 8 d of data due to a lack of pre-calving data for measures requiring proximity to 



80 

 

the AMS for upload (all measures except lying behavior). For DA and hoof disorders, we present 

the preceding 12 and 14 d, respectively.  

The timing of diagnoses (median, range) were as follows: metritis (5, 3-16, n = 11), SCK 

(10, 5-24 DIM; n = 19), DA (19, 12-34 DIM; n = 5), clinical pneumonia (4, 2-76 DIM; n = 7), 

and hoof disorders (105, 4-302 DIM; n = 14). Although a total of 57 cows were monitored, the 

total incidence of all disorders was 56; some cows were afflicted with multiple types of disorders 

over the course of their lactation. Those cows were included in multiple groups based on the day 

they were diagnosed with each particular disorder; health problems that occurred with no other 

issue or another event >55 d apart are referred to as independent cases. Of the 5 DA events, 3 

cases occurred within 1-5 d of other afflictions, while the remaining 2 cases occurred >20 d after 

previous sickness. Of the 19 cases of SCK, 5 cases occurred independently, 5 cases occurred 1-8 

d before any other afflictions, and the remaining 9 cases occurred within 0-18 d after other 

problems. Of the 7 cows with pneumonia, 5 cases occurred independently while 1 case occurred 

6 d after another health event and the other occurred 4 d before another event. Two of 14 cows 

had hoof disorders 5 d before other health problems, and the remaining 12 cases occurred 

independently. 

Prior to analyses, all data were screened for normality and outliers using the 

UNIVARIATE procedure of SAS (v. 9.4, SAS Institute Inc., Cary NC, 2013). Outcome variables 

tested were daily means of milk yield (3-d rolling average; kg/d), milking frequency (no. 

successful milkings/d), rumination time (min/d), AMS supplement intake (kg/d), BW (kg), milk 

temperature (°C), activity (unit-less), and lying behavior (lying time, bout frequency, bout 

duration). We also examined ratios of night:day rumination and night:day activity, by comparing 

the sum of values from 1801-0800 h relative to the sum from 0801-1800 h); those hours were 
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chosen to reflect daylight hours and management routines. Variables which were not normally 

distributed were transformed by using the natural logarithm function (for night:day rumination 

ratio for all 5 disorders and for lying bout duration for DA), or the exponential function (for 

night:day activity ratio for metritis and pneumonia).  

We then analyzed all data in repeated-measures mixed linear regression models (the 

MIXED procedure of SAS, v. 9.4, SAS Institute Inc., Cary NC, 2013), treating DIM (continuous 

data) and parity (categorized as 1, 2, or ≥3 lactations) as fixed covariates for all models. The 

random effect in each model was cow. A first-order auto-regressive covariance structure was 

used for all models on the basis of best fit according to the lowest Bayesian information criterion 

values, with cow as the subject of the repeated measure. Residuals for each model (i.e. for each 

variable for each health disorder) were examined for normality and heteroscedasticity to ensure 

the assumptions of mixed linear regression models were met. The impact of day relative to the 

day of diagnosis (d 0) was first tested as a continuous predictor variable in univariable analyses 

for each outcome variable and each health disorder separately. Days-to-diagnosis values ranged 

from d -14 to -1 to include a time period during which stable trends and deviations in data 

occurred; this was determined based on visual observations of each cow’s data separately, as 

well as mean values for each disorder. Data were analyzed until d -1, the nadir in most cases, 

because recovery began soon after diagnosis and treatment on d 0. Those variables with P > 0.25 

in univariable analyses were not included in any later analyses for that disorder; these 

associations were also examined by visual inspection of cow-level graphs for each disorder. 

Other statistical methods available included partial least squares discriminant analysis (as used 

by Garcia et al., 2014; n = 88), and multivariate logistic regression models in combination with 
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cross-validation (used by Van Hertem et al., 2013; n = 118). Those methods were not used in the 

current study due to the small sample of cows available. 

For variables with P < 0.25, days-to-diagnosis was then examined as a categorical fixed 

effect and repeated measure for each disorder separately, with parity and DIM as covariates, to 

determine the point of inflection and deviation using Tukey’s test. Tukey’s test was used to 

determine day-by-day differences for each outcome variable and to determine the day at which 

each variable deviated significantly (P ≤ 0.05) from the baseline or tended to do so (P ≤ 0.1). 

The baseline of each variable was defined as those days between which there were no significant 

differences or trends among days (P > 0.1), while allowing for one single outlier day at a time. If 

an outcome variable deviated from the baseline for more than 1 consecutive day (P ≤ 0.10), the 

slope was analyzed between the point at which the variable began to deviate until the nadir at d -

1. Slopes of the estimated change in each variable were calculated in similar mixed-effect linear 

regression models, using days-to-diagnosis as a continuous measure, and DIM and parity as 

fixed covariates, to determine the degree of change occurring prior to diagnosis. If no single day 

of deviation was significant using Tukey’s test but the slope between the baseline and a value 2 d 

later had P < 0.1 from baseline, that inflection point was considered the day of deviation. If no 

significant deviation was present, the slope of the entire period was analyzed (14 d in most cases, 

or 7 d for metritis), but if this slope was 0.10 < P < 0.25, this variable was not reported as a 

significant association and was also confirmed by visual inspection of cow-level graphs.  

4.3 Results and Discussion 

 This longitudinal pilot study monitored naturally-occurring health disorders in a herd of 

dairy cows milked with an automated system. Means of production and behavior variables for 

the entire herd are presented in Table 4.1. The majority of pre-diagnosis deviations observed in 
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electronic behavioral and productivity data from the AMS were changes in daily rumination 

time, milk yield, and activity. The response and degree to which these outcome variables 

changed varied by the type of disorder. Additionally, we observed substantial variation at the 

cow level, wherein the changes in behavior and productivity of individual cows differed in 

magnitude, timing, and occasionally direction. In general, reductions in rumination time 

preceded changes in milk yield and activity by at least 1 d. Depending on the disorder, DRT was 

reduced by up to 50 min/d, BW dropped by up to 14 kg/d, milk yield by up to 4.4 kg/d, and a 

commercial measure of activity by up to 34 units/d. While lying behavior was less indicative of 

some health problems, certain lying parameters (increasing daily lying time and average bout 

duration) may contribute to identifying metritis, DA, and pneumonia. 

Reductions in DRT were observed prior to diagnosis with DA, pneumonia, SCK, and 

hoof disorders. Prior to DA and pneumonia diagnosis, respectively, DRT decreased by 44.8 

min/d (CI=-68.0, -21.6; P < 0.001) from d -8 to -1 (Figure 4.1a) and by 49.7 min/d (CI=-99.5, 

+0.18; P = 0.05) from d -5 to -1 (Figure 4.2a). While accounting for increasing DRT with DIM, 

cows spent 25.5 min/d (CI=-42.6, -8.4; P = 0.004) less time ruminating from d -6 to -1 before 

SCK detection (Figure 4.3a). In one study, cows with SCK had reduced post-calving DRT 

compared to healthy cows, with no difference before calving (Liboreiro et al., 2015). Schirmann 

et al. (2016) reported the opposite, that SCK cows ruminated less before calving, but there were 

no differences post-calving. Kaufman et al. (2016a) reported increased odds of SCK, as well as 

SCK with another health disorder, with reduced DRT in the wk before and after calving, 

respectively; however, Schirmann et al. (2016) reported no differences in post-calving DRT 

between healthy cows and those with SCK. Similarly, Stangaferro et al. (2016a; b; c) reported 

lower DRT and more drastic reductions in DRT during the same general timeframe for parlor-
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milked cows with DA and ketosis compared to healthy individuals; those researchers also 

observed these trends for mastitis and metritis. We could not analyze cases of mastitis because 

the majority of those cows were separated and bucket-milked preceding their treatment, which 

prevented transmission of their rumination and activity data and completely eliminated milk and 

BW data. Additionally, no rumination data were available before calving and thus, limited our 

ability to assess associations of DRT with metritis. Although Schirmann et al. (2016) reported no 

DRT reduction associated with metritis, those with metritis, SCK, and other disorders had lower 

dry matter intake in comparison with healthy individuals. Other researchers have also reported 

reduced feeding time and feed intake associated with metritis (Urton et al., 2005; Huzzey et al., 

2007), subclinical ketosis (Goldhawk et al., 2009), mastitis (Sepúlveda-Varas et al., 2016), and 

subclinical milk fever (Hansen et al., 2003). A reduction in rumination time prior to health 

disorders, as observed in the current study, is therefore consistent with the results of previous 

research. From d -14 to -1 before diagnosis of hoof disorders, DRT dropped by 2.9 min/d (CI=-

5.7, -0.1), a substantial total reduction of almost 40 min total in this time frame (P = 0.04; Figure 

4.4a); this is comparable to the findings of Van Hertem et al. (2013) who documented reductions 

of approximately 20 min in nighttime rumination (2001 h to 0400 h) within 14 d of hoof disorder 

diagnoses. Also during this period, the ratio of night:day rumination time increased (P = 0.001), 

meaning that not only were those cows ruminating less overall each day, but doing so 

proportionately less during the day (Figure 4.4b). This result does not necessarily contradict the 

findings of Van Hertem et al. (2013), who reported that lame cows ruminated less at night; 

however, they also found inverse, but weaker, correlations of lameness with increased DRT, 

increased rumination during the day, and reduced night:day rumination time. These differing 

results could be related to differences in milking system (AMS vs. parlor), management, latitude 
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and sunlight hours, or definitions of night vs. day used in each study. The results of the present 

study support the use of rumination monitoring to assist in early detection of health disorders and 

we suggest that this potential component of automated disease detection be explored in larger 

studies. 

Cows diagnosed with DA, pneumonia, hoof disorders, and SCK exhibited declining milk 

yield prior to diagnosis. From d -4 to -1 prior to diagnosis with DA and pneumonia, milk yield 

decreased by 4.4 kg/d (CI=-6.9, -1.9; P = 0.002; Figure 4.1b) and 4.1 kg/d (CI=-6.9, -1.2; P = 

0.01; Figure 4.2b), respectively. Accounting for increasing milk yield with DIM (+1.1 kg/d; P = 

0.004), milk yield declined by 1.2 kg/d (CI=-2.2, -0.1; P = 0.03) from d -5 to -1 before SCK 

(Figure 4.3b). In the 14 d before hoof disorders, cows numerically produced 0.31 kg/d less milk 

(CI=-0.7, +0.1; P = 0.14) from d -14 to -1, but this was not statistically significant. Several 

researchers have reported reductions in milk production prior to, and following, treatment of 

lameness (e.g. Van Hertem et al., 2013), although the degree to which this occurs may depend on 

the type of hoof lesion (Green et al., 2002; Amory et al., 2008; Bicalho et al., 2008). Rajala-

Schultz et al. (1999) also reported a reduction in milk yield in cows with ketosis, with milk 

production declining 2 to 4 wk before diagnosis. Decreased milk production has been associated 

with metritis and retained placenta in multiparous cows (Dubuc et al., 2011), but daily milk data 

may not be sufficient to detect metritis so soon after calving. These results support our 

hypothesis that reductions in milk yield, as measured by an AMS, may serve as an early indicator 

of certain health issues. 

In the current study, BW declined prior to pneumonia, SCK, hoof disorders, and metritis. 

Beginning 4 and 6 d before pneumonia and SCK diagnoses, respectively, cows lost an average of 

14.2 kg/d (CI=-22.7, -5.8; P = 0.003; Figure 4.2c) and 9.6 kg/d (CI=-18.1, -1.0; P = 0.03; Figure 
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4.3c). From d -5 to -1 before corrective hoof trims, BW declined by 4.9 kg/d (CI=-7.3, -2.6; P < 

0.001; Figure 4.4c), and from d -4 to -1 before metritis diagnoses, BW declined by 13.5 kg/d 

(CI=-24.4, -2.6; P = 0.02; Figure 4.5a). Reductions in BW may correspond with reduced 

supplement intake in the AMS, but this was only seen in cows with hoof disorders. From d -14 to 

-1 relative to diagnosis of hoof disorders (accounting for DIM and parity; Figure 4.4d), 

supplement intake tended to decrease by 0.6 kg total (-0.05 kg/d; CI=-0.1, +0.002; P = 0.06). 

Supplement intake in the AMS provides insight into the amount allotted by the AMS and amount 

consumed by each cow; it is a unique measure, because it is reflective of, and was correlated 

with, daily milk yield (r = 0.7; P < 0.001) and milk frequency (r = 0.58; P < 0.001) for all cows 

in the study. Although intake of the partial mixed ration at the feed bunk was not measured in the 

current study, reduced supplement intake and BW may be representative of an overall reduction 

in feeding behavior, which is commonly associated with illness in animals (Hart, 1988) and has 

been documented in cases of metritis (Urton et al., 2005; Huzzey et al., 2007), mastitis 

(Sepúlveda-Varas et al., 2016), subclinical milk fever (Hansen et al., 2003), and subclinical 

ketosis (Goldhawk et al., 2009). Additionally, González et al. (2008) reported reductions in feed 

intake in cows with locomotion disorders prior to trimming or treatment. It is surprising to note 

that cows did not exhibit a reduction in BW prior to DA diagnoses in the current study, because 

it would be expected that these cows would experience reduced feed intake before diagnoses and 

a reduction in DRT was observed; this may be a result of the small sample size (5 cows), the 

variation in timing of BW loss by cow, which was also related to DIM, and the fact that one cow 

lost no weight prior to diagnosis. 

Activity levels, measured through head and neck motion, declined prior to diagnoses of 

DA, pneumonia, SCK, and metritis. Before diagnosis with DA (Figure 4.1c), activity tended to 
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decrease by 45% (15 units/d; CI=-31, +2; P = 0.08) from d -12 to -1. From d -5 before 

pneumonia, activity declined by 34 units/d (CI=-58, -10; P =0.008; Figure 4.2d), a total 

reduction of 36% in activity. From d -7 to -1, the activity of cows diagnosed with SCK declined 

by 16 units/d (CI=-27, -6; P = 0.002; Figure 4.3d), a total reduction of 30%. From d -4 to -1 prior 

to metritis diagnosis (Figure 4.5b), activity tended to decline by a total of 20% (-22 units/d; CI=-

46, +1; P = 0.07). There was no association between days-to-diagnosis and activity from d -14 to 

-1 prior to hoof disorders, likely a consequence of high variability between cows. Activity levels 

measured using the same type of monitors as in the current study were also lower and declined 

more rapidly for cows with ketosis, DA, mastitis, and metritis (Stangaferro et al., 2016a; b; c). 

Unlike Van Hertem et al. (2013), who observed greater night:day activity ratios for lame cows, 

we detected no association between night:day activity ratios and days preceding diagnosis of any 

disorder. 

Milking frequency declined only before diagnosis of hoof disorders (Figure 4.4e). In the 

14 d leading up to diagnosis, daily milking frequency declined by 0.05 milkings/d (CI=-0.08, -

0.02; P = 0.002), a total reduction of approximately 0.6 daily milkings during this time period. 

Despite this reduction in milking frequency being statistically significant, a reduction so small as 

reported here is unlikely to be useful as an indicator of hoof disorders in a practical setting as it 

may be too difficult to detect. However, general lameness has been previously shown to reduce 

milking frequency and voluntary milking behavior (Bach et al., 2007b; Deming et al., 2013a; 

King et al., 2017). Milk temperature, on the other hand, increased by 0.17ºC/d (CI=+0.02, +0.32; 

P = 0.02; Figure 4.4f) from 4 d prior to diagnosis of hoof disorders and showed a similar 

increase from 4 d before metritis diagnoses (+0.23ºC/d; CI=-0.06, +0.5; P = 0.11), although this 

was not statistically significant. Conversely, milk temperature began to decline from d -6 before 
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DA, by 0.23ºC/d (CI=-0.38, -0.08; P = 0.004; Figure 4.1d). Field observations indicate that AMS 

producers monitor milk temperature as a proxy for fresh cow body temperature to indicate 

disease, particularly metritis. Although the current results suggest that this variable may be 

useful, it should not be a substitute for visual monitoring of health and actual body temperature 

and these values may not fluctuate to a noticeable degree for all cows. 

Lying behavior appeared to be less predictive of health issues compared to other 

measures in the current study. An increase in daily lying time was detected before diagnosis of 

DA and metritis. The duration of lying bouts increased prior to DA, pneumonia and metritis, 

while the daily frequency of lying bouts was not associated with days-to-diagnosis of any health 

disorder. Lying bout duration tended to increase by 1.7 min/bout/d from d -8 to -1 of pneumonia 

(CI=-0.2, +3.7; P = 0.08; Figure 4.2e), resulting in bouts becoming a total of 12 min longer over 

that 7-d period. Similarly, lying bout duration increased by a total of 26 min/bout from d -7 to -1 

before metritis (4.4 min/bout/d; CI=+0.2, +8.6; P = 0.04; Figure 4.5c) and tended to increase by 

a total of 11 min/bout from d -12 to -1 before DA (back-transformed estimate = 1 min/bout/d; 

log-transformed model CI=-0.002, +0.07; P = 0.06; Figure 4.1e). Correspondingly, cows with 

metritis (Figure 4.5d) and DA (Figure 4.1f) also spent an additional 32 (CI=+4.2, +59.7) and 13 

min/d (CI=+1.8, +23.4), respectively, lying down each day (P = 0.02 for both) during those 

periods. Therefore, the total change in lying time for cows with metritis was >3 h/d over the 6-d 

period, and was >2 h/d for cows with DA over the 11-d period. This suggests that while cows 

were not altering the number of transitions in and out of resting, they were spending more time 

lying down per bout and per day. It was expected that cows would demonstrate increased lying 

behavior prior to diagnoses of health disorders as animals often respond to compromised health 

by increasing resting time (Hart, 1988). However, no predictive changes in lying behavior 
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occurred before SCK and hoof disorders. It is surprising that changes in lying behavior were not 

detected before treatment of hoof disorders, as previous studies have reported longer daily lying 

times (Westin et al., 2016; Deming et al., 2013a) and longer lying bouts (Westin et al., 2016) to 

be associated with general lameness in AMS. Kaufman et al. (2016b) found greater lying time 

for multiparous cows with SCK during wk 3 and 4 of lactation, whereas Itle et al. (2015) noted 

greater daily standing time for clinically ketotic cows before and on the day of calving. However, 

Itle et al. (2015) did not detect differences in standing behavior after calving, which is consistent 

with our SCK results.  

A unique aspect of this study was our analysis that controlled for the effect of DIM of 

cows experiencing health problems. While including DIM as a covariate, associations of days-to-

diagnosis of health issues in early lactation were still significant, as were associations with hoof 

disorders that occurred later in lactation. A DIM effect is particularly important to consider in 

early lactation, when rumination and milk yield, for example, are increasing until peak lactation; 

in these cases, rumination or milk yield may not decline with health problems, but may instead 

fail to increase as expected. Therefore, when choosing settings for AMS alerts to flag cows 

dropping in milk or rumination, default values may not be sensitive enough to identify all 

problem cows and therefore, settings may need to be adjusted to have greater sensitivity or to 

also include DIM.  

The results of this study also suggest the potential for certain measures to be indicative of 

different types of health disorders, as specific responses were observed in cases of milk 

temperature, milking frequency, lying behavior, and night:day rumination ratios. Given that this 

was a small study, we can only support the hypothesis that future studies may be able to identify 

reliable behavior or productivity markers for specific health issues. We acknowledge the small 
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sample size of this study to be a potential limitation and emphasize that this was an exploratory 

study for which a larger follow-up study is needed. The available sample of cows with data was 

limited in terms of the variety of disorders analyzed and the number of cases of each disorder, in 

addition to the compounding effects of some cows experiencing multiple disorders. Particularly 

for cows experiencing a DA, 3 of the 5 cases occurred in conjunction with preceding issues, 

which likely contributed to the earlier responses of those variables leading up to diagnosis. 

However, the majority of other diagnoses took place either independently or at least 7 d apart 

from one another. Additionally, diagnoses were made by a combination of barn staff (3 

individuals) and herd veterinarians (2 individuals). Although this creates potential for diagnostic 

error and inconsistency, diagnoses were jointly conducted by 2-3 individuals each time, thus 

reducing the effect of individual bias and providing consistent diagnoses for each disorder.   

While this study provided quantitative associations of AMS data with health disorders, it 

is necessary to explore the efficacy and practicality of using such outcomes for detection models 

in commercial AMS facilities. Future research should investigate these associations on a larger 

scale to increase sample size and strengthen the external validity of these results by enrolling 

several farms, especially those with behavior monitors that can remotely transmit pre-calving 

rumination and activity data. Larger sample sizes would also allow for analyses of independent 

cases of health disorders and would limit cow-level variability in trajectories as seen in the 

current study. Future studies should utilize specific case definitions to ensure standardized 

diagnoses are made between farms. Moreover, objective scoring systems and physiological 

parameters should be used as much as possible by trained researchers to make diagnoses.  
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4.4 Conclusions 

This longitudinal pilot study provides evidence that changes in behavior and production 

may be useful to detect illness and hoof disorders in cows milked with automated systems. Cows 

had reduced rumination time, body weight, activity, and milk yield before being diagnosed with 

pneumonia and subclinical ketosis. Cows with displaced abomasum also spent less time 

ruminating, were less active, produced less milk, and spent more time lying down each day with 

increasing bout duration. During the week before metritis diagnoses, cows lost weight, were less 

active, and spent more time lying down each day in longer lying bouts. Cows with hoof disorders 

had lower rumination time and supplement intake, in addition to reductions in their milking 

frequency and body weight, while they experienced increasing night:day rumination time and 

milk temperature. Although this was a small study with a limited number of animals with each 

disorder, behavior and productivity responded differently to various types of health problems and 

at the cow level; therefore, future studies should examine independent cases of health disorders 

to determine illness-specific measures useful for earlier detection in herds with automated 

milking systems. 
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Table 4.1. Means (± SD) of production and behavior variables for all 57 cows observed during various stages of lactation in a herd 

with an automated milking system.  

 DIM range 

Variable 
-7 to -11 

(n = 45) 

0-29 

(n = 57) 

30-59 

(n = 48) 

60-89 

(n = 38) 

90-119 

(n = 20) 

120-149 

(n = 12) 

150-179 

(n = 11) 

180-209 

(n = 11) 

210-239 

(n = 11) 

240-269 

(n = 9) 

270-299 

(n = 9) 

300+ 

(n = 7) 

Milk yield 

(kg/d)2 
- 

34.9 ± 

11.3 

44.6 ± 

9.9 

44.3 ± 

8.4 

41.2 ± 

6.6 

38.0 ± 

7.2 

36.1 ± 

7.7 

34.7 ± 

8.4 

33.4 ± 

9.7 

30.3 ± 

8.4 

27.1 ± 

7.5 

23.6 ± 

6.6 

Rumination 

time (min/d) 
- 

468 ± 

125 
501 ± 88 490 ± 85 487 ± 78 468 ± 78 464 ± 85 467 ± 83 458 ± 77 452 ± 81 445 ± 93 459 ± 78 

Activity 

(units/d) 
- 

326 ± 

113 
309 ± 66 314 ± 67 343 ± 74 355 ± 83 355 ± 86 379 ± 86 396 ± 92 398 ± 91 412 ± 99 395 ± 92 

Supplement 

intake (kg/d)2 
- 4.2 ± 1.5 5.3 ± 1.4 5.3 ± 1.4 5.3 ± 1.3 5.3 ± 1.3 5.0 ± 1.4 4.7 ± 1.5 4.3 ± 1.6 4.0 ± 1.5 3.4 ± 1.4 2.8 ± 1.3 

Milking 

frequency 

(no./d)2 

- 
2.87 ± 

0.93 

3.02 ± 

0.78 

2.95 ± 

0.71 

2.99 ± 

0.61 

2.93 ± 

0.58 

2.89 ± 

0.66 

2.92 ± 

0.56 

2.78 ± 

0.75 

2.68 ± 

0.68 

2.50 ± 

0.57 

2.25 ± 

0.63 

Body weight 

(kg) 
- 

682 ± 

81 
687 ± 73 702 ± 69 685 ± 44 692 ± 41 698 ± 44 711 ± 47 733 ± 52 747 ± 51 759 ± 48 760 ± 47 

Lying time 

(min/d) 

676 ± 

199 

570 ± 

182 

592 ± 

134 

602 ± 

135 

632 ± 

139 

675 ± 

141 

682 ± 

122 

727 ± 

117 

780 ± 

114 
739 ± 94 698 ± 98 

742 ± 

124 

Lying bout 

frequency 

(no./d) 

10.2 ± 

3.5 

9.6 ± 

4.1 
9.2 ± 3.5 8.6 ± 3.1 9.0 ± 2.8 8.9 ± 3.3 8.6 ± 2.8 

10.0 ± 

3.4 
9.8 ± 2.9 9.0 ± 2.2 8.3 ± 2.2 9.4 ± 2.7 

Lying bout 

duration 

(min/bout) 

73 ± 32 
67 ± 

29 
71 ± 25 77 ± 27 76 ± 28 88 ± 45 87 ± 32 80 ± 24 85 ± 26 86 ± 21 90 ± 30 85 ± 26 

1Day of calving = 0 DIM. 

2Centered moving/rolling averages of milk yield, milking frequency, and supplement intake for 3 d (day before, day of, and day after).
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Figure 4.1. Raw data from d -12 to -1 relative to diagnosis of displaced abomasum (n = 5) for individual cows (grey lines) and 

LS means from mixed models controlling for DIM and parity (black solid line) for the following variables: (A) rumination time, 

(B) milk yield (3-d rolling average), (C) activity, (D) milk temperature, (E) lying bout duration, and (F) lying time. Downward 

arrows signify the day at which LS means deviated (P ≤ 0.10) from the previous baseline (no consecutive differences or 

tendencies among days).  
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Figure 4.2. Raw data from d -5 to -1 relative to diagnosis with pneumonia (n = 7) for individual cows (grey lines) 

and LS means from mixed models controlling for DIM and parity (black solid line) for the following variables: (A) 

rumination time, (B) milk yield (3-d rolling average), (C) body weight, (D) activity, and (E) lying bout duration 

from d -8 to -1.   

0

100

200

300

400

500

600

700

800

-5 -4 -3 -2 -1

R
u
m

in
at

io
n
 t

im
e 

(m
in

/d
)

Days relative to diagnosis

0

10

20

30

40

50

60

-5 -4 -3 -2 -1

M
il

k
 y

ie
ld

 (
k
g
/d

)

Days relative to diagnosis

500

550

600

650

700

750

800

850

-5 -4 -3 -2 -1

B
o

d
y
 w

ei
g
h
t 

(k
g
)

Days relative to diagnosis

100

150

200

250

300

350

400

450

500

550

-5 -4 -3 -2 -1

A
ct

iv
it

y
 (

u
n
it

s/
d

)

Days relative to diagnosis

20

30

40

50

60

70

80

90

-8 -6 -4 -2

L
y
in

g
 b

o
u
t 

d
u
ra

ti
o

n
 (

m
in

/b
o

u
t)

Days relative to diagnosis

 

B 

E 

A 

C D 



95 

 

         

           

Figure 4.3. Raw data from d -7 to -1 relative to diagnosis of subclinical ketosis (n = 19) for individual 

cows (grey lines) and LS means from mixed models controlling for DIM and parity (black solid line) for 

the following variables: (A) rumination time, (B) milk yield, (C) body weight, and (D) activity. 

Downward arrows signify the day at which LS means deviated (P ≤ 0.10) from the previous baseline (no 

consecutive differences or tendencies among days).  
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Figure 4.4. Raw data from d -14 to -1 relative to diagnosis of hoof disorders (n = 14) for individual cows (grey 

lines) and LS means from mixed models controlling for DIM and parity (black solid line) for the following 

variables: (A) rumination time, (B) rumination ratio of night:day values (sum of 1801-0800 h relative to sum of 

0801-1800 h), (C) body weight, (D) supplement intake, (E) milking frequency, and (F) milk temperature. Downward 

arrows signify the day at which LS means deviated (P ≤ 0.10) from the previous baseline (no consecutive 

differences or tendencies among days).  
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Figure 4.5. Raw data from d -7 to -1 for lying behavior variables (n = 10) and from d -4 to -1 for other variables (n 

= 11) relative to diagnosis of metritis for individual cows (grey lines) and LS means (black solid line) from mixed 

models controlling for DIM and parity for the following variables: (A) body weight, (B) activity, (C) lying bout 

duration), and (D) lying time. 
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CHAPTER 5: BEHAVIOR AND PRODUCTIVITY PRIOR TO DIAGNOSIS OF 

HEALTH DISORDERS IN EARLY LACTATION 

 

5.1 Introduction 

Automated (robotic) milking systems (AMS) collect a vast amount of cow-level data and 

are often coupled with behavioral monitoring systems (Jacobs and Siegford, 2012a). Using these 

data, many alerts and attention lists are generated to identify cows with potential health 

problems. Previous research has been mostly focused on detection of mastitis or locomotion 

problems, with fewer studies looking at metabolic disorders (Rutten et al., 2013). Furthermore, 

there is little evidence to support which indicators should be used to detect locomotion and 

metabolic problems (Rutten et al., 2013). Additionally, not all alerts have been validated 

transparently, nor do they use multiple variables and potentially important covariates (e.g. parity, 

DIM). For credibility, accuracy, and repeatability, science-based recommendations are needed to 

generate health attention reports and to select settings for on-farm application.  

Researchers have previously examined associations of changes in rumination, activity, 

and milk yield data with health disorders in dairy cows, but fewer studies have created and 

validated prediction models. Daily milk production data followed obvious patterns before and up 

to 7 d after clinical ketosis diagnosis (Grӧhn et al., 1999), but were less responsive to cases of 

subclinical ketosis (SCK) and metritis (Gáspárdy et al., 2014). Daily rumination time and body 

weight (BW) data changed relative to the day of SCK and metritis diagnoses (Gáspárdy et al., 

2014). Rumination time has been shown to decline with the onset of many health disorders, such 

as mastitis (Fogsgaard et al., 2012; Soriani et al., 2012), inflammatory conditions, metabolic 

disorders (Soriani et al., 2012), SCK, retained placenta, and metritis (Liboreiro et al., 2015); 
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however, data preceding diagnoses are inherently more useful for earlier diagnoses and 

intervention if they can predict risk or detect disease more efficiently than the observation of 

clinical signs. Compared to healthy cows, those diagnosed postpartum with SCK, metritis, or 

other disorders have been shown to spend less time ruminating before calving (Kaufman et al., 

2016a; Schirmann et al., 2016). Although there were no differences in prepartum activity 

between healthy cows and those that later developed SCK, retained placenta, or metritis, the 

afflicted cows were shown to be less active after calving (Liboreiro et al., 2015). Prior to 

diagnoses of SCK, displaced abomasum, and digestive disorders, milk yield began to decline 

approximately 5-7 before diagnosis and activity started to decline 8-9 d beforehand (Edwards 

and Tozer, 2004). King et al. (in press) explored associations of productivity and behavior data 

prior to health problems in AMS, and found that rumination, activity, and BW data could 

potentially help to identify displaced abomasum, pneumonia, SCK, and metritis before changes 

in milk yield. Longitudinal milk data assessed relative to the day of diagnosis have had great 

predictive value (≥80% specificity and sensitivity) for detection of lameness, when combined 

with activity and rumination (Van Hertem et al., 2013) or milk flow rate and AMS teat cup 

attachment speed (Garcia et al., 2014). Stangaferro et al. (2016a; b; c) assessed a health index 

score, comprised of rumination and activity data, to detect displaced abomasum, ketosis, 

indigestion, mastitis, or metritis. Because the response of individual variables can vary by the 

type and severity of health disorder (Stangaferro et al., 2016a; b; c), it is possible that predictive 

models could not only identify cows with potential health problems, but perhaps also indicate the 

type of problem. 

Few studies examining behavior and production variables before illness diagnoses have 

been conducted in AMS (King et al., in press; Garcia et al., 2014) and those studies consisted of 
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only one herd each. Moreover, no large-scale study examined the use of milk, rumination, 

activity, and other electronically-collected data to predict a variety of health disorders in AMS 

herds. Therefore, the objective of this study was to examine associations of numerous 

electronically-recorded variables to identify health disorders in early lactation cows milked by 

AMS. Rumination, activity, milk yield, and BW data were examined relative to diagnoses of 

SCK, displaced abomasum, purulent vaginal discharge (PVD), lameness, and mastitis, with the 

hypothesis that deviations in those variables would occur prior to diagnosis. The degree to which 

each variable deviated was expected to vary by disorder, and we predicted that certain variables 

would not deviate at all prior to specific diagnoses. It was further expected that sick cows would 

deviate from their own healthy baseline at a different time relative to when they deviated from a 

group of healthy cows, but that this could also differ by variable. We also hypothesized that sick 

cows would deviate from a group of healthy cows prior to deviating from the average of all other 

cows. 

5.2 Materials and Methods 

5.2.1 Farms, Animals, and Housing 

This study was approved by the University of Guelph Research Ethics Board (REB 

#14AP015) and the University of Guelph Animal Care Committee (AUP#3140). Farms were 

selected based on the criteria that they: 1) milk Holstein cows exclusively in an AMS (Lely 

Astronaut A4, Lely Industries N.V., Maassluis, the Netherlands), 2) have done so for a minimum 

of 6 mo, and 3) use the AMS-rumination monitoring system (Lely Qwes-HR collars, Lely 

Industries N.V., Maassluis, The Netherlands). These criteria were chosen to minimize variation 

between farms in terms of milking procedures and data collection. Dairy producers meeting these 

criteria, within <140 km from the University of Guelph (Ontario, Canada), were contacted and 
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asked to participate in the study. Estimated minimum sample size of the number of cows needed 

to detect differences in milk yield and rumination time across days among sick cows 

was determined through power analysis using WinPepi version 11.62 (Abramson, 2011); 

estimates of standard deviation and differences between days from previous studies were used 

(Liboreiro et al., 2015; Kaufman et al., 2016a; Stangaferro et al., 2016a; 2016b; 2016c). Using 

documented estimates of SCK (21-44%; Kaufman et al., 2016a; Tatone et al., 2017), displaced 

abomasum (5.1%; LeBlanc et al., 2005), and lameness prevalence (26%; King et al., 2016), the 

minimum sample size calculated was 600 cows. To satisfy this requirement, 605 fresh cows from 

9 herds were enrolled over a period of 6-mo (June 10, 2016 to December 13, 2016) to minimize 

seasonal effects on SCC (Hovinen and Pyörälä, 2011), lameness (Cook, 2003; King et al., 2016), 

and SCK (Vanholder et al., 2015). The average environmental temperature during the total 

period of data collection, from 30 d before calving for the first cows until we were finished 

following the last cows (May 11, 2016 to January 10, 2017), was 11.5 ± 9.9C; data were 

retrieved from the Environment Canada weather station in Mount Forest, Ontario, Canada, which 

was < 70 km from all farms. 

On the first visit to each farm, we surveyed producers on feeding, housing, and health 

management practices. On the day of farm enrollment, producers milked 93 ± 43 (mean ± SD) 

cows with a median of 2 AMS units (n = 4 farms with 1 unit, n = 2 farms with 2 units, n = 3 

farms with 3 or 4 units). All 9 farms used free cow traffic and all, but one, housed the main 

milking herd in free stalls (the other housed cows on a bedded pack). Fresh cows were housed in 

bedded packs (n = 1 farm), free stalls (n = 4 farms), or both (n = 4 farms), depending on the 

farm, as well as each cow’s stage of lactation and health status. Farms were visited once per 

week, on the same day each week, across the entire study period. In total, 605 cows were 
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enrolled upon freshening (0-7 DIM) and were followed for the first 5 wk of their lactation (496 

cows had a full 5-wk period). In total, we monitored 212 primiparous and 393 multiparous cows; 

the latter were in parity 3.2 ± 1.4 (mean ± SD), ranging from 2nd to 11th lactation.   

5.2.2 Data Collection 

Health disorders were either monitored daily by producers (displaced abomasum, 

mastitis) or once per week by researchers (subclinical ketosis, lameness, and PVD). Producers 

were given a list of case definitions for illnesses they were responsible for monitoring and 

recording. A displaced abomasum (DA) was defined as a gas filled abomasum or the left or right 

side, diagnosed by auscultation of a "ping" sound on percussion, followed by toggling or 

surgery. Mastitis was diagnosed when a cow had abnormal milk or udder and was treated using 

an antimicrobial. 

We monitored SCK by testing whole blood β-hydroxybutyrate (BHB) concentrations 

once weekly. Cows were tested for SCK during wk 1 (4  2 DIM), wk 2 (11  2 DIM), and wk 3 

(18  2 DIM) postpartum. Blood samples were taken 2-4 h prior to fresh feed delivery on every 

farm, to collect blood during a window of peak daily BHB (Nikkah et al., 2008). The 

concentration of BHB was immediately tested using an electronic hand-held device (Precision 

Neo meter, Abbott Diabetes Care, Mississauga, Canada; validated by Kanz et al., 2015). Cows 

with BHB ≥ 1.2 mmol/L, at one or more of the 3 postpartum samples, were classified as having 

SCK (McArt et al., 2012).  

Purulent vaginal discharge was assessed visually by scoring a sample of vaginal 

discharge during wk 5 of lactation (28-35 DIM) for each cow. The sample was collected using a 

validated device (Metricheck; Simcro, New Zealand) due to the higher sensitivity of this tool 
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compared to other diagnostic methods (Pleticha et al., 2009). Samples were scored using the 

scale developed by Sheldon et al. (2006): cows with a score of 0-2 had clear, translucent mucus 

that contained up to 50% white/off-white material; cows with a score of 3 were diagnosed with 

PVD because they had mucus with > 50% white/off-white material. 

Lameness was scored by 1 of 2 trained observers by watching cows walk for at least 6 

steps on a flat alley surface, using a 5-point numerical rating system (NRS) at increments of 1.0 

(Flower and Weary, 2006) in wk 1, 3, and 5 of lactation. New cases (n = 107) were defined as 

cows who previously had NRS < 3 (in wk 1 or 3), but were lame (NRS ≥ 3) when scored 2 wk 

later (in wk 3 or 5), excluding cows who were lame in wk 1, sound in wk 3, and lame again in 

wk 5. Inter-observer reliability was assessed prior to data collection and achieved a weighted 

kappa value of 0.93 for continuous scores, and 1.0 for categorization of lame vs. sound. 

Milk data were collected automatically by the AMS daily for each cow and retrieved, at 

each visit, from the AMS computer system. This included visit outcome (refusal, failure, or 

milking), milk yield, milk temperature, milk conductivity, and amount of concentrate supplement 

consumed. Body weight data were available from 5 of the 9 herds. Daily milk yield was 

calculated, for each cow, as the sum of all milk collected per cow per d, whether it was from a 

successful or failed milking. Respectively, successful and failed milkings were defined as those 

at which teat cup attachment was successful or not, and whether the amount of milk collected 

either exceeded or did not meet the system’s requirement to qualify as a milking event (i.e. 

successful attachment and at least 80% of a cow’s expected yield for that milking). Only data 

from complete days (0000 to 2359 h) were used in analyses. Milk yield, frequency, temperature, 

and the frequency of refusals and failures were later converted to 3-d rolling averages to reduce 

day-to-day variation (due to variable timing of milkings per day), similar to Gomez et al. (2015), 
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in which a 5-d rolling average was used. Maximum daily milk conductivity was determined by 

taking the highest quarter-level mean milk conductivity value per d. 

 Rumination time and activity data were collected by electronic rumination detection 

loggers on the neck collar of each cow in 2-h intervals (Lely Qwes-HR collars, Lely Industries 

N.V., Maassluis, The Netherlands). The collection of rumination data using these collars has 

been validated by Schirmann et al. (2009). Cow activity was recorded as a unit-less measure of 

upward, vertical head and neck movements, such as walking and mounting, while excluding 

downward, vertical and horizontal movements such as feeding (Elischer et al., 2013). The 

accuracy of these collars’ activity data has been validated to an extent in a pasture-based AMS; 

the collars recorded walking behavior with a moderate degree of accuracy, but did not reliably 

differentiate between standing and lying behavior (Elischer et al., 2013). These data were 

transferred at each milking via an automatic reader located in the AMS, and were then 

summarized by day for each cow, from 30 d before calving until 50 DIM.  

5.2.3 Statistical Analyses 

Prior to analyses, all data were screened for normality and outliers using the 

UNIVARIATE procedure of SAS (v. 9.4, SAS Institute Inc., Cary NC, 2013). Outcome variables 

tested were daily rumination time (min/d), activity (unit-less), body weight (kg), and 3-d rolling 

averages for milk yield (kg/d), frequency of successful milkings (no. successful milkings/d), 

frequency of failed milkings (no. failures/d), frequency of refused milkings (no. refusals/d), 

AMS supplement intake (kg/d), and milk temperature (°C). Failure frequency, refusal frequency, 

and maximum conductivity data were not always normal, and were analyzed using alternative 

distributions in the GLIMMIX procedure of SAS (v. 9.4, SAS Institute Inc., Cary NC, 2013), as 
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described below. Unfortunately, BW data were unavailable for approximately 2/3 of cows with 

health disorders of interest, and thus we could not include BW in our analyses.  

Day relative to diagnosis and health status were examined as categorical fixed effects in 

generalized mixed linear regression models, for each disorder separately, using the GLIMMIX 

procedure of SAS (v. 9.4, SAS Institute Inc., Cary NC, 2013). Days-to-diagnosis values ranged 

from d -14 to -1 to include a time period during which stable data and deviations in data 

occurred. We stopped analyses at d -1, the nadir in most cases, because recovery began very 

soon after diagnosis and treatment on d 0. Health status was classified as either affected with 

only that particular disorder, or that disorder occurring 14 d or earlier than another disorder, or 

healthy, having no detected health problems in the first 5 wk of lactation (n = 121 cows). This 

could not be done for cases of DA, because all 8 cases occurred in conjunction with other 

disorders. We examined day-by-day comparisons of affected cows vs. healthy cows. We also 

compared cows with a disorder to the average of all cows from all herds, regardless of health 

status, to serve as a more realistic on-farm comparison. The latter group included all cows other 

than those with that particular disorder, and therefore, this group was made up of a mixture of 

healthy and sick animals, representative of average herds. These two reference groups (healthy 

group and the average group of all cows) were given mock diagnosis dates for comparisons, 

using the mean DIM of diagnosis for each health disorder. Because SCK occurred at 10 DIM, on 

average, this analysis stopped 8 d before diagnosis, when the reference groups were at 2 DIM, to 

avoid highly variable or inconsistent data from 0 and 1 DIM.  

Models included parity (categorized as 1, 2, or ≥ 3 lactations) and DIM (continuous) as 

fixed covariates. The random effects in each model were farm, cow within farm, and intercept 

with subject = cow(farm). Residuals for each model (i.e. for each variable for each health 
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disorder) were examined for normality and heteroscedasticity to ensure the assumptions of linear 

regression models were met. The normal distribution was most appropriate for the majority of 

outcome variables. However, failure frequency was always analyzed using the gamma 

distribution (link=log) to maximize normality of residuals and achieve the best fit. Refusal 

frequency was analyzed using the lognormal distribution (link=identity) for all health disorders 

except DA, for which the gamma distribution was most appropriate. Maximum milk conductivity 

was analyzed for cows with mastitis, for which the gamma distribution (link=log) was most 

appropriate. 

A Tukey’s test procedure was used to determine day-by-day differences for each outcome 

variable and to determine the day at which each variable deviated significantly (P ≤ 0.05) from 

the comparison group or its baseline, or tended to do so (P ≤ 0.1). The baseline of sick animals 

for each variable was defined as those days between which there were no differences among 

days (P > 0.1), while allowing for a single outlier day. If an outcome variable deviated from the 

baseline for more than 1 consecutive day (P ≤ 0.10), the slope was analyzed between the point at 

which the variable began to deviate until the nadir at d -1. If no single day of deviation was 

significant using Tukey’s test, but the slope between the baseline and a value 2 d later had P < 

0.1 from baseline, that inflection point was considered the day of deviation. If no deviation 

occurred, the slope for the entire period preceding diagnosis was quantified. The P-values 

reported for slopes indicate whether they were different from zero. 

5.3 Results  

  This longitudinal, observational study collected rumination, milking behavior, and 

production data for 605 cows in 9 commercial AMS herds (Table 5.1). Data included milk yield, 

milking frequency, failure frequency, refusal frequency, rumination time, AMS supplement 
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intake, body weight, milk temperature and conductivity, and cow activity. Those variables were 

analyzed preceding the diagnosis of numerous fresh cow health disorders (Table 5.2).  

 Throughout the 14 d prior to DA diagnosis, affected cows produced consistently less milk 

(Figure 5.1a), in fewer milkings/d (Figure 5.1b), and spent less time ruminating each day (Figure 

5.1f) than healthy cows. For most of this period, they were also less active compared to healthy 

animals (Figure 5.1c). Supplement intake (Figure 5.1f) and milk temperature (Figure 5.1d) of 

cows diagnosed with DA differed from healthy cows as of 11 and 3 d before diagnosis, 

respectively. There were no differences between healthy and DA cows in mean daily refusal or 

failure frequency in the 14 d before diagnosis (data not shown). Among cows diagnosed with 

DA, milk production deviated from their baseline at d -12, declining by 1.28 kg/d (P < 0.001); 

healthy cows during that same period were producing 0.49 kg/d more milk (P = 0.002; Figure 

5.1a). Rumination time began to decline 12 d before diagnosis, by 18.9 min/d (P < 0.001), during 

which time healthy cows had stable daily rumination time (Figure 5.1b). Activity deviated from 

DA cows’ baseline at d -6; cows were 20 units/d less active (P = 0.003), whereas healthy cows 

were stable during this time (Figure 5.1c). Milk temperature of DA cows deviated from baseline 

at d -4, by 0.15ºC each d (P < 0.001; Figure 5.1d). Supplement intake and the frequency of 

milkings, failures, and refusals had no inflection point, but steadily declined from d -14 to -1 for 

DA cows; however, this decline was not significant for refusals (data not shown). Compared to 

healthy cows, whose supplement intake increased by 75.9 g/d (P < 0.001) over those 14 d, DA 

cows consumed 63.6 g/d less supplement (P < 0.001; Figure 5.1f). Frequency of milking and 

failures for healthy cows was stable over the 14 d, but DA cows were milked 0.062 fewer times 

per d (P = 0.009; Figure 5.1e) and had 0.014 fewer failures/d (P = 0.03; data not shown) each 

day from d -14 to -1, relative to diagnosis.  
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 For the majority of the period leading up to mastitis diagnoses, affected cows had lower 

milk production, rumination time, refusal frequency, and milk temperature than healthy cows, 

while having greater maximum milk conductivity values for the entire 14 d (Figure 5.2). Starting 

from d -6 relative to diagnosis, milking frequency (Figure 5.2e) and supplement intake (data not 

shown) were lower (P < 0.05, except d -4 was not significant) compared to healthy cows. Cows 

were less active for 8 of the 14 d before mastitis (Figure 5.2c). There were no differences in 

frequency of milking failures (data not shown); there was, however, a numerical increase in 

failure frequency from d -3, but this was not statistically significant. Among the cows with 

mastitis, maximum milk conductivity values began to increase from baseline on d -12 by 1.4 

mS/d (P < 0.001; Figure 5.2f), while healthy cows also had increasing conductivity, which was 

less pronounced (0.4 mS/d; P = 0.01). The milking frequency and supplement intake of cows 

with mastitis declined from baseline at d -8 and -5 onwards, respectively, by 0.1 milkings/d (P < 

0.001; Figure 5.2e) and 0.04 kg/d (P < 0.001; data not shown), until d -1, while healthy cows had 

stable milking frequency and supplement intake. Rumination time and milk yield of mastitic 

cows deviated from their baseline at d -8 and -7, respectively, dropping by 10.4 min/d (P < 

0.001; Figure 5.2b) and 1.5 kg/d (P < 0.001; Figure 5.2a). During the same 8 and 7 d periods 

before mastitis, healthy cows had less severe reductions in rumination time per d (-8.0 min/d; P < 

0.001; Figure 5.2b) and their milk yield declined by 0.6 kg/d (P < 0.001; Figure 5.3a). Activity, 

however, declined for healthy cows (-7.4 units/d; P = 0.03) and those with mastitis (-7.6 units/d; 

P = 0.05); the mastitis group had no obvious inflection point and thus, activity was examined 

from d -14 to -1 (Figure 5.2c). There was a visible, but not statistically significant, inflection 

point at d -5, from which mastitis cows’ activity dropped by 21 units/d in comparison to the 8.3 

units/d drop of healthy cows (Figure 5.2c). Milk temperature before mastitis diagnosis also had 
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no deviation point, such that both groups of cows had stable milk temperatures during those 14 d 

(Figure 5.2d). Refusal frequency was stable for cows with mastitis, but was consistently lower 

than that of healthy cows from d -11 onwards (P < 0.05; data not shown) and tended to be lower 

on d -13 (P = 0.10). 

In comparison to healthy cows, those who developed a new case of lameness had lower 

milk production (Figure 5.3a) and fewer milkings/d (Figure 5.3d) throughout the majority of the 

14 d prior to diagnosis. Cows who became lame generally consumed less supplement than 

healthy cows from 8 d before diagnosis onwards (Figure 5.3e). Their rumination time was lower 

than healthy cows from d -14 to -12 (Figure 5.3b). Milk temperature was lower from d -14 to -8, 

and from d -5 to -1 (Figure 5.3c) for cows that became lame. Only on d -12 did cows who 

became lame have fewer refusals (Figure 5.3f). Those cows also tended to have more milking 

failures on d -9 and -8 (Figure 5.3g). Activity levels never differed between these groups (data 

not shown). Among cows that developed a new case of lameness, milk temperature increased by 

0.027ºC per d until an inflection point at d -6, when it began to decline by 0.032ºC each d 

(Figure 5.3c). However, no deviations in milk yield (Figure 5.3a), rumination time (Figure 5.3b), 

milking frequency (Figure 5.3d), supplement intake (Figure 5.3e), failure frequency (data not 

shown), or refusal frequency (Figure 5.3f) occurred from baseline for cows who developed new 

lameness; examination of slopes over the 14-d period revealed no significant change in milk 

yield, rumination time, milking frequency, or refusal frequency for lame cows. Healthy cows had 

a stable frequency of failed milkings, but lame cows tended to have 0.007 more failures/d each d 

from d -14 to -1 (P = 0.08; Figure 5.3g). While lame cows had no change in their supplement 

intake over the 14 d, healthy cows consumed 28.8 g/d more supplement each d (P = 0.005; 
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Figure 5.3e). Both lame and healthy groups had declining activity over the 14 d, but healthy 

cows had a steeper reduction (P = 0.05; data not shown).  

 During much of the 8 d prior to SCK detection, cows consumed less supplement, and had 

fewer milkings/d and refusals/d compared to healthy cows (Figure 5.4). Only from d -5 to -3 did 

SCK cows produce less milk, and on d -8 they produced more milk than healthy cows (Figure 

5.4a). Cows with SCK also spent less time ruminating (Figure 5.4b), tended to be less active (P < 

0.05 on d -8, -7, -1 and P = 0.10 on d -3; data not shown), and had lower milk temperatures 

(Figure 5.4c). No differences were seen between groups in terms of the frequency of failed 

milkings. Among cows with SCK, there were no inflection points for any variable. Therefore, 

from d -8 to -1, cows with SCK had stable milk yield (Figure 5.4a), milk temperature (Figure 

5.4c), supplement intake (Figure 5.4e), refusal frequency (Figure 5.4f), and failure frequency 

(data not shown). Rumination time of SCK cows gradually declined by 4.1 min/d over the 8 d (P 

= 0.01; Figure 5.4b). In comparison, healthy cows had stable rumination time, in addition to 

stable supplement intake (Figure 5.4e) and failures/d (data not shown). The refusal frequency of 

healthy cows increased during this period (P < 0.001), as did their milk yield (P < 0.001) and 

milk temperature (P = 0.002). Both groups had increasing milk frequency and decreasing 

activity, but the rate of change in milk frequency (P = 0.02; Figure 5.1d) and activity (P = 0.01; 

data not shown) was greater for SCK cows.  

 The only differences observed between healthy cows and those with PVD (data not 

shown) were in milk yield on d -11 and -10, rumination time on d -12, -11, and -4, and milk 

temperature on d -14, when rumination time was greater for cows later diagnosed with PVD, 

who also produced less milk, which was warmer, on d -14. No differences were seen between 

groups in terms of rumination time, milk frequency, frequency of failures or refusals. No 



111 

 

deviations from baseline occurred among cows with PVD. Therefore, data were analyzed from d 

-14 to -1, during which time both groups had slopes that were not different from 0, but slopes of 

those groups differed from each other; milk yield declined more rapidly for healthy cows (P = 

0.03), while milk temperature (P = 0.01), and activity (P = 0.03) declined faster for cows with 

PVD. 

Comparisons of each health disorder against the average of all cows (instead of the 

healthy reference group) revealed similar results to those described above. However, there were 

fewer differences between groups in daily pair-wise comparisons, and sick cows generally 

differed from this average group later than they differed from the healthy group. For example, 

cows with mastitis still had lower rumination time and milk yield than the average group, but 

daily comparisons between the mastitis and average groups differed 2 d later for rumination (d -

10 instead of d -12) and milk yield (d -11 instead of d -13) compared to the earlier analysis 

against the healthy group (data not shown). This was commonly the case for comparisons of 

mastitis, SCK, and DA relative to the average of all cows, which had fewer days that were 

significantly different between groups. New cases of lameness, however, had even fewer 

significant differences in these comparisons. Milk yield and milking frequency of lame cows was 

only lower than the average group for 1 d instead of several, and rumination time did not differ 

between groups on any day, when before there were 3 d that differed. When comparing the group 

of cows that became lame to the average of all other cows (instead of to the healthy group) 

differences in milk temperature and supplement intake were very similar, although some 

significant differences became tendencies, and the one difference in refusal frequency on d -12 

was no longer significant. 

5.4 Discussion 
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Relative to their baseline, cows diagnosed with acute health disorders, DA and mastitis, 

exhibited significant deviations in productivity and behavior before diagnosis. Milk yield and 

rumination time declined sharply for affected animals prior to both disorders; cows with DA also 

had deviations in activity and milk temperature, whereas cows with mastitis had deviations in 

milking frequency and supplement intake. Fogsgaard et al. (2012) previously reported similar 

changes in behavior occurring with the onset of induced mastitis, in terms of feeding time, 

rumination time, self-grooming, and time spent in a posture with the head against the udder. 

Naturally-occurring mastitis was associated with reduced activity from 5 d before diagnosis, 

compared to healthy cows, and cows with mastitis had declining rumination and activity from 2 

d before diagnosis (Stangaferro et al., 2016b). They did not observe the same difference in 

rumination time between groups as seen in the present study, nor did they report the early 

response of rumination data 7 d before mastitis diagnoses. Stangaferro et al. (2016a) did, 

however, find associations similar to the current study with regard to rumination and activity 

before DA: cows with DA had lower rumination time and activity compared to healthy animals 5 

d before diagnosis of DA, and these variables declined leading up to diagnosis. Edwards and 

Tozer (2004) also noted declining activity (from d -9) and milk yield (from d -7) prior to DA 

diagnosis; those changes occurred 3 d before and 4 d after, respectively, deviations found in the 

current study.  

 In contrast, the more chronic health disorders did not exhibit those sharp deviations in the 

current study; behavior and production had a more gradual response to SCK and lameness. In 

fact, most variables before SCK were stable, and those that changed did so gradually. Cows that 

developed a new case of lameness had one inflection point in milk temperature 6 d before 

diagnosis; otherwise, lame cows had stable milk yield, supplement intake, rumination time, 
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milking frequency, and refusal frequency over the 14 d prior to diagnosis. Van Hertem et al. 

(2013) reported gradual changes in milk and activity data prior to lameness; visually, however, 

there were 2 reductions in nighttime rumination activity that occurred from d -7 to -6 and from d 

-1 to 0 relative to diagnosis of lameness. Stangaferro et al. (2016a) saw similar gradual 

reductions in rumination time and activity prior to SCK diagnosis. Therefore, in the current 

study, differences between healthy animals and those that had a state-like disorder mostly 

resulted in gradual deviations between groups, already present 7 to 14 d prior to diagnosis, or 

because either group was stable while the other slowly deviated. As such, because of the subtle 

changes over time, these disorders may be more difficult to detect using automated health 

monitoring systems. 

 Rumination data exhibited earlier deviations from baseline than milk yield data, 

particularly before acute health disorders. Prior to DA and mastitis diagnoses, rumination time 

deviated from baseline 1 d prior to the response in milk yield. The response of rumination at least 

1 d prior to milk data was previously reported by King et al. (in press) prior to diagnosis of SCK, 

pneumonia, and DA in a research herd with AMS. The sequence of health alerts should, thus, 

flag cows with declining rumination behavior prior to their declining milk yield. In the current 

study, milking frequency also declined earlier than milk yield. However, the magnitude of these 

changes, while statistically significant, may be so subtle in practical settings that any observed 

change in milking frequency may not be useful for daily health monitoring. 

Comparing sick cows to a group of healthy cows allowed us to detect certain differences 

much earlier than when just looking for deviations from the baseline of those sick cows. This 

finding may not necessarily translate to better illness detection on-farm, but a healthy 

comparison group could be a very useful refinement to existing algorithms and should be 
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pursued in future research. Comparisons to a healthy group should complement the current 

monitoring of cows relative to their own baseline. In addition to the healthy group, we also 

compared cows with health disorders to all cows from participating study herds. This comparison 

was designed to mimic the reference group that would typically be used on-farm. As expected, 

these comparisons demonstrated similar findings as earlier described, but had delayed or fewer 

significant differences between the sick and comparison group. This suggests that the use of a 

healthy reference group of cows could enable earlier and more meaningful comparisons for on-

farm health monitoring. This would require AMS software to combine treatment and health 

information with prior lactation data to create trajectories of previously healthy fresh cows to use 

as a target when monitoring current fresh cows. While this approach would create reports with 

herd-specific lactation trajectories based on feed, climate, etc., this comparison could also be 

confounded with time and changes in management. Future research is therefore needed to test 

this approach and to establish the necessary interval for resetting such reports (e.g. with every 

feed change). 

 Certain metrics showed variable responses by disorder. For example, activity levels 

associated with most disorders were either lower overall or declined prior to diagnosis (similar to 

cows with ketosis, DA, and mastitis; Stangaferro et al., 2016a; b), except for new cases of 

lameness, where activity of both healthy and lame cows declined at similar rates. King et al. 

(2017, in press) also found no associations of activity with lameness, which is in contrast with a 

previous study that used the same activity monitors and found decreasing daytime activity before 

lameness diagnosis (Van Hertem et al., 2013). It is important to note that the neck collar activity 

monitors used in the current study have not been openly validated for illness detection, and were 

only moderately reliable for walking behavior in a previous study with a pasture-based AMS 
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(Elischer et al., 2013). While these monitors have been validated for estrus detection and are 

more efficient and accurate than visual monitoring for that purpose (Michaelis et al., 2014), they 

have lower efficacy for detecting estrus of cows with BCS < 2 and above-average milk yield (> 

54 L/d; Holman et al., 2011). Despite the reduced mobility of lame cows, the neck collar activity 

monitors did not have reduced heat detection accuracy for cows with NRS ≥ 2 out of 5 (Holman 

et al., 2011). We speculate that there may be no difference with new cases of lameness because 

of great variability in activity between and within cows. Also, lame cows in this study and King 

et al. (2017) were mostly NRS =3, with very few cows having NRS >3, and most sound cows 

had NRS =2. It is possible that a 1 unit increase in locomotion score is not enough to cause 

differences in activity using this specific monitoring device; thus, more research is required to 

assess whether data collected by this or other activity monitors can be used to detect lameness.  

Other metrics, such as milk temperature, only deviated from those cows’ baseline prior to 

DA and lameness. Milk temperature began to decline 4 d before diagnosis of DA, at a similar 

rate reported by King et al. (in press), which may be reflective of the reduction in rumination 

time seen in both studies prior to DA. Rogers Simmons et al. (1965) and Bitman et al. (1984) 

observed elevated body temperatures associated with eating, likely representative of the heat 

increment of feeding. Because milk and body temperatures are highly correlated (Schutz and 

Bewley, 2009), it can be hypothesized that reduced feed intake and rumination time would be 

associated with lower body and milk temperatures. In a study by Wenz et al. (2011), cows with 

metabolic or digestive disorders tended to have higher temperatures than healthy cows during 5 

of the first 10 DIM, and a noticeable drop in temperature around 6-7 DIM, but this was not 

examined statistically. Prior to lameness, we would have expected milk temperature to increase 

as it did in the study by King et al. (in press). Instead, milk temperature increased until d -6 and 
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then began to decline. A recognized limitation of this study is that we only diagnosed lameness 

once every 2 wk, SCK once per wk, and PVD once total. As a result, the day we diagnosed these 

disorders was not necessarily the same day that cows developed a certain condition. We could, 

therefore, speculate that changes in milk temperature prior to lameness detection reflect 

increasing body temperature with lameness development, because certain causes of lameness can 

raise body temperature (Adams et al., 2013). Then, milk temperature may begin to decline as 

cows eat and ruminate less (Rogers Simmons et al., 1965; Bitman et al., 1984). Milk temperature 

prior to SCK and mastitis diagnoses was stable, but also lower than that of healthy cows, who 

had increasing milk temperature from 2-5 DIM. This “healthy” trend for increasing milk 

temperature is comparable to rectal temperatures reported for cows from 1 to 3-4 DIM (Burfeind 

et al., 2014), however those authors reported increased body temperature with SCK in 

primiparous cows and with abnormal vaginal discharge in primiparous and multiparous cows. 

Similar to those results, Adams et al. (2013) observed increasing reticular temperature with 

mastitis and pneumonia, but not with lameness or metritis, and Wenz et al. (2011) reported 

associations of increasing body temperature with infectious health events (mastitis, metritis, or 

pneumonia). The current study found no increase in temperature with mastitis, and King et al. (in 

press) found no association prior to pneumonia. Thus, more research is required to understand 

the potential use of milk temperature monitoring in AMS to detect health disorders.  

Finally, milking frequency and supplement intake only deviated from the baseline of 

cows with mastitis, and did not do so for any other health disorder. We hypothesized that even 

mild cases of mastitis would reduce milking frequency due to discomfort or pain associated with 

milking. Stepping behavior during milking in AMS has been positively associated with SCC, 

suggesting that cows were more unsettled (Gygax et al., 2008) and cows with induced mastitis 
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exhibited behavioral responses indicative of pain and discomfort (Fogsgaard et al., 2012). With 

cows being less willing to visit the AMS to milk, their milking frequency would decline, and 

because supplement allowance is based on production (and indirectly on milking frequency), 

reduced supplement intake was expected as well. What we did not observe was an increase in 

milking failures prior to mastitis, which was expected based on field observations and 

preliminary analyses of all cases of mastitis, regardless of other health conditions.  

Like King et al. (in press), we controlled for DIM and parity in our analyses. These two 

covariates are crucial to account for cow-level differences in early lactation, when fresh cows 

should have increasing milk yield and rumination time each d, while activity is expected to 

slowly decline (Liboreiro et al., 2015). Changes in milk and rumination are expected to be more 

pronounced for older cows, who generally produce more, ruminate more, and are less active than 

younger cows (King et al., 2017). Most of the current health alert systems do not take parity and 

DIM into account, and thus, utilize the same threshold for early and late lactation cows 

regardless of parity. If these algorithms considered parity and stage of lactation, they would be 

more sensitive to subtle changes in metrics of sick fresh cows (true positives), while not flagging 

late lactation cows with similar deviations who are, in fact, healthy (false positives). It is also 

important to emphasize that data presented here are LS means from models that controlled for 

DIM and parity; the figures do not include cow-specific trajectories, which will differ by 

individual. Future research is required to identify the sensitivity and specificity of using various 

thresholds of deviation values or slopes to accurately identify health disorders in fresh cows in 

AMS herds. 

5.5 Conclusions 
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In summary, acute health disorders, such as DA and mastitis, were associated with 

noticeable deviations from those cows’ baseline AMS data occurring 4 to 12 d before diagnosis, 

and rumination time often declined 1 d prior to milk yield. More chronic disorders, such as SCK 

and lameness, were associated with significant, but subtle, longer-term changes in productivity 

and behavior. As result, these data, particularly rumination time, could contribute to more refined 

alerts for fresh cow illness detection. These data also suggest that accounting for DIM and parity 

could further improve the sensitivity of alerts to identify more subtle deviations in these metrics 

during early lactation. 
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Table 5.1. Means ± SD of production and behavior variables for 605 cows in 9 commercial herds with automated milking systems.  

 DIM range 

Variable -7 to -1 01-6 7-13 14-20 21-27 28-34 35-41 42-49 

Rumination time 

(min/d) 
423 ± 85 390 ± 140 478 ± 95 482 ± 91 478 ± 91 475 ± 90 477 ± 91 482 ± 89 

Activity (units/d) 657 ± 208 623 ± 211 608 ± 163 610 ± 151 606 ± 151 598 ± 147 593 ± 154 585 ± 152 

Body weight (kg) - 677 ± 105 661 ± 98 662 ± 96 665 ± 92 669 ± 91 672 ± 88 672 ± 88 

3-d rolling means  

Milk yield (kg/d) - 22.0 ± 9.8 32.6 ± 10.2 36.6 ± 10.7 39.2 ± 11.1 40.7 ± 11.1 41.4 ± 11.1 41.4 ± 10.7 

Milk temperature 

(°C)  
- 38.7 ± 1.1 39.1 ± 0.7 39.0 ± 0.6 38.9 ± 0.6 38.9 ± 0.6 38.8 ± 0.6 38.8 ± 0.6 

Milking frequency 

(no./d) 
- 2.4 ± 0.8 3.0 ± 1.0 3.3 ± 1.1 3.3 ± 1.1 3.2 ± 1.0 3.2 ± 1.0 3.2 ± 0.9 

Supplement intake 

(kg/d) 
- 2.7 ± 0.8 3.9 ± 0.8 4.9 ± 0.9 5.4 ± 1.0 5.7 ± 1.0 5.7 ± 1.0 5.8 ± 1.0 

Refusal frequency 

(no./d) 
- 1.3 ± 2.7 1.5 ± 2.9 1.1 ± 2.8 0.8 ± 2.4 1.0 ± 2.4 1.0 ± 2.8 0.9 ± 2.2 

Failure frequency 

(no./d) 
- 0.2 ± 0.5 0.1 ± 0.5 0.1 ± 0.3 0.1 ± 0.3 0.1 ± 0.3 0.1 ± 0.3 0.1 ± 0.3 

Number of 

observations2 
1800 1934-4111 1939-4191 1838-4143 1761-4085 1717-4035 1625-3892 1676-4010 

1Day of calving = 0 DIM. 

2Total number of observation days from all cows contributing to each average. 
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Table 5.2. Summary of health disorders diagnosed and the DIM of diagnoses in 9 commercial 

herds with automated milking systems1. 

Health disorder n 

DIM at diagnosis 

Mean Median SD Min Max 

All cases observed       

Displaced abomasum (DA)  8 22 18 15 8 49 

Mastitis 38 16 14 13 0 46 

New case of lameness 107 24 21 7 14 35 

Subclinical ketosis 198 10 8 6 1 21 

Purulent vaginal discharge (PVD) 114 32 32 2 28 36 
 
 

      

Cases analyzed2       

DA2 8 22 18 15 8 49 

Mastitis 13 16 13.5 13 3 38 

New case of lameness 45 23 20 7 15 35 

Subclinical ketosis 113 10 8 6 1 21 

PVD 49 32 32 2 28 35 

1Data were collected on 605 cows. 

2Analyses were limited include cows who were sick with only that particular disorder, or that 

disorder occurring 14 d or earlier than another disorder. However, for DA, all 8 cases occurred in 

conjunction with other disorders. 



121 

 

  
 
Figure 5.1. Data from d -14 to -1 relative to diagnosis for cows with displaced abomasum (DA; n = 7-8) compared to healthy cows (n = 121) given a mock diagnosis date 

using the mean DIM at diagnosis for DA cows’ (22 DIM). Graphs show LS means accounting for DIM and parity for the following variables: (A) milk yield, (B) 

rumination time, (C) activity, (D) milk temperature, (E) milking frequency, and (F) supplement intake. (*) indicate significant (P ≥ 0.05) differences and (†) signifies a 

tendency (P ≥ 0.10) between healthy and DA cows’ LS means in daily pair-wise comparisons. (     ) indicate deviation of DA cows from their own baseline.   
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Figure 5.2. Data from d -11 to -1 relative to diagnosis of treated clinical mastitis (n = 7-13) compared to healthy cows (n = 121) given a mock diagnosis date using the 

mean DIM at diagnosis of mastitis (16 DIM). Graphs show LS means accounting for DIM and parity for the following variables: (A) milk yield, (B) rumination time, (C) 

activity, (D) milk temperature, (E) milking frequency, and (F) maximum milk conductivity. (*) indicate significant differences and (†) signifies a tendency (P ≥ 0.10) 

between healthy and mastitis cows’ LS means in daily pair-wise comparisons. (     ) indicates deviation of cows with mastitis from their own baseline. 
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Figure 5.3. Data from d -14 to -1 relative to detection of new cases of lameness (n = 45) compared to healthy cows (n = 121) given a mock diagnosis date using the mean 

DIM at diagnosis for lameness (23 DIM). Graphs show LS means accounting for DIM and parity for the following variables: (A) milk yield, (B) rumination time, (C) milk 

temperature, (D) milking frequency, (E) supplement intake, and (F) refusal frequency. (*) indicate significant (P ≥ 0.05) differences and (†) signifies a tendency (P ≥ 0.10) 

between healthy and lame cows’ LS means in daily pair-wise comparisons. (     ) indicates deviation of lame cows from their own baseline.   
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Figure 5.4. Data from d -8 to -1 relative to diagnosis of subclinical ketosis (blood BHB ≥ 1.2 mmol/L at least once during the first 3 wk of lactation; n = 88-113) compared 

to healthy cows (n = 121) given a mock diagnosis date using the mean DIM at diagnosis (10 DIM). Graphs show LS means accounting for DIM and parity for the following 

variables: (A) milk yield, (B) rumination time, (C) milk temperature, (D) milking frequency, (E) supplement intake, and (F) refusal frequency. (*) indicate significant (P ≥ 

0.05) differences and (†) signifies a tendency (P ≥ 0.10) between healthy and SCK cows’ LS means in daily pair-wise comparisons.  
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CHAPTER 6: GENERAL DISCUSSION 

 

 The research described in this dissertation revealed several key findings regarding 

associations of lameness and health disorders with behavior and productivity in AMS herds. 

Results from Chapter 2 and 3 provide definitive, practical information to the dairy industry and 

producers with regards to the impact of lameness in AMS herds. Results presented in Chapter 4 

and 5 provide insight into ways to refine existing and to create new illness detection models in 

the future, although further investigation is required before being able to provide reliable, 

actionable interpretation of on-farm data for detecting health disorders.  

6.1 Major Findings 

6.1.1 Associations of Lameness, Management, and Productivity 

 In Chapters 2 and 3, lameness was negatively associated with milk production at the herd 

and cow level. Milk yield expressed per cow and per AMS unit were both negatively associated 

with the prevalence of severe lameness in study herds. Lame cows (clinical and severe) produced 

less milk in fewer milkings each day, and were also more likely to be fetched. These results align 

with previous work reporting reduced milk yield, and total and voluntary milking frequency in 

AMS at the cow level (Bach et al., 2007b; Deming et al., 2013a), but this was the first study to 

demonstrate this association at a herd level. These herd-level associations were expected because 

herds with a greater proportion of lame cows are likely to have cows with limited mobility and 

impaired production. Even though only 2% of cows per herd were severely lame (Chapter 2), 

this prevalence ranged from 0-8% and was correlated with the prevalence of clinical lameness. In 

our cow-level comparison of lame and sound cows, >90% of cows in the lame group were 
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clinically lame (NRS =3), and >80% of the sound group had NRS =2 (Chapter 3). Thus, the 

observed differences in productivity and milking activity were mostly between cows with NRS 

=2 and NRS =3. Therefore, these distributions and my results highlight the negative impact of 

moderate cases of lameness at the cow level. Based on field observations in the current and 

previous studies (Horseman et al., 2014), producers are treating severe cases of lameness but are 

less aware of more mild cases, or they do not report those cows as being lame due to hesitation 

or resistance to using the word “lame”. The data presented in Chapters 2 and 3 suggest that, 

moving forward, more emphasis should be placed on conveying the importance of identification, 

implications, and treatment for those moderate, clinical cases of lameness in producer outreach 

efforts.  

Stocking density at the AMS was expected to be associated with greater milk production 

per AMS, especially with the low stocking rates seen in this study (34.5 to 63 cows/AMS; 

Chapter 2). While each additional cow provided her daily production as additional yield (Chapter 

2), greater stocking rates at the AMS were also associated with reduced milking frequency per 

cow, at the cow and herd level. Therefore, for comparable herds to the current sample, we can 

hypothesize that the optimal number of cows per AMS, in terms of milk production and milking 

frequency at the robot and cow level, is likely within the range of stocking rates observed; 

however, this value will also differ by farm due to herd characteristics and producer preference. 

It is also important to limit stocking density relative to stalls, which was correlated with cows per 

AMS (Chapter 2). Herd-level stocking density in lying stalls was positively associated with 

severe lameness prevalence and tended to be associated with the need to fetch cows for milking 

(Chapter 2). At the cow level, stocking density in stalls was also related to fetch frequency, in 

addition to being negatively associated with lying time (Chapter 3). Therefore, overstocking 
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cows, even if only to the maximum of 116% cows/stalls in this study, can be expected to have 

negative consequences for lying time, lameness, and voluntary milking behavior. Considering 

these negative associations, the maximal milk yield from 69 cows per AMS suggested by Castro 

et al. (2012) may not be realized in practical settings, unless enough lying stalls are provided. 

The frequency of alley scraping may be another major factor determining lameness 

prevalence at the herd level. Herds that scraped their manure alleys more frequency were 

associated with having a lower prevalence of clinical lameness and lower rates of fetching cows 

(Chapter 2). These results support the findings of those studies demonstrating associations of 

automatic scrapers with reduced prevalence of hoof lesions (Somers et al., 2003; 2005) and 

higher scraping frequencies with better hygiene of lower legs (DeVries et al., 2012). However, 

Cramer et al. (2009) found foot lesions in conventional free-stall herds to be associated with 

scraping frequencies >2 ×/d, potentially because of trauma to feet or soiling by scrapers passing 

through the barn. Given that the presence of automatic scrapers can be a risk factors for lameness 

(Barker et al., 2007; 2010) and that many AMS herds use automated scrapers, these herds may 

already be at a greater risk for lameness. Because cows in AMS never leave the barn for milking 

and they are constantly exposed to manure alleys and scrapers, it may be that more frequent 

scraping is better to reduce the build up of slurry. With a similar range of 3-24 passes per d, 

DeVries et al. (2012) reported better lower leg hygiene with greater frequencies. Therefore, with 

the range of alley scraping that occurred within study herds (once every 2 d to continuously 24 

×/d; Chapter 2), the optimal frequency for minimizing lameness and fetching cows may also be 

in the upper range of what we observed. 

At the cow level, I found that parity was a risk factor for lameness (Chapter 3). 

Researchers have previously shown that lameness was more prevalent in older cows (Bach et al., 
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2007b), and that the prevalence of lameness increased by 8% with each lactation (Espejo et al., 

2006). Lim et al. (2015) found that cows of ≥3 lactations were more likely to become lame and 

less likely to recover than primiparous cows, and Dippel et al. (2009) found that the odds of 

being lame were greatest for ≥4 parity cows, followed by second and third parity cows, and then 

primiparous cows. However, higher prevalence of digital dermatitis was reported for primiparous 

cows, potentially because of more developed local immunity in older cows (Green et al., 2014; 

Oikonomou et al., 2013), but because the immune response can only target infectious lameness, 

claw horn lesions are less affected by immunity. Older cows may, therefore, be at a greater risk 

for claw horn lesions because of the increased risk of lameness from previous lesions 

(Oikonomou et al., 2013; Green et al., 2014; Randall et al., 2016). Low body condition was 

another cow-level risk factor identified in the current (Chapter 3) and past studies (Bicalho et al., 

2009; Green et al., 2014; Lim et al., 2015). While thin cows (BCS =2) are often the highest 

producers, the increase in milk yield compared to cows with BCS =2.5 was only 100 kg more per 

305-day lactation (Green et al., 2014). Because those thin cows were also the most likely to 

become lame and the cost of treating them was greater than their milk revenue, those authors 

concluded that it was not financially beneficial to have cows with BCS <2.5. Treating the feet of 

a thin cow may also be futile if the underlying cause, her low body condition, is not corrected 

(Green et al., 2014). Lameness is, thus, a welfare and economic concern, and the priorities for 

lameness management should include monitoring, identification, and treatment for low body 

condition and early cases of moderate lameness. 

6.1.2 Potential to Detect Health Disorders Using AMS Data 

In Chapters 4 and 5, noticeable changes in productivity and behavior occurred 4 to 14 d 

before diagnosis of various health disorders. Analyses for these 2 chapters identified an early 
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response of rumination time to illness, which generally occurred 1 d before reductions in milk 

yield. In Chapter 4, I assessed lying behavior of cows prior to diagnoses, but this measure did not 

perform as well as expected based on previous reports of lying times, lameness, and sickness. 

Daily lying time only increased prior to DA and metritis (Chapter 4), but not before diagnoses of 

hoof disorders or pneumonia. Therefore, in Chapter 5, I focused data collection to variables 

collected automatically by the AMS and neck collars on each farm. Declining rumination time, 

activity, and milk yield were common among most health disorders (Chapters 4 and 5), while 

other variables, such as AMS supplement intake, milking frequency, and milk temperature, had 

varying responses by illness. This could lead to illness-specific identification, particularly if 

detection models use combinations of measures, potentially with different alert thresholds for 

each illness. 

In Chapters 4 and 5, particularly the latter, it became apparent that certain health 

disorders may be more easily identified using AMS data because of the magnitude of change that 

occurs in various measures. Acute disorders, such as pneumonia (Chapter 4), mastitis (Chapter 

5), and DA (Chapters 4 and 5), were associated with measurable deviations prior to diagnosis. 

Other, more state-like disorders (SCK, lameness, and PVD in Chapter 5), however, may be more 

difficult to identify by their gradual changes in productivity and behavior; these models will need 

to be very precise to accurately identify sick cows (true positives) while minimizing any 

misidentification of false positives.  

There may also be variation within acute health disorders, such that those of an infectious 

nature are associated with increasing milk temperature, related to increasing body temperature, 

while other disorders simply reduce rumination time, milk production, and body temperature. In 

Chapters 4 and 5, milk temperature decreased prior to diagnosis of DA, just as rumination time 
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and milk yield declined. In a previous study, cows with metabolic or digestive disorders tended 

to have higher temperatures than healthy cows during 5 of the first 10 DIM (Wenz et al., 2011). 

Within that group, there was a noticeable drop in temperature around 6-7 DIM, which appeared 

to correspond with the onset of those disorders, but this was not examined statistically (Wenz et 

al., 2011). Alternatively, milk temperature increased before diagnosis of metritis and lameness in 

Chapter 4, which could potentially be related to internal inflammation or infection, similar to the 

associations of increasing body temperature with infectious health events (mastitis, metritis, or 

pneumonia), reported by Wenz et al. (2011). However, no change in milk temperature was seen 

for cows with pneumonia in Chapter 4. Closer inspection of milk temperature in association with 

hoof disorders in Chapter 4 supports this idea, as milk temperature increased from d -14 to d 0, 

from which point cows were treated and milk temperature began to decline. In Chapter 5, milk 

temperature increased up until 6 d before lameness detection, from which point it declined until 

the day of diagnosis. It may be that there are 2 opposing processes taking place; cows with 

inflammation and infections may experience increasing body temperature, and thus, their milk 

temperature increases, while they also ruminate less and produce less milk, at which point their 

milk temperature may decline. Further research is required to elucidate these associations and to 

refine the use of such data in future health detection algorithms. 

The first step towards improving these health alert models includes controlling for parity 

and DIM, which I did in Chapters 4 and 5. Parity is a necessary covariate because of the 

differences in slopes of lactation curves between primiparous and multiparous cows in early 

lactation (e.g. Friggens et al., 1999; Hansen et al., 2006; Kaufman et al., 2016a). Moreover, the 

inclusion of DIM is key for providing context when interpreting deviations in AMS data. For 

example, fresh cows should follow an upward trajectory towards peak lactation, during which 
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time, any negative deviation for more than 1 d could be abnormal. For later lactation cows, 

however, a downward slope is expected. When I added DIM into my models (Chapter 4), it did 

not alter the day at which a deviation occurred from baseline, but it did increase the magnitude of 

slopes for most variables prior to diagnosis. The majority of changes in variables prior to DA, 

SCK, and metritis diagnoses were greater once controlling for DIM. However, prior to 

pneumonia and hoof disorders, most slopes became slightly smaller with the addition of DIM; 

those differences were much smaller in comparison to those with increasing magnitude. 

Particularly for hoof disorders, the change in slope was biologically negligible, and these were 

diagnosed later in lactation, on average, with a very wide spread in DIM at diagnosis compared 

to the other disorders. Therefore, for 3 of the 4 disorders occurring in early lactation (Chapter 4), 

the addition of DIM increased the magnitude of deviations prior to diagnosis, which could help 

algorithms better identify fresh cows with health disorders without creating false positives for 

late lactation, healthy cows. Thus, parity and DIM should be included in future alert algorithms 

to improve the detection of deviations occurring in various parity groups and stages of lactation.  

As demonstrated in Chapter 5, the addition of a healthy reference group would also 

improve the functionality of on-farm alerts, acting as a healthy target to which current fresh cows 

could be compared. This may allow producers to pick up on slow, subtle changes over time for 

those state-like disorders that were not associated with sharp deviations in production and 

behavior. Future algorithms should combine available treatment data to create a group of healthy 

cows as a target, so that a slow divergence from the historical healthy trajectory for each specific 

farm could be the new strategy for detecting those state-like health disorders. This comparison to 

healthy cows should supplement, but not replace, the current system of monitoring cows relative 

to their own baseline. Depending on the cow, the type of health disorder, and likely the severity 
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as well, a difference from the healthy group may be noticeable 2 wk before diagnosis. From 

these results, we can hypothesize that comparisons to a healthy group will provide an earlier 

indication of health problems. Nonetheless, it still important to consider each cow’s baseline, and 

variation within it, to provide individualized monitoring for each cow relative to her healthy 

state, particularly until future research is conducted. 

6.2 Limitations and Future Research  

In Chapters 2 and 3, we assessed lameness through locomotion scoring, but we did not 

examine specific hoof or hock lesions. Hoof trimming records were collected from as many 

herds as possible, but these were not standardized in terms of who did the trimming, what case 

definitions were used, as well as the timing and frequency of trimming relative to our data 

collection period. Thus, those data were not utilized. Because we did not measure hock injuries 

or bedding depth relative to curb height, we cannot fully explain the association between curb 

height and lameness prevalence. Locomotion scoring could also be critiqued as not fully 

capturing the lameness status of a cow, as previous studies have determined differential response 

of locomotion scores to claw pain and various types of hoof lesions; these are often related, 

however locomotion score does not always indicate the presence of a lesion or pain (Flower and 

Weary, 2006; Dyer et al., 2007; Tadich et al., 2010). Despite the limitations of locomotion 

scoring, numerous studies support the efficacy of this method to identify sole ulcers (Flower and 

Weary, 2006; Chapinal et al., 2009; Tadich et al., 2010), interdigital inflammation (Tachich et 

al., 2010), various claw disorders (Sogstad et al., 2012), and hyperalgesia (Tadich et al., 2013).  

Chapters 2 and 3 were also limited in terms of the timeframe of data collection. The 6-d 

period of data from each farm provided a cross-sectional representation of associations, but we 

cannot provide any causal context for these relationships. Longer-term data would also aid in 
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understanding the relationship between milk production, body condition score, and the frequency 

of refusals at the AMS. It would be interesting, from a behavioral stand-point, to examine cow-

level factors influencing the motivation of individual cows to access supplement in an AMS, 

which would affect robot efficiency and free time at the herd-level as well. More longitudinal 

data collection would have enabled analysis of development of lameness, relative to stage of 

lactation and changes in body condition, management, etc. Longitudinal data may also better 

represent the activity and rumination behavior of lame cows, prior to and during the onset of 

lameness. The current results do not fully agree with previous reports examining activity and 

rumination behavior of lame cows (Van Hertem et al., 2013), and a larger data set would better 

clarify these associations. 

The two main limitations of Chapter 4 and 5 were that: 1) we only reported associations 

of data prior to diagnosis and did not yet create any detection models, and 2) we did not test the 

validity of currently existing health alerts. Therefore, in future research there is a need to validate 

the accuracy of all existing and newly generated alerts for health monitoring. This should include 

testing of specificity and sensitivity using various thresholds for different variables. Model 

development and validation should also test for combinations of different variables. Validation 

studies should include retrospective data and prospective on-farm trials to ensure external 

validity and applicability of results to many farms, representing the full spectrum of housing 

systems and environmental conditions under which AMS are used. 

 Combining multiple variables or different variations of those variables may create the 

ability to differentiate between types of health disorders. For practical use on-farm, health alerts 

would better benefit producers if they could pinpoint specific illnesses, or at least health 

disorders that are more likely than others. In previous detection studies (i.e. Van Hertem et al., 



134 

 

2013; Garcia et al., 2014; Stangaferro et al., 2016a; b; c), researchers used different combinations 

of activity, rumination, and milk data to identify a health problem, but those researchers did not 

test the ability to differentiate between disorders. It is unknown what variations of measures 

contributed to the health index score used by Stangaferro et al. (2016), but there were definite 

advantages of including many variations of variables as opposed to just absolute daily sum 

values: minimum and maximum values, median values, and variance (Garcia et al., 2014), as 

well as relative values, standard deviations, and slope coefficients (Van Hertem et al., 2013). 

This dissertation has not evaluated other metric variations aside from absolute daily totals. 

Moving forward, it would also be useful to test slope coefficients for daily changes, as well as 

percentage daily change. We also found varying response of body weight and milk temperature 

between Chapter 4 and 5, which were sometimes contradictory. Body weight had numerous 

deviations prior to illness in Chapter 4, but these were not apparent in Chapter 5, likely due to a 

limited sample of farms having the equipment to weigh cows. Milk temperature, on the other 

hand, appeared to increase before illness in Chapter 4, but mostly decreased in Chapter 5. It may 

be that changes in milk and body temperature depend on the type of health disorder, thus 

providing the ability to differentiate between specific illness types in the future. This certainly 

warrants further investigation before any recommendations can be made for improving illness 

detection models.  

6.3 Concluding Recommendations for Lameness and Health Management in AMS  

The results of this thesis suggest that, moving forward, dairy producers should focus on 

managing the risk factors for lameness. At the cow level, this includes managing body condition 

of thin cows, as well as monitoring and treating lameness early, particularly those mild, moderate 

cases of lameness before they become severe. At the herd level, keeping alleys clean by scraping 
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more often and limiting stocking density in lying stalls could help lower the prevalence of 

lameness and rates of fetching cows in AMS herds. Regarding other health disorders, producers 

and their advisors should carefully interpret the data collected and summarized by AMS 

programs. Producers can monitor rumination time as an early indicator for potential illness, but 

should also continue to visually monitor health status of cows, especially until the health alerts 

they use are further validated and refined. 
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