
Factors Associated with Lameness and Productivity for Cows Milked in Automated 

Milking Systems 

 

by 

Robert Dwight Matson 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Master of Science 

in 

Animal Biosciences 

Guelph, Ontario, Canada 

© Robert Dwight Matson, November 2020 



ABSTRACT 

FACTORS ASSOCIATED WITH LAMENESS AND PRODUCTIVITY FOR COWS MILKED 

IN AUTOMATED MILKING SYSTEMS 

 

Robert Matson 

University of Guelph, 2020 

 

Advisor: 

Dr. Trevor DeVries 

 

The objective of my thesis was to identify the housing, management, and herd demographic 

factors used in automated milking systems (AMS) associated with greater milk production, 

improved udder health, and lesser lameness. In a study of 197 Canadian AMS farms, greater 

milk yield was associated with greater feed push-up frequency, greater feed bunk space, sand 

bedding, and a mechanized ventilation system. Improved udder health, marked by lesser somatic 

cell count, was associated with greater lying alley width and alley cleaning frequency, and use of 

sand bedding. In a study of 75 AMS farms in Ontario, lesser clinical lameness prevalence was 

associated with greater feed bunk space, lesser prevalence of under-conditioned cows, use of 

sand bedding, and non-Holstein breeds. Lesser severe lameness was associated with reduced 

under-conditioned cow prevalence and lower stall curb heights. Greater milk yield was 

associated with lesser clinical lameness prevalence and greater milking frequency and feed push-

ups.  
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1 Introduction to Automated Milking Systems 

1.1.1 Perspective: Rapid Adoption of Automated Milking Systems 

The Canadian dairy industry has experienced massive adoption of technology in recent 

years. One of these technologies is the automated milking system (AMS), also referred to as a 

voluntary or robotic milking system. In 1992 the first AMS was introduced into the European 

market and by 1999 there were more than 400 AMS in operation worldwide (de Koning, 2010). 

With exponential growth in the years that followed, it was estimated that 25,000 farms used 

AMS globally as of 2014 (Barkema et al., 2015). This represents a 62.5-fold expansion in the 

number of AMS dairy farms in 15 years. More recent estimates from 2016 suggest there were 

approximately 35,000 AMS worldwide and that number is only expected to rise (Salfer et al., 

2017). In Canada, the total number of AMS herds on milk recording increased by 444% (158 to 

701) from 2011 to 2018. As of September 2019, 11.0% of Canadian dairy herds enrolled in a 

milk recording program used an AMS (Lactanet, 2019).  

The highest proportion of Canadian farms using AMS occurs in farms with between 201 

and 500 milking cows; in this group, 17.4% of farms use an AMS, while the rest use a 

conventional milking system (CMS; Statistics Canada, 2017). Once herds surpass the 500 

milking cow threshold, the proportion of herds using AMS is reduced (Statistics Canada, 2017). 

In a simulation study by Rotz et al. (2003), it was demonstrated that AMS were more financially 

competitive than CMS when a farm milked between 50 and 120 cows at the capacity of the 
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milking system (~60 cows/AMS unit). For farms with greater than 120 cows, a CMS was 

modelled to be more labour efficient (Rotz et al., 2003).     

1.1.2 Differences between Milking Systems and Milking Visits 

AMS differ from CMS in terms of milking by automating the processes of teat cleaning, 

attachment of teat cups, and the milking of the cows (de Koning, 2010; Jacobs and Siegford, 

2012a). The success of these automated systems requires that cows voluntarily visit the AMS, as 

cows are no longer brought to the milking parlour 2 to 3 times per day, at fixed intervals, as is 

typical in a CMS (Jacobs and Siegford, 2012b; Jacobs et al., 2012). In previous research in CMS, 

it has been demonstrated that by increasing milking frequency from 2 to 3 times a day, cows 

produce approximately 15 to 20% more milk (DePeters et al., 1985; Stelwagen, 2001). 

Additional milk production gains of approximately 7% can be achieved for those herds that  milk 

4 times a day compared to 3 times per day (Erdman and Varner, 1995; Stelwagen, 2001; 

Stockdale, 2006). With more frequent milking, there is less feedback inhibition acting on the 

udder’s secretory cells, which results in a greater milk yield (Stelwagen and Lacy-Hulbert, 

1996). Increased milking frequency results in more milk, however in a CMS, an increase from 2 

to 3 times per day milking comes at an increased labour cost. Conversely, increased milking 

frequency with an AMS does not require additional labour, but does require cows to be milked 

voluntarily (Svennersten-Sjaunja and Pettersson, 2008). AMS provide the opportunity to exploit 

the ability to increase number of milkings by driving milk visits to the AMS.   

Observational studies of North American AMS have reported milking frequencies of 2.8 

x/cow/d (Deming et al., 2013; Siewert et al., 2018), 2.91 x/cow/d (Tremblay et al., 2016) and 3.0 

x/cow/d (King et al., 2016). Although these reports represent average milking frequency, these 



3 

 

 

 

can vary on an individual cow level based on stage of lactation and parity. In one of these 

observational studies, Deming et al. (2013), reported marginal reductions in milking frequency 

for increasing DIM (-0.003 x/cow/d) and parity (-0.06 x/cow/d). In a controlled study of AMS 

cows by Dzidic et al. (2004), the normal milking interval was 8.2 h in early lactation, 9.6 h in 

mid-, and 11.1 h in late-lactation. These intervals mimic the natural biology of a cows lactation 

curve that would be observed in nature, and can fortunately be matched using milking 

permissions based on individual historical cow variation in AMS (André et al., 2010). To 

accomplish this, more research needs to be focused on methods to minimize the milking interval 

for cows to maximize efficiency, while also accounting for individual cow variation in DIM.  

1.1.3 Benefits and Challenges of AMS 

One of the greatest benefits of AMS is the estimated 18 to 38% reduction in labour hours 

normally used to milk cows in a CMS (Sonck, 1995; Mathijs, 2004; Heikkilä et al., 2010). A 

Canadian survey study reported a 20% reduction in the mean number of employees, along with a 

62% reduction in time devoted to milking activities with the adoption of AMS (Tse et al., 

2018a). The overall decline in available farm labour has been a key reason for the rapid adoption 

of AMS; the Canadian Agriculture Human Resource Council has estimated that the total 

Canadian farm labour deficit is expected to double by 2029, to 123,000 jobs (Canadian 

Agricultural Human Resource Council, 2019). The scarcity of farm labour is related to lesser 

unemployment, greater wages in other sectors, and the lack of desirability to work within the 

agricultural field. As a result, there is an increased urgency to adopt new technologies to reduce 

the need to acquire outside labour. The requirement for labour is not eliminated with AMS, 
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however, the responsibility shifts from milking to maintaining and improving cow health and 

welfare (Butler et al., 2012; Hansen, 2015).  

By limiting the amount of time that producers spend on milking, AMS also contributes to 

more flexible lifestyles for producers (de Koning, 2010), in addition to providing more  

interesting and less routine jobs than conventional milking systems (Woodford et al., 2015). In a 

study by Tse et al. (2018b), producers perceived that AMS improved not only the profitability of 

their farms, but also their quality of life and their cows’ life. Further, those researchers also 

reported that producers perceived their work to be less stressful and physically demanding and 

more flexible (Tse et al., 2018b). This indicates that the noneconomic factors may be just as 

important as the economic factors in determining the overall cost benefit of an AMS (Mathijs, 

2004; Hyde et al., 2007). Previous studies on the cost associated with AMS have mainly been 

focused on the economic feasibility of AMS, as these factors are the easiest to quantify (Jacobs 

and Siegford, 2012a). These estimates usually neglect non-monetary factors (e.g. lifestyle, 

quality of life, etc.), along with the animal health capabilities of these systems. 

AMS provide detailed information about each cow (milk yield, milking time, etc.), which 

is not as easily obtained in traditional CMS (Spahr and Maltz, 1997), although these data have 

become more readily available with CMS in recent years. Because AMS can record production 

and other measures at the quarter of the udder level, these data can be linked back to both cow 

health and behavioural data. As a result, both the health and production of each individual animal 

can be monitored, and small changes can be potentially used to predict illness (Hogeveen and 

Ouweltjes, 2003). King and DeVries (2018) reviewed the current ability to detect health 

disorders from AMS and other technological data and concluded that there was no current model 
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or software that existed that could integrate data and automate on-farm decision making. 

However, our understanding of how these data might be used is still evolving and the field is 

rapidly growing. If explored to its full potential, it may provide further evidence of the economic 

benefits of AMS.  

In addition to labour and lifestyle benefits, producers have also enjoyed a perceived 

growth in farm profitability following the introduction of AMS (Tse et al., 2018a). Producers 

need to increase the number of daily milkings to increase milk production, and therefore, 

profitability (Salfer et al., 2018). However, despite all the perceived benefits, there is evidence 

that some producers may not realize production increases when transitioning to robotic milking 

(Tse et al., 2018a). Although production may increase with a greater number of milking visits per 

day, there is also an impact based on the milking interval of each of the cows within the herd 

(Ouweltjes, 1998) which can vary greatly using an AMS (Hogeveen et al., 2001).  

In CMS, the milking interval is fixed at a set number of hours, but AMS require cows to 

voluntarily visit, which might impact the milking interval, making it irregular. Additionally, 

some researchers have stated that milk quality may be slightly reduced in AMS herds, with the 

lowest quality in the 6-mo following the transition period to AMS (van der Vorst and de Koning, 

2002). Overall, there is no clear consensus on bulk tank Somatic Cell Count (SCC), with some 

reports stating it did not change (Helgren and Reinemann, 2006), increased (van der Vorst and de 

Koning, 2002; Johansson et al., 2017) or decreased (Bentley et al., 2013; Toušová et al., 2014). 

This suggests that management and other housing factors may have a greater impact on SCC in 

AMS farms, than the AMS itself. 
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Given the high cost of AMS, it is essential to increase profitability through ensuring a 

high AMS milking visit frequency. One method that has been proposed to improve voluntary 

milking visits is to train the animals to use the AMS. In a study of 217 producers in Canada, only 

42% of producers trained their heifers, cows, or both before first milking in the AMS. The 

remaining 58% of producers fetched cows to bring them to the robot and allowed milking to 

occur at the cows’ first experience with the AMS (Tse et al., 2018a). In a study by Donohue et al. 

(2010), two different training programs were compared: 1) teat spray used and feed offered and 

2) cows passed through the AMS. Those researchers reported that there was no benefit of using 

one training method over another (Donohue et al., 2010). In additional research by Jago and 

Kerrisk (2011) it was reported that training improved ease of entry into the AMS at the first 

assisted milking, however, no effect was reported on behaviour of cows when milking. Those 

authors also reported that training had little impact on time to achieve a voluntary milking when 

compared with those animals that were not trained (Jago and Kerrisk, 2011). The hypothesis 

behind training programs is familiarizing animals with the AMS and making them more likely to 

attend the milking system voluntarily (Donohue et al., 2010; Jago and Kerrisk, 2011).  

If cows do not enter the AMS voluntarily at regular intervals it may become the 

responsibility of producers to fetch cows (Nixon et al., 2009). Fetching cows is a potentially 

labour-intensive problem, as these cows must be manually brought to the AMS to be milked after 

a specified interval. Producers report that the effort required to fetch a cow involves identifying 

them in the milking interval report, and then finding those cows and bringing them to the holding 

area in front of the AMS (Rousing et al., 2006). This may require a significant amount of time, 

even if only a small percentage of a herd needs to be fetched. Fetching is most frequent during 
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the first 14 d of lactation (Rousing et al., 2006). During this period, 56 to 100 % of cows must be 

fetched at least once before learning how to use the AMS (Rousing et al., 2006; Jacobs and 

Siegford, 2012a). By limiting the amount of time spent fetching, producers can gain the most out 

of their AMS. Udder confirmation is one of the key reasons why cows might need to be brought 

to the AMS. In a study by Bach and Busto (2005), the authors reported a 7.6% failure rate of teat 

cup attachment to at least one quarter, even after all quarters had been successfully located and 

cleaned. Cows with udder conformation problems are reported to be fetched twice as often as 

other animals without these problems (Jacobs and Siegford, 2012a). In a survey of 15 North 

American dairy producers, all producers reported difficulties with teat variation and cluster 

attachment (Rodenburg, 2002). Producers reported culling between 0 and 3% of their total 

milking herds because of udder confirmation alone (Rodenburg, 2002). These reports 

demonstrate that genetic selection for good udder confirmation may be key to influencing 

milking visits and successful milkings.  

1.2 Effect of Management and Housing Factors on AMS 

1.2.1 Cow Behavior and Hierarchy 

Cows who are low ranking in terms of herd hierarchy are forced to visit the AMS at non-

preferred hours of the day, particularly at midnight hours (Hopster et al., 2002). A simulation 

model conducted by Halachmi (2009) reported an average wait time of 68.9 min in the AMS 

cow queue for low-ranking cows versus a 3.5-minute queue for high-ranking cows. In previous 

research on AMS milking intervals, the most frequent milking interval was between 7 and 8 h, 

however, very short (<4 h), and very long intervals (>12 h) were also regularly observed 

(Hogeveen et al., 2001; Abeni et al., 2005). It is, thus, plausible that a low-ranking cow’s 
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schedule can depend on the schedule of other dominant cows, which may lead to irregular 

milking intervals. In all milking systems, a regular milking interval is critical, as irregularities in 

the milking interval have been detrimental effects, such as reducing milk production (Ouweltjes, 

1998; Hogeveen et al., 2001; Bach and Busto, 2005) and increasing somatic cell count 

(Mollenhorst et al., 2011). The results by Halachmi (2009) also demonstrate that AMS may 

impact the  time budget of low-ranking cows. 

Time budgets, with patterns of feeding and drinking behaviour, have been suggested by 

Melin et al. (2005) to be unique to individual cows. Mattachini et al. (2017) examined 

differences between CMS and AMS, with a specific focus on how cow time budgets are affected 

by feed delivery in different environmental conditions. Those researchers reported that feed 

frequency had a limited effect on cow time budget (Mattachini et al., 2017). In addition, during 

the overnight hours, fewer cows are at the feed bunk, and more cows are lying down in both 

AMS and CMS compared to other hours of the day (Wagner-Storch and Palmer, 2003; DeVries 

et al., 2011; Munksgaard et al., 2011).  

The amount of lying time is an important measure of cow comfort (von Keyserlingk et 

al., 2009) and cows are motivated to spend roughly 54% of their day lying down (Munksgaard et 

al., 2005). Further, research into the motivation of cattle has demonstrated that the motivation of 

cows to lie down is a high priority behaviour (Metz, 1985; Munksgaard et al., 2005) and by 

reducing the amount of time that cattle can lie down, cows show behavioural and physical signs 

of stress including increased transitions between grooming, idling and leaning (Munksgaard and 

Simonsen, 1996).  In a study by Westin et al. (2016), median lying time was reported to be 11.4 

h/d for AMS cows which is in line with reports from other automated milking system herds by 



9 

 

 

 

DeVries et al. (2011; 11.2 h/d) and Deming et al. (2013; 10.8 h/d). In observational studies 

examining freestall herds using CMS, herd lying time averaged 11.2 h/d (Watters et al., 2013), 

and 11.0 h/d (Ito et al., 2009). The Canadian Code of Practice for Dairy Cattle (DFC-NFACC, 

2009) recommends that cows should lie down comfortably for at least 12 h per day. It is 

interesting to note that in the studies of both CMS and AMS herds, average lying time was under 

the recommended levels and not different from each other. This means that time spent standing 

waiting to be milked in CMS is not necessarily re-directed to lying in the AMS. .  

1.2.2 Stocking Density  

Stocking density of cows within a pen can also play a role in cow behaviour, modifying 

lying, feeding, and milking behaviours. In conventional free-stall CMS, stocking density has two 

traditional definitions (1) the number of free-stalls per cow, and (2) the amount of space at the 

feed bunk per cow.  

The current Dairy Code of Practice requires that stocking density must not exceed 1.2 

cows per stall in a free-stall system or resting area of 11 m2 per mature cow in a bedded pack pen 

system (DFC-NFACC, 2009). In a study of overstocking of a CMS free-stall system, lying time 

was linearly reduced with greater stall stocking density (Fregonesi et al., 2007). In further work it 

has been demonstrated that overstocking decreases a cow’s ability to spend sufficient time lying, 

eating, and socializing (Munksgaard et al., 2005; Krawczel et al., 2012). These results highlight 

the importance of maintaining appropriate stocking density for free-stall systems. In studies of 

AMS by Deming et al. (2013) and Westin et al. (2016), stall stocking density was lower than the 

1.2 cow/stall requirement set by the Dairy Code of Practice (DFC-NFACC, 2009) on nearly all 

farms. Interestingly, though, Westin et al. (2016) did report an association of lameness and stall 
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stocking density at a univariable level. Further, King et al. (2016) reported a positive association 

between free stall stocking density and fetching frequency. Thus, stall stocking density in AMS 

free-stall herds presents an avenue for continued research.  

Limited data are available for bedded pack systems.  Fregonesi and Leaver (2002) housed 

cows in 4.5 m2/cow (high density) versus 9 m2/cow (low density) straw bedded packs and 

reported no differences in rumination, feeding, lying, or pack standing time. However, the space 

provided to each cow within that study were below the 11 m2 recommendation from the Code of 

Practice (DFC-NFACC, 2009). The space requirement for bedded pack systems is dependent on 

multiple other factors, including the amount of moisture, and the frequency of bedding addition, 

amongst other factors. To the best of our knowledge there are no studies of bedded packs with 

AMS, and these factors present an emerging area for new research on how bedded pack stocking 

density might affect production and other health outcomes. 

Space at the feed bunk plays a pivotal role in the feeding and social behaviour of dairy 

cattle. Feed bunk stocking density has been extensively studied in CMS (Olofsson, 1999; 

DeVries et al., 2004; Huzzey et al., 2006; Krawczel et al., 2012; Crossley et al., 2017); however, 

it has been suggested that due to lower and more consistent percentages of cows eating at one 

time in AMS, there may be a reduced need for feed bunk space per cow for farms using an AMS 

(Wagner-Storch and Palmer, 2003). In contrast to this Deming et al. (2013) reported that that 

milk yield was positively associated with greater feed bunk space in AMS herds. However, both 

King et al. (2016b) and Westin et al. (2016) reported that in AMS herds there was no association 

seen between feed bunk stocking density and milk production. It is noteworthy, however, that 

stocking density at the feed bunk was 67 cm/cow in King et al. (2016b) which is higher than the 
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DFC-NFACC recommendations (2009). Further, 46% of the farms in the study by Westin et al. 

(2016) had stocking density at the feed bunk that was >60 cm/cow. Therefore, to date there is no 

evidence that suggests lesser feed bunk space per cow than the DFC-NFACC recommendation 

may be acceptable for herds using AMS.  

The AMS presents a third category of stocking density (i.e. number of cows per AMS 

unit), as robots are traditionally designed to handle a maximum of 60 cows per AMS unit (Jacobs 

and Siegford, 2012a; Deming et al., 2013). In observational studies of North American herds 

using an AMS, stocking density has been reported to be 49 (King et al., 2016), 51 (Tremblay et 

al., 2016), 54 (Westin et al., 2016), 55 (Deming et al., 2013) and 56 (Siewert et al., 2018) 

cows/AMS. A greater ratio of cows to the number of AMS units has been associated with lesser 

milking frequency per day (Deming et al., 2013; King et al., 2016b). These results provide the 

basis to examine the stocking density at the AMS as a potential management factor that can 

increase milking production and other health outcomes.  

1.2.3 Cow Traffic Systems  

Some farms use different cow traffic systems (CTS), in addition to the concentrate, to 

encourage milking visits. Guided CTS force cows to follow a predetermined route from the lying 

area to either the feed bunk (feed first; FF) or the AMS (milk first; MF). Cows must then pass to 

the AMS for FF systems and the feed bunk for MF systems before being able to go back to the 

lying area (Melin et al., 2005; Siewert et al., 2018b). This differs from the free traffic (FT), 

which relies on cows voluntarily going to the AMS without any directional gating. The main 

purpose of a guided CTS is to reduce the need to fetch cows to the milking system. Some 

observational studies have not identified differences in the frequency of AMS milkings for FT 
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versus guided CTS (Hermans et al., 2003; Munksgaard et al., 2011). However, in a crossover 

study, the number of voluntary and total daily milkings was greater with the guided CTS, with a 

difference of 0.7 milkings per day between the two systems (Bach et al., 2009). Despite the 

greater number of milkings at AMS, there was no detected difference in milk production or dry 

matter intake (DMI) between these two CTS. In another direct comparison of AMS and CTS, no 

difference was detected in milking frequency, however, 97.5% of AMS visits in FT systems 

were successful compared with 89.7% of visits in guided systems (Gygax et al., 2007). A 

crossover study by Bach et al (2009) identified a change in feeding behaviour with the use of a 

guided CTS; daily meals were less frequent, while meal duration and size were greater with 

guided CTS. Ketelaar-De Lauwere et al. (1998) also noted that in guided systems, cows spent 

more time standing in the feeding area and made fewer journeys from the lying area to the 

feeding area. Greater meal size and low meal frequency can lead to large diurnal fluctuations in 

ruminal pH, predisposing the animal to subacute ruminal acidosis (Enemark et al., 2002; 

Enemark, 2008). In contrast, some behaviours may not be altered due to CTS, with some 

researchers noting that there was no difference in lying times regardless of the CTS (Hermans et 

al., 2003; Munksgaard et al., 2011). In an observational study of North American AMS, 

Tremblay et al. (2016), reported an associated 1.11 kg higher production in free cow traffic 

systems as opposed to guided cow traffic systems. The results from these studies demonstrate 

that cow behaviour may be altered by CTS and that there needs to be future studies examining 

the type of cow traffic system (FT vs. FF vs. MF) and the impact on the behaviour and 

productivity of cows milked using an AMS.  
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1.2.4 Feed Management  

In AMS, producers typically feed a variation of the total mixed ration (TMR) called a 

partial mixed ration (PMR). The partial aspect of the term PMR denotes the need for producers 

to use part of the total concentrate from the ration and place this in the AMS to serve as the 

enticer feed. In previous research on TMR it has been demonstrated that greater feeding 

frequency increased consumption of TMR throughout the day, increasing the total feeding time 

(DeVries et al., 2005; Mäntysaari et al., 2006). (DeVries et al., 2005; Mäntysaari et al., 2006). In 

a study of parlor-milked, TMR herds by Sova et al. (2013), it was reported that feeding twice per 

day compared with once per day was associated with an average +1.42 kg of DMI and +2.0 kg of 

milk yield. In a study focusing on AMS, Mattachini et al. (2019) reported that feeding too often 

might negatively influence the number of long lying bouts, which can negatively influence both 

animal comfort and milk production. However, those researchers did not detect an association 

between bout length and milk production or any measure of animal comfort and only used two 

high feeding frequencies (6 vs. 12 times per day). Thus, more research is needed to determine 

potential effect of feeding frequency on both milk production and animal health.  

Although feed push-up does have the same stimulatory result as feed delivery (DeVries et 

al., 2003), feed push-ups still present a great opportunity for the producer to maintain continuous 

feed access. Researchers have demonstrated that greater feed push-up frequency in AMS herds 

was associated with greater lying duration, which is hypothesized to allow cows to spend more 

time lying down as they require less time to wait to access feed (Deming et al., 2013; King et al., 

2016a). Despite these findings, there are no controlled studies evaluating feed management 

techniques in AMS herds.  
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1.3 Lameness  

Due to the need for cows to voluntarily attend the milking system, a cows’ gait or 

locomotion can have a significant impact on the number of visits to an AMS a cow will make 

due to the pain associated with lameness (Borderas et al., 2008). Cows with poor gait scores (gait 

score ≥3, on a 5-point scale) were more likely to require fetching, and have a lower milking 

frequency when compared with sound cows (Bach et al., 2007). Lameness in AMS herds has 

also been demonstrated to impact milk yield. Doubling the prevalence of severe lameness (gait 

score ≥ 4 on a 5 point scale; from 2.5 to 5%) was associated with a 0.7 kg/cow/d reduction in 

milk (King et al., 2016b). In addition, in a cow level AMS study by King et al. (2017), the 

presence of clinical lameness (gait score ≥ 3 on a 5 point scale) was associated with a −1.64 kg/d 

reduction in milk yield, greater fetching, and a  −0.31 reduction in milking visits per day. 

Lameness is a problem across all milking systems, and has been identified as one of the key 

priorities for Canadian producers and veterinarians (Bauman et al., 2016). In studies of AMS 

herds King et al. (2016a) reported a clinical lameness percentage of 26% while Westin et al. 

(2016) reported a mean herd prevalence of lameness of 15%. It is important to note that a 

different methodology was used by Westin et al. (2016), whereby cows were assessed from 

video and categorized as lame if they had an obvious limp and severe lameness was categorized 

as having both a limp and a head bob instead of traditional gait score. In conventional free stall 

herds in North America, clinical lameness prevalence has been reported to range from 21 to 55% 

(von Keyserlingk et al., 2012; Solano et al., 2015; Jewell et al., 2019). Overall lameness is a 
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problem for both conventional and AMS producers and has been associated with a variety of 

cow, housing, and management factors.  

1.3.1 Body Condition  

The maintenance of an appropriate body condition is  important in the prevention of 

lameness, with lame cows being more likely to be of a lower body condition score (BCS) 

(Walker et al., 2008). In a longitudinal study in CMS by Lim et al. (2015), cows with a lesser 

BCS at calving had a greater probability of transitioning from non-lame to lame and a lesser 

probability from transitioning from lame to non-lame. Further, lower BCS has been associated 

with an increased risk of a repeated lameness (Randall et al., 2015). In a study examining BCS 

and lameness prevalence in AMS, Westin et al. (2016) demonstrated that a low BCS (BCS≤2.25) 

cow was at 2.1 times greater risk of being lame when compared to cows with a BCS between 

2.75-3.0.  

1.3.2 Housing Factors  

The housing environment of dairy cattle has been demonstrated to be a risk factor for 

lameness prevalence in both AMS and CMS. In AMS farms, stall width relative to cow size and 

parity were reported to be the most important factors associated with lameness in AMS herds 

(Westin et al., 2016). In that study, herds with stalls not fitting the average cow width increased 

the odds of being lame 3.7 times in primiparous cows. Those researchers also reported that only 

1 of the 36 farms had stalls of adequate width and length for the cows on their farm. The 

presence of obstructed lunge space was also associated with a 1.7 times greater risk of lameness 

(Westin et al., 2016). In a study by King et al. (2016b), increased curb height of the lying stalls 

was associated with an increase prevalence of lameness. Bedding type may also have an impact 
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on clinical (gait score ≥ 3) and severe (gait score ≥ 4) lameness. Herds milking with an AMS and 

using either with sand-bedded free-stalls or bedded packs have been reported to have lesser 

lameness prevalence than herds with other lying surfaces (Salfer et al., 2018). A narrow feed 

alley has also been associated with 1.9 x greater odds of being lame (Westin et al., 2016). 

Despite the results, additional research is needed focusing on barn design (including alley design, 

stall design, and overall barn design) and AMS specific barn features (cow traffic system) to 

identity their impact on lameness to provide better recommendations to producers.  

 

1.4 SCC in AMS 

As mentioned previously, there has been no clear consensus on the change in SCC upon 

the transition from CMS to AMS (Jacobs and Siegford, 2012b). In an observational study by 

Helgren and Reinemann (2006), AMS farms did not observe an initial increase in total bacterial 

counts or SCC and noted that these measures decreased the longer the farm used the AMS. In 

support of these findings, Dohmen et al. (2010) reported in a study of Dutch AMS farms, that the 

annual average percentage of new cows with a high SCC was positively related to the proportion 

of cows with dirty teats before milking. Dohmen et al. (2010) further reported that the proportion 

of milkings where teats were not covered with teat disinfecting spray by the AMS was also 

associated with the average percentage of new cows with high SCC. These findings point to 

udder cleanliness as the main driver behind maintaining lower SCC in AMS, thus housing and 

management factors that influence udder cleanliness may have an impact on SCC in these 

systems.  
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1.4.1 Housing and Management Factors Associated with SCC 

AMS provide the opportunity to reduce SCC by increasing milking frequency, thereby 

reducing the time that bacteria have available to grow (Lind et al., 2000). However, irregular 

milking interval can also have a negative effect on SCC, which can be a problem with AMS 

(Mollenhorst et al., 2011). Research relating to SCC and AMS has mainly focused on the 

transition between milking systems, as reported previously. In a study by King et al. (2016b), 

positive associations to SCC were reported between environmental temperature and average 

DIM of the herd. Average DIM and environmental temperature are common associations seen in 

CMS (Hand et al., 2012; Hammami et al., 2013), which demonstrates the need to examine AMS 

specific housing and management factors further to determine their effect on SCC. Overall, the 

study by King et al. (2016b) examined a variety of AMS management and housing factors, but to 

date to the best of our knowledge, is the only herd-level association between SCC and housing, 

management and environmental factors.  

 

1.5 Thesis Objectives  

Further research is needed to assess factors associated with greater production and lesser 

SCC in herds using AMS. Additionally, research needs to focus on factors affecting lameness 

within herds, while also identifying the impact of this lameness on the production and milk 

quality of these herds. The results reported within this thesis will provide information on current 

management and housing practices used across Canada, while identifying those factors that are 

associated with higher production and better milk quality. The overall objective of this thesis was 
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to identify on-farm practices associated with greater productivity and lesser lameness prevalence. 

The following specific objectives were addressed in two research chapters of this thesis: 

1. Herd-level associations of milk production and quality  

a. To benchmark herd-level data including herd demographics, management 

strategies, housing types, and feeding management practices on Canadian 

AMS herds.  

b. To identify the varying herd demographics, management strategies, housing 

types, and feeding management practices associated with milk production.  

c. To identify the varying herd demographics, management strategies, housing 

types, and feeding management practices associated with milk quality (SCC). 

2. Herd-level associations of lameness, productivity and milking behaviour  

a. To identify the prevalence of clinical and severe lameness prevalence on 

farms using AMS.  

b. To identify varying herd demographics, management strategies, housing 

types, and feeding management associated with clinical and severe lameness.  

c. To identify the impact of lameness on milking behaviour, production, and 

milk quality (SCC).   
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2 CHAPTER 2: BENCHMARKING OF ROBOTIC MILKING FARMS IN CANADA 

AND ASSOCIATIONS WITH MILK PRODUCTION AND QUALITY 

2.1 Introduction  

The Canadian dairy industry has experienced massive adoption of technology in recent 

years. One of these technologies is the automated milking system (AMS), also known as a 

voluntary or robotic milking system. As of September 2019, 11.0% of Canadian dairy herds 

enrolled in milk recording programs used an AMS (Lactanet, 2019). From 2011 to 2018 the total 

number of AMS on milk recording increased from 158 to 701, equating in a 444% increase in the 

total number of herds using an AMS (CDIC, 2020). The rapid adoption of AMS has primarily 

been done to reduce the need for labor on farms and to improve the lifestyle of dairy farm 

families (Mathijs, 2004; Heikkilä et al., 2010; Tse et al., 2018a). At the same time, Canadian 

dairy producers have reported improved cow health and production with the adoption of this 

technology (Tse et al., 2017) and perceived that moving to AMS has improved farm profitability 

(Tse et al., 2018a). In support of this, Salfer et al. (2017) modelled the profitability of AMS in 

the U.S. and reported that using robots on small and medium-sized farms may be more profitable 

than conventional parlors.  

Lameness and its various housing and management risk factors have been identified as 

being associated with reduced milk production in Canadian AMS herds (King et al., 2016b; 

2017). In another study of AMS management and housing factors by Deming et al. (2013), it was 

identified that greater feed bunk space and availability of feed at the bunk were associated with 

greater milk yield. A specific aspect of stocking density that relates to AMS is the stocking 

density at the robot. A greater ratio of cows to the number of AMS units has been associated 
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with fewer milking visits per day per cow (Deming et al., 2013; King et al., 2016a). Although no 

direct link has been made between the reduced number of visits due to increased stocking density 

and decreased milk yield, these previous results provide the basis to examine the stocking 

density at the AMS as a potential management factor that may influence milking production and 

other health outcomes. 

In a study of AMS herds across North America, Tremblay et al. (2016) identified several 

herd-level predictors of milk production on AMS herds, including barn layout (traffic system and 

AMS density per pen) and concentrate feeding in the AMS. In AMS milking barns, cows 

typically either have free access to milking (free traffic) or are forced or guided to access another 

resource (i.e. water, feed, lying area) before reaching the AMS. Tremblay et al. (2016) reported 

that guided traffic was associated with decreased milk production compared with free traffic 

systems, citing potential differences in intake as contributing to the production differences. 

Unfortunately, that study was only focused on one brand of robot and did not have detailed 

information on cow parity and milk composition. Further, other observational studies have been 

focused on specific regions within the US (Siewert et al., 2018a) and Canada (King et al., 

2016b), and no study to date has profiled AMS herds across Canada regarding management and 

housing with all AMS types present.  

Therefore, the primary objective of this study was to benchmark the herd-level housing and 

management strategies of AMS farms across Canada. Housing factors included barn design, stall 

dimensions, and alley widths, among others. Management factors included stocking density, 

bedding management and type, feed and feed bunk management, and manure management. A 

secondary objective was to assess the associations of these herd-level housing factors and 
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management practices with production (milk yield and milk fat and protein content) and milk 

quality (SCC).  

 

2.2 Materials and Methods 

2.2.1 Farm Recruitment   

All dairy farms in Canada milking with an AMS and enrolled in DHI milk recording 

were considered eligible to participate in the study. As of December 2018, 750 dairy farms 

across Canada used both milk recording and AMS (Canadian Dairy Information Centre, 2018). 

Target sample size was determined through power analysis using WinPepi version 11.65 

(Abramson, 2011). Estimates of variation for the primary response, dependent variables (milk 

yield and SCC were based on previously reported values from similar herd-level studies (King et 

al., 2016b; Tremblay et al., 2016). A minimum sample size of 200 herds was determined 

sufficient to detect a 7% difference in the outcome variables for various predictors, with 95% 

confidence at 80% power.  

All farmers were contacted directly by researchers, through the national DHI 

organization, Lactanet Canada (Sainte-Anne-de-Bellevue, Quebec), to request their participation 

in the study. We initially recruited 200 AMS farms across Canada, however, only 197 herds met 

the inclusion criteria for participation in the study (Table 2.1) and the 3 herds that did not were 

later removed from the study (due to withdrawal from DHI milk recording programs). Herds 

were visited between April 2019 to September 2019.  Farm distribution from across Canada (11 

Atlantic Canada, 50 Western Canada, 77 Ontario and 59 from Quebec) is presented in Table 2.1. 

The robotic milking system brands represented in this study were: 121 Lely, 50 DeLaval, 17 
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GEA, and 9 Boumatic. Animal use, data collection, and study design were approved by the 

University of Guelph Animal Care Committee (AUP#3963), University of Guelph Research 

Ethics Board (REB 19-01-012), University of Calgary Research Ethics Board (REB19-0414) and 

University of Saskatchewan Research Ethics Board (Beh ID 1305). All animal use complied with 

the guidelines of the Canadian Council on Animal Care (2009). 

2.2.2 Management and Housing Survey  

 Each farm was visited once during the 5-mo study period. On farm, a survey of 

management, housing, and nutrition management (see Appendix 1) was conducted orally with 

the farm owner or manager by trained research personnel from the University of Calgary, the 

University of Guelph, or the University of Saskatchewan. The lactating cow lying area was 

recorded and categorized into free stalls, bedded pack systems, and herds using a combination of 

these systems in different lactating cow groups (Table 2.3). Feed bunk design was recorded and 

categorized into herds that used headlocks, post-and-rail systems, or both systems (mixed). The 

mixed feed bunk design category included those herds with post-and-rail and headlocks within 

the same lactating groups and those that varied across their lactating groups. Flooring type was 

categorized based on the predominant flooring type within the barn, including grooved concrete, 

slatted flooring, rubber mats, and those barns that use a combination of these systems. Bedding 

type was categorized into inorganic and organic bedding types. Stall surface type was 

categorized into deep bedding and mattress stall bases (Table 2.3).  

 Breed was categorized into those herds that were predominantly Holstein (>90 % of the 

total milking cows within a herd) and those that did not meet these criteria were referred to as 

non-Holstein (Table 2.4). These non-Holstein herds included 1 Ayrshire, 3 mixed Ayrshire, 1 



23 

 

 

 

Brown Swiss, 8 Jersey, 5 mixed Jersey, and 1 mixed breed herd. Cow traffic system was 

categorized into guided and free-flow systems. The guided systems surveyed included 10 milk 

first, 5 feed first, and 9 systems that were guided cow traffic systems with lying stalls included 

within the feed alley area (modified guided). Footbath usage was categorized into those that used 

footbaths and those that did not (Table 2.4). Alley cleaning method was categorized into 

automatic scraper, autonomous scraper, human operated, and no scraping categories. Frequency 

of footbath usage and frequency of alley cleaning was also recorded (Table 2.5). The method of 

ventilating the barn was recorded and categorized into those herds using: ceiling fans and natural 

ventilation; panel fans and natural ventilation; panel fans, ceiling fans, and natural ventilation; 

tunnel ventilation; and those that use natural ventilation alone (Table 2.4).  

 Barn measurements were taken and recorded by researchers (Table 2.6). Measurements 

included feed alley width, lying alley width, and several stall dimensions for those farms using 

free stalls. In each pen on each farm, 3 random stalls each from different rows (total = 4.2 ± 2.7 

stalls/farm; mean ± SD; range: 3 to 24 stalls/farm; n=178 farms) were measured and averaged, 

first at the pen-level and then at the farm-level, with farm level averages reported for both 

Holsteins and non-Holsteins (Table 2.6). The lying curb height was measured as the distance 

from the floor of the alley to the topmost point of the rear curb of the stall. Stall width was 

measured as the horizontal distance from the inside of one stall divider to the inside of the 

adjacent divider. Neck rail height was measured from the base of the stall to the middle of the 

neck rail. Length of stalls was measured from the deterrent or beginning of the stall structure to 

the back of the curb. For those farms using a brisket board as part of their stall design, distance 

from the midpoint of the brisket board to the back of the stall was recorded, as well as the height 
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of the brisket board, measured to the highest point. For those farms using free-stall deterrents 

(either a strap or a bar) to prevent cows from going through the front of the stall, the height of 

this deterrent was measured from the base of the stall to the midpoint of the deterrent (cm).  

 For farms using free stalls, stall stocking density was calculated as the total number of 

cows/lying stalls x 100% and calculated at the herd level. For farms using a bedding pack 

housing system, total pack area was measured (m2) and divided by the number of cows. For the 1 

farm using both free-stall and pack systems for their lactating cows, this farm was excluded from 

the averages for stall stocking density (cows/lying stalls x 100%) and total pack area (m2/cow). 

Linear feed bunk and linear water space were measured and divided by the total number of cows 

(cm/cow). Water surface area was calculated in 1 of 2 methods: (1) taking the length of a water 

trough and multiplying it by its width, and (2) taking the squared radius of the water bowl and 

multiplying it by π. The water surface areas for the whole pen were then added up for all pens 

and divided by the number of cows (cm2/cow). Alley cleaning frequency (#/d), stall raking 

frequency (#/d), feed push-up frequency (#/d), feed delivery frequency (#/d), hoof trimming 

frequency (#/cow/yr), and footbath frequency (#/month) were also recorded (Table 2.5). 

2.2.3 Milk Components, SCC, Parity, and DIM 

DHI (Lactanet, Sainte-Anne-de-Bellevue, QC, Canada) data on milk yield (kg) was 

available for all 197 farms, fat and protein content (%) were available for 187 farms, with SCC 

available for 177 farms. Data were collected for all tests that occurred no more than 6 mo prior to 

our farm visit (3 to 7 tests per farm). Milk yield (kg/d) and % fat and % protein were averaged at 

the test-day (across cows), and then again across tests to give herd averages for Holstein, non-

Holstein and all herds (Table 2.7). Herd-level SCC averages were calculated by taking the 
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product of the cow-level SCC and production (kg/d) data and summing these cow-level values 

together for each test day. These values were then divided by the total production for the herd on 

that test day to give an estimate of the bulk tank test day SCC for each herd based on the 

estimated percent contribution from each cow. Data across multiple test days were then averaged 

using the geomean function within PROC UNIVARIATE to give a predictor of the herd-average 

geometric mean SCC (Table 2.7). In addition, DIM and parity data were obtained from the DHI 

data, summarized first at the test day level, and then at the farm level across the 6-mo period 

prior to our visit (reported in Table 2.2).  

Parity, DIM, milk yield (kg/d), % milk protein, and % milk fat were summarized based 

on the DIM categories of 1-45 d, 46-99 d, 100-199 d, 200-304 d and >305 d. For parity, DIM, 

milk yield (kg/d), % protein, and % fat measures, individual cows were first categorized into 

these categories with data summarized at the test day level for each of these categories. Data was 

then summarized again based on those categories at the herd level and then again across all 

farms. Percentage of cows was calculated as the number of cows within each category on each 

farm divided by the total number of cows on that farm (Table 2.8). 

2.2.4 Statistical Analysis  

 Statistical analyses were performed with SAS (Version 9.4; SAS Institute Inc., Cary, NC) 

with herd as the experimental unit and all data averaged at that level. Prior to analysis, all data 

were screened for normality by assessing the distribution and the presence of any outliers using 

the UNIVARIATE procedure of SAS. The herd-level SCC data were transformed using the 

natural logarithm to account for the right-skew observed in these data.  
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The MIXED procedure of SAS was used to model the association with various 

explanatory variables (Tables 2.2 to2.5) on the outcome variables: milk yield (kg/d), fat (%), 

protein (%) and SCC (natural logarithm of cells/mL). Region was treated as a random effect, 

with the degrees of freedom estimated using the Kenward-Roger option in the MODEL 

statement. Explanatory variables surveyed and measured were first screened in univariable 

models; only those variables with P < 0.25 in the univariable models were included in the 

multivariable models (Dohoo et al., 2009). The CORR procedure was used to examine 

correlations between kept continuous variables, while associations between categorical variables 

were examined through the FREQ procedure in SAS. When examining the results for those 

correlated (r > 0.6) variables, the most biologically plausible variable was retained for the 

multivariable model. Initially, separate models were built for each breed (Holstein and non-

Holsteins) to ensure there were no breed-specific factors (e.g. stall dimensions; Table 2.6) 

predicting the outcome variables. No breed-specific factors were identified in these models, thus, 

we proceeded to include both breed categories in the same model for each outcome. For the 

multivariable model, backward elimination was used to remove any variables with P > 0.1 until 

only variables with a P ≤ 0.1 remained in the model. Biologically plausible interactions were 

also examined for all variables that remained in the model. Variables retained were considered 

significant at P ≤ 0.05 and tendencies at P ≤ 0.1. Model fit was visually evaluated on the basis of 

the normality of the residual histogram plots, produced through use of the RESIDUAL option in 

the model statement. Model fit was evaluated for each of the outcome variables and explanatory 

variables associated in the final model. For those significant variables with multiple categories, 
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the LSMEANS and PDIFF statements were used along with the Tukey-Kramer comparison to 

adjust for multiple comparisons.  

 

2.3 Results and Discussions 

2.3.1 Herd Demographics, Housing, and Management  

Information on herd demographics is reported in Table 2.2. The number of lactating cows 

(110) and AMS units (1.9) per farm similar to results reported in other studies from Canada 

(King et al., 2016) and the USA (Siewert et al., 2018). The farms surveyed had on average 1.4 

lactating groups (Table 2.2), meaning that the majority of farms had only one group for their 

lactating animals, and 2 AMS within that group. The number of cows/AMS unit (47.5) is slightly 

under the 49 cows reported by King et al. (2016), which is well below the perceived capacity of 

60 cows per AMS (Jacobs and Siegford, 2012b; Deming et al., 2013). The number is also 

slightly less than the 51 (Tremblay et al., 2016), 54 (Westin et al., 2016), 55 (Deming et al., 

2013) and 56 (Siewert et al., 2018a) cows/AMS reported in other North American studies. Mean 

herd parity and DIM were 2.4 lactations and 172.5 d, respectively (Table 2.2). These values are 

comparable to other observational studies of Canadian AMS herds (Deming et al., 2013; King et 

al., 2016b).  

The categorical housing variables are summarized in Table 2.3. The lying area primarily 

consisted of freestalls, with 90.4% of farms using this system, 7.1% of farms using a bedding 

pack, and 2.5% of farms utilizing a combination of both bedded pack and free stalls for their 

different lactating groups. In research by King et al. (2016), only 1 of the 41 farms (2.4%) 

studied used a bedded pack system. Feeder type was predominately composed of headlocks, with 
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50.9% of farms using this system, with 20.8% of farms using a post and rail and 28.3% using a 

mixture of the two systems (Table 2.3). Flooring type was primarily made up of grooved 

concrete (42.7%), followed by mixed flooring types (21.8%), rubber flooring (26.9%) and slatted 

floors (8.6%). The primary type of bedding was organic bedding (73.6%), with inorganic 

bedding (sand) present on 26.4% of farms surveyed. The split between different types of bedding 

bases was 41.7% deep bedding, while 58.3% used some form of mattress. This differs from King 

et al. (2016), who reported that only 26.8% of observed farms used deep bedding. In a more 

recent observational study of U.S. farms, Siewert et al. (2018) reported 39% used deep sand 

bedding, which is closer to the proportion observed in the current study.  

Categorical management variables are summarized in Table 2.4, with farms 

predominately using free cow traffic (87.8%). Guided systems made up 12.2% of farms 

surveyed, which is slightly lesser than King et al. (2016), who reported that guided cow traffic 

was present on 19.5% of farms studied, however, that study was only conducted in 2 Canadian 

provinces (Ontario and Alberta). Tremblay et al. (2016) reported much lower proportions of 

guided cow traffic, with only 7.0% (3,797 out of 54,065 observations) of North American farms 

falling within this category, however, that study only focused on one brand of AMS. In terms of 

footbath usage, 146 producers (76.8%) used footbaths, while 44 did not (23.2%). Farms that used 

footbaths averaged a monthly usage of 7.1x (Table 2.5). Alley cleaning was primarily 

accomplished through automatic scraper (86.8%), with the rest using an autonomous scraper 

(9.1%), human-operated machine (3.1%), or slatted floors with no alley cleaning (1.0%). On 

average, alleys were cleaned 12.1 x/d, which is greater than the 8.8 x/d reported by King et al. 

(2016).  



29 

 

 

 

Mean feed alley width was different for Holstein (401.1 cm) and non-Holstein (377.4 cm) 

herds (Table 2.6). The feed alley width reported for Holstein farms in the current study was 

similar to the 406 cm average reported in another observational study of AMS by Westin et al. 

(2016). The lying alley width was more similar between Holstein (305.5 cm; Table 2.6) and non-

Holstein (294.1 cm) herds. Differences in stall dimensions were noted between the Holstein and 

non-Holstein herds (Table 2.6). The most similar stall dimension between the breeds was mean 

curb height at the back of the lying stalls. Mean curb height for all study herds was reported to be 

19.2 cm, which is slightly lesser than the 20 and 21 cm reported in other studies of AMS 

facilities (King et al., 2016b; Westin et al., 2016). Stall stocking density (cows/lying stalls x 

100%) averaged 90.8% (Table 2.6), however, 48 farms fell over the 100% recommendation set 

by the Canadian Code of Practice for Dairy Cattle (DFC-NFACC, 2009). In total, only 4 farms 

were over the 120% requirement set by the Canadian Code of Practice for Dairy Cattle (DFC-

NFACC, 2009). The average stocking density is similar to that reported on other North American 

AMS studies: 93% (Westin et al., 2016) and 89% (King et al., 2016b). In terms of bedding pack 

stocking density, the mean was measured to be 10.4 m2/cow (Table 2.6). Only 5 of the 11 pack 

barns met the required resting area of 11 m2/cow set out by the Canadian Code of Practice for 

Dairy Cattle (DFC-NFACC, 2009). This demonstrates the need to further investigate pack area 

space allowance to guide future recommendations.  

Mean linear feed bunk space was 64.0 cm per cow (Table 2.6), which is above the 60 cm 

recommended best practice set by the Canadian Code of Practice for Dairy Cattle (DFC-NFACC, 

2009). However, only 107 farms (54.3%) in our study met this recommendation. Mean linear 

water access and water surface area per cow were recorded to be 7.8 cm and 305.5 cm2, 
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respectively (Table 2.6). The observed linear water space per cow was slightly lesser than the 9.4 

cm/cow reported in another study examining AMS farms (King et al., 2016b) and higher than the 

7.2 cm/cow reported by Sova et al. (2013) for conventional free stall farms. Stalls were raked an 

average of 2.8 x/d, which was slightly greater than previous observations on AMS farms (King et 

al., 2016b; Westin et al., 2016). Feed was delivered, on average, 2.6 x/d and feed was pushed-up, 

on average, 12.8 x/d (Table 2.5). Feed delivery occurred greater than 3 x/d on 42 (21.3%) of the 

farms surveyed, which may have been due to the high number of automated feeders (conveyors 

or autonomous machines; n = 41 farms; Table 2.4) present on these farms. The average number 

of feed push-ups was more frequent than the reported 2.1 x/d (Deming et al., 2013), and 8.0 x/d 

(King et al., 2016) for Canadian AMS farms and 2.3 x/d for Dutch farms using an AMS (Belle et 

al., 2012). The number of feed push-ups observed in our study is likely due to the type of feed 

pusher used on these farms. In the present study, 71.1% of the farms (140 of 197) used a robotic 

feed pusher (Table 2.4); these farms pushed feed, on average, 16.8 x/d, while those that pushed-

up feed manually did it 4.4 x/d. In an observational study in the U.S. by Siewert et al. (2018), a 

robotic feed pusher was only used on 31% of farms, while manual feed push-ups were performed 

on 50% of farms; those researchers did not, unfortunately, report the average number of feed 

push-ups per day for either method.  

2.3.2 Milk Production, Components, and SCC 

Across study herds, cows produced an average of 36.7 kg/d (Table 2.7), which is greater 

than the 33.7 kg/d (King et al., 2016), 32.0 kg/d (Tremblay et al., 2016), and 33.2 kg/d (Siewert 

et al., 2018a) reported in other North American observational studies of Holstein AMS herds. It 

is interesting to note this greater average milk yield, despite the inclusion of non-Holstein herds 
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(with lesser average milk yield) in the current study. Milk fat and protein content were 4.13 and 

3.40 %, respectively (Table 2.7). These mean values are slightly greater than the Canadian 

national averages for milk fat and protein content of 4.03 and 3.30 %, respectively (Agriculture 

and Agri-Food Canada, 2020). This difference may be due to the greater number of non-Holstein 

herds in the current study (9.6%) in comparison to the national average (7% non-Holstein; 

Agriculture and Agri-Food Canada, 2020). Herd geometric mean for SCC was 198,095 cells/mL 

(Table 2.7), which is slightly lesser than the 236,000 cells reported by King et al. (2016), 

however, this may be due to different methods of summarizing SCC results where all cows were 

averaged regardless of production. In a validation study by Deng et al. (2020), the herd 

geometric mean for test-day SCC data from AMS farms in 6 countries was 186,000 cells/mL, 

which is close to that observed in the current study.  

Herd demographics and production (milk yield, milk fat content, and milk protein) were 

also summarized by stage of lactation (Table 2.8). The descriptive statistics for milk yield, milk 

fat content, and milk protein content offer a comparative view of the stages of DIM and the 

trends are in line with other reports for conventional herds (Caccamo et al., 2008; Quist et al., 

2008).  

2.3.3 Factors Associated with Milk Yield  

The final multivariable model of factors associated with milk yield controlled for the 

effect of breed, with Holstein herds having 9.3 kg/d greater milk yield than non-Holstein herds 

(Table 2.9). This is expected based on production differences by breed reported nationally 

(Agriculture and Agri-Food Canada, 2020). While controlling for these breed differences, greater 

herd-average milk production tended to be associated with greater feed push-up frequency (Table 
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2.9). Each additional 5 feed push-ups per day was an associated 0.35 kg/d greater milk yield 

(Table 2.9). This is the first time that feed push-up frequency has been associated with greater 

milk yield in AMS herds. However, Siewert et al. (2018) reported that AMS farms using 

automated feed push-up produced 4.9 kg/d more milk per AMS/day than farms where feed was 

pushed up manually. Given the large difference in mean push-up frequency between those that 

pushed-up feed manually (4.4 x/d) and those who used a robotic feed pusher (16.8 x/d) in our 

study,  it is likely that the findings of Siewart et al. (2018) were driven by the frequency feed was 

pushed up within each system, rather than by the method itself. In support of this, in other 

research it has been reported that the frequency of feed push-ups was positively associated with 

daily lying time in AMS herds (Deming et al., 2013; King et al., 2016b). Collectively, these 

findings support that cows in AMS herds with more frequent feed push-ups may spend less time 

searching for feed and can spend more time lying down as a result (Deming et al., 2013; King et 

al., 2016b), which may have positive impacts on production as demonstrated in the current study 

and that by Siewart et al. (2018).  

Previous research with TMR feeding has demonstrated that greater feed delivery 

frequency results in increasing cow consumption of the TMR throughout the day, increasing the 

total feeding time (DeVries et al., 2005; Mäntysaari et al., 2006). In a study of parlor-milked, 

TMR herds by Sova et al. (2013), it was reported that feeding twice per day compared with once 

per day was associated with an average +1.42 kg of DMI and +2.0 kg of milk yield. In the 

current study, feeding frequency was not associated with milk yield, potentially due to the high 

mean feeding frequency of the surveyed farms (2.6 x/d; Table 2.5). 
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Lesser stocking density at the feed bunk (cm/cow) was positively associated with milk 

yield; Each 10 cm increase in feed bunk space per cow was associated with +0.3 kg/d greater 

milk production (Table 2.9). This positive association was also reported by Deming et al. (2013), 

who demonstrated there was an associated 1.7 kg/d increase in milk yield with each 10 cm 

increase feed bunk space in AMS farms. That study only included 13 AMS farms in one 

Canadian province, fed PMR 1.6 x/d and pushed-up feed 2.1 x/d, which are much lower 

frequencies than the current study. These differences in feeding management might explain the 

larger association of bunk space with milk yield in that study when compared to the current one. 

Regardless, these results highlight the importance of bunk space, not only for conventional farms 

(DeVries, 2019), but also for AMS farms.  

Use of inorganic bedding (i.e. sand) was associated with + 1.5 kg/d in milk yield over 

those farms using organic bedding types (Table 2.9). Sand bedding has been associated with 

reduced odds of lameness (Espejo et al., 2006; Cook and Nordlund, 2009; Andreasen and 

Forkman, 2012). Additionally, AMS farms with deep beeded sand freestalls and bedded packs 

have been reported to have lesser lameness prevalence than farms with other lying surfaces 

(Salfer et al., 2018). Thus, this is a potential explanation for the associated greater milk yield 

observed in our study, as lameness in AMS herds has been associated with lesser milk yield 

(King et al., 2017). Another potential explanation of the associated increase in milk yield with 

sand bedding may be from the increased lying time associated with sand stalls compared to 

mattresses (Gomez and Cook, 2010). Overall, these results demonstrate the importance of using 

deep-bedded, inorganic bedding systems.  
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All ventilation methods that included some mechanization were associated with greater 

milk yield when compared with natural ventilation alone (Table 2.9). As compared to natural 

ventilation alone, greater milk yield was observed with tunnel ventilation alone (3.4 kg/d), panel, 

and natural together (2.6 kg/d), ceiling, and natural ventilation together (3.5 kg/d), and panel, 

ceiling, and natural ventilation together (4.2 kg/d). A mechanical ventilation system has been 

primarily used to mitigate the effects of heat stress (West, 2003), however, these ventilation 

systems can also control moisture and remove odors and gasses (Filipy et al., 2006; Samer et al., 

2012; Witkowska et al., 2020). Therefore, those barns that used a mechanized ventilation system 

may have had greater milk production across the study period as these systems were more able to 

control for moisture, gasses, and heat. However, more research is needed to establish the deeper 

connection of these factors on milk production.  

2.3.4 Factors Associated with Milk Fat and Protein Content 

In our final multivariable models for both milk fat and protein content, breed type was the 

only variable retained (Table 2.10). These non-Holstein breeds were associated with a +0.84 

percentage point greater milk fat content and a +0.40 percentage point greater milk protein 

content when compared with the Holstein breed (>90% Holsteins). At the univariable level, 4 

explanatory variables were associated (P≤0.05) with fat content (breed, frequency of bedding 

addition, footbath useage, water area per cow), while 4 explanatory variables were associated 

with protein content (breed, frequency of bedding addition, footbath usage, feed alley width). 

Although we had expected some of these management and housing variables to potentially be 

associated with fat and protein content in the final multivariable model, the fact they were not is 

not entirely unexpected. A lot of variation in milk components comes from ration variation 
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(Heinrichs et al., 1997), which was not included in our dataset. Further research is needed to 

profile the rations of AMS herds, including both the PMR and concentrate offered at the robot, 

and determine if these are associated with milk composition.  

2.3.5 Factors Associated with SCC 

SCC was associated with several management and housing factors (Table 2.11). Greater 

alley cleaning frequency (#/d) was associated with lesser SCC; each 5 additional alley cleanings 

per day was associated with 7,012 cells/mL lesser SCC (Table 2.11). In a study by DeVries et al. 

(2012) in an AMS facility, no association was detected between alley scraping frequency and 

elevated SCC, however, less frequent alley cleaning was associated with cows having poorer 

hygiene. Associations between alley floor cleanliness and udder hygiene were also demonstrated 

by Magnusson et al. (2008). Previously, barn and animal hygiene have been associated with SCC 

in milk (Koster et al., 2006). Further, in research by Barkema et al. (1998) it was demonstrated 

that herds with low bulk tank SCC had cleaner housing and cleaner cows than those herds with 

higher bulk tank SCC. Overall, these results reinforce the need to keep alleys clean to help 

maintain good milk quality.  

Greater alley lying alley width (cm) was associated with lesser SCC (Table 2.11); each 

30 cm increase in lying alley width tended to be associated with 10,414 cells/mL lesser SCC. To 

our knowledge, this association between lying alley width and SCC has not previously been 

reported. However, a wider alley could result in manure spreading out more and, thus, be less 

likely to be kicked up and lead to poor cow hygiene. In support of this, DeVries et al. (2012) 

indicated that cows that spent more time standing in the feed alley would be at higher risk of 

getting dirty. However, more research is needed to examine the size of the alley, as previous 
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reports have suggested a lying alley width of 244 cm may be adequate for dairy barn layouts 

(OMAFRA, 2015), which is well below the mean of 304.5 cm observed in the current study.  

Use of sand bedding was associated with 36,744 cells/mL lesser SCC than organic 

bedding types (Table 2.11). These results are in line with results reported by Wenz et al. (2007), 

who reported that sand bedding use was present in 21.5% of operations and associated with 

lower bulk tank SCC than different types of organic bedding. Similarly, both  Bewley et al. 

(2001) and Jayarao et al. (2004) reported lesser SCC with the use of sand bedding. Inorganic 

substrates (including sand) do not provide a suitable substrate for bacteria to grow when 

compared with organic bedding types (Hogan et al., 1989). Overall, greater milk yield and lesser 

SCC observed in the present study with sand bedding reinforces the importance of these deep 

bedded inorganic substrate systems to maximize farm performance.  

 

2.4 Conclusions 

This study benchmarked the management, housing, and cow demographics for AMS herds 

across Canada. Further, associations between these benchmarks and production measures were 

made. Specifically, while controlling for breed differences, AMS herds with greater feed push-up 

frequency, greater feed bunk space per cow, and ventilation systems other than natural 

ventilation alone were associated with greater milk yield per cow. Greater milk yield per cow 

and lesser herd-average SCC were also reported for those herds using sand bedding as compared 

to those bedding with organic substrates. Additionally, greater lying alley width and alley 

cleaning frequency were associated with lesser herd-average SCC.  
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Table 2.1. Recruitment summary for herds meeting the inclusion criteria; using an automatic 

milking system and enrolled in milk recording through DHI. 

Region 
Recruited herds 

(n=197) 

Total AMS herds on 

milk recording 

(n=793)1 

% of total eligible 

herds per province2 

Western 

    British Columbia  

    Alberta 

    Saskatchewan  

    Manitoba 

 

16 

15 

9 

10 

 

50 

50 

15 

47 

 

32.0 

32.0 

60.0 

21.3 

Ontario 77 283 27.2 

Quebec 59 312 18.9 

Atlantic 

    New Brunswick 

    Prince Edward Island 

    Nova Scotia 

 

5 

3 

3 

 

19 

4 

13 

 

26.3 

75.0 

23.1 

1Canadian herds using robotic milking systems and enrolled in milk recording through DHI as 

of June 2019.  

    2The number of recruited herds/total Canadian herds, by province, on milk recording x 100%. 

    3The Western provinces include Manitoba, Saskatchewan, Alberta, and British Columbia.  

    4The Atlantic provinces include Prince Edward Island, Nova Scotia, and New Brunswick.  
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Table 2.2. Descriptive statistics of herd information, of herds in Canada using automated 

milking systems (n=197). 

Variable n Mean SD Minimum Maximum 

Number of lactating cows 197 110 102 37 991 

Cows per AMS unit 197 47.5 14.9 24.3 63.6 

Number of AMS units/farm 197 2.4 1.9 1.0 17.0 

DIM 197 172.5 16.9 127.1 225.8 

Parity 197 2.4 0.3 1.7 3.4 

Number of lactating cow groups (#) 197 1.4 0.9 1 8 

Number of AMS units/group 197 1.7 0.7 1 4 
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Table 2.3. Categorical housing variables for study herds across Canada using automated milking 

systems (n = 197). 

Variable Number of herds % of total herds 

Lying area type   

     Freestall 182 92.4 

     Pack 11 5.6 

     Mixed 4 2.0 

Feeder type   

     Headlocks 110 50.9 

     Post and rail 45 20.8 

     Mixed 61 28.3 

Flooring type   

    Grooved concrete 84 42.7 

    Mix 43 21.8 

    Rubber 53 26.9 

    Slatted 17 8.6 

Bedding type   

    Organic 145 73.6 

    Inorganic 52 26.4 

Bedding base   

    Deep bedding 80 41.7 

    Mattress 112 58.3 
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Table 2.4. Categorical management variables for study herds in Canada using automated milking 

systems (n = 197). 

Variable Number of herds % of total herds 

Breed   

    Holstein  178 90.4 

    Non-Holstein1 19 9.6 

Cow traffic system   

    Free flow 173 87.8 

    Guided2 24 12.2 

Footbath   

    Yes 146 76.8 

    No 44 23.2 

Alley cleaning method   

    Automatic scraper  171 86.8 

    Autonomous scraper 18 9.1 

    Human operated machine 6 3.1 

    None 2 1.0 

Ventilation    

    Ceiling fans and natural 58 29.6 

    Panel fans and natural 42 21.4 

    Panel fans, ceiling fans, and natural 19 9.7 

    Tunnel 61 31.1 

    Natural 16 8.2 

Feed push-up method   

    Robot 140 71.1 

    Human 38 19.3 

    Contained Bunk 19 9.6 

Feed Delivery Method   

    Robotic (Conveyor or Automatic) 41 20.8 

    Other 156 79.2 
1Non-Holstein breeds included all herds with < 90 % Holsteins. These included 1 Ayrshire, 3 

mixed Ayrshire, 1 Brown Swiss, 8 Jersey, 5 mixed Jerseys, and 1 mixed other breeds herd.   

2The guided systems surveyed included 10 milk first, 5 feed first, and 9 systems that were 

guided cow traffic systems with lying stalls included within the feed alley area (modified 

guided).  
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Table 2.5. Descriptive statistics of herd management information, of study herds in Ontario, 

Canada using automated milking systems (n=197). 

Variable n Mean SD Minimum Maximum 

Frequency of alley cleaning (#/d) 197 12.1 7.5 0.0 48.0 

Frequency of stall raking (#/d) 177 2.8 1.4 1.0 10.0 

Frequency of feed push-up (#/d) 197 12.8 8.3 0.0 32.0 

Frequency of feed delivery (#/d) 196 2.6 2.5 1.0 14.0 

Hoof trimming frequency (#/cow/year) 189 2.1 0.6 0.0 4.0 

Footbath frequency (#/month) 146 7.1 8.1 1.0 28.0 
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Table 2.6. Descriptive statistics of herd housing and management information, of study herds in 

Ontario, Canada using automated milking systems (n=197). 

Variable n Mean SD Minimum Maximum 

Holstein      

    Feed alley width (cm) 177 401.1 40.3 244.0 518 

    Lying alley width (cm) 161 305.5 40.1 182.0 427.0 

    Stall dimensions      

       Lying stall curb height (cm) 163 19.3 3.9 10.0 34.8 

       Stall width (cm) 163 119.3 18.3 96.0 343.3 

       Neck rail height (cm) 162 124.0 8.3 74.7 143.5 

       Length of stalls (cm) 157 250.2 15.9 212.0 285.7 

       Distance from brisket board to rear of stall (cm) 112 186.7 10.2 165.3 261.3 

       Brisket board height (cm) 113 11.7 3.6 3.5 24.0 

       Deterrent height (cm)1 71 81.4 18.8 24.0 121.0 

    Stall stocking density (cows/lying stalls x 100%) 162 90.7 16.3 49.6 187.7 

    Pack area for lactating cows (m2/cow) 9 10.5 4.1 1.1 15.3 

    Feed bunk space (cm/cow) 173 64.4 20.6 9.1 140.0 

    Linear water access (cm/cow) 177 7.9 3.6 0.1 22.9 

    Water surface area per cow (cm2/cow) 177 310.2 162.0 8.1 1086.5 

Non-Holstein      

    Feed alley width (cm) 19 377.4 47.9 274 457 

    Lying alley width (cm) 15 294.1 35.8 200.0 340.0 

    Stall dimensions      

       Lying stall curb height (cm) 15 18.4 2.9 13.5 23.7 

       Stall width (cm) 15 108.1 7.2 97.3 118.3 

       Neck rail height (cm) 15 112.0 7.6 96.3 125.5 

       Length of stalls (cm) 15 224.7 16.4 214 274 

       Distance from brisket board to rear of stall (cm) 11 176.9 11.1 153.0 191.7 

       Brisket board height (cm) 10 10.4 2.4 6.5 16.0 

       Deterrent height (cm)1 9 76.9 12.1 58.0 95.0 

    Stall stocking density (cows/lying stalls x 100%) 15 92.1 13.8 62 111.5 

    Pack area for lactating cows (m2/cow) 2 10.2 4.9 5.3 15.0 

    Feed bunk space (cm/cow) 19 55.4 35.7 12.6 153.6 

    Linear water access (cm/cow) 18 7.6 4.9 2.2 22.7 

    Water surface area per cow (cm2/cow) 18 259.2 178.0 54.1 829.6 
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Table 2.7. Descriptive statistics of average herd-level milk yield, components, and SCC for 

herds using automatic milking systems (n=197) across Canada.  

Variable n Mean1 SD (95% CI1) Minimum Maximum 

All Breeds      

    Milk yield (kg/d)2 197 36.7 5.0 16.9 48.3 

    Milk fat (%)2 187 4.13 0.34 3.54 5.48 

    Milk protein (%)2 187 3.40 0.16 3.05 4.23 

    SCC (x1,000 cells/mL)2,3  177 186.4 80.8 (91.8-330.7) 61.7 556.3 

Holstein      

    Milk yield (kg/d)2 178 37.7 3.93 26.4 48.3 

    Milk fat (%)2 168 4.04 0.19 3.54 4.60 

    Milk protein (%)2 168 3.40 0.10 3.05 3.70 

    SCC (x1,000 cells/mL)2,3  159 181.2 75.3 (90.9-315.8) 61.7 556.3 

Non-Holstein4      

    Milk yield (kg/d)2 19 27.7 5.3 16.9 39.1 

    Milk fat (%)2 19 4.88 0.47 4.12 5.47 

    Milk protein (%)2 19 3.77 0.28 3.26 4.23 

    SCC (x1,000 cells/mL)2,3  18 201.4 115.1 (94.3-535.6) 94.3 535.6 
1SCC was reported as a geometric mean of all herds with 95% confidence intervals presented 

for those variables that were not normally distributed.  

2Data collected from DHI (Lactanet; Sainte-Anne-de-Bellevue, Quebec) for the 6-mo prior to 

our visit. Herds averaged 4.7 ± 1.0 (mean ± SD) tests over the 6-mo period (Min: 3 Max: 7).  

3Individual cow somatic cell count (cells/mL) and yield were first multiplied to give a weighted 

SCC before these values were added at the herd level for each test day. These values were then 

divided by the total production from all cows on test day to give an estimate of the bulk tank 

SCC on test day.  

4Non-Holstein herds included all herds with < 90 % Holsteins. These included 1 Ayrshire, 3 

mixed Ayrshire, 1 Brown Swiss, 8 Jersey, 5 mixed Jerseys, and 1 mixed herd.  
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Table 2.8. Descriptive statistics (mean ± SD; min – max) of milk yield and components by DIM variation, of herds in Canada using 

automated milking systems (n=197). 

DIM Category1 n DIM2 % of Cows2 Parity2 Milk yield (kg/d)2 Milk fat (%)2 Milk protein (%)2 

1-45 197 
25.1±4.4 

(21.2-31.4) 

13.6±5.7 

(7.2-39.0) 

2.5±0.6 

(1.7-3.8) 

40.2±6.5 

(21.0-56.1) 

4.25±0.48 

(3.45-5.50) 

3.26±0.20 

(2.96-3.94) 

46-99 197 
72.6±4.8 

(68.9-81.9) 

17.1±5.6 

(9.1-26.9) 

2.5±0.5 

(1.7-4.1) 

44.1±6.3 

(21.8-61.6) 

3.76±0.44 

(2.80-5.05) 

3.13±0.18 

(2.86-3.79) 

100-199 197 
148.9±6.7 

(141.1-157.0) 

30.5±6.5 

(21.1-44.0) 

2.5±0.4 

(1.6-3.9) 

39.1±5.8 

(18.1-52.7) 

3.97±0.43 

(3.30-5.42) 

3.36±0.20 

(3.01-4.18) 

200-304 197 
249.0±6.9 

(227.1-255.5) 

27.3±6.3 

(11.1-44.8) 

2.4±0.4 

(1.4-3.4) 

32.1±5.2 

(14.8-43.5) 

4.30±0.44 

(3.66-5.93) 

3.56±0.23 

(3.09-4.43) 

>305 197 
366.6±29.4 

(319.1-454.0) 

11.5±5.6 

(2.3-27.1) 

2.3±0.6 

(1.1-4.2) 

27.1±5.3 

(10.2-38.6) 

4.56±0.53 

(3.54-6.31) 

3.73±0.25 

(3.15-4.58) 

1Cow-level data was categorized into the DIM categories and then summarized at the test level and herd level for the 6-mo prior to 

the visit. Data was then summarized for all herds. 
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Table 2.9. Multivariable linear model of the factors associated with the milk yield of cows in 

herds using automated milking systems (n = 197 herds). 

 Milk Yield (kg/d) 

Variable β1 SE P 

Intercept  22.8 1.77 - 

Feed push-up frequency (#/d) 0.07 0.034 0.05 

Feed bunk space (cm/cow) 0.03 1.30 0.05 

Bedding Type   0.02 

    Inorganic 1.5 0.64  

    Organic Referent -  

Breed   <0.001 

    Holstein 9.2 0.92  

    Non-Holstein2 Referent -  

Ventilation Method    

    Tunnel 3.4 1.10 0.002 

    Panel and natural 2.6 1.13 0.02 

    Panel, ceiling and natural 4.2 1.33 0.001 

    Ceiling and natural 3.5 1.11 0.001 

    Natural Referent -  

1Estimated regression coefficient. 

2Non-Holstein herds included all herds with < 90 % Holsteins. These included 1 Ayrshire, 3 

mixed Ayrshire, 1 Brown Swiss, 8 Jersey, 5 mixed Jerseys, and 1 mixed herd.  
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Table 2.10. Multivariable linear model of the factors associated with milk fat (%) and milk 

protein (%) in herds using automated milking systems (n = 187 herds).  

 Milk Fat (%)  Milk Protein (%) 

Variable β1 SE P  β1 SE P 

Intercept  4.88 0.05 -  3.77 0.04 - 

Breed   <0.001    <0.001 

    Holstein  -0.84 0.06   -0.40 0.03  

    Non-Holstein2 Referent -   Referent   

1Estimated regression coefficient. 

2Non-Holstein herds included all herds with < 90 % Holsteins. These included 1 Ayrshire, 3 

mixed Ayrshire, 1 Brown Swiss, 8 Jersey, 5 mixed Jerseys, and 1 mixed herd.  
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Table 2.11. Multivariable linear model of the factors associated with herd average somatic cell 

count in herds using automated milking systems (n = 177 herds). 

 Natural log of SCC1 

Variable β2 SE P 

Intercept  12.8 0.25 - 

Alley cleaning frequency (#/d) -0.008 0.004 0.05 

Lying alley width (cm) -0.002 0.001 0.01 

Bedding type   <0.001 

   Inorganic -0.23 0.07  

   Organic Referent -  

1Individual cow somatic cell count (cells/mL) and yield were first multiplied to give a 

weighted SCC before these values were added at the herd level for each test day. These values 

were then divided by the total production from all cows on test day to give an estimate of the 

bulk tank SCC on test day; these data were natural log transformed to normalize.  

2Estimated regression coefficient.  
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3 CHAPTER 3: HERD-LEVEL FACTORS ASSOCIATED WITH LAMENESS 

PREVALENCE AND ITS IMPACT ON PRODUCTIVITY AND MILK QUALITY IN 

AUTOMATED MILKING HERDS 

3.1 Introduction  

Voluntary milking is essential for success in automated milking systems (AMS). Cows that 

do not voluntarily attend the AMS create the need for the producer to fetch those cows after a 

certain interval, which creates additional labor. A cow with impaired gait, or locomotion score, 

due to lameness may have significantly fewer milking visits per day due to the pain associated 

with lameness (Borderas et al., 2008). Research by Bach et al. (2007) demonstrated that cows 

with impaired gait (gait score ≥3 on a 5-point scale) were more likely to require fetching and had 

a decreased number of AMS milking visits when compared with cows that had low locomotion 

scores. Lameness in AMS herds has also been demonstrated to have an impact on milk yield. In 

a study of AMS farms in Alberta and Ontario, Canada, doubling the herd-level prevalence of 

severe lameness (from 2.5 to 5%) was associated with a 0.7 kg/d per cow reduction in milk yield 

(King et al., 2016a). Additionally, at a cow-level, clinical lameness (gait score ≥3) was 

associated with fewer milking visits, increased fetching, and decreased milk yield (King et al., 

2017).  

The maintenance of appropriate body condition is an important factor in the prevention of 

lameness, with lame cows being more likely to be under conditioned (Walker et al., 2008). In a 

longitudinal study by Lim et al. (2015), cows with a lesser BCS at calving had a greater 

probability of transitioning from non-lame to lame and a lesser probability of transitioning from 
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lame to non-lame. Further, lesser BCS contribute to an increased risk of repeated lameness 

(Randall et al., 2015). In AMS herds, at a cow-level, low BCS (BCS ≤2.25) was associated with 

2.1 greater odds of being lame when compared to a BCS between 2.75-3.0 (Westin et al., 2016). 

There is no work, however, to date on the association of lameness and BCS at a herd level in 

AMS herds.  

Risk factors for lameness on AMS farms also include housing and management. Westin et 

al. (2016) identified lying stall factors associated with occurrence of lameness; for example, 

herds not fitting the average stall width (cow-level) and having obstructed lunge space (herd-

level) increased the odds of primiparous cows being lame 3.7 and 1.7 times, respectively (Westin 

et al., 2016). In a study by King et al. (2016a), increased curb height of the lying stalls was 

associated with a greater herd-level prevalence of lameness. Bedding type may also be associated 

with lameness prevalence. AMS farms with sand-bedded free-stalls and bedded packs had a 

lesser lameness prevalence than farms with other lying surfaces (Salfer et al., 2018). Similarly, 

Westin et al. (2016) also reported that sand bedding tended to be associated with 1.5 times lesser 

clinical lameness than all other stall base types. Management of dairy cattle has also been 

associated with lameness prevalence in AMS herds. Greater free stall stocking density was 

reported to be associated with greater severe lameness prevalence (King et al., 2016b). 

Additionally, in that study greater clinical lameness prevalence was associated with less frequent 

manure scraping from alleys.  

In addition to these housing and management factors that have been explored in relation to 

lameness prevalence in herds using AMS, some factors have not been well explored (i.e. breed, 
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cow traffic system). Therefore, in this study we evaluated the associations of herd-level housing 

and management factors in AMS farms with the following outcomes: clinical lameness 

prevalence, severe lameness prevalence, milking frequency, milk yield, and SCC. Housing 

factors included barn traffic system, stall dimensions, and alley widths, among others. 

Management factors included stocking density, bedding management and type, feed and feed 

bunk management, and manure management. In addition, BCS was also assessed as a predictor 

for all outcome variables. Our specific objectives were to: 1) identify factors associated with 

both clinical and severe lameness, and 2) assess the impact of lameness on milk production and 

milk quality in AMS herds.  

 

3.2 Materials and Methods 

3.2.1 Farm Recruitment   

We visited 75 commercial AMS dairy farms in Ontario, Canada on one occasion between 

April 2019 to September 2019. Farms visited were a subset of those farms participating in a 

national study across Canada (Chapter 2). The inclusion criteria was the same as those in Chapter 

2 (using an AMS to milk their cows and participating in DHI milk recording) with the additional 

criteria of residing in the province of Ontario and farmers consent to health score their animals 

for lameness and body condition. All farmers were contacted directly by researchers through 

Lactanet Canada (Sainte-Anne-de-Bellevue, Quebec) to request participation in the study. In 

total 75 out of the 77 farms in Chapter 2 were included in the present study with the 2 farms not 

included in health scoring removed from this portion of the study. Recruited farms in Ontario 
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averaged 98 ± 71 (mean ± SD) lactating cows, 2.3 ± 1.5 AMS units, and 43.6 ± 9.4 cows/AMS 

unit (Table 3.1). Farms averaged 176.7 ± 16.4 DIM, a parity of 2.4 ± 0.3, and 1.4 ± 0.9 

management groups for organizing their lactating animals. The AMS brands represented on this 

study were: 54 Lely, 14 DeLaval, and 7 GEA. Animal use, data collection, and study design 

were approved by the University of Guelph Animal Care Committee (AUP#3963) and Research 

Ethics Board (REB#19-01-012), and animal use complied with the guidelines of the Canadian 

Council on Animal Care (2009). 

3.2.2 Management and Housing Survey  

 Farms were visited once during the 5-mo study period. On farm, a survey of 

management, housing, and nutrition practices (see Appendix 1) was conducted orally with the 

farm owner or manager by a member of the research team. Lying area type was recorded and 

categorized into free stalls, bedded pack systems, and herds using a combination of these systems 

in different lactating groups (Table 3.2). Feed bunk design was recorded and categorized into 

herds that used headlocks, post-and-rail systems, or both systems (mixed). The mixed feed bunk 

design category included those herds with post-and-rail and headlocks within the same lactating 

groups and those that varied across their lactating groups. Flooring type was categorized based 

on the predominant flooring type within the barn, including grooved concrete, slatted flooring, 

rubber mats, and those barns that use a combination of these systems. Bedding type was 

categorized into inorganic and organic bedding types. Stall surface type was categorized into 

deep bedding and mattress stall bases (Table 3.2).  
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 Breed was categorized into those herds that were predominantly Holstein (>90 % of the 

total milking cows within a herd) and those that did not meet these criteria were referred to as 

other (Table 3.6). Cow traffic system was categorized into guided and free-flow systems. The 

guided systems surveyed included 3 milk first, 1 feed first, and 4 systems that were guided cow 

traffic systems with lying stalls included within the feed alley area (modified guided). Footbath 

usage was categorized into those that used footbaths and those that did not (Table 3.3). Alley 

cleaning method was categorized into automatic scraper, autonomous scraper, human operated, 

and no scraping categories. Frequency of footbath usage and frequency of alley cleaning was 

also recorded (Table 3.4). The method of ventilating the barn was recorded and categorized into 

those herds using: ceiling fans and natural ventilation; panel fans and natural ventilation; panel 

fans, ceiling fans, and natural ventilation; tunnel ventilation; and those that use natural 

ventilation alone (Table 3.3).  

 Barn measurements were recorded by researchers and are presented in Table 3.4. 

Measurements included feed alley width, lying alley width, and several stall dimensions for 

those herds using stalls. In each pen on each farm, 3 random stalls each from different rows 

(average of 4.0 ± 2.3 stalls measured/farm; range: 3 to 18; n = 69 farms) were measured and 

averaged, first at the pen-level and then at the farm-level. The lying curb height was measured as 

the distance from the floor of the alley to the topmost point of the rear curb of the stall. Stall 

width was measured as the horizontal distance from the inside of one stall divider to the inside of 

the next divider. Neck rail height was measured from the base of the stall to the middle of the 

neck rail. Length of stalls was measured from the deterrent or beginning of the stall structure to 
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the back of the curb. For those herds using a brisket board as part of their stall design, distance 

from the mid-point of the brisket board to the back of the stall was recorded, as well as the height 

of the brisket board, measured to the highest point. For those herds using free-stall deterrents 

(either a strap or a bar) to prevent cows from going through the front of the stall, the height of 

this deterrent was measured from the base of the stall to the mid-point of the deterrent (cm).  

 Management variables were also recorded and are reported in Table 3.4. For herds using 

free stalls, stall stocking density was calculated as the number of lactating cows/lying stalls x 

100%. For herds using a pack housing system, total pack area was measured (m2) and divided by 

the number of lactating cows. For the 1 herd using both free-stall and pack systems for their 

lactating cows, this herd was excluded from the averages for stall stocking density (cows/lying 

stalls x 100%) and total pack area (m2/cow). Linear feed bunk and linear water space were 

measured and divided by the total number of cows (cm/cow). Water surface area was calculated 

in one of two methods: (1) taking the length of a water trough and multiplying it by its width, 

and (2) taking the squared radius of the water bowl and multiplying it by π. The water surface 

areas for the whole pen were then added up for all pens and divided by the number of cows 

(cm2/cow). Alley cleaning frequency (#/d), stall raking frequency (#/d), feed push-up frequency 

(#/d), feed delivery frequency (#/d), hoof trimming frequency (#/cow/yr), and footbath frequency 

(#/month) were also recorded (Table 3.4). 

3.2.3 Lameness and Body Condition Scoring  

 On the visit for each farm, 30 focal cows/farm, or 30% of total cows for farms >100 cows 

(as described by Endres et al., 2014), were locomotion (gait) scored by a single trained observer 
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using a 5-point numerical rating system (gait score), at increments of 1.0 (Flower and Weary, 

2006). Systematic random sampling was used to select the cows for locomotion scoring, by only 

selecting the nth cow, based on the total number of cows to be scored. In cases of farms housing 

lactating cows in >1 pen, a proportional sample was calculated based on the number of cows 

within each pen. This ensured that we scored a representative and random sample of cows 

(Endres et al., 2014). 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). We did not score or include any cow without voluntary access to an AMS, as described 

by King et al. (2016). Cows with gait score <3 were classified as non-lame, cows with gait score 

≥3 were classified as clinically lame, and gait score ≥4 were classified as severely lame. At the 

same time as gait scoring, these cows were body condition scored by the same observer on a 5-

point scale, with 0.25 increments, as described by Wildman et al (1982). Normal conditioning 

was defined with a 2.5 < BCS < 3.75, with under-conditioned cows defined as those sampled 

with a BCS ≤2.5, and over-conditioned cows defined as those with a BCS ≥3.75. For each herd, 

a percentage of the total cows scored was calculated to represent clinical lameness prevalence, 

severe lameness prevalence, under-conditioned cow prevalence, and over-conditioned 

prevalence.  

3.2.4 Milking Activity and Yield 

 Data for milking activity and yield were extracted from the AMS computer for Lely 

(Time-for-Cows, Lely Industries N.V., Maassluis, the Netherlands) and DeLaval (Delpro, 
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DeLaval International AB, Tumba, Sweden) systems while on farm. The data extracted included 

6-mo of data prior to the date of the visit and included information about date, time, duration, 

and the outcome of each visit for each cow (failure, refusal, successful milking). Only successful 

milking visits were summarized, and these data were summarized by cow, day and farm for the 

6-mo period. Milking system data from GEA automated milking systems were obtained online 

(FarmView, GEA Group AB, Düsseldorf, Germany). Data from these milking systems included 

daily averages per farm, which were extracted for the 6-mo period prior to our visit. These daily 

averages were summarized at the farm level for the 6-mo observation period.  

3.2.5 Milk Components, SCC, Parity, and DIM 

DHI (Lactanet, Sainte-Anne-de-Bellevue, QC, Canada) data on milk fat and protein 

content (%) were available for all 75 farms, with SCC available for 70 farms. Data were 

collected for all tests that occurred no more than 6 mo prior to our farm visit (3 to 6 tests per 

farm). Herd-level SCC averages were calculated by taking the product of the cow-level SCC 

(cells/mL) and production (kg/d) data and adding these cow-level values together for each test 

day. These values were then divided by the total production for the herd on that test day to give 

an estimate of the bulk tank test day SCC for each herd. Data across multiple test days were then 

averaged using the geomean function within PROC UNIVARIATE to calculate the herd 

geometric mean SCC (Table 3.5).In addition, DIM and parity data were obtained from the DHI 

data summarized first at the test day level and then at the farm level across the 6-mo period prior 

to our visit (reported in Table 3.1).  
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3.2.6 Statistical Analysis  

 Statistical analyses were performed with SAS (Version 9.4; SAS Institute Inc., Cary, NC) 

with farm as the experimental unit, and all data averaged at that level. Prior to analysis, all data 

were screened for normality by assessing the distribution and the presence of any outliers using 

the UNIVARIATE procedure of SAS. Data for the prevalence of over-conditioned cows were 

right-skewed; therefore, these were transformed using by taking the natural logarithm + 1 for 

each of these values. In addition, the SCC data were logarithmically transformed (natural log) to 

normalize these values.  

The MIXED procedure of SAS was used to model the association of various explanatory 

variables (management, housing, and herd demographics; Tables 3.1 to 3.4) on the outcome 

variables: clinical lameness prevalence (% of cows with gait score ≥3), average milking 

frequency (#/d), average milk yield (kg/d), and herd average SCC. Degrees of freedom were 

estimated using the Kenward-Roger option in the MODEL statement. Explanatory variables 

surveyed and measured were first screened in univariable models; only those variables with P < 

0.25 in the univariable models were included in the multivariable models (Dohoo et al., 2009). 

The CORR procedure was used to examine correlations between kept continuous variables, 

while associations between categorical variables were examined through the FREQ procedure in 

SAS. When examining the results for those correlated (r > 0.6) variables, the most biologically 

plausible variable was retained for the multivariable model. For the multivariable model, 

backward elimination was used to remove any variables with P > 0.1 until only variables with a 

P ≤ 0.1 remained in the model. For all milking and production outcome variables, to address our 
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hypothesis that clinical lameness would be associated with these outcomes, clinical lameness 

prevalence (gait score ≥3) was treated as a forced covariate and was not removed through the 

manual stepwise elimination. Variables retained were considered significant at P ≤ 0.05 and 

tendencies at P ≤ 0.1. Model fit was visually evaluated on the basis of the normality of the 

residual histogram plots, produced through use of the RESIDUAL option in the model statement. 

Model fit was evaluated for each of the outcome variables and explanatory variables associated 

in the final model. For those significant variables with multiple categories, the LSMEANS and 

PDIFF statements were used along with the Tukey-Kramer test to adjust for multiple 

comparisons.  

The data for severe lameness prevalence (gait score ≥4) were right skewed, however, 

43% of herds did not have a case of severe lameness. Therefore, severe lameness was 

categorized into two categories; those farms that had at least one case of severe lameness in the 

cows scored (n = 44) and those herds that had no prevalence of severe lameness in the cows 

scored (n = 31). Since these data were dichotomous and approximately equally distributed, a 

logistic regression model was used for the analysis. Variables were first screened in univariable 

models using the GLIMMIX procedure in SAS, with the presence of severe lameness as the 

event. The binary distribution option was used along with the LOGIT link option. The same 

model building process was followed for this model as described previously for the linear 

regression model, until only variables that were significant or tendencies remained (P ≤ 0.1). 

Upon final model determination, odds ratios were determined using the ODDSRATIOS option. 
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3.3 Results and Discussion 

3.3.1 Herd Demographics, Housing, and Management  

Descriptive statistics of study herd demographics are reported in Table 3.1. Herds averaged 

98 lactating cows, 2.3 AMS units/herd, and 43.6 cows/AMS. The number of cows/AMS is well 

below the perceived capacity of 60 cows per AMS (Jacobs and Siegford, 2012b; Deming et al., 

2013). Further, the number of cows/AMS falls below that reported in other studies in Canada and 

USA (49: King et al., 2016; 51: Deming et al., 2013; 54: Tremblay et al., 2016; 55: Westin et al., 

2016; 56: Siewert et al., 2018), as well as our recent survey of AMS farms across Canada (47: 

Chapter 2). Mean herd DIM and parity were 176.7 days and 2.4 lactations, respectively. These 

values are comparable to other surveys of Canadian AMS herds (Deming et al., 2013; King et al., 

2016a). The number of lactating groups of the herds surveyed was 1.4, indicating that herds had, 

most frequently, 1 group for their lactating cows and 2 robots within the pen.   

3.3.2 Clinical Lameness Prevalence  

Clinical lameness prevalence (gait score ≥3) in the study herds was 28.3% (Table 3.5), 

which is slightly greater than 26% reported by King et al. (2016a) for AMS herds in Alberta and 

Ontario, Canada. This lameness prevalence is similar to that reported for conventional free stall 

herds in North America, which ranges between 21 to 55% (von Keyserlingk et al., 2012; Solano 

et al., 2015; Jewell et al., 2019). In a study of AMS farms in Canada and the US by Westin et al. 

(2016), mean herd prevalence of lameness was 15%, however those researchers did not use live 

gait scoring (scale of 1 to 5) to assess lameness, but rather used different methodology whereby 
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cows were assessed from video and categorized as lame if they had an obvious limp and severe 

lameness was categorized as having both a limp and a head bob.   

Clinical lameness prevalence was associated with feed bunk space, prevalence of under-

conditioned cows, bedding type, and breed (Table 3.6). Feed bunk space per cow was negatively 

associated with clinical lameness prevalence. For every 10 cm increase in feed bunk space per 

cow, there was an associated 1.7 percentage point (p.p.) decrease in clinical lameness 

prevalence. This result is supported by Deming et al. (2013), who demonstrated that lying time 

was positively associated with greater space at the feed bunk. It has also been demonstrated that 

greater idle standing times contribute to increased prevalence of lameness (Leonard et al., 1996; 

Cook et al., 2004b). Thus, the negative association reported in the present study between feed 

bunk space per cow and clinical lameness prevalence may be the result of cows with more feed 

bunk space spending less time standing idle, and more time lying down, which may lessen the 

risk of lameness. In addition, mean linear feed bunk space in our study farms was 68.7 cm/cow, 

which is above the 60 cm recommended best practice set by the Canadian Code of Practice for 

Dairy Cattle (DFC-NFACC, 2009), while only 47 herds (62.6%) met this recommendation. 

Thus, our results support the importance of this feed bunk space recommendation for reducing 

clinical lameness prevalence within AMS herds. 

Clinical lameness prevalence tended to be associated with the prevalence of under-

conditioned cows (BCS ≤2.5) (Table 3.6). For every 2.5 p.p. increase in under-conditioned cow 

prevalence, there tended to be an associated 1.0 p.p. reduction in clinical lameness prevalence. 

Supporting this, several researchers have identified positive associations between lesser body 
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condition score and lameness prevalence in conventional milking herds (Walker et al., 2008; 

Randall et al., 2015). Similarly, in work by Westin et al. (2016), it was demonstrated that AMS 

cows with low BCS (BCS≤2.25) were at 2.1 greater odds of being lame when compared to cows 

with a BCS between 2.75 and 3.0. Alternatively, though, lameness can be a risk factor for lower 

BCS as lame cows may be less likely to go to the feedbunk, therefore lowering intake, and 

decreasing BCS (Norring et al., 2014). These findings collectively support need to continue to 

focus on body condition and proper nutritional management to prevent the excessive loss of 

condition, in efforts to help minimize lameness.  

Milking with Holstein cows was associated with an 11.6 p.p. greater lameness prevalence 

when compared to other breeds (Table 3.6). This is finding is supported with research by Baird et 

al. (2009), who determined there were breed differences between Holstein-Friesian and 

Norwegian dairy cattle in terms of claw conformation, including claw length, heel width, and 

heel height. These factors were associated with both infectious and non-infectious forms of 

lameness (Baird et al., 2009). Dippel et al. (2009) examined both Holstein-Friesian and 

Fleckvieh cattle, but did not make any direct comparisons between the breeds in terms of 

lameness prevalence; however, they did report that those cows within the lowest average BCS 

quartile had the greatest risk of being lame. The quartiles differed between the 2 breeds (BCS: 

1.25-2.50 for Holstein-Friesian and BCS: 2.5-3.5 for Fleckvieh), which indicates that breed 

differences may play a role in lameness prevalence from a genetic standpoint. Further, it has 

been suggested that hoof color and hardness, along with the decreased BW of non-Holstein 
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breeds (Alban, 1995), are key indicators of reasons that Jerseys and other non-Holstein breeds 

may experience less lameness.  

Bedding type was also  associated with clinical lameness (Table 3.6). Bedding types in 

our study were predominately composed of organic substrates (61.3%), with 38.7% of farms 

using sand . The use of sand was associated with a 9.3 p.p. lesser clinical lameness prevalence 

when compared to organic substrates. This result is supported by Solano et al. (2015), who also 

reported that sand bedding was associated with lower clinical lameness prevalence across herds 

utilizing different milking systems. As previously mentioned, greater lying time has been 

associated with lesser lameness. Cook et al. (2004a) and van Gastelen et al. (2011) both reported 

greater lying times on sand when compared with other bedding types. In a review by Bewley et 

al. (2017), they noted five factors that make sand an ideal bedding source, sand: is a more 

comfortable resting surface, limits the effect on bacterial growth, has a low initial moisture 

concentration, keeps the surface cool reducing heat stress, and promotes reduced cow slippage in 

alleys via improved traction. Thus, these factors together likely contribute to the associated 

reduction in clinical lameness prevalence with the use of sand bedding over organic bedding 

types.  

3.3.3 Severe Lameness Prevalence  

A small percentage of cows on our study herds were severely lame (gait score ≥4), with 

an average prevalence of 3.0% (Table 3.5). This herd-level severe lameness prevalence is below 

the 4.0% reported by Westin et al. (2016), but above the 2.2% reported by King et al. (2016b). 

Only 2 factors were associated with occurrence of severely lame cows on farm in our 
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multivariable logistic regression model: under-conditioned cow prevalence and stall curb height 

(cm) (Table 3.7). Mean herd under-conditioned cow prevalence was 5.8% (Table 3.5). Every 1 

p.p. increase in under-conditioned cows was associated with 1.2x greater odds of having severely 

lame cows (Table 3.7). This association of lameness and BCS was expected, as previously 

discussed. Mean lying stall curb height was 20.1 cm (Table 3.4); every 1 cm increase in curb 

height was associated with 1.2x greater odds of having severely lame cows (Table 3.7). This 

result is supported by (King et al., 2016b), who demonstrated that each 5-cm increase in curb 

height (average =20.9 cm) was associated with a 1.0 p.p. increase in severe lameness in AMS 

herds.  The average curb height in the present study farms is above the recommended maximum 

curb height of 20 cm (Cook, 2009). The higher the curb, the more this may rub on the back hocks 

of the cows, leading to injury (Nash et al., 2016). Secondly, if cows are perching, this could 

impact the amount of weight on the back hooves (Cook, 2009). Thus, high curb heights may 

increase the risk of lameness.    

3.3.4 Milking Frequency 

Mean milking frequency was 3.01 x/cow/d (Table 3.5), which is slightly more frequent 

than that reported for commercial herds by Tremblay et al. (2016; 2.91 x/cow/d) and similar to 

King et al. (2016; 3.0 x/cow/d). Factors associated with milking frequency included cows per 

AMS unit, alley cleaning frequency, and cow traffic system (Table 3.8). Clinical lameness was 

not associated with milking frequency, which goes against what was hypothesized. In previous 

observational studies it has been reported that lame animals visited the AMS less frequently than 

sound cows (Miguel-Pacheco et al., 2014; King et al., 2016b). Further supporting this, Borderas 
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et al. (2008) demonstrated that low-visiting cows had lesser gait scores than their high-visiting 

counterparts. Clinical lameness prevalence tended to be associated with milking visits at the 

univariable level (P = 0.06) in the current study, however, since this analyses was done at the 

herd-level, the effect may not have been large enough to remain in the multivariable model.  

Lower stocking density at the AMS was associated with greater milking frequency (Table 

3.8). The mean number of cows per AMS unit was 45.6, ranging from 24.3 to 63.6 (Table 3.1). 

Each additional 10 cows per AMS unit was associated with a 0.15 decrease in the total number 

of milking visits per day (#/cow/d; Table 3.8). Greater stocking density at the AMS has 

previously been associated with reduced milking frequency (Deming et al., 2013; King et al., 

2016). Similar reductions in milking frequency were identified in those previous studies 

(Deming et al., 2013; King et al., 2016), however, in the current study the associated decrease in 

milking frequency due to stocking density was lower. A potential reason for this may be the 

lesser sample size of those studies (Deming et al., 2013; King et al., 2016). To our knowledge, 

there are no controlled studies investigating stocking rates at the AMS. To date, the predictive 

model proposed by Castro et al. (2012) is the only study to examine the possibility of stocking 

the robot above the normal 60 cow/AMS recommendation, which may not be applicable to North 

American herds due to the differences in genetics, milking speeds, nutrition or other factors 

specific to the Galician region.  

Alley cleaning frequency was also associated with milking frequency (Table 3.8). The 

mean alley cleaning frequency was 10.3 x/d (Table 3.4); every additional 5 cleanings was  

associated with +0.07 greater daily milkings per cow (Table 3.8). These results are comparable 
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to results from King et al. (2016), who demonstrated that fewer cows were fetched to the AMS 

with more frequent alley scraping. We hypothesize that the differences in milking visits 

associated with alley cleaning frequency may be due to the clean and dry floors associated with 

more frequent alley cleaning (Rodenburg, 2012), which may have improved cow mobility. In the 

observational study by King et al. (2016), it was reported that every 2 extra passes/d were 

associated with a 1.2 p.p. decrease in clinical lameness. Alley cleaning frequency was, however, 

not associated with clinical lameness prevalence in the current study. An alternative hypothesis 

that can be drawn from the results of the present study and King et al. (2016) is that the alley 

cleaning frequency may be a motivator for cows to attend to the AMS. Alley cleaning by 

automated methods occurs at set intervals, and less frequent alley cleaning is likely associated 

with use of non-automated systems (i.e. skid steer), which may be more disruptive to overall cow 

behavior patterns.  

Finally, milking frequency was associated with the type of cow traffic system, with free 

cow traffic systems associated with +0.37 greater milkings per day than guided traffic systems 

(Table 3.8). The positive association between free cow traffic system and milking frequency was 

not unexpected. In direct comparison of different cow traffic systems, no differences were found 

in milking frequency between guided and forced cow traffic systems, however 97.5% of AMS 

visits in free traffic systems were successful compared with 89.7% of visits in guided systems 

(Gygax et al., 2007). In free cow traffic, cows can move freely throughout the barn, which allows 

cows to express their natural behaviors (Melin et al., 2006; Forsberg, 2008; Tremblay et al., 

2016). In another controlled study, it was noted that in guided systems, cows spent more time 
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standing in the feeding area and made fewer journeys from the lying area to the feeding area 

(Ketelaar-De Lauwere et al., 1998). As cows milked in guided systems must pass through 

selection gates to attend the AMS, the use of a guided system could result in lesser milking 

frequency.  

3.3.5 Milk Yield  

Mean milk yield (kg/d) for this study was 36.4 kg/d (Table 3.5) and was associated with 

clinical lameness prevalence, the number of milking visits, and feed push up frequency, while 

controlling for breed (Table 3.9). Each 10 p.p. increase in clinical lameness prevalence was 

associated with 2.0 kg/cow/d lesser milk yield. This significant decrease is in line with other 

reports from parlor milked cows (Enting et al., 1997; Green et al., 2002); however, this is the 

first herd-level association to be reported between clinical lameness prevalence and milk yield in 

farms using AMS. In analyses conducted at the cow level, it was noted that there was a 1.64 kg/d 

decrease in milk yield for those lame cows versus sound cows (King et al., 2017b). Our result is 

interesting as clinical lameness was not associated with milking frequency at the multivariable 

level. Therefore, the association of lameness with lesser milk yield points to another mechanism 

at play influencing milk yield, and that it is not just the effect of lameness reducing voluntary 

milking. It is possible that lame cows may spend less time at the feed bunk (Norring et al., 2014), 

which may negative affect their DMI, BCS, and overall production (Johnston and DeVries, 

2018). Overall, these results highlight the importance of adopting management practices that 

reduce the risk of lameness in AMS herds to increase production and profitability. These results 
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further suggest the importance of monitoring all cows for lameness and not only for those who 

become severely lame (gait score ≥4).   

Milking frequency was also associated with greater milk yield, with every 0.1 x/cow/day 

increase in milking visits associated with a 0.57 kg/cow/d increase in milk yield (Table 3.9). 

These results are expected as greater milking frequency has been associated with greater milk 

production due to less feedback inhibition acting on secretory cells of the udder (Stelwagen and 

Lacy-Hulbert, 1996; Wagner-Storch and Palmer, 2003). This relationship has also been 

previously observed in AMS with milking frequency being positively associated with both milk 

yield per cow (Bogucki et al., 2017; Siewert et al., 2018b) and milk yield per AMS (Siewert et 

al., 2018b).  

 Greater feed pushup frequency tended to be associated with greater milk yield (Table 

3.9). For every 5 additional feed pushups per day, there was an associated 0.5 kg/d increase in 

milk production. In our study of AMS herds across Canada (Chapter 2), we also reported that 

greater feed pushup frequency was associated with greater test-day milk yield. In previous 

studies, greater feed push-up frequency has been associated with greater lying time for cows 

milked in AMS (Deming et al., 2013; King et al., 2016b). These findings support the idea that 

cows housed in AMS with more frequent feed push-ups may spend less time searching for feed 

or are more efficient in consuming their feed and, thus, can spend more time lying down as a 

result, which may then have a positive effect on milk production.  
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3.3.6 SCC 

The geometric mean herd SCC was 179,300 cells/mL (Table 3.5) and was associated with 

clinical lameness prevalence, herd average DIM, bedding type, and the prevalence of over-

conditioned cows (Table 3.10). Clinical lameness prevalence was positively associated with 

SCC; each 10 p.p. increase in clinical lameness prevalence associated with +23,391 cells/mL 

greater SCC. In an observational study by Archer et al. (2011), it was reported that cows with a 

locomotion score of 3 had 16,000 fewer cells/mL SCC after 6 mo compared with the geometric 

mean SCC for cows that had a locomotion score of 1. To our knowledge, our results are the first 

report of the association between clinical lameness prevalence and herd average SCC in AMS 

cows. 

Herd average DIM was also positively associated with SCC, with each 10-d increase 

associated with 12,125 cells/mL greater SCC (Table 3.10). This result was expected and has 

been reported in the literature several times across dairy species (Nudda et al., 2003; Bianchi et 

al., 2004; O’brien et al., 2009).  

The prevalence of over-conditioned cows was associated with greater SCC (Table 3.10). 

By doubling the prevalence of over-conditioned cows (from 5 to 10%) there was an associated 

11,875 cells/mL increase in SCC. Over-conditioned cows are candidates for metabolic problems 

at calving (Rukkwamsuk et al., 1999; Lacetera et al., 2005), and have been linked to being at risk 

of other illnesses throughout the rest of lactation (Gearhart et al., 1990; Ingvartsen, 2006).  

Use of sand bedding tended to be associated with 27,126 cells/mL lesser SCC than use of 

organic bedding types (Table 3.10). Both  Bewley et al. (2001) and Jayarao et al. (2004) also 
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reported lesser SCC with the use of sand bedding in conventional milking herds. These findings 

are expected given that inorganic bedding (sand) does not provide a suitable substrate for 

bacteria to grow when compared with organic bedding types (Hogan et al., 1989).  

 

3.4 Conclusions 

Lesser clinical lameness (gait score ≥3) prevalence on AMS herds was associated with 

greater feed bunk space, lesser prevalence of under-conditioned cows, use of sand bedding, and 

milking non-Holstein breeds. Lesser occurrence of severe lameness (gait score ≥4) on farm was 

associated with reduced under-conditioned cow prevalence and lower stall curb heights. Higher 

clinical lameness prevalence was associated with greater herd-average SCC and reduced milk 

yield. Greater milking frequency was associated with fewer cows per AMS, greater alley 

cleaning frequency per day, and use of a free cow traffic system. In addition to being associated 

with clinical lameness prevalence, greater milk yield was also associated with greater milking 

frequency and more frequent feed push-ups. Greater herd-average SCC was also associated with 

greater over-conditioned cow prevalence and higher herd average DIM, and tended to be 

associated with use of organic bedding.  

 

3.5 Acknowledgments  

Thank you to the participating producers for the use of their animals, facilities, and data. 

We thank Camille Enderlen (AgroSup Dijon, France) for her technical assistance with data 

collection. This project was financially supported through the Dairy Research Cluster 3 



70 

 

 

 

 

Initiative, funded by the Dairy Farmers of Canada (Ottawa, ON, Canada) along with support 

from the Canadian Agricultural Partnership (Agriculutre and Agri-Food Canada; Ottawa, ON, 

Canada). We also want to thank Lactanet (Montreal, QC, Canada) for their assistance with 

recruitment for the project, access to data and technical support on the project.   



71 

 

 

 

 

Table 3.1. Descriptive statistics of study herds in Ontario, Canada using automated milking 

systems (n = 75). 

Variable Mean SD Minimum Maximum 

Number of lactating cows 98 71 40 485 

Number of cows per AMS unit 43.6 9.4 24.3 63.6 

Number of AMS units/herd 2.3 1.5 1.0 10.0 

Herd average DIM 176.7 16.4 135.7 220.5 

Herd average parity 2.4 0.3 1.8 3.4 

Number of lactating cow groups (#) 1.4 0.9 1 6 

Number of AMS/group 1.7 0.5 1 4 
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Table 3.2. Categorical housing variables for study herds in Ontario, Canada using automated 

milking systems (n = 75). 

Variable Number of herds % of total herds 

Lying area type   

     Free stall 68 90.7 

     Pack 6 8.0 

     Mixed 1 1.3 

Feeder type   

     Headlocks 41 54.7 

     Post and rail 22 29.3 

     Mixed 12 16.0 

Flooring type   

    Grooved concrete 36 48.0 

    Mix 20 26.7 

    Rubber 11 14.7 

    Slatted 8 10.6 

Bedding type   

    Organic 46 61.3 

    Inorganic 29 38.7 

Bedding base   

    Deep bedding 40 54.1 

    Mattress 35 45.9 
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Table 3.3. Categorical management variables for study herds in Ontario, Canada using 

automated milking systems (n = 75). 

Variable Number of herds % of total herds 

Breed   

    Holstein  70 93.3 

    Other1 5 6.7 

Cow traffic system   

    Free flow 67 89.3 

    Guided2 8 10.7 

Footbath   

    Yes 51 68.0 

    No 24 32.0 

Alley cleaning method   

    Automatic scraper  62 82.7 

    Autonomous scraper 9 12.0 

    Human operated machine 3 4.0 

    None 1 1.3 

Ventilation    

    Ceiling fans and natural 32 42.7 

    Panel fans and natural 20 26.7 

    Panel fans, ceiling fans, and natural 10 13.3 

    Tunnel 9 12.0 

    Natural 4 5.3 

1Other breeds included all herds with < 90 % Holsteins (all either Jersey or mixed Jersey herds).  
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2The guided systems surveyed included 3 milk first, 1 feed first, and 4 systems that were guided 

cow traffic systems with lying stalls included within the feed alley area (modified guided).  
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Table 3.4. Descriptive statistics of herd housing and management information, of study herds in 

Ontario, Canada using automated milking systems (n=75). 

Variable n Mean SD Minimum Maximum 

Feed alley width (cm) 75 392.9 41.3 274.0 488.0 

Lying alley width (cm) 67 302.1 43.9 208.0 427.0 

Stall dimensions      

    Lying stall curb height (cm) 69 20.1 3.4 13.3 34.8 

    Stall width (cm) 69 116.3 5.4 100.0 127.3 

    Neck rail height (cm) 68 124.1 8.4 96.5 142.0 

    Length of stalls (cm) 69 251.9 17.8 175.3 285.7 

    Distance from brisket board to rear of stall (cm) 52 187.5 12.7 169.0 261.3 

    Brisket board height (cm) 52 11.3 3.6 3.5 24.0 

    Deterrent height (cm)1 49 79.4 16.3 12.5 110.0 

Stall stocking density (cows/lying stalls x 100%) 68 89 16 44 122 

Pack area for lactating cows (m2/cow) 6 11.0 2.3 7.7 14.6 

Feed bunk space (cm/cow) 75 68.7 21.1 31.7 163.3 

Linear water access (cm/cow) 75 7.4 3.5 1.1 20.3 

Water surface area per cow (cm2/cow) 75 287.4 18.3 145.6 732.1 

Frequency of alley cleaning (#/d) 75 10.3 5.6 0 24.0 

Frequency of stall raking (#/d) 69 2.4 1.0 0 6.0 

Frequency of feed push-up (#/d) 69 15.8 7.3 1.0 24.0 

Frequency of feed delivery (#/d) 75 2.2 2.1 1.0 12.0 

Hoof trimming frequency (#/cow/year) 75 2.6 0.7 0.0 3.0 

Footbath frequency (#/month) 51 6.8 5.2 1.0 28.0 
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1The free-stall deterrent (either a strap or a bar) prevents cows from going through the front of 

the stall. The height was measured from the base of the stall to the middle of the deterrent.  
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Table 3.5. Descriptive statistics of herd-level lameness prevalence, body condition score, 

milking activity and milk components for study herds using automatic milking systems (n = 75) 

in Ontario, Canada.  

Variable n 
Mean 

(Median1) 

SD 

(95% CI1) 

Minimum 

 

Maximum 

 

Clinical lameness prevalence2 75 28.3 11.7 10.0 66.7 

Severe lameness prevalence3 75 3.0 3.2 0 13.3 

Body condition       

    Normal-conditioned4 75 89.5 7.7 63.3 100.0 

    Under-conditioned5 75 5.8 5.8 0.0 23.3 

    Over-conditioned6 75 
4.7 

(3.3) 

5.6 

(0-23.6) 
0.0 26.7 

Milking frequency (#/d)7 75 3.01 0.33 2.22 3.90 

Milk yield (kg/d)7 75 36.4 4.9 21.0 47.6 

Milk fat (%)8 75 4.12 0.33 3.66 5.41 

Milk protein (%)8 75 3.40 0.16 3.05 4.03 

SCC (x1,000 cells/mL)8, 9  70 
179.3 

(71.7) 

74.6 

(88.9-319.0) 
61.7 423.0 

1Median values and 95% confidence intervals are presented for those variables that were not 

normally distributed. 
2Percentage of scored cows (30 lactating cows or 30% of lactating cows for herds >100 cows) 

with a gait score ≥3 on a 5-point scale (1 = sound to 5 = severely lame). 
3Percentage of scored cows with a gait score ≥ 4 on a 5-point scale (1 = sound to 5 = severely 

lame); n = 31 herds with no cases of severe lameness (gait score ≥4), 43 herds with at least 

one case of severe lameness. 
4Percentage of scored cows with a BCS ≤ 2.5 on a 5-point scale. 
5Percentage of scored cows with 2.5 < BCS < 3.75 on a 5-point scale. 
6Percentage of scored cows with a BCS ≥3.75 on a 5-point scale. 
7Data collected from automated milking systems for the 6-mo prior to our visit summarized 

per day and averaged over the 6-mo period.  
8Data collected from DHI (Lactanet; Sainte-Anne-de-Bellevue, Quebec) for the 6-mo prior to 

our visit. Herds averaged 4.9 ± 0.7 (mean± SD) tests per year (min: 3, max: 6).  
9Individual cow somatic cell count (cells/mL) and yield were first multiplied to give a 

weighted SCC before these values were added at the herd level for each test day. These values 



78 

 

 

 

 

were then divided by the total production from all cows on test day to give an estimate of the 

bulk tank SCC on test day.  
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Table 3.6. Multivariable linear regression model of the factors associated with the herd-level 

prevalence of clinical lameness1 in herds using automated milking systems (n = 75 herds). 

Variable β2 SE P 

Intercept 30.8 6.11 - 

Feed bunk space (cm/cow)3 -0.17 0.06 0.003 

Under-conditioned cows (%)4 0.39 0.20 0.06 

Bedding type   <0.001 

    Inorganic -9.3 2.40  

    Organic Referent -  

Breed   0.02 

    Holstein 11.6 4.7  

    Other Referent -  

1Percentage of scored cows (30 lactating cows or 30% of lactating cows for herds > 100 cows) 

with a gait score ≥3 on a 5-point scale (1 = sound to 5 = severely lame). 

2Estimated regression coefficient. 

3Space available at the feed bunk divided by the average number of cows. 

4Percentage of scored cows with a BCS ≤2.5 on a 5-point scale. 
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Table 3.7. Multivariable logistic regression model of the herd-level variables associated with severe lameness1 in herds using 1 

automated milking systems. 2 

 
Severe lameness1  Odds ratio2 

P-value 

Variable Estimate SE  Estimate 95% Confidence interval 

Intercept -4.43 2.10  - - 
- 

Under-conditioned cows3 0.16 0.07  1.18 1.02-1.35 
0.02 

Stall curb height (cm) 0.20 0.10  1.22 1.00-1.50 
0.05 

1Categorized as herds with no cases of severe lameness (gait score ≥4; n = 31) and herds with at least one case of severe lameness 3 

(n = 43). 4 

2Odds ratios displayed as 1-unit increase in each of the variables.  5 

3Percentage of scored cows (30 lactating cows or 30% of lactating cows for herds > 100 cows) with a BCS ≤ 2.50 as a percentage 6 

of the total cows that were scored within the herd.7 
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Table 3.8. Multivariable linear model of the factors associated with the milking frequency of 

cows in herds using automated milking systems (n = 75 herds). 

 
Milking frequency (#/d) 

Variable β1 SE P 

Intercept  3.29 0.18 - 

Clinical lameness (%)2 -0.0035 0.0027 0.20 

Cows per AMS (#) -0.015 0.0033 <0.001 

Alley cleaning frequency (#/d) 0.013 0.0056 0.02 

Cow traffic system   <0.001 

    Free  0.37 0.010  

    Guided  Referent -  

1Estimated regression coefficient. 

2Percentage of scored cows (30 lactating cows or 30% of lactating cows for herds > 100 cows) 

with a gait score ≥3 on a 5-point scale (1 = sound to 5 = severely lame). 
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Table 3.9. Multivariable linear model of the factors associated with milk yield in herds using 

automated milking systems (n = 75 herds). 

 Milk yield (kg/d) 

Variable β1 SE P 

Intercept 10.0 4.57 - 

Clinical lameness2 -0.2 0.04 <0.001 

Milking visits (#/cow/d) 5.7 1.30 <0.001 

Feed push-up frequency (#/d) 0.1 0.05 0.07 

Breed   <0.001 

    Holstein 12.6 1.55  

    Other Referent -  

1Estimated regression coefficient. 

2Percentage of scored cows (30 lactating cows or 30% of lactating cows for herds > 100 cows) 

with a gait score ≥3 on a 5-point scale (1 = sound to 5 = severely lame). 
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Table 3.10. Multivariable linear model of the factors associated with herd average somatic cell 

count in herds using automated milking systems (n = 70 herds). 

 Natural log of SCC1 

Variable β2 SE P 

Intercept 10.6 0.48 - 

Clinical lameness (%)3 0.012 0.0038 0.003 

Herd average DIM 0.0064 0.0026 0.02 

Over-conditioned cows4 0.09 0.04 0.03 

Bedding Type    

    Inorganic -0.16 0.10 0.09 

    Organic Referent -  

1Individual cow somatic cell count (cells/mL) were transformed using a natural log 

transformation and averaged first by test day, and then across test days.  

2Estimated regression coefficient. 

3Percentage of scored cows (30 lactating cows or 30% of lactating cows for herds > 100 cows) 

with a gait score ≥3 on a 5-point scale (1 = sound to 5 = severely lame). 

4Over-conditioned cow prevalence was log transformed (natural logarithm + 1) prior to 

analysis.  
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4 CHAPTER 4: GENERAL DISCUSSION 

 

4.1 Major Findings  

The overall objective of my thesis research was to identify factors associated with greater 

production and lesser lameness prevalence on farms milking with automated systems. To address 

that objective, with the help of our research team, I visited, surveyed, and benchmarked herd 

management, housing, and demographics of 197 AMS farms across Canada (Chapter 2). 

Additionally, in Chapter 2 I associated herd management, housing, and demographic factors with 

milk yield, milk fat content, milk protein content, and SCC. A subset of farms in Ontario from 

Chapter 2 were studied in Chapter 3, with the specific aim to associate clinical lameness 

prevalence (gait score ≥ 3) and severe lameness prevalence (gait score ≥ 4) with  herd-level 

factors (management, housing, body condition score and demographics) and milking visits, milk 

production, and SCC.  

The number of lactating cows (110) and AMS units (2.4) per farm in Chapter 2 were 

similar to other Canadian (King et al., 2016) and USA (Siewert et al., 2018) studies. The number 

of cows/AMS unit (47.5) was slightly under the 49 cows reported by King et al. (2016), which is 

well below the perceived capacity of 60 cows per AMS (Jacobs and Siegford, 2012; Deming et 

al., 2013). This number is also slightly less than the 51 (Tremblay et al., 2016), 54 (Westin et al., 

2016), 55 (Deming et al., 2013) and 56 (Siewert et al., 2018) cows/AMS reported in other North 

American studies. Mean herd parity and DIM were 2.4 lactations and 172.5 d, respectively. 

These values are comparable to other observational studies of Canadian AMS herds (Deming et 
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al., 2013; King et al., 2016). Free cow traffic systems made up 87.7% of farms surveyed, which 

is slightly greater than King et al. (2016), who reported that free cow traffic was present on 

80.5% of farms studied. Cows produced an average of 36.7 kg/d, which is greater than the 33.7 

kg/d (King et al., 2016), 32.0 kg/d (Tremblay et al., 2016), and 33.2 kg/d (Siewert et al., 2018) 

reported in other North American observational studies of Holstein AMS herds. My findings are 

interesting as the greater average milk yield existed, despite the inclusion of non-Holstein herds 

(with lesser average milk yield) in my thesis. Milk fat and protein content were 4.13 and 3.40 %, 

respectively. These values are slightly greater than the Canadian national averages for milk fat 

and protein content of 4.03 and 3.30 %, respectively (Agriculture and Agri-Food Canada, 2020), 

but this may be due to the greater number of non-Holstein herds in the current study (9.6%) in 

comparison to the national average (7% non-Holstein; Agriculture and Agri-Food Canada, 

2020). Herd geometric mean for SCC was 198,095 cells/mL (Table 2.6). This is similar to that 

that reported by Deng et al. (2020) where the herd geometric mean for test-day SCC data from 

AMS farms in 6 countries was 186,000 cells/mL. For all models, AMS brand was not considered 

as an explanatory variable as the technology may vary even between models from the same AMS 

company and the technology used for different brands is very similar. Since these machines all 

conduct the same process, it would not have been appropriate to include brand in any of the 

models. 

Greater feed bunk space per cow on AMS farms was associated with increased milk yield 

(Chapter 2) and decreased clinical lameness prevalence (Chapter 3) at the herd level. While the 

link to milk yield has been previously demonstrated (Deming et al., 2013), the association with 
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lameness is novel. The explanation behind the association of lesser lameness with greater feed 

bunk space per cow could be due to less idle standing (Leonard et al., 1996; Cook et al., 2004b), 

as Deming et al. (2013) also demonstrated that more bunk space per cow was associated with 

greater lying time. Further, in Chapter 3, I demonstrated that clinical lameness prevalence was 

associated with lesser milk yield and greater SCC. The association of milk yield with clinical 

lameness has also been previously reported by King et al. (2016). These findings collectively 

demonstrate the importance of ensuring adequate feed bunk space in AMS herds to ensure 

adequate rest, which may then minimize lameness risk and optimize milk yield.  

The association between increased feed push-up frequency and greater milk yield in 

Chapter 2, and tendency for that in Chapter 3, is a novel finding for AMS herds. Siewert et al. 

(2018) demonstrated farms that used robotic feed pushers had greater milk yield than those farms 

that pushed-up feed manually, however, they did not report frequencies for the different push up 

methods. In both Chapter 2 and 3, greater mean push-up frequency was reported for robotic, 

when compared with manual push-up methods, suggesting that the results by Siewert et al. 

(2018) are likely more related to the frequency of feed push-ups than the method. Deming et al. 

(2013) and King et al. (2016) previously reported positive associations between the frequency of 

feed push-ups and lying time. This may point to the mechanism by which more milk was 

associated with this practice in both Chapter 2 and 3, as cows may need to spend less time 

searching for feed when it is pushed up more frequently and, thus, can spend more time lying 

down as a result.  
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Herds with inorganic (sand) bedding had lesser SCC (Chapter 2 and 3). This was expected 

as both Bewley et al. (2001) and Jayarao et al. (2004) reported lesser SCC with the use of 

inorganic bedding substrates. It is well established that sand bedding provides an inadequate 

substrate for microbial growth (Hogan et al., 1989), thus reducing risk of udder infection. 

Additionally, in Chapter 3, sand bedding was associated with decreased clinical lameness 

prevalence. This association has also been well reported in the literature (Espejo et al., 2006; 

Cook and Nordlund, 2009; Andreasen and Forkman, 2012). Previous work with AMS herds 

reported that herds with deep-bedded sand free-stalls and bedded packs had lesser lameness 

prevalence than herds with other lying surfaces (Salfer et al., 2018). This may be due to the 

increased lying time associated with sand bedded stalls compared to mattresses (Gomez and 

Cook, 2010). Overall, these results demonstrate the importance of sand bedding for optimizing 

lying time, decreasing lameness prevalence, and decreasing SCC.   

In Chapter 3, greater SCC was also associated with a greater herd-level percentage of over-

conditioned cows. I also reported in Chapter 3 that greater clinical lameness (gait score ≥ 3) 

tended to be associated with greater prevalence of under-conditioned cows. Further, in that 

chapter, an association between under-conditioned cow prevalence and severe lameness 

prevalence (gait score ≥ 4) was observed. These results collectively highlight the value of 

maintaining optimal body condition score (2.75 ≤  BCS ≤ 3.25; Drackley, 2016). Specifically, 

over-conditioned cows are candidates for metabolic problems at calving (Rukkwamsuk et al., 

1999; Lacetera et al., 2005), and have been linked to being at risk of other illnesses throughout 

the rest of lactation (Gearhart et al., 1990; Ingvartsen, 2006), while low body condition has been 
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associated with greater risk of lameness (Walker et al., 2008; Randall et al., 2015; Westin et al., 

2016) 

Successful milking visits (i.e. greater milking frequency) were positively associated with 

increased alley cleaning frequency, decreased AMS stocking density (cows/AMS), and use of 

free-cow traffic systems (Chapter 3). Additionally, greater milking frequency was positively 

associated with milk yield. In a direct comparison by Gygax et al., (2007) no differences were 

found in milking frequency between guided and forced cow traffic systems, however, in that 

study 97.5% of AMS visits in free traffic systems were successful compared with 89.7% of visits 

in guided systems. In free cow traffic, cows can move freely throughout the barn, which allows 

cows to express their natural behaviors (Melin et al., 2006; Forsberg, 2008; Tremblay et al., 

2016). As cows milked in guided systems must pass through selection gates to attend the AMS, 

the use of a guided system could result in lesser milking frequency. 

Finally, in Chapter 3 increased odds of have cows with severe lameness (gait score ≥ 4) 

was associated with greater stall curb height. This result is supported by (King et al., 2016), who 

demonstrated that an increase in curb height was associated with an increase in severe lameness 

in AMS herds. The higher the curb, the more this may rub on the back hocks of the cows, leading 

to injury (Nash et al., 2016). Secondly, if cows are perching, this could impact the amount of 

weight on the back hooves (Cook, 2009).  
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4.2 Limitations and Future Directions 

The largest limitation of this work was the absence of ration information for the 

concentrate provided in the robot (i.e. amount, type, and composition) and the PMR. As result, 

only housing, management, and herd demographic explanatory variables were explored, which 

may have been one of the reasons that no explanatory variables, other than breed were associated 

with % fat or % protein in Chapter 2. Additionally, there is a large amount of speculation in the 

dairy industry about best nutritional management practices, both at the robot and the feed bunk, 

to promote voluntary milking visits to the AMS, however, the present work was unable to 

examine those factors. Additionally, data on how many cows need to be fetched for milking was 

not recorded as a part of the present study. This information may have been valuable when 

examining the effect of lameness on production and milk quality. 

The study design for the present work was a variation of a cross sectional study design. 

This means that many of the measures and outcomes were collected for one time point. As the 

study design was observational in nature, I was limited to make associations of the data 

collected. It is difficult to determine cause and effect in those associations with this kind of 

study. However, these observational studies can provide the basis for developing longitudinal 

studies as well as cow-level, controlled studies which may better be used to investigate cause and 

effect.   

In Chapter 2, DHI data for the 6-mo prior to the visit was used, while in Chapter 3 AMS 

data from the same time frame was used. In both chapters, data were summarized at the herd-

level. We visited all farms on one occasion as a part of this thesis and collected data for the 6-mo 
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prior to the visit for all herds. The period of data from each farm provides an estimate of how 

those current on-farm practices, as measured at the time of visit, may have affected production, 

but fails to examine how day-to-day variation in management and feeding schedules may impact 

productivity and animal health. This provides a future avenue for research within AMS, and by 

visiting the farms more, changes in management, feeding and housing could be recorded and 

explored.  

Milking visit data for all herds, rather than just Ontario (as used in Chapter 3) would be 

valuable for future studies. Although the farms recruited for Chapter 3 are representative of the 

recruited farms from across Canada (Chapter 2), a greater sample size could have given more 

power to identify differences. Additionally, cow-level analysis of milking intervals might 

provide more information about how these intervals can be optimized through management, 

housing and feeding practices. The findings reported in this thesis underline the importance of 

examining the underlying cow-level mechanisms (i.e. lameness, body condition score, health 

status) to further examine both cause and effect of the management and housing variables 

identified in the current research.  

In Chapter 2 ventilation system was associated with milk yield. Those farms using some 

form of forced air ventilation system were associated with greater milk yield than those using 

natural ventilation alone. These results were expected as mechanical ventilation systems are 

primarily used to mitigate the effect of moisture, gasses, and heat (West, 2003; Filipy et al., 

2006; Samer et al. 2012; Witkowaska et al., 2020), however, a controlled study may be necessary 

to examine the underlying mechanism behind the impact and mode of action (i.e. air quality, 
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environmental temperature and humidity) of these different ventilation systems and how this 

may impact production in these AMS farms.  

 

4.3 Implications 

The results of this thesis demonstrate associations between housing and management 

factors on AMS farms and herd performance. Specifically, milk yield on AMS farms may be 

optimized by ensuring feed is continually pushed up, there is adequate feed bunk space, and 

barns are equipped with some form of mechanical ventilation. My thesis results reinforce the 

importance of using sand bedding to minimize SCC and optimize milk yield. Additionally, 

factors associated with greater barn cleanliness (increased lying alley width and increased alley 

cleaning frequency) may also be important for minimizing SCC. My results also reinforce the 

importance of decreasing lameness prevalence as a way to positively influence productivity. 

Both farm-level clinical and severe lameness prevalence were associated with several 

management variables, meaning there may be a way to improve welfare and productivity through 

these practices. Finally, greater milking frequency may be optimized with few fewer cows per 

AMS, greater alley cleaning frequency per day, and use of a free cow traffic system. Overall, my 

thesis research supports the importance of managing lameness prevalence and utilizing housing 

and management to promote cow comfort and cleanliness, in effort to optimized milk quality and 

yield for cows milked in an AMS.  
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APPENDICES 

Appendix 1: Optimizing Robotic Milking Questionnaire 

 

TD19b- Optimizing Robotic Milking Questionnaire 

Farm Number: ______________     Date: ________________    Person: _________________ 
 
Farm Identifying Number (Assigned Randomly): ________________________ 

Canwest DHI/Valacta Herd Number:______________________________ 

I consent to providing records from my milk test data for the period of approximately one year 

from the date of this first visit?   Yes    No 

Individual Giving Consent (please print):____________________________________________ 

Signature:_____________________________________________________________________ 

I. General Farm Overview  

Province of Farm: _____________________                Milking Herd Size:_______________________ 

Approximate proportion of cattle of specific breed(s) (include crossbreeds as different breeds):  

Breed of Cattle  Proportion/Number 

  

  

  

  

  

  

  

  

 

What Brand of AMS is being used on the farm?  

A) BouMatic 

B) DeLaval 

C) GEA 

D) Insentec 

E) Lely  

F) Other (Please 

Specify):__________ 

 

What is the model of the AMS? __________________________________ 

How many AMS are on the farm?______________________________ 

When was the AMS first installed?_____________________________ 

Did you change housing system?  Yes No First Farm 

Did you build a new barn? Yes      No  

Since the date of initial install has anything changed about the AMS?  

A) Added robot  

B) Updated model of robot  

C) Added Herd Navigator  

D) Added scale 

E) Added rumination activity collars  

 

Added leg pedometers 
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I. Housing   

What cow traffic system do you use on your farm?  

A) Milk First B)  Feed First  C)  Free Flow  

Are priority lanes/strategies used? (strategies to give priority to ‘sensitive’ cows - fresh cows, high 

milk yield cows, heifers) Y  /  N  

If yes explain: 

_____________________________________________________________________________________

_____________________________________________________________________________________  

Is the Housing of the Cows primarily made up of Stalls or Pack Pens?   

A) Stalls  B) Pack Pens   C) Other: ___________________ 

What is the main type(s) of bedding used (Circle all that apply)?  

A) Wheat Straw  

B) Barley Straw  

C) Oat Straw  

D) Other Cereal Straw 

E) Crop residue  

F) Wood chips 

G) Shavings 

H) Sawdust 

I) Sand 

J) Peat moss 

K) Recycled manure 

solids  

L) Recycled Paper  

M) Cardboard  

N) Other:____________

What is the frequency with which new bedding is added?  

A) Once a month 

B) Once a week 

C) Once a day 

D) 2-3 times per day 

E) 4 to 6 times per day 

F) Not applicable 

What is the frequency of manual cleaning/Raking of stalls or pens (1 to10+ Times/Day)? 

____________ 

Do you use limestone or a drying product on stalls or pens?  

A) Limestone  

B) Drying Product (Specify: ____________________) 

C) None 

What is the method that the central alley is cleaned?  

A) Automated scraper  

B) Autonomous scraper  

C) Machine (tractor or skid-steer) 

D) Other: _____________________ 

How many times per day are the alleys cleaned? ______________________________________ 
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What type of ventilation do you use for your lactating animals and what number if applicable?  

A) Panel or Basket Fans: #___ 

B) Big Ceiling Fans: #___ 

C) Tunnel Ventilation: #___ 

D) Natural Ventilation  

Do you use any of the following cooling systems (Indicate all that apply)?  

A) Sprinkler System  

B) Misting System 

C) None of the above  

Do your lactating cows have access to the following and when (indicate all that apply): 

Frequency  Exercise Pen Pasture Outside 

None    

Year Round     

Spring     

Summer     

Fall    

Winter     

 

Does your farm use a separation pen for sick/injured/other cows? Y / N 

Do you use a holding pen for your AMS? Y / N 

 

I. Reproduction  

Which method of heat detection do you use? (Indicate all that apply)  

A) Neck Monitoring (Ruminating/Activity)  

B) Leg Monitoring  

C) Ear Tag Monitoring 

(Ruminating/Activity) 

D) Chalking  

E) Heat Sticker (Estrotect)  

F) Visual Detection  

G) Synch Program (all or ________ Cows)   

Do you record all breedings in dairy comp or another recording software?  Y / N  

What is your voluntary waiting time for rebreeding? ____ Days  

II. Management  

How many pens are lactating cows housed in? ___________ If more than one pen, what is 

your grouping strategy? (i.e. grouped by lactation, random, balance the pens) 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 
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Do you use a training program? (Is it different for heifers before calving vs. cows before calving? If 

so describe) 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 

Do you follow the fetching list exactly? Why or why not?   

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 

Do you have a closed herd (herd that do not include animals from show, purchase or other)?  

A) No, and my animals don’t go to exhibition  

B) No, and my animals go to exhibition  

C) Yes, and indicate since when: (Month/Year): ___________________ 

How many cows do you purchase per year? _____________________________ 

When was your last cow purchase? __________________ 

After calving, when do you move your cows to the main herd?  

A) Straight away  

B) After a period of adaptation (specify: __________________)  

Where do your cows calve (indicate all that apply)?  

A) In an individual pen  

B) In a group pen  

C) In a group with deep bedding area  

D) In a standard stall  

E) In a stall with a covered gutter  

F) In a pasture  

Who normally does your hoof trimming?  

A) Professional hoof trimmer 

B) Veterinarian 

C) Producer or employees 

D) Other, please specify: ________________________ 

What is the annual frequency of hoof trimming?  

A) Less than one time 

B) One time 

C) Two times 

D) More than two times 

E) No trimming 
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How many times per year do you aim to trim each cow?  

A) Specific cows: ______________ 

B) All others: ______________ 

Do you use a footbath or foot spray for the following (indicate all that apply)?  

A) Footbath  

B) Manual Spraying  

C) Automatic Spraying  

D) None 

How often do you use the footbath or spray? ________________________________ 

Where is the footbath located?  

A) At the exit of the milking parlor or robot 

B) In a passage of free-stall barn 

C) Other location 

D) I don’t use footbath 

E) Other, please specify the location: _____________________________________ 

What product(s) do use in your footbath? (% if mixing) 

A) Not applicable – no footbath  

B) Copper sulfate ____   

C) Zinc sulfate _______   

D) Formaldehyde ______ 

E) Antibiotic solution _____ 

F) Hoof-Sol _____ 

G) Thymox _____ 

H) DeLaval Double-Action ____ 

I) Heal Max ____ 

J) Limestone ____ 

K) Other, please specify: _____________

 

Alternatively, do you alternate products? (If so explain): 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 

I. Feeding    

What do you feed in the bunk?  

A) PMR 

B) TMR 

C) Components  

Do you calibrate your TMR scale?  

A) Yes (How often?  _______________) 

B) No  

How many times per day do you mix feed? _______________________ 

How many times per day do you deliver feed? ____________________ 

What time(s) of day you deliver feed? ___________________________ 
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When did you last feed today: ________________________ 

What is your target feeding level (% refusal)? _______________________ 

Do you clean out the feed alley?  

A) Yes (How Often? __________________)  

B) No  

Who performs the feed push-ups?  

A) Human 

B) Robot (eg. Juno) 

C) I do not do feed push-ups  

D) Other (Please Specify: __________________) 

What is the frequency of feed push ups (per day)? _____________________ 

What are the contact details and name of your nutritionist?  

_____________________________________________________________________________________

_____________________________________________________________________________________

________________________________________________________________ 

Can we contact your nutritionist (Consent)?   Yes       No 

If applicable, can you give a general overview of the ration with cost (see below)?  

Ration Component Proportion/Weight (As Fed/DM) 

  

  

  

  

  

  

  

  

  

  

  

Total:   

 

What brand(s) of concentrate do you use in your robot? How do you obtain your concentrate 

(Company/Nutritionist)? Tags, orders or breakdowns can be put here as well:  

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 
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In what form are the AMS concentrate provided?  

A) Pellet 

B) Crumble 

C) Texturized 

D) Liquid 

How do you feed your concentrate?  

A) Flat Rate  

B) Feed Table  

C) Other: _______________________ 

How often is the AMS calibrated? _____________________________ 

How often is the AMS pellet DM measured? _____________________ 

Are there any other nutritional strategies you use? (rumensin, yeast, Sodium Bicarbonate, Fat, 

bolus) 

_____________________________________________________________________________________

_____________________________________________________________________________________

_____________________________________________________________________________________ 
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Appendix 2: Measurements and Barn Design 

Feed Bunk Design  

The surface(s) of the feeding alley(s) (where the feed is located) are composed of (if different around 

farm indicate which pens have what composition):  

A) Concrete 

B) Plastic/Resin/PVC 

C) Ceramic 

D) Fiberglass 

E) Stainless steel 

F) Rubber 

G) Epoxy 

H) Wood 

I) Other: _______________

 

Does the barn design use headlocks? Y /  N,  If so fill out the following. If not move onto the next 

question (try and use cm as the measurement whenever appropriate):  

 

 

Dimensions Pen 1 Pen 2 Pen 3 Pen 4 

Feed Bunk Length (from first to last head gate)      

# of Headlocks (count total for each pen)      

Headlock Width (from big post to big post)      

Feed Side Height (to base of manger)       

Feed Side Height (to mid-point of head gate)     

Feed Side Height (to top of rail or head gate)      

Cow Side Height (to base of manger)      
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Does the barn use individual feeding stalls (i.e.. Insentec Bins) Y / N. If so fill out the following:  

Why is the farm using individual bins? 

_____________________________________________________________________________________

_______________________________________________________________________ 

 

 

Does the barn design use a post and rail system? Y /  N, If so fill out the following. If not move onto the 

next question (try and use cm as the measurement whenever appropriate): 

Did you collect a feed sample from the bunk and, if different, from each individual pen?  

Y  /   N 

 

 

 

Dimensions Pen 1 Pen 2 Pen 3 Pen 4 

Feed Bunk Length (from first bin to last)      

# of bins      

Dimensions Pen 1 Pen 2 Pen 3 Pen 4 

Feed Bunk Length (from start of bunk to end)      

Feed Side Height (to base of manger)       

Feed Side Height (to top of rail or head gate)      

Cow Side Height (to base of manger)      
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Other Feeding Area Measures  

The following questions are about feeding alley(s) (where the cows stand when eating from the bunk):  

What is the composition of the flooring around the feeding alley (indicate in notes if it does not fit a 

description or if it is different within the pen) 

Notes:_______________________________________________________________________________

_____________________________________________________________________________________

________________________________________________________________ 

Water Measurements  

 

Pen  Number of Water Bowls  Dimensions (L X W X D) 

Pen 1   

  

  

Pen 2   

  

  

Pen 

 

Smooth 

Concrete (SC) 

SC with 

groves 

(SCG) 

Concrete with 

Rubber Mats 

(CRM) 

Slated 

Floor 

(SF) 

Other (please 

specify) 

Pen 1       

Pen 2       

Pen 3       

Pen 4      
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Pen 3   

  

  

Pen 4   

  

  

 

What is the width of the feed alley(s)?  

Pen  Alley #1 Alley #2 Alley #3 

Pen 1    

Pen 2    

Pen 3    

Pen 4    

 

Cow Traffic System  

What is the cow traffic system used?  

A) Milk First   B)  Feed First  C)  Free Flow  

 

If A or B is water offered in both the feed and lying areas? Y  /  N 
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Robotic Milker Set Up  

Draw the entry and exit route for the cow (AMS): 

 

What are the dimensions of the crossover by the robot?  

Lying Area  

The surface of the stall is made of?  

A) Concrete   

B) Rubber   

C) Mattress 

D) Deep Bedding  

E) Other (Specify): 

___________

What are the main type(s) of bedding used (select all that apply and indicate pens beside choice):   

A) Wheat Straw  

B) Barley Straw  

C) Oat Straw  

D) Other Cereal Straw 

E) Crop residue  

F) Wood chips 

G) Shavings 

H) Sawdust 

I) Sand 

J) Peat moss 

K) Recycled manure 

solids  

L) Recycled Paper  

M) Cardboard  

N) Other:_________

Dimensions Pen 1 Pen 2 Pen 3 Pen 4 

Crossover Length      

Crossover Width      

Crossover height      
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Is there any additional information about the lying area to discuss: 

_____________________________________________________________________________________

_____________________________________________________________________________________

________________________________________________________________ 

Does the lying area consist of (select all that apply):  

A) Stalls  B) Pack     C) Other: ___________ 

What is the approximate depth of bedding?  _________ 

Lying Area- Stall Specific  

What is the width of the lying alley(s) (any alley where feed is not offered on either side)?  

Pen  Alley #1 Alley #2 Alley #3 Alley #4 

Pen 1     

Pen 2     

Pen 3     

Pen 4     

How many stalls are in each row of each pen?  

Pen  Alley #1 Alley #2 Alley #3 Alley #4 

Pen 1     

Pen 2     

Pen 3     

Pen 4     
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Stall Dimensions Pen 1 Pen 2 Pen 3 Pen 4 

Curb height (to top of stall base)     

    

    

Stall width     

    

    

Neck rail height (base to neck rail)     

    

    

Length of the stall     

    

    

Brisket board Length (if applicable)      

    

    

Brisket board height (if applicable)      

    

    

Deterrent height (if applicable): 

__________________________________ 
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Lying Area- Pack Barn Specific  

 

For Pack Barns, what are the dimensions of the pack (break this up into sections such that 

total area could be added up ideally this will be triangles and squares).  

 

 

Pack Dimensions Length Width/Height Shape 

Pack 1    

   

   

   

   

Pack 2    

   

   

   

   

Pack 3    

    

    

    

    

Pack 4    
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Overall Dimensions  

 

 

Other notes about dimensions: 

______________________________________________________________________________

______________________________________________________________________________ 

 

Additional Notes about survey (describe the pen design here)  

 

Notes:________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________ 

Dimensions Pen 1 Pen 2 Pen 3 Pen 4 

Pen Length      

Pen Width      
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Overall Barn Design  

Draw the overall structure of the barn (pay special attention to labelling pens, robot 

location and number, footbaths, water areas, cow traffic system flow):  

 

 


