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|. INTRODUCTION

Technological progress has been deeply interfering with people's working lives and
methods over the past 150 years, including the dairy industry. In the early 20"
century, the invention of the pulsating milking machine provided the starting point
for the introduction of mechanical milk extraction on dairy farms, progressively
replacing laborious hand milking (Akam, 1980). However, it was the pressure of
labor shortages in agriculture in the middle of the 20" century that forced the
success of machine milking to accelerate in Germany (Settele, 2018). The further
development of this technology took place under the constant influence of
rationalization and increased productivity, from bucket milking systems to pipe
milking systems and milking parlors (Jiang et al., 2017; Besier et al., 2016).
Nevertheless, humans remained an irreplaceable part of the milking process: pre-
cleaning, checking udder health by pre-stripping, attaching and, if necessary,
removing the milking cluster are still carried out by the milker in conventionally
milking farms. However, with the commercial introduction of automated milking
systems (AMS) in the early 1990s, humans are no longer needed during the milking
process (Hogenboom et al., 2019; John et al., 2016). The cows go to milking
independently and the mentioned preparatory and accompanying actions during the
milking process are automatically completed by the milking robots. Consequently,
an AMS enables farmers to free themselves from the milking routines that
determine their daily routine and to organize their working time more freely (Streete
et al., 2017; Hogeveen et al., 2004). This led to the fact that automation plays an
increasingly important role in dairy farms, especially nowadays, as farmers expect
it to secure the profitability of the farm as well as to improve the work-life balance
(Koning, 2010). Thus, AMS can be considered one of the first developments in
precision livestock farming with associated incisive changes in the dairy industry
(John et al., 2016).

Ultimately, all these developments serve one purpose: the most efficient and safest
production of milk. Clinical mastitis (CM) is a disease that has the greatest potential
to cause pathological changes in milk and compromise animal welfare (Heikkild et
al., 2018). As a result, it also causes economic losses and poses a health risk to the
end consumer (Pal et al., 2020; Cha et al., 2011). For this reason, farmers are legally

obligated to deliver a flawless product. They must ensure that the health of their
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herd and of the individual cow is under control (Nalon and Stevenson, 2019).
Farmers are required to determine the animal's well-being during milking and to
perform an organoleptic check on their milk. With the absence of a human on AMS
farms during milking, the farmer must rely on the machine to detect udder health
problems (Jacobs and Siegford, 2012). This is a task that has an impact on animal
welfare, food quality assurance as well as profitability and is therefore essential in
the dairy industry. For this purpose, AMS have various sensors available to
determine changes in the milk and the cow's behavior. The data collected by the
sensors are processed differently depending on the manufacturer and presented to
the farmer on so-called warning lists on end devices. The final control of the
animals is then again in the hands of the farmer while abnormal milk separation can

be done automatically.

Automatic milking systems, especially their ability to detect health problems, have
been the subject of many studies in the past 20 years (Cogato et al., 2021). The
quality of CM detection by AMS in the field on Bavarian dairy farms has not yet

been the subject of evaluation.

Therefore, the primary aim of this study was to assess the detection performance of
the systems of four most widely represented AMS manufacturers in Bavaria.
Moreover, AMS as well as non-AMS data, which might influence the detection

performance, were further elaborated.

Additionally, a questionnaire was used to examine the farmers' interaction with the
AMS by asking about management practices and their personal evaluation of their
work with the AMS. The survey also included questions about their personal
assessment of the detection CM by the AMS.
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Il. LITERATURE REVIEW

1. Bovine Mastitis

1.1. Definition, etiology and classification of mastitis

Bovine mastitis is defined as an inflammation of one or more quarters of the
mammary gland and is almost always caused by infection with microorganisms
(IDF, 2011).

The most common udder pathogens include bacteria, fungi, algae, and viruses
(Bradley, 2002; Contreras and Rodriguez, 2011). However, the origin of mastitis
cannot be attributed solely to colonization of pathogens of the milk ducts and
tissues. External influences (e.g., incorrect milking settings, udder injuries), as well
as internal influences (e.g., metabolic disorders, stress, immunological weakening),
can be the cause or contribute to the development of mastitis (Tiwari et al., 2013;
Holko et al., 2019). For this reason, mastitis should be considered as a multifactorial
disease (Abebe et al., 2016).

Up to 95% of mammary infections are caused by bacteria (Zigo et al., 2021). These
microorganisms are defined and divided into two groups (Eberhart et al., 1987): On
the one hand contagious mastitis pathogens, which are adapted to the tissue of the
mammary gland, survive mainly in the udder, and thus are most likely to be
transmitted during the milking process. These include, among others,
Staphylococcus (S.) aureus, Streptococcus (Str.) agalactiae or Mycoplasma spp.
(Dufour et al., 2019). On the other hand, environmentally associated pathogens
predominantly enter the udder through the teat canal from contaminated resting
places primarily during resting periods after milking (Blowey and Edmondson,
2010) or as a result of insufficient milking hygiene (Svennesen et al., 2019;
Hohmann et al., 2020; Breen et al., 2009). Representatives of this larger group are
mainly Escherichia (E.) coli, Streptococcus uberis, coagulase-negative
staphylococci, Enterobacter spp., Corynebacterium spp., and others (Hogan and
Smith, 2012; Pyoérala and Taponen, 2009). Environmental pathogens are
responsible for about 90% of intramammary infections (IMI; Neculai-Valeanu and
Ariton, 2022). However, a purely binary pathogen classification into environmental

and contagious should be used with caution, as for some pathogen species, e.g., Str.
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dysgalactiae, both possible ways of transmission and reservoirs have been
identified (Klaas and Zadoks, 2018; Wente and Krdomker, 2020). Due to the
different characteristic of gram stainability, the forms of mastitis can be
distinguished into gram-positive mastitis and gram-negative mastitis form
depending on the underlying bacteriological pathogen, which offer a strong
influence on the therapeutical approach (Schukken et al., 2009; Pol and Ruegg,
2007; Nam et al., 2009)

Furthermore, pathogens are divided into two groups according to their
pathogenicity, prevalence and the physical and economic damage they cause: major
and minor pathogens (Heikkila et al., 2018; Harmon, 1994). Major mastitis
pathogens, which include S. aureus, Str. uberis, Str. dysgalactiae, Str.agalactiae,
Klebsiella spp., and Mycoplasma bovis achieve a much greater impact in the
inflammatory process and cause often CM (Dalanezi et al., 2020). Minor pathogens,
are primarily physiological commensals of the udder skin and teat canal. Their
pathogenicity is considered to have lower impacts on inflammation. This group
includes Enterobacter spp., coagulase-negative staphylococci and Corynobacteria
(Reyher et al., 2012).

However, the actual expression of an inflammatory event in response to bacterial
invasion depends on certain factors and consequently varies. The pathogen, its
virulence and quantity, as well as the counteractive immune response of the host
animal and the environment, are crucial for the effects and manner in which the
mastitis develops and its clinical expression (Hamann, 1991; Cheng and Han,
2020). Thus, bovine mastitis can be classified as subclinical mastitis (SCM),
chronic mastitis (CHM), or clinical mastitis (CM), depending on the severity and
duration of the inflammatory process, or in the case of chronic mastitis also

treatment resistance.

Subclinical mastitis is the inflammation of the udder without visible changes in the
milk and udder (IDF, 2011). Yet, this form of mastitis still results in changes in
milk composition with increased somatic cell count (SCC). A threshold of 200,000
cells/mL was established by the International Dairy Federation (IDF) in 2013 to
define IMI at cow level. However, quarters of healthy cows usually do not have
more than 100,000 cells/mL, so this threshold is used especially in Germany as
indicator of SCM, with or without the presence of isolated pathogens (DVG, 2002;
IDF, 2013; Schwarz et al., 2010). The prevalence of SCM is much higher than that
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of the clinical form (Seegers et al., 2003). It also leads to economic losses due to
associated milk loss (Goncalves et al., 2018). Subclinical as well as not fully
recovered clinical mastitis due to e.g., therapy resistance can progress to the chronic
form (Gronlund et al., 2003).

Chronic mastitis is generally defined as an elevated SCC in the last three to four
monthly test days (Hiitio et al., 2017; Rahman et al., 2012). A threshold SCC for
CHM s set at >250,000 cells/mL, >400,000 cells/mL, or >700,000 cells/mL,
depending on the literature (Bazzanella et al., 2020; Zecconi et al., 2018). However,
a poor prognosis for udder recovery is expected (Linder et al., 2013; Zecconi et al.,
2018). In addition, CHM carry the risk of pathogen transmission to other cows in
the herd (Zadoks et al., 2003). Chronic mastitis exhibits prolonged udder infection
with often no healing and may progress to periodic clinical symptom traits (Cheng
and Han, 2020).

Clinical mastitis is characterized by organoleptically detectable pathological
changes in the udder and its secretions (Contreras and Rodriguez, 2011; Pinzon-
Sanchez and Ruegg, 2011). Clinical mastitis can be divided into three degrees of
progression or severity. These are also closely related to the underlying etiology
(Oliveira and Ruegg, 2014; Oliveira et al., 2013). Low-grade, mild CM is
characterized by abnormal milk without visible or palpatory changes in the udder
or quarter. The milk may contain flakes, clots and pus, be odorous and could be
altered in color. These changes range up to complete dissolution of the milk
character. Moderate mastitis is characterized by abnormal milk and additional
pathological findings of inflammation, i.e., pain, swelling, redness and warmth of
the udder or quarter. Case of severe mastitis, include in addition to the pathological
findings of the secretion and the mammary gland, systemic signs of disease, such
as loss of appetite, fever, depression, or even coma up to death. (IDF, 2011;
Hovinen et al., 2008; Oliveira et al., 2013).

Mastitis, especially CM, poses a risk to animal welfare, farm economics, and food
quality due to the aforementioned inflammatory response of the tissues (Burvenich
etal., 2003; Hertl et al., 2011).
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1.2. Impact on animal welfare, economics and food quality

Mastitis, especially in its clinical form, affects the animal's well-being depending
on its severity and leads to different changes in physiological behavior (Siivonen et
al., 2011; Leslie and Petersson-Wolfe, 2012; Sepulveda-Varas et al., 2016). Thus,
the pain of mammary inflammation may be associated with high heart and
respiratory rate, reduced lying periods, decreased feed intake, low ruminating
activity, and restlessness (Fitzpatrick et al., 2013; Sepulveda-Varas et al., 2016).
During high-grade CM, the systemic infections can disrupt the general condition to
the point where fever, lassitude, recumbency or death of the animal may occur
(Burvenich et al., 2003; Hertl et al., 2011). For these reasons, mastitis is a serious

threat to animal welfare and profitability of dairy farms.

The financial negative impact of mastitis goes so far as to make mastitis the most
costly disease in the dairy industry worldwide (Halasa et al., 2007). An exact
estimation of the costs is difficult due to different regional conditions, such as milk
and treatment prices, but also the form of mastitis and lactation stage of the affected
cow. Thus, the costs in different studies of a mastitis range from 140 - 570 EUR
(Berry et al., 2004; Chaet al., 2011; Dahl et al., 2018; Rollin et al., 2015; Sgrensen
et al., 2010). Diagnosis and treatment costs of a cow account for only a small
amount of the costs (Bar et al., 2008; Rollin et al., 2015). The main cost factors of
CM are the loss of milk during the disease, the loss of milk during the prescribed
waiting period for medication and the late lactation consequences due to the
damaged secretory epithelium and the associated reduced fertility and the need of
culling and restock (Rollin et al., 2015; Fuenzalida et al., 2015). It was estimated
that in 2009 mastitis caused approximately 1.4 billion EUR losses to the German
national economy (DVG, 2012). For this reason, preventive actions such as safety
and hygiene practices during milking, high hygiene standards in the barn,
vaccinations, and selective culling of chronic cows are crucial and of comparatively
lower economic impact than high mastitis prevalence with treatment issue to
prevent mastitis (Huijps et al., 2010; van Soest et al., 2016; Gussmann et al., 2019;
Ismail, 2017). High hygiene standards are crucial not only for the prevention of new

mastitis, but also for ensuring a safe food production.

Mastitis negatively affects the quality of milk and is therefore a threat to food safety.
Inflammatory processes in the udder are associated with changes in secretory

epithelium and vascular permeability, which lead to alterations in milk composition
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(Kitchen, 1981). Thus, mastitis causes, for example, milk with abnormal ion
concentrations (Batavani et al., 2007), higher protein but lower fat and lactose
concentration (Forsbéck et al., 2010), high concentration of inflammatory enzymes
(Larsen et al., 2010), as well as increased somatic cell content (Haas et al., 2004),
and possibly contamination of pathogens and their toxins (Taponen et al., 2019;
Fursova et al., 2018; Murinda et al., 2019). Especially in CM, some milk changes
become visible due to the inflammatory process and appear in the form of abnormal
milk, characterized by blood, cell debris, clots or even pus. All these milk
abnormalities reduce the nutritional value of milk and pose risks both for safe
processing into dairy products, like e.g. cheese, and for the health of the consumer,
especially when consuming untreated raw milk (Bobbo et al., 2017; Johler et al.,
2015; Jamali et al., 2015). The consequences are, for example, reduced shelf life of
the products, defective further processing up to the danger of intoxication during
consumption (van Asselt et al., 2017; Ding et al., 2016; Murphy et al., 2016). Due
to the aforementioned risks for the consumer, all milk producers are legally
obligated to comply with measures to ensure food quality.

2. Legal framework for milk production

In Germany, as in all European Union (EU) member states, dairy farms are obliged
by European Commission regulations to ensure udder health, but above all
consumer protection and food quality and must therefore comply with basic
regulations on the production of foodstuffs (EC Regulation 178/2002). In addition,
other regulations primarily address issues of risk analysis, precaution and

traceability.

In 2006, the European Commission regulations replaced the previously national
valid milk regulation "Regulation on hygiene and quality requirements for milk and
milk-based products" of July 20", 2000. In the following, the most important valid
regulations in connection with udder health and milk production on farms are

presented in more detail.

EU Regulation 852/2004 of the European Parliament and the Council of 29" April
(2004b) establishes specific hygiene requirements for food imported into and

exported from the EU, as well as hygiene rules for primary food production.

The EU Regulation 853/2004 of the European Parliament and the Council of 29™
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April 2004a with specific hygiene requirements for food of animal origin
supplements the above-mentioned EU Regulation. Important requirements for dairy
farms are listed in Annex Ill, Section IX, Chapter I, Parts | and Il, and hygiene
regulations for the primary production of raw milk in dairy farms are set out. Thus,
raw milk may only be obtained from cows that do not show any signs of infectious
disease transmissible to humans, as well as any signs of disease that may cause
contamination of the milk. Furthermore, cows suffering from an “udder wound
likely to affect the milk” or “a recognizable inflammation of the udder” must be
excluded from milk production. Under Part I1, Section B, particular attention should

be paid to the following:

“that milk from each animal is checked for organoleptic or physico-chemical
abnormalities by the milker or a method achieving similar results and that milk
presenting such abnormalities is not used for human consumption;”. The causes of
abnormal milk are either damage to the teat tissue (blood-stained milk) or CM with
secretion changes. Therefore it is specified that “(...) milk from animals showing

clinical signs of udder disease is not used for human consumption (...)”.

In order to comply with this regulation, the milker is responsible for hygienic
milking, assessing the health of the animal as well as the hygiene and health of the
udder before each milking in conventional milking farms using direct sensory

examination of the animal, the udder, and the milk.

By using an AMS, the entire milking process, including the evaluation of udder
hygiene, the health of the animal, and especially the udder, is carried out by the
machine due to the absence of a human during milking. The assessment of whether
milk is abnormal and therefore not suitable for human consumption is so performed
automatically. This assessment of the milk should achieve results comparable to
those of a human milker. A standard for the hygiene requirements for milking with
AMS was created to ensure in this regard food safety. This German Standardization,
the DIN ISO 20966: 2008 "Automatic milking equipment-requirements and testing
(ISO 20966:2007)” is equivalent to its origin, the 1SO 20966:2007 (I1SO, 2007).
This standard gives in the informative annexes requirements for the performance of
teat cleaning (Annex B), as well as for the detection of abnormal milk (Annex C).
For this reason, the detection of blood in the milk must be carried out with a
sensitivity (SN) of at least 80% and a simultaneous specificity (SP) of >99%.

Abnormal milk must be detected with a minimum SN of 70% and a SP of at least
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99% by the sensor system of AMS.

Automatic milking systems, however, may pose a risk with regard to hygiene
requirements of EU Regulation 853/2004. No AMS manufacturer was able to
provide certification according to DIN ISO 20966: 2008 for any of its systems on
the market (KTBL, 2013a). Thus, it must be assumed that the equipment of the
AMS for sufficient udder cleaning and detection of abnormal milk as well as
automatic separation does not meet the minimum requirements in some areas. For
this reason, a catalog of measures for dairy farms operating with AMS was
published in the Federal Gazette, the “Bundesanzeiger”, which was revised and
published in its current form on September 4, 2012 (Bundesministerium fir
Erndhrung, Landwirtschaft und Verbraucherschutz, 2012). This serves to ensure
food quality and animal health in AMS farms. Certain actions “should” be taken, if
no expert assessment on the requirements of DIN 1SO 20966 "Automatic milking
equipment-requirements and testing (ISO 20966:2007)” can be presented for the
used AMS. This includes measures such as registration with the responsible
veterinary office, udder health pre-screening, daily tasks of warning list control and
animal observation, monthly monitoring of SCC, and documentation. Twice a day,
farmers should check out the udder health warning lists as well as the herd in the

barn for health problems, especially the udder health.

Given the impact of CM on both animal welfare and food safety, in addition to the
regulatory framework, it is essential to understand milking with AMS.

3. Automatic milking system

The first commercial milking robot was installed in the Netherlands in 1992
(Simdes Filho et al., 2020; Koning et al., 2002). After an initial rare use of AMS,
the milking robot became more and more popular due to technological
improvements, decreasing investment costs, and increasing workload of dairy
farms (Harms and Wendl, 2012). Especially countries with family-run farms, which
mainly milk high-yielding cows and obtain high milk prices, pushed the
introduction of AMS over the last 20 years (Barkema et al., 2015; Svennersten-
Sjaunja and Pettersson, 2008; Hansen, 2015). Today, estimates quantify over
50,000 AMS units in use around the world (Simdes Filho et al., 2020).

This trend is also apparent in Bavaria - Germany's federal state with the largest milk
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production (Frick and Sauer, 2018). Thus, at the beginning of the millennium, there
were only just under 40 dairy farms operating with AMS in Bavaria. In 2021,
approximately 2700 dairy farms in Bavaria were operating with AMS. This
corresponds to about 16 % of all Bavarian dairy farms registered at the regional
Dairy Herd Improvement Association (DHIA; LKV, 2022). The four dominant
AMS manufacturers in Bavaria are - in alphabetical order - DeLaval, GEA Farm
Technologies, Lely and Lemmer-Fullwood (LKV, 2022).

3.1. Structure and operation of automatic milking systems
Automatic milking systems are available on the market in various designs ranging

from single box systems to multi-box systems to fully automatic milking carousels.

The most common systems in Bavaria are single and multi-box systems. The single
box systems are made of modules: the milking box, mechanical arm including udder
and teat cleaning system, teat cups, milk rack and sensor systems, containment
system, systems for cleaning and disinfection, machine and control unit, and
concentrate feed unit (Rossing and Hogewerf, 1997; Simdes Filho et al., 2020;
KTBL, 2013b). The structure of the system types differs in that the milking robot
in multi-box systems can switch between the boxes and thus serve several milkings
at the same time. A single box can serve about 65 cows with 2-3 milkings per day,
while multi box systems with four boxes can reach up to 220 cows and 520 milkings
per day (KTBL, 2013c).

Automatic milking systems of the respective manufacturers and types differ in their
methodology, but they are the same in their tasks. These are based on conventional
milking and include the following steps: cow identification, udder cleaning, check
of udder health by pre-stripping, pre-stimulation, teat cup attachment, milking and
teat cup removal, and teat post-milking teat disinfection, if necessary. These tasks

of an AMS are illustrated in the following.

Depending on the system (free animal traffic or controlled animal traffic), the
animal decides independently when to visit the AMS. Additional motivation is
provided by a concentrated feed ration available there. Cows enter the boxes and
are identified electronically by the machine through transponders. Depending on a
given and adjustable milking permission - the milking interval can be set
beforehand depending on lactation stage and expected milk yield - they are released

from the box again or the milking process starts. The boxes are closed, and the
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animal is given a concentrated feed ration. After sensor-assisted localization of the
teats, the attachment arm starts cleaning the udder by combination of water and air
jets or brushes and rollers. With the cleaning process also the pre-stimulation is
done. Pre-dipping is optionally. This is followed by sensor supported attachment of
the teat cups and the main milking process. The milk's fitness for human
consumption is determined by means of sensor data. There is a possibility to
separate abnormal milk. After detachment of teat cups there is a possibility of post-
dipping the teats. The cow is released from the box after the milking process
(Simdes Filho et al., 2020; KTBL, 2013b). If necessary, the animals can be guided
into parts of the barn depending on the type of cow traffic or the determined state
of health. The milking robot cleans itself independently after each milking and,
depending on the settings, performs an intermediate disinfection.

In addition, some AMS have other functionalities and diagnostic tools available,
such as weight determination and heat detection of the cow. All collected data is
displayed and stored for the farmer on electronic end devices, especially computers

or smartphones, in the corresponding AMS management software.

3.2. Benefits and risks of automatic milking systems for udder health

With regard to the advantages and disadvantages of the use of an AMS on udder
health, the technical specifications should be mentioned in particular. Due to the
design and operating principle of most attachment arms of AMS, each quarter is
equipped with its own milk removal system. This reduces the risk of cross-
contamination between quarters (Hogeveen et al., 2001). Similarly, the teat cups
are removed quarter by quarter based on milk flow rate thresholds (Penry, 2018),
reducing the risk of blind milking and therefore risk of teat end damage (Bava et
al., 2005; Hillaerton et al., 2002). The shorter, non-regular milking times and the
resulting more frequent milkings per day have to be seen in a conflicting way. On
the one hand, this leads to an increased efflux of possible mastitis pathogens, on the
other hand, however, it also leads to an increased stress on the tissue and the
associated dilatation of the teat canal. This weakens the first physical barrier against
invading pathogens (Hovinen and Pyoréld, 2011). Similarly, the procedure of a
milking robot should be viewed from two points of view. The milking routine of an
AMS is performed in a strict order without deviations, human errors or lack of
concentration (Sandgren et al., 2009; Svennersten-Sjaunja and Pettersson, 2008).

However, this "rigid" milking routine also poses dangers, as teats may be
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insufficiently identified and pre-cleaning and attachment procedures may not be
completed satisfactorily (Dohmen et al., 2010). This, in turn, may result in residual
contamination of the teats due to insufficient cleaning of heavily soiled teats
(Hovinen et al., 2005). Poor teat hygiene is associated with an increase in new IMI
(Dohmen et al., 2010). However, the greatest risk to udder health is the use of one
set of milking cups for the entire herd, which increases the transmission of cow-
associated pathogens such as S. aureus (Baumgartner et al., 2013). To address this
problem, AMS are equipped with intermediate disinfection technologies, but these
do not always ensure complete pathogen elimination (Hovinen and Pyorélg, 2011).
Another aspect worth mentioning is functionality of the used sensor technology and
the management decisions and practices of the farmer. Modern AMS models are
equipped with a variety of sensors, providing the farmer with a mass of health data
every day at each milking and thus an overview of each animal in the herd.
Nevertheless, the farmer makes himself more or less dependent on these data
because of his absence during milking. Faulty sensors or their processing are thus
a risk to udder health.

There are conflicting views in the literature on the effects of using AMS on udder
health. While there is an increase in average SCC during the transition phase for
several months compared to conventional milking farms (Hovinen et al., 2009;
Kruip et al., 2002; Koning et al., 2003) , other studies have not found lasting strong
negative effects of the AMS on SCC (van den Borne et al., 2021; Tousova et al.,
2014; Castro et al., 2018). This could also be observed on Bavarian farms.
Conventional milking farms and AMS farms hardly differ. They have similar farm
sizes, and the average herd milk yield (7,934 kg milk) as well as average herd cell
count (205,000 cells/mL) of AMS farms are only slightly above the group of
conventional milking farms (Endres, 2017).

Overall, it can be said that through the continuous development of AMS and the
improved management of farmers with their AMS, udder health in AMS farms has
improved and can, with the right management, be held at a comparable level like
conventional milking farms (Hogenboom et al., 2019; Castro et al., 2018; van den

Borne et al., 2021; Svennersten-Sjaunja and Pettersson, 2008).
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3.3. Overview of mastitis detection by automatic milking systems

The detection of udder health disorders by an AMS is based on the principles of
data collection, processing, interpretation and final presentation for farmer
decisions and, if activated, an autonomous action like separation of abnormal milk
(Penry, 2018). Changes in milk composition during the development and
occurrence of mastitis as well as behavioral changes of the animal are detected by
sensors of the AMS. This data is stored and then processed by different algorithms
and models and finally presented to the farmer via reports or attention lists on an
end device. These reports can be based on single calculated parameters from
individual sensor data, or based on a combination of different sensor data (King and
DeVries, 2018). The processing and presentation varies by manufacturer and are
proprietary knowledge of the manufacturer (Hovinen and Pyoralé, 2011). However,
attention or warning lists for udder health disorders currently used in the field are
not always based on scientifically and transparently validated sensors or processing
algorithms (King and DeVries, 2018).

Overall, the objectives of udder health monitoring are, firstly, in its function as an
early warning system, the early detection of IMI (Brandt et al., 2010) and secondly,
the detection of CM with associated milk changes in order to meet the legal
requirements for food safety. This is essential to fulfill an adequate independent

elimination of abnormal milk.

Udder health is indirectly determined by AMS through a variety of changing
parameters in milk. This requires methods based on chemical or physical milk
analyses and can be performed in two ways: via inline sensors and online sensors.
Inline sensors are monitoring the continuously flowing milk during the milking
process. Online sensors are analyzing a separated specific amount of milk (Penry,
2018).

The most widely used sensors for monitoring udder health detect electrical
conductivity (EC), somatic cell content (SCC), milk color, milk temperature, milk
yield, as well as milk constituents and enzymes (Hogenboom et al., 2019). In the
following subsections, the different diagnostic tools of AMS are briefly described.
Further, Table 1 gives a short overview of sensors for udder health monitoring used

in AMS of the four main AMS manufactures in Bavaria.
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AMS manufacteurs / latest AMS version

DeLaval / GEA/ Lemmer-
Sensor-based VMS DairyRobot Lely/ Fullwood /
parameters 300/310 R9500 A5 M2erlin
Milk yield X X X X
Milk flow X X X X
Electrical conductivity X X X X
Blood X - X X
Milk color - X X X
Milk temperature - X X -
Somatic cell count Optional X Optional -
Milk fat - - X X
Milk protein - - X X
Lactose - - X X
Urea Optional - - -
Progesteron Optional - - -

Table 1: Overview of sensors used in AMS for udder health monitoring by the four major
AMS manufacturers in Bavaria according to manufacturer information (status 2021).

3.3.1. Electrical conductivity

Detection of EC of milk is the most widely used inline sensor system and a standard
sensor in all AMS to detect udder health disorders (Wethal et al., 2020; Brandt et
al., 2010). This is mainly due to the fact that the sensor does not require reagents,
is comparatively cheap, and can be cleaned in situ (Mottram, 2016; Brandt et al.,
2010). The operating principle of this sensor system is the determination of the
conductivity of a liquid, in this case milk, for electric current. For this purpose, an
electric voltage field is generated between two electrodes in an electrolyte solution.
The conductivity depends primarily on the concentration of the salts dissolved in
the solution and the temperature of the solution and is measured in units of Siemens
per metre (S/m, McCarthy, 2002). The anions and cations present in the milk allow
the determination of EC of the milk (Mucchetti et al., 1994; Kandeel et al., 2019).
A healthy udder secretes milk with sodium- and chloridions concentrations below
the blood serum level (Hogeveen, 2002). Different thresholds for physiological EC
of the milk can be found in the literature: Norberg et al. (2004) named a value below

4.87 mS/cm for healthy milk, whereas Hamann and Zecconi (1998) recorded a
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healthy foremilk with a EC value of 4.9-6.4 mS/cm. Other researchers set EC of
health cows 3.8-5.5 mS/cm (Hillerton and Walton, 1991; Juozaitiené et al., 2015).
Therefore it is difficult to determine a suitable EC threshold for “healthy” milk,
because the EC value of the milk is subject to physiological fluctuations, e.g. fat
content of the milk, measured milk fraction, temperature, lactation stage, as well as
measurement-related fluctuations, e.g. air pockets in the milking line or sensor
calibration (Norberg et al., 2004; Bruckmaier et al., 2004b; Nielen et al., 1992;
Khatun et al., 2017; Bruckmaier et al., 2004a). Beside these influences, there are
pathological changes, which affect EC of the milk. Inflammation of the udder tissue
causes loosening of the tight junctions between the epithelial cells, destruction of
the ion pumping systems and increases the permeability of the blood vessels.
Consequently anions and cations, like sodium-, potassium-, and calciumions,
increasingly flow into the milk, while the viscosity of the milk decreases due to low
secreting ability of the damaged tissue (Mabrook and Petty, 2003; Bansal et al.,
2005). The hereby, besides the increased pH, increased EC of the milk altered by
inflammation can be used as a diagnostic tool for the detection of udder health
problems (Bansal et al., 2005; Neculai-Valeanu and Ariton, 2022). For example, a
study found a slight increase in EC for low-grade infections in one quarter, and an
increase in EC of up to 8 mS/cm in one quarter for severe infections (Hamann and
Zecconi, 1998).

However, using EC alone is less suitable for detecting CM due to the above
mentioned influences (Khatun et al., 2017). Another factor that complicates the
measurement of EC during mastitis is the susceptibility of the sensors to
interference from flakes in the milk (Norberg et al., 2004). In order to increase the
detection performance of EC for CM and thus counteract the influences, the
individual measurement and comparison of EC at quarter level is to be preferred to
the overall measurement at udder level (Hogeveen et al., 2010). Furthermore, it is
recommended to include the milking interval and use the measurement of EC of the
foremilk (Khatun et al., 2017; Khatun et al., 2019). Also changes in quarter EC in
combination with other data like milk production rate and average milk flow rate
have the potential to detect developing mastitis before clinical signs are manifested
(Inzaghi et al., 2021). Overall, the sole use of EC, especially that of total milking,
is less suitable for CM detection. However, the use of quarter-specific EC, also in
the intra-udder comparison, in combination with other parameters promises a high

detection performance for mastitis (Hogeveen et al., 2010; Khatun et al., 2018).
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3.3.2.  Somatic cell count

The determination of SCC is the gold standard for evaluating udder health and is
used as a diagnostic tool in different ways, both at cow and herd level (IDF, 2011;
Schukken et al., 2003). Somatic cells, i.e., leukocytes, especially lymphocytes,
macrophages, neutrophils and epithelial cells, are found in varying amounts in milk
at any time (Li et al., 2015; Bobbo et al., 2020). Physiological factors, such as
lactation status or lactation number but also environmental influences; such as heat
periods and cleanliness of the milking process, influence the amount of SCC
(Alhussien and Dang, 2018; Nerstebg et al., 2019; Nyman et al., 2014). However,
the main cause of increased SCC is underlying inflammation of the udder tissue
(Harmon, 1994). In response to pathogen colonization and growth in the mamma,
soluble inflammatory mediators are released which, among other things, lead to an
increase in vascular permeability and thus lead to the migration of inflammatory
cells from the blood, such as leukocytes, and contribute to inflammation (Oviedo-
Boyso et al., 2007; Ibrahim, 2017; Sordillo, 2018). A healthy quarter is considered
to have an SCC of <100,000 cells/mL (DVG, 2002). In AMS, the determination of
SCC can be done by the use of mostly online sensors. For this purpose, a fixed
quantity of milk is separated from the milk stream and analyzed separately.
Depending on the AMS, the analysis can be automatically performed directly or
indirectly (Brandt et al., 2010). Direct determination of SCC is performed by
automatic camera-based optical counting of stained fluorescent cell nuclei
previously destroyed using an added reagent (Hogeveen et al., 2021). It is used by
DeLaval (DeLaval International AB, Tumba, Sweden) system online cell count
(OCC), which measures SCC during each milking, depending on the setting
(Serensen et al., 2016). It is largely equivalent (correlation coefficient 0.82) to the
laboratory measurements of SCC by the regional DHIA (Ngrstebg et al., 2019).
Other systems estimate the amount of SCC indirectly similar to the principle of a
California mastitis test (CMT) with the viscosity of the milk (Hogeveen et al.,
2021). This is done by hydrolyzing the DNA of the cell nuclei and measuring the
viscosity of the resulting gel (Sgrensen et al., 2016; Deng et al., 2020). It is used in
Lely’s (Lely Holding B.V., Maassluis, Netherlands) Milk quality control™ sensor
system (MQC-C). One system, DairyMilk M6850™ of GEA Farm Technologies
(Bonen, Germany), estimates SCC for each quarter without using an detergent by
patented physical measuring method using electrical permittivity thresholds during

the whole milking (Klimpel, 2019), but no scientific evaluation of this system has
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been done yet. Also SCC determination in AMS could be a good tool, even in
combination with other sensor data, to detect udder health problems (Khatun et al.,
2019; Dalen et al., 2019; Khatun et al., 2018).

3.3.3. Milk color

Milk color is subject to physiological variations and differs, for example, by breed,
milk fat content, milking interval, feed, but also the stage of lactation (Espada,
Elena, and Héléne Vijverberg, 2002; Agabriel et al., 2007; Scarso et al., 2017;
Calderon et al., 2007; Quist et al., 2008). Immediately after calving, a higher
proportion of blood cells, such as immunoglobulins but also red blood cells can be
found in the milk due to changes in the capillary membrane of the blood vessels
(McGrath et al., 2016). However, this influx of red blood cells can also have
pathological causes. Trauma to the teat wall or udder tissue, as well as infection
with certain pathogens, can result in blood in the milk (Mulon, 2016; Waage et al.,
2001; Bruckmaier and Wellnitz, 2017). Human milkers can detect a blood content
of 0.1% (Rasmussen and Bjerring, 2005). This percentage should also be detected
independently by AMS and lead to separation of the milk (1SO, 2007). A change in
the milk color components during a mastitis period can also be detected in this way.
For this purpose, AMS uses online sensors based on the principles of light reflection
or transmission to determine the color of the milk (Hogeveen et al., 2021; Ouweltjes
and Hogeveen, 2001). Light-emitting diode (LED) sensors, which determine the
wavelengths of the reflected light generated by LEDs, can be used to determine the
red, green and blue color components of a continuous flow of milk (Espada and
Vijverberg, 2002). Milk of mastitis has a higher proportion of blue and green color
components (Kamphuis et al., 2008a). Milk with a strong yellowish color has also
been found to be an indicator of mastitis, but this is mainly due to the animal's diet
(Hovinen et al., 2006). However, the sensitivity of detection mastits by milk color
IS 68% and coupled with a high rate of false alerts (Trilk et al., 2006). The
transmission method, where light is divided into specific parts, promises higher
detection rates (Song et al., 2010). However, due to the influence of fat color, the
sole use of milk color for the detection of CM is not suitable (Kamphuis et al.,
2010). A combination of milk color with other sensors and data, as well as
processing of the data increases the performance for the detection of clinical
mastitis (Kamphuis et al., 2010).
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3.34. Milk temperature

Clinical mastitis with severity level 3 is characterized by disturbances in general
condition and fever. Since the milk temperature corresponds to the body
temperature (Fordham et al., 1988), measuring the milk temperature can indicate
an inflammatory event in the body with a systemic immune reaction. This inline
sensor technology is used in some AMS such as robots by Lely or GEA Farm
Technologies. However, some physiological variations in body temperature of the
cows due to ambient temperature, time of the day and days in milk (Kendall and
Webster, 2009; Suthar et al., 2012), as well as some technical issues, like the
distance between teat cup and temperature sensor in the milk tube of the robotic
arm, milk flow and air leakage, influence the measurement of the milk temperature
(Pohl et al., 2014; Fordham et al., 1987). For fever detection the milk temperature
should be used with great caution (Pohl et al., 2014). As fever is a general systemic
response to inflammation, high and lower grade milk temperature results can only

be used in combination with other sensor data to monitor udder health.

3.35.  Milkyield

The milk yield measurement by AMS can be carried out per quarter by flowmeters
or for the overall milking yield volumetrically through measuring containers or
gravimetrically through weighing devices (KTBL, 2013b). Milk vyield is
physiologically associated with a lot of indicators like breed, diet of the cow, age,
animal welfare, milking interval etc. (Nocek and Braund, 1985; Lgvendahl and
Chagunda, 2011; Oltenacu and Broom, 2010; Wathes et al., 2007). During CM, as
well as in other diseases such as right abomasal displacement, a sudden decrease in
milk yield can be observed (Lukas et al., 2009; Fleischer et al., 2001; Lucey et al.,
1986). Therefore, udder milk loss is influenced by both systemic metabolic effects
and local inflammation. These local effects are related to the damage of the
secretory tissue of the udder due to inflammatory reaction and the pathogen toxins
(Zhao and Lacasse, 2008). However, the extent of the decrease also depends on the
stage of lactation in which the mastitis occurs (Hagnestam-Nielsen et al., 2009;
Lescourret and Coulon, 1994). Milk yield generally decreases one or two weeks
prior to diagnosis of CM; while the greatest loss occurs immediately after diagnosis,
and reaches physiological niveau after the treatment not at all or only after a longer
period depending on the pathogen (Edwards and Tozer, 2004; Grohn et al., 2004;
Wilson et al., 2008). Thus, the respective pathogen, the degree of mastitis, and the



LITERATURE REVIEW 19

time of mastitis occurrence in the lactation are crucial for the decrease in milk due
to mastitis (Heikkild et al., 2018). In summary, a declined milk yield is a good early
warning as a general sign of disease, but is not very specific for udder health (Lukas
et al., 2009). Nevertheless, quarters with increased SCC show lower secretion
performance (Mungube et al., 2005), so quarter-specific measurement of milk yield
in combination with other parameters has potential for a good udder health
parameter (Adriaens et al., 2018).

3.3.6. Milk constituents

Components of milk can be analyzed without physical or chemical modification of
the milk. Main components which can be determined in laboratories but also in
AMS systems are concentrations of milk fat, milk protein and lactose (King et al.,
2019). Milk fat and protein concentrations of milk from healthy or mastitic udders
hardly differ (Kester et al., 2015). Lactose is a stable milk constituent with low
relative diurnal variation and osmotic modulating characteristics (Svennersten-
Sjaunja and Pettersson, 2008). It is also strongly associated with SCC and therefore
a potential biomarker for mastitis (Antanaitis et al., 2021a). Commercially used in
AMS are near-infrared spectroscopy systems (NIR; Zucali et al., 2021). They are
relatively cheap and do not require sample preparation while giving immediate
results of the flowing milk (Pu et al., 2020). Their disadvantage is that they are
somewhat less accurate than medium infrared wavelength diagnostics used in
laboratories (Schmilovitz et al., 2007). The commercially used NIR system (IMA,
AfiMilk, S.A.E Afikim, Israel) can determine the presence of blood but also the
milk components with wavelength ranges of 350nm-1000nm (Giannuzzi et al.,
2022). Increased SCC, as it can occur with mastitis, alters the milk spectrum
through concomitant electrolyte, protein and lactose changes (Tsenkova et al.,
2000; Forsback et al., 2009). Therefore, a regular calibration of the sensors before
determining the milk components, including the SCC, is crucial to obtain reliable
results (Fadul-Pacheco et al., 2018). Overall the use of milk analysis systems in
AMS, especially for lactose, may be useful for monitoring udder health (Kester et
al., 2015; Antanaitis et al., 2021a; Ebrahimie et al., 2018; Televicius et al., 2021).

3.3.7. Biosensors
The enzyme L-lactate dehydrogenase (LDH) is part of the glycolytic metabolism
and is found in the cytoplasm of all cells. Due to the enzymatic reaction during IMl,
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it leaks into the milk primarily from epithelial cells destroyed by the body's immune
response. In this way it could be used as an indicator for mastitis (Chagunda et al.,
2006b). A LDH sensor for AMS is currently commercially available. It is included
in the Herd Navigator™ system from DeLaval (Tumba, Sweden) and has been field
tested in some studies (Malasauskiené et al., 2019; Antanaitis et al., 2021b;
Jorgensen et al., 2016). The methodology of this sensor system is the measurement
of LDH activity (umol/min per liter) by dry-stick technology. A fixed amount of
milk is placed on the indicator rod. An enzymatic reaction of LDH now begins, the
intensity of the reaction can be determined by a color change by a digital camera
(Jergensen et al., 2016). Nevertheless, it is not specific to inflammation of the
udder, the high concentration especially in the muscle, liver and kidney tissues can
also transfer into the milk in case of inflammation of these (Antanaitis et al., 2021a).
Additionally, a study found that calving causes LDH in milk to rise and remain at
a high level for up to 30 days after calving (Chagunda et al., 2006b). Also influences
of breed and season were found. From a sampling perspective, the use of the
foremilk, which has higher LDH concentrations, appears to be advantageous for
udder health monitoring (Khatun et al., 2019). However, for the detection of IMI,
not fully satisfactory detection could be established, even when the above
mentioned influences of e.g. season, were applied into the model (Nyman et al.,
2016). Otherwise when using LDH of the foremilk there was recently found
potential for early detection of IMI (Khatun et al., 2022). Also for CM detection
LDH measurment provides better performance (Chagunda et al., 2006a). The use
of LDH with additional data, such as SCC, also has potential to differentiate the
underlying pathogens into gram positive and gram negative bacteria (Hernandez-
Castellano et al., 2017; Khatun et al., 2022). Overall, the use of LDH measurements
provides a good assistance in identifying udder health problems, especially when

extracted from the pre-strip and additional udder health data are available.

3.3.8.  Activity

A dairy cow has its own daily rhythm, moving from the feeding area to water intake,
cow comfort, lying areas and milking. This general moving activity can be recorded
using pedometers or sensor technology in collars and is mostly used to detect
oestrus and time of insemination (Mottram, 2016; Talukder et al., 2015; Grinter et
al., 2019; Elischer et al., 2013). But also sick, lame or cows under certain

environmental conditions, such as heat stress, show changes in the activity pattern
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(King et al., 2017; Veissier et al., 2017; Ramon-Moragues et al., 2021). This can be
used for mastitis detection, as cows activity may increase due to pain of CM when
lying down (Fogsgaard et al., 2015; Siivonen et al., 2011). Also, cows with severe
CM may show a decrease in activity to the point of recumbency (Kester et al., 2015;
King et al., 2018; Stangaferro et al., 2016). Due to the different causes of changed
activity and the different effects of mastitis on the activity behavior of a cow, the
sole use of this sensor system for the determination of udder health warning is less
suitable (Stangaferro et al., 2016). However, the combination of activity data with
EC was able to improve the accuracy of predicting SCM at quarter level (Khatun et
al., 2020).

In addition, a dairy cow's activity is not based solely on the distance she walks
during the day. Ear tags or rumen boli can record chewing behavior or direct
rumination activity of a cow (Hamilton et al., 2019). Furthermore, cows with health
problems, even with CM, show a reduced ruminating activity (Fitzpatrick et al.,
2013; Paudyal et al., 2018), so that these sensor showed to have potential for the
detection of udder health problems (Gusterer et al., 2020; Antanaitis et al., 2022).

3.3.9. Further possible automatic milking system sensorics

In recent years, other sensors and technologies have been developed or adapted
from other areas of technology for the detection of mastitis. Sensors that detect
physical characteristics of milk altered by CM will most likely provide better
detection results for abnormal milk (Hogeveen et al., 2010). Maasen-Franke et al.
described in 2004 an algorithm trained by camera-based image analysis to detect
and classify homogeneity changes. With this technique, secretory changes of
mastitis, such as flakes or clots, could be differentiated well from other particles,
like litter or air bubbles. Digital photo-based diagnostic tools and image recognition
and processing have already been used successfully in other parts of the food
industry for quality assurance (Pounds et al., 2022; Khan et al., 2021). However,
despite its potential, this optical sensing technique for detection of abnormal milk
is not commercially available. Other visible signs of udder or quarter inflammation,
as seen in moderate mastitis, can be detected with the help of sensor technology.
The heat of the tissue as an indicator of inflammation can be determined using an
infrared thermal camera (Colak et al., 2008). This pictorial detection of increased
inflammation-related blood flow has achieved promising results in recent studies
(Hovinen et al., 2008; Metzner et al., 2014; Wang et al., 2022; Zaninelli et al.,
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2018). But, the detection is critically dependent on animal hygiene, AMS pre-
cleaning, and weather conditions and so on limited to clean, clearly visible udders
(Sinha, 2018). With increased blood flow, more fluid enters the tissue, consequently
the tissue hardens. Even for the inflammation sign of increased hardness, a sensor
is developed that can potentially detect inflammation of the udder by measuring
pressure at certain points of the udder (Bertulat et al., 2012; Rees et al., 2017).
However, this sensor is also highly dependent on the hygiene status of the udder.

3.3.10. Mastitis detection models

A key advantage of AMS is the large amount of data that is recorded daily at herd,
cow and quarter level. These data allow a good insight into the production capacity
and health of an animal. Alerts on udder health problems are presented to farmers
on lists and reports on their end device, but show deficits in terms of low specificity
(Hovinen and Pyorald, 2011). Since mastitis is not only manifested by changes in
milk, but also affects the cow's physiology and behavior, combining different
sensor data is the most modern approach to improve mastitis detection (Hogeveen
et al., 2010; Khatun et al., 2018). Combining data using models and algorithms to
generate udder health warning lists are commercially available and used in practice,
but these have not been sufficiently publicly validated (King and DeVries, 2018).
Several studies have been conducted over the past decade to improve mastitis
detection performance by AMS using specific algorithms and models. However,
these studies are difficult to compare with each other due to different study designs,
methodology, used definitions of mastitis (Rutten et al., 2013). The studies included
multi-sensor based approaches such as infection level (Hgjsgaard and Friggens,
2010), decision tree-based methods (Kamphuis et al., 2010), fuzzy logic algorithm
(Kamphuis et al., 2008b; Cavero et al., 2006; Kramer et al., 2009), naive Bayesian
networks (Steeneveld et al., 2010; Jensen et al., 2016), moving averages or
thresholds (Claycomb et al., 2009; Khatun et al., 2017; Mollenhorst et al., 2010),
logistic mixed models (Khatun et al., 2018; Penry et al., 2017), multilayer
perceptron models (Anglart et al., 2021) or recurrent neural networks (Cavero et
al., 2008; Nagqvi et al., 2022). Overall, combining some data in different models
improved SN and SP of the mastitis detection, although SP still seems
unsatisfactory and in need of improvement. However, the search for a mastitis
detection method, which covers all aspects of the disease, legal regulations and

preferences of farmers, continues. Also the need for an easy-to-interpret detection
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system of mastitis for the farmer remains.

4. Automatic milking system operator

While AMS have been the subject of a large number of studies in recent years, the
role of users has hardly been investigated although many aspects of the automated
milking are still under the ultimate responsibility and the decision-making of
humans. The few studies that have been conducted on the human role in AMS farms
focus, for example, on aspects such as purchase motivations (Hogeveen et al.,
2004), effects on work habits (Butler et al., 2012; Schewe and Stuart, 2015),
perceptions of transition impacts (Tse et al., 2017; Wildridge et al., 2020),
additional sensors likely used on farms (Steeneveld and Hogeveen, 2015; Abeni et
al., 2019), preferences for animal health warnings (Mollenhorst et al., 2012), and
CM treatment decisions (Deng et al., 2020). The human decision making is
especially relevant when it comes to assessing and ensuring the health of the udder.
On this aspect, data on mastitis diagnostic management of dairy farmers using AMS
are still needed. These are of great importance in order to detect possible

weaknesses in this area and to work out improvement measures.
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5. Objectives

The aim of this thesis is to reveal the roles of milking robots and humans in clinical
mastitis detection on Bavarian dairy farms. For this purpose, the following four

study objectives were developed:

First, to determine the sensitivity and specificity of clinical mastitis detection by

AMSs from the four most common manufacturers on Bavarian dairy farms.

Second, to identify parameters among those routinely collected by the AMS at cow
level and originating from the monthly testing of the regional Dairy Herd
Improvement Association, that could improve the sensitivity and specificity of

clinical mastitis detection.

Third, to evaluate management practices of the farmers for the detection of clincal

mastitis in Bavarian AMS farms through an online survey.

Fourth, to present farmers’ personal assessment of their work with the milking robot

and the performance of mastitis detection of their AMS.
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Simple Summary: This cross-sectional study assessed the sensitivity and specificity of clinical
mastitis detection by automated milking systems on Bavarian dairy herds in southern Germany.
Clinical mastitis affects animal health and food safety, and therefore, its detection is an important task
of any automatic milking system. Different manufacturers have different approaches to detecting
clinical mastitis, with detection rates (sensitivity) ranging between 31% and 78% and correct rejection
rate (specificity) between 79% and 97%. In multivariable models, some cow-level factors were shown
to influence these rates.

Abstract: In automatic milking systems (AMSs), the detection of clinical mastitis (CM) and the subse-
quent separation of abnormal milk should be reliably performed by commercial AMSs. Therefore, the
objectives of this cross-sectional study were (1) to determine the sensitivity (SN) and specificity (SP)
of CM detection of AMS by the four most common manufacturers in Bavarian dairy farms, and (2) to
identify routinely collected cow data (AMS and monthly test day data of the regional Dairy Herd
Improvement Association (DHIA)) that could improve the SN and SP of clinical mastitis detection.
Bavarian dairy farms with AMS from the manufacturers DeLaval, GEA Farm Technologies, Lely, and
Lemmer-Fullwood were recruited with the aim of sampling at least 40 cows with clinical mastitis
per AMS manufacturer in addition to clinically healthy ones. During a single farm visit, cow-level
milking information was first electronically extracted from each AMS and then all lactating cows
examined for their udder health status in the barn. Clinical mastitis was defined as at least the pres-
ence of visibly abnormal milk. In addition, available DHIA test results from the previous six months
were collected. None of the manufacturers provided a definition for clinical mastitis (i.e., visually
abnormal milk), therefore, the SN and SP of AMS warning lists for udder health were assessed for
each manufacturer individually, based on the clinical evaluation results. Generalized linear mixed
models (GLMMs) with herd as random effect were used to determine the potential influence of
routinely recorded parameters on SN and SP. A total of 7411 cows on 114 farms were assessed; of
these, 7096 cows could be matched to AMS data and were included in the analysis. The prevalence
of clinical mastitis was 3.4% (239 cows). When considering the 95% confidence interval (95% CI),
all but one manufacturer achieved the minimum SN limit of >80%: DeLaval (SN: 61.4% (95% CI:
49.0%-72.8%)), GEA (75.9% (62.4%-86.5%)), Lely (78.2% (67.4%-86.8%)), and Lemmer-Fullwood
(67.6% (50.2%-82.0%)). However, none of the evaluated AMSs achieved the minimum SP limit of 99%:
DeLaval (SP: 89.3% (95% CI: 87.7%-90.7%)), GEA (79.2% (77.1%-81.2%)), Lely (86.2% (84.6%-87.7%)),
and Lemmer-Fullwood (92.2% (90.8%-93.5%)). All AMS manufacturers’ robots showed an association
of SP with cow classification based on somatic cell count (SCC) measurement from the last two DHIA
test results: cows that were above the threshold of 100,000 cells/mL for subclinical mastitis on both
test days had lower chances of being classified as healthy by the AMS compared to cows that were
below the threshold. In conclusion, the detection of clinical mastitis cases was satisfactory across
AMS manufacturers. However, the low SP will lead to unnecessarily discarded milk and increased
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workload to assess potentially false-positive mastitis cases. Based on the results of our study, farmers
must evaluate all available data (test day data, AMS data, and daily assessment of their cows in the
barn) to make decisions about individual cows and to ultimately ensure animal welfare, food quality,
and the economic viability of their farm.

Keywords: dairy cow; automatic milking system; clinical mastitis detection

1. Introduction

In the last decades, advances in technology and automation have impacted many
aspects of modern dairy farming [1]. The promise of reduced workload and more flexible
work hours as a quality-of-life benefit is encouraging more and more farmers to switch
to an automatic milking system (AMS), despite an initially higher economic burden [2,3].
In Bavaria, a southern region of Germany, the number of AMS farms has more than
quadrupled in the last ten years [4].

Regardless of the milking system, mastitis remains a frequent and costly disease on
dairy farms [5-7]. In its clinical manifestation, this inflammation of the udder often results in
visible milk changes such as flakes, clots, pus, or watery milk [8]. As abnormal milk is unfit
for human consumption, milk producers are required, according to EU Regulation 853 /2004,
to assess the milk organoleptically or with an equivalent method at each milking [9].
Besides the implications for food safety, the accurate detection of clinical mastitis (CM)
allows targeted treatments of sick animals and is therefore essential to ensure animal
welfare [10]. Unlike conventional milking systems, the inspection, assessment and, if
necessary, the decision to separate milk has to be done automatically by the AMS [11].
For this reason, AMSs are equipped with various sensor systems to detect abnormal milk.
These raw sensor data are analyzed and summarized as warning lists for the farmer in the
respective herd management software [12]. However, no direct alert is given for clinical
mastitis; the list will include a more general indication of a potential udder health problem.
Different approaches are currently used to detect and process changes in the milk. The
commercially available sensor systems provide, for example, information on electrical
conductivity (EC), somatic cell count (SCC), milk yield (MY), and milk color as well as
inflammation-indicating enzymes.

The most common sensor system in AMSs is the measurement of milk EC [13,14].
During CM, changes in milk ion concentrations can be observed due to increased vas-
cular permeability caused by the inflammatory response [15,16]. However, fluctuations
of ion concentrations also occur in the presence of non-disease-related influences, such
as lactational period [17,18]. This may lead to inadequate detection of CM based on EC
alone [19,20]. Another sensor technique gaining importance in AMSs is the in-line measure-
ment of SCC. These sensor systems use a defined milk sample volume and can determine
SCC by either automated counting of stained, fluorescent nuclei [21] or by automated
CMT [22]. Despite some non-infectious-related influences on SCC, such as breed [23,24], it
is a commonly used gold standard for detecting udder health problems [13]. In addition to
a drop in MY due to CM [25,26], the assessment of milk color, measured by light reflectance
or transmission, is another means to detect abnormal milk [27,28]. However, this infor-
mation alone is not suitable for CM detection due its dependence on milk fat content [29].
Therefore, in order to improve the monitoring of udder health, new sensors have been
introduced in recent years, such as the measurement of inflammatory enzymes such as
L-lactate dehydrogenase [30,31], or a physical sensor such as infrared thermography that
determines the temperature of an inflamed udder [32]. The combination of sensor data
can lead to improvements in CM detection [33-35]. While the performance of mastitis
detection in AMSs has been widely studied in recent years, the detection of clinical mastitis
of different AMS types has hardly been considered in the field. Different approaches,
study populations, and gold standard definitions further resulted in a variety of perfor-
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mance indices for mastitis detection in AMSs [28,36]. In the context of animal welfare and
food quality assurance, however, a satisfactory detection of CM irrespective of the system
is essential.

Therefore, the first objective of this study was to determine the sensitivity (SN) and
specificity (SP) of CM detection by AMSs from the four most common manufacturers
in Bavarian dairy farms. The second objective was to identify parameters among those
(i) routinely collected by the AMS at cow level and (ii) originating from the monthly testing
of the regional Dairy Herd Improvement Association (DHIA) that, when incorporated into
a multivariable model, could improve the SN and SP of clinical mastitis detection.

2. Materials and Methods
2.1. Study Design and Herd Selection

For our study, the free web-based sample size calculator EpiTools formulas for estimat-
ing a single proportion with a given precision were used to calculate the sample size [37]. To
estimate an assumed specificity of 99% with a precision of +/—1% and a confidence of 95%,
atleast 321 healthy cows from a finite population (N = 10,000 cows) had to be included in the
sample. Our cross-sectional design did not allow selection of cows with regards to clinical
udder health status. Therefore, the actual sample size was based on the expected number
of clinical mastitis cases, which served as the gold standard for sensitivity estimation. We
assumed that, on average, 2% of cows in a herd would have CM at any given point in time.
To assess whether an 80% sensitivity was reached with assumed true prevalence of 2% and
desired precision of +/—1%, approximately 2000 cows would need to be screened per AMS
manufacturer to obtain 40 cows with CM. Given that one milking robot milks on average
about 60 cows [38], at least 30 AMS per manufacturer were needed. The four most common
AMS manufacturers in Bavaria, (in alphabetical order) DeLaval (DeLaval International AB,
Tumba, Sweden), GEA Farm Technologies (GEA Farm Technologies, Bonen, Germany),
Lely (Lely Industries N.V., Maassluis, The Netherlands), and Lemmer-Fullwood (Lemmer-
Fullwood GmbH, Lohmar, Germany) were contacted. They provided a list of potential
herds from which 30 AMSs per manufacturer were recruited. The inclusion criteria were
that the selected herds maintained their AMSs regularly and preferably participated in the
monthly testing by the Bavarian regional DHIA (Landeskuratorium der Erzeugerringe fiir
tierische Veredelung in Bayern e.V., Munchen, Germany).

2.2. Data Collection

Each farm was visited once between September 2019 and August 2020 by trained and
specifically instructed udder health technicians of the Bavarian Animal Health Services
(TGD). On each farm, first the AMS data from the herd management system was down-
loaded in accordance with manufacturer guidelines. Then the udder health of all lactating
cows milked by the AMS was assessed in the barn. For this purpose, cows were fixed
in head locks and their udder was examined for pathological changes such as redness,
swelling, or hardness visually and by palpation. Foremilk from each quarter was collected
on a CMT scoring plate. Pathological changes as well as the quality of abnormal milk
(watery, small or large flakes etc.) were recorded and a CMT was performed. In addition,
aseptic quarter milk samples were collected, and the teat end condition (score 1-4; highest
score recorded per cow [39]) as well as the cow’s hygiene (score 14 [40]) were assessed
at cow level. After the sampling, the herd management strategies, farm structure, and
AMS-specific data such as cleaning, disinfection, etc. were recorded (checklist available
upon request). The DHIA provided available data for the last six monthly performed test
days. These included date of milk recording, test-day milk yields (kg), fat (%), protein (%),
and urea concentration (ppm), as well as SCC measurements (cells/mL). The data and
sample collection did not require ethical approval under German animal protection law.
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2.3. Gold Standard Definition

Based on the findings from clinical examination of the udder, CM was recorded
as grade 1 (abnormal milk with change in character, like watery or bloody, and/or the
occurrence of flakes, clots, or pus of at least one quarter), grade 2 (abnormal milk in addition
to local signs of inflammation of the quarter), or grade 3 (signs of grades 1 and 2 in addition
to systemic signs, e.g., off feed, fever) in accord with Bradley and Green [41]. The gold-
standard definition of CM in our study included grades 1-3 on a cow level, as the milk of
an affected cow would have to be discarded. Cows were classified as having CM (1) or
not (0).

2.4. AMS Data

Commonly, the AMS warning lists about udder health include only cows that the
system flagged for inconsistencies in their parameters. However, for this study we needed
the information on all milking cows of the respective herd. Therefore, a full backup file of
the AMS data was extracted on all farms and original lists were generated with the help of
the manufacturers in two ways: The software support teams of DeLaval and GEA Farm
Technologies helped us to extract the needed lists directly out of backup files with the
respective AMS herd management software. Lely and Lemmer-Fullwood created lists for
this study prior to the herd visit that expanded the commonly used warning lists to include
healthy cows as well. These lists as well as a full backup were electronically saved at the
farm visit. The list names and brief descriptions are shown in Table 1.

2.5. Clinical Mastitis Alert

None of the AMS manufacturers provided a definition of CM. Instead they gave
reference values for potential udder health problems. Therefore, after consultation with the
manufacturers, the following markers were used as alerts for CM for this study:

DeLaval

The mastitis detection index (MDji; DeLaval International AB, Tumba, Sweden) was
used as a CM alert for DeLaval. The MDi is a mathematically generated index that considers
EC and blood presence, which are both measured at quarter level, and milking interval. It
uses values between 1 and 6 [42]. According to DeLaval, cows with an MDi > 1.4 should
be checked for udder health problems. An MDi of >2.0 is considered an acute warning for
an udder health problem.

GEA Farm Technologies

The cow’s listing in the “AMS_udder_health_monitoring” list was used as the CM
alert. This list is divided into three subgroups: “List1”, which displays cows that have
a deviation in EC value between the quarter with the highest average EC value and the
quarter with the lowest average EC value in the last four milkings. The lowest EC quarter
value must be greater than 400 (manufacturer’s own unitless measurement). The factory
setting for the deviation from which cows are displayed in List1 is >30%. “List2”, which
displays cows with an EC deviation within a quarter of the default setting > 110%. This
list is identical to the “AMS_Increased_conductivity” list, which is checked daily. The third
subgroup “Acute_ Udder_Health_warnings” summarized cows which have been flagged
on both “List1” and “List2”.

Lely

To check udder health, the original lists Report12 and Report23 were modified to show
all milking cows and highlight those cows that were normally shown on these alert lists.
Report12 (“Action_list”) displays cows with a new indication for mastitis within the last
24 h, while cows remain on Report23 (“Monitor_list”) until a milking without mastitis
marker occurred. Factory settings for these reports were a deviation of daily milk yield
(MY) of 4.0 kg or 20% and/or a decrease of daily milk production of more than 7 kg. A 20%
deviation of the EC from either the last milking and /or from the 3-day average value, as
well as an absolute EC threshold of 100 (manufacturer’s own value without unit) were
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used as indicators of udder health problems. Milk temperature changes above a deviation
factor of 2.0 as well as above the SCC threshold of 500, measured by Lely’s MQC-C system,
were also considered an indication for udder health problems. Marker thresholds could
be customized by farmers, but they were asked to leave them in the default settings for
this study.

Lemmer-Fullwood
The 4QCM-System gives an indication of cows suspected of mastitis based on a
quarter-level EC deviation of at least 35% from the 10-day average and/or a threshold
value of >7.5 mmho (manufacturer’s own unit) for the current milking. This indication was
set as the CM alert. The farmers were able to adjust these thresholds, but they were asked
to leave them in the default settings for this study.
Table 1. Udder health lists of each manufacturer’s herd-management software used for this study.
AMS/Software Lists Content and Explanation
DeLaval/ P ——— Sensor (e.g., EC 2*, MY **, blood occurrence *, etc.) and cow data (e.g., MDi #**,
DelPro Farm - & MI %, DIM © etc.).
MATREE Do Milking_data_last_30_days 1 Sensor and cow data of the last 30 days.
GEA Farm g S § Summary of lists to be checked daily in the program. Indicates whether cows
Technologies/Dairy Daily. checked lists appear on these lists or not (1/0).
FlaniC21 Displays cows with a deviation in EC 2 value between the quarter with the
AMS_udder_health_monitoring-List]  highest average EC? value and the quarter with the lowest average EC? value in
the last 4 milkings.
AMS_udder_health_monitoring-List2  Displays cows with an EC ? deviation within a quarter.
;\‘MS_udder._health_monitoring— Summarized cows which have been flagged on both List1 and List2.
cute_warnings
AMS_increased_conductivity Displays cows with an EC deviation within a quarter.
Mrobot_milk_decline Displays cows with a milk decline.
Mrobot_to_be_milked Displays cows overdue for milking.
. o Sensor (e.g., EC 2*, MY %*, blood occurrence *, MT 7* etc.), and cow data
Herd_status_current_last_milking (e.g., MI 5 DIM 6 etc).
Milking_data_for_the_last_10_days 1 Sensor and cow data of the last 10 days.
QuarterCellCount_alert Alert list using SCC 8+,
Lely/ Dailymilkproduction 10 Sensor (e.g., MYD 94 milk fat **, milk protein **, etc.) and cow data (e.g., feed

T4C-Time for cows

intake, DIM ©, etc.) of current milking.

Milkings_last_7 days '

Sensor (e.g., EC 2#, milk color *) and cow data (e.g., DIM 6 etc.) of the last
seven days.

Action_list 1011

Disglays cows and their sensor data with a new indication such as MYD %**,
EC 2*, MT 7**, SCC 8** for 24 h on this list.

Monitor_list 1011

Displays cows until a milking without mastitis indicator (MYD ?, EC 2%, MT 7%,
SCC 8**) occurred.

Lemmer-Fullwood /
Chrystal
Fusion

Control_report_10_days °

Sensor (e.g., milk protein, milk fat, lactose, etc.) and cow (e.g., DIM, MI) data of
the last 10 days including an alert for suspected mastitis, based on EC 2*,

Kick_off 10

Kick-off event (yes/no) of the teat cups per quarter of the last 10 days.

4qem_10_days 1°

Displays data of EC 2* at quarter level for each milking of the last 10 days.

Control_report_milking '°

Displays cows for udder health monitoring.

1 Study lists created in cooperation with employees of the respective manufacturers on the basis of herd man-
agement program lists; 2 EC = Electrical conductivity of milk (manufacturer’s internal unit); > Milk yield (kg)
4 MDi = Mastitis detections index. The MDi is a mathematically generated index that considers EC and blood
?resence (both measured at quarter level) as well as milking interval; > MI = Milk interval; ® DIM = days in milk;

MT = milk temperature, (°C); 8 SCC = somatic cell count, (manufacturer’s internal unit); 9 MYD = Milk yield
per day, (kg); 1 Created by the milking equipment service team for this study based on originally used lists;
1 Original lists, modified by software service staff of the companies to show all lactating cows, but marked cows
which were originally indicated on each list; * = at quarter level; ** = at cow level.
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2.6. DHIA Data

Missing monthly test day data, e.g., during the dry period, were excluded. Then, eight
new variables were generated to represent the changes in the cow’s SCC (Table 2). The
DHIA data were then aggregated at the most current test day.

Table 2. Overview of raw and generated cow test day data from the regional Dairy Herd Improvement
Association (DHIA) for this study on AMS system accuracy in Bavarian dairy herds.

Source Variable

Test day data ~ Cow identification
Date of birth
Breed
Lactation number
Days in milk at the test day
Date of monthly test day
Milk yield (kg)
Fat (%)
Protein (%)
Urea concentration (ppm)
SCC (cells/mL)

Generated ! Test day with SCC > 700,000 cells/mL (1/0)

Number of test days with SCC > 700,000 cells/mL (1)

Test day with SCC > 400, 000 cells/mL (1/0)

Number of test days with SCC > 400, 000 cells/mL (1)

Number of missing test day data (1)

Udder health status (categorization, based on two subsequent test days in

that lactation):
chronic: two subsequent tests with >100.000 cells/mL
new IMI 2 previous SCC < 100.000 and current SCC > 100.000 cells/mL
cured: previous SCC > 100.000 and current SCC < 100.000 cells/mL
healthy: both tests < 100.000 cells/mL
no current test data: only data of 1 test day available
no DHIA data available

! New variables were generated after the data for monthly test days from cows with DIM < 5 (no measurement)
and a dry period or both were excluded; 2 IMI: Intramammary infection.

2.7. Statistical Analysis

Data arrangement and analysis was completed in SAS 9.4 (SAS Institute Inc., Cary,
NC, USA). The respective manufacturers’ lists were merged at the last recorded milking.
The AMS data lists were merged with the clinical observations for each cow and corre-
sponding DHIA data. This resulted in one data set for each AMS manufacturer. Cows that
were not clearly identifiable, <3 DIM, not milked for >24 h prior to backup, not milked by
the AMS on the quarter that showed clinical signs of mastitis on examination, and cows that
had missing CM alert values were excluded from the data set (Table 3). Data sets for each
AMS manufacturer containing all available variables are available upon request. Using the
abovementioned alerts for CM, sensitivity (SN) and specificity (SP) were assessed for each
manufacturer individually. Binomial proportions were derived using the statement PROC
FREQ with the method BINOMIAL and option EXACT. Target proportions were set for SN
(p =0.8) and SP (p = 0.99), and the alpha level of statistical significance was set to o« = 0.05.

For the second objective, two generalized logistic mixed models were used for each
manufacturer to identify factors associated with SN and SP, respectively. To represent the
populations for each model, observations were divided into two groups according to the
occurrence of CM (as diagnosed by the technicians during the on-site visit). Thus, the SN
models were run on a dataset that included only CM-positive cows, and the SP models
used only data from healthy CM-negative, cows. The outcome, i.e., the binary dependent
variable (coded 0/1) for the SE model was defined as true positive CM detection (1), and
for the SP model as true negative CM detection (1). In a first step, quarterly individual
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measurements were scaled to cow level and analyzed for associations with CM status using
PROC NPARIWAY. To identify potential predictor variables for SN and SP, respectively,
continuous variables and categorical variables were screened by PROC NPARIWAY and
by PROC FREQ, respectively. They were potential predictors of the multivariable model
if p < 0.25. To avoid collinearity of the possible predictors, variables were screened using
PROC CORR SPEARMAN and PROC FREQ AGREE for continuous and categorical predic-
tors, respectively. Variables with a Spearman correlation coefficient or kappa > 0.6 were
excluded. Prior to the multivariable model approach, all potential predictors were tested
individually for their association with the dependent variable in a mixed logistic regression
(PROC GLIMMIX) that included herd as a random effect. In order to achieve a better
fit, some variables were subjected to a transformation or categorization process, e.g., the
grouping of the days in milk (DIM) into <60 d, 60-120 d, >120 d. The final generalized
logistic mixed model was performed with PROC GLIMMIX with option IC = Q for compu-
tation of model fit information criteria and herd as random effect. Using a manual stepwise
elimination procedure, the variable with the highest p-value was excluded from the model
after each run until all remaining variables had p < 0.05. Then, the excluded variables were
individually reentered into the model in the same order in which they were excluded to
test for confounding. If a change in regression parameter estimate of >20% occurred in
other variables, then that variable remained in the model as a potential confounder. Interac-
tions between predictors could not be considered due to the large number of independent
variables with missing biological connections. For all models, goodness of fit was assessed
using the —2 Res Log Pseudo-Likelihood.

Table 3. Overview of data-cleaning process in a study on AMS system accuracy in Bavarian
dairy herds.

DeLaval  GEA Lely Fl“:l'l“w“::”d Overall
Study herds, n 27 29 31 27 114
AMS data Backup at farm visit, 1 (restored !) 20 (7) 29 31 262 113
Last milking data, n 2047 1721 2247 1974 7989
Evaluated cows at farm visit, n 1904 1664 2152 1691 7411
Cows excluded due to, n Incorrect identification 13 8 21 31 73
Not matching with AMS data 12 6 16 68 102
DIM < 3d 22 21 18 11 72
>24 h since last milking 11 9 11 6 37
3-teater cows, i.e., quarter with CM 3 hot milked by AMS 15 4 10 8 37
No alert information available - - - 22 22
Cows in final statistical analysis, n 1831 1616 2076 1545 7090
Additional DHIA 4 Data 1665 1462 1879 1534 6540
Last three test day data available 1517 1309 1636 1425 5887
Only last test day data available 99 107 156 45 407
No test day data available 166 154 197 33 550
Cows with CM 3, n (affected quarters, 1) 70 54 78 37 239
Grade 1—mild: abnormal milk 60 (62) 52 (59) 69 (76) 31 (42) 212 (239)
Grade 2—medium: abnormal milk and /or swollen quarter 9 (10) 2(2) 8 (8) 5(5) 24 (25)
Grade 3—Severe: grade 1 or 2 with systemic signs 1 - 1 1 3

! AMS Data restored of the automated daily backups from 1 or 2 am; 2 AMS data of one Lemmer-Fullwood herd
could not be restored; > CM = clinical mastitis; * DHIA = regional Dairy Herd Improvement Association.

3. Results

Between September 2019 and August 2020, 114 dairy farms with a total of 126 AMSs
were visited once by a team of two technicians from the Bavarian Animal Health Services. In
total, 23 trained technicians were involved in the data-collection process. The characteristics
of participating herds has been summarized in Table 4.
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Table 4. Overview of the characteristics of participating herds summarized per manufacturer. Farm
visits between September 2019 and August 2020 for a study on AMS system accuracy in Bavarian
dairy herds. Unless otherwise stated, the median (25th-75th percentile) is reported.

Characteristic DeLaval GEA Lely EnH- Overall
Fullwood
Participating herds, n 27 29 31 27 114
Number of AMSs, n 31 30 35 30 126
Year of AMS installation, median 2014 2018 2015 2017 2017
(min-max)  (2007-2020)  (2016-2020) (2009-2019) (2011-2019) (2007-2020)
Herd size ! mean, +SEM 71+48 57 +£3.1 69 +43 63 +29 65+19
(min-max) (40-139) (28-106) (35-127) (31-100) (28-139)
Herd average milk yield 2, kg 8424 7700 8949 8400 8525
g (7905-8875)  (7126-8573) (8515-9325) (7981-9106) (7700-9135)
Bulk tank 3 (x103/mL)
Somatic cells/mL 176 126 202 130 155
(140-240) (103-154) (155-241) (101-178) (124-210)
Bacterial count, cfu/mL 13 17 12 17 15
(10-19) (11-25) (9-17) (13-26) (10-21)
Clinical mastitis prevalence 4, % 4.1 2.7 3.8 29 3.4
Herds without clinical mastitis, n 3 4 3 6 16
Operating structure, % herds
Conventional 85 86 97 93 90
Organic 15 14 3 7 10
DHIA 3 member 96 97 97 100
Breed, % herds
Simmental 19 86 58 82 61
Mixed 37 7 23 11 19
Brown Swiss 26 3 10 7 11
Other (incl. Holstein Friesian) 19 4 10 - 8
Period of the farm visits (2019-2020) Oct-Aug Apr-Aug Sep—Mar Feb-Aug Sep—-Aug

I Number of lactating cows, 2 Result of herd performance (365 d)/number of tested cows, 3 Data of last available
bulk tank analysis, 4 Median intra-herd prevalence of herds with cows with clinical mastitis, 5 DHIA = Dairy herd
improvement association is the Landeskuratorium der Erzeugerringe fiir tierische Veredelung in Bayern e.V.

3.1. Sensitivity and Specificity of CM Alerts
DeLaval

For 7 of the 27 DeLaval herds, only data from the daily routine backup at 1 or 2 am
could be obtained. Exclusion of these seven herds did not change the results, and therefore
their data remained in the statistical analysis. Data for 1831 cows, including 70 CM cases,
were available for the analysis (Table 3). The results of SN and SP for different MDi
thresholds are shown in Table 5. The highest value for SN and SP was reached with an
MDi threshold of 1.4 (SN: 61.4%, 95% CI: 49-72.8%; SP: 89.3%, 95% CI: 87.7-90.7).

GEA Farm Technologies

All backup data for the herds milking with a GEA AMS (1 = 29) could be used for final
analysis. This included data for 1616 cows, of which 54 cows were diagnosed with CM
(Table 3). SN and SP of the CM alert of the AMS from the list “AMS_udder_health_monitoring”
is shown in Table 5. The subgroup “List1” resulted in the highest SN of 75.9% (95% CI:
62.4-86.5) and SP of 79.2% (95% CI: 77.1-81.2).

Lely

The data from the AMS herd programs of all Lely study herds (n = 31), including
2076 cows (78 CM cases), were used in the analysis (Table 3). The SN and SP of the
udder health monitoring lists provided by Lely are shown in Table 5. Use of the Lely
"Monitor_list” resulted in the highest SN of 78.2% (95% CI: 67.4-86.7) with an SP of 86.2%
(95% CI: 93.8-95.8).
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Table 5. Sensitivity and specificity of clinical mastitis (CM) alerts for AMSs from DeLaval, GEA, Lely
and Lemmer-Fullwood.

AMS Cows, CM, AMS Alert Used Sensitivity, 95% 1CI, Specificity, 95% 1CI,
n n Cases % % % %

DeLaval 1831 70 MDi 2 >14 61.4 49.0-72.8 89.3 87.7-90.7
>20 314 20.9-43.6 97.2 96.3-97.9

GEA 1616 54 AMS_udder_health_monitoring 3
Listl 4 75.9 62.4-86.5 79.2 77:1-81.2
List2 5 482 34.3-62.2 935 92.1-94.6
Acute_Udder_Health_warnings © 389 25.9-53.1 949 93.7-95.9
Lely 2076 78 Monitor_list 7 78.2 67.4-86.7 86.2 84.6-87.7
Action_list 79 28.2 18.6-39.5 949 93.8-95.8
Lemmer:  4py5 37 4QCM alert 89 67.6 50.2-82.0 9.2 90.8-93.5

Fullwood

1 Exact confidence interval, 2 MDi = Mastitis detections index. The MDi is a mathematically generated index that
considers EC and blood presence, which are both measured at quarter level and milking interval. It uses values
between 1and 6;> CM alert list based on deviations in EC. This list is divided into three subgroups: List1, List2 and
Acute_Udder_Health_warnings; * List1: displays cows that have a deviation of >30% in EC value between the
quarter with the highest average EC value and the quarter with the lowest average EC value in the last 4 milkings.
The lowest value must be greater than 400 (manufacturer’s own unitless measurement), > List2: displays cows
with an EC deviation within a quarter of the default setting of >110%; 6 Acute_Udder_Health_warnings: displays
cows which are indicated on Listl and List2; 7 Two udder health lists, modified from the pre-installed lists
Report12 and Report23 in the system to show all cows, but those cows originally shown on these lists were
marked. Action_list, e.g., Report12, displays cows with a new indication for 24 h on this list, while on Monitor_list,
e.g., Report23, cows remain on this list until a milking without indication occurs. Factory settings of the indication
limits for these reports are: milk yield deviation of daily milk production of 4.0 kg or 20%; decrease of daily milk
production of more than 7 kg; EC deviation from last milking of 20%, EC deviation from the 3-day average of 20%;
absolute EC threshold of 100; milk temperature above a deviation factor of 2.0%; exceeding the SCC threshold
of 500, measured by the MQC-C system; ® 4QCM system (quarter conductivity measurement system): measures
the EC at the quarter level and with standard limits for the conductivity per quarter; deviation by 35% from
the 10-day average and threshold value of the measured value of >7.5 mmho. ? CM alert thresholds could be
customized by farmers.

Lemmer-Fullwood

Of the 27 herds provided by Lemmer-Fullwood, one backup file could not be used
due to unrecoverable data. The associated herd was removed from the data set, resulting
in available data for 1545 cows from 26 herds, with 37 CM cases, for statistical analysis
(Table 3). In addition, some variables, such as milk lactose, milk fat, and milk protein
measured by the AMS from the specifically created list “control_report_milking_10 days”
could not be assigned without doubt to their respective given meaning, so that these
variables were excluded from analysis. The SN and SP of the list provided by Lemmer-
Fullwood for udder health monitoring “4QCM_ 10_days” are shown in Table 5. The 4QCM
system achieved an SN of 67.6% (95% CI: 50.2-82) and an SP of 92.2% (95% CI: 90.8-93.5)
for the detection of CM.

3.2. Sensitivity and Specificity Predictors
SN Predictors

Table 6 shows these models and their predictors by manufacturer. For DeLaval and
GEA Farm Technologies, only EC could be identified as a factor that improved SN for CM
detection. For Lely, with every 1 log increase in log-transformed SCC (1ogSCC) from Lely’s
MQC-C system the odds of correctly identifying a sick animal increased (OR: 4.1; p = 0.002).
No additional SN predictor was identified for Lemmer-Fullwood.
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Table 6. Factors improving the sensitivity of clinical mastitis detection (outcome: true positive) in
a cow-level multivariable logistic regression analysis including automatically recorded data from
AMS and DHIA test days. Only cows with clinical mastitis were used and herd was included as
random effect.

AMS CM,n  AMS Alert Predictor [ SEM Odds Ratio  95% CI p-Value

DeLaval 70 MDi? > 14 Intercept —3.56 1.76 0.05
EC of current milking 0.22 0.10 1.24 1.03-1.51 0.03

GEA 54 List13 Intercept —443 177 0.02
AQEC* 0.03 0.01 1.03 1.01-1.05 0.01

Lely 78 Monitor list > Intercept —7.56 2.62 0.01
LogSCC © 1.41 0.42 4.10 1.75-9.52 <0.01

Lemmer- 7

Fullwood 7 4QCM 7 Alert - - - - - -

1 B = Regression coefficient; > MDi = Mastitis detections index. The MDi is a mathematically generated index
that considers EC and blood presence, which are both measured at quarter level and milking interval. It uses
values between 1 and 6; * Listl: a warning list for udder health problems and displays cows that have a deviation
of >30% in EC value between the quarter with the highest average EC value and the quarter with the lowest
average EC value in the last four milkings. The lowest value must be greater than 400 (manufacturer’s own
unitless measurement); * AQEC = Difference of the highest to lowest quarter EC measurement; 5 Monitor list,
e.g., Report23, is a warning list for udder health problems and displays cows until a milking without indication
occurs. Factory settings of the indication limits for these reports are: milk yield deviation of daily milk production
of 4.0 kg or 20%; decrease of daily milk production of more than 7 kg; EC deviation from last milking of 20%,
EC deviation from the 3-day average of 20%; absolute EC threshold of 100; milk temperature above a deviation
factor of 2.0%; exceeding the SCC threshold of 500, measured by the MQC-C system; 6 SCC determined by the
Lely MQC-C System, log transformed; 7 4QCM system (quarter conductivity measurement system): measures
the EC at the quarter level and with standard limits for the conductivity per quarter; deviation by 35% from the
10-day average and threshold value of the measured value of >7.5 mmho (manufacturer-specific unit).

SP Predictors

Table 7 shows the four models and their predictors associated with the correct negative
detection of the specified alerts from the four manufacturers. Among other predictors,
the odds of being correctly classified as a healthy cow decreased with increasing milking
interval (MIH, in hours) for DeLaval (OR: 0.8; p < 0.01) and GEA Farm Technologies
(OR: 0.9; p < 0.01). For both Lely and Lemmer-Fullwood the EC at the quarter level
(dichotomized) were also identified as helpful predictors for healthy cows. Lely cows with
a quarter-level EC of less than 72 (manufacturer internal unitless score; OR: 3.73; p < 0.01)
and Lemmer-Fullwood cows with a quarter-level-based EC below 5.6 mmho (manufacturer
internal unit; OR:13; p < 0.01) were more likely to be correctly classified as healthy cows.
For all AMS manufacturers, the udder health status based on DHIA tests was useful as a
predictor for SP. Cows classified as “healthy” here had up to five times the odds of being
correctly considered not to be affected by CM than cows classified as “chronic”: DeLaval
(OR: 5; p < 0.01), GEA Farm Technologies (OR: 5; p < 0.01), Lely (OR: 2.2; p < 0.01), and
Lemmer-Fullwood (OR: 5; p < 0.01).
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Table 7. Factors improving the specificity (outcome: healthy cows, i.e., no clinical mastitis, without
alert) on a cow level, including only healthy cows and DHIA as well as AMS data, in a cow-level
multivariable logistic regression analysis with herd as random effect.

:lc\:d:v@s Predictor Bl SEM g;‘i’: 95%CI  p-Value
DeLaval Intercept —1.93 211 0.37
1761 Milking interval in hours —0.20 0.03 0.82 0.78-0.88 <0.01
A highest and lowest quarter EC 2 —0.59 0.10 0.56 0.46-0.67 <0.01
DHIA 2 lactose concentration 1.60 0.42 494 2.16-11.29 <0.01
Udder health status * chronic  —1.70 0.27 0.18 0.10-0.30 <0.01
new IMI®  —1.11 0.34 0.33 0.17-0.64 <0.01
cured —0.20 0.44 0.82 0.35-1.93 0.65
no DHIA data  —0.83 0.61 0.44 0.13-1.46 0.18
no current test data  —0.64 0.67 0.53 0.14-1.96 0.34
healthy  Referent
GEA Intercept 1.72 0.28 <0.01
1562 Milk yield of last milking, kg 0.01 0.02 112, 1.08-1.17 <0.01
Milking interval in hours -0.10 0.02 0.90 0.87-0.93 <0.01
Lactation number 1 0.60 0.17 1.82 1.30-2.55 <0.01
2 0.11 0.16 1.11 0.81-1.54 0.51
>3 Referent
Udder health status ¢ chronic  —1.64 0.20 0.19 0.13-0.29 <0.01
new IMI®  —1.46 0.23 0.23 0.15-0.36 <0.01
cured —0.74 0.25 0.48 0.29-0.79 <0.01
no DHIA data  —1.03 0.24 0.37 0.23-0.58 <0.01
no current test data  —0.98 0.34 0.38 0.19-0.73 <0.01
healthy  Referent
Lely, Intercept 8.89 0.72 <0.01
1998 Quarter based EC threshold of 72 0 1.32 0.20 378 2.54-547 <0.01
1 Referent
Fat content (measured by AMS) —0.31 0.10 0.74 0.60-0.90 0.03
LogsCC 6 -1.19 0.12 0.30 0.24-0.38 <0.01
Udder health status 4 chronic  —0.80 0.25 0.45 0.27-0.73 <0.01
new IMI®  —0.33 0.33 0.72 0.38-1.38 0.32
cured —0.57 0.38 0.95 0.45-2.01 0.88
no DHIA data  —0.68 0.38 0.51 0.24-1.06 0.07
no current test data  —0.09 0.45 0.91 0.38-2.21 0.84
healthy  Referent
Lemmer- Intercept 1.19 0.33 <0.01
Fullwood, Quarter based EC threshold of 5.6 0 2.58 0.32 13.13 7.03-24.51 <0.01
1508 1 Referent
Udder health status 4 chronic  —1.60 0.31 0.20 0.11-0.37 <0.01
newIMI® 035 045 0.71 0.29-1.72 0.44
cured —0.40 0.55 0.67 0.23-1.97 047
no DHIA data  —0.20 0.60 0.82 0.26-2.63 0.74
no current test data —0.80 0.58 0.45 0.14-1.41 0.17

healthy = Referent

1 B = Regression coefficient; 2 EC: Electrical conductivity measurement; > DHIA: Dairy herd improvement
association is the Landeskuratorium der Erzeugerringe fiir tierische Veredelung in Bayern e.V.; * Udder health
status: Categorization, based on DHIA somatic cell count measurement (SCC). SCC from two subsequent test
days in that lactation with a cutoff value of 100,000 cI/mL are compared; 5 IML: Intramammary infection; 6scC
determined by the Lely MQC-C System, log transformed.

4. Discussion

This study investigated the performance of CM detection by currently used AMSs
from the four most common AMS manufacturers in Bavaria, southern Germany. The
strengths of the study were a sufficiently large overall sample size, inclusion of multiple
commercial farms for each manufacturer, and the use of the true gold standard for clinical
mastitis, i.e., clinical observation. In addition, we were able to identify automatically
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recorded parameters that could improve the sensitivity and specificity of the AMS mastitis
classification (“alerts”) when considered by the farmer in post-AMS analysis of the data
collected at each milking.

The detection of clinical mastitis is critical for the farmer’s decision-making. For
one, sick animals need to be identified to be treated or their clinical development closely
observed. Furthermore, abnormal milk must not enter the food supply chain and needs
to be discarded. The gold standard is the organoleptic detection of abnormal milk by the
human milker. Thus, AMS must be able to guarantee the legal regulations for ensuring
safe food to at least the same extent as human milkers. It has been estimated that milking
technicians will find approximately 80% of CM cases going through the parlor [43]. It
was therefore positive to note that the AMS of all manufacturers achieved the minimum
SN of >70% as required by Annex C of ISO 20966:2007 [44]. However, the slightly higher
minimum value of 80% for SN called for by Hogeveen et al. [45] was achieved by only three
of four manufacturers; the SN of DeLaval fell slightly short. Since the point estimates for
each manufacturer provide only an average, the confidence intervals are a better estimate
of the SN range and precision. These included the required 70% SN of all AMSs and the
required SN of 80% by three AMS manufacturers. However, while one might argue that
the range of the intervals are fairly wide, we had enough statistical power to find potential
differences, i.e., to test our hypothesis. Therefore, the identification of clinical mastitis cases
has to be considered sufficient for food quality and animal welfare, especially in view of
the low prevalence of the disease, i.e., 70-80% of the few cows with clinical mastitis per
herd were identified. A large cost factor of CM is discarded milk [46].

Focusing on the SP, none of the evaluated systems reached the >99% SP required by
ISO 20966:2007 and Hogeveen et al. [44,45]. Since the vast majority of cows in a herd will
not have clinical mastitis, a farmer would suffer substantial economic losses due to falsely
discarded “abnormal” milk (false positive cases) [47,48] if they use the system alerts to
automatically separate milk. Whether the alert lists have a high SN or SP for subclinical
mastitis was not answered in this study, since the focus of this study was clinical cases.
However—purely from a legal perspective—visually normal milk in cases of subclinical
mastitis does not warrant the automatic discarding of milk unless the bulk tank SCC would
exceed legal limits.

Our SN and SP estimates are in agreement with previous studies [10,49]. Slight
differences between studies are likely due to different gold standards, evaluated alerts, or
sensors, as well as different sampling timeframes [19,28,34,50]. Brandt [51] found an SN
mostly below 60% and SP above 90% for three different AMS manufacturers in 12 northern
German herds, with comparable gold standard (alteration in homogeneity of the foremilk)
and time window (milking right after sampling). Castro et al. [49] evaluated three different
AMS types in ten Galician herds and estimated an average SN of 58% and SP of 94% for the
detection of a mastitis case, based on positive CMT. Only Dalen et al. [10] found higher SN
values of 80% and SP values of 90% by evaluating the online cell count (OCC) device of
the DeLaval AMS operating on a Norwegian research farm, where they used veterinary
mastitis treatments as gold standard.

While the results for all evaluated manufacturers were comparable, slight differ-
ences were observed and likely due to the different underlying sensor technology and
proprietary algorithms. The reviewed alerts of GEA Farm Technologies and Lemmer-
Fullwood are purely based on measuring EC [19]. Using EC alone is not considered
sufficient for CM detection [16,20,34], due to the impact of milk temperature, fat content,
or milk fractions [52,53]. Nevertheless, these alerts reached the required minimum SN
thresholds—probably because not the absolute EC but the variation at quarter level was
considered by system alerts. This has been shown to improve the usefulness of EC for
mastitis detection [18,54]. DeLaval and Lely processed multiple sensor data into an indi-
cation of udder health problems. Although combining EC with other sensor data should
improve the detection of CM [35,55], the AMS by DeLaval did not achieve the minimum
SN required by Hogeveen et al. [45]. This might be because MDi is advised more as a
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probability of an udder health problem [35] and less for detection of abnormal milk as it
occurs mainly in CM. With a higher MDi threshold, no better SN was detected in our study.
This contradicts in part the approach of Lusis et al. [56], which suggested an MDi threshold
of >2 for abnormal milk detection to keep the SCC of bulk tank milk at a low level. While
the higher threshold markedly increased the SP, the SN decreased drastically. Subsequently,
milk from many undetected cows with CM would still be collected. The use of detection of
blood in milk as an additional sensor in MDi may be insufficient. However, in a field study
by Hovinen et al. [57] every case of bloody milk could be detected, but many were detected
due to the yellow color of the milk, which in turn depends on the milk fat color and thus on
feed and breed [29]. Lely’s SN values are likely to be obtained by combining several sensor
data and especially the overall use of SCC data in these study herds [13,21,58,59]. Data from
other manufacturers’ SCC sensors could not be utilized in our study due to low numbers
(e.g., only seven DeLaval herds had OCC data). Besides the measurement of SCC, there are
several additional sensor technologies for each manufacturer on the market that could have
potentially improved the accuracy of mastitis detection, such as lactate dehydrogenase
detection [60,61] or rumination activity [62,63]. However, these technologies were not sold
as a standard part of the AMS mastitis detection sensor package [64]. Therefore, they were
not evaluated in this study. Furthermore, we assessed the standard udder health alert
lists of each system based on discussions with manufacturer personnel. Unfortunately,
one Lemmer-Fullwood list (“control_report_milking 10 days”) could not be used due to
missing headers. However, the data might have been indicative of udder health problems,
as they included cow activity [65] and milk lactose [66]. Due to these limitations, one has to
assume that when considering the stated and theoretically available additional sensor data
the SN and SP could have actually been higher than we were able to determine with the
given data. Likewise, it must be considered that farmers using a Lely or Lemmer-Fullwood
AMS could adjust the limits of the pre-installed warning lists. A check of the settings at the
time of the data backup was carried out, but due to this technically conditioned snapshot
at the herd visit, an adjustment of the threshold values shortly before cannot be ruled out.
For this reason, possible herd-specific limit value adjustments were not taken into account
and a possible improvement or deterioration of the SN and SP with farm-specific values
could not be evaluated.

The low specificity estimates of this study highlight a known problem [67]. A high
number of false positive alerts as a result of low prevalence of CM and a lower SP of
the detection system can lead to economic losses due to wrongly discarded milk [67]
and increased labor cost to assess each of these animals” udder health in the barn. This
will decrease the farmer’s confidence in the AMS’ udder health alerts [68]. The low SP
may be due to several factors: first, CM is a dynamic event that passes through different
stages [69], second, the AMS alerts do not distinguish the grade of mastitis (e.g., subclinical
or clinical), and third, the manufacturers did not provide system definitions for clinical
mastitis. Therefore, this purely binary classification may lead to higher false positive
rates since marked cows may not yet have an apparent change in milk but may already
show changes in milk components detectable by the sensors [33,46]. The gold standard
definition of ISO 20966:2007 also proposed by Kamphuis et al. [44,70], i.e., the presence
of clots or flakes in two out of three consecutive milkings, thus tries to counteract this
and capture the evolution process of CM. The single assessment of the udder in our study
was selected for several reasons: (1) the farmer has to assess cows on the lists at least
twice a day and new mastitis cases should be present; (2) the visual assessment allowed
for the assessment of the quality of visually abnormal milk, watery character of the milk,
or single abnormal milk [71]. Therefore, we are closer to the basis of legal assurance of
milk fit for human consumption (EU Directive EC/853/2004) based on the organoleptic
examination of milk and udder pre-milking by milkers [43,72]. The main concern was that
none of the manufacturers provided a definition of “clinical mastitis” that would allow
for a simple “yes/no” answer. Solutions to this dilemma could be probability indications
of potential clinical mastitis as suggested by Friggens et al. [69] and different alerting
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approaches for different forms of mastitis or udder health situations [45]. We were able to
identify several automatically collected parameters that were associated with SN and SP in
multivariable regression models. These factors may be used by the farmer to improve CM
detection. However, although EC was included in many algorithms already, the additional
consideration of high EC improved the identification of CM by DeLaval and GEA systems.
This suggests that cows with CM have higher milk EC values [73] and the effects of, for
example, temperature, fat, and milk fractions on EC [18,52,53] play a lesser role in EC than
the underlying inflammation [20]. Due to the relatively small number of CM cases, only
a few additional predictors could be identified in the SN models, and none for Lemmer-
Fullwood. In contrast, several parameters associated with SP were identified, which can
partly be attributed to the substantially larger sample size. For example, it has been found
that cows with longer milking intervals in DeLaval and GEA systems have a lower chance
of being correctly classified as healthy cows. This could be because the likelihood of a
cow having abnormal milk increases as the milking interval increases [74], and the flakes
that may be present may affect the measurement of EC [18], making it difficult to alert
correctly; additionally, a milking visit could be protracted due to pain caused by the onset
of udder inflammation.

The one factor that was consistently helpful across all systems was the trend of SCC
between the last two monthly milk tests. Cows with “chronically” high SCC (i.e., two
subsequent tests with SCC > 100.000 cells/mL) had lower chances of being correctly
classified as healthy by the AMS. One explanation could be that “chronic” cows had
persistent or repeated subclinical mastitis and this triggered the alert by the AMS. As
there is no specific alert for CM — only udder health “abnormalities”, this may drive the
misclassification for clinical mastitis [45]. Regular checking of these cows with repeated
high SCC values should be performed to detect CM early on the one hand, and to prevent
unnecessary automatic separation of milk by the AMS on the other hand. Although
the models included a large number of automatically recorded parameters, they did not
include all possible parameters, especially in the Lemmer-Fullwood data set. Similarly,
farm-specific factors such as setting alert limits were not part of the available data. The
herd-level random effect accounts for some differences among these unknown factors.
Inclusion of additional interactions in the model could have potentially improved the
model fit. However, due to the lack of biologically plausible interactions to be considered
and the low sample size in all SN models they were not further explored.

Although AMSs sufficiently identify cows with clinical mastitis, farmers must continue
to know and monitor their animals several times per day in the barn. Otherwise, cows that
were unable to visit the AMS due to acute severe disease (e.g., mastitis), might be identified
too late if flagged simply based on milking interval, or the milk of cows with CM not yet
identified by the machine could enter the food supply as well. On the other hand, the milk
of healthy cows would be discarded longer than necessary, if the farmer does not assess
the udder status of the cow. While the benefits of an AMS are more flexible working hours
and a daily overview over each animal’s health and production data [38,64], the farmer
needs to understand the provided data and machine functions and evaluate their animals
in the barn to ensure food safety and animal health. In addition, AMS producers need
to revise their approaches to detect udder health problems, especially CM. For example,
there are promising studies on intelligent data processing and machine learning to use the
amount of data collected to identify sick cows [75-77]. In addition, new sensor technologies
closer to the origin of the gold standard definition, the organoleptic (especially visual)
inspection of the milk, as well as information from other sensors that measure other more
general health parameters should be explored. The former could include camera-based
milk quality assessment of the fore stripping. These technologies are already being used
in other livestock production chains, for example, to detect and assess footpad health in
poultry [78]. Until then, a more comprehensive implementation of DHIA data in herd
management software along with AMS data may be helpful for monitoring udder health.
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5. Conclusions

The present study shows the SN and SP of CM detection from different AMSs used
in Bavaria. Overall, the detection of clinical mastitis by different AMSs was found to be
sufficient, but the low specificity could cause unnecessarily discarded milk and additional
workload for farmers to check on their animals. Some automatically collected parameters,
such as EC and monthly test day results, are related to the current detection performance
of CM by AMSs and can be helpful to farmers in their assessment of AMS udder-health
alerts. Because there is currently no official definition of visibly abnormal milk (i.e., clinical
mastitis) by the manufacturers, farmers need to consider test day data and results of udder
health evaluations of each cow in the barn to interpret and act on AMS lists appropri-
ately to warrant food safety, milk quality, animal welfare, and the economic viability of
their farm.
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Abstract

The objectives of this study were to identify (i) management practices
for the detection of clinical mastitis (CM) in dairy farms with automatic
milking systems (AMS), and (ii) the farmers’ personal assessment of
their work with the AMS as well as the mastitis detection performance
of the AMS through an online survey. Complete responses of 47 of the
108 contacted Bavarian dairy producers were available for analysis.
Warning lists of AMS, highlighting cows with potential udder health
problems, were checked twice a day by 68% and once per day or less
frequently by 27% of the farmers. Checking warning lists reportedly
took five minutes per day (median). Besides the presence of flakes on
the milk filter (75%), data from the AMS (78%) was another important
factor that farmers considered for their decision to assess an indicated
cow in the barn. Electrical conductivity (EC; 50%), milk color/ blood
presence (49%), and, if available, somatic cell count (66%) were select-
ed most frequently as “extremely important” from provided options in
the survey. Flagged cows were commonly checked within 12 hours of
the alert (23%) in the barn. Most commonly, these cows were assessed
by organoleptic examination of the udder and/or the first milk strains
(50%). Most farmers (68%) agreed with the statement of being very
satisfied with the detection performance of CM by the AMS. However,
almost half of the farmers (44%) perceived the number of false-posi-
tively flagged cows by the AMS as too high. While farmers were overall
positive towards the detection of CM in AMS, some management fac-
tors such as the frequency of monitoring the warning list and cows in
the barn could be intensified.

Keywords: dairy cows; milking robots; mastitis monitoring; question-
naire

Introduction
Dairy farmers are responsible for the health of their animals [1], the
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production of a high-quality food, and maintaining the profitability of
their farm [2, 3]. Clinical mastitis (CM) of dairy cows affects all of these
production areas as it impacts animal welfare and food quality and
causes high economic losses [4-6]. Rapid diagnosis and appropriate
treatment of CM are therefore crucial [7]. In conventionally milking
dairy farms, the milker monitors udder health of each animal during
the milking preparation process, e.g., by prestripping. This way, food
safety is — from a legal point of view — ensured by organoleptic ex-
amination of the udder and milk for pathological changes [8]. Due to
the increasing popularity of automatic milking systems (AMS), fewer
humans are physically present at the milking of cows. This is related
to both the Europe-wide trend of decreasing number of farms whilst
simultaneously increasing farm sizes [9]. Another reason is that farm-
ers might seek a better work-life balance through the installation of
an AMS that allows for flexible working hours [10, 11]. Hence, also in
Bavaria, the proportion of farms with AMS has risen from 3% to 16% in
the last decade [12]. In farms using an AMS, the inspection of milk and
udder health relies on the performance of the AMS sensors due to the
absence of a milker [13-15]. The AMS indicates animals via warning
lists to farmers if the animals are likely to have udder health problems.
The sensor technology is able to detect and indicate inflammatory pro-
cesses that may be minor and without visible changes to the milk [16].
However, the detection of CM by AMS has its limitations [17, 18]. For
this reason, the German Federal Ministry of Food, Agriculture and
Consumer Protection established a list of action items for dairy farms
with AMS to ensure adequate udder health and an ongoing monitoring
in 2012 [19].

Since the final (physical) assessment and maintenance of udder health
(e.g., treatment decisions, consultation of farm veterinarian) remain
the responsibility of the farmer, the “interaction” between AMS and
humans is crucial. Few studies have addressed the role of the farmer
on udder health in AMS herds: In 2012, Mollenhorst et al. investigated
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the requirements for CM detection systems desired by farmers and
concluded that CM alerts should have a low false positive rate, occur in
a short time, and be graded by severity [20]. A Dutch study found that
most Dutch farmers milking with an AMS made inspection decisions
based on intuition and only the minority of farmers reported using
non-AMS information about cows or detailed alerts to decide which
cows to visually inspect [21]. However, which data of different AMS are
important to farmers for the detection of CM and how farmers deal
with these warnings has not been investigated yet.

Therefore, the objectives of this study were (i) to evaluate manage-
ment practices for the detection of CM in Bavarian AMS farms, and (ii)
to present farmers’ personal assessment of their work with the AMS
and the performance of mastitis detection of their AMS.

Materials and Methods

Herd selection and contact: Dairy farms equipped with AMS, that
participated (n=114) in a previous study of the Bavarian Animal Health
Services [17], were invited by personal e-mail to participate in this
anonymous online survey. The personal invitation e-mail included a
description of the study objectives, a note that subjects should also be
the primary users of the AMS on their farms, and a link to the online
survey. In addition, it provided information about the chance to partic-
ipate in a prize draw for ten milk sample test kits in case of successful
participation on the survey. To maintain anonymity of the main survey,
an URL to a second independent input mask of the survey tool was
provided at the end of the questionnaire for participating the prize
draw. There, the respondents could enter their e-mail address, which
was used to randomly select and contact the winners at the end of the
survey period.

Questionnaire development: A survey with 22 questions was devel-
oped for the study. Question content, structure and organization of
the questionnaire were revised and validated based on feedback from
specialists and AMS manufacturer support personnel (n=8) as well as
existing literature. The survey covered six main topics: general herd
structure (3 questions), work with the dairy herd in the barn (4), work
with the AMS software (4), mastitis diagnostic (6), personal opinion (2),
and demographic data (3). Open ended and closed questions as well as
Likert scale answer options [22] were included.

Subsequently, the questionnaire was pretested in personal interviews
with three not-study-related AMS-using farmers, and the adapted
version was transferred into the open-source online tool LimeSurvey
(LimeSurvey Project Team/Carsten Schmitz, 2012). This online version
was pretested with two farmers and four other specialists (veterinar-
ians and AMS manufacturer staff). The final survey in the target pop-
ulation ran from June 18" to July 17*, 2021. To increase participation
in the survey, a reminder e-mail was sent to all participants one week
before the deadline [23]. The final version of the survey (in German)
is available as a PDF file as supplements under https://openjournals.
hs-hannover.de/milkscience/issue/view/ 198.

The questionnaire content and implementation procedure were ap-
proved by the ethical committee of the Freie Universitdt Berlin (ZEA-
Nr.2021-009).

Statistical Analysis: The raw survey data were exported to MS Excel
(microsoft.com) and analyzed using SAS version 9.4 (SAS Institute Inc.,
Cary, NC; USA). Only fully completed surveys were included in the
final statistical analysis. The data were then checked for plausibility
and excluded if illogical errors were found. Continuously measured
items were evaluated for normal distribution by Q-Q-plots and the
Kolmogorov-Smirnov test by PROC UNIVARIATE. Descriptive summary
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statistics were used by PROC FREQ and PROC MEANS. Associations be-
tween AMS, gender, and age and continuous variables were analyzed
with a Mann-Whitney U test by PROC NPARIWAY WILCOXON test and
for three or more groups by using the Kruskal Wallis test. Correlations
between ordinal variables were assessed with non-parametric statistic
Spearman’s rho using PROC CORR SPEARMAN. The significance level
was set at P<0.05. Figures were designed using Tableau version 2022.1
(Tableau Software, Seattle, Washington, USA).

Results and Discussion

Survey response rate: In the previous study [17], 114 herds had par-
ticipated. Of these, e-mail addresses from 111 farmers were available.
However, due to invalid or incorrect e-mail addresses, three farms could
not be contacted. Therefore, a total of 108 farmers were invited and 62
participated (57%). Since 15 of the 62 collected questionnaires were
incomplete, 47 questionnaires remained for the statistical analysis.

Of the 15 excluded surveys, five were completely empty, five respond-
ers had answered only 14% of the questions, and the remaining five
dropped out after answering up to 50% of the questions. This net
response of 43.1% was above the average response rate of other web-
based questionnaires with dairy producers [24, 25]. This could be due
to the underlying design which included a clearly defined and under-
standable study topic, professional layout, provision of the estimated
processing time, invitation via a personalized e-mail, follow-up contact
with resending survey link, length of the questionnaire minimized, and
a prize draw as an incentive to participate [26-28]. The fact that the
farmers were more interested in the topic as they had already par-
ticipated in the earlier study certainly provided another incentive to
complete the survey. Considering the selection process and response
rate, any generalization of the results of this study should be done with
caution.

Demographic data and herd structure of the sample: The participants
were predominantly male (79%) and reported to be in the age category
31 to 50 years (62%). They had been working with AMS for a median
of four (interquartile range [IQR]: 3-8) years. The majority of producers
reported that they worked almost exclusively alone in monitoring the
AMS udder health lists (80%) as well as subsequently inspecting the
indicated cows in the barn (76%). This implies that the respondents to
the questionnaire were remarkably familiar with the topic. At the time
of the survey the herds milked 65 cows (median, IQR: 59-74). This herd
size is consistent with the normal herd size for the most common use
of one AMS, i.e., 60 cows/AMS unit, and the Bavarian average number
of cows on AMS farms [12, 14]. The median annual bulk tank somatic
cell count was reported to be 165 (IQR: 105-190) x1000 cells/mL for
the herds in 2020 and was below the Bavarian average [12]. This may
be due to the fact that the AMS of these herds were all maintained
regularly by their AMS companies and the farmers were concerned
about the udder health of their herd, which was expressed in the par-
ticipation in the previous study.

Daily management of monitoring the udder health of the AMS herd:
The majority of the surveyed farmers reported conducting daily mea-
sures in adherence to the list of measures aimed at ensuring udder
health. It includes to check the AMS udder health warning lists and
the herd for udder health in the barn at least twice per day. The check
of the AMS warning list took a median of 5 minutes daily (IQR 5-10
min./day) and was performed by 68% of the farmers twice a day, as
recommended. Also, the additional assessment of the herd for udder
health in the barn took a median of 10 minutes per day (IQR 5-20 min./
day) and was performed by 53% of respondents twice per day. There
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was a positive correlation between the amount of time spent checking
warning lists and the amount of time spent checking the udders of the
herd each day: the more time spent on warning lists, the longer it took
to check the udder health of the herd in the barn (Spearman’s rho=0.4;
p=0.01). This could be an indication that more intensive use of the ud-
der health warning lists lead to longer and possibly more careful udder
health control of the herd. Alternatively, this could also be due to the
high number of warnings needing to be checked. However, the time
taken and the frequency with which the recommended measures are
carried out allow only a cautious assessment of the quality of daily ud-
der health monitoring. About 70 to 80% of CM cases are flagged by the
system, but the number of false-positive cases is fairly high [17]. The
farmer should therefore follow the guidelines of the catalogue of mea-
sures to look at data and cows at least twice a day, since each milking
adds information about that animal’s health and will help to increase
overall accuracy of warnings. The better the farmer knows cows on the
list, the better potential udder health problems could be detected and
false positive alerts distinguished by the farmer. In addition, detection
of udder health problems by AMS is limited by the sensor technology
used [18, 29]. For instance, AMS currently do not detect udder-related
diseases such as udder cleft dermatitis or acute trauma to the skin.
Also, irregular control of the herd may result in slower and delayed de-
tection and treatment of, for example, immobilized cows due to acute
CM caused by Escherichia coli-infection, which can no longer visit the
AMS. This has both economic and animal welfare consequences as the
severity of the disease increases rapidly [30-32]. For these reasons, in
addition to frequent monitoring of AMS warning lists, the farmer must
continue to physically monitor his herd in his daily routine to identify
problem cows or to prevent the spread of (udder) disease. Therefore,
it is concerning, that about one third of the respondents checked only
once a day or less the udder health warning lists (27%) or their herd in
the barn (34%) for udder health problems.

Detection management of new CM cases: Given the absence of a
specific AMS alert for cows with CM, which results in legally unmar-

ketable milk, the decision to take action on an indicated cow ultimately
rests with the farmer. Consequently, farmers were asked about their
handling of new AMS udder health alerts. Newly indicated cows in this
study were defined as having not generated an udder health warning in
the previous seven days. Approximately 53% of the participants report-
ed often performing a check within 12 hours of the warning, while 42%
of farmers only went to look at flagged cows after four or more con-
secutive warnings. This observation is consistent with findings of other
studies, where farmers were selective about assessing indicated cows
in the barn due to the high workload coupled with the low specificity
of the detection of mastitis by AMS [21, 33]. However, this behavior
does not meet the suggested measures, which advise an immediate
examination of all indicated cow [19]. One has to assume that if cows
on warning lists are not examined immediately in the barn, many spe-
cifically milder mastitis cases will likely be overlooked. This assumption
is supported by the finding that AMS farms detected mostly severe
cases of CM [34].

The decision to assess flagged cows in the barn was based on various
factors. Of particular importance was examination of the milk filter for
abnormal milk components such as flakes or clots (“very important”
(74%)) and additional AMS data (78%). In contrast monthly test day
data or the milk yield of the cow relative to herd mates were reportedly
of minor importance to farmers in this study. While Steeneveld et al.
did not find non-AMS data helpful in distinguishing between true-pos-
itive and true-negative alerts [33], another study found that inclusion
of somatic cell count (SCC) of monthly test day data was related to CM
detection performance of AMS [17]. There, the inclusion of monthly
test day data was identified as a previously overlooked tool that has po-
tential to improve udder health monitoring. To assess the importance
of AMS data for the decision to check a newly indicated cow in the
barn, the respondents were asked to rate the importance of AMS data
on a seven-point Likert scale (1=extremely unimportant to 7=extremely
important) as well as the answer options “no answer” and “sensor data
not available”. The list of the AMS data provided to farmers to be ranked

AMS data n| 1 2 o4 N 2 ke ’
Somatic cell count 29 - _
Milk color/ blood a3 1 m
Electrical conductivity 46 . - —
Cow activity 47 - - —
Wilking interval a6 W I
Wilkyield %6 H . |
Udder heath parameter 2 | ]
Number of recorded udder health warnings 44 _ _
Kick offs 29 |- I I |
Days n milk as | I I | I
Milk flow a4 [ I [P .
Wilking time a3 | I ¢
Milkprotein 31 [ I =1 |
Milk fat 3 == I I
Lactation number a6 L P e
Concentrate feed intake 47 _ _ _
tactose o RS E— .
-50% 0% 50% 100%
| pE impor M 2=very uni 3= M 4=neutral S = important M 6=very important Il 7= extremely important

Figure 1: Comparison of the subjective relevance of information displayed to farmers (n=47) on udder health lists of the automatic milking
system (AMS). Percentage rating of subjective importance of the participants, which AMS data is helpful for assessing whether an indicated
cow will be also controlled in the barn (Gantt percent, lower axis). Importance on a seven-point Likert scale shown in stacked bar charts,
sorted in descending order by average Likert score values (upper axis) shown as a black line. The number of answers is not equal in total, since
the answer options "sensor data not available" and "no answer" were excluded from the respective bars.
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included the most common commercially available sensors and AMS
data. Other sensors are offered by some AMS manufacturers that also
have reported to be helpful in detecting udder health problems such
as sensors for lactate dehydrogenase [16] or rumination activity [35].
They were not considered in our study because they are not widely
available as upgradeable sensor technology. Based on the average an-
swer scoring (AAS), the most important information was the SCC (AAS:
6.3; n=29) for farms of this study equipped with such a device (38%),
followed by blood or color sensor alerts (AAS: 6.1; n=43), and the elec-
trical conductivity (EC; AAS: 5.8; n=46). Other information was ranked
lower in relevance (Figure 1). This is in line with the study of Steeneveld
and Hogeveen [36], who investigated the frequency of sensors in daily
use and found SCC and EC data were frequently used while fat, protein
and milk temperature were less commonly used sensor information.
Other studies have shown that the use of the SCC [37, 38] as well as the
EC [39] can help to detect udder health problems. The value of the milk
color sensor on its own is considered controversial in other studies, as
the detection of CM by this sensor alone does not seem suitable due to
the influence of fat color [40-42]. However, combining the information
from different sensor data is considered a good tool to detect udder
health problems [43, 44]. Based on the finding that no sensor data had
a high rejection rate, it can be assumed that some farmers combine
different information provided by AMS in their decision-making pro-
cess. The inclusion of additional AMS data showed improved detection
performance for CM in some studies [7, 17] and thus can be considered
a good state of practice to identify CM. In conclusion, the majority of
farmers were applying suitable management procedures to detect CM
in AMS herds. Although not all udder health alerts were addressed
promptly, they were evaluated in conjunction with sufficient AMS data
and information obtained from the barn. In addition, a more extensive
utilization of DHIA data for this purpose should be considered.

Examination of new udder health warnings in the barn: The examina-
tion of the indicated cow for udder health in the barn was done at least
“often” by inspection and palpation of the udder (87% of the study

participants), by evaluation of the foremilk for abnormal milk such as
flakes or blood (78%), or a California Mastitis Test (CMT, 64%), while
a quarter milk sample for pathogen determination in the laboratory
was almost never taken by about 42% of farmers. Since detection of
even mild CM cases by sensory clinical examination has a sensitivity of
80% [45], the farmer’s assessment of udder health status is considered
sufficient and in general agreement with the methodology proposed
by Hogeveen et al. [46]. However, AMS and their udder health alerts
are supposedly designed as an early warning system. Therefore, the
AMS often detects invisible changes in the milk composition, which
can indicate, for example, subclinical mastitis. A purely organoleptic
examination of the milk for abnormalities of the indicated cows will
therefore lead to a high number of false positive alerts. In this case,
regular monitoring of all cows or specific CMT-based checking of those
cows that have an AMS warning but no (or not yet visibly detectable)
clinical symptoms will be useful to confirm early signs of new infections
and subclinical udder inflammation [47, 48].

Agreement with statements about mastitis detections management:
Farmers were able to rank statements related to mastitis detections
management according to their personal experiences and subjec-
tive feelings using a Likert scale from 1 to 5 (1=strongly disagree to
S=strongly agree). Most farmers saw themselves as competent in
the understanding (AAS: 4.1) and use (AAS: 4.4) of the displayed data
and in spending sufficient time (AAS: 4.0) at interpreting the udder
health lists (Figure 2). Interestingly, farmers that reported to be less
confident with the AMS lists take longer in working time with the AMS
program (Spearman rho=0.4; p=0.01) and udder health assessments in
the barn (Spearman rho=0.4; p=0.02). One explanation could be that
those farmers with limited operating ability of the AMS program tried
to compensate for this with more time spent on the computer and for
assessing the herd in the barn. On the other hand, the unidentified
different levels of education and character of the participants as well
as influences of the operational structure may be a cause of slower
handling of tasks than others. The lowest AAS was achieved by the

Statement n
1find it easy to operate the AMS herd management program. 46
1 fully understand the data on the udder health lists. 46

I have enough time to work with the udder health lists of my AMS. 46

| am very satisfied with the detection of clinical mastitis by my AMS. 47

The udder health lists are very clear for me. 46

1 have enough time every day to check the udder health of my herd in

a7
the barn.

Cows with frequent, recurring warnings of udder health arerarely 34 ro
checked in the barn anymore.
The number of cows with warnings but no apparent milk changes or
inflammation signs of the udder on inspection in the barn is too a4 39%
high.
My AMS manufacturer did a good enough job of getting me up to o~
speed on the program.
-50.0% 0.0% 100.0%
M 1=strongly disagree W 2=disagree I 3 =neither agree or disagree 4=agree M 5= strongly agree

2 3 4 5

3.7

_ o
35
26%

Figure 2: Agreement with various statements regarding udder health management on dairy farms operating with automatic milking systems
of 47 dairy farmers. Percentage assessment of subjective agreement with these statements (Gantt percent, lower axis). Agreement on a fi-
ve-point Likert scale shown in stacked bar charts, sorted in descending order by average Likert score values (upper axis) shown as a black line.
The number of answers is not equal in total, since the answer option "no answer" were excluded from the respective bars.

Milk Science International (76) 2023 P. 28-34 31
ISSN 2567-9538; https://doi.org/10.48435/MS1.2023.5



PUBLICATIONS

49

Milk production

statement on good instruction by the AMS companies with 3.2. Here
29% of the subjects disagreed with having had a good instruction. This
result is seen as critical, because a good instruction how to best use a
highly complex system, that constitutes a central part of the daily work
in AMS farms, has to been considered essential for farmers to work
economically and efficiently.

The majority of respondents (68%) were satisfied with the detection of
CM by the AMS; only 17% of the respondents did not agree with this
statement. A comparison of the agreement scores between the AMS
manufacturers showed no difference. Overall, this is consistent with
Mollenhorst et al., who found that Dutch farmers are overall satisfied
with the detection of udder health problems [20]. Nevertheless, the
data found here must be interpreted with caution, as they are based
on the personal assessment of the farmers through their experience
in daily work with AMS. Furthermore, the satisfaction with the CM
detection of an AMS leaves room for different interpretations and does
not allow direct conclusions on the quality of the CM detection. An
AMS gives warnings after analyzing a milking process, which cannot
be directly checked for correctness due to the absence of a human
during milking. The farmer could only estimate the sensitivity of an
AMS for the detection of CM, i.e., at least the pathological occurrence
of organoleptically abnormal milk, with considerable additional effort.
On the other hand, it is much easier to compare the alerts with the
udder health status of the cow in the barn. In this regard, our study
showed that a large proportion of farmers (48%) agreed with the state-
ment that the number of false positive alerts for CM was too high, and
only 23% of farmers disagreed. This is in line with the results of other
studies that have reported low specificity for detection of CM by AMS
[17, 49], as well as farmers’ desire for improved specificity for detec-
tion of udder health problems by AMS [20]. However, in herds where
farmers agreed with poor CM detection rates or excessive numbers
of false-positive cows flagged, no associations were found with other
counteracting management practices, such as more frequent or longer
inspection of cows in the barn. Critical in the evaluation of statements
is that 57% of farmers agreed that “chronic” cows (i.e., cows that re-
peatedly produced an alert but do not show visibly signs of CM) were
no longer checked in the barn in case of further alerts. However, cows
with subclinical or chronic mastitis, which can trigger the alert of the
AMS, may also develop acute CM [50] and would be likely overlooked.
This would affect animal welfare and food safety.

Limitations: This questionnaire provides valuable insights but may
not definitively determine the presence of recorded management
practices and farmers’ perceptions on their farms. Since the record-
ing of management practices related to udder health monitoring, the
assessment of own skills, and the CM detection performance of the
AMS are based exclusively on farmers’ subjective experiences, these
results should be evaluated carefully. As a result, we cannot completely
avoid the possibility of bias and misinterpretation. Therefore, due to
its content structure, the questionnaire could also be answered from
the point of view of the detection of subclinical mastitis. However, this
was addressed by the clear formulation of the study objective in the
invitation e-mail as well as the topic in the respective group headings.
Furthermore, to prevent a purely intuitive processing of the question-
naire, instructions were given at the beginning of question groups that
encouraged to refer to personal experiences from daily work with
AMS. To prevent agreement bias, i.e., the likelihood that respondents
would agree with the statement regardless of its content, we also used
extensive pretesting of the questionnaire, the use of a five-point Likert
scale, and two reversed statements in the question group on personal
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evaluation of statements [51, 52]. Nevertheless, a generalization of our
results to all dairy farms with AMS should be made with caution due
to the small sample size and pre-selection by participation in the first
study. Thus, only farms with one of the four most common, regularly
maintained AMS systems in Bavaria were included in the study. These
farmers participated voluntarily in both studies and may therefore be
more interested in udder health than other farmers. However, humans
and commercially available AMS operate under similar conditions re-
gardless of region, and thus the results of this study provide important
insights for the dairy industry and leads for further studies addressing
the factors that are critical for farmers to diagnose mastitis through
AMS.

Conclusion

The majority of participating farms performed the daily management
practices recommended to ensure udder health with AMS. However,
some of the farmers reported not immediately checking cows newly
indicated by the AMS as having udder health problem in the barn.
Instead they used a combination of AMS data and knowledge about
the cow for a decision. Also, one-fifth of the farmers reported moni-
toring their herd in the barn and on the warning lists once or less per
day. These practices are considered insufficient for maintaining udder
health on AMS farms in relation to officially recommended measures.
Farmers perceived the detection of clinical mastitis by the AMS to be
satisfactory. This was independent of the AMS type. They rated them-
selves as having a good understanding of their AMS software program
around udder health monitoring. Nevertheless, some felt insufficiently
instructed in the use of the AMS software by their manufacturer. Over-
all, this survey showed that good udder health monitoring practices
were being implemented on the majority of the participating AMS
farms.
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V. DISCUSSION

The aim of this thesis was to assess and evaluate the detection of CM on Bavarian
dairy farms using AMS. For this purpose, the roles of milking machine and the
human operator, the farmer, were investigated. The detection performance of AMS
for CM of the four most commonly present AMS manufacturers on Bavarian dairy
farms was assessed and additional data associated with SN and SP were identified
and evaluated (Publication I). To assess the farmers interactions with the AMS and
the data, management practices for CM detection on these farms as well as farmers’
personal opinions on this subject were collected through an online survey and
analyzed (Publication Il). In this way, problem areas in the detection of CM were
identified and practical guidance could be provided to ensure food safety and

animal welfare.

After an a priori sample size calculation to meet the objectives, the number of
sampled cows from several commercial dairy farms allowed an adequate amount
of data from the field. In addition, the distribution of the farms throughout Bavaria
and a study period of eleven months reduced geographical, seasonal and climatic
influences. Although a large number of farms per manufacturer participated, the
results should not be used for an udder health comparisons between farms or AMS
types, because the farms were selected from list of potential participants provided
by manufacturers based on having a regularly maintained machine and the farmers
participated voluntarily. Furthermore, it can be assumed that due to the voluntary
participation and the selection criterion of regularly maintained AMS, particularly
farms with a strong interest in good udder health were included. This, and the fact
that not all AMS manufacturers used in Bavarian AMS farms were investigated,
means that generalization of the results to Bavarian dairy farms using AMS should

be made with caution.

The evaluation of udder health by AMS showed that, compared to the proposed SN
and SP limits from literature and DIN 1SO 20996: 2008, the detection performance
for CM of the AMS used on the study farms reached sufficient SN but insufficient
SP. However, it needs to be acknowledged that the proposed methodologies for
determining detection performance from the literature (Kamphuis et al., 2016) or
DIN ISO 20996: 2008, could not be fully adopted in this study due to the nature of
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a cross-sectional study. A follow-up of both, an udder health alert or a sign of CM
over three milkings, was not be carried out. Nevertheless, the comparison used in
this study between the one-time clinical assessment of udder health in the barn with
a contemporary udder health alert offered great advantages. It reflected the legal
methodology of organoleptic monitoring of udder health to ensure food safety and
was therefore closer to farmers’ everyday practice of ensuring the supply of legally
normal milk while providing a rapid detection of abnormal milk and diseased cows
with subsequent treatment options. Furthermore, the results of the detection
performance observed were similar to the results of other studies in other regions
(Brandt, 2012; Castro et al., 2015; Rasmussen, 2004). A direct comparison of the
detection performance of these studies may be complicated by the different study
designs, the different definitions of CM, or the different warning systems evaluated
(Hogeveen et al., 2021). However, the clear trend of adequate detection of CM (SN)
with inadequate SP observed in these studies was confirmed by the results of our
study (publication I). Thus, the recorded results showed for the first time in the field
with this large sample size that after almost 30 years of commercially used AMS,
there is still insufficient detection performance of CM by AMS in Bavaria, not at

all in terms of SN, but especially in terms of SP.

The practical importance of this issue can be illustrated by the low prevalence of
CM and the number of possible alerts (at each milking time, i.e., on average 2-3
times per day/animal). In our study, CM was detected in an average of 3.5% of a
herd of approximately 65 cows during the farm visit. This corresponds to about six
milkings per day with abnormal milk, respectively CM, of which at least 4.5 (SN
>70%) were also recognized as such by the AMS. If this low number is additionally
compared with the detection performance of abnormal milk of the conventional
milker (80%, Rasmussen, 2005; Hillerton, 2000), the maintenance of food safety
and animal welfare can be considered satisfactory. On the other hand, at least 155
of the 156 milkings (SP >99%) with normal milk should not trigger an udder health
warning. If a farmer, as required in the study of Steeneveld et al. (2010), would
inspect every alert with the in this thesis recorded insufficient SP in the barn, a large
number of these indicated animals would also show no sign of visually abnormal
milk. This could result in the following: on the one hand, it could lead to a
considerable cost factor in case of activated automatic milk separation based on the

evaluated alerts due to discarding of visually normal milk, and therefore legally fit
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for human consumption. On the other hand, the huge amount of work involved,
coupled with the frustration of a false alert, could lead to farmers losing confidence
in their AMS’s detection system. The results of the survey conducted for this thesis
support this assumption. While a majority of the respondents were satisfied with
the detection of CM by their AMS, it was also stated that the number of alerts for
cows with visually normal milk is too high. These statements were, of course, based
on the subjective experiences and leave room for bias, as the farmer in AMS farms
has no comparative cow observations of each milking and its data results. However,
these results are in line with the opinion of Dutch farmers who were interviewed in
another study (Neijenhuis et al., 2009). The finding that some surveyed farmers do
not immediately check every udder health warning of their AMS in the barn,
confirms the statements of Mollenhorst et al. of 2012 and seems understandable
from practical point of view in regard to the low SP. Rather, farmers conducted to
weigh AMS warnings based on other AMS data and using background knowledge
about those cows from the barn. While this practice may save labor time and
supposedly unnecessary inspections, it carries the risk that some cases of CM will
go undetected, which in turn will affect bulk milk quality and the health of the
individual animal. For this reason, but especially to address the insufficient SP, it
is recommended to immediately check animals with udder health warnings
(Bundesministerium fiir Ernédhrung, Landwirtschaft und Verbraucherschutz, 2012).
This should be done both to quickly separate the milk and animal for treatment in
an emergency and to prevent the waste of visually normal milk suitable for human

consumption due to incorrect automatic milk separation.

In order to address the issue of improving the detection performance for CM, efforts
have been made to identify additional parameters that have positive effects on SN
and SP. Several parameters were worked out in a statistical model, which are
associated with CM detection performance. It is shown that the combination of
multiple sensor data provides better detection performance (Hogeveen et al., 2021),
and so some studies have attempted to improve the detection performance of AMS
by incorporating additional data in various models with promising results
(Steeneveld et al., 2012; Khatun et al., 2020; Steeneveld et al., 2010; Jensen et al.,
2016; Khatun et al., 2018). Nevertheless, due to the relatively small number of CM
cases used for model calculation, only few parameters were identified in the study

to have potential in improving SN. One of these parameters was EC at the quarter
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level. The use of quarter conductivity measurements to improve mastitis detection
performance is supported by other studies (Khatun et al., 2017; Norberg et al., 2004;
Claycomb et al., 2009). In addition, farmers in our survey indicated to check further
AMS data, especially EC, to evaluate alerts. Thus, this can be seen as a beneficial
practice as cows with CM respective milk changes have increased EC levels
(Norberg et al., 2004; Bansal et al., 2005). However, due to the much larger number
of healthy cows, several factors could be extracted for the associations with SP.
Most importantly, the trend in SCC from the monthly test days of DHIA was
associated with SP for all producers and thus could help in the alert assessment by
the farmer. This could be explained by the use of AMS detection systems as an
early warning system. An animal with elevated cell count over a prolonged period
of time may suffer from SCM with associated milk changes. Sensor systems of
AMS detect mainly the non-visible changes in milk and generate alerts from this,
so these animals are more likely to be misclassified in terms of CM detection. Use
of DHIA data would counteract this and help identify such cows and better classify
their AMS alerts. This result, in contrast to the results of Steeneveld et al. (2010),
confirmed a benefit of non-AMS data in improving the detection of udder health
problems by AMS. However, our survey found that only few farmers use DHIA
data to decide whether that indicated cow also needs to be checked in the barn.
Thus, there is an underutilized potential in combining DHIA data with AMS data
for improved daily monitoring udder health in an AMS herd (Fredebeul-Krein et
al., 2022). Cows with prolonged elevated cell counts should therefore be examined
on a regularly basis, as on the one hand, legally normal milk may be falsely
automatically separated, but on the other hand, these cows are at risk for
development CM and eventually spreading mastitis pathogens such as S. aureus
(Rainard et al., 2018). Consequently, it is critical to see that in many of the surveyed
farms such cows are hardly ever subjected to a clinical examination in the event of

an udder health warning.

With this in mind, the management practices in the catalog of measures for udder
health in AMS need to be further encouraged to farmers (Bundesministerium fir
Erndhrung, Landwirtschaft und Verbraucherschutz, 2012). The suggested control
of the warning lists as well as the control of the udder health of the herd during the
inspection in the barn, were carried out in their recommended frequency (twice a

day) by a large part of the surveyed farms. However, a small number of farms do
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this with insufficient frequency, which should be regarded as a risk to udder health
and food safety, especially when considering the SN and SP of CM detection by
AMS.

In conclusion, for CM detection on AMS farms, human monitoring of both the
machine and the animals under care remains essential. The role of farmers and their
management practices in ensuring udder health could be assessed for the first time
and considered largely appropriate. Nevertheless, farmers should additionally
consider, on the one hand, the test day data in combination with the AMS data and,
on the other hand, especially the results of their udder health assessment of each
cow in the barn in order to correctly interpret the AMS udder health warning list

and thus ensuring food safety, milk quality, animal welfare and farm profitability.

This study is intended to help raise awareness of the above-mentioned issues and
generate further discussion. Future studies should continue to examine commercial
AMS farms working in the field. In particular, the effect of non-maintained AMS
for udder health and detection of mastitis should be studied more closely.
Furthermore, the possibilities of a follow-up of the mastitis occurrence have to be
considered. From the author's point of view, there is a need for action on different
levels: First, on the side of the manufacturers, who have to push the development
of new cost-effective sensor technology for the exact determination of legally
abnormal milk, as well as the design of warning lists for different mastitis stages.
Second, on the side of experts and politicians, who should define the term abnormal
milk more clearly for the discussion and distinction of the term clinical mastitis and
abnormal milk, especially in connection with their diagnosis by AMS. And finally,
on the side of the farmers, who should focus even more on the professional training
for the work with an AMS and, at the same time, should not neglect the essential

contact between human being and animal.
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V.SUMMARY

On dairy farms with automatic milking systems (AMS), the detection of clinical
mastitis (CM) is performed autonomously using sensors. This must be done
reliably, as animal welfare as well as economy and food safety depend on this
through autonomous separation of legally abnormal milk. Therefore, the objectives
of this cross-sectional study were to determine the sensitivity (SN) and specificity
(SP) of CM detection of AMS from the four most common manufacturers in
Bavarian dairy farms and to identify routinely collected cow data (AMS and
monthly test day data from the regional Dairy Herd Improvement Association
(DHIA)) that could improve the SN and SP of CM detection. In addition, an online
survey was designed to determine management practices for CM detection on AMS
farms as well as farmers' personal opinions of their work with the AMS and the
mastitis detection performance of the AMS. Bavarian dairy farms with AMS from
the manufacturers DelLaval, GEA Farm Technologies, Lely, and Lemmer-Fullwood
were recruited with the aim of sampling at least 40 cows with CM per AMS
manufacturer in addition to clinically healthy cows. During a single farm visit, cow
milking data were first extracted electronically from each AMS and then all
lactating cows in the barn were examined for udder health status. Clinical mastitis
was defined at least as the presence of visibly abnormal milk. In addition, available
DHIA test results from the previous six months were collected. None of the
producers provided a clear definition or alert for CM (i.e., visibly abnormal milk),
so the SN and SP of the AMS udder health alert lists were evaluated individually
for each producer based on clinical assessment results. Generalized linear mixed
models (GLMMs) with herd as a random effect were used to determine the potential
influence of routinely recorded parameters on SN and SP. A total of 7411 cows on
114 farms were surveyed; of these, 7096 cows could be matched to AMS data and
were included in the analysis. The prevalence of CM was 3.4% (239 cows). When
considering the 95% confidence interval (95% CIl), all but one producer met the SN
minimum threshold of >80%: DeLaval (SN: 61.4% (95% CI: 49.0%-72.8%)), GEA
(75.9% (62.4%-86.5%)), Lely (78.2% (67.4%-86.8%)), and Lemmer-Fullwood
(67.6% (50.2%-82.0%)). However, none of the AMSs evaluated met the SP
minimum of 99%: DelLaval (SP: 89.3% (95% CI: 87.7%-90.7%)), GEA (79.2%
(77.1%-81.2%)), Lely (86.2% (84.6%-87.7%)), and Lemmer-Fullwood (92.2%
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(90.8%-93.5%)). With potential for an influence on SN and SP, different
parameters could be found in a model. For all AMS producers, a correlation in
between SP and cow classification based on somatic cell count (SCC) measurement
from the last two DHIA test results could be detected: Cows that were above the
threshold of 100,000 cells/ml for subclinical mastitis on both test days had lower
odds of being classified as healthy by the AMS than cows that were below the
threshold. Some findings were also reflected in the recorded experience of the
farmers. From the survey, 47 complete responses from the 108 study participants
contacted could be analyzed. A proportion of 68% of farmers agreed with the
statement that they were very satisfied with the detection performance of CM by
the AMS. However, almost half of the farmers (44%) felt that the number of cows
reported as false positives by AMS was too high. Some management practices to
counteract that were reported as follows: AMS warning lists indicating cows with
potential udder health problems were checked twice a day by 68% and once a day
or less by 27% of farmers. In addition to the presence of flakes on the milk filter
(75%), recorded AMS data (78%), such as electrical conductivity, somatic cell
count and milk color, were the most important factor in farmers' decisions about

whether an indicated cow should also be examined in the barn.

In conclusion, the detection of CM was satisfactory in all AMS producers.
However, the low SP results in unnecessary discarded milk and increased workload
in assessing potentially false-positive mastitis cases. In this context, it is essential
that farmers take into account all available data but more importantly the
monitoring of their animals in the barn to make decisions about individual cows
and ultimately ensure animal welfare, food quality and the economic viability of

their farm.
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VI. ZUSAMMENFASSUNG

In Milchviehbetrieben mit automatischen Melksystemen (AMS) wird die
Erkennung von Kklinischer Mastitis (CM) sensorgestltzt automatisch durchgefiihrt.
Dies muss zuverlassig erfolgen, da hiervon sowohl Tierwohl als auch die
Wirtschaftlichkeit der Milchviehbetriebe sowie die Lebensmittelsicherheit durch
automatische Abtrennung rechtlich abnormer Milch abhéngig ist. Die Ziele der
Arbeit waren daher in einer Querschnittsstudie die Bestimmung der Sensitivitat
(SN) und Spezifitdt (SP) der CM-Erkennung von AMS der vier géngigsten
Hersteller in bayerischen Milchviehbetrieben sowie die Identifizierung von
routinemaBig erhobenen Kuhdaten (AMS und monatliche Testtagsdaten des
regionalen Landeskontrollverbandes, Landeskuratorium der Erzeugerringe flr
tierische Veredelung in Bayern e.V. (LKV)), die die SN und SP der CM Erkennung
verbessern  konnten.  Zusatzlich  sollten durch eine  Onlineumfrage
Managementpraktiken zur Erkennung von CM in AMS-Betrieben und die
personliche Einschatzung der Landwirte zu ihrer Arbeit mit dem AMS sowie die
Mastitiserkennungsleistung des  AMS  ermittelt  werden.  Bayerische
Milchviehbetriebe mit AMS der Hersteller DeLaval, GEA Farm Technologies,
Lely und Lemmer-Fullwood wurden mit dem Ziel rekrutiert, zusétzlich zu den
klinisch gesunden Kihen mindestens 40 Kilhe mit CM pro AMS-Hersteller zu
beproben. Wahrend eines einmaligen Betriebsbesuchs wurden zundchst die
Melkdaten der Kihe elektronisch von jedem AMS extrahiert und dann alle
laktierenden Kihe im Stall auf ihren Eutergesundheitsstatus untersucht. Klinische
Mastitis wurde zumindest als das Vorhandensein von sichtbar abnormaler Milch
definiert. Zusétzlich wurden die verfligbaren LKV-Testergebnisse der letzten sechs
Monate gesammelt. Keiner der Hersteller gab eine klare Definition oder Alarm fur
CM (d.h. sichtbar abnorme Milch) an, daher wurden die SN und SP der AMS-
Warnlisten fur die Eutergesundheit fir jeden Hersteller individuell auf der
Grundlage der klinischen Untersuchungsergebnisse bewertet. Verallgemeinerte
lineare gemischte Modelle (GLMM) mit der Herde als Zufallseffekt wurden
verwendet, um den potenziellen Einfluss routineméRig erfasster Parameter auf SN
und SP zu bestimmen. Insgesamt wurden 7411 Kihe in 114 Betrieben untersucht;
von diesen konnten 7096 Kihe den AMS-Daten zugeordnet werden und wurden in
die Analyse einbezogen. Die Prdvalenz der CM betrug 3,4% (239 Kuhe). Bei
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Betrachtung des 95 %-Konfidenzintervalls (95 % KI) erreichten alle Hersteller bis
auf einen die SN-Mindestgrenze von >80 %: DeLaval (SN: 61,4 % (95 % KI: 49,0
%-72,8 %)), GEA (75,9 % (62,4 %-86,5 %)), Lely (78,2 % (67,4 %-86,8 %)) und
Lemmer-Fullwood (67,6 % (50,2 %-82,0 %)). Keines der bewerteten AMS
erreichte jedoch die SP-Mindestgrenze von 99 %: DelLaval (SP: 89,3% (95% KI:
87,7%-90,7%)), GEA (79,2% (77,1%-81,2%)), Lely (86,2% (84,6%-87,7%)), und
Lemmer-Fullwood (92,2% (90,8%-93,5%)). Mit Potential fur einen Einfluss auf
SN und SP konnten verschiedene Parameter in einem Model gefunden werden. Bei
allen AMS-Herstellern konnte ein Zusammenhang zwischen SP und der
Klassifizierung der Kuh auf der Grundlage der Messung der somatischen Zellzahl
aus den letzten beiden LKV-Testergebnissen erfasst werden: Kiihe, die an beiden
Testtagen tber dem Schwellenwert von 100.000 Zellen/ml fir subklinische Mastitis
lagen, hatten geringere Chancen, vom AMS als gesund eingestuft zu werden, als
Kihe, die unter dem Schwellenwert lagen. Einiger dieser Erkenntnisse spiegeln
auch die erfassten Erfahrungen der Landwirte wider. Aus der Umfrage konnten 47
vollstdndigen Antworten der 108 kontaktierten Studienteilnehmer analysiert
werden. Ein Anteil von 68% der Landwirte stimmte der Aussage zu, dass sie mit
der Erkennungsleistung von CM durch das AMS sehr zufrieden sind. Allerdings
empfand fast die Hélfte der Landwirte (44%) die Zahl der Kiihe, die vom AMS als
falsch-positiv gemeldet wurden, als zu hoch. Managementpraktiken um jenem
entgegenzuwirken wurden folgendermafien berichtet: Warnlisten des AMS, die auf
Kihe mit potenziellen Eutergesundheitsproblemen hinweisen, wurden von 68% der
Landwirte zweimal taglich und von 27% einmal pro Tag oder seltener tberprdft.
Neben dem Vorhandensein von Flocken auf dem Milchfilter (75%) waren die
aufgezeichneten Daten des AMS (78%), insbesonders elektrische Leitfahigkeit,
somatische Zellzahl und Milchfarbe, der wichtigste Entscheidungsfaktor fir die
Landwirte, ob eine angezeigte Kuh auch im Stall untersucht werden sollte.

Zusammenfassend l&sst sich sagen, dass die Erkennung von CM bei allen AMS-
Herstellern zufriedenstellend war. Die niedrige SP kann jedoch zu unnétig
verworfener Milch und erh6htem Arbeitsaufwand bei der Beurteilung potenziell
falsch-positiver Mastitisfélle fiihren. In diesem Zusammenhang ist es unabdingbar,
dass Landwirte weiterhin alle verfiigharen Daten aber auch die Uberwachung ihrer
Tiere im Stall in Entscheidungen tiber einzelne Kiihe beriicksichtigen, um letztlich
Tierwohl, Lebensmittelqualitit sowie Wirtschaftlichkeit ihres Betriebs

sicherzustellen.



REFERENCES 61

VIlI. REFERENCES

Abebe, R., H. Hatiya, M. Abera, B. Megersa, and K. Asmare. 2016. Bovine
mastitis: prevalence, risk factors and isolation of Staphylococcus aureus in dairy
herds at Hawassa milk shed, South Ethiopia. BMC veterinary research
12(1):270. https://doi.org/10.1186/s12917-016-0905-3.

Abeni, F., F. Petrera, and A. Galli. 2019. A Survey of Italian Dairy Farmers'
Propensity for Precision Livestock Farming Tools. Animals an open access
journal from MDPI 9(5). https://doi.org/10.3390/ani9050202.

Adriaens, 1., T. Huybrechts, B. Aernouts, K. Geerinckx, S. Piepers, B. de Ketelaere,
and W. Saeys. 2018. Method for short-term prediction of milk yield at the quarter
level to improve udder health monitoring. Journal of dairy science
101(11):10327-10336. https://doi.org/10.3168/jds.2018-14696.

Agabriel, C., A. Cornu, C. Journal, C. Sibra, P. Grolier, and B. Martin. 2007. Tanker
Milk Variability According to Farm Feeding Practices: Vitamins A and E,
Carotenoids, Color, and Terpenoids. Journal of dairy science 90(10):4884—-4896.
https://doi.org/10.3168/jds.2007-0171.

Akam, D. N. 1980. Technical Development of Milking Machines. BSAP Occas.
Publ. 2:55-64. https://doi.org/10.1017/S0263967X00000252.

Alhussien, M. N., and A. K. Dang. 2018. Milk somatic cells, factors influencing
their release, future prospects, and practical utility in dairy animals: An
overview. Veterinary world 11(5):562-577.
https://doi.org/10.14202/vetworld.2018.562-577.

Anglart, D., U. Emanuelson, L. Ronnegard, and C. Hallén Sandgren. 2021.
Detecting and predicting changes in milk homogeneity using data from
automatic milking systems. Journal of dairy science 104(10):11009-11017.
https://doi.org/10.3168/jds.2021-20517.

Antanaitis, R., V. Juozaitiené¢, V. Jonike, W. Baumgartner, and A. Paulauskas.
2021a. Milk Lactose as a Biomarker of Subclinical Mastitis in Dairy Cows.
Animals an open access journal from MDPI 11(6).
https://doi.org/10.3390/ani11061736.

Antanaitis, R., V. Juozaitiené, D. Malasauskiené, M. Televicius, M. Urbutis, and
W. Baumgartner. 2021b. Relation of Automated Body Condition Scoring
System and Inline Biomarkers (Milk Yield, B-Hydroxybutyrate, Lactate
Dehydrogenase and Progesterone in Milk) with Cow's Pregnancy Success.
Sensors (Basel, Switzerland) 21(4). https://doi.org/10.3390/s21041414.

Antanaitis, R., V. Juozaitiené, D. MalaSauskiené, M. Televicius, M. Urbutis, A.
Rutkaukas, G. Sertvytyté, and W. Baumgartner. 2022. Identification of Changes
in Rumination Behavior Registered with an Online Sensor System in Cows with



REFERENCES 62

Subclinical Mastitis. Veterinary sciences 9(9).
https://doi.org/10.3390/vetsci9090454.

Bansal, B. K., J. Hamann, N. T. Grabowskit, and K. B. Singh. 2005. Variation in
the composition of selected milk fraction samples from healthy and mastitic
quarters, and its significance for mastitis diagnosis. The Journal of dairy research
72(2):144-152. https://doi.org/10.1017/S0022029905000798.

Bar, D., L. W. Tauer, G. Bennett, R. N. Gonzalez, J. A. Hertl, Y. H. Schukken, H.
F. Schulte, F. L. Welcome, and Y. T. Grohn. 2008. The cost of generic clinical
mastitis in dairy cows as estimated by using dynamic programming. Journal of
dairy science 91(6):2205-2214. https://doi.org/10.3168/jds.2007-0573.

Barkema, H. W., M. A. G. von Keyserlingk, J. P. Kastelic, T. J. G. M. Lam, C.
Luby, J.-P. Roy, S. J. LeBlanc, G. P. Keefe, and D. F. Kelton. 2015. Invited
review: Changes in the dairy industry affecting dairy cattle health and welfare.
Journal of dairy science 98(11):7426-7445. https://doi.org/10.3168/jds.2015-
9377.

Baumgartner, M., B. Stessel, V. Adams, Hecker, K., Flrstenberger, A. L., and T.
Wittek. 2013. Udder health of cows in dairy farms with automatic milking
systems. In XIII Middle European Buiatrics Congress, Belgrade, Serbia, 5-8
June. Faculty of Veterinary Medicine, University of Belgrade and Servian
Buiatrics Association, 2013. pp. 122-128

Bava, L., A. Sandrucci, A. Tamburini, and G. Succi. 2005. Milk ejection during
automatic milking in dairy cows. Italian Journal of Animal Science 4(sup2):218-
220. https://doi.org/10.4081/ijas.2005.2s.218.

Bazzanella, B., K. Lichtmannsperger, V. Urbantke, A. Tichy, T. Wittek, and M.
Baumgartner. 2020. Effect of on-farm milk culturing on treatment outcomes and
usage of antimicrobials in mastitis therapy: A field study. Wien. Tierérztl.
Monat. 107:135-146.

Berry, E. A., H. Hogeveen, and J. E. Hillerton. 2004. Decision tree analysis to
evaluate dry cow strategies under UK conditions. The Journal of dairy research
71(4):409-418. https://doi.org/10.1017/S0022029904000433.

Bertulat, S., C. Fischer-Tenhagen, A. Werner, and W. Heuwieser. 2012. Technical
note: validating a dynamometer for noninvasive measuring of udder firmness in
dairy  cows.  Journal of  dairy  science  95(11):6550-6556.
https://doi.org/10.3168/jds.2012-5370.

Besier, J., O. Lind, and R. M. Bruckmaier. 2016. Dynamics of teat-end vacuum
during machine milking: types, causes and impacts on teat condition and udder
health —a literature review. Journal of Applied Animal Research 44(1):263-272.
https://doi.org/10.1080/09712119.2015.1031780.

Blowey, R. W., and P. Edmondson. 2010. Mastitis control in dairy herds. 2nd ed.



REFERENCES 63

Oxfordshire, UK: CAB International; 2010. pp. 24, 35, 101.

Bobbo, T., M. Penasa, and M. Cassandro. 2020. Combining total and differential
somatic cell count to better assess the association of udder health status with
milk yield, composition and coagulation properties in cattle. Italian Journal of
Animal Science 19(1):697-703.
https://doi.org/10.1080/1828051X.2020.1784804.

Bobbo, T., P. L. Ruegg, G. Stocco, E. Fiore, M. Gianesella, M. Morgante, D.
Pasotto, G. Bittante, and A. Cecchinato. 2017. Associations between pathogen-
specific cases of subclinical mastitis and milk vyield, quality, protein
composition, and cheese-making traits in dairy cows. Journal of dairy science
100(6):4868-4883. https://doi.org/10.3168/jds.2016-12353.

Bradley, A. 2002. Bovine mastitis: an evolving disease. Veterinary journal
(London, England 1997) 164(2):116-128.
https://doi.org/10.1053/tvjl.2002.0724.

Brandt, M. 2012. Evaluation of presently used sensor systems for mastitis detection
in automatic milking farms in Schleswig-Holstein. Zugl.: Kiel, Univ., Diss.,
2011. Forschungsbericht Agrartechnik des Fachausschusses Forschung und
Lehre der Max-Eyth-Gesellschaft Agrartechnik im VDI (VDI-MEG) 505, Kiel.

Brandt, M., A. Haeussermann, and E. Hartung. 2010. Invited review: technical
solutions for analysis of milk constituents and abnormal milk. Journal of dairy
science 93(2):427-436. https://doi.org/10.3168/jds.2009-2565.

Breen, J. E., M. J. Green, and A. J. Bradley. 2009. Quarter and cow risk factors
associated with the occurrence of clinical mastitis in dairy cows in the United
Kingdom. Journal of dairy science 92(6):2551-2561.
https://doi.org/10.3168/jds.2008-13609.

Bruckmaier, R. M., C. E. Ontsouka, and J. W. Blum. 2004a. Fractionized milk
composition in dairy cows with subclinical mastitis. Vet. Med. 49(8):283-290.
https://doi.org/10.17221/5706-VETMED.

Bruckmaier, R. M., D. Weiss, M. Wiedemann, S. Schmitz, and G. Wendl. 2004b.
Changes of physicochemical indicators during mastitis and the effects of milk
ejection on their sensitivity. The Journal of dairy research 71(3):316-321.
https://doi.org/10.1017/S0022029904000366.

Bruckmaier, R. M., and O. Wellnitz. 2017. Triennial lactation symposium/Bolfa:
Pathogen-specific immune response and changes in the blood—milk barrier of
the bovine mammary gland. Journal of animal science 95(12):5720-5728.
https://doi.org/10.2527/jas2017.1845.

Bundesministerium fir Erndhrung, Landwirtschaft und Verbraucherschutz. 2012.
Bekanntmachung zur Durchfiihrung von Artikel 3 Absatz 1 in Verbindung mit
Anhang 11l Abschnitt IX Kapitel | der Verordnung (EG) Nr. 853/2004 mit



REFERENCES 64

spezifischen Hygienevorschriften fur Lebensmittel tierischen Ursprungs (ABI.
L 226 vom 25.6.2004, S. 22) hinsichtlich der Anwendung bestimmter
MaRnahmen in Milcherzeugungsbetrieben mit automatischen Melkverfahren
vom 04.09.2012; Banz AT 18.09.2012 B3 1-3.

Burvenich, C., V. van Merris, J. Mehrzad, A. Diez-Fraile, and L. Duchateau. 2003.
Severity of E. coli mastitis is mainly determined by cow factors. Veterinary
research 34(5):521-564. https://doi.org/10.1051/vetres:2003023.

Butler, D., Holloway, L., and Bear, C. 2012. The impact of technological change in
dairy farming: Robotic milking systems and the changing role of the
stockperson. Journal of the Royal Agricultural Society of England 173:1-6.

Calder6n, F., B. Chauveau-Duriot, B. Martin, B. Graulet, M. Doreau, and P.
Noziére. 2007. Variations in Carotenoids, Vitamins A and E, and Color in Cow's
Plasma and Milk During Late Pregnancy and the First Three Months of
Lactation. Journal of dairy science 90(5):2335-2346.
https://doi.org/10.3168/jds.2006-630.

Castro, A., J. M. Pereira, C. Amiama, and M. Barrasa. 2018. Long-term variability
of bulk milk somatic cell and bacterial counts associated with dairy farms
moving from conventional to automatic milking systems. Italian Journal of
Animal Science 17(1):218-225.
https://doi.org/10.1080/1828051X.2017.1332498.

Castro, A., J. M. Pereira, C. Amiama, and J. Bueno. 2015. Mastitis diagnosis in ten
Galician dairy herds (NW Spain) with automatic milking systems. Span J Agric
Res 13(4):e0504. https://doi.org/10.5424/sjar/2015134-7482.

Cavero, D., K.-H. Télle, C. Buxadé, and J. Krieter. 2006. Mastitis detection in dairy
cows by application of fuzzy logic. Livestock Science 105(1-3):207-213.
https://doi.org/10.1016/j.livsci.2006.06.006.

Cavero, D., K.-H. Tolle, C. Henze, C. Buxade, and J. Krieter. 2008. Mastitis
detection in dairy cows by application of neural networks. Livestock Science
114(2-3):280-286. https://doi.org/10.1016/j.livsci.2007.05.012.

Cha, E., D. Bar, J. A. Hertl, L. W. Tauer, G. Bennett, R. N. Gonzalez, Y. H.
Schukken, F. L. Welcome, and Y. T. Grohn. 2011. The cost and management of
different types of clinical mastitis in dairy cows estimated by dynamic
programming. Journal of dairy science 94(9):4476-4487.
https://doi.org/10.3168/jds.2010-4123.

Chagunda, M., N. C. Friggens, M. D. Rasmussen, and T. Larsen. 2006a. A Model
for Detection of Individual Cow Mastitis Based on an Indicator Measured in
Milk. Journal of dairy science 89(8):2980-2998.
https://doi.org/10.3168/jds.S0022-0302(06)72571-1.

Chagunda, M. G., T. Larsen, M. Bjerring, and K. L. Ingvartsen. 2006b. L-lactate



REFERENCES 65

dehydrogenase and N-acetyl-beta-D-glucosaminidase activities in bovine milk
as indicators of non-specific mastitis. The Journal of dairy research 73(4):431—
440. https://doi.org/10.1017/S0022029906001956.

Cheng, W. N., and S. G. Han. 2020. Bovine mastitis: risk factors, therapeutic
strategies, and alternative treatments - A review. Asian-Australasian journal of
animal sciences 33(11):1699-1713. https://doi.org/10.5713/ajas.20.0156.

Claycomb, R. W., P. T. Johnstone, G. A. Mein, and R. A. Sherlock. 2009. An
automated in-line clinical mastitis detection system using measurement of
conductivity from foremilk of individual udder quarters. New Zealand
veterinary journal 57(4):208-214.
https://doi.org/10.1080/00480169.2009.36903.

Cogato, A., M. Brs¢i¢, H. Guo, F. Marinello, and A. Pezzuolo. 2021. Challenges
and Tendencies of Automatic Milking Systems (AMS): A 20-Years Systematic
Review of Literature and Patents. Animals an open access journal from MDPI
11(2). https://doi.org/10.3390/ani11020356.

Colak, A., B. Polat, Z. Okumus, M. Kaya, L. E. Yanmaz, and A. Hayirli. 2008.
Short communication: early detection of mastitis using infrared thermography
in dairy cows. Journal of dairy science 91(11):4244-4248.
https://doi.org/10.3168/jds.2008-1258.

Contreras, G. A., and J. M. Rodriguez. 2011. Mastitis: comparative etiology and
epidemiology. Journal of mammary gland biology and neoplasia 16(4):339-356.
https://doi.org/10.1007/s10911-011-9234-0.

Dahl, M. O., A. de Vries, F. P. Maunsell, K. N. Galvao, C. A. Risco, and J. A.
Hernandez. 2018. Epidemiologic and economic analyses of pregnancy loss
attributable to mastitis in primiparous Holstein cows. Journal of dairy science
101(11):10142-10150. https://doi.org/10.3168/jds.2018-14619.

Dalanezi, F. M., S. F. Joaquim, F. F. Guimaré&es, S. T. Guerra, B. C. Lopes, E. M.
S. Schmidt, R. L. A. Cerri, and H. Langoni. 2020. Influence of pathogens causing
clinical mastitis on reproductive variables of dairy cows. Journal of dairy science
103(4):3648-3655. https://doi.org/10.3168/jds.2019-16841.

Dalen, G., A. Rachah, H. Ngrstebg, Y. H. Schukken, and O. Reksen. 2019. The
detection of intramammary infections using online somatic cell counts. Journal
of dairy science 102(6):5419-5429. https://doi.org/10.3168/jds.2018-15295.

Deng, Z., T.J. G. M. Lam, H. Hogeveen, M. Spaninks, N. Heij, M. Postema, T. van
Werven, and G. Koop. 2020. Antimicrobial use and farmers' attitude toward
mastitis treatment on dairy farms with automatic or conventional milking
systems. Journal of dairy science 103(8):7302-7314.
https://doi.org/10.3168/jds.2019-17960.

Ding, T., Y.-Y. Yu, D. W. Schaffner, S.-G. Chen, X.-Q. Ye, and D.-H. Liu. 2016.



REFERENCES 66

Farm to consumption risk assessment for Staphylococcus aureus and
staphylococcal enterotoxins in fluid milk in China. Food Control 59:636-643.
https://doi.org/10.1016/j.foodcont.2015.06.049.

DIN ISO 20966: 2008 -04. Automatische Melksysteme — Anforderung und Priifung
(1SO 20966: 2007) — Beuth Verlag GmbH, Berlin.

Dohmen, W., F. Neijenhuis, and H. Hogeveen. 2010. Relationship between udder
health and hygiene on farms with an automatic milking system. Journal of dairy
science 93(9):4019-4033. https://doi.org/10.3168/jds.2009-3028.

Dufour, S., J. Labrie, and M. Jacques. 2019. The Mastitis Pathogens Culture
Collection. Microbiology resource announcements 8(15).
https://doi.org/10.1128/MRA.00133-19.

DVG (Deutsche Veterinarmedizinische Gesellschaft). 2002. Leitlinien
Bekampfung der Mastitis des Rindes als Bestandsproblem. DVG, Gielien,
Germany.

DVG (Deutsche Veterindrmedizinische Gesellschaft). 2012. Leitlinien
Bekampfung der Mastitis des Rindes als Bestandsproblem. 5. Auflage. DVG,
GieRen, Germany.

Eberhart, R. J., R. J. Harmon, de Jasper, R. P. Natzke, S. C. Nickerson, J. K. Reneau,
E. H. Row, K. L. Smith, and S. B. Spencer. 1987. Current concepts of bovine
mastitis. The National Mastitis Council, Arlington, Virginia, p. 47.

Ebrahimie, E., F. Ebrahimi, M. Ebrahimi, S. Tomlinson, and K. R. Petrovski. 2018.
A large-scale study of indicators of sub-clinical mastitis in dairy cattle by
attribute weighting analysis of milk composition features: highlighting the
predictive power of lactose and electrical conductivity. Journal of Dairy
Research 85(2):193-200. https://doi.org/10.1017/S0022029918000249.

Edwards, J. L., and P. R. Tozer. 2004. Using Activity and Milk Yield as Predictors
of Fresh Cow Disorders. Journal of dairy science 87(2):524-531.
https://doi.org/10.3168/jds.S0022-0302(04)73192-6.

Elischer, M. F., M. E. Arceo, E. L. Karcher, and J. M. Siegford. 2013. Validating
the accuracy of activity and rumination monitor data from dairy cows housed in
a pasture-based automatic milking system. Journal of dairy science
96(10):6412-6422. https://doi.org/10.3168/jds.2013-6790.

Endres, C. 2017. Management: Melkroboter — der Boom lasst nicht nach. Deutscher
Landwirtschaftsverlag GmbH, Hannover.
https://www.agrarheute.com/fleckvieh/heft/management-melkroboter-boom-
laesst-541240. Accessed 22.02.2023.

Espada, E., and H. Vijverberg. 2002. Milk colour analysis as a tool for the detection
of abnormal milk. Proc. First North Am. Conf. Robotic Milking, Toronto,



REFERENCES 67

Canada. 20-22 March 2002. Wagening Pers. pp 28-38.

European Commission. 2002. Regulation (EC) No 178/2002 of the European
Parliament and of the Council of 28 January 2002 laying down the general
principles and requirements of food law, establishing the European Food Safety
Authority and laying down procedures in matters of food safety. Off. J. Eur.

Union. L31/1. Available online: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32002R0178&from=de (accessed
20.01.2023)

European Commission. 2004a. Corrigendum to Regulation (EC) No 853/2004 of
the European Parliament and of the Council of 29 April 2004 laying down
specific hygiene rules for food of animal origin. Off. J. Eur. Union. L 226/22.
Available online: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32004R0853R(01)&from=EN (accessed
18.03.2023)

European Commission. 2004b. Regulation (EC) No 852/2004 of the European
parliament and the council of the European Union of 29 April 2004 on hygiene
of foodstuff: EC No 852/2004. Off. J. Eur. Union. L 139/1. Available online:
https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32004R0852&qid=1679472239944&from
=EN (accessed 20.01.2023)

Fadul-Pacheco, L., R. Lacroix, M. Séguin, M. Grisé, E. Vasseur, and D. M.
Lefebvre. 2018. Characterization of milk composition and somatic cell count
estimates from automatic milking systems sensors. ICAR Tech. Ser 23:53-63.

Fitzpatrick, C. E., N. Chapinal, C. S. Petersson-Wolfe, T. J. DeVries, D. F. Kelton,
T. F. Duffield, and K. E. Leslie. 2013. The effect of meloxicam on pain
sensitivity, rumination time, and clinical signs in dairy cows with endotoxin-
induced clinical mastitis. Journal of dairy science 96(5):2847-2856.
https://doi.org/10.3168/jds.2012-5855.

Fleischer, P., M. Metzner, M. Beyerbach, M. Hoedemaker, and W. Klee. 2001. The
relationship between milk yield and the incidence of some diseases in dairy
COWS. Journal of dairy science 84(9):2025-2035.
https://doi.org/10.3168/jds.S0022-0302(01)74646-2.

Fogsgaard, K. K., T. W. Bennedsgaard, and M. S. Herskin. 2015. Behavioral
changes in freestall-housed dairy cows with naturally occurring clinical mastitis.
Journal of dairy science 98(3):1730-1738. https://doi.org/10.3168/jds.2014-
8347.

Fordham, D. P., T. T. McCarthy, and P. Rowlinson. 1987. An evaluation of milk
temperature measurement for detecting oestrus in dairy cattle. Il. Variations in
body and milk temperature associated with oestrus. Veterinary research
communications 11(4):381-391. https://doi.org/10.1007/BF00346196.



REFERENCES 68

Fordham, D. P., P. Rowlinson, and T. T. McCarthy. 1988. Oestrus detection in dairy
cows by milk temperature measurement. Research in veterinary science
44(3):366—-374. https://doi.org/10.1016/S0034-5288(18)30873-7.

Forsback, L., H. Lindmark-Mansson, A. Andrén, M. Akerstedt, and K.
Svennersten-Sjaunja. 2009. Udder quarter milk composition at different levels
of somatic cell count in cow composite milk. Animal an international journal of
animal bioscience 3(5):710-717. https://doi.org/10.1017/S1751731109004042.

Forsback, L., H. Lindmark-Mansson, A. Andrén, and K. Svennersten-Sjaunja.
2010. Evaluation of quality changes in udder quarter milk from cows with low-
to-moderate somatic cell counts. Animal an international journal of animal
bioscience 4(4):617-626. https://doi.org/10.1017/S1751731109991467.

Fredebeul-Krein, F., A. Schmenger, N. Wente, Y. Zhang, and V. Kromker. 2022.
Factors Associated with the Severity of Clinical Mastitis. Pathogens (Basel,
Switzerland) 11(10). https://doi.org/10.3390/pathogens11101089.

Frick F, Sauer J. 2018. Deregulation and Productivity: Empirical Evidence on Dairy
Production. American Journal of Agricultural Economics. 2018;100:354—78.
doi:10.1093/ajae/aax074.

Fuenzalida, M. J., P. M. Fricke, and P. L. Ruegg. 2015. The association between
occurrence and severity of subclinical and clinical mastitis on pregnancies per
artificial insemination at first service of Holstein cows. Journal of dairy science
98(6):3791-3805. https://doi.org/10.3168/jds.2014-8997.

Fursova, K. K., M. P. Shchannikova, I. V. Loskutova, A. O. Shepelyakovskaya, A.
G. Laman, A. M. Boutanaev, S. L. Sokolov, O. A. Artem'eva, D. A. Nikanova,
N. A. Zinovieva, and F. A. Brovko. 2018. Exotoxin diversity of Staphylococcus
aureus isolated from milk of cows with subclinical mastitis in Central Russia.
Journal of dairy science 101(5):4325-4331. https://doi.org/10.3168/jds.2017-
14074.

Giannuzzi, D., L. F. M. Mota, S. Pegolo, L. Gallo, S. Schiavon, F. Tagliapietra, G.
Katz, D. Fainboym, A. Minuti, E. Trevisi, and A. Cecchinato. 2022. In-line near-
infrared analysis of milk coupled with machine learning methods for the daily
prediction of blood metabolic profile in dairy cattle. Scientific reports
12(1):8058. https://doi.org/10.1038/s41598-022-11799-0.

Gongalves, J. L., C. Kamphuis, C. Martins, J. R. Barreiro, T. Tomazi, A. H.
Gameiro, H. Hogeveen, and M. V. dos Santos. 2018. Bovine subclinical mastitis
reduces milk yield and economic return. Livestock Science 210:25-32.
https://doi.org/10.1016/j.livsci.2018.01.016.

Grinter, L. N., M. R. Campler, and J. H. C. Costa. 2019. Technical note: Validation
of a behavior-monitoring collar's precision and accuracy to measure rumination,
feeding, and resting time of lactating dairy cows. Journal of dairy science



REFERENCES 69

102(4):3487-3494. https://doi.org/10.3168/jds.2018-15563.

Grohn, Y. T., D. J. Wilson, R. N. Gonzalez, J. A. Hertl, H. Schulte, G. Bennett, and
Y. H. Schukken. 2004. Effect of pathogen-specific clinical mastitis on milk yield
in dairy cows. Journal of dairy science 87(10):3358-3374.
https://doi.org/10.3168/jds.S0022-0302(04)73472-4.

Gronlund, U., C. Hultén, P. D. Eckersall, C. Hogarth, and K. Persson Waller. 2003.
Haptoglobin and serum amyloid A in milk and serum during acute and chronic
experimentally induced Staphylococcus aureus mastitis. The Journal of dairy
research 70(4):379-386. https://doi.org/10.1017/S0022029903006484.

Gussmann, M., W. Steeneveld, C. Kirkeby, H. Hogeveen, M. Nielen, M. Farre, and
T. Halasa. 2019. Economic and epidemiological impact of different intervention
strategies for clinical contagious mastitis. Journal of dairy science 102(2):1483—
1493. https://doi.org/10.3168/jds.2018-14939.

Gusterer, E., P. Kanz, S. Krieger, V. Schweinzer, D. Suss, L. Lidauer, F. Kickinger,
M. Ohlschuster, W. Auer, M. Drillich, and M. Iwersen. 2020. Sensor technology
to support herd health monitoring: Using rumination duration and activity
measures as unspecific variables for the early detection of dairy cows with health
deviations. Theriogenology 157:61-69.
https://doi.org/10.1016/j.theriogenology.2020.07.028.

Haas, Y. de, R. F. Veerkamp, H. W. Barkema, Y. T. Groéhn, and Y. H. Schukken.
2004. Associations between pathogen-specific cases of clinical mastitis and
somatic cell count patterns. Journal of dairy science 87(1):95-105.
https://doi.org/10.3168/jds.S0022-0302(04)73146-X.

Hagnestam-Nielsen, C., U. Emanuelson, B. Berglund, and E. Strandberg. 20009.
Relationship between somatic cell count and milk yield in different stages of
lactation. Journal of dairy science 92(7):3124-3133.
https://doi.org/10.3168/jds.2008-17109.

Halasa, T., K. Huijps, O. @steras, and H. Hogeveen. 2007. Economic effects of
bovine mastitis and mastitis management: a review. The veterinary quarterly
29(1):18-31. https://doi.org/10.1080/01652176.2007.9695224.

Hamann, J. 1991. Milking Hygiene, milking and mastitis. Dairy, Food and
Environmental Sanitation 11(5):260-264.

Hamann, J., and A. Zecconi. 1998. Evaluation of the electrical conductivity of milk
as a mastitis indicator. Bull. Int. Dairy Fed. 334(334):1-26.

Hamilton, A. W., C. Davison, C. Tachtatzis, I. Andonovic, C. Michie, H. J.
Ferguson, L. Somerville, and N. N. Jonsson. 2019. Identification of the
Rumination in Cattle Using Support Vector Machines with Motion-Sensitive
Bolus Sensors. Sensors (Basel, Switzerland) 19(5).
https://doi.org/10.3390/s19051165.



REFERENCES 70

Hansen, B. G. 2015. Robotic milking-farmer experiences and adoption rate in
Jeeren, Norway. Journal of Rural Studies 41:109-117.
https://doi.org/10.1016/j.jrurstud.2015.08.004.

Harmon, R. J. 1994. Physiology of mastitis and factors affecting somatic cell
counts. Journal of dairy science 77(7):2103-2112.
https://doi.org/10.3168/jds.S0022-0302(94)77153-8.

Harms, J., and G. Wendl. 2012. Automatische Melksystme — Trends,
Entwicklungen, Umsetzungen. in 39. Viehwirtschaftliche Fachtagung geman
Fortbildungsplan des Bundes: Milchproduktion - Status quo und Anpassung an
zukunftige  Herausforderungen. Lehr- und  Forschungszentrum  fir
Landwirtschaft Raumberg-Gumpenstein, Irdning. 25. - 26. April 2012. pp. 67-
74

Heikkild, A.-M., E. Liski, S. Pyo6rald, and S. Taponen. 2018. Pathogen-specific
production losses in bovine mastitis. Journal of dairy science 101(10):9493-
9504. https://doi.org/10.3168/jds.2018-14824.

Hernandez-Castellano, L., S. K. Wall, R. Stephan, S. Corti, and R. Bruckmaier.
2017. Somatische Zellzahl, Laktatdehydrogenase, und Immunglobulin G in der
Milch bei Mastitiden, die durch verschiedene Pathogene verursacht wurden:
Eine Feldstudie. Schweizer Archiv fur Tierheilkunde 159(5):283-290.
https://doi.org/10.17236/sat00115.

Hertl, J. A., Y. H. Schukken, D. Bar, G. J. Bennett, R. N. Gonzalez, B. J. Rauch, F.
L. Welcome, L. W. Tauer, and Y. T. Grohn. 2011. The effect of recurrent
episodes of clinical mastitis caused by gram-positive and gram-negative bacteria
and other organisms on mortality and culling in Holstein dairy cows. Journal of
dairy science 94(10):4863-4877. https://doi.org/10.3168/jds.2010-4000.

Hiitio, H., J. Vakkamaki, H. Simojoki, T. Autio, J. Junnila, S. Pelkonen, and S.
Pyorald. 2017. Prevalence of subclinical mastitis in Finnish dairy cows: changes
during recent decades and impact of cow and herd factors. Acta veterinaria
Scandinavica 59(1):22. https://doi.org/10.1186/s13028-017-0288-x.

Hillaerton, J. E., J. W. Pankey, and P. Pankey. 2002. Effect of over-milking on teat
condition. The Journal of dairy research 69(1):81-84.
https://doi.org/10.1017/s0022029901005386.

Hillerton, E. 2000. Detecting mastitis at cow-side. Proc. 39" Annu. Mtg. Natl.
Mastitis Counc., Atlanta, GA. Natl. Mastitis Counc., Madison, W1 2000:48-53.

Hillerton, J. E., and A. W. Walton. 1991. Identification of subclinical mastitis with
a hand-held electrical conductivity meter. The Veterinary record 128(22):513—
515. https://doi.org/10.1136/vr.128.22.513.

Hogan, J.,, and K. L. Smith. 2012. Managing environmental mastitis. The
Veterinary clinics of North America. Food animal practice 28(2):217-224.



REFERENCES 71

https://doi.org/10.1016/j.cvfa.2012.03.009.

Hogenboom, J. A., L. Pellegrino, A. Sandrucci, V. Rosi, and P. D'Incecco. 2019.
Invited review: Hygienic quality, composition, and technological performance
of raw milk obtained by robotic milking of cows. Journal of dairy science
102(9):7640-7654. https://doi.org/10.3168/jds.2018-16013.

Hogeveen, H. 2002. Mastitis therapy and control - Automated Online Detection of
Abnormal Milk. p. 1735-1740. In Encyclopedia of Dairy Sciences. Elsevier.
https://doi.org/10.1016/B978-0-12-374407-4.00302-2

Hogeveen, H., K. Heemskerk, and E. Mathijs. 2004. Motivations of Dutch farmers
to invest in an automatic milking system or a conventional milking parlour. In
A. Meijering, H. Hogeveen, & C. J. A. M. de Koning (Eds.), Automatic milking.
For a better understanding.Wageningen Academic Publishers. pp. 56-6.

Hogeveen, H., C. Kamphuis, W. Steeneveld, and H. Mollenhorst. 2010. Sensors
and clinical mastitis--the quest for the perfect alert. Sensors (Basel, Switzerland)
10(9):7991-8009. https://doi.org/10.3390/s100907991.

Hogeveen, H., I. C. Klaas, G. Dalen, H. Honig, A. Zecconi, D. F. Kelton, and M.
Sanchez Mainar. 2021. Novel ways to use sensor data to improve mastitis
management.  Journal of  dairy  science  104(10):11317-11332.
https://doi.org/10.3168/jds.2020-19097.

Hogeveen, H., W. Ouweltjes, C. de Koning, and K. Stelwagen. 2001. Milking
interval, milk production and milk flow-rate in an automatic milking system.
Livestock Production Science 72(1-2):157-167. https://doi.org/10.1016/S0301-
6226(01)00276-7.

Hohmann, M.-F., N. Wente, Y. Zhang, and V. Krémker. 2020. Bacterial Load of
the Teat Apex Skin and Associated Factors at Herd Level. Animals an open
access journal from MDPI 10(9). https://doi.org/10.3390/ani10091647.

Hgjsgaard, S., and N. C. Friggens. 2010. Quantifying degree of mastitis from
common trends in a panel of indicators for mastitis in dairy cows. Journal of
dairy science 93(2):582-592. https://doi.org/10.3168/jds.2009-2445.

Holko, 1., V. Tan¢in, M. Vrskova, and K. Tvarozkova. 2019. Prevalence and
antimicrobial susceptibility of udder pathogens isolated from dairy cows in
Slovakia. Journal of Dairy Research 86(4):436-439.
https://doi.org/10.1017/S0022029919000694.

Hovinen, M., A.-M. Aisla, and S. Pyorala. 2005. Visual detection of technical
success and effectiveness of teat cleaning in two automatic milking systems.
Journal of dairy science 88(9):3354-3362. https://doi.org/10.3168/jds.S0022-
0302(05)73019-8.

Hovinen, M., and S. Pyoréld. 2011. Invited review: udder health of dairy cows in



REFERENCES 72

automatic  milking.  Journal of dairy science  94(2):547-562.
https://doi.org/10.3168/jds.2010-3556.

Hovinen, M., M. D. Rasmussen, and S. Pydrald. 2009. Udder health of cows
changing from tie stalls or free stalls with conventional milking to free stalls
with either conventional or automatic milking. Journal of dairy science
92(8):3696-3703. https://doi.org/10.3168/jds.2008-1962.

Hovinen, M., J. Siivonen, S. Taponen, L. Hanninen, M. Pastell, A.-M. Aisla, and
S. Pyoréla. 2008. Detection of clinical mastitis with the help of a thermal camera.
Journal of dairy science 91(12):4592-4598. https://doi.org/10.3168/jds.2008-
1218.

Huijps, K., H. Hogeveen, T. J. G. M. Lam, and A. G. J. M. Oude Lansink. 2010.
Costs and efficacy of management measures to improve udder health on Dutch
dairy farms. Journal of dairy science 93(1):115-124.
https://doi.org/10.3168/jds.2009-2412.

Ibrahim, N. 2017. Review on Mastitis and Its Economic Effect. Canadian journal
of scientific research 6:13-22. https://doi.org/10.5829/idosi.cjsr.2017.13.22.

IDF (International Dairy Federation). 2011. Suggested interpretation of mastitis
terminology (revision of Bulletin of IDD N° 338/1994). IDF, Brussels, Belgium;
Bull. Int. Dairy Fed. 448/2011:1-41. Available online: https:/fil-idf.org/wp-
content/uploads/woocommerce_uploads/2011/03/Bulletin-of-the-IDF-No.-
448 2011-Suggested-Interpretation-of-Mastitis-Terminology-revision-of-
Bulletin-of-IDF-N%C2%B0-338_1999-1-fdvlh1.pdf . accessed 15.03.2023

IDF (International Dairy Federation). 2013. Guidelines for the use and
interpretation of bovine milk somatic cell counts (SCC) in the dairy industry.
IDF, Brussels, Belgium; Bull. Int. Dairy Fed. 466/2013:1-20. Available online:
https://www.fil-idf.org/wp-
content/uploads/woocommerce_uploads/2013/03/B466-2013Guidelines-for-
the-use-and-interpretation-of-bovine-milk-SCC-in-the-dairy-industry.CAT _-
Imbdpy.pdf. accessed 15.03.2023

International Organization for Standardization (ISO). 2007. ISO/DIS 20966:
Automatic milking installations - Requirements and testing, Genf, Switzerland.

Inzaghi, V., M. Zucali, P. D. Thompson, J. F. Penry, and D. J. Reinemann. 2021.
Changes in electrical conductivity, milk production rate and milk flow rate prior
to clinical mastitis confirmation. Italian Journal of Animal Science 20(1):1554—
1561. https://doi.org/10.1080/1828051X.2021.1984852.

Ismail, Z. B. 2017. Mastitis vaccines in dairy cows: Recent developments and
recommendations of application. Veterinary world 10(9):1057-1062.
https://doi.org/10.14202/vetworld.2017.1057-1062.

Jacobs, J. A., and J. M. Siegford. 2012. Invited review: The impact of automatic



REFERENCES 73

milking systems on dairy cow management, behavior, health, and welfare.
Journal of dairy science 95(5):2227-2247. https://doi.org/10.3168/jds.2011-
4943.

Jamali, H., M. Paydar, B. Radmehr, S. Ismail, and A. Dadrasnia. 2015. Prevalence
and antimicrobial resistance of Staphylococcus aureus isolated from raw milk
and dairy products. Food Control 54:383-388.
https://doi.org/10.1016/j.foodcont.2015.02.013.

Jensen, D. B., H. Hogeveen, and A. de Vries. 2016. Bayesian integration of sensor
information and a multivariate dynamic linear model for prediction of dairy cow
mastitis. Journal of dairy science 99(9):7344-7361.
https://doi.org/10.3168/jds.2015-10060.

Jiang, H., W. Wang, and C. LI. 2017. Innovation, practical benefits and prospects
for the future development of automatic milking systems. Front. Agr. Sci. Eng.
4(1):37. https://doi.org/10.15302/J-FASE-2016117.

Johler, S., D. Weder, C. Bridy, M.-C. Huguenin, L. Robert, J. Hummerjohann, and
R. Stephan. 2015. Outbreak of staphylococcal food poisoning among children
and staff at a Swiss boarding school due to soft cheese made from raw milk.
Journal of dairy science 98(5):2944-2948. https://doi.org/10.3168/jds.2014-
9123.

John, A. J,, C. E. F. Clark, M. J. Freeman, K. L. Kerrisk, S. C. Garcia, and 1.
Halachmi. 2016. Review: Milking robot utilization, a successful precision
livestock farming evolution. Animal an international journal of animal
bioscience 10(9):1484-1492. https://doi.org/10.1017/S1751731116000495.

Jorgensen, C. H., A. R. Kristensen, S. @stergaard, and T. W. Bennedsgaard. 2016.
Use of inline measures of I-lactate dehydrogenase for classification of
posttreatment mammary Staphylococcus aureus infection status in dairy cows.
Journal of dairy science 99(10):8375-8383. https://doi.org/10.3168/jds.2016-
10858.

Juozaitien¢, V., A. Juozaitis, A. Brazauskas, J. Zymantiené, V. Zilaitis, R.
Antanaitis, R. Stankevicius, and R. Bobiniené¢. 2015. Investigation of electrical
conductivity of milk in robotic milking system and its relationship with milk
somatic cell count and other quality traits. Journal of Measurements in
Engineering 3(3):63-70.

Kamphuis, C., B. T. Dela Rue, and C. R. Eastwood. 2016. Field validation of
protocols developed to evaluate in-line mastitis detection systems. Journal of
dairy science 99(2):1619-1631. https://doi.org/10.3168/jds.2015-10253.

Kamphuis, C., H. Mollenhorst, J. A. P. Heesterbeek, and H. Hogeveen. 2010.
Detection of clinical mastitis with sensor data from automatic milking systems
is improved by using decision-tree induction. Journal of dairy science



REFERENCES 74

93(8):3616—-3627. https://doi.org/10.3168/jds.2010-3228.

Kamphuis, C., D. Pietersma, R. van der Tol, M. Wiedemann, and H. Hogeveen.
2008a. Using sensor data patterns from an automatic milking system to develop
predictive variables for classifying clinical mastitis and abnormal milk. Comput.
Electron. Agric. 62(2):169-181. https://doi.org/10.1016/j.compag.2007.12.009.

Kamphuis, C., R. Sherlock, J. Jago, G. Mein, and H. Hogeveen. 2008b. Automatic
detection of clinical mastitis is improved by in-line monitoring of somatic cell
count. Journal of dairy science 91(12):4560-4570.
https://doi.org/10.3168/jds.2008-1160.

Kandeel, S. A., A. A. Megahed, and P. D. Constable. 2019. Evaluation of hand-
held sodium, potassium, calcium, and electrical conductivity meters for
diagnosing subclinical mastitis and intramammary infection in dairy cattle.
Journal of veterinary internal medicine 33(5):2343-2353.
https://doi.org/10.1111/jvim.15550.

Kendall, P. E., and J. R. Webster. 2009. Season and physiological status affects the
circadian body temperature rhythm of dairy cows. Livestock Science 125(2-
3):155-160. https://doi.org/10.1016/j.livsci.2009.04.004.

Kester, H. J., D. E. Sorter, and J. S. Hogan. 2015. Activity and milk compositional
changes following experimentally induced Streptococcus uberis bovine mastitis.
Journal of dairy science 98(2):999-1004. https://doi.org/10.3168/jds.2014-
8576.

Khan, R., S. Kumar, N. Dhingra, and N. Bhati. 2021. The Use of Different Image
Recognition Techniques in Food Safety: A Study. Journal of Food Quality
2021:1-10. https://doi.org/10.1155/2021/7223164.

Khatun, M., R. M. Bruckmaier, P. C. Thomson, J. House, and S. C. Garcia. 2019.
Suitability of somatic cell count, electrical conductivity, and lactate
dehydrogenase activity in foremilk before versus after alveolar milk ejection for
mastitis  detection. Journal of dairy science 102(10):9200-9212.
https://doi.org/10.3168/jds.2018-15752.

Khatun, M., C. E. F. Clark, N. A. Lyons, P. C. Thomson, K. L. Kerrisk, and S. C.
Garcia. 2017. Early detection of clinical mastitis from electrical conductivity
data in an automatic milking system. Anim. Prod. Sci. 57(7):1226.
https://doi.org/10.1071/AN16707.

Khatun, M., P. C. Thomson, C. E. F. Clark, and S. C. Garcia. 2020. Prediction of
quarter level subclinical mastitis by combining in-line and on-animal sensor
data. Anim. Prod. Sci. 60(1):180. https://doi.org/10.1071/AN18578.

Khatun, M., P. C. Thomson, S. C. Garcia, and R. M. Bruckmaier. 2022. Suitability
of milk lactate dehydrogenase and serum albumin for pathogen-specific mastitis
detection in automatic milking systems. Journal of dairy science 105(3):2558—



REFERENCES 75

2571. https://doi.org/10.3168/jds.2021-20475.

Khatun, M., P. C. Thomson, K. L. Kerrisk, N. A. Lyons, C. E. F. Clark, J. Molfino,
and S. C. Garcia. 2018. Development of a new clinical mastitis detection method
for automatic milking systems. Journal of dairy science 101(10):9385-9395.
https://doi.org/10.3168/jds.2017-14310.

King, M. T. M., and T. J. DeVries. 2018. Graduate Student Literature Review:
Detecting health disorders using data from automatic milking systems and
associated technologies. Journal of dairy science 101(9):8605-8614.
https://doi.org/10.3168/jds.2018-14521.

King, M. T. M., T. F. Duffield, and T. J. DeVries. 2019. Short communication:
Assessing the accuracy of inline milk fat-to-protein ratio data as an indicator of
hyperketonemia in dairy cows in herds with automated milking systems. Journal
of dairy science 102(9):8417-8422. https://doi.org/10.3168/jds.2018-16070.

King, M. T. M., S. J. LeBlanc, E. A. Pajor, and T. J. DeVries. 2017. Cow-level
associations of lameness, behavior, and milk yield of cows milked in automated
systems. Journal of dairy science 100(6):4818-4828.
https://doi.org/10.3168/jds.2016-12281.

King, M. T. M., S. J. LeBlanc, E. A. Pajor, T. C. Wright, and T. J. DeVries. 2018.
Behavior and productivity of cows milked in automated systems before
diagnosis of health disorders in early lactation. Journal of dairy science
101(5):4343-4356. https://doi.org/10.3168/jds.2017-13686.

Kitchen, B. J. 1981. Bovine mastitis: milk compositional changes and related
diagnostic tests. Res. J. Dairy Sci. 48(1):167-188.

Klaas, I. C., and R. N. Zadoks. 2018. An update on environmental mastitis:
Challenging perceptions. Transboundary and emerging diseases 65 Suppl
1:166-185. https://doi.org/10.1111/tbed.12704.

Klimpel, S. 2019. An in-depth view into udder health: every quarter counts!
International Dairy Topics 18(6):11-12. available online:
https://www.gea.com/ru/binaries/udder-health-cell-count-sensor-gea_tcm27-
64052.pdf. accessed 09.12.2022

Koning, C. de. 2010. Automatic milking—common practice on dairy farms. In Proc.
First North Am. Conf. Precision Dairy Management, Toronta, Canada. pp. 52-
67

Koning, K. de, B. Slaghuis, and Y. van der Vorst. 2003. Robotic milking and milk
quality: effects on bacterial counts, somatic cell counts, freezing point and free
fatty acids. Italian Journal of Animal Science 2(4):291-299.
https://doi.org/10.4081/ijas.2003.291.

Koning, K. de, Y. van der Vorst, and Meijering A. 2002. Automatic milking



REFERENCES 76

experience and development in Europe. In Proc. First N. Am. Conf. on Robotic
Milking, Toronto, Canada. Wageningen Academic Publishers; Wageningen, the
Netherlands. pp 1-11.

Kramer, E., D. Cavero, E. Stamer, and J. Krieter. 2009. Mastitis and lameness
detection in dairy cows by application of fuzzy logic. Livestock Science
125(1):92-96. https://doi.org/10.1016/j.livsci.2009.02.020.

Kruip, T., H. Morice, M. Robert, and W. Ouweltjes. 2002. Robotic Milking and Its
Effect on Fertility and Cell Counts. Journal of dairy science 85(10):2576-2581.
https://doi.org/10.3168/jds.S0022-0302(02)74341-5.

KTBL (Kuratorium fur Technik und Bauwesen in der Landwirtschaft e.V.). 2013a.
Automatische Melksysteme: Verfahren - Kosten - Bewertung. KTBL-Schrift
497. Kuratorium fir Technik und Bauwesen in der Landwirtschaft e.V.,
KTBL:Darmstadt. Germany, 2013. p.48.

KTBL (Kuratorium fir Technik und Bauwesen in der Landwirtschaft e.V.). 2013b.
Automatische Melksysteme: Verfahren - Kosten - Bewertung. KTBL-Schrift
497. Kuratorium fir Technik und Bauwesen in der Landwirtschaft e.V.,
KTBL:Darmstadt. Germany, 2013. p.14-18.

KTBL (Kuratorium fiir Technik und Bauwesen in der Landwirtschaft e.V.). 2013c.
Automatische Melksysteme: Verfahren - Kosten - Bewertung. KTBL-Schrift
497. Kuratorium fir Technik und Bauwesen in der Landwirtschaft e.V.,
KTBL:Darmstadt. Germany, 2013. p.23.

Larsen, T., C. M. Rentved, K. L. Ingvartsen, L. Vels, and M. Bjerring. 2010.
Enzyme activity and acute phase proteins in milk utilized as indicators of acute
clinical E. coli LPS-induced mastitis. Animal an international journal of animal
bioscience 4(10):1672-1679. https://doi.org/10.1017/S1751731110000947.

Lescourret, F., and J. B. Coulon. 1994. Modeling the impact of mastitis on milk
production by dairy cows. Journal of dairy science 77(8):2289-2301.
https://doi.org/10.3168/jds.S0022-0302(94)77172-1.

Leslie, K. E., and C. S. Petersson-Wolfe. 2012. Assessment and management of
pain in dairy cows with clinical mastitis. The Veterinary clinics of North
America. Food animal practice 28(2):289-305.
https://doi.org/10.1016/j.cvfa.2012.04.002.

Li, N., R. Richoux, M.-H. Perruchot, M. Boutinaud, J.-F. Mayol, and V. Gagnaire.
2015. Flow Cytometry Approach to Quantify the Viability of Milk Somatic Cell
Counts after Various Physico-Chemical Treatments. PloS one 10(12):e0146071.
https://doi.org/10.1371/journal.pone.0146071.

Linder, M., J.-H. Paduch, A.-S. Grieger, E. Mansion-de Vries, N. Knorr, C. Zinke,
K. Teich, and V. Kromker. 2013. Heilungsraten chronischer subklinischer
Staphylococcus aureus-Mastitiden nach antibiotischer Therapie bei laktierenden



REFERENCES 77

Milchkuhen. Berliner und Minchener Tierarztliche Wochenschrift 126(7-
8):291-296.

LKV (Landeskuratorium der Erzeugerringe fur tierische Veredelung in Bayern
e.V.). 2022. Leistungsprifung und Beratung in der Milchviehhaltung in Bayern
2021. LKV Bayern e.V.,, Minchen. Available online:
https://www.lkv.bayern.de/wp-content/uploads/2022/03/Jahresbericht-MLP-
2021_Onlineversionpdf.pdf. accessed 19.12.2022.

Levendahl, P., and M. G. G. Chagunda. 2011. Covariance among milking
frequency, milk yield, and milk composition from automatically milked cows.
Journal of dairy science 94(11):5381-5392. https://doi.org/10.3168/jds.2010-
3589.

Lucey, S., G. J. Rowlands, and A. M. Russell. 1986. Short-term associations
between disease and milk yield of dairy cows. Journal of Dairy Research
53(1):7-15. https://doi.org/10.1017/S0022029900024602.

Lukas, J. M., J. K. Reneau, R. Wallace, D. Hawkins, and C. Munoz-Zanzi. 2009. A
novel method of analyzing daily milk production and electrical conductivity to
predict disease onset. Journal of dairy science 92(12):5964-5976.
https://doi.org/10.3168/jds.2009-2066.

Mabrook, M. F., and M. C. Petty. 2003. Effect of composition on the electrical
conductance of milk. Journal of Food Engineering 60(3):321-325.
https://doi.org/10.1016/S0260-8774(03)00054-2.

Malasauskiené, D., V. Juozaitiené, M. Televicius, A. Rutkauskas, M. Urbutis, V.
Kanape, J. Gerbutavicitite, and R. Antanaitis. 2019. Changes in the inline lactate

dehydrogenase according to the cow’s production and reproduction status. Acta
Vet. Brno 88(4):369-375. https://doi.org/10.2754/avb2019880403609.

McCarthy OJ, Singh H. Physico-chemical Properties of Milk. In: McSweeney P,
Fox PF, editors. Advanced Dairy Chemistry. New York, NY: Springer New
York; 2009. p. 691-758. doi:10.1007/978-0-387-84865-5_15.

McGrath, B. A, P. F. Fox, P. L. H. McSweeney, and A. L. Kelly. 2016.
Composition and properties of bovine colostrum: a review. Dairy Sci. &
Technol. 96(2):133-158. https://doi.org/10.1007/s13594-015-0258-x.

Metzner, M., C. Sauter-Louis, A. Seemueller, W. Petzl, and W. Klee. 2014. Infrared
thermography of the udder surface of dairy cattle: characteristics, methods, and
correlation with rectal temperature. Veterinary journal (London, England 1997)
199(1):57-62. https://doi.org/10.1016/j.tvjl.2013.10.030.

Mollenhorst, H., L. J. Rijkaart, and H. Hogeveen. 2012. Mastitis alert preferences
of farmers milking with automatic milking systems. Journal of dairy science
95(5):2523-2530. https://doi.org/10.3168/jds.2011-4993.



REFERENCES 78

Mollenhorst, H., P. P. J. van der Tol, and H. Hogeveen. 2010. Somatic cell count
assessment at the quarter or cow milking level. Journal of dairy science
93(7):3358-3364. https://doi.org/10.3168/jds.2009-2842.

Mottram, T. 2016. Animal board invited review: precision livestock farming for
dairy cows with a focus on oestrus detection. Animal an international journal of
animal bioscience 10(10):1575-1584.
https://doi.org/10.1017/S1751731115002517.

Mucchetti, G., M. Gatti, and E. Neviani. 1994. Electrical Conductivity Changes in
Milk Caused by Acidification: Determining Factors. Journal of dairy science
77(4):940-944. https://doi.org/10.3168/jds.S0022-0302(94)77029-6.

Mulon, P.-Y. 2016. Surgical Management of the Teat and the Udder. Veterinary
Clinics of North America: Food Animal Practice 32(3):813-832.
https://doi.org/10.1016/j.cvfa.2016.05.013.

Mungube, E. O., B. A. Tenhagen, F. Regassa, M. N. Kyule, Y. Shiferaw, T. Kassa,
and M. P. O. Baumann. 2005. Reduced milk production in udder quarters with
subclinical mastitis and associated economic losses in crossbred dairy cows in
Ethiopia. Tropical animal health and production 37(6):503-512.
https://doi.org/10.1007/s11250-005-7049-y.

Murinda, S. E., A. M. Ibekwe, N. G. Rodriguez, K. L. Quiroz, A. P. Mujica, and K.
Osmon. 2019. Shiga Toxin-Producing Escherichia coli in Mastitis: An
International Perspective. Foodborne Pathogens and Disease 16(4):229-243.
https://doi.org/10.1089/fpd.2018.2491.

Murphy, S. C., N. H. Martin, D. M. Barbano, and M. Wiedmann. 2016. Influence
of raw milk quality on processed dairy products: How do raw milk quality test
results relate to product quality and yield? Journal of dairy science
99(12):10128-10149. https://doi.org/10.3168/jds.2016-11172.

Nalon, E., and P. Stevenson. 2019. Protection of Dairy Cattle in the EU: State of
Play and Directions for Policymaking from a Legal and Animal Advocacy
Perspective. Animals an open access journal from MDPI 9(12).
https://doi.org/10.3390/ani9121066.

Nam, H. M., S. K. Lim, H. M. Kang, J. M. Kim, J. S. Moon, K. C. Jang, Y. S. Joo,
and S. C. Jung. 2009. Prevalence and antimicrobial susceptibility of gram-
negative bacteria isolated from bovine mastitis between 2003 and 2008 in Korea.
Journal of dairy science 92(5):2020-2026. https://doi.org/10.3168/jds.2008-
1739.

Nagvi, S. A., M. T. King, R. D. Matson, T. J. DeVries, R. Deardon, and H. W.
Barkema. 2022. Mastitis detection with recurrent neural networks in farms using
automated milking systems. Computers and Electronics in Agriculture
192:106618. https://doi.org/10.1016/j.compag.2021.106618.



REFERENCES 79

Neculai-Valeanu, A.-S., and A.-M. Ariton. 2022. Udder Health Monitoring for
Prevention of Bovine Mastitis and Improvement of Milk Quality.
Bioengineering (Basel, Switzerland) 9(11).
https://doi.org/10.3390/bioengineering9110608.

Neijenhuis, F., J. Heinen, and H. Hogeveen. 2009. Automatisch melken:
risicofactoren voor de uiergezondheid - Automatic milking: risk factors for
udder health, report 257 (in Dutch). Wageningen UR Livestock Research,
Lelystad, Netherlands.

Nielen, M., H. Deluyker, Y. H. Schukken, and A. Brand. 1992. Electrical
Conductivity of Milk: Measurement, Modifiers, and Meta Analysis of Mastitis
Detection  Performance. Journal of dairy science 75(2):606-614.
https://doi.org/10.3168/jds.S0022-0302(92) 77798-4.

Nocek, J. E., and D. G. Braund. 1985. Effect of Feeding Frequency on Diurnal Dry
Matter and Water Consumption, Liquid Dilution Rate, and Milk Yield in First
Lactation. Journal of dairy science 68(9):2238-2247.
https://doi.org/10.3168/jds.S0022-0302(85)81096-1.

Norberg, E., H. Hogeveen, I. R. Korsgaard, N. C. Friggens, K. Sloth, and P.
Lavendahl. 2004. Electrical Conductivity of Milk: Ability to Predict Mastitis
Status. Journal of dairy science 87(4):1099-1107.
https://doi.org/10.3168/jds.S0022-0302(04)73256-7.

Nerstebg, H., G. Dalen, A. Rachah, B. Heringstad, A. C. Whist, A. Ngdtvedt, and
O. Reksen. 2019. Factors associated with milking-to-milking variability in
somatic cell counts from healthy cows in an automatic milking system.
Preventive Veterinary Medicine 172:104786.
https://doi.org/10.1016/j.prevetmed.2019.104786.

Nyman, A.-K., U. Emanuelson, and K. P. Waller. 2016. Diagnostic test
performance of somatic cell count, lactate dehydrogenase, and N-acetyl-p-D-
glucosaminidase for detecting dairy cows with intramammary infection. Journal
of dairy science 99(2):1440-1448. https://doi.org/10.3168/jds.2015-9808.

Nyman, A.-K., K. Persson Waller, T. W. Bennedsgaard, T. Larsen, and U.
Emanuelson. 2014. Associations of udder-health indicators with cow factors and
with intramammary infection in dairy cows. Journal of dairy science
97(9):5459-5473. https://doi.org/10.3168/jds.2013-7885.

Oliveira, L., C. Hulland, and P. L. Ruegg. 2013. Characterization of clinical mastitis
occurring in cows on 50 large dairy herds in Wisconsin. Journal of dairy science
96(12):7538-7549. https://doi.org/10.3168/jds.2012-6078.

Oliveira, L., and P. L. Ruegg. 2014. Treatments of clinical mastitis occurring in
cows on 51 large dairy herds in Wisconsin. Journal of dairy science 97(9):5426—
5436. https://doi.org/10.3168/jds.2013-7756.



REFERENCES 80

Oltenacu, P. A., and D. M. Broom. 2010. The impact of genetic selection for
increased milk yield on the welfare of dairy cows. Anim. welf. 19(S1):39-49.
https://doi.org/10.1017/S0962728600002220.

Ouweltjes, W., and H. Hogeveen. 2001. Detecting abnormal milk through colour
measuring. Proceedings of 40th National Mastitis Council Annual Meeting,
Reno, NV, USA, 11-14 Feberury 2001; pp. 217-219.

Oviedo-Boyso, J., J. J. Valdez-Alarcon, M. Cajero-Juarez, A. Ochoa-Zarzosa, J. E.
Lopez-Meza, A. Bravo-Patifio, and V. M. Baizabal-Aguirre. 2007. Innate
immune response of bovine mammary gland to pathogenic bacteria responsible
for mastitis. The Journal of infection 54(4):399-409.
https://doi.org/10.1016/j.jinf.2006.06.010.

Pal, M., G. B. Kerorsa, L. M. Marami, and V. Kandi. 2020. Epidemiology,
pathogenicity, animal infections, antibiotic resistance, public health
significance, and economic impact of staphylococcus aureus: a comprehensive
review. Am J Public Health Res 8(1):14-21.

Paudyal, S., F. P. Maunsell, J. T. Richeson, C. A. Risco, D. A. Donovan, and P. J.
Pinedo. 2018. Rumination time and monitoring of health disorders during early
lactation. Animal an international journal of animal bioscience 12(7):1484—
1492. https://doi.org/10.1017/S1751731117002932.

Penry, J. F. 2018. Mastitis Control in Automatic Milking Systems. The Veterinary
clinics of North America. Food animal practice 34(3):439-456.
https://doi.org/10.1016/j.cvfa.2018.06.004.

Penry, J. F., P. M. Crump, P. L. Ruegg, and D. J. Reinemann. 2017. Short
communication: Cow- and quarter-level milking indicators and their
associations with clinical mastitis in an automatic milking system. Journal of
dairy science 100(11):9267-9272. https://doi.org/10.3168/jds.2017-128309.

Pinzon-Séanchez, C., and P. L. Ruegg. 2011. Risk factors associated with short-term
post-treatment outcomes of clinical mastitis. Journal of dairy science
94(7):3397-3410. https://doi.org/10.3168/jds.2010-3925.

Pohl, A., W. Heuwieser, and O. Burfeind. 2014. Technical note: Assessment of
milk temperature measured by automatic milking systems as an indicator of
body temperature and fever in dairy cows. Journal of dairy science 97(7):4333—
4339. https://doi.org/10.3168/jds.2014-7997.

Pol, M., and P. L. Ruegg. 2007. Relationship between antimicrobial drug usage and
antimicrobial susceptibility of gram-positive mastitis pathogens. Journal of dairy
science 90(1):262-273. https://doi.org/10.3168/jds.S0022-0302(07)72627-9.

Pounds, K., H. Bao, Y. Luo, J. De, K. Schneider, M. Correll, and Z. Tong. 2022.
Real-Time and Rapid Food Quality Monitoring Using Smart Sensory Films with
Image Analysis and Machine Learning. ACS Food Sci. Technol. 2(7):1123—



REFERENCES 81

1134. https://doi.org/10.1021/acsfoodscitech.2c00124.

Pu, Y.-Y., C. O'Donnell, J. T. Tobin, and N. O'Shea. 2020. Review of near-infrared
spectroscopy as a process analytical technology for real-time product monitoring
in dairy processing. International  Dairy  Journal  103:104623.
https://doi.org/10.1016/j.idairyj.2019.104623.

Pyorélg, S., and S. Taponen. 2009. Coagulase-negative staphylococci-emerging
mastitis pathogens. Veterinary microbiology 134(1-2):3-8.
https://doi.org/10.1016/j.vetmic.2008.09.015.

Quist, M. A, S. J. LeBlanc, K. J. Hand, D. Lazenby, F. Miglior, and D. F. Kelton.
2008. Milking-to-Milking Variability for Milk Yield, Fat and Protein
Percentage, and Somatic Cell Count. Journal of dairy science 91(9):3412-3423.
https://doi.org/10.3168/jds.2007-0184.

Rahman, M. M., M. Mazzilli, G. Pennarossa, T. A. L. Brevini, A. Zecconi, and F.
Gandolfi. 2012. Chronic mastitis is associated with altered ovarian follicle
development in dairy cattle. Journal of dairy science 95(4):1885-1893.
https://doi.org/10.3168/jds.2011-4815.

Rainard, P., G. Foucras, J. R. Fitzgerald, J. L. Watts, G. Koop, and J. R. Middleton.
2018. Knowledge gaps and research priorities in Staphylococcus aureus mastitis
control. Transboundary and emerging diseases 65 Suppl 1:149-165.
https://doi.org/10.1111/tbed.12698.

Ramon-Moragues, A., P. Carulla, C. Minguez, A. Villagra, and F. Estellés. 2021.
Dairy Cows Activity under Heat Stress: A Case Study in Spain. Animals an open
access journal from MDPI 11(8). https://doi.org/10.3390/ani11082305.

Rasmussen, M. D. (2004). Detection and separation of abnormal milk in automatic
milking systems. Meijering, A., Hogeveen, H. & de Koning, CJ AM (eds.)
Automatic milking—a better understanding. Wageningen Academic Publishers,
the Netherlands. pp. 189-197.

Rasmussen, M. D. 2005. Visual scoring of clots in foremilk. The Journal of dairy
research 72(4):406-414. https://doi.org/10.1017/S0022029905000993.

Rasmussen, M. D., and M. Bjerring. 2005. Visual scoring of milk mixed with blood.
The Journal of dairy research 72(3):257-263.
https://doi.org/10.1017/S0022029905000853.

Rees, A., C. Fischer-Tenhagen, and W. Heuwieser. 2017. Udder firmness as a
possible indicator for clinical mastitis. Journal of dairy science 100(3):2170-
2183. https://doi.org/10.3168/jds.2016-11940.

Reyher, K. K., D. Haine, I. R. Dohoo, and C. W. Revie. 2012. Examining the effect
of intramammary infections with minor mastitis pathogens on the acquisition of
new intramammary infections with major mastitis pathogens--a systematic



REFERENCES 82

review and meta-analysis. Journal of dairy science 95(11):6483-6502.
https://doi.org/10.3168/jds.2012-5594.

Rollin, E., K. C. Dhuyvetter, and M. W. Overton. 2015. The cost of clinical mastitis
in the first 30 days of lactation: An economic modeling tool. Preventive
Veterinary Medicine 122(3):257-264.
https://doi.org/10.1016/j.prevetmed.2015.11.006.

Rossing, W., and P. H. Hogewerf. 1997. State of the art of automatic milking
systems. Computers and Electronics in  Agriculture 17(1):1-17.
https://doi.org/10.1016/S0168-1699(96)01229-X.

Rutten, C. J., A. G. J. Velthuis, W. Steeneveld, and H. Hogeveen. 2013. Invited
review: sensors to support health management on dairy farms. Journal of dairy
science 96(4):1928-1952. https://doi.org/10.3168/jds.2012-6107.

Sandgren, C. H., H. Oostra, J. Chapman, and N. Alveby. 2009. Maintenance of and
trouble shooting on milk quality in automatic milking systems. Animal welfare
(South Mimms, England) 18(4):523-532.

Scarso, S., S. McParland, G. Visentin, D. P. Berry, A. McDermott, and M. de
Marchi. 2017. Genetic and nongenetic factors associated with milk color in dairy
COWS. Journal of dairy science 100(9):7345-7361.
https://doi.org/10.3168/jds.2016-11683.

Schewe, R. L., and D. Stuart. 2015. Diversity in agricultural technology adoption:
How are automatic milking systems used and to what end? Agric Hum Values
32(2):199-213. https://doi.org/10.1007/s10460-014-9542-2.

Schukken, Y. H., J. Hertl, D. Bar, G. J. Bennett, R. N. Gonzélez, B. J. Rauch, C.
Santisteban, H. F. Schulte, L. Tauer, F. L. Welcome, and Y. T. Grohn. 20009.
Effects of repeated gram-positive and gram-negative clinical mastitis episodes
on milk yield loss in Holstein dairy cows. Journal of dairy science 92(7):3091—
3105. https://doi.org/10.3168/jds.2008-1557#.

Schukken, Y. H., D. J. Wilson, F. Welcome, L. Garrison-Tikofsky, and R. N.
Gonzalez. 2003. Monitoring udder health and milk quality using somatic cell
counts. Veterinary research 34(5):579-596.

Schwarz, D., U. S. Diesterbeck, K. Failing, S. Kénig, K. Briigemann, M. Zschdck,
W. Wolter, and C.-P. Czerny. 2010. Somatic cell counts and bacteriological
status in quarter foremilk samples of cows in Hesse, Germany--a longitudinal
study. Journal of dairy science 93(12):5716-5728.
https://doi.org/10.3168/jds.2010-3223.

Seegers, H., C. Fourichon, and F. Beaudeau. 2003. Production effects related to
mastitis and mastitis economics in dairy cattle herds. Veterinary research
34(5):475-491. https://doi.org/10.1051/vetres:2003027.



REFERENCES 83

Sepulveda-Varas, P., K. L. Proudfoot, D. M. Weary, and M. A. von Keyserlingk.
2016. Changes in behaviour of dairy cows with clinical mastitis. Applied animal
behaviour science 175:8-13. https://doi.org/10.1016/j.applanim.2014.09.022.

Settele, V. 2018. Cows and capitalism: humans, animals and machines in West
German barns, 1950-80. European Review of History: Revue européenne
d'histoire:1-19. https://doi.org/10.1080/13507486.2018.1505833.

Siivonen, J., S. Taponen, M. Hovinen, M. Pastell, B. J. Lensink, S. Pyoral4, and L.
Hénninen. 2011. Impact of acute clinical mastitis on cow behaviour. Applied
animal behaviour science 132(3-4):101-106.
https://doi.org/10.1016/j.applanim.2011.04.005.

Simdes Filho, L. M., M. A. Lopes, S. C. Brito, G. Rossi, L. Conti, and M. Barbari.
2020. Robotic milking of dairy cows: a review. Semina: Ciénc. Agrar.
41(6):2833-2850. https://doi.org/10.5433/1679-0359.2020v41n6p2833.

Sinha, R. et al. 2018. Infrared thermography as noninvasive technique for early
detection of mastitis in dairy animals - A review. Asian Journal of Dairy and
Food Research, 37(1), 1-6. https://doi.org/10.18805/ajdfr.R-1746.

Song, X., S. Zhuang, and P. P. van der Tol. 2010. New model to detect clinical
mastitis in Astronaut A3 next milking robot. Mastitis Research into
Practice:2689-2693.

Sordillo, L. M. 2018. Mammary Gland Immunobiology and Resistance to Mastitis.
Veterinary Clinics of North America: Food Animal Practice 34(3):507-523.
https://doi.org/10.1016/j.cvfa.2018.07.005.

Sgrensen, L. P., M. Bjerring, and P. Lgvendahl. 2016. Monitoring individual cow
udder health in automated milking systems using online somatic cell counts.
Journal of dairy science 99(1):608-620. https://doi.org/10.3168/jds.2014-8823.

Sgrensen, L. P., T. Mark, M. K. Sgrensen, and S. Ostergaard. 2010. Economic
values and expected effect of selection index for pathogen-specific mastitis
under Danish conditions. Journal of dairy science 93(1):358-3609.
https://doi.org/10.3168/jds.2009-2506.

Stangaferro, M. L., R. Wijma, L. S. Caixeta, M. A. Al-Abri, and J. O. Giordano.
2016. Use of rumination and activity monitoring for the identification of dairy
cows with health disorders: Part Il. Mastitis. Journal of dairy science
99(9):7411-7421. https://doi.org/10.3168/jds.2016-10908.

Steeneveld, W., and H. Hogeveen. 2015. Characterization of Dutch dairy farms
using sensor systems for cow management. Journal of dairy science 98(1):709—
717. https://doi.org/10.3168/jds.2014-8595.

Steeneveld, W., C. Kamphuis, H. Mollenhorst, T. van Werven, and H. Hogeveen.
2012. The role of sensor measurements in treating mastitis on farms with an



REFERENCES 84

automatic milking system. p. 399-406. In H. Hogeveen, and T. J. G. M. Lam
(eds.). Udder Health and Communication. Wageningen Academic Publishers,
Wageningen.

Steeneveld, W., L. C. van der Gaag, W. Ouweltjes, H. Mollenhorst, and H.
Hogeveen. 2010. Discriminating between true-positive and false-positive
clinical mastitis alerts from automatic milking systems. Journal of dairy science
93(6):2559-2568. https://doi.org/10.3168/jds.2009-3020.

Streete, E. P., J. Vik, and B. G. Hansen. 2017. The social robot: a study of the social
and political aspects of automatic milking systems. Proceedings in Food System
Dynamics:220-233.

Suthar, V., O. Burfeind, S. Bonk, R. Voigtsberger, C. Keane, and W. Heuwieser.
2012. Factors associated with body temperature of healthy Holstein dairy cows
during the first 10 days in milk. Journal of Dairy Research 79(2):135-142.
https://doi.org/10.1017/S0022029911000896.

Svennersten-Sjaunja, K. M., and G. Pettersson. 2008. Pros and cons of automatic
milking in Europe. Journal of animal science 86(13 Suppl):37—46.
https://doi.org/10.2527/jas.2007-0527.

Svennesen, L., S. S. Nielsen, Y. S. Mahmmod, V. Kromker, K. Pedersen, and I. C.
Klaas. 2019. Association between teat skin colonization and intramammary
infection with Staphylococcus aureus and Streptococcus agalactiae in herds with
automatic milking systems. Journal of dairy science 102(1):629-639.
https://doi.org/10.3168/jds.2018-15330.

Talukder, S., K. L. Kerrisk, C. E. Clark, S. C. Garcia, and P. Celi. 2015. Rumination
patterns, locomotion activity and milk yield for a dairy cow diagnosed with a
left displaced abomasum. New Zealand veterinary journal 63(3):180-181.
https://doi.org/10.1080/00480169.2014.973462.

Taponen, S., D. McGuinness, H. Hiitio, H. Simojoki, R. Zadoks, and S. Pyoréala.
2019. Bovine milk microbiome: a more complex issue than expected. Vet Res
50(1):44. https://doi.org/10.1186/s13567-019-0662-y.

Televicius, M., V. Juozaitiene, D. MalaSauskiené, R. Antanaitis, A. Rutkauskas, M.
Urbutis, and W. Baumgartner. 2021. Inline Milk Lactose Concentration as
Biomarker of the Health Status in Fresh Dairy Cows. Agriculture, 11(1), 38.
https://doi.org/10.3390/agriculture11010038

Tiwari JG, Babra C, Tiwari HK, Williams V, Wet SD et al. 2013. Trends
Intherapeutic and Prevention Strategies for Management of Bovine Mastitis: An
Overview. J Vaccines Vaccin 04(02). https://doi.org/10.4172/2157-
7560.1000176.

Tousova, R., J. Duchacek, L. Stadnik, M. Ptacek, and J. Beran. 2014. The
comparison of milk production and quality in cows from conventional and



REFERENCES 85

automatic milking systems. Journal of Central European Agriculture 15(4):.100-
114. https://doi.org/10.5513/JCEA01/15.4.1515

Trilk, J., K. Minch, and C. Franke. 2006. Untersuchungen zur Feststellung von
Eutergesundheitsstérungen und Rohmilch-verdnderungen mit dem MQC und
weiteren technischen Einrichtungen beim Automatischen Melksystem Lely
ASTRONAUT®. In: Schriftenreihe des Landesamtes fiir Verbraucherschutz,
Landwirtschaft und Flurneuordnung, Reihe Landwirtschaft, Band7 Heft V.
MLUV, Brandenburg, Germany. pp. 80-89.

Tse, C., H. W. Barkema, T. J. DeVries, J. Rushen, and E. A. Pajor. 2017. Effect of
transitioning to automatic milking systems on producers' perceptions of farm
management and cow health in the Canadian dairy industry. Journal of dairy
science 100(3):2404-2414. https://doi.org/10.3168/jds.2016-11521.

Tsenkova, R., S. Atanassova, K. Itoh, Y. Ozaki, and K. Toyoda. 2000. Near infrared
spectroscopy for biomonitoring: cow milk composition measurement in a
spectral region from 1,100 to 2,400 nanometers. Journal of animal science
78(3):515-522. https://doi.org/10.2527/2000.783515x.

van Asselt, E. D., H. J. van der Fels-Klerx, H. J. P. Marvin, H. van Bokhorst-van
de Veen, and M. N. Groot. 2017. Overview of Food Safety Hazards in the
European Dairy Supply Chain. Comprehensive reviews in food science and food
safety 16(1):59-75. https://doi.org/10.1111/1541-4337.12245.

van den Borne, B. H., N. J. van Grinsven, and H. Hogeveen. 2021. Trends in
somatic cell count deteriorations in Dutch dairy herds transitioning to an
automatic milking system. Journal of dairy science 104(5):6039-6050.
https://doi.org/10.3168/jds.2020-19589.

van Soest, F. J. S., I. M. G. A. Santman-Berends, T. J. G. M. Lam, and H. Hogeveen.
2016. Failure and preventive costs of mastitis on Dutch dairy farms. Journal of
dairy science 99(10):8365-8374. https://doi.org/10.3168/jds.2015-10561.

Veissier, 1., M.-M. Mialon, and K. H. Sloth. 2017. Short communication: Early
modification of the circadian organization of cow activity in relation to disease
or estrus. Journal of dairy science 100(5):3969-3974.
https://doi.org/10.3168/jds.2016-11853.

Waage, S., S. A. @degaard, A. Lund, S. Brattgjerd, and T. Rogthe. 2001. Case-
Control Study of Risk Factors for Clinical Mastitis in Postpartum Dairy Heifers.
Journal of dairy science 84(2):392-399. https://doi.org/10.3168/jds.S0022-
0302(01)74489-X.

Wang, Y., X. Kang, Z. He, Y. Feng, and G. Liu. 2022. Accurate detection of dairy
cow mastitis with deep learning technology: a new and comprehensive detection
method based on infrared thermal images. Animal an international journal of
animal bioscience 16(10):100646.



REFERENCES 86

https://doi.org/10.1016/j.animal.2022.100646.

Wathes, D. C., Z. Cheng, N. Bourne, V. J. Taylor, M. P. Coffey, and S.
Brotherstone. 2007. Differences between primiparous and multiparous dairy
cows in the inter-relationships between metabolic traits, milk yield and body
condition score in the periparturient period. Domestic animal endocrinology
33(2):203-225. https://doi.org/10.1016/j.domaniend.2006.05.004.

Wente, N., and V. Kromker. 2020. Streptococcus dysgalactiae-Contagious or
Environmental? Animals an open access journal from MDPI 10(11).
https://doi.org/10.3390/ani10112185.

Wethal, K. B., M. Svendsen, and B. Heringstad. 2020. A genetic study of new udder
health indicator traits with data from automatic milking systems. Journal of dairy
science 103(8):7188-7198. https://doi.org/10.3168/jds.2020-18343.

Wildridge, A. M., P. C. Thomson, S. C. Garcia, E. C. Jongman, and K. L. Kerrisk.
2020. Transitioning from conventional to automatic milking: Effects on the
human-animal relationship. Journal of dairy science 103(2):1608-16109.
https://doi.org/10.3168/jds.2019-16658.

Wilson, D. J., Y. T. Grohn, G. J. Bennett, R. N. Gonzalez, Y. H. Schukken, and J.
Spatz. 2008. Milk production change following clinical mastitis and
reproductive performance compared among J5 vaccinated and control dairy
cattle. Journal of dairy science 91(10):3869-3879.
https://doi.org/10.3168/jds.2008-1405.

Zadoks, R. N., B. E. Gillespie, H. W. Barkema, O. C. Sampimon, S. P. Oliver, and
Y. H. Schukken. 2003. Clinical, epidemiological and molecular characteristics
of Streptococcus uberis infections in dairy herds. Epidemiology and infection
130(2):335-349. https://doi.org/10.1017/S0950268802008221.

Zaninelli, M., V. Redaelli, F. Luzi, V. Bronzo, M. Mitchell, V. Dell'Orto, V.
Bontempo, D. Cattaneo, and G. Savoini. 2018. First Evaluation of Infrared
Thermography as a Tool for the Monitoring of Udder Health Status in Farms of
Dairy Cows. Sensors (Basel, Switzerland) 18(3).
https://doi.org/10.3390/s18030862.

Zecconi, A., S. Frosi, M. Cipolla, and C. Gusmara. 2018. Effects of chronic mastitis
and its treatment with ketoprofen on the milk ejection curve. Journal of Dairy
Research 85(1):50-52. https://doi.org/10.1017/S0022029917000863.

Zhao, X., and P. Lacasse. 2008. Mammary tissue damage during bovine mastitis:
causes and control. Journal of animal science 86(13 Suppl):57—65.
https://doi.org/10.2527/jas.2007-0302.

Zigo, F., M. Vasil', S. Ondrasovicova, J. Vyrostkova, J. Bujok, and E. Pecka-Kielb.
2021. Maintaining Optimal Mammary Gland Health and Prevention of Mastitis.
Frontiers in veterinary science 8:607311.



REFERENCES 87

https://doi.org/10.3389/fvets.2021.607311.

Zucali, M., L. Bava, A. Tamburini, G. Gislon, and A. Sandrucci. 2021. Association
between Udder and Quarter Level Indicators and Milk Somatic Cell Count in
Automatic Milking Systems. Animals an open access journal from MDPI
11(12). https://doi.org/10.3390/ani11123485.



APPENDIX 88

VIIl. APPENDIX

Survey on dairy farmers' management practices for and satisfaction with
the detection of clinical mastitis by automatic milking systems in Bavaria,
Germany.

Language: German

(EN) The aim of this questionnaire is to assess the practices with warnings of the milking robot on
Bavarian dairy famrs ragarding udder health problems. Furthermore, the personal experiences and
assessments of the farmer in this regard are queried, there are no wrong answers. The questionnaire is
voluntary and anonymous. All data will be treated absolutely discretely.

[The survey was conducted via the open-source online tool LimeSurvey (LimeSurvey Project
Team/Carsten Schmitz, 2012). In the following, question groups and text of the questions are
presented true to the original]

(DE) Dieser Fragebogen dient dem Ziel, die Vorgehensweisen bei Warnhinweisen des Melkroboters
zu Eutergesundheitsstorungen auf bayerischen Milchviehbetrieben zu erfassen. Des Weiteren werden
die personlichen Erfahrungen und Einschitzungen des Landwirtes diesbeziiglich abgefragt, es gibt
keine falschen Antworten. Der Fragebogen ist freiwillig und anonym. Alle Daten werden absolut
vertraulich behandelt.

[Die Umfrage wurde iiber das open-source online tool LimeSurvey (LimeSurvey Project
Team/Carsten Schmitz, 2012) durchgefiihrt. Im Folgenden werden Fragengruppierungen und Text der
Fragen orginalgetreu dargestellt.]

I. ALLGEMEINE BETRIEBSDATEN

1. Welchen Melkroboter (Automatisches Melksystem, kurz: AMS) besitzen Sie?

O GEA - Sonstiges 0 Lely Astronaut A3 O Lemmer-Fullwood -

O GEA Mlone Next Sonstiges

0 GEA Monobox 0 Lely Astronaut A4 0 DeLaval - Sonstiges

0 GEA DairyRobot 0 Lely Astronaut AS O DeLaval VMS
R9500 0 Lemmer-Fullwood Classic

[0 Lely - Sonstiges Merlin [0 DeLaval VMS

O Lely Astronaut A2 O Lemmer-Fullwood V300

O Lely Astronaut A2 Merlin 225 O DeLaval VMS
Evolution O Lemmer-Fullwood V310

0 Lely Astronaut A3 MZerlin

2. Wie groB ist zurzeit Ihre AMS-Herde (ohne Trockensteher)?
Kiihe

3. Wo lag die Tankzellzahl Ihrer Herde 2020 im Durchschnitt (laut MLP-Jahresbericht o.
A)?

Zellen in Tsd. /ml
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II. ARBEIT MIT DER MILCHVIEHHERDE

Bitte denken Sie bei der Beantwortung der Fragen an einen normalen Arbeitstag mit Threr im AMS

10.

11.

gemolkenen Herde.

Wie lange benétigt die gesamte tégliche Arbeit fiir die Milchviehherde im Stall (dies
umfasst z.B. Fiittern, Liegeboxen reinigen, etc.) ?

Durchschnittlich Stunde(n) pro Tag

Wie oft pro Tag wird Thre Milchviehherde mittels Stallrundgang auf Eutergesundheit
inspiziert?

Bitte wdhlen Sie nur eine der folgenden Antworten aus:

0 seltener als einmal 0 drei- bis viermal
[J einmal [J ofter als viermal
0 zweimal [0 keine Antwort

Wie lange bendotigt diese Euterinspektion der Herde pro Tag?
Durchschnittlich Minute(n) pro Tag

Wie viele Personen (Sie eingeschlossen) sind fiir diese Kontrolle der Eutergesundheit
Threr Herde im Stall verantwortlich?

Person(en)

III. ARBEIT MIT DER MELKROBOTERSOFTWARE

Wie lange benotigt die gesamte tiigliche Arbeit mit dem Melkroboterprogramm (bspw.
zur Brunsterkennung, Futtereinstellung, Melkreihenfolge etc.) ?

Durchschnittlich Minute(n) pro Tag

Wie lange benotigt die Kontrolle der Warnlisten des AMS zur Eutergesundheit?
Durchschnittlich Minute(n) pro Tag

Wie oft werden die Warnlisten zur Eutergesundheit pro Tag kontrolliert?

Bitte wdhlen Sie nur eine der folgenden Antworten aus:

0 seltener als einmal 0 drei- bis viermal
0 einmal O ofter als viermal
0 zweimal O keine Antwort

Wie viele Personen (Sie eingeschlossen) arbeiten mindestens einmal pro Woche mit dem
Melkroboterprogramm zur Uberwachung der Eutergesundheit?

Person(en)
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IV. DIAGNOSTIK KLINISCHER EUTERENTZUNDUNGEN

12. Ab wann wird eine neu angezeigte Kuh im Stall iiberpriift?
(Neu = in den letzten 7 Tagen zuvor nicht auf den Warnlisten zur Eutergesundheit aufgetreten)

Bitte wdihlen Sie die zutreffende Antwort fiir jeden Punkt aus:

sehr selten gelegentlich oft sehr oft keine
selten Antwort
innerhalb von 12 Stunden 0 0 0 0 o) 0
nach der ersten Warnung
erst nach 2 aufeinander 0 o 1) 0 0 0
folgenden Warnungen
erst nach 3 aufeinander 0 0 0 0 0 0
folgenden Warnungen
erst nach 4 oder mehr
(0) (0] 0] (0] (0} (0]

aufeinanderfolgenden
Warnungen

13. Wie wichtig sind die folgenden Informationen fiir eine Entscheidung, ob eine auf den
Warnlisten neu angezeigte Kuh im Stall iiberpriift wird?

Bitte wdhlen Sie die zutreffende Antwort fiir jeden Punkt aus:

unwichtig cher teils/teils ~ €her  yyichtig ~ keine
unwichtig wichtig Antwort
Daten der Melkroboterlisten (¢} (¢} O (0] O O
Hintergrundwissen zur Kuh
(z.B. Brunst, Lahmbheit, 0 o 0 o 0 0
Verletzungen, etc.)
Milchleistungsstellenwert der
Kuh in der Herde ("gute 0 0 0 o 0 0
Milchkuh")
Daten der 0 0 0 0 0 0

Milchleistungspriifung

Flocken am Milchfilter O (6] O (0] (0] (0]
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14. Wie wichtig sind folgende Daten des AMS fiir die Entscheidung, ob eine auf den
Warnlisten neu angezeigte Kuh in Threm Betrieb auch im Stall iiberpriift wird?

Bitte wdhlen Sie die zutreffende Antwort fiir jeden Punkt aus:

vollig teils / sehr nicht keéine
unwichti teils wichti vorhan-
1 4 2 3 4 5 6 7 : den A
Elektrische Leitfihigkeit (0] (0] (0] (0] (0] (6] O (6] O
Somatische Zellzahl (0] (0] 0 (0] (6] (0] (0] (6] (0]
Programminterne
Parameter zur
Eutergesundheit O 0O (6] O (6] O O (0] O
(Gesundheitsindex; MDi;
0.A)
Anzahl bereits (@) (0] (0] (0] 0 (0] (0] (0] (0]
festeestellter Warnungen
Milchtemperatur O (0} (6] 0 (6] O O (6] 0}
Blut/Farbverdnderungen 0 0 0 0 0 0 o 0 0
der Milch
Zeit seit letztem Bcs-uch 0 0 0 0 0 0 0 0 0
(Zwischenmelkzeit)
Tage in Milch (@) (6] (6] (0] (6] O (6] (6] (6]
Laktationsanzahl (@) O (0] O O (0] O O O
Kick Offs/Abschlagen (0] (0] (6] (0] (0] (6] (0] (0] (0)
Milchmenge O (0] O (0] O O (0) (0] (0]
Milchfluss (@) (0] (o) (0] O O (@) (0] (0]
Melkdauer (0] (6] O (@) O (6] (0] (0] (6]
Kraftfutterverbrauch O (0] O O (6] (6] 0] O (0]
Aktivitét O (0] (6] (0] (6] O (0] (6] (0]
Fett (0] (0] O (@) O (0] (0] (0] (0]
Eiweil3 (0] (0] (0] (0] (0] (0] (0] (0] (0]

Laktose O O (6] O O O O (6] (6]
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15. Gibt es sonstige Informationen, die Sie fiir die Uberpriifung von neu angezeigten Kiihen
beriicksichtigen? Falls ja, welche?

Bitte geben Sie Ihre Antwort hier ein:

16. Wie wird die neu angezeigte Kuh im Stall iiberpriift?

Bitte wdhlen Sie die zutreffende Antwort fiir jeden Punkt aus:

sehr selten  gelegentlich oft sehr oft keine
selten Antwort
das Euter angeschaut und (0] (0} (0] (0] (0] (0]
durcheetastet
die ersten Milchstrahlen auf (6] (6] (0] (0] 0} (0]
Verinderungen begutachtet
ein Schalmtest durchgefiihrt (0] 0} (0] 0} (6] (6]

eine aseptische
Viertelgemelksprobe genommen 0 0 0 0 0 0
und in ein Labor zur
Erregerbestimmung eingeschickt

17. Wie viele Personen (Sie eingeschlossen) sind verantwortlich fiir die Kontrolle der auf den
Warnlisten neu angezeigten Kiihe im Stall?

Person(en)

V. PERSONLICHE EINSCHATZUNG

18. Bitte bewerten Sie Ihr tiigliches Arbeitsvolumen zu folgenden Titigkeiten in IThrem

Betrieb:
; : : ich
ich ich arbeite .. : ;
: iibernchme ich arbeite ‘ ;
arbeite eher R . nur ich arbeite
: P die Halfte vermehrt in e
garnicht  weniger in . in diesem
SN g der diesem A
in diesem diesem ) Bereich
: : gesamten Bereich
Bereich Bereich .
Arbeit
Eutergesundheitsiiberwachung im 0 0 0 0 0
Melkroboterprogramm
Kontrolle der Milchviehherde in Bezug 0 (e} (e} 0 0
auf Eutergesundheit
Kontrolle der auf den Warnlisten des 0 o o o o

Melkroboters angezeigten Kiihe im Stall
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V. DEMOGRAPHIE

20. Wie alt sind Sie?
O unter 20 0 31 bis40 0O 51 bis 60
0 21 bis 30 0 41 bis 50 0 dber 60

21. Geschlecht?

00 weiblich 0  mannlich 0 divers

22. Wie lange arbeiten Sie selbst bereits mit einem Melkroboter?

Jahr(e)
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