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[I1

Changes of inner teat morphology caused by the milking process and by
incomplete milking during dry-off as assessed by innovative technologies

In dairy farming, the timing of the lactation cycle and the way of milk removal differ
considerably from the natural conditions. Ensuring good health and wellbeing of farm
animals is of great interest from both an economic and ethical point of view. Through
the use of innovative technologies in this thesis, new insights into the effects of milking
on the inner teat morphology as well as the effects of incomplete milking for gently
preparing the mammary gland to dry-off were acquired.

By machine milking, the teat morphology is subject to modulating influences that may
impede the local defense mechanisms of the teat canal. These internal effects were
repeatably visualized and analyzed using high-resolution ultrasound technology
(18 MHz). Focusing on the distal teat canal, three new traits of inner teat morphology
were established, and associations with udder health-related and animal specific
parameters were revealed.

In addition, a protocol for successive incomplete milking was established based on the
development of an innovative milking software, by which the milking cluster is taken
off, when a specified amount of milk is removed instead of the common practice that is
based on reduced milk flow indicating the emptying of the udder. The new protocol
allows for reducing the milk yield of dairy cows in order to prepare the animals for the
dry period. The targeted performance depression was likewise as successful as the
maintenance of good udder health conditions in cows that were identified as healthy
before beginning of the experiment (somatic cell counts < 100.000 cells/mL without
bacteriological findings in each quarter milk). The expected early induction of
involution by the long-term retention of residual milk in the udder was confirmed by
increased concentrations of the acute phase protein haptoglobin in skim milk. Internal
teat morphology was also assessed by high-resolution ultrasound in this trial. As
expected, significantly less changes in the morphological traits could be verified when
milking with the early induced cluster take-off.

The present thesis contributes to a better assessment of the effects of the milking
process on teat tissue and, in addition, presents a novel way to prepare healthy dairy
cows in an animal friendly and gradual manner for the critical management phase at the

end of lactation end, by application of innovative technologies.
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Verinderungen der inneren Zitzenmorphologie durch den Melkprozess und
Effekte von unvollstindigem Melken vor dem Trockenstellen: neue Erkenntnisse
durch Anwendung innovativer Technologien

In der modernen Milchviehhaltung unterscheiden sich der Verlauf des Laktationszyklus
und die Art des Milchentzugs deutlich von den Bedingungen unter natiirlichen
Gegebenheiten. Die Gewéhrleistung von guter Gesundheit und Wohlbefinden unserer
Nutztiere ist sowohl aus 6konomischen, als auch aus ethischen Gesichtspunkten von
grofitem Interesse.

Durch Anwendung innovativer Technologien konnten im Rahmen der vorliegenden
Arbeit neue Einblicke in die Einfliisse des Melkens auf die innere Zitzenmorphologie,
sowie die Einfliisse von unvollstindigem Melken vor dem Trockenstellen gewonnen
werden. Durch maschinelles Melken unterliegt die Milchkuhzitze modulierenden
Einfliissen, welche die lokalen Abwehrmechanismen des Zitzenkanals einschrianken
konnen. Diese inneren Auswirkungen konnten mit Hilfe von hochauflosender
Ultraschalltechnik (18 MHz) wiederholbar visualisiert und analysiert werden. Mit
besonderem Fokus auf die Morphologie des distalen Zitzenkanals wurden drei neue
Messparameter etabliert und zudem Zusammenhinge zu eutergesundheitsrelevanten
und einzeltierspezifischen Parametern aufgedeckt. Mittels einer innovativen
Melksoftware wurde ein Verfahren fiir sukzessiv unvollstindiges Melkens erarbeitet,
welches zur Milchmengenreduzierung bei hochleistender Milchkiihe in Vorbereitung
auf die Trockenstehphase dient. Die gezielte Leistungsdepression war hierbei ebenso
erfolgreich wie die Beibehaltung einer guten Eutergesundheit bei entsprechender
Eignung des Tieres zu Beginn des Versuchs (somatische Zellzahl < 100.000 Zellen/mL
ohne bakteriologischem Befund in allen Vierteln). Die vermutete frithzeitige Einleitung
der Involution durch das langfristige Belassen von Restmilch im Euter wurde anhand
von der Konzentration des Akut-Phase-Proteins Haptoglobin in der Milch bestitigt.
Auch in diesem Versuch wurde die zuvor etablierte Evaluierung der Einfliisse der
Melktechnik auf die interne Zitzenmophologie mittels Ultraschalltechnik angewendet.
Wie zu erwarten, konnte mit der vorzeitigen Melkzeugabnahme deutlich geringere
Verdanderungen in den Messmerkmalen verifiziert werden als bei konventionellen
Melkbedingungen. Die erarbeiteten Methoden dieser Arbeit tragen zu einer verbesserten
Bewertung der Auswirkungen des Melkprozesses bei, und eréffnen zudem eine
neuartige Moglichkeit gesunde Milchkiihe schonend und schrittweise auf die kritische

Managementphase des Abmelkens am Laktationsende vorzubereiten.
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Chapter 1 — General overview

1.1 Introduction

Selective breeding during the last decades has successfully led to high producing dairy
cows (Oltenacu and Broom, 2010). Due to this genetically determined potential and
optimized housing and feeding conditions, the cows™ metabolism underlies increasing
performance demands. To ensure constantly good productivity and sufficient health
conditions of dairy cows, prudent and scientifically substantiated management

techniques are required.

1.2 The teat and the teat canal of lactating dairy cows

Since mastitis is one of the major culling reasons in current dairy farming systems
(Halasa et al., 2007), it is important to pay special attention to the delicate gland tissue.
Previous studies have already shown that shape of udder and teats (Seykora and
McDaniel, 1985; Nickerson, 2011; Guarin et al., 2017; Miles et al., 2019), microbiota of
the teat skin and inner mucosa (Derakhshani et al., 2018; Svennesen et al., 2019) and
the mechanical stimulus of machine milking (Neijenhuis, 2011; Zwertvaegher et al.,
2013) are influencing the teats’ defense mechanisms and therefore can affect the

mammary gland’s susceptibility to mastitis.

1.2.1 Anatomical structure

The bovine mammary gland comprises four separated gland quarters. Each quarter is
structured into two functional sections: a complex of gland parenchyma for synthesis,
secretion and storage of milk and a teat for milk removal (Kromker, 2014). Size and
shape of teats, as well as inner morphology differs among breeds (Klein et al., 2005;
Bobi¢ et al., 2014), between cows and quarters within cows (Rasmussen et al., 2004;

Zwertvaegher et al., 2012) and is furthermore influenced by the milking procedure
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(Gleeson et al., 2004; Guarin and Ruegg, 2016). Genetic selection of high yielding dairy
cows during the last decades has resulted in (on average) shorter teats (Graff, 2005).
Front teats are usually longer and broader than hind teats (Weiss et al., 2004;
Zwertvaegher et al., 2013). Rear quarters tend to produce more milk and therefore need
longer cluster on time to be milked completely (Weiss et al., 2004). Teat length and
diameter seem to increase with parity, although the observed trend was not always
significant (Tilki et al., 2005; Seker et al., 2009; Zwertvaegher et al., 2013).

A schematical visualization of the adult bovine teat is shown in figure 1.1. Stratified
squamous epithelium covers the teat externally. The transition from the gland sinus into
the teat sinus is marked by the venous ring of Fiirstenberg. The teat consists of the
surrounding teat wall, the apex with the teat canal and the teat sinus. The teat sinus is
lined by a very flexible two-layered cuboidal epithelium. The teat wall is compound by
different layers: the epithelium of the teat sinus or teat canal, a connective tissue layer
and smooth muscle layer. The connective tissue layer contains large blood vessels that
become engorged with blood at vacuum application during the milking or the suckling
process, respectively (Steiner, 2016). The rosette of Fiirstenberg forms the inner orifice
from the teat canal into the teat sinus. Beneath, the sphincter muscle is located,
consisting of circularly oriented bundles of smooth muscle fibers.

The teat canal is located at the apex of the teat and is connecting the teat sinus to the
outside; it is responsible for preventing both leakage of milk and entry of potential
harmful pathogens (Paulrud, 2005). It is lined with stratified squamous epithelia and is
characterized by a layer of proliferating keratinocytes. The keratin in the teat canal
reinforces the epithelial cells to a better resistance and plasticity for physical stress
(Paulrud, 2005). The teat canal is surrounded with a net-like integrated musculoelastic

system facilitating opening and closure during milk extraction. Descriptions about the
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dimensions of the teat canal in the literature are varying. Length specifications from
5.0to 18.3 mm (Kromker, 2014; Steiner, 2016) can be found and definition of the

diameter range from 1.7 to 2.95 mm (Steiner, 2016).

Gland cistern

Teat cistern

Milk duct

Venous ring of Fiirstenberg
Large blood vessels

Teat canal

Teat orifice

Sphincter muscle

Rosette of Furstenberg

O ONNOULds WN =

Figure 1.1: Schematic illustration of the bovine teat and teat canal

(modified from Kromker, 2014)

1.2.2 The importance of the teat canal for udder health

Since the distal orifice of the teat canal forms the entrance gate for potentially harmful
pathogens into the lumen of the teat, the importance of the teat canal for udder health is
very high (Kromker, 2014; Paulrud, 2005). In addition to this physical barrier functions
a variety of further defense mechanisms are known.

The keratin in the teat canal fulfills functions that are beneficial for udder health.

Microorganisms that enter the lumen can be absorbed by the keratin filaments and
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during milking, the cellular detritus together with the keratin filaments and attached
potential pathogens are sloughed from the teat canal's surface.

In the dry period a keratin plug builds up, that closes the teat canal's entrance gate
against external influences. Dingwell et al. (2004) state that formation of this plug early
in the non-lactating period can significantly reduce the potential of new intramammary
infections (IMI) in multiparous cows.

The keratinocytes are furthermore involved in the emergence of local inflammatory
processes, due to production of cytokines and activation of leukocytes, which mostly
occurs in the region of the rosette of Fiirstenberg (Nickerson and Pankey, 1984). The
distal orifice of the teat canal can be characterized by hyperkeratosis, that in mild
expression has the main function to protect the teat skin and support the closure of the
teat canal and the defense against invading bacteria. Strong forms of hyperkeratosis
hinder the closure of the distal orifice after milking, which leaves the teat in an
unprotected state and facilitates the entrance of potential pathogens (Neijenhuis et al.,
2001b). Due to the rough surface, hyperkeratotic teat ends are often difficult to clean
(Haverkamp and Kromker, 2010), and are more densely populated with microorganisms
than teat ends with a smooth surface (Timms et al., 1998; Paduch et al., 2012). Many
authors found a connection between strong degrees of hyperkeratosis and compromised
udder health (Neijenhuis et al., 2001b; Gleeson et al., 2004; Potrafki, 2005; Zucali et al.,
2009). Extreme forms of hyperkeratosis are often induced by inaccurate milking
machine settings, which put too much stain on the sensitive teat tissue.

Some researchers found connections between the shape of the teat canal and the health
status of the respective quarter or udder. Mielke and Michel (1994) reported wider teat
canal diameters in not udder healthy cows (1.0 - 1.25 mm) in comparison to udder

healthy cows (0.4 - 0.55 mm). The length of the teat canal is also discussed to have an
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influence on the defense against bacteria. Grindal et al. (1991) as well as Lacy-Hulbert
and Hillerton (1995) state, that there is a trend for shorter teat canals increasing the risk
of new infections.

The teat canal also has chemical defense mechanisms. Long-chain fatty acids (C16,
C18, C18:1; Hogan et al, 1986) and antimicrobial proteins (Hibbitt et al., 1969; Senft et
al., 1990) can impede the bacterial growth of mastitis-causing bacteria such as
Streptococcus agalactiae, Staphylococcus aureus and Corynebacterium bovis. It is
assumed, that the microbial population of the teat canal influences the defense
mechanisms (Derakhshani et al., 2018). Some bacteria of the microflora
(Corynebacterium xerosis, Bacillus sp. and Aerococcus viridans) were found to inhibit
bacterial growth of potential pathogens in vitro (Woodward et al., 1987 and 1988).
Typical skin-associated bacteria of the healthy bovine teat canal microbiota are
Corynebacteria and coagulase negative Staphylococci (Braem et al., 2013; Adkins et
al., 2018; Mahmmod et al., 2018; Derakhshani et al., 2018) which display a large
diversity among the present species (Braem et al., 2012). Overviews of bacteria cultured
in quarter milk samples during our experiments are given in table 2.5 (chapter 2) and in

table 3.2 (chapter 3).

1.2.3 Effects of machine milking on teat morphology

During machine milking mechanical forces exerted by the induced vacuum and the
collapsing liner cause changes in the overall teat dimensions (Hamann and Stanitzke,
1990). The pressure of the collapsed liner is unevenly distributed over the teat (van der
Tol et al., 2010). The highest mechanical load is exerted in the middle region of the teat
canal (Mein et al., 2003). Vacuum is applied to the teat to open the teat canal. It makes
the milk available but also leads to congestion of blood and lymph in the teat's tissue

(Hamann et al., 1993). Poor milk machine settings can impede the enclosure of the teat
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canal's distal orifice. Application of too intense vacuum settings, overmilking,
inadequate pulsation or inappropriate rubber liners can therefore hinder the different
defense mechanisms of the teat canal and harm the cow’s udder health.

To enable a better understanding of morphological changes of the external and internal
teat characteristics due to milk removal, in the following a brief description of pressure
rations during the natural process of suckling of a calf is provided: In contrast to
mechanical milk extraction, the suckling of a calf applies compressive pressure near the
teat base. Milk flow is induced by a combination of suckling and overpressure in the
teat cistern caused by dynamic movement of the tongue (van der Tol et al., 2010).
While the milk is swallowed, teat pressure decreases due to a reduction in vacuum
(Fischer, 2007). Therefore calf suckling causes less teat tissue swelling (Hamann and
Stanitzke, 1990) and does not stress the sensitive area of the teat end, as observed
during machine milking (evaluated with the aid of a pressure-sensitive sensor by van

der Tol et al., 2010).

1.2.3.1 Measurement of the external morphology

Changes in the external morphology of the teat can be assessed, for example, by
measuring the alterations of dimensions like teat length or teat diameter with a
translucent measuring ruler (Guarin and Ruegg, 2016) or a 2-dimensional vision-based
measuring technique (Zwertvaegher et al., 2013). Other external characteristics that can
be observed are teat color (creation of reddening or blueness), firmness of the tissue or
visual assessment whether the teat duct orifice is open after milking or not (Hillerton et
al., 2000). It has to be taken into account that these methods are mostly subjective, lack
accuracy, and have low or unspecified reproducibility and repeatability (Zwertvaegher
et al., 2012). Guarin and Ruegg (2016) compared pre- and postmilking external

anatomical characteristics of teats by utilizing a translucent measuring ruler. The



Chapter 1 — General overview

authors found the teats to be prolonged and narrowed at both the barrel and the apex,
due to the machine milking process. The mean length of the teats increased from 44.3 +
0.20 to 45.6 = 0.20 mm, whereas the mean diameter of the teats decreased from 23.9 +
0.09 to 21.7 £ 0.07 mm measured at the barrel and from 19.6 + 0.06 to 19.0 + 0.05 mm
measured at the apex. Data in this study is provided as means + standard error (SE).
Zwertvaegher et al. (2013) utilized a 2-dimensional vision-based measuring technique
to observe changes in teats due to milking. The authors also found teats to be prolonged
(relative change of 9.2 £ 11.7% (mean + standard deviation (SD)) in teat length) and
narrowed (relative change of - 2.4 £ 6.5%) at the barrel. On the contrary, the diameter
of the teat in the region of the base and the apex due to the mechanical milk extraction
increased about 0.7 + 9.2% and 0.3 £ 6.1%, respectively. Hillerton et al. (2000)
suggested that the principal risk factors due to machine milking may be high cluster
weight, overmilking, vacuum applied during the overmilking phase and the design of
the liner mouthpiece. Studying the effects of milking settings on teat load with a
pressure-indicating film, Demba et al. (2018) found the teat load to increase with higher

machine vacuum and pulsation rate.

1.2.3.2 Measurement of the internal morphology

For assessing changes in the internal morphology of the teat, ultrasonography can be
utilized. Most commonly, teats are examined with the help of the water bath technique
(Stocker et al., 1989), during which the teat is immersed into a plastic container filled
with lukewarm water and the scanning probe is moved along the container to avoid
deformation of the tissue. To ensure a sufficient quality of ultrasonographic images a
frequency of no less than 7.5 MHz is recommended (Fasulkov, 2012). There are several
studies available that investigate milking induced changes in inner teat morphology by

the use of ultrasonographic probes up to a frequency of 13 MHz. An overview of
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utilized equipment, enrolled animals and measured traits of teat morphology that are

applied in these studies is given in table 1.1.

Table 1.1: Overview of scientific studies utilizing ultrasonographic examinations to evaluate

changes in inner teat morphology caused by milking

Reference Utilized Experimental cows Measured traits of teat
frequency morphology
Neijenhuis 7.5 MHz 18 primi- and Teat end width
et al., multiparous Holstein Teat canal length
2001a cows; free of clinical Teat wall thickness (lower teat
mastitis; free of leg wall)
problems; average DIM'  Teat cistern width
170 Calculated trait: ratio between teat
wall thickness and teat cistern
width
Szencziova 7.5-13 MHz 26 Holstein cows in first ~ Teat canal length
etal., 2013 and second lactation Teat canal diameter
Teat wall thickness
Bobi¢ et 4.5 -8 MHz 30 Holstein and 30 Teat canal length
al., 2014 Simmental cows (primi-  Teat end width
and multiparous), up to Teat wall thickness
DIM 250 Teat cistern width
Fasulkovet 5-12MHz 12 primiparous Black Teat canal length
al., 2014 and White cows; Teat canal diameter at the rosette
clinically healthy of Fiirstenberg
Teat wall thickness
Teat cistern diameter (middle and
base position)
Strapak et 7.5 MHz 70 Holstein cows Teat canal length
al., 2017 Teat canal diameter
Melvin et 5-to 10-MHz 80 Holstein cows, left Teat canal length
al., 2019 linear array front and right hind teats, Teat canal diameter (proximal)

transducer

milked three times per
day

Teat canal diameter (distal)
Test canal diameter (at the
midpoint between proximal and
distal)

' DIM = Days in milk
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Figure 1.2 provides an example of how inner teat morphology can be visualized by the
use of high-resolution ultrasonography of 18 MHz. In ultrasonographic images of high
quality the teat canal can be identified as a hyperechoic line, bordered by two parallel
hypoechoic bands, which are located centrally in the teat tip (Franz et al., 2001). The
rosette of Fiirstenberg is visualized as a homogenous hyperechoic structure above the
teat canal (Franz et al., 2009). The three layers of the teat walls of bovine teats can be
differentiated by ultrasonography: the teat skin, which represents the outer layer,
appears as a lucent hyperechoic line, the middle layer (connective tissue and
musculature) shows as a homogenous, thick structure if moderate echogenicity
(hypoechoic layer), while the innermost layer (mucosa) is clearly differentiated because
it appears hyperechoic (Fasulkov, 2012). In some cases, hypoechoic blood vessels in the
connective tissue layer can be seen. The teat cistern can be visualized most
appropriately when filled with milk (Franz et al., 2001), therefore in most studies teats
are scanned after the foremilking procedure to ensure properly filled cisterns. In
ultrasonographic images, the milk filled cisteral area appears aneachoic (Santos et al.,

2004).
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1 Teat cistern

2  Teat skin

3  Connective tissue
layer containing large

blood vessels

4  Innermost mucosa
layer

5  Rosette of Fiirstenberg
6  Teat canal

7  Distal teat canal's
orifice

Figure 1.2: Inner morphological structure of the bovine teat visualized with an 18 MHz
ultrasonographic probe (upper image) and with a 7.5 MHz ultrasonographic probe (lower
image; Neijenhuis et al., 2001)

Common traits of inner teat morphology that are measured in ultrasonographiy studies
are: diameter of the teat at different positions, width of the teat cistern and the teat walls
as well as length and diameter of the teat canal (Neijenhuis et al., 2001a; Weiss et al.,
2004; Szencziova et al., 2013; Bobi¢ et al., 2014; Fasulkov et al., 2014; Strapak et al.,
2017; Wieland et al., 2018). Specifications of changes in the respective traits of inner
teat morphology due to the milking procedure and the absolute dimensions before and
after milking assed by ultrasonography that can be found in the literature are

summarized in table 1.2.
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Table 1.2: Influence of the milking process on traits of inner teat morphology as assessed by

ultrasonography; TO: Before cluster attachment; T1: After milking; FT: front teats, RT: rear

teats
Trait TO (mean + T1 (mean + Average P -value  Reference
SD), in mm SD), in mm change
10.0 11.2 + 1.2 mm <0.05 Neijenhuis et al. 2001
10.7+1.4 13.1+£1.5 + 2.4 mm <0.01 Szencziova et al. 2013
FT:12.37 + FT: 14.16 + Bobi¢ et al., 2014
Teat 1 2.11; RT: 2.36; RT:
cat mana 12.27 £2.1 13.76 £2.2
length (mm)
8.48 £ 1.41 6.68 £1.01 +20.5 % <0.001 Fasulkov et al., 2014
FT: 10.67 FT: 12.86 Strapak et al., 2017
1.53; RT: 1.52; RT:
9.36 £1.79 12.44 +1.77
6.6 9.8 <0.01 Kuchler 2011
6.0+0.9 8.7+0.8 <0.01 Szencziova et al. 2013
Lower teat wall - . 634 + FT:7.5+ Bobi¢ et al., 2014
diameter (mm) | 42: RT: 1.34; RT:
5.90 £1.38 7.81£1.57
5.3+0.7 7.3+£0.8 <0.01 Fasulkov et al. 2014
11.8 5.4 - 6.4 mm <0.05 Neijenhuis et al. 2001
Teat cist FT:12.44 + FT: 8.26 + Bobi¢ et al., 2014
P 3.34; RT: 2.67; RT:
iameter (mm) 14754301 8.61+2.77
13.5+£2.2 7.9+£25 - 5.6 mm <0.01 Fasulkov et al. 2014
FT:21.42 + FT:21.21+ Bobi¢ et al., 2014
1.74; RT: 1.72; RT:
(mm)
16.52 £1.42 16.58 £2.18 n.s Fasulkov et al., 2014
21.2 21.7 + 0.5 mm <0.05 Neijenhuis et al. 2001
. FT:1.11 + FT:1.21 + Strapak et al., 2017
(Triitq)w idth 0.10; RT: 0.12; RT:
1.09 +0.09 1.19+£0.10
Teat canal 1.92 +£0.38 1.73 £0.37 <0.01 Fasulkov et al., 2014
diameter (mm)
1.94£0.41 1.87 £0.40 0.68 Melvin et al., 2019
2.11+£0.49 1.99 £ 0.49 0.23 (midpoint between
1.76 £ 0.46 1.69 £0.50 0.95 proximal and distal,

proximal, distal)
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This thesis provides a more detailed visualization of inner teat morphology than
available in the literature, by utilizing a higher frequency probe of 18 MHz. The
measurement traits known from the literature were combined with three newly
established measurement traits of the distal teat canal. The extent of modifications of
the inner teat traits due to the milking process depends on the machine settings, such as
machine-on time, applied vacuum level or type of teatcup liners (Hamann et al., 1993;
Hillerton et al., 2000; Paulrud et al., 2005; Penry et al., 2017b). Changes of inner teat
morphology caused by milking under a standard milking pattern as observed via
high-resolution ultrasound were described in the second chapter. The third chapter deals
with the changes in inner teat morphology after software-induced incomplete milking
process of automated early teatcup removal in comparison to morphological changes

after a standard milking pattern.

1.3 Drying off high yielding cows: a management challenge

Under natural conditions cows nurse their calves for 8 to 12 months (Reinhardt et al.,
1986), whereby milk production increases rapidly until a peak is reached, approximately
around the 7™ week of lactation. Frequent suckling of the calf stimulates a higher milk
production rate by increasing the frequency of udder emptying (Bar-Pelled et al., 1995).
After peak lactation, milk production slowly declines simultaneously with the
increasing nutritional independence of the suckling calf. Decrease of milk synthesis
therefore naturally occurs successively over a long time period and reduction of milk
production is caused by the diminishing need of the offspring. In contrast to this, calves
are separated from their mother directly after birth in most commercial dairy systems.
With the motivation of milk collection for human consumption, cows are required to

yield persistently high milk amounts over the complete lactation phase, following
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natural milk yield curves. Milk yield decreases after peak lactation, but milk production
mostly remains high even in late gestation, induced by the application of high levels of
udder emptying (by automated cluster removal based on low milk flow rates) until
milking is ceased for a short period of approximately 60 days (Bachman and Schairer,
2003), before the birth of the new offspring.

The lactation cycle of modern dairy cows is structured by the economically driven
target setting of obtaining one calf per cow and year (Strandberg and Oltenacu, 1989).
The dry period is recommended to last about 60 days (Bachman and Schairer, 2003),
leaving 305 days of lactation, which can be split into three phases: early, mid and late
lactation. Current studies indicate, that shortening the dry period to 30 to 40 days may
improve postpartum energy balance by lowering milk production in the subsequent
early lactation, which has potential positive effects on metabolic health (Grummer and
Rastani, 2004; O’Hara et al., 2019). However, reported effects of this restructured
management technique on udder health are ambiguous (van Hoeij et al., 2016) and an
average milk loss of 4.5% in the next lactation have to be taken into account (van
Knegsel et al., 2013).

The transition from a lactating to a non-lactating state for dry-off is conventionally
induced by an abrupt cessation of milking. This induces the mammary gland to go
through acute involution. Zobel et al. (2015) explain that this process would rarely
occur under natural conditions and could only be caused by the loss of the offspring.
Acute involution is not recommended in humans, mainly due to concomitant tissue
engorgement, milk leakage and pain but also health concerns like an increased risk of

breast cancer (Betzold, 2007; Lawrence and Lawrence, 2011; Silanikove, 2014).
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1.3.1 Relevance and risks of the dry period

The benefit of allowing milk-producing animals a rest of lactation has been
acknowledged for a long time and many studies have been conducted, aiming to
understand the processes that occur during the dry period (Hurley, 1989; Capuco and
Akers, 1999; Andersen et al., 2005). If dairy cows are not allowed to experience a
resting phase from milk synthesis, production amounts during the subsequent lactation
are clearly limited as shown in previous studies. Andersen et al. (2005) observed milk
yield in early lactation to be decreased about 22% in high yielding dairy cows that were
managed without a dry period in comparison to cows with an equally high production
potential that were dried off for seven weeks. The omission of the dry period resulted in
5.6 kg less milk per day compared to herdmates that underwent a 60 d dry period, when
studied by Remond et al. (1997). This depression of milk synthesis, when not allowing
for a non-lactating period can be explained by the important remodeling processes of
regression, proliferation and differentiation of the mammary epithelial component that
occur during the resting phase and which allow for a high production potential of the

tissue (Capuco et al., 1997).

1.3.1.1 Involution

Mammary involution is a remodeling process through which the gland returns into a
non-lactating state and renews secretory tissue. It starts approximately two days after
cessation of milking (Holst et al., 1987). Under the common practice of abrupt cessation
of milking the cisternal ducts and alveoli of the cow's udder become engorged with
milk and intramammary pressure rises (Oliver and Sordillo, 1989), because although
milked is not extracted anymore the gland continues to synthesize milk for a few days.

This physical event triggers the abrupt involution of the mammary tissue (Wilde et al.,
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1997). Mammary involution is characterized by changes in mammary signaling. The
expression of genes involved in apoptotic pathways increases and the rate of de-
differentiation and apoptosis of mammary epithelial cells rises (Singh et al., 2005;
Piantoni et al., 2010; Singh et al., 2016; Jena et al., 2019). This process is controlled by
changes in systemic galactopoietic hormone levels. When mechanical milk removal or
suckling ceases, the secretion of prolactin stops, which in turn triggers apoptosis (Wilde
et al., 1997). Accumulation and stasis of milk after cessation of milk removal initiates
recruitment of immune cells (leukocytes) and changes the abundance of various host-
defense associated proteins. For example lactoferrin (Sordillo et al., 1987; Sordillo et
al., 1997) and haptoglobin (Boggs et al., 2015) concentrations increase. Thus, inhibiting
bacterial growth due to the ability of binding iron that consequently is not available for
the demand for growth of certain pathogens. Increased levels of immunoglobulins (IgG)
act against major gram-negative bacteria (Bushe and Oliver, 1987). Furthermore, the
enzyme activities, such as those of plasmin, plasminogen activator and matrix
metalloproteinases increase during involution. When involution proceeds, the
permeability of the tight junctions of mammary epithelian cells, which are strongly
closed during lactation increases, causing changes in mammary gland fluid composition
because of enabling para-cellular transport between the interstitial space and milk
(Nguyen and Neville, 1998).

For evaluating the progress of occurring involution, concentrations of different markers
can be measured in samples of milk and mammary secretions: bovine serum albumin
(BSA), Na+-to-K+ ratio, lactoferrin, citrate (Ponchon et al., 2014) as well as lactate
dehydrogenase and proteolytic activity (matrix metalloproteinase 2 and 9) (Lanctot et

al., 2017) or plasmin and plasminogen (Politis et al., 1989).
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1.3.1.2 Common risks of the dry period

Although a resting phase from milking is essential for proper cell renewal of the
mammary gland, research activities have already shown, that cows are at their highest
risk for IMI during modulation of the secretory tissue (Dingwell et al., 2003). Two time
points are defined as the most risky phases when new IMIs are most likely to occur: on
the one hand during resumption of milk synthesis during early lactation and on the other
hand during modification of the udder from a lactating into a non-lactating state directly
after cessation of milking (e.g. early involution). In the resting state of achieved
involution, the risk of new infections is relatively low. Therefore, approaches that
promote the involution of the mammary gland after cessation of milking might reduce
the incidence of mastitis after dry-off (Lanctét et al., 2017).

Bradley and Green (2004) partition intramammary infections that are present during the
dry period into two categories: those that were carried into the dry period from the
previous lactation (existing infections), and those entering between the time of dry-off
and calving (new infections). The risk of a new infection during the non-lactating period
is influenced both by management factors such as the rate of exposure to potential
harmful pathogens from the environment (hygiene) or the effectiveness of preventive
medical protection (such as antibiotic dry cow therapy or teat sealants; Robert et al.,
2006) and the individual cow's susceptibility to the respective infection (Dingwell et al.,
2004). Whereby the animal's vulnerability surely not only depends on genetic
determination, but also on management affected constitution parameters such as the
metabolic health status. A well-managed dry period should provide the prerequisite for
an existing infection to heal.

Due to selective breeding over the last decades, milk yields in modern dairy cows have

reached high values and often milk production is still at a high level at the end of
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lactation. Rajala-Schultz et al. (2005) found that cows entering the dry period with high
milk yields are more likely to develop IMI, probably due to increased occurrence of
milk leakage and delayed teat plug formation, leaving the teat canal open for potential
pathogenic invading (Rovai et al., 2007; Bertulat et al., 2013). Another explanation for
the vulnerability of high yielding mammary glands in late lactation may be their weaker
immune defense status. Lower amounts of natural protective factors such as phagocytic
cells, lactoferrin, and IgG were found in udders producing high amounts of milk before
cessation of milking, giving the mammary glands a less effective antibacterial response
in this crucial phase (Bushe and Oliver, 1987). For example, Silanikove et al. (2013)
showed that milk production levels affect leukocyte populations. Cows entering the dry
period with less than 14 kg/d produced higher numbers of lymphocytes and
macrophages, when compared with cows producing more than 25 kg/d and therefore
experiencing a forced involution.

Since public interests and research activities in the field of animal welfare grow (von
Keyserling et al., 2009), concerns have been raised whether abrupt cessation of milking
(especially in high yielding cows) is still appropriate in modern dairy systems (Bertulat
et al., 2013; Silanikove et al., 2013; Chapinal et al., 2014; Zobel et al., 2015). It is not
clearly understood how the animals experience this practice, but it has been assumed
that they may feel discomfort and pain if milk production is not reduced before dry-off,
as they undergo a phase of high internal udder pressure after cessation of milking that
can lead to painful tissue damage (O'Driscoll et al., 2011; Bertulat et al., 2013;
Silanikove et al., 2013). Challenges in measuring pain and discomfort directly have
mainly led to studies observing changes in the behavior of the cows. A decrease in lying
time was found in connection with a high milk yield at dry-off (Zobel et al., 2013) and

these behavioral changes seem to be particularly notable in combination with an abrupt
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cessation of milking in those high yielding animals (Chapinal et al., 2014,
Rajala-Schultz et al., 2018). The authors concluded, that the engorged udder tissue
causes discomfort in a laying position, wherefore affected cows reduced their lying
time. Silanikove et al. (2013) recorded increased vocalization in cows yielding more
than 25 kg/day when dried off abruptly. The authors suggest that this distinctive
behavioral change is an indicator for udder engorgement related discomfort. As a
consequence of the described problems of high milk yield at dry-off, a production
depression before cessation of milking seems to be beneficial for both health and

wellbeing of the cow.

1.3.1.3 Use of antibiotics for dry cow therapy

A well thought udder health management is important for the maintenance of a healthy
and profitable dairy herd. Especially as the associations between the genetically higher
production potential of modern dairy cows and increased risk of production diseases, as
well as reduced fertility and threats for animal welfare aspects are well known
(Ingvartsen et al., 2003, Bertoni et al., 2009; Oltenacu and Broom, 2010). This
susceptibility is even more exacerbated in times of reduced immunocompetence like
during the transition from a high milk yield to the non-lactating dry period (Trevisi and
Minuti, 2018). Therefore, dry cow therapy with intramammary antimicrobials after
cessation of milking has long been recommended as an essential element of udder
health management on dairy farms (Dodd et al., 1969). Antimicrobial dry cow therapy
is an important component of mastitis control programs with the potential to eliminate
existing intramammary infections during the non-lactating period. During blanket dry
cow treatment, antimicrobials are also applied preventively to inhibit the development

of new infections during the dry period in udder healthy cows. Thus, the utilization of
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antibiotic substances during dry-off can be differentiated between therapeutical and
preventive purpose. Therapeutic application after cessation of milking is indispensable
if a clinical or subclinical infection exists. In contrast to this, the usefulness of general
antibiotic treatment at cessation of milking is questioned increasingly (Scherpenzeel et
al., 2014; Scherpenzeel et al., 2018). More and more selective dry cow therapy is
recommended, during which the decision whether or not to dry-off with antimicrobials
is made for each cow individually, based on respective udder health variables such as
Somatic Cell Count (SCC), bacteriological findings and clinical mastitis history (Torres
et al., 2008; Cameron et al., 2015; Kiesner et al., 2016). In the Netherlands, dry cow
therapy already changed from mainly blanket to selective antimicrobial utilization.
Supported by a national guideline, which recommends the individual SCC at the last
milk recording before dry-off as the main selection criterion. A study by Vanhoudt et al.
(2018) demonstrated that the selection of dairy cows for dry-off without antimicrobials,
based on recommended SCC thresholds of < 150,000 cells/mL for primiparous cows,
and < 50,000 cells/mL for multiparous cows, was possible without negative side effects
on udder health. According to Vilar et al. (2018) in Finnish dairy herds selective dry
cow therapy is already practiced on 78% of dairy farms across the country. Currently,
also the feasibility of quarter-individual antimicrobial dry-off is discussed (Skarbye et
al., 2018).

The main driving force for reducing antimicrobials in dairy farming is the public threat
for human health by generating resistant organisms, which is caused by overusing
antimicrobials (for example for preventive purposes), and particularly not
pathogen-specific application of the active substances. The increasing occurrence of
multidrug resistant bacteria in Europe was already highlighted as a threat for public

health in 2009 in a report of the European Centre for Disease Prevention and Control
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and the European Medicines Agency (ECDC/EMEA, 2009). The generation of
antimicrobial resistances is among others caused by the overuse of antibiotics in modern
livestock farming systems (Oliver et al., 2011). Due to the transmission of resistant
bacteria along the food chain, the societal and political debate on preventive antibiotic
use in livestock farming has intensified and strategies to reduce the use of antibiotics in
dairy farming are prospected (Trevisi et al., 2014; Garcia et al., 2019). A good udder
health status before cessation of milking allows for dry-off without antimicrobials
devoid of unwanted side effects. A reduction of milk yield at the end of lactation could
promote the prerequisites for an antibiotic free dry-off (Rajala-Schultz et al., 2005) and

thus reduce the overall amount of antimicrobials used in modern dairy farming.

1.4 Common practices of milk yield reduction and the new approach of
incomplete milking

For lowering milk production in late lactation, mainly two management techniques are

utilized in modern dairy systems: low energy diets and reduced milking frequencies

(Tucker et al., 2009; Gott et al., 2016).

1.4.1 Limitation of energy intake and skipping of individual milking
times

The first approach reduces milk production by limiting energy and nutrient intake of the
animal. The reduced nutrient supply decreases blood flow and prolongs transit time of
blood through the mammary gland. A down-regulation of the mammary glucose
transport system leads to a depression of milk synthesis (Shennan and Peaker, 2000).
This strategy for lowering milk yield before dry-off is well established in the feed
regiment of late lactating cows (Bushe and Oliver, 1987). Limitation of energy supply

can be achieved by composing a total mixed ration (TMR) with lower energy density,
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restricting the fed amount of the conventional TMR (which cows had received during
the whole lactation) or by changing to give access only to low-energy roughage like hay
(Zobel et al., 2015).

In a study by Tucker et al. (2009) feed restriction about 50% over a time period of six
days reduced milk yield from 9.1 to 6.9 + 0.95 kg/d, whereby limitation of feed intake
was realized by reduced pasture access and pasture silage provision.

The second approach aims to reduce milk production by skipping individual milking
times and is therefore also known as intermitted dry-off. Milk synthesis is inhibited due
to milk stasis in the udder during the extended milking interval, which causes regression
of mammary secretory epithelial cells (Stefano et al., 2002). Reviewing the effects of
reduced milking frequencies on milk production, Stelwagen et al. (2013) stated that
once daily milking reduces milk yield by approximately 22%, whereby the extent of
production depression varies substantially and ranges from 7 to 40% in different
lactation stages. Milking cows once instead of twice daily in the week before dry-off
was found to effectively reduce milk yield in a study by Tucker et al. (2009) (7.0 vs.
8.9 £0.95 kg/day). Gott et al. (2016) found a depression of 33.4% on milk production
caused by skipping from twice to once daily milking seven days before cessation of
milking. The last daily milk yield before dry-off was effectively reduced in comparison
to abruptly dried off cows (13.2 vs. 19.8 kg, respectively). Further benefits of the
intermitted cessation in comparison to abrupt cessation are defined by
Zobel et al. (2013): Skipping milking times over five days before dry-off reduced milk
leakage (27% vs. 75%; overall leakage incidence e.g. either leaking or not leaking,
tested with a 2-tailed Fisher’s exact test over the course of the four observation days
following complete cessation of milking) and motivation to be milked, interpreted from

the time the cows spent standing at the parlor's entrance gate anticipating routine
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milking. This opens the conclusion that increased standing after abrupt cessation is
caused by both frustration due to routine changes and by discomfort from udder
engorgement. Similar to other management fields in dairy farming, gradual routine
changes seem to cause less negative behavioral responses than when these changes are
performed abruptly, providing the animals time to adapt to this new situation (Zobel et
al., 2015).

In a study by Valizaheh et al. (2008) both management techniques of feed restriction
and skipping milking times before dry-off to reduce milk yield were combined.
Forty-two late lactation cows were fed a late lactation TMR for six days and then had ad
libitum access to either grass or oat hay for another six days and were subjected to the
same milking frequency schedule. On the day before dry-off cows were not milked at
all and during d 2 to 4 before dry-off there were only milked once. By d 12 milk
production had effectively declined from 16.4 £ 6.1 kg/day to 4.7 £ 0.37 kg on oat hay
and 7.8 + 0.42 kg on grass hay. Dancy et al. (2019) prepared Holstein dairy cows with a
reduced milking frequency over five days before dry-off and compared behavioral and
physiological variables of two groups, differing in the nutrient density of the mixed
ration they received. As a mean for both treatment groups, milk yield at dry-off was
reduced by approximately 10 kg after the experimental period. Cows that were fed the
lower nutrient density diet produced 0.9 kg less milk at the time of dry-off in
comparison with the group of cows that received the higher nutrient density diet.
Interestingly, recent evidence suggests that these common practices of reducing milk
production itself may impede the welfare status of the cow (Zobel et al., 2015).
Odensten et al. (2007a,b) define that restricting nutritional feed supply in late lactation
may result in compromising the cow metabolically during this challenging phase of

high pregnancy. Greater blood non-esterified fatty acid (NEFA) and cortisol levels were



24
Chapter 1 — General overview

found in cows that were fed with limited energy intake before dry-off. Furthermore, it
seems obvious that under such circumstances cows may not be able to reach satiety and
may experience hunger. Tucker et al. (2009) noted increased vocalization in cows that
were fed only half of their former ration (8 vs. 16 kg of dry matter per day) when being
compared to those that received the full amount wuntil dry-off
(0.8 vs. 0.2 + 0.15 calls/min for 8 and 16 kg of dry matter per day, respectively). In the
study by Valizaheh et al. (2008) close to dry-off cows were divided into two groups and
six days before dry-off were given ad libitum access to either oat hay or grass hay. The
cows that received oat hay vocalized more often and ingested only about half of the
daily amount of the grass hay group. Therefore, the authors concluded that the ad
libitum access to grass hay enabled better satiety, due to the conditions that it is more
palatable (e.g. the cows were motivated to eat more) and it contains higher amounts of
protein than the oat hay.

The practice of gradual cessation of milking by skipping individual milking times was
found to increase the risk of IMI at calving for multiparous cows, whereas abrupt
cessation increased the risk of IMI in primiparous cows (Gott et al., 2016). In the cited
study the odds of IMI of primiparous cows at calving were 3.5 times higher for abruptly
dried off quarters than for quarters milked once daily for the final week of lactation.
Furthermore, gradual cessation is discussed to frustrate the cow due to changes in the
milking routine. Increased waiting at the pen's exit gate was assumed to be a
nonfunctional behavior and an indicator for frustration. Stefanowska et al. (2000)
showed that an increase in this standing behavior was connected to missed milkings in
lactating cows. In a study by Tucker et al. (2009) skipping from twice to only once daily
milking was not associated with increased standing behavior. An experiment by Zobel

et al. (2013) showed that after dry-off cows that were dried off abruptly were more



25
Chapter 1 — General overview

likely to spend time anticipating milking in comparison to cows that were dried off via

intermitted milking over five days.

1.4.2 Prolactin inhibitors and other approaches

Prolactin is a single chain polypeptide, synthesized and released principally by anterior
pituitary lactotroph cells. The main function of prolactin is the regulation of lactation by
stimulating the growth and development of mammary gland tissue, milk synthesis and
maintenance of milk secretion (Saleem et al., 2018). Prolactin is released in response to
several signals acting mainly indirectly by modulation of tuberoinfundibular
dopaminergic system (inhibitory control by hypothalamic dopamine) or directly on
lactotropes in the pituitary. Prolactin releasing hormone (PRH), Thyrotropin releasing
hormone (TRH) and neural stimuli during milking or suckling stimulate the release of
prolactin. Also dopamine antagonists promote the release of prolactin, whereas
dopamine and dopamine agonists inhibit prolactin secretion (Saleem et al., 2018).
Consequently, milk secretion can be reduced by reducing galactopoietic hormones, such
as prolactin, in the blood and by that inhibiting the lactogenic signal, which is driven by
prolactin (Ollier et al., 2012; Bach et al., 2015; Lacasse et al., 2016; Bertulat et al.,
2017). One prolactin-release inhibitor at the level of the pituitary gland is cabergoline, a
selective dopamine D2 receptor agonist that reduces blood prolactin concentrations for
up to eight days when injected after abrupt dry-off (Boutinaud et al., 2016).
Consequently udder pressure, milk leakage and signs of udder pain were found to be
reduced after applying cabergoline at dry-off (Bach et al., 2015; Bertulat et al., 2017).
Another specific inhibitor of prolactin release (dopamine D2 receptor agonist) that was
tested in several studies is quinagolide. Ollier et al. (2014) compared the effects of
prolactin-release inhibition via quinagolide to the common approach of feed restriction

aiming to lower milk production. Cows in the feed restriction group were only fed dry



26
Chapter 1 — General overview

hay during the last five days before dry-off. The treatment group received the same
lactation diet as the control cows but received injections of quinagolide twice daily from
d 5 before dry-off to d 13 after cessation of milking. Concentrations of prolactin (in
blood serum and in skim milk) and the citrate to lactoferrin ratio (in skimmed milk)
were found to be reduced and both BSA and Na'-to-K " ratio increased faster in both
groups (compared to the control group). Milk production was depressed to an average
milk yield of 17.9 kg/day and 10.1 kg/day at dry-off for the quinagolide and hay group,
respectively. In comparison, control cows had still high milk yields at cessation of
milking with an average of 24.8 kg/day. Production depression caused by feed
restriction led to decreased blood glucose and amino acid concentrations and increased
the concentrations of Beta-hydroxybutyrate (BHB) and NEFA in blood. In the
quinagolide group there was only an increase in blood glucose measured. These
findings suggest, that inhibiting prolactin release by injecting quinagolide might serve
as an alternative to lower milk production before dry-off without perturbation of the
cows' metabolism as it could be observed during the common practice of feed
restriction. In a similar study design by Ollier et al. (2015), milk production in cows
before cessation of milking was limited either by feed restriction or quinagolide
injection and quarters were challenged by dipping teats in a solution containing
Streptococcus agalactiae to investigate the effect of the respective milk yield reduction
method on susceptibility to new intramammary infections. The number of
Streptococcus agalactie colonies found in mammary secretion samples collected after
dry-off and the number of Streptococcus agalactiae infected quarters were lower for the
cows treated with quinagolide. On d 14 after dry-off in 57.5% of the control quarters
were infected with Streptococcus agalactiae, in contrast to this only 17.2% of the

quarters that were treated with quinagolide were infected. The authors therefore suspect
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prolactin release inhibition to have a positive effect on intrammamry infection rate at
dry-off.

Boutinaud et al. (2016) studied the ability of inhibiting prolactin secretion to accelerate
the involution process after dry-off. A treatment with the prolactin release inhibitor
cabergoline at the time of dry-off decreased lactose concentrations and the
citrate:lactoferrin molar ratio and increased lactoferrin concentrations, SCC and fat
content in milk samples; leaving the authors to conclude that the cabergolin injection
effectively accelerated mammary involution. Administration of cabergoline at dry-off
was also found to effectively reduce udder engorgement and milk leakage after
cessation of milking and improve lying time at the day following dry-off (Bach et al.,
2015).

Another experiment was carried out testing the ability of prolactin release inhibitors to
lower milk production and limiting energy deficit in cows subjected to acute nutritional
stress in early/mid lactation (Ollier et al., 2016). Twenty-three cows were provided only
55.9% of their previous ration over 5 days and received injections of either quinagolide,
dexamethasone or water (control group). Feed restriction reduced milk production but
the change was greater in the quinagolide and dexamethasone cows than in the control
cows. The limited energy supply led to a decrease in plasma glucose concentration and
to an increase in NEFA and BHB concentrations. Cows that were injected with
quinagolide showed higher glucose and lower NEFA and BHB concentrations. Limiting
milk production by inhibiting prolactin release under the circumstances of acute
nutritional stress limited the reduction of the energy balance. Analyzing the
concentration and the activity of polymorphonuclear leukocytes, the authors also state

that injections of quinagolide did not impede the cows’ immune function.



28
Chapter 1 — General overview

Vanacker et al. (2017) tested how inhibiting the lactogenic signal through injections of
quinagolide affects milk production and immune status in cows after calving. Eight
quinagolide treatments every twelve hours after calving led to a lower milk production,
higher blood glucose and calcium concentrations and lower blood BHB concentrations
during the first week of lactation. There was no residual effect on longer term cow
productivity and limiting the prolactin peak at the beginning of lactation led to an
enhancement of the proportion of immune cells that entered oxidative burst.

There are also other scientific approaches that indirectly influence the milk yield before
dry-off by aiming to speed up the involution process of the mammary gland after
cessation of milking by different intramammary infusions at dry-off. In a study by
Lanctot et al. (2017) low- and high viscosity hydrogels of chitosan, a natural
polysaccharide derived from chitin, which is able to trigger host immunity, were infused
into cow teats at dry-off. In comparison to the control group (which was infused with
water) the treatment group showed signs of immune response and involution faster.
Physiological reactions were apparent in the increase in SCC, BSA, lactoferrin and
lactate dehydrogenase concentrations in milk samples, which were collected after dry-
off. The authors concluded, that chitosan hydrogel infusions could promote and hasten
the involution process after cessation of milking and therefore shorten the hazardous
time span of involution during which the risk of acquiring new intramammary
infections is increased. Ponchon et al. (2014) had similar findings when infusing casein
hydrolysate (70 mg) at dry-off and comparing the effects to reactions after ethylene
glycol-bis( 3 -aminoethyl ether)-N,N,N,N-tetraacetic acid (5.7 g) and lactose (5.1 g)
infusions. SCC and BSA concentrations in milk samples of quarters that were infused

with casein hydrolysate after cessation of milking were higher and lactoferrin

concentrations increased faster. The citrate to lactoferrin ratio was lower in treated
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quarters and the Na'-to-K " ratio increased faster. The casein infusion was also found to
lead to an increase in proteolytic activity, obvious in greater matrix metalloproteinase 9
activities after dry-off. In contrast to this, infusions of ethylene glycol-bis(

8 -aminoethyl ether)-N,N,N,N-tetraacetic acid only increased SCC and infusions of

lactose had no effect on any of the involution parameters. Accordingly Ponchon et al.
(2014) suggested that casein hydrolysate represents a local inhibitor for milk secretion
during milk stasis that accelerates mammary involution.

Leitner et al. (2007) also treated high producing cows (25 kg/day at dry-off) with
intramammary casein hydrolysate at dry-off. The authors found the treated cows to
spend more time lying down than nontreated cows after cessation of milking, due to
significant difference in udder engorgement. Udder firmness in untreated cows
increased for the first four days after dry-off, whereas it immediately decreased in the
treated cows.

In a study by Maynou et al. (2018) acidogenic boluses were ultilized to lower milk
production in dairy cows before dry-off. The authors aimed for inducing a mild and
temporary metabolic acidosis at dry-off to facilitate the transition from lactation to the
dry period. Administration of oral agidogenic mineral boluses containing anionic salts
decreased feed intake and milk production before dry-off (- 2.56 kg/day, - 1.15 kg/day
measured two days after treatment with two or one bolus, respectively). Bolus cows also
showed lower udder pressure and increased lying time after dry-off but incidence of

milk leakage did not differ between treated animals and control group.

1.4.3 The new approach of incomplete milking
For scientific purposes there have also been approaches aiming to reduce milk

production of dairy cows in different lactation phases by means of incomplete milking.
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Periods of milk stasis were proven to reduce milk yield not only caused by extended
milking intervals but also by incomplete milking. After removing the milking clusters
during a single milking interval in mid lactation (55 + 9 days in milk (DIM)) when 40%
or 70% of the expected milk amount was extracted, Albaaj et al. (2018) found milk
production to be decreased about 5.3 kg for the 40% group and about 1.3 kg for the 70%
group. Investigating effects of incomplete milking half of each contralateral udder of 12
cows over six weeks, Penry et al. (2017a) detached the teat cups early aiming to leave
approximately 30% of the total milk yield behind. The effect of this treatment on milk
production rate was found to be significant, with the average treatment half-udder
producing 0.24 kg/h less in comparison to the average control half-udder (mean over the
6 week treatment period). Cows in this study were enrolled during early lactation (from
5 to 47 DIM).

Not emptying udders completely has traditionally been assumed to pose a threat for the
cows’ health situation (Woodward et al., 1936). Residual milk may serve as a growth
medium for potentially harmful pathogens and therefore incomplete milking was
traditionally suspected to impede udder health. Even though most studies on incomplete
milking found slight increases of SCC in the quarters that received a reduced level of
emptying there is no current experiment that found udder health to be impeded by this
practice. After a single interval of incomplete milking Albaaj et al. (2018) found
Somatic Cell Score (SCS) to be increased, but the effect was not longer apparent after
milking the experimental cows under conventional settings for five further times. Penry
et al. (2017a) reported SCC to rise only slightly after increasing the amount of milk
remaining in the cisternal compartment after cluster removal over six weeks. Average
SCC was 26,300 cells/mL for control half-udders and 48,300 cells/mL for incompletely

milked half-udders. No information regarding the bacterial status of the enrolled udders
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was provided in this study, which would have been essential for interpreting the causal
interrelations between incomplete milking and changes in SCC.

So far, there are no studies investigating the effect of incomplete milking on milk
production or udder health in late lactation, but there are several recent publications
about the implications and benefits of incomplete milking in early lactation. The
incipient milk production after calving induces an abrupt increase in the demands for
energy and nutrients in dairy cows. This periparturient period presents a challenging
time span for both metabolism and the immune system. Recent studies indicate that
slowing down the production increase during the first days of lactation by only partial
udder emptying can decrease the risk of potential metabolic or immunological
disturbances during early lactation.

The approach of limiting milk harvest while maintaining milk stimulus in early lactation
was initially studied by Carbonneau et al. (2012). Forty-seven Holstein cows were
allocated to three groups: the first group was milked completely twice daily from
calving (control), the second group was also milked twice a day but only about a third
of the expected milk amount was extracted during the first 5 DIM (incomplete) and the
third group was left to nurse their calves until 5 DIM and milked once a day from DIM
3 to 5 (nursing). From DIM 6 to 61 all cows were conventionally milked twice a day to
study long term effects on cow productivity and metabolic status. During the treatment
period incompletely milked cows received the following schedule: 6 L on DIM 1, 8 L
on DIM 2, 10 L on DIM3, 12 L on DIM 4 and 14 L on DIM 5. The authors did not
observe a residual effect of this milking protocol on long-term milk production (average
milk yield between week in milk 2 and 9: 47.8 kg, 45.7 and 46.4 kg/day for the control,
incomplete and nursing group, respectively). Interestingly, metabolic stress in cows of

the incomplete and nursing group was lower compared to the conventionally milked
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cows, concluded from higher blood concentrations of glucose as well as lower blood
concentrations of NEFA and BHB. This effect was significant until DIM 28. The
assumption, that incomplete milking in early lactation might lead to elevated
intramammary pressure and changes in lying behavior was disproved by Krug et al.
(2017). While milking cows incompletely (10-14 L/day) during the first five days of
lactation, no significant effect of treatment on lying time was found.

Morin et al. (2018) state, that such a practice of incomplete milking in the early
postpartum period could help to limit the negative energy balance in dairy cattle.
Utilizing a comparable treatment protocol as seen in Carbonneau et al. (2012), the
authors found incomplete milking to effectively reduce ketonemia and the prevalence of
hyperketonemia in early lactation.

Randomly allocating multiparous cows (n = 846 cow lactations) into a control group
and a treatment group, Krug et al. (2018a,b) studied the effects of incomplete milking
during the first 5 DIM on culling hazard, milk production, milk composition and on
udder and reproductive tract health. Experimental cows in the treatment group were
milked incompletely with a maximum of 10, 10, 10, 12 and 14 L/day collected on DIM
1, 2, 3, 4 and 5, respectively. The study period lasted from 2 to 44 weeks in milk.
During this observed period the authors did not find an effect of treatment group on
culling hazard, milk weight, milk fat or milk protein concentrations. A difference in
energy corrected milk was noted during the 38™ week in milk: cows that had been
milked incompletely before produced less amounts than cows that started in lactation
under conventional settings. However, this discrepancy in production performance was
only observed during this single week. Therefore the authors conclude, that milking
incompletely had negligible effects on cow productivity (Krug et al., 2018b). Moreover,

there were also no effects of incomplete milking on the incidence of clinical mastitis
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during the first 90 DIM or on the health status of the reproductive tract investigated at
35 DIM (Krug et al., 2018a). Krug et al. (2018a) emphasized that milking incompletely
during the first five days in milk even increased the odds for a decrease in SCS from 8
to 11 DIM.

The commonly used practices of modern dairy farming to reduce milk yield before
dry-off (limitation of energy intake and skipping of individual milking times) can be
accompanied by a variety of unwanted side effects for both welfare and health situation
of the cow, as described before. For scientific purpose, there are further approaches of
induced production depression but so far, none of them seems to serve as an appropriate
on-farm management technique. The need of exploring new practicable alternatives to
prepare high yielding cows for dry-off has already been emphasized in the literature
(Zobel et al, 2015). Especially against the background of the growing importance of
selective dry cow therapy (Scherpenzeel et al., 2014; Scherpenzeel et al., 2018) due to
increasing public concerns regarding the blanket preventive application of antibiotics
(Barkema et al., 2015), preparation for dry-off should enable a gentle and
uncomplicated cessation of milking that does not require antibiotic treatment to
maintain good udder health. Zobel et al. (2015) state that, due to consumer demands
and health issues around the dry period that are at least partially attributed to the
management of this phase, current dairy industry may soon be motivated to work out
animal friendly methods for a more natural structure of the lactation cycle. Aiming for a
more gradual transition from a non-lactating into a high lactating state and concomitant
reduced metabolic or immunological disturbances in early lactation, practices of milk
yield reduction seem to be beneficial not only before dry-off but also during the crucial
phase of early lactation, by limiting milk production and slowing the overall production

increase.
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1.5 Objectives

The distal teat canal's orifice is considered to be the main entrance gate for pathogens
into the teat’s lumen. Therefore, its unimpeded functionality of opening for milk release
and closure after milking is essential for a sufficient udder health status. Even though
there are some ultrasonographic studies existing, describing the changes of inner teat
morphology due to mechanical milk removal, hardly any study has focused on
alterations of the teats’ tip area. This motivated us to particularly investigate the
morphological structure of the distal teat canal and its orifice via high-resolution
ultrasonographic scanning. This thesis aimed:

1. to visualize and analyze the inner teat morphology in a detailed way by
utilizing a probe of higher frequency than ever applied in the literature
before (18 MHz),

2. to establish new measurement traits of the distal teat canal, and

3. to describe the changes in the teats’ overall morphology caused by milking
and their associations with other variables of the individual cow such as

parity and particular aspects of milkability and udder health.

Since milk yield has severely increased during the last decades (more than doubled
during the previous 50 years; Oltenacu and Broom, 2010), the cessation of milking in
high yielding cows forms a demanding challenge for modern dairy farming. Currently
there is no universal management technique available that enables milk yield reduction
before dry-off as a gentle preparation before cessation of milking without potentially

impeding the cows’ wellbeing or health. Therefore, this thesis also aimed for:
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4. programming of a software module that enables automated cluster removal
at a targeted milk amount (see patent specification in the annex), and by
applying this software in late lactation

5. testing a procedure of successive incomplete milking that will cause an
adaptation of the cows™ milk yield, without negative impact on udder health
when the cow entered the program in a state of good health condition. With
this successive milk yield reduction gradual involution of the mammary
gland already prior to cessation of milking, the reduction of the milking
machine induced modifications of the teats™ tissue and no impairments of
milk production or udder health in the subsequent lactation were targeted.
The software induced preparation for cessation of milking may lay the

foundation for an antibiotic free dry-off.
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2.1 Abstract

The teat canal is important in the defense against invading pathogens, but its functional
features can be impeded by the milking process. The objective of our study was to
compare teat morphology before and after a standard milking procedure using
high-resolution ultrasonography. Tissue changes were determined by measuring inner
traits of teat morphology: teat width, teat end width, teat cistern width, diameter of the
lower and upper teat wall, teat canal length and teat canal diameter. Additionally, three
traits describing the distal teat canal and its external orifice were established: diameter
of the distal teat canal's orifice, distal teat canal's perimeter and distal teat canal's
surface. In a first trial we verified the repeatability of scanning over time with a mixed
model. During the second trial significant changes after milking were observed for all
measured traits of teat morphology, except in teat end width. The traits from the distal
teat canal and its orifice were remarkably changed by milking: distal teat canal's orifice:
+ 28.9%, distal teat canal's perimeter: + 25.0% and distal teat canal's surface: + 41.5%.
Comparing multiparous versus primiparous cows, higher values of teat width, teat end
width and teat canal length were observed in the older animals. Testing the effect of
milk yield on teat dimensions, cows with milk yields > 11.0 kg/afternoon milking were
found to have larger teat widths, teat end widths and cistern widths before attachment of
the cluster. Furthermore we observed associations of inner teat morphology towards
bacterial counts in the appropriate milk. Regarding this udder health related parameter
especially the newly established traits indicated to have a connection. Teats whose
appropriate milk showed bacterial growth had larger distal teat canals’ perimeters and
distal teat canals® surfaces. High-resolution ultrasonographic scanning of dairy teats
allowed a detailed visualization of the inner morphology. The applied procedure can

therefore serve as a useful tool for comparison and evaluation of different milking
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techniques by analyzing the resulting changes of the morphological traits. The thorough
description of teat tissue can also be applied for drawing conclusions on the status of the

teat canal's physical and mechanical defense function.

2.2 Introduction

Maintaining a healthy mammary gland in dairy cows is indispensable for good
production performance and the animals’ wellbeing. Inner morphology of the lactating
bovine teat and its modifications during the milking procedure play an important role in
the defense against mastitis. The teat canal is highly specialized in its function of
preventing leakage of milk and entry of microorganisms. Complex anatomical and
immunological defense mechanisms are known (Krémker, 2014). A smooth muscle
sphincter allows opening and closure of the distal teat canal's orifice during the milking
process; this sphincter is considered to form the first physical and mechanical barrier
against invasion of bacteria by closing the most important portal of entry for pathogens
into the mammary gland (O Shea, 1987). Consequently, teat canal penetrability is an
important aspect for udder health and by that also affects health management strategies
on dairy farms. Teat morphology differs among breeds (Klein et al., 2005; Bobi¢ et al.,
2014), between cows and quarters within cows (Zwertvaegher et al., 2012) and is
furthermore influenced by the milking procedure (Gleeson et al., 2004; Guarin and
Ruegg, 2016). Machine milking may induce changes in teat dimension as well as in the
teats tissue, such as congestion and hyperkeratosis (Neijenhuis et al., 2001b). Vacuum
applied to the teat to open the teat canal makes the milk available but also leads to
accumulation of blood and lymph in the teats tissue (Hamann et al., 1993). The
magnitude of change in the teat canal is influenced by the milking machine settings

such as machine-on time, applied vacuum level or type of teatcup liners (Hamann et al.,
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1993; Hillerton et al., 2000; Paulrud et al., 2005; Penry et al., 2017). Various studies
have been conducted to analyze the morphology of the bovine teat and its changes due
to milk removal. External studies utilized a 2-dimensional vision-based measuring
technique (Zwertvaegher et al., 2013) or a translucent measuring ruler (Guarin and
Ruegg, 2016). For investigations of the teats’ inner morphology ultrasound has been
used and a variety of traits are known to be useful for measurements in ultrasonographic
studies of the bovine teat (Neijenhuis et al., 2001a; Weiss et al., 2004; Szencziova et al.,
2013; Bobi¢ et al., 2014; Fasulkov et al., 2014; Strapak et al., 2017; Wieland et al.,
2018). However, hardly any study has focused on the teats’ tip area. As the teat canal is
considered to be the main infectious path for pathogens, its unimpeded functionality is
essential for a sufficient udder health. This motivated us to particularly investigate the
morphological structure of the distal teat canal and its orifice via ultrasonographic
scanning and thereby establishing additional measurement traits describing this delicate
area. Ultrasonographic investigations are easy to apply, noninvasive, and thus allow for
visualizing the teats’ internal structure and their morphological changes during milking.
However, the morphological dimensions of the teat canal are very small and scans of
excellent image quality together with appropriate software are required for ensuring
high accuracy and reliability which in turn allow for identification of influencing factors
such as the milking process or peculiarities of individual cow rather than interpreting
measurement errors. Therefore the objective of our study was to visualize and analyze
the inner teat morphology in a detailed way by applying a high-resolution probe of
18 MHz and establishing new measurement traits. Furthermore our aim was to describe
the changes in the teats’ overall morphology caused by milking and their associations
with other variables of the individual cow such as parity, and particular aspects of

milkability and udder health.
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2.3 Materials and Methods

2.3.1 Animals and Sampling

The experiments were carried out at the Frankenforst research station of the University
of Bonn (Koénigswinter, Germany). The experimental procedures (June 2016 to October
2017) performed in this study were approved by the relevant authority (Landesamt fiir
Natur-, Umwelt- und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen (84-
02.04.2016.A047) and were in strict accordance with the German animal protection law.
The Holstein dairy herd (n=72) was loose-housed in a two-row open free-stall barn
with cubicles and concrete floor. All animals were fed with a mixed ration and
additional concentrate depending on the individual performance. The cows were milked
twice per day at 05:30 a.m. and 16:30 p.m. Milking was performed in a double-four in-
line milking parlor (GEA Farm Technologies GmbH, Bonen, Germany) at a pulsation
rate of 62 pulses/min, a pulsation ratio of 64:36 and a vacuum level of 40 kPa; the milk
pipelines were placed below cow standing level thus the milk was transported to the
tank without lifting. The clusters were removed automatically when total milk flow
decreased below 0.3 kg/min. Premilking treatment consisted of udder cleaning with a
wet paper towel and stripping of the first milk squirts in addition to mechanical
prestimulation (300 pulses/min during the first 30 s). Milk yield, milking duration and
peak flow rate were recorded at the level of the udder by Metatron C21 (GEA Farm
Technologies GmbH, Bonen, Germany).

For monitoring bacterial contents and somatic cell counts, we collected aseptic milk
samples at the quarter level between the routine premilking treatment and the
ultrasonographic scanning. Before sampling, the first strippings of milk from each

quarter were discarded, teat ends were then disinfected with 70% alcohol and allowed to
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dry. After that milk samples were taken into sterile vials and transported refrigerated to

a commercial laboratory.

2.3.2 Bacteriological Culture and Somatic Cell Count

Bacteriological analyses were carried out according to the recommendations of the
German Veterinary Society regarding the isolation and identification of mastitis
pathogens (DVG, 2009). Milk samples were plated (10 uL) on blood agar (Oxoid,
Wesel, Germany), incubated (37 °C) and optically evaluated after 24 h and 48 h for
overall extent of bacterial growth. Accordingly, the quarters were classified either as
group 0 (no growth of pathogens detectable) or group 1 (growth of pathogens
detectable). Pathogens were then cultivated in pure culture on plate count (VWR,
Darmstadt, Germany) or blood agar and identified via matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) by the
Chemical and Veterinary Investigation Office (CVUA, Stuttgart, Germany). Somatic
cell counts in the quarter milk samples were quantified by using an automated cell
counter (DCC Cell Counter; DeLaval GmbH, Glinde, Germany). For the procedure
60 uL of milk sample were aspirated into a small cassette. A DNA-specific fluorescent
reagent bound to the SCC nuclei, which were then counted by an integrated digital

camera. SCC values are given as base ten logarithms.

2.3.3 Experimental Design and Ultrasonographic Scanning

We used a MyLab TM Five Vet scanner with a multi-frequency (6-18 MHz) linear
array probe (Esaote Biomedica GmbH, Cologne, Germany) to record ultrasound images
of 50 (Trial 1) and 138 teats (Trial 2), respectively. The trials are described in detail
below. The scans were performed on the longitudinal cross-section of the left and right

front teats at the afternoon milking with B-mode 18 MHz. To avoid deformation of the
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teat image by direct contact of the probe we used a plastic cup (7x5x12 cm) filled with
lukewarm tap water to immerse the teat. Lateral to the teat the probe was held against
the cup. To ensure an adequate contact between probe and cup we used ultrasonic gel
(Aquasonic 100, Parker Laboratories Inc., Fairfield, USA). Scans before milking (T0)
were carried out after routine teat preparation and collection of milk samples, to ensure
a sufficiently filled teat cistern. Scans after milking (T1) were conducted immediately
after milking, not later than three minutes after automatic cluster removal. The real-time
scanning was observed on the screen of the scanning device. Taking the longitudinally
folded cylinder-shaped structure of the teat canal (Paulrud, 2005) into account, we
aimed to conduct each scan at the respective point of widest diameter. Therefore the
probe was slowly moved on the plastic cup along the horizontal line of the teat,
visualizing the teat canal in its overall morphology. The scanning procedure was
performed until the resulting picture showed a sufficient quality (visibility of the whole
teat at least 10 mm proximal the Fiirstenberg's rosette, adequate sharpness, good
visibility of the ideally widest point of the teat canal's diameter). As soon as the teats
morphology appeared in adequate sharpness, the “freeze button” was pushed. The
scanning device makes the previous 400 images available, and thus we were able to
select the respective picture with the highest quality regardless whether or not the
“freeze button” was pressed in the very second. The resulting pictures were stored in the
internal memory of the scanning device. After the milking time the pictures were
transferred to a computer via USB device. Measurements were conducted at a computer
using MyLabDesk software (Version 10.0, Esaote Biomedica GmbH, Cologne,
Germany) with an accuracy of 0.1 mm and were all conducted by the same person. We

assessed ten different morphological characteristics of the teat as shown in figure 2.1.
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Figure 2.1. Measurement positions of the traits of inner teat morphology. 1 — TW (mm) width
of the teat 10 mm proximal the rosette of Fiirstenberg; 2 — TEW (mm) width of the teat end at
the rosette of Fiirstenberg; 3 — TCW (mm) width of the teat cistern 10 mm proximal the rosette
of Fiirstenberg; 4 —- TWT1 (mm) diameter of the lower teat wall 10 mm proximal the rosette of
Fiirstenberg; 5 — TWT2 (mm) diameter of the upper teat wall 10 mm proximal the rosette of
Fiirstenberg; 6 — TCL (mm) length of the teat canal; 7 — TCD (mm) diameter of the teat canal 5
mm distal the rosette of Fiirstenberg; 8 — TOR (mm) width of the teat canals distal orifice; 9 —
DTCp (mm) perimeter of the distal teat canal beginning 5 mm distal the rosette of Fiirstenberg

until the distal orifice; 10 — DTCs (mm?®) surface of the distal teat canal referring to DTCp
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Teat width (TW in mm) was measured orthogonally to the teat canal, 10 mm proximal
the rosette of Fiirstenberg. The diameter of the teat on the same orthogonal axis at the
point of the rosette of Fiirstenberg was measured as teat end width (TEW in mm).
Diameters of teat cistern (TCW in mm), lower (TWT1 in mm) and upper teat wall
(TWT2 in mm) were measured at the vertical line of TW. The length of the teat canal
(TCL in mm) was measured from the rosette of Fiirstenberg up to the distal end of the
teat canal. The resulting axis of the teat canal served as a direction for measurements of
teat dimension as mentioned before. The diameter of the teat canal (TCD) was
measured 5 mm distal of the rosette of Fiirstenberg. In addition to these seven traits of
teat morphology that have already been applied similarly in previous studies (cf.
Neijenhuis et al., 2001a; Strapdk et al., 2017) three traits focusing on the area of the
distal teat canal were assessed. At the distal end of the teat canal we measured the width
of the teat canal's orifice (TOR in mm). The perimeter (DTCp in mm) of the distal teat
canal was measured starting at 5 mm distal the rosette of Fiirstenberg at the
measurement point of TCD up to the distal orifice (TOR). The perimeter was defined by
manually setting measuring points hemming the hyperechoic area of the distal teat canal
utilizing the feature for determining perimeters of the MyLabDesk software. The
measurement software displayed the distal teat canal's marked perimeter in mm (DTCp)
and relating thereto, calculated the surrounded surface (DTCs in mm?).

Trial 1 was performed to characterize the repeatability of the scans. Twentyfive
randomly selected cows (average lactation number 3.0 = 1.7) from the herd were
assigned to three sequentially repeated ultrasonographic scans at weekly intervals. At
each scanning date ultrasonographic scans of every front teat were done: One scan
before (TO) and one scan after (T1) milking in order to evaluate the effects of the

milking process. In total, 300 ultrasonographic scans from 50 teats were recorded.
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Trial 2 was conducted to compare teat morphology before and after milking, aiming for
evaluation of the effects of the milking process. Scans were done in 69 cows (average
lactation number 2.4 +1.4) of the herd and included two ultrasonographic scans of
every front teat, 1.e. before (T0) and after (T1) milking. In total, 276 ultrasonographic
scans from 138 teats were recorded.

All cows included in both trials had to be free of clinical mastitis and udder
abnormalities. Number of lactations, milk yields and milking traits of the experimental

cows are shown in table 2.1.

Table 2.1: Descriptive statistics of lactation number, milk yield, and milkability traits from the

experimental cows

Trait Unit Triall (n = 25) Trial 2 (n = 69)
Mean SD Min Max Mean SD Min Max
Lactation number 30 1.7 1 8 24 14 1 7
Daily milk yield kg/day 33.8 10.0 18.0 49.2 27.1 10.0 8.2 49.2
Milk yield' kg 147 49 82 226 123 48 34 21.8
Milking duration' min 627 16 49 92 58 20 26 129
Highest milk kg/min 428 1.09 223 6.09 423 122 158 7.11

1
flow

" as assessed during the afternoon milking (1630 h)

2.3.4 Statistical Analyses

The obtained data were analyzed using SPSS Statistics (Version 24.0, SPSS Inc.,
Chicago, IL). Data were tested for normal distribution using the Shapiro-Wilk test.
Variance homogeneity was checked with the Levene's test (P > 0.10). During Trial 1,
teat scans of the same 25 cows before and after the afternoon milking were done in

weekly intervals across three weeks, to characterize the repeatability of teat scanning of
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the wvarious traits from measurements over days. Cow was considered as the
experimental unit and linear mixed models were fitted to analyze the effect of time on
the measured traits. Dates of measurements were included as fixed effects and cow as a
random effect. In addition, the standard error of the difference between means (SED) of
the three measuring days was calculated to verify the effect of time. To provide the
relation of the SED to the total mean for each trait percent values were calculated with

reference to Neijenhuis et al. (2001a) as follows:

SED trait
= — %
total mean

In Trial 2, scans of the front teats (n = 138) during the exact milking time (TO, T1) were
used to assess the milking-related changes in teat morphology and their potential
associations with parity as well as particular aspects of milking characteristics and
udder health. The experimental unit during these analyses was the individual teat.
Taking variance homogeneity into account, we performed a paired Student's t-test
between the recorded values of each of the measured traits at TO and T1 milking to
determine their changes during milking. We used Student's t-tests to compare the
subgroups of the experimental animals that were formed according to threshold values
for different traits (multiparous vs. primiparous, milk yield > or < 11.0 kg, peak flow
rate > or < 4.0 kg/min; both on udder level). At the teat level subgroups were formed
according to the microbiology results of 138 quarter milk samples, i.e. with or without
bacterial growth in the appropriate milk. For estimation of variance MANOVA models
were built. Measurements of teat traits at TO, T1 and respective values of differences in
the measured values in comparison of the time points were put into the model as
dependent variables. Cow and lactation number (multiparous vs. primiparous) were
included as fixed effects, milk yield (> or <11.0 kg) and peak flow rate

(> or <4.0 kg/min) at the respective afternoon milking as well as bacteriological
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findings in the corresponding milk (with or without bacterial growth) served as
covariates. We calculated Pearson's coefficients of correlation for determining potential
associations between the different traits of teat morphology. Results were considered as

significant at P < 0.05. Values are given as means + SD.
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2.4 Results and Discussion

During Trial 1, aiming on characterizing the repeatability, we conducted 300 scans (25
cows, 50 teats, two scans per teat immediately before and after milking). Of the
theoretically possible 3,000 measurements (10 traits per scan) 2,898 measurements were
actually done. To analyze the changes of teat morphology caused by the milking
process (Trial 2) we included 276 ultrasonographic scans in the data set (69 cows, 138
teats, two scans per teat immediately before and after milking). We were able to
conduct 2,704 measurements of the theoretically possible 2,760. The total of 158
missing values was due to a few scans of inadequate quality, in which not all traits
could be measured. The portion of 2.7% unavailable data represents the high quality of

the scans and a good applicability of the method.

2.4.1 Repeatability of the ultrosonographic measurements

During Trial 1, the date of scanning was not associated with any of the variables
assessed (average effect of time: P = 0.54). Thus all ten variables of teat morphology
were repeatable at least over three weeks. Neijenhuis et al. (2001a) stated that
differences between days are comparable with differences between duplicate
measurements, therefore and because of the intense nature of the scanning procedure we
renounced on duplicating scans. To analyze the mean differences in response to day of
measurement we provided the SED for each measured trait (Table 2.2). The mean
difference of ultrasound measurements of the various teat parameters between days

varied from 1.6% for TW after milking to 10.9% for DTCs before milking.
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Table 2.2: Differences in measurements of internal teat traits of the same 25 cows on three different days before (T0) and after (T1) milking (Trial 1)

Measurement days Effect of time
Trait Unit N' Total Mean Mean day 1~ Mean day 2 Mean day 3 SED’ %’  P-value
Teat width mm  TO 150 274 27.6 27.2 27.5 0.52 1.9 0.61
(TW) T1 143 25.9 26.0 25.9 25.9 0.42 1.6 0.38
Teat end width mm  T0 150 23.0 23.1 22.8 23.0 0.41 1.8 0.33
(TEW) T1 148 23.1 23.3 22.9 23.1 0.49 21 0.52
Teat cistern width mm TO 150 13.7 14.2 13.4 13.7 0.82 6.0 091
(TCW) T1 144 7.05 6.77 7.38 6.99 0.68 97 0.68
Teat wall thickness mm TO 150 6.83 6.66 6.94 6.89 0.32 4.8 0.60
lower teat wall (TWT1) T1 143 941 941 9.48 9.32 0.35 3.7 0.34
Teat wall thickness mm TO 150 6.77 6.71 6.81 6.79 0.38 56 0.49
upper teat wall (TWT2) T1 145 9.49 9.73 9.36 9.38 0.68 3.6 0.82
Teat canal length mm TO 150 10.7 10.6 10.8 10.7 0.46 43 0.63
(TCL) T1 148 12.7 12.7 12.7 12.7 0.39 3.1 0.65
Teat canal diameter mm TO 140 1.01 0.90 1.05 1.07 0.07 6.5 0.29
(TCD) T1 141 1.16 1.12 1.16 1.19 0.06 5.2 0.54
Distal teat canal's mm TO 143 2.05 1.97 2.00 2.17 0.15 71 0.10
orifice (TOR) T1 145 2.66 2.69 2.61 2.69 0.19 73 0.77
Distal teat canal's mm TO 138 16.3 16.2 16.5 16.1 0.89 55 0.45
perimeter (DTCp) T1 140 20.9 21.0 21.1 20.7 0.89 4.2 0.44
Distal teat canal's mm’> 7o 138 7.12 6.80 7.55 7.04 0.78 10.9 0.51
surface (DTCs) T1 140 10.5 10.3 10.8 10.3 0.91 8.7 0.79

;N = number of measurements included
SED = Standard error of the difference
3% = (SED trait/total mean) * 100
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Differences between days measured by Neijenhuis et al. (2001a) ranged from 4.4% for
TEW up to 19.9% for TCW. Based on our relatively small variation of means between
days and the independence of time, it can be stated that the applied method was
characterized by a good repeatability. Aiming to analyze teat morphology in greater
detail, we established three additional measurement traits with focus on the distal teat
canal. Repeatability of these traits was equally well as of the measurement traits already
applied in ultrasound studies of lactating teats in the literature (Neijenhuis et al., 2001a).
The utilization of a high-resolution scanning device in our trials showed that it could be
applied easily and without stress for the animals due to the noninvasive nature of the
technique. Furthermore, it was fairly easy to operate for the user. Precise measurements
were not only enabled by a high image quality, but were also based on implementation
of measurement software of high accuracy. The conduction of all image analyses
through the same observer is emphasized by Wieland et al. (2018), mentioning the risk
of decreased precision in estimates and power to detect coherences of interest when

performing measurements by various observers.

2.4.2 Changes of teat morphology during milking
Except for TEW all traits were associated with the milking process (P <0.001), i.e.

different values were obtained before and after milking as shown in Table 2.3.
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Table 2.3: Changes in internal teat traits before (T0) and after (T1) milking (Trial 2)

TO T1
Trait Unit N! Mean SD SE Mean SD SE %"
Teat width mm 132 27.2° 2.14 0.19 25.5° 1.93 0.17 - 6,07
(TW)
Teat end width mm 134 22.6" 1.68 0.15 22.7% 1.77 0.15 +0,15
(TEW)
Teat cistern width mm 133 14.0° 3.21 0.28 7.21° 2,87 0.25 -48,5
(TCW)
Teat wall thickness mm 133 6.61% 1.45 0.13 9.21° 1.43 0.12 + 39,4
lower teat wall (TWT1)
Teat wall thickness mm 133 6.40% 1.51 0.13 8.99° 1.51 0.13 + 40,6
upper teat wall (TWT2)
Teat canal length mm 135 10.6° 1.95 0.17 12.7° 1.90 0.16 + 19,0
(TCL)
Teat canal diameter mm 132 0.99% 0.26 0.02 1.22° 0.25 0.02 +22,6
(TCD)
Distal teat canal's orifice mm 133 2.02° 0.69 0.06 2.61° 0.75 0.07 + 28,9
(TOR)
Distal teat canal's mm 131 16.7% 4.18 0.36 20.9° 4.29 0.38 +25,0
perimeter (DTCp)
Distal teat canal's mm? 131 7.04% 2.77 0.24 10.0° 3.28 0.29 +41,5
surface (DTCs)

*® Means within a row with different superscripts differ (P < 0.001)
'N = number of measurements included
*Percentage change of trait from TO to T1
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In our study TCW showed the highest relative changes after milking. Neijenhuis et al.
(2001a) had similar findings with an average decrease of 45.8% in cistern width. During
the milking process the milk is withdrawn from the teat cistern and as the cistern's
volume decreases, the dimension of the teat walls increases. During the vacuum phase
strain is generated in the teats’ tissue which leads to a dilatation of blood vessels.
Swelling of teat walls can be explained by the machine induced accumulation of fluid
(blood and lymph) (Hamann et al., 1993). However, appropriate milking machine
settings should provide pulsation characteristics that enable effective teat massage and
venous flow, so the interstitial fluid can drain off when the liner compresses during the
massage phase (IDF, 1987). Teat shape in its overall width was only slightly affected,
which was in accordance to previous studies (Paulrud et al., 2005; Kuchler, 2011; Bobi¢
et al., 2014). In our experiment average change in TEW was about 0.15%. Therefore we
can conclude that the machine settings did not lead to an intense accruement of edema.
Stretching of the teats™ tissue in its length dues to the vacuum and the weight of the
cluster attached to the teat. Strapak et al. (2017) had similar findings, i.e. in front teats a
20.5 % average elongation of the teat canal. Even higher changes (27%) were reported
by Szencziova et al. (2013). Neijenhuis et al. (2001a) found less stretching of the teat
canal of 12%. These divergent outcomes might be explained by application of varying
milking techniques and morphological variation of the experimental animals’ teat tissue.
Consequently, in our study general teat shape was much more affected in its length than
in its width as a consequence of the milking procedure. Dimensions of teat width scaled
down about an average of 6.07 % and a maximum of 8.96% (for TW) while extension
of TCL reached 19% in average with a maximum of 49%. The same effect of overall
shape adjustment was observed by Neijenhuis et al. (2001a). Using a translucent

measuring ruler, Guarin and Ruegg (2016) also found post milking teats to be longer
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and narrower than pre milking teats. Regarding the diameter of the teat canal, Strapak et
al. (2017) found changes of 9% from 1.11 mm to 1.21 mm, also based on measurements
in Holstein cows™ front teats. The higher extension of the average diameter recorded in
our study may not only be explained by different milking machine settings or the
varying initial condition of the studies animals morphological characteristics before
milking. Application of software tools for measuring the scans, varying in their
accuracy probably also has an impact on the resulting values.

In addition to the classical teat canal traits, three innovative characteristics were
established herein, describing the area of the distal teat canal and its external orifice in
greater detail. Milk flow through the teat canal did not only extend the diameter of the
teat canal at 5 mm proximal the rosette of Fiirstenberg (TCD) but also led to a widening
(P <0.001) of the orifice (TOR) as well as the perimeter (DTCp) and surface (DTCs) of
the distal teat canal. For evaluating a standard operating procedure for ultrasound-based
measurements of teat canal dimensions, Wieland et al. (2018) measured a related trait
defined as the teat canal diameter at the distal end of the teat canal using a 5-10 MHz
probe. Obtained data was of comparable scale (2.42 = 0.43 mm).

Associations between the measured traits of teat morphology were identified by
correlation analysis (Pearson). The DTCp and DTCs were correlated to TCL, due to the
fact that measurement of both traits describing the distal teat canal started 5 mm distal
the rosette of Fiirstenberg. Therefore with increasing length of the teat canal higher
values of DTCp and DTCs were observed (DTCp: TO r = 0.91, T1 r = 0.88; DTCs: TO
r=0.63, Tl r=0.57; at P <0.01). Regarding the distal teat canal we found correlations
between all three newly established characteristics. A great distal orifice (TOR) was
relate to larger perimeter (DTCp) and surface (DTCs) of the distal teat canal (DTCp: TO

r=0.31, Tl r=0.40; DTCs: TO r=0.59, T1 r=0.69; at P <0.01). Positive correlations
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were also detected between TCL and the diameters of the teat walls (TWTI1: TO
r=0.049, T1 r=0.0.33; TWT 2: TO r=0.40, TI1 r = 0.33; at P <0.01). These findings
are in accordance with Weiss et al. (2004) who found a correlation of r = 0.50 (P <
0.001).

In this study we also analyzed the connection between animal specific data, such as
parity or traits related to udder health and milkability, and teat morphology. Milk yield
was found to be connected to the inner morphology of the teat. For comparison of the
experimental animals we formed two groups among a threshold value of 11.0 kg
amount of afternoon milk yield (> 11.0 kg, n=36; < 11.0 kg, n = 33). This value
corresponds to the median afternoon milk yield of the cows (11.0 kg) and was used
since milk yield data were not normally distributed. Cows with an afternoon milk yield
> 11.0 kg not only had larger (P = 0.01) cistern (14.5 £ 3.07 mm in contrast to 13.0 +
3.53 mm in lower yield cows) and teat width (P = 0.001) (TW 27.0 = 1.75 mm and
TEW 23.0 = 1.56 mm in contrast to TW 26.3 + 2.20 mm and TEW 22.1 + 1.67 mm in
lower yield cows) before attachment of the clusters due to the teats bulging with milk,
but also showed a higher difference in the measured values in comparison of the time
points. Consistent with the bigger milk volume removed in cows with > 11.0 kg milk
yield, the differences in TW and TCW were higher (P = 0.005 and P = 0.002,
respectively) than in cows with milk yields < 11.0 kg. TCW was reduced by 7.39 + 3.12
mm in cows with higher yields and by 5.69 + 2.92 mm in cows with lower yields in the
course of removal of the milk. Bobi¢ et al. (2014) also emphasized a slight connection
(r=0.27, P <0.05) between dimensions of the teat cistern and milk yield in front teats.
Connections between the measured values of TW and milk yield could not be verified
by Weiss et al. (2004). This might be explained by a higher average milk yield during

our experiment (27.1 + 9.98 kg) compared to the milk production of cows enrolled by
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Weiss et al. (2004) (13.1 £ 0.45 kg) and consequently a higher variation in the amount
of teat swelling due to heavily filled cisterns. Furthermore, Weiss et al. (2004) stated
that an association with milkability traits was not observed when examining externally
measurable teat characteristics, such as the teat diameter. Therefore ultrasonographic
examination to analyze inner characteristics seems more appropriate for studying such
relationships. In our experimental cows with a peak flow rate recorded at afternoon
milking > 4.0 kg/min (n = 36) showed a trend for wider teat canal diameters before

(P =0.055) and after (P = 0.067) milking than cows with peak flow rates < 4.0 kg/min
(n=33) (> 4.0 kg/min: TO 1.03 £ 0.03 mm, T1 1.25 +0.27; <4.0 kg/min:

T0 0.94 £ 0.02 mm, T1 1.17 = 0.23 mm). The threshold value reflects the average peak
flow rate observed in the experimental cows during Trial 2 of 4.23 £ 1.22 kg/min (data
were normally distributed). The observed trends might be interpreted as wider TCD
enable a greater volume of milk to pass through the teat canal per unit time. Milk yield
and milk flow were both recorded at the udder level during our study. Expanding such
data to the quarter level in future ultrasonographic studies will deepen our insight into
the relationships between milking traits and inner teat morphology.

Parity was identified as a factor associated with changes of teat morphology during
milking. Comparing multiparous (n = 50) to primiparous (n = 19) cows, we observed

differences in various traits of inner teat morphology (Table 2.4).
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Table 2.4: Internal teat traits of multiparous and primiparous cows before (T0) and after (T1) milking (Trial 2)

Multiparous cows (n = 50)

Primiparous cows (n = 19)

Trait Unit Mean SD SE Mean SD SE P - Value
Teat width
(TW) mm TO 27.6 2.20 0.22 26.1 1.52 0.25 <0.01
T1 25.8 1.91 0.19 24.8 1.79 0.29 <0.01
Teat end width
(TEW) mm TO 23.1 1.55 0.16 21.6 1.58 0.26 <0.01
T1 23.0 1.37 0.14 21.8 2.34 0.38 <0.01
Teat cistern width
(TCW) mm TO 14.3 3.41 0.34 13.0 2.88 0.47 0.044
T1 7.45 3.16 0.32 6.62 1.79 0.29 0.059
Teat canal length
(TCL) mm TO 10.8 2.06 0.21 10.1 0.16 0.27 0.042
Tl 12.8 2.03 0.21 12.2 0.14 0.23 0.034
Distal teat canal's
mm Tl 21.3 4.5 0.46 19.8 3.44 0.56 0.063

perimeter (DTCp)
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Teats of multiparous cows were wider before and after milking (P < 0.01) and showed
larger cistern dimensions before milking (P = 0.044 at TO) than teats of primiparous
cows. These differences in teat shape might be explained by the lower average milk
yield of the heifers as compared to the multiparous cows (heifers: 9.47 £ 2.17 kg/day;
multiparous: 13.50 + 5.05 kg/day) and thus a less filled cistern and a less swollen teat.
Zwertvaegher et al. (2012) reported similar findings of narrower teats in heifers using a
2-dimensional vision based measuring technique to estimate the teat barrels diameter in
an external study. Parity did also affect length of the teat canal. We found longer TCL
in teats of multiparous cows compared to those of heifers. Comparing Holstein cows in
the first and second lactation by using a 7.5 MHz probe, Szencziova et al. (2013) also
detected differences (P < 0.05) in length of the teat canal. Referring to the newly
established traits of distal teat morphology, the perimeter of the distal teat canal (DTCp)
after milking tended to be larger in multiparous than in primiparous cows, however the
level of significance was not reached in this case (P = 0.063). Taking the effects of
parity together, we suggest that exposure of teat tissue to mechanical milk removal
increases the dimensions of inner morphological traits with advancing lactations. We
thus suggest that special attention should be paid to the influence of milking machines
on teat tissue with increasing age.

With regard to udder health, no major pathogens were detected in the quarter milk
samples during Trial 2 (n = 138). An overview of the occurrence of cultured udder

pathogens is shown in table 2.5.
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Table 2.5: Overview of bacteria cultured in quarter milk samples (n = 138, Trial 2)

Number of affected
. . . . Number of cfu
Classification Bacteria quarter milk . 2
o/l (Min-Max)
samples (%)
Coagulase-nggatlve Staphylococcus 6 (4.3) 1-34
staphylococci chromogenes
Staphylococcus
haemolyticus 2(14) 17
Staphylococcus 4(2.9) 18
equorum
Stap}{)'/lococcus 4(2.9) 1-6
cohnii
Sta]?hylocgccus 1(0.7) )
auricularis
S{ap}'zylococcus 1(0.7) 1
vitulinus
Corynebacteria Corynebacterium 15 (10.9) 1-9
bovis ’
Corynebacterium 2(1.4) 9.5
confusum
Corynebacterium
frankenforstense 429 17
Cor'ynebacterlum 1(0.7) 1
resistens
Aerococci A.e rococcis 3(2.2) 2
viridans
Aerococcus suis 1(0.7) 1
Micrococci Micrococcus luteus 1(0.7) 1
Micrococcus
kocuria carniphila 2(14) !
Negative culture 100 (72.5)
Contam13nated 1(0.7)
samples

'A quarter milk sample was defined as affected by the presence of 1 or more colonies of
the same type

*Number of colony forming unit (cfu) identified in the individual cultured quarter milk
samples per 10 pL

3Samples were defined as contaminated when 2 or more colonies of 2 or more different
bacteria (without distinct excess of one type of colony) were identified
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The quarters examined during trial 2 had a relatively low average somatic cell count
(log10SCC =4.16 £ 0.57 cells/mL, or SCC = 49,036 + 178,603 cells/mL, respectively),
indicating a good udder health status in the herd. In 11 out of the 138 enrolled quarters
we detected SCC > 100,000 cells/mL, but without bacteriological findings and clinical
symptoms. These quarters were examined for udder pathogens two further times with an
interval of one week between samplings confirming the negative findings. Therefore
these quarters were classified as showing unspecific mastitis (DVG, 2002). Bacterial
growth in the appropriate milk was the trait connected to udder health and vulnerability
to mastitis, enrolled in our study. We were able to expose that especially the newly
established traits of teat morphology were associated to this udder health related
characteristic. We classified the scanned teats by the bacterial growth in the
corresponding milk samples (n = 138; group 0: no growth of pathogens detectable,

n = 100; group 1: growth of pathogens detectable, n = 37; contaminated samples: n = 1).
Whereby, in general only minor pathogens were found during our bacteriological
analyses. Samples were considered as contaminated when two or more colonies of two
or more different bacteria (without distinct excess of one type of colony) were
identified. Therefore one sample was excluded. The overall low bacterial growth may
indicate that the determined bacteria originated rather from the teat canals mucosa than
from a colonialization of the whole quarter. Measured values of the newly established
internal teat traits of the distal teat canal at TO and T1 in the respective groups are

shown in table 2.6.
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Table 2.6: Distal teat canals traits of teats with no bacterial growth (group 0) and bacterial growth (group 1) in the corresponding milk before
(TO) and after (T1) milking (Trial 2)

TO Tl

G 0 G 1 P- G 0 G 1 P-

roup roup Value roup roup Value
Trait Unit Mean SD SE Mean SD SE Mean SD SE Mean SD SE
Distal teat
canal’s orifice mm 1.90 0.53 0.07 2.14 0.69 0.11 0.052 2.41 0.62 0.08 2.71 0.79 0.13 0.058
(TOR)
Distal teat mm 15.8 4.13  0.52 18.1 4.04 0.67 0.019 20.3 4.07 0.52 22.2 394 0.66 0.003
canal's
perimeter
(DTCp)
Distal teat mm®  6.48 242  0.30 7.78 2.89 048 0.008 9.12 2.34  0.30 11.06 335 056 0.024

canal's surface
(DTCs)
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The sphincter has the function to close the teat canal's external orifice between milking
times to prevent infiltration of potential mastitis causing pathogens. Thus a widely
opened orifice after milking represents a critical risk factor for udder health. In our
study teats with bacterial growth in the appropriate milk tended show higher values
describing the teat canals external orifice (TOR), even though statistical significance
was narrowly missed in this case. Consequently not only texture of the teats tissue is
affected by mechanical milk removal, also defense mechanisms of the teat canal can be
compromised by factors of the milking technique. Greater values of perimeter and
surface of the teat canal connote a high amount of mucosal tissue at the distal teat duct
and by that represent a larger area for invading microorganisms to colonize. This may
explain why we determined larger DTCp (TO: P=10.019; T1: P=10.003) and DTCs (TO:
P=0.008; T1: P=0.024) in teats whose appropriate milk showed bacterial growth. The
bacterial growth related differences detected in the newly established traits of teat
morphology, even when not including cows with udder health issues point to the
importance of the distal teat canal and its orifice for the animals™ health. Integration of
the three newly established traits in future ultrasound studies is even more intriguing
since none of the common morphological traits known from the literature was
demonstrated to be related to udder health in our experiments. Whereas Klein et al.
(2005) found TCL and TCD in infected quarters (SCC > 100.000 cells/mL and
detection of udder pathogens) to be higher (P < 0.001) compared to healthy quarters.
Utilizing a translucent measuring ruler Guarin and Ruegg (2016) indicated an increased
risk of clinical mastitis with enlarged premilking diameter of the teat apex. These
mentioned traits did not show connections to udder health in the present study, but it
should be noted that no inflamed or infected quarters (SCC > 100,000 cells/mL and

detection of udder pathogens) were enrolled. In connection with the finding of parity
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effect, results of an enlarged DTCp in multiparous cows after milking may be connected
to an increased risk of mastitis with advancing lactation number (Breen et al., 2009).
Investigating dairy cows’ teat canals by swab technique and highlighting a connection
of teat end callosity and microbial load of the appropriate teat canal, Paduch et al.
(2012) emphasized the need of identifying further factors affecting the extent of
microbial incidence in teat canals. During our study we could verify the dimensions of
the distal teat canal (DTCp, DTCs) as being connected to the amount of bacterial
growth in the respective milk sample. Therefore these traits can be classified as a useful
measurement option and ultrasonographic investigation may be considered for
complementing common examination methods in further studies, aiming on the
evaluation the teat canal's defense mechanisms and microbial load.

Despite all detected influencing factors, variance estimation showed that cow was the
factor accounting for the largest proportion of variance in teat traits measured before
(73% TCL; 71% TCW; 69% DTCp; 66% TWTI1; 58% DTCs; 52% TEW, TW and
TWT2; 51% TOR; not significant for TCD) and after milking (75% TCL; 74% DTCp;
66% TCW; 62% DTCs; 59% TOR; 55% TW; 54% TWTI; 49% TWT2; 45% TEW; not
significant for TCD). These findings were in accordance with previous studies by
Neijenhuis et al. (2001) and Zwertvaegher at al. (2012). Animal specific data
(multiparous vs. primiparous, milk yield > or < 11.0 kg, peak flow rate > or < 4.0
kg/min and bacteriological findings in the corresponding milk: with or without bacterial
growth) explained only marginal parts of variance during the multivariate statistics.
Estimation of variance for the differences in the measured values in comparison of the
time points (relative changes in teat traits from TO to T1) showed that for only three out
of ten traits variance was partly explainable by the individual cow. This may be

engendered by the fact that measured values at TO and T1 refer to the teats’ individual
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morphology, whereas relative changes in teat traits were caused by the external effect of
the milking technique, which formed a relatively equal influencing variable for all
experimental animals. Inner teat morphology differs among individual cow and quarter
within cow. Whereby during our study teat position (left front versus right front) did
account for negligible variance and was therefore left out of the model. However, it
should be taken into account that the relative dimensions of teat tissue changes due to
the milking procedure for rear teats might be divergent, and thus both front and rear
teats should be included in future studies. Rear quarters commonly contain more milk
than front quarters. Removing the milking cluster in our experiments was based on and
milk flow threshold value at the udder level, but the mechanical stain in front quarters
might have differed from the hind quarters. Furthermore, observation of external teat
traits in future studies may provide easy determinable additional information and thus
enable investigation of associations between internal and external teat traits as
performed by Weiss et al. (2004) and Ambord and Bruckmaier (2010). The present
study refers to a data base of high producing, healthy Holstein cows. Investigation and
comparison of the distal teat canal's morphology in other breeds might form a further
interesting research approach.

Allowing for analyses of morphological changes, teat scanning has already been used
for the assessment of different milking machine settings or liner types (Gleeson et al.,
2005; Paulrud et al., 2005; Vetter at al., 2014; Besier and Bruckmaier, 2016).
Application of the newly established measurement traits could also improve

investigations in this case.
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2.5 Conclusions

The vulnerability of the bovine teat canal to invading microorganisms cannot be
measured directly by ultrasonography. However, changes in teat morphology after
milking are assumed to reflect the teat canal penetrability. Therefore the measurement
of traits estimating the relative changes in teat tissue via ultrasound represents an
expedient method to assess the teat condition. High-resolution ultrasonographic teat
scanning served as a practicable, noninvasive tool to study the morphological changes
during milking in a repeatable way. It can therefore be applied for the evaluation of
different milking techniques, liners and milking machine settings by analyzing the
reaction of the teat. Examination of the newly established traits, referring to the delicate
area of the teat canals distal orifice may result in an improved estimation of the

individual teats ability of physical defense against invading microorganisms.



82
Chapter 2

2.6 References

Ambord, S., and R. M. Bruckmaier. 2010. Milk flow-dependent vacuum loss in high-
line milking systems: Effects on milking characteristics and teat tissue condition.

J. Dairy Sci. 93:3588-3594. http://doi.org/10.3168/1ds.2010-3059.

Besier, J., and R. M. Bruckmaier. 2016. Vacuum levels and milk-flow-dependent
vacuum drops affect machine milking performance and teat condition in dairy
cows. J. Dairy Sci. 99:3096-3102. http://doi.org/10.3168/jds.2015-10340.

Bobi¢, T., P. Mjji¢, G. Vuckovié, M. Gregi¢, M. Baban, and V. Gantner. 2014.

Morphological and milkability breed differences of dairy cows. Mljekarstvo.
64:71-78.

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. J. Dairy Sci. 92: 2551-2561. http://doi.org/10.3168/jds.2008-1369.

Deutsche Veterindrmedizinische Gesellschaft (DVGQG). 2002. Leitlinien zur Bekdmpfung

der Mastitis des Rindes als Bestandsproblem. Fachgruppe: Milchhygiene;
Sachverstindigenausschuss: Subklinische Mastitis. Verlag Deutsche
veterindrmedizinische Gesellschaft, Gieflen.

Deutsche Veterindrmedizinische Gesellschaft (DVG). 2009. Leitlinien zur Entnahme
von Milchproben unter antiseptischen Bedingungen und Isolierung und
Identifizierung von Mastitiserregern. Fachgruppe: Milchhygiene;
Sachverstindigenausschuss: Subklinische Mastitis. Verlag Deutsche
veterindrmedizinische Gesellschaft, Gieflen.

Fasulkov, I., N. Vasilev, M. Karadaev, and G. Dineva. 2014. Vizualisation and
measurement of teat structures in black-and-white cows through
ultrasonography. Maced. Vet. Rev. 37:89-93.

Gleeson, D. E., E. J. O'Callaghan, and M. V. Rath. 2004. Effect of liner design, pulsator
settings, and vacuum level on bovine teat tissue changes and milking
characteristics as measured by ultrasonography. Ir. Vet. J. 57:289-296.

Gleeson, D. E., E. J. O'Callaghan, W. J. Meaney, and M. V. Rath. 2005. Effect of two
milking systems on the milking characteristics, teat tissue changes and new
infection rate of dairy cows. Anim. Res. 54:259-267.
http://doi.org/10.1051/animres:2005025.




83
Chapter 2

Guarin, J.F., and P.L. Ruegg. 2016. Short communication: Pre- and postmilking
anatomical characteristics of teats and their associations with risk of clinical
mastitis in dairy cows. J. Dairy Sci. 99:8323-8329.
http://dx.doi.ore/10.3168/1ds.2015-10093.

Hamann, J., G.A. Mein, and S. Wetzel. 1993. Teat tissue reactions to milking: effects of
vacuum level. J. Dairy Sci. 76:1040-1046. https://doi.org/10.3168/1ds.S0022-
0302(93)77432-9.

Hillerton, J. E., I. Ohnstad, J. R. Baines, and K. A. Leach. 2000. Changes in cow teat

tissue created by two types of milking cluster. J. Dairy Res. 67(3):309-17.

IDF. 1987. Machine milking and mastitis. Bulletin no. 215. International Dairy
Federation, Brussels, Belgium.

Klein, D., M. Flock, J. K. Khol, S. Franz, H. P. Stiiger, and W. Baumgartner. 2005.
Ultrasonographic measurement of the bovine teat: breed differences, and the
significance of measurements for udder health. J. Dairy Sci. 72:296-302.
http://dx.doi.org/10.1017/S0022029905000920.

Kromker, V. 2014. Zur Bedeutung des Zitzenkanals in der Atiologie und Prophylaxe
der Mastitis beim Rind. Habilitation Thesis. University of Veterinary Medicine,
Foundation, Hannover.

Kuchler, K. 2011. Der Einfluss des Melkens auf Durchblutung und Morphologie der
Rinderzitze untersucht mittels Color Angiographie und B-Mode Sonographie.
PhD Thesis. Ludwig-Maximilian University, Munich.

Neijenhuis, F., G. H. Klungel, and H. Hogeveen. 2001a. Recovery of cow teats after
milking as determined by ultrasonographic scanning. J. Dairy Sci. 84:2599-
2606. http://doi.org/10.3168/jds.S0022-0302(01)74714-5.

Neijenhuis, F., G. A. Mein, J. S. Britt, D. J. Reinemann, J. E. Hillerton, R. Farnsworth,
J. R. Baines, T. Hemling, I. Ohnstad, N. Cook, W. F. Morgan, and L. Timm:s.

2001b. Evaluation of bovine teat condition in commercial dairy herds: 4.
Relationship between teat end callosity or hyperkeratosis and mastitis. Pages
362-366 in Proc. 2nd Int. Symp. Mastitis and Milk Quality, Vancouver, BC,
Canada. National Mastitis Council, Madison, WI.

O’Shea, J. 1987. Machine milking and mastitis. Section 2: Machine milking factors
affecting mastitis. A literature review. Bull. Int. Dairy Fed. 215:5-32.



84
Chapter 2

Paduch, J. H., E. Mohr, and V. Kromker. 2012. The association between teat end
hyperkeratosis and teat canal microbial load in lactating dairy cattle. J. Dairy
Sci. 158:353-359.

Paulrud, C. O. 2005. Basic concepts of the bovine teat canal. Vet Res Commun.
29(3):215-245.

Paulrud, C. O., S. Clausen, P. E. Andersen, and M. D. Rasmussen. 2005. Infrared
thermography and ultrasonography to indirectly monitor the influence of liner
type and overmilking on teat tissue recovery. Acta vet. Scand. 46:137-147.

Penry, J. F., J. Upton, G. A. Mein, M. D. Rasmussen, 1. Ohnstad, P. D. Thompson, and
D. J. Reinemann. 2017. Estimating teat canal cross-sectional area to determine
the effects of teat-end and mouthpiece chamber vacuum on teat congestion. J.

Dairy Sci. 100:821-827. http://doi.org/10.3168/jds.2016-11533.

Strapak, P., E. Strapakova, M. RuSinova, and 1. Szencziova. 2017. The influence of
milking on the teat canal of dairy cows determined by ultrasonographic
measurements. Czech J. Anim. Sci. 62:75-81.
http://dx.doi.org/10.17221/68/2015-CJAS.

Szencziova, 1., P. Strapak, L. Stadnik, J. Duchacek, and J. Beran. 2013. Relationship of

udder and teat morphology to milking characteristics and udder health
determined by ultrasonographic examinations in dairy cows. Ann. Anim. Sci.
4:783-795. http://dx.doi.org/10.2478/aoas-2013-0053.

Vetter, A., H. A. van Dorland, M. Youssef, and R. M. Bruckmaier. 2014. Effects of a

latency period between pre-stimulation and teat cup attachment and periodic
vacuum reduction on milking characteristics and teat condition in dairy cows. J.
Dairy Res. 81:107-112. http://doi.org/10.1017/S0022029913000617.

Weiss, D., M. Weinfurtner, and R. M. Bruckmaier. 2004. Teat anatomy and its

relationship with quarter and udder milk flow characteristics in dairy cows. J.
Dairy Sci. 87:3280-3289. http://doi.org/10.3168/jds.S0022-0302(04)73464-5.
Wieland, M., J. M. Melvin, P. D. Virkler, D. V. Nydam, and W. Heuwieser. 2018.

Technical note: Development and evaluation of a standard operating procedure

for ultrasound-based measurements of teat canal dimensions in dairy cows. J.

Dairy Sci. 101:1518-1523. http://doi.org/10.3168/jds.2017-13326.
Zwertvaegher, 1., S. Van Weyenberg, S. Piepers, J. Baert, and S. De Vliegher. 2012.

Variance components of teat dimensions in dairy cows and associated factors. J.

Dairy Sci. 95:4978-4988. http://doi.org/10.3168/jds.2011-5296.




85
Chapter 2

Zwertvaegher, 1., S. De Vliegher, B. Verbist, A. Van Nuffel, J. Baert, and S. Van
Weyenberg. 2013. Short communication: Associations between teat dimensions
and milking-induced changes in teat dimensions and quarter milk somatic
cell counts in dairy cows. J. Dairy Sci. 96:1075-1080.
http://doi.org/10.3168/1ds.2012-5636.




Chapter 3

86

Chapter 3



87
Chapter 3

Livest. Sci. 2020, Article in Press, Available online 24 January 2020,

DOI: 10.1016/5.1ivsc1.2020.103942

Automated gradual reduction of milk yield before dry-off: Effects on udder health,

involution and inner teat morphology

L. M. Martin',*{ H. Sauerwein, *1 W. Biischer, 11 U. Miiller *3
* Institute of Animal Science, Physiology & Hygiene,
I Center of Integrated Dairy Research (CIDRe), and

T Institute of Agricultural Engineering, Livestock Technology, University of Bonn,

Bonn 53115

1Corresponding author: Lisett Marie Martin, Nussallee 5, 53111 Bonn, 0049228/73-

5112, Lisett.Martin(@uni-bonn.de




88
Chapter 3

3.1 Abstract

Lowering milk production of high yielding dairy cows before dry-off may be beneficial
for both physical health and welfare of the cow. Extending the milking intervals as well
as restricting energy intake are the commonly used approaches to decrease milk
secretion, but are mostly accompanied by adverse side effects. Our objective was to
elaborate a new technique for reducing milk production taking the natural process of
weaning into account, i.e. the abatement of the calf's milk removal when shifting its diet
from milk towards solid feed. We tested a software module by which the degree of
udder emptying can be gradually decreased through automated early removal of the
milking clusters over 10.4 + 1.8 days on 26 Holstein cows that were close to dry-off and
free of mastitis (SCC < 100,000 cells/mL and negative bacteriology in quarter milk
samples). Milk yield was compared to 30 conventionally milked control cows, which
had the same initial milk yields and fulfilled the same udder health criteria. After the
period of incomplete milking, milk production immediately before dry-off was 35.3 +
12.9% less in the experimental cows compared to the control cows. As expected, the
duration of milking decreased with time of incomplete milking. Neither SCC nor
bacteriology findings were altered by leaving residual milk in the wudder.
Ultrasonographic investigation of pre- and post-milking teat characteristics showed that
all traits of inner teat morphology except teat end width were less changed through the
incomplete milking process when compared to the changes occurring in the
conventionally milked control cows (differences in changes ranged from - 2.0% for teat
width to - 27.9% for the distal teat canal's surface). These findings suggest that the
mechanical strain on the teat was considerably decreased with termination of the
milking process before udders were completely emptied. After several days of

incomplete milking, the perimeter and the surface of the distal teat canal of the
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experimental teats were even smaller before attachment of the clusters when compared
to the pre-milking values of the control teats, which might reflect a strengthening of the
teat canals® functional defense mechanisms against the invasion of potential pathogens.
Assessments in the following lactation showed that neither milk yield nor udder health
were impeded by the targeted automated reduction of milk production before dry-off.
The software module tested herein thus provides an effective tool for facilitating the

dry-off process.

3.2 Introduction

Milk yield of dairy cows is significantly increased by genetic selection and improved
management practices. One of the consequences is that cows maintain high yields until
the end of lactation and are thus to be dried off when daily milk yields may still amount
> 20 L (Stefanon et al., 2002). After applying high levels of udder emptying and
constant milking frequencies during lactation, dry-off is commonly performed by abrupt
cessation of milking. This approach is critical with regard to health and welfare. High
yielding cows may experience discomfort and pain when being dried off abruptly due to
increased intramammary pressure caused by udder tissue engorged with milk
(O Driscoll et al., 2011; Bertulat et al., 2013; Silanikove et al., 2013). This pressure can
lead to leakage of milk after cessation of milking, opening the teat canal as a pathway
for the entrance of potential pathogens and therefore impeding the health status of the
udder (Rovai et al., 2007). Indeed, increased risks of developing IMI during the dry
period (Dingwell et al., 2002) or at calving (Rajala-Schultz et al., 2005; Gott et al.,
2016), and higher SCC (Gott et al., 2017) in the subsequent lactation were reported as
potential consequences. Decreases in lying time were observed in high yielding cows as

behavioral concomitants of abrupt dry-off (Chapinal et al., 2014; Rajala-Schultz et al.,
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2018). From other studies lying time after dry-off was reported to be generally
decreased with increasing milk yields, regardless of the dry-off technique (Zobel et al.,
2013). Consequently, decreasing the milk production towards dry-off is desirable and
various management tools for achieving this are applied in dairy farming. Restricting
energy intake is known to effectively decrease milk production (Bushe and Oliver,
1987), but is also related to distress, likely due to hunger and abrupt ration changes
(Valizaheh et al., 2008; Tucker et al., 2009). Limiting the supply of nutrients in late
lactation and during dry-off is also considered as substantial metabolic challenge for
cows in the third trimester resulting in greater NEFA and cortisol concentrations in the
circulation (Odensten et al., 2007a,b). Milk secretion also decreases when milk removal
is reduced or entirely stopped (Albaaj et al., 2018). Increasing the intervals between
milkings, e.g. by skipping individual milking times to create milk stasis represents
another method to reduce milk production (Stelwagen et al., 2008; Gott et al., 2016).
This gradual cessation of milking was found to increase the risk of intramammary
infections at calving for multiparous cows (Gott et al., 2016) and is furthermore
discussed as being frustrating for the cows due to changes in the milking routine based
on the observation of increased standing times at the exit gate of the pen (Stefanowska
et al., 2000; Zobel et al., 2013). Until now there is no universal management technique
available that is appropriate for lowering milk production without considerable side

effects for animal health or welfare.

The aim of our study was to elaborate an alternative practice to prepare cows for the
cessation of milking in a gradual and gentle way, without changing milking frequency
or feed supply and to initially test this new method on cows with healthy udders. A
step-down program for reducing the degree of udder emptying by triggering cluster

removal at a pre-defined amount of milk removed via implementing a new module into
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the milking software was tested. In consideration of the naturally diminishing milk
production at weaning when the offspring’s need for milk declines, we hypothesized
that (1) reducing milk removal and thus increasing residual milk in the udder will cause
an adaptation of the cows™ milk production, and that (2) this procedure will not impair
udder health provided cows are healthy when entering the program. This procedure
might (3) induce accelerated involution of the mammary gland already prior to
cessation of milking. We also expected (4) the milking machine induced alterations of
teat tissue to be less when compared to standard milking. The latter hypothesis was
investigated by high-resolution ultrasound (as described in Martin et al., 2018). Our last
hypothesis was, that (5) application of this software module prior to dry-off will not
impede milk production or udder health in the subsequent lactation. The present study
should serve as an initial attempt, testing the potential of software-induced incomplete
milking for preparation for dry-off only on udders of healthy cows. Future research
applying less strict enrollment criteria is appropriate before on farm applicability of the

presented method.

3.3 Materials and Methods

3.3.1 Animals

All experimental procedures performed in the present study were approved by the
relevant authority (Landesamt fiir Natur-, Umwelt- und Verbraucherschutz Nordrhein-
Westfalen, Recklinghausen (84-02.04.2016.A047) and were in strict accordance with
the German Animal Protection Law. Fifty-nine Holstein dairy cows of the Frankenforst
Research Station of the University of Bonn (Konigswinter, Germany) were included in

our study.
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The herd comprised approximately 70 Holstein dairy cows that were housed in a two-
row open free-stall barn with cubicles and concrete floor. A mixed ration was provided
ad libitum with fresh feed delivered twice daily after each milking time. No alterations
were made to the diet during the study period so all cows remained on the lactation diet
until dry-off. Concentrate was additionally provided through separate feeding stations
via transponder access according to the individual milk yields. In late lactation cows
received only 0.2 kg concentrate per day. All cows had constant ad libitum access to
clean water from automated water troughs.

Cows were milked twice daily at 05:30 a.m. and 16:30 p.m. in a double-four in-line
milking parlor (GEA Farm Technologies GmbH, Bonen, Germany) with a system
vacuum level set at 40 kPa, pulsation rate of 62 pulses/min and a pulsation ratio of
64:36. Udder cleaning with a wet paper towel and forestripping was followed by
mechanical prestimulation (300 pulses/min during the first 30 s). Milk yield, milking
duration and milk flow in the measuring unit at the moment of cluster removal were
recorded automatically at the level of the udder for each cow during each milking by the
Metatron C21 (GEA Farm Technologies GmbH) throughout the experiment.

During May 2015 and October 2017, those cows of the herd that were close to dry-off
were examined for udder health by collecting twice aseptic quarter foremilk samples (d
205 and 212 of gestation). To be enrolled in the trial, each cow had to be free of clinical
symptoms, have SCC < 100,000 cells/mL and a negative bacteriological result (based
on the definitions provided by the German Veterinary Society (DVG, 2009)) in each
quarter sample from both sampling times. Following these criteria, 56 cows with
healthy udders were selected and randomly allocated to either the experimental group
(AUTODRY, n = 26; average lactation number 1.9 £ 1.1) or the control group (CON,

n = 30; average lactation number 2.4 + 1.7).
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3.3.2 Software Module and Experimental Design

Before cessation of milking, the AUTODRY cows were milked using the software
module and underwent a step-down program of gradually reducing the level of udder
emptying for 10.4 + 1.8 days (average treatment period from d 219 — 228 of gestation).
The software module AUTODRY was programmed by Schmidt et al. (2017; German
patent DE 10 2017 120 656; International patent WO 2019/048521 A1) and integrated
into the milking computer (Metatron C21; GEA Farm Technologies GmbH) on the
experimental farm. The settings for selecting individual cows and the specification of
targeted yield were made by means of the herd management software removal of the
milking clusters at a defined targeted milk amount. The respective amount was
calculated based on the cow's individual milk yield before the trial (mean from
d 212 - 218 of gestation) which was then reduced by 5% on a daily basis to achieve a
successive lowering of the individual’s milk yield. The amount of milk obtained on the
last day of this period was defined as targeted end milk amount (kg/day). The last three
milkings before cessation of milking in the AUTODRY cows (morning and evening
milking on d 229 of gestation, morning milking on d 230 of gestation) were performed
using the conventional cluster take-off level according to milk flow rate (0.3 kg/min) to
remove the residual milk accumulated in the udder during the study period before dry-
off, and to estimate the degree of adaptation to the AUTODRY milking. The achieved
end milk amount (kg/day) was calculated as the sum of the last two milkings before
dry-off, after the residual milk was removed during the first conventional milking. For
the CON cows which were conventionally milked using the cluster take-off level
according to milk flow rate (0.3 kg/min) until cessation of milking, the last daily milk
amount before dry-off was considered as the achieved end milk amount. We calculated

the individuals® achieved milk yield reduction as a total amount (kg) over the complete
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period of the software application (Total achieved milk yield reduction (kg) =
Difference between start milk amount (kg/day) and achieved end milk amount (kg/day))

and as a relative value of daily achieved milk yield reduction:

total achieved milk yield reduction (kg)

Daily achieved milk yield reduction (kg/day):

duration of milk yield reduction (days)

All cows enrolled were examined for clinical symptoms at quarter level during each
milking time. Timing of dry-off was based on breeding dates and a targeted dry period
length of 50 days. On d 230 of gestation, milking was ceased and all cows received
intramammary antimicrobial treatment (Orbenin Extra, Zoetis Deutschland GmbH,
Berlin, Germany) and internal teat sealants (Orbeseal, Zoetis Deutschland GmbH) in
each quarter after the final milking. Milk yield and udder health were further monitored

for 90 days after calving.

3.3.3 Milk Sampling and Analyses

Foremilk samples from both groups were collected aseptically on the quarter level on d
205 and 212 of gestation, when cows from both CON and AUTODRY group were
milked conventionally and on d 220, 224 and 228 of gestation when AUTODRY cows
were milked with the software module while CON cows were still milked
conventionally. Milk samples from both groups were also collected three times after
calving on d 10, 18 and 26 of the following lactation. The sampling procedure was
performed after the routine premilking treatment and included discarding of the first
strippings, disinfection of the teat ends with 70% alcohol and sampling into sterile vials
after teats were dried. The samples (n = 1,780) were transported at approximately 4 °C
to the microbiological laboratory of the Institute of Animal Science (Bonn, Germany),
for assessing bacteriology according to the guidelines of the German Veterinary Society

about isolation and identification of mastitis pathogens (DVG, 2009). Using sterile
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disposable calibrated loops, 10 uL of each sample were plated onto blood agar (Oxoid,
Wesel, Germany). Plates were incubated at 37 °C and bacterial growth was evaluated at
24 and 48 h. Identification of isolates was conducted via matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) by the
Chemical and Veterinary Investigation Office (CVUA, Stuttgart, Germany) after pure
culture cultivation of the pathogens. Somatic cells counts were assessed with the DCC

Cell Counter (DeLaval GmbH, Glinde, Germany).

For measuring haptoglobin, additional quarter foremilk samples (n = 406; AUTODRY:
n = 238; CON: n = 168) were collected on d 205, 212, 220, 224 and 228 of gestation
(i.e., two times before and three times during the treatment period of differential
milking). The concentration of this acute phase protein was assessed in skim milk via
the in-house developed ELISA described by Hiss et al. (2004). The limit of detection

was 0.2 pg/mL, mean intra assay CV was 9% and mean inter assay CV was 13%.

3.3.4 Ultrasonographic Scanning

On d 212 and 228 of gestation, the left and right front teats of all 26 AUTODRY cows
and of 22 CON cows were examined by ultrasonography using a high-resolution
scanner (MyLab Five Vet, 6-18 MHz; Esaote Biomedica GmbH, Cologne, Germany) as
described by Martin et al. (2018). Each of the 96 teats was scanned directly before (T0)
and after (T1) milking. The teat was immersed in a plastic cup filled with lukewarm tap
water to avoid deformation of the sensitive tissue and the ultrasonographic probe was
moved along the horizontal line of the teat on the plastic cup, which was covered with
ultrasonic gel (Aquasonic 100, Parker Laboratories Inc., Fairfield, NJ). We evaluated
the 384 resulting scans on a computer utilizing the MyLabDesk software (version 10.0,

Esaote Biomedica GmbH). All measurements were done by the same person. Ten
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different morphological characteristics of the lactating teat were measured in each
image: Teat width (TW; in mm), teat end width (TEW; in mm), teat cistern width
(TCW; in mm), diameters of the lower (TWT1; in mm) and upper (TWT2; in mm) teat
wall, length of the teat canal (TCL; in mm), diameter of the teat canal (TCD; in mm),
width of the teat canal’s orifice (TOR; in mm), perimeter of the distal teat canal
(DTCp; in mm), and surface of the distal teat canal (DTCs; in mm?). For each trait the
relative changes from TO to T1 were calculated. More detailed information about the
applied scanning procedure and the respective positions and boundaries of the measured

traits are provided by Martin et al. (2018).

3.3.5 Statistical Analyses

All statistical analyses were done with the SPSS Statistics program (Version 25.0, SPSS
Inc., Chicago, IL). The Shapiro-Wilk test was applied for testing normal distribution.
Variance homogeneity was checked with the Levene’s test (P > 0.10). Cow served as
the experimental unit regarding milk yield before dry-off or after calving. For
comparing the variables related to udder health (SCC, Hp milk concentration and data
obtained by ultrasonographv), quarter was considered as the experimental unit. Taking
variance homogeneity into account, we performed Student’s t-tests for pairwise
comparisons between the experimental and the control group. Since the respective data
were not normal distributed, the Spearman’s Rho coefficient of correlation was
calculated to test for dependencies between variables. Linear mixed models were fitted
for examining repeated measurements per cow or quarter. Cow or nesting of quarter
within cow served as the subject. Sampling date (for analyses of milking characteristics:
d 200-229 of gestation before dry-off or day in milk (DIM) 1-90 after calving; for
analyses of udder health characteristics day of gestation 205, 212, 220, 224 and 228

before dry-off or DIM 10, 18 and 26 after calving), group (AUTODRY or CON),
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interactions between sampling date and group as well as lactation number (1-7) were
included in the models as fixed effects. Cow was set as random effect. At P < 0.05
results were considered as significant and the threshold for a trend was set at P < 0.10.

Values are provided as means = SD.

3.4 Results and Discussion
The software module worked well throughout the whole study period without any

defaults or data losses and was easy to operate.

3.4.1 Milk yield reduction
Table 3.1 shows the milk yield data of the AUTODRY cows in comparison to the CON

COWS.
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Table 3.1 Descriptive statistics of milk yield development in the experimental (n=26) and the control cows (n=30) during the observed period
from d 212 of gestation until dry-off on d 230 of gestation

Unit AUTODRY Cows CON Cows

Mean SD Min Max Mean SD Min Max
Lactation number 1.9 1.1 1 4 2.4 1.7 1 7
Duration of milk yield reduction days 10.4 1.8 7 14 ) i i i
Start milk amount' kg/day 20.6 3.8 13.8 27.9 20.6 3.2 14.9 25.8
Targeted end milk amount® kg/day 10.9 3.0 3.9 17.2 - - - -
Achieved end milk amount® kg/day 13.8 4.5 7.4 21.7 19.9 3.7 13.8 27.1
Targeted milk yield reduction® kg 10.4 2.3 53 15.6 - - - -
Total achieved milk yield reduction’ kg 73 2,6 20 12.8 0.7 12 23 28
Daily achieved milk yield reduction® kg/day 07 02 03 11 0.07 0.1 o2 03

' seven days' mean from d 212 to 218 of gestation

> milk yield on the last day of milk yield reduction

> AUTODRY cows: physiological milk production after period of milk yield reduction, calculated on last milkings before drying off following
conventional cluster take-off level (0.3 kg/min); CON cows: last milk yield before drying off

* difference between start milk amount and targeted end milk amount

> difference between start milk amount and achieved end milk amount

total achieved milk yield reduction (k
> AUTODRY cows: 4 (kg) CON cows:

dry-off

: : —— : , natural milk yield reduction was observed over the last 10.4 + 1.8 d before
duration of milk yield reduction (days)
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Milk yield at the start of the trial was not different between the groups (P = 0.88) and
thus the starting condition could be considered as equal. Expectedly, the amount of milk
withdrawn during the differential milking was lower in the AUTODRY than in the
CON cows (P <0.001). The achieved end milk amounts were less; accordingly the milk
yield reduction in the observed period of incomplete milking was remarkably higher in
the AUTODRY cows (P < 0.001). Applying the software module thus enabled the
experimental cows to achieve about 10-fold greater reductions than observed in the
control cows not receiving a preparation for dry-off. The development of the daily milk

amount comparing the experimental and the control cows is illustrated in Figure 3.1.

30
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Figure 3.1 Time course of the daily milk yield (means + SD) in the AUTODRY (solid line,
n =26) and the CON cows (dotted line, n = 30) from d 200 to 230 of gestation. The CON cows
were milked following the conventional milking routine with automated removal of the cluster
removal at a milk flow rate of 0.3 kg/min. The AUTODRY cows were milked to defined target
amounts to reduce udder emptying using the software module for 10.4 + 1.8 d. This time period
is highlighted in grey. During the last three milkings before drying off the AUTODRY cows
were returned to the conventional milking routine. The last daily milk yields before drying off
were calculated as means from the third and the second conventional milking and are presented

separately on d 230. All cows were dried off on d 230.
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After the AUTODRY cows had undergone the incomplete milking achieved by the
software module (over 10.4 £ 1.8 d), they were milked according to the conventional
routine with automated cluster removal at 0.3 kg/min for three additional milking times
before complete cessation of milking for dry-off. At the first milking of these additional
milkings, more milk than during the preceding milking times was obtained
(12.3 £ 3.6 kg; ranging from 4.8 to 18.7 kg). This corresponds to 56.3 + 10.6% of the
respective start milk amount before incomplete milking (range: 34.7% to 74.1%) and
was also positively correlated to the start milk amount (r=0.88 at P < 0.01). The
increased yield obtained by conventional milking after the AUTODRY period likely
reflects an accumulation of residual milk retained in the udder during incomplete
milking. Albaaj et al. (2018) compared different levels of incomplete milking, achieved
by limiting the amount withdrawn to 70, 40 or 0% of the expected yield, to unrestricted
milking, i.e. 100% of the expected yield. Incomplete milking was applied only at one
milking time in the quoted study; the yields of the following milking using unrestricted
milking were the more increased the lesser the udder was emptied in the preceding
milking (+ 4.5, + 8, and + 10.2 kg in 70, 40, and 0%, respectively, as compared to 100%
removal of the expected yield). Besides the effects on residual milk, periods of milk
stasis, be they induced by incomplete milking after manual cluster detachment (Penry et
al., 2017; Albaaj et al., 2018) or by extended milking intervals (Davis et al., 1999;
Stelwagen et al., 2013), were shown to have carry-over effects reducing milk synthesis.
In the aforementioned study with 3 levels of reduced milking, Albaaj et al. (2018)
reported reduced milk production in the 2™ and 3™ milking the one-time reduced
milking, amounting to 1.3 kg to 12.8 kg less milk after milking 70 or 0% of expected
yield, respectively, in early lactation (55 £ 9 DIM). Similarly, Penry et al. (2017)

showed decreased milk production rates (- 0.24 kg/h per half udder) after incomplete
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milking over several weeks. Stelwagen et al. (2013) expounded that once daily milking
reduces milk yield by approximately 22%, whereby the extent of production losses
varies substantially and ranges from 7% to 40% in different stages of lactation. The
magnitude of performance depression depends on the amount of milk stored in the
udder, influenced by the individuals® genetically determined production rate and the

time interval as well as the repetition of periods of milk accumulation.

In relation to milked amount, milking frequency and milk stasis, a variety of factors
influence the autocrine-paracrine mechanisms of regulating milk secretion. For
example, serotonin produced in mammary epithelial cells acts as a homeostatic
regulator of lactation (Collier et al., 2012) and accumulation of local signals such as
Na+ and K+ concentrations during milk stasis change the integrity of tight junctions
(Nguyen and Neville, 1998). Incomplete milking during AUTODRY treatment
therefore might have triggered different local stimuli. In the following, we will
speculate about the changes in prolactin concentrations as one example of altered
factors. The milking process or suckling of the offspring induces the release of
prolactin, which in turn stimulates the synthesis of milk (Lacasse et al., 2016). With the
AUTODRY protocol used herein, the frequency of the milking stimulus is maintained
but the duration of the milking process is decreased. Inhibiting prolactin secretion to
decrease milk production before dry-off was demonstrated to hasten the involution
process, consequently reducing udder health problems (Lacasse et al., 2016). The
prolactin status in the current experiment is not known, but based on reports about the
milking-induced prolactin surge in late lactation being decreased as compared to earlier
stages of lactation (Bernier-Dodier et al., 2011), we speculate that the AUTODRY
treatment might have provoked an accelerated decrease of prolactin secretion which in

turn supports involution as it is known from inhibiting prolactin release (Ollier et al.,
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2014). However, the milk yield reduction achieved by the AUTODRY software module
in our study was effective in general (mean decrease of 35.3 + 12.9%), but there was
considerable inter-individual variation (see Table 3.1). The inhibitory effect on milk
synthesis (calculated as reduced amount at the end of the reduced milking/starting milk

amount) ranged from 8.5% to 56.7%.
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3.4.2 Further milking characteristics
As expected, duration of milking decreased with the application of the software module

(Figure 3.2).
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Figure 3.2 Time course of average milking duration (means + SD) in the AUTODRY (solid
line, n = 26) and the control (CON) cows (dotted line, n = 30) from d 200 to 228 of gestation.
The CON cows were milked following the conventional milking routine with automated
removal of the cluster removal at a milk flow rate of 0.3 kg/min. The AUTODRY cows were
milked to defined target amounts to reduce udder emptying using the software module for

10.4 + 1.8 d before dry-off. This time period is highlighted in grey.

Over the complete time period of incomplete milking, cluster on time was lower
(P<0.01) in the experimental cows than in the control cows. The average milking
duration of the AUTODRY cows was 3.1 = 1.3 min (ranging from 1.5 to 8.7 min) at
morning milkings and 2.5 + 1.0 min (ranging from 1.5 to 6.9 min) at afternoon
milkings. In the CON cows the corresponding values were 5.2 + 1.4 min (ranging from
1.9 to 9.2 min) at morning milkings and 4.8 £+ 1.4 min (ranging from 1.5 to 12.6 min) at

afternoon milkings, respectively. This effect of reduced milking duration might be
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beneficial for optimizing time management for herds with individual cows whose
required milking time exceeds the herd's mean. The software module might thus be
implemented in the organization of the overall milking routines for improving work

efficiency and saving labor costs.

For determining milk flow rates in the measuring unit at the moment of cluster removal
during the application of the software module, we analyzed the time course of milk flow
during each milking and the respective last value (or the penultimate value if the last
one was 0 kg/min) was included in the data set. Average milk flow over the complete
time period of incomplete milking was 3.7 + 1.2 kg/min (ranging from 0.4 to 6.5
kg/min) when the software module triggered cluster removal in the AUTODRY cows.
In contrast, clusters were removed at a threshold of 0.3 kg/min in the CON cows. The
high milk flow rate recorded at the time of the software-induced early cluster takeoff
demonstrates incomplete milk removal in the experimental cows. The course of milk
flow at cluster detachment during the experimental period in the AUTODRY group is

visualized in figure 3.3.
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Figure 3.3 Time course of the last milk flow in the measuring unit recorded at the moment of
cluster detachment (mean £ SD, in kg/min) in the AUTODRY cows (solid line, n = 26) from d
200 to 228 of gestation. The AUTODRY cows were milked to defined target amounts to reduce
udder emptying using the software module for 10.4 + 1.8 d before dry-off. This time period is
highlighted in grey. CON cows were milked using the conventional cluster take-off level

according to milk flow rate (0.3 kg/min), which is illustrated by the dotted line.

The software module allowed for an effective reduction of the level of udder emptying
and values of last milk flow were considerably higher than cluster remover thresholds
applied for practical or scientific purpose in the literature (Magliaro et al., 2005;
Edwards et al.,, 2013; Krawczel et al., 2017). The reduction achieved with the
AUTODRY procedure did not impede udder health, as presented in the following

section.

3.4.3 Udder health
All experimental cows underwent the study period of reduced udder emptying without

showing signs of impaired udder health. In none of the 104 AUTODRY quarters
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involved IMI was detected and no cases of increased SCC or positive bacteriological
findings were observed. Udder health in the CON group was comparable. No case of
IMI was detected in the 120 quarters tested and elevated SCC were detected in 6 out of
360 milk samples (1.7%) during the trial. Figure 3.4 shows the time course of SCC in
the quarter milk samples from the AUTODRY and from the CON group. During the
time period of incomplete milking SCC was slightly higher (P < 0.001) in the CON
quarters in comparison to the AUTODRY quarters, whereby both means were far below

the threshold for mastitis (SCC < 100,000 cells/mL; according to DVG, 2009).
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Figure 3.4 Time course of SCC (mean + SD) in foremilk samples of AUTODRY quarters (solid
line, n = 104), CON quarters (dotted line, n = 120) from d 205 to 228 of gestation. The CON
cows were milked following the conventional milking routine with automated removal of the
cluster removal at a milk flow rate of 0.3 kg/min. The AUTODRY cows were milked to defined
target amounts to reduce udder emptying using the software module for 10.4 =+ 1.8 d. This time
period is highlighted in grey. CON quarters with elevated SCC (increase by < 50,000 cells/mL
to < 100,000 cells/mL) are presented by squares (n = 6). The horizontal dashed line designates
the SCC threshold for healthy quarters, i.e. < 100,000 cells/mL (DVG,2009)



107
Chapter 3

The results from bacteriology are summarized in table 3.2. In 405 out of the 1,120
quarter milk samples tested, bacterial growth was observed. Positive culture results
were limited to minor pathogens, mostly coagulase negative Staphylococci (252/405)
and Corynebacteria (222/405). In general, the number of colony forming units (cfu)
was low in both groups. In milk from AUTODRY cows less cfu were observed than in
CON cows (2.3 versus 4.2 cfu/mL; P <0.001). We speculate that these minor pathogens
may originate from the teat canal mucosa rather than from the teat or the gland itself
(Derakhshani et al., 2018). Collectively the results reflect the good udder health status
of the enrolled cows. The results also support the notion that leaving residual milk in the
udders did neither increase in SCC nor bacterial growth and thus did not impair udder

health.

Residual milk in the udder was considered as a risk for udder health for long times since
it may serve as substrate for pathogens. However, the results of our study are not in
support of this concept. Similarly, other studies also did not find udder health to be
impaired in consequence of incomplete udder emptying. Albaaj et al. (2018) found SCC
to be increased after milking incompletely only once, but after five further conventional
milkings, SCC had returned to basal levels. After milking cows incompletely over
several weeks, Penry et al. (2017) reported SCC to increase only slightly (average SCC:
control quarters: 26,300 cells/mL; experimental quarters: 48,300 cells/mL). Krug et al.
(2018a) emphasized that milking incompletely by manual early cluster removal during
the first five days of lactation had no effect on the incidence of clinical mastitis and

even increased the odds for decreasing SCC from 8 to 11 DIM.
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Table 3.2 Overview of bacteria cultured in milk samples of healthy quarters before dry-off

Quarter milk

Quarter milk

Total quarter milk

. Day of samples from samples from
Bacteria . . samples
gestation experimental cows control cows (n=1,120)
(n=520) (n=600) ’
Affected Cfu Affected Cfu Affected Cfu
samples  (Min-  samples (Min- samples  (Min-
(%)’ Max)’ (%)’ Max)? (%)’ Max)?
205 4 3-51 6 1-47 10 1-47
212 7 1-31 3 10-40 10 1-40
220 5 1-30 7 2-62 12 1-62
S. chromogenes
224 3 15-21 7 1-16 10 1-21
228 3 1-23 9 2-28 12 1-28
Total 22 1-51 32 1-62 54 1-62
205 1 3 - - 1 3
212 5 1-3 1 4 6 1-4
220 5 1-35 4 1-4 9 1-35
S. haemolyticus
224 4 1-8 3 6-15 7 1-15
228 4 1-14 4 1-20 8 1-20
Coagulase- Total 19 1-35 12 1-20 31 1-35
negative
Staphy]ococci 205 3 1-15 4 1-2 7 1-15
212 7 1-11 2 1 9 1-11
220 3 1-4 1 4 4 1-4
S. equorum
224 3 1-2 2 3-7 5 1-7
228 4 1-3 1 2 5 1-3
Total 20 1-15 10 1-7 30 1-15
205 6 1-24 6 1-7 12 1-24
212 8 1-15 4 1-18 12 1-18
220 10 1-20 8 1-11 18 1-20
S. cohnii
224 8 1-5 9 1-12 17 1-12
228 14 1-10 9 1-10 23 1-10
Total 46 1-24 36 1-18 82 1-24
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205 8 1-4 2 1-11 10 1-11
212 8 1-6 2 1-4 10 1-6
Other coagulase 220 4 1-12 6 1-5 10 1-12
negative
staphylococci® 224 11 1-7 6 2-8 17 1-8
228 6 1-3 4 1-20 10 1-20
Total 37 1-12 18 1-20 55 1-20
Total 144 108 252
205 3 1-5 16 1-18 19 1-18
212 4 1-4 25 2-20 29 1-20
220 5 1-9 31 1-20 36 1-20
C. bovis
224 3 1-3 23 1-15 26 1-15
228 4 1-2 21 1-21 25 1-21
Total 19 1-9 116 1-21 135 1-21
205 3 1-6 3 1-6 6 1-6
212 3 1-3 3 1-7 6 1-7
220 5 1-4 - - 5 1-4
C. confusum
224 1 1 1 10 2 1-10
228 12 1-6 3 1-2 15 1-6
Corynebacteria Total 12 1-6 10 1-10 22 1-10
205 4 1-7 2 3-7 6 1-7
212 1 2 4 1-5 5 1-5
c 220 12 1-6 - - 12 1-6
frankenforstense 24 b 2.4 _ _ ) 2.4
228 15 1-8 - - 16 1-8
Total 34 1-8 6 1-7 40 1-8
205 2 6 2 3-6 4 3-6
Other 212 2 1-2 5 1-5 7 1-5
Corynebacteria’ 220 4 | 7 13 11 13
224 2 1 2 1-3 4 1-3
228 5 1-9 1 3 6 1-9
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Total 11 1-9 14 1-6 25 1-9
Total 76 146 222
205 10 1-5 1 1 11 1-5
212 7 1-2 2 1 9 1-2
Aerococcus 220 9 1-10 4 1-8 13 1-10
Aerococci viridans and
Aerococcus suis 224 5 1-8 1 1 6 1-8
228 8 1-6 2 1 10 1-6
Total 39 1-10 10 1-8 49 1-10
205 3 2-6 - - 3 2-6
212 10 1-7 4 1-6 14 1-7
220 2 1-2 3 2-3 5 1-3
Other’
224 1 1 1 2 2 1-2
228 9 1-7 1 2 10 1-7
Total 28 1-7 9 1-6 37 1-7
Total affected 170 235 405
samples' (32.7) (39.2) (36.2)
Negative 348 360 708
culture (66.9) (60.0) (63.2)
Contaminated
2(0.4 5(0.8 7 (0.6
amples’ (0.4) (08) (0.6)

'A quarter milk sample was defined as affected by the presence of 1 or more colonies of the same type

*Number of cfu identified in the individual cultured quarter milk samples per 10 pL

*Other coagulase negative Staphylococci - Staphylococcus arlettae, Styphylococcus epidermidis,
Staphylococcus squiuri, Staphylococcus warneri, Staphylococcus hominis, Staphylococcus succinus,
Staphylococcus saprophyticus, Staphylococcus pasteuri, Staphylococcus auricularis, Staphylococcus gordonii,

Styphylococcus xylosus

‘Other Corynebacteria - Corynebacterium stationis, Corynebacterium camporealensis, Corynebacterium lactis,
Corynebacterium aurimucosum, Corynebacterium phoceense
’Other - Acinetobacter (Acinetobacter iwoffii, Acinetobacter guillouiae), Micrococcus kocuria carniphila,
Microbacteria (Microbacterium liquefaciens, Microbacterium foliorum, Microbacterium hydrocarbonoxydans,
Microbacterium marytipicum), Tetragenococcus solitarius, Streptococcus lutetiensis, Stenotrophomonas
rhizophila, Pseudomonas libanensis, Bacillus megaterium, Bacillus licheniformis, Pantotea agglomerans
Samples were defined as contaminated when 2 or more colonies of 2 or more different bacteria (without
distinct excess of one type of colony) were identified
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3.4.4 Haptoglobin

Haptoglobin (Hp) is one of the major acute phase proteins in cattle (Eckersall and
Conner, 1988; Ceciliani et al.,, 2012). The liver is the main source of Hp but
extrahepatic expression was also demonstrated, amongst other tissues also in mammary
epithelia (Hiss et al., 2004; Thielen et al., 2007). Increased concentrations in blood and
milk were demonstrated during clinical but also subclinical mastitis (Eckersall et al.,
2001; Gronlund et al., 2005, Eckersall et al., 2006, Hiss et al., 2007). As expected, the
Hp concentrations in milk from the enrolled cows were relatively low and remained
well below the threshold of 2.2 pg/mL suggested by Hiss et al. (2007) for differentiating
healthy from (subclinically) mastitic quarters (AUTODRY 0.40 £ 0.47 ug/mL, CON

0.43 £ 0.47 pg/mL; at P=0.58; Figure 3.5).
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Figure 3.5 Time course of the haptoglobin concentrations (means + SD) in foremilk samples of
AUTODRY quarters (solid line, n = 104), CON (dotted line, n = 120) from d 205 to 228 of
gestation. Quarters were defined as not healthy if SCC > 100,000 cells/mL or positive
bacteriological findings, or both. CON cows were milked following the conventional milking
routine with automated cluster removal at 0.3 kg/min. In the AUTODRY cows, milking was
limited to targeted amounts for reducing udder emptying for 10.4 + 1.8 d before dry-off. This
time period is highlighted in grey. The horizontal dashed line at 2.2 pg/mL designates the
threshold value for differentiating healthy from infected quarters as defined previously (Hiss et

al., 2007).

The coefficient of correlation (Spearman Rho) between SCC and Hp concentrations
over all samples collected during conventional milkings was r = 0.66 (P < 0.01). Similar
relationships were reported in the literature (Simdes et al., 2018: r = 0.68 at P < 0.001;
Hiss et al., 2007: r=0.8 at P < 0.01). When assessing the correlation at the individual
sampling times in both groups, the values were quite constant (r = 0.51 - 0.72; P < 0.01)
over time. The only exception was the last sampling in the AUTODRY cows when SCC

and Hp were no longer correlated (r = 0.09, P= 0.53), due to an increase of Hp while
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SCC remained constant. Involution of the mammary gland has been associated with
increased mRNA expression of acute phase proteins in mice (Stein et al., 2004: Serum
Amyloid A3 (SAA3); Nazemi et al., 2014: SAA3, alpha-1-acid glycoprotein (AGP) and
Hp), but also in cows (Molenaar et al., 2009: SAA3). For Hp mRNA, Piantoni et al.
(2010) did not observe an increase with involution. At the level of the protein,
lactoferrin is long known to increase in milk during involution (Welty et al., 1976;
Lanctot et al., 2017), and for Hp increasing concentrations were observed in milk using
proteomics (Boggs et al., 2015). Eight days after dry-off, 4-fold greater Hp
concentrations than before were reported in the latter study. In view of these earlier
observations about increased expression of acute phase proteins during involution, we
interpret the increase of Hp in the AUTODRY cows as indicative for initiated
involution rather than an impairment of udder health. In support of this notion,
Silanikove at al. (2013) reported that the inflammatory response after cessation of
milking was greater in cows approaching natural involution (milk yield before dry-off
<14 L/day) than in high yielding cows (milk yield before dry-off: 25 - 35 L/day)
approaching forced involution. Considering that the accumulation of milk resulting
from incomplete milking implies a dilution of Hp, but also SCC and bacterial counts,
the observed effects might be underestimated. Taken together, limiting milk synthesis
by incomplete milking at the end of lactation is likely to stimulate involution of the

mammary gland that typically occurs at the end of the lactation cycle.

3.4.5 Ultrasonographic scanning of the teats
Teat morphology was assessed by ultrasonography at two scanning dates (d 212 and
228 of gestation, i.e., before and at the end of differential milking), each with scans

done before (T0) and after milking (T1). The 10 traits measured are described in detail
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by Martin et al. (2018). From the targeted 3,840 measurements (4 assessments per teat,
2 teats per cow, 48 cows (26 AUTODRY and 22 CON) and 10 variables), 129 could not
be used due to compromised image quality. On the first scanning date (d 212; when
both groups were milked following the conventional cluster removal settings) the teat
traits at TO and T1 were not different between the AUTODRY and the CON teats
(P>0.1). For the CON teats also no significant (P > 0.1) deviations were observed
when comparing the two scanning dates. Overall changes of teat morphology due to the
standard milking pattern (including all measurements on the first scanning date, of both
AUTODRY and CON teats, and the measurements of the CON teats on the second
scanning date, n = 2,800) were similar to those described previously in the literature
(Neijenhuis et al., 2001; Martin et al., 2018) and are presented in comparison to the
values obtained during the reduced level of udder emptying (AUTODRY teats on the

second scanning date) in table 3.3.
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Table 3.3 Influence of conventional and incomplete milking on traits of inner teat morphology

Reduced level of udder

Conventional milking pattern' emptying’
Trait Mean SD SE Mean SD SE P — value’

Teat width (TW,in TO  26.1 1.51 0.16 26.5 1.76 0.25 0.99
mm) Tl 250 1.73 0.18 25.8 1.85 0.26 0.018

%* - 4.48, P<0.001 - 2.46, P<0.001 0.001

Teatend width ~ TO  21.9 1.82 0.19 21.8 1.55 0.22 0.21

(TEW,inmm) TI1 222 1.91 0.20 222 1.52 0.21 0.97

%* +1.12, P=0.12 +1.57, P=0.07 0.35

Teat cistern width ~TO  12.9 2.92 0.30 13.4 3.09 0.43 0.40
(TCW, inmm) Tl 733 2.98 0.31 11.2 347 049  <0.001
%* - 43.4; P<0.001 -16.3, P<0.001 <0.001

Teat wall thickness 10  6.68 1.62 0.17 6.58 1.43 0.20 0.43
lower teat wall = ;g g6 1.46 0.15 7.24 143 020  <0.001
(TWTL inmm) - , +32.6, P<0.001 +9.97, P=0.001 <0.001

Teat wall thickness  TO  6.54 1.55 0.16 6.22 1.42 0.20 0.09
upper teatwall ~ T1  8.75 1.58 0.16 7.02 1.81 0.25 <0.001
(TWT2,inmm) o4 +33.8, P<0.001 +12.9, P<0.001 <0.001

Teat canal length ~ TO 107 2.10 0.22 10.1 1.83 0.26 0.04
(TCL, in mm) TI  12.8 1.69 0.17 10.9 1.65 0.23 <0.001
%* +19.2, P<0.001 +7.88, P<0.001 <0.001

Teat canal TO  0.99 0.27 0.03 0.94 0.30 0.04 0.24
diameter (TCD, in ) 5s 0.26 0.03 1.01 030 004  <0.001
mm) 0t +26.4, P<0.001 +7.91, P=0.004 <0.001

Distal teat canal’'s  Tp  1.99 0.71 0.08 1.78 0.67 0.09 0.09
orifice (TOR,in 1 5 57 0.70 0.07 1.95 0.65 0.09  <0.001
mm) 0 +29.3, P<0.001 +9.44, P=0.019 <0.001

Distal teat canal's  TO  16.8 451 0.48 14.73 3.73 0.53 0.005
perimeter (DTCp, T1  20.9 3.84 0.41 16.25 3.26 0.46 <0.001
in mm) %" +24.2, P<0.001 +10.3, P=0.03 <0.001
Distal teat canal's  T0  6.81 2.72 0.29 5.62 2.01 0.29 0.003
surface (DTCs,in  T1  9.60 291 0.31 6.34 2.29 0.32 <0.001
mm’) %" +40.7, P<0.001 +12.8, P=0.049 <0.001

"Including all scans of the control teats and the scans of the experimental teats during the first

scanning date (n = 280 scans and 2,800 measurements)

? Including the scans of the experimental teats during the second scanning date (n = 104 scans
and 1,040 measurements)
’P-Value is given for the comparison of the respective value obtained during the conventional

or the incomplete milking procedure

* Percentage change and significance of trait from TO to T1
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Percentage values are given as the mean difference in the relative changes from TO to
T1 when comparing the morphological changes due to the standard milking pattern with
the AUTODRY milkings. Except for teat end width (TEW), all measured teat traits
showed remarkably lower relative changes in their morphology due to the milking
procedure (TO vs. T1) during use of the software module, thus indicating that

AUTODRY milking was more gentle.

Milk removal reduces the volume of the milk filled teat cistern. The amount of milk
extracted from the teat was related to the extent of cistern shrinking (r = 0.33; P < 0.05).
At the end of the step down program (milk yield AUTODRY cows: day of gestation
212: 22.2 + 3.4 kg/day; day of gestation 228: 10.9 + 3.0 kg/day), the observed decrease
of the cisterns’ diameter was 27.1% less compared to the values obtained under
conventional milking. Accordingly, the teat cistern variables at T1 during incomplete
milking were higher (P < 0.001) than obtained under the standard milking pattern,
which indicates that during AUTODRY milking, the milk left in the udder was at least
partially located in the teat cistern. Albaaj et al. (2018) measured the cisternal area of
incompletely milked teats via ultrasonography and also found higher values after the

partial udder emptying in comparison to the completely emptied teats.

Swelling of teat walls can be explained by a vacuum-induced accumulation of blood
and lymph in the tissue (Hamann et al., 1993). Applying the AUTODRY software
module halved the time of milking from 4.6 = 1.9 min to 2.2 + 1.1 min (evening milking
d 212 and d 228 of gestation, respectively) and thus likely lessened the intensity of
strain on the tissue. This might explain for the lesser swelling of the teat walls (- 22.6%
for teat wall thickness of the lower teat wall (TWT1) and - 20.9% for teat wall
thickness of the upper teat wall (TWT2)), the reduced extension of the teat canal length

(TCL: - 11.3%) and diameter (TCD: - 18.5%) and the lower effects on the traits of the



117
Chapter 3

distal teat canal (orifice of the distal teat canal (TOR): - 19.7%, perimeter of the distal
teat canal (DTCp): - 13.9%, surface of the distal teat canal (DTCs): - 27.9%) when
comparing the AUTODRY to all conventional milkings. At the end of the software-
induced decrease of milk yield, the decrement of the distal teat canal's perimeter and
surface were even found to be smaller before attachment of the clusters (TO0). In
previous experiments we observed that increased DTCp and DTCs were associated with
bacterial growth in the corresponding milk sample (Martin et al., 2018). These traits of
distal teat morphology are thus likely related to the health status of the teat. The
reduction of the perimeter and surface of the distal teat canal in incompletely milked
cows might be explained by a smaller area of mucosal tissue in this particular area,
making it more difficult for potential pathogens to colonize. Furthermore, the reduced
diameter of the distal teat canals orifice (TOR) after milking under the circumstances of
incomplete milking also points to a narrowed entrance for pathogens. As stated before,
the application of the software module did not affect the bacterial growth in the milk
samples of the healthy teats. However, based on the results from ultrasonography, we
conclude that the software application may decrease the impairment of the teats’
defense mechanisms caused by mechanical milk removal. Preparing cows for the dry
period with this technique might not only reduce their milk amount effectively but also
have a positive effect on the extent of mechanical strain on the delicate teat tissue and

thus on teat health status.

3.4.6 Milk yield and udder health in the subsequent lactation

Milk yield and udder health of all cows enrolled were investigated during the first 90 d
of the subsequent lactation. One cow of the AUTODRY group did not enter the next
lactation for reasons not related to the trial. Milking characteristics were recorded

during each milking and cows and foremilk were visually checked for clinical signs of



118
Chapter 3

mastitis twice daily. Sterile quarter milk samples were collected on DIM 10, 18 and 26.
All 660 quarter milk samples were investigated for SCC and bacteriological analyses
were conducted. We observed elevated SCC in three quarters of one CON cow and in
two quarters of one AUTODRY cow, whereas udder pathogens were not detected in
any of these samples. The respective AUTODRY cow was injured at both front teats
what was likely driving the increase of SCC rather than the experimental set-up. The
average SCC (excluding the two aforementioned cows) on the days of sampling were
20,147 + 16,533, 14,982 + 15,827 and 13,474 + 16,365 cells/mL in the AUTODRY
cows and 39,456 + 37,116, 20,932 + 36,808 and 11,787 + 12,226 cells/mL in the CON
cows, respectively. The time course of daily milk yield during the first 90 DIM is

shown for both groups in figure 3.6.
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Figure 3.6 Time course of daily milk yields (mean = SD) from cows dried off by conventional
(n = 30, dotted line) or AUTODRY milking (solid line, n = 26) during the first 90 d of their

subsequent lactation. All cows included had no signs of mastitis before dry-off
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Milk yield did not differ between the experimental and the control cows (P = 0.33). As
expected, lactation number had an effect (P = 0.05) on the amount of milk produced in
the early lactation phase. Studies in which cows were prepared for the dry period by a
software-induced successive decrease of udder emptying are not available, but gradual
cessation of milking (milking once daily for the final week of lactation) was also found
to have no sustained effects on milk yield and SCC in the subsequent lactation (Ferris et
al., 2008; Gott et al., 2017). Stelwagen et al. (2013) stated that negative carry over
effects of once daily milking only occur during the respective lactation. The dry period
allows for recovery of mammary tissue and thus likely prevents impairments of
productivity to be taken along into the next lactation. We thus conclude that the period
of milk stasis, induced by incomplete udder emptying by means of the software module
tested herein or by extended milking intervals, neither affected milk yield in the

subsequent lactation nor did it compromise udder health after calving.

3.4.7 Further applications of the software

Milking technologies available on the market only allow for automated cluster removal
based on flow rate or cluster-on time. The new software module AUTODRY made it
possible to stop milking when a targeted amount of milk was reached, independent on
the remaining residual milk in the udder. This invention simplifies studies on
incomplete milking or residual milk in dairy udders and may also be applicable for
other utilizations beside research. For example, the newly invented software module
might serve as a tool to better manage the cow's metabolism during early lactation by
limiting milk yield during the first days in milk, as investigated by Carbonneau at al.
(2012), and thus allows for reducing the potential health risk of metabolic stress (Krug

et al., 2018a,b; Morin et al., 2018).
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Despite the effective and non-hazardous applicability of the software-induced milk
yield reduction for cows with healthy udders demonstrated herein, no recommendations
can be provided at present for cows with compromised udder health. The cows tested
herein met strict criteria of selection before being allocated to the AUTODRY milking
(SCC <10,000 cells/mL and no udder pathogens in all quarters of two consecutive
samplings). Further research is needed to investigate the effects of incomplete milking
on udder quarters that are not entirely healthy. For on-farm use of the software before
cessation of milking, the decision about the suitability of individual cows for
incomplete milking should be combined with a selective dry cow treatment. The period
of successively reduced level of udder emptying before dry- off forms a basis for an

uncomplicated and animal friendly antibiotic-free dry-off.

3.5 Conclusions

Lowering milk yield of high producing dairy cows before dry-off reduces the cows’
vulnerability to potential health and welfare hazards during and after dry-off. The
common approaches for reducing milk production (restricted feed intake and increased
milking intervals) before final cessation of milking are often accompanied by adverse
side effects. An alternative approach for an automated gradual reduction of the amount
of milk removed via a software module was presented herein. Application of this
software on cows with healthy udders yielded an effective reduction of milk production
without negative side effects for udder health. However, implications on cows that do
not meet the strict criteria of udder health might differ. Increasing the portion of residual
milk in the udder seemed to initiate the acute phase reaction that naturally occurs during
involution of the mammary tissue already before cessation of milking. Ultrasonographic

investigations showed that inner teat morphology was less affected after the incomplete
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milking process as compared to conventional milking which stresses the natural defense
mechanisms of the teat canal. Furthermore, milk yield and udder health in the
subsequent lactation were not affected by the automated reduction of milk production
before dry-off. This gentle preparation for dry-off may contribute to improving welfare

and health of dairy animals.
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4.1 Evaluation of inner teat morphology using high-resolution
ultrasound — limitations and perspectives of the applied method

For visualizing the small morphological dimensions of the bovine teat canal,
ultrasonography has been proven to be a useful tool (Franz et al., 2009). Due to the
noninvasive nature of this technique it can be applied easily during the milking routine
and therefore exerts no stress for the animals. Using an ultrasonographic probe of higher
resolution than ever used before (18 MHz), we were able to visualize the structures of
the teat in more detail and to establish additional traits of the distal test canal. The
morphological traits in the resulting images were assessed with software of high
accuracy and yielded to a good repeatability of the method.

The ultrasound technique was used to asses the morphological changes of the teat
morphology caused by different milking machine settings. The application of
ultrasonography is an effective method for evaluating different milking machine
settings or components concerning their influence on the teat tissue: Gleeson et al.
(2005) evaluated the effects of two milking systems, differing in cluster weight (3.2 kg
vs. 1.65 kg), claw volume (150 mL vs. 275 mL), diameter of the liner (wide vs. narrow)
and pulsation pattern (simultaneous vs. alternate), on milking characteristics, teat tissue
changes and new infection rate. The authors found that the external teat diameter tended
to be higher (P = 0.08) when milking took place with the heavier cluster weight milking
system. Paulrud et al. (2005) used 7.5 MHz ultrasonography and thermography to
indirectly monitor the influence of liner type and overmilking on teat tissue recovery
after milking. Overmilking tended to increase the diameter of the teat walls and milking
with a soft liner accelerated recovery of teat canal elongation after milking when
compared to recovery time after milking with a standard liner under extra high tension.

In a study by Vetter et al. (2014) the effects of a periodic reduction of the vacuum
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during the massage phase from 43 kPa to 12-15 kPa on inner teat tissue conditions were
monitored using a 5 MHz ultrasonographic probe. Teat wall thickness five min after
milking with the reduced vacuum was found to be smaller (P = 0.05) when compared to
the postmilking dimensions of the conventionally milked teats. Another study that
utilized ultrasound to investigate teat tissue changes due to milking was conducted by
Besier and Bruckmaier (2016). Using a 5 to 10 MHz probe, the authors found teat wall
thickness to be increased and teat cistern diameter to be decreased after milking with a
system vacuum of 50 kPa and a minimum claw vacuum of 34 kPa in comparison to
milking with a system vacuum of 42 kPa and either a minimum claw vacuum during
milk flow of 33 kPa or claw vacuum drop during milk flow down to 24 kPa. The
assessment of different milking machine settings, liner or cluster types by the use of
ultrasonography was complemented by utilization of high-resolution ultrasonography as
conducted in chapter 2. This opens the possibility to measure additional traits of the
distal teat canal and to evaluate how the respective milking treatment affects the

anatomical defense mechanisms of the bovine teat canal.

As already mentioned in the study by Paulrud et al. (2005), there is endeavor to
scientifically understand how the dimensions of the bovine teat recover after the
mechanical milk removal. Through application of vacuum, the teat canal opens to led
milk flow out. After the milk removal, an expeditious closure of the teat canal is
essential for the defense against the entry of potentially harmful pathogens. Changes in
the pliability of the tissue as caused by edema or congestion can impede this resistance
function of the teat canal (O"Shea, 1987). Neijenhuis et al. (2001) observed the recovery
of cow teats by ultrasonographic scanning with a 7.5 MHz probe up to 8 h after milking.

Scans of all teats, immersed in a water filled latex bag, of 18 cows were conducted
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every hour. Milking took place using conventional milk machine settings and clusters
were removed automatically when milk flow decreased below 0.2 kg/min. Generally,
the authors state that recovery of cow teats took longer than expected, particularly teat
end width and teat canal length did not reach their initial pre milking values within the
observed time period. However, it should be taken into account that the pre milking
value does not represent the “resting state” of the teat between milking. Scanning
immediately before milking took place after teat preparation to ensure a sufficiently
filled teat cistern and good preconditions for ultrasonographic imaging. Paulrud et al.
(2005) defined that approxiamtely 80% of variability in teat canal length from before
teat preparation to after milking can be explained by changes during teat preparation.
Therefore, interpretations of teat tissue recovery after milking should not assume the
premilking morphology to represent an uninfluenced situation of proper defense
possibilities. Since the teat canal contains muscular elements, it is expected to undergo
constant dynamic modulations, which are induced by both internal (e.g. hormone
release) and external factors (e.g. temperature changes, tactile stimuli). Thus defining a
“resting state” with unaffected defense mechanisms might be hardly possible.

Studying cows that were milked three times daily, Melvin et al. (2019) also suggested,
that the teat canal and its surrounding tissue are in a state of near-constant remodeling.
Further research of teat scanning over a minimum time interval from one milking to the
following is needed to understand the changes and deformations of the teat tissue
between milking times. The integration of the newly established measurement traits
could support this research approach, especially regarding analyses of the distal teat
canals’ defense mechanisms. Changes in TOR, DTCp and DTCs over an enlarged time
period and the definition of a “resting state” of the teat canal in which it is neither

recovering from the pervious milking nor influenced by preparations for the subsequent
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milking might be interesting to define optimal milking interval lengths that enable
defense mechansisms of the teat canal to function properly.

Consistent with the differing external dimensions of front and hind teats, Neijenhuis et
al. (2001) found the teat cistern width to vary dependent on teat position. Interestingly
the authors also found that recovery of the cisternal dimension took considerably more
time in front teats than in hind teats (> 8 h vs. 3 h). These findings suggest that reactions
of teat tissue to the milking process and their modulation after milk extraction might
vary considerably between different teat positions. The front quarters usually contain
less milk than the hind quarters (Weiss et al., 2004), thus if no quarter individual
detachment is installed, vacuum might still be applied even though front quarters are
already emptied. We found no effects on teat position (left front vs. right front), but rear
teats were not included. This lead to the suggestion that during future ultrasonographic
studies utilizing the high-resolution probe the consideration of hind teats could be
interesting. Measurement of the newly established traits of inner teat morphology in
hind teats and comparison of the respective findings to those generated in front teats
might give new insights into the morphology and defense mechanisms of cow teats and
lead to conclusions concerning quarter individual cluster detachment. Possibly, relative
changes of teat morphology that were observed in front teats are transferable to hind
teats, even though absolute dimensions differ depending on teat position. In this context
it should be noted, that the practical implementation of teat scanning was experienced to
be easier conductible on front teats compared to hind teats, due to the partial location of
the udder behind the cow's hind leg, when approached from the side as carried out
during our experiments. Depending on the construction of the milking parlor, the

feasibility of investigating different teat positions might differ.
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During our studies, only udder healthy cows were included. Evaluation of inner teat
morphology of clinically or subclinically infected cows by means of the established
method surely would enable interesting inferences regarding the importance of the
defense mechanisms of the teat canal. This approach is supported by the finding of
enlarged DTCp and DTCs in teats whose appropriate milk samples showed bacterial
growth. It might also be conceivable to visualize inner teat morphology via
high-resolution ultrasound after challenging the teat with infectious pathogens to study
the morphological reactions and for drawing conclusions on the defense mechanisms.

In conclusion, the first three objectives of the thesis were successfully reached in
chapter 2. The inner teat morphology could be visualized and analyzed in a more
detailed way by application of high-resolution ultrasonography. This enabled the
establishment of new measurement traits of the distal teat canal, which were proven to
be related to parameters of udder health. Changes in the overall inner morphology could
be evaluated and coherences to other variables of the individual cow were pointed out.
After our experiments were performed, Wieland et al. (2018) came up with a similar
research approach of measuring the diameter of the teat canal at different positions,
which emphasizes the relevance and currency of our objectives. The authors aimed to
develop a standard operating procedure for ultrasound-based measurements of teat canal
dimensions in dairy cows by conducting 64 scans of the right hind and left front teats
from 16 cows before and after milking. In the obtained images the following teat
dimensions were measured: teat canal length, teat canal diameters (at the proximal end
of the teat canal, at the midpoint between the proximal and distal ends of the teat canal,
and at the distal end of the teat canal), teat end diameter at the midpoint between the
proximal and distal ends of the teat canal, and the teat canal cross-sectional area.

Implementation of the developed standard operating procedure when evaluating the
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scans by three operators increased both the interoperator reproducibility and the
intraoperator repeatability. The authors concluded, that measurements of teat canal
dimensions can be conducted with satisfactory precision when strict and consistent
guidelines are followed during the measurements of the teat dimensions. These findings
support the methodical approach that was applied during our experiments: all images
were visually evaluated by the same person, measurements were conducted following a
standardized procedure, and only images of good quality were included. The high
precision of the ultrasound-based measurements performed in this study is clearly

reflected by the good repeatability that is presented in chapter 2.

4.2 Software induced milk yield reduction — limitations and
improvement suggestions of the conducted experiment

Surprisingly, the mean adaptation of milk production in our experiment was even higher
than average numbers given for production depression during once daily milking
(Stelwagen et al., 2013). Despite the long exiting common believe that residual milk is
harmful for udder health, incomplete milking of healthy quarters induced by the
software module was possible without impeding the health situation. These findings are
in accordance to previous investigations on the effects of incomplete milking on udder
health (Penry et al., 2017; Albaaj et al.,, 2018; Krug et al., 2018a). As already
mentioned, the limitation of enrolling only quarters that meet the strict definition criteria
for udder health (SCC < 100,000 cells/mL and negative bacteriological finding) is
emphasized. Incomplete milking and thus leaving residual milk in the udder was
possible without impeding the health status of quarters that were defined as healthy
before the start of the program of successive milk yield reduction. Nevertheless, it has

to be acknowledged that beside all the positive outcomes of the study, no conclusions
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can be drawn on the applicability of the software module on cows whose quarters do not
meet the health prerequisites. Effects of incomplete milking of not udder healthy cows
(for example with subclinically infected quarters or elevated SCC) have not yet been
studied adequately in the literature (Cording et al., 2013). A study by Napper and
Williamson (1983) indicated that residual milk might increase SCC in quarters with
subclinical mastitis. In contrast, Clarke et al. (2008) found no detectable effect of
incomplete milking on SCC in either infected or uninfected quarters. Further research is
needed before the suitability of the software module for cows that are not entirely udder
healthy can be evaluated.

Even though the average adaptation of milk production was very effective throughout
our study, it was not possible to differentiate the production depression between the
individual quarters. Since milking data were collected at the level of the udder, the
quarters might have reacted not equally to the applied procedure of incomplete milking.
Data collection at the level of the quarter would allow for assessing the reaction of
individual quarters and might give rise to new findings regarding the adaptation of milk
production. Especially measuring the last milk flow before cluster detachment for each
quarter individually might lead to surprising outcomes since this parameter is likely not
equal for all quarters and commonly hind quarters need more time to be milked out,

since they contain more milk than front quarters (Weiss et al., 2004).

During our study early induced involution of the bovine mammary gland was assessed
by measuring the content of the acute phase protein haptoglobin in skimmed milk
samples. As described previously the involution process of the udder is characterized by
various changes in mammary signaling and alterations in the concentration of proteins.

There is a variety of parameters that has been measured in the literature for evaluating
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the involution process. Especially the measurement of lactoferrin and BSA in milk are
used more commonly in studies dealing with the involution of the bovine mammary
gland (Ponchon et al., 2014; Lanct6t et al., 2017). Integration of these markers in further
studies using the software induced milk yield reduction before dry-off might enable a
more extensive evaluation of involution during incomplete milking. Changes in
endocrine signaling for lowering milk production could also be assessed by measuring

prolactin.

4.3 Assessment of animal welfare

As described before, the transition from a (highly) lactating into a non-lactating state
can lead to impairment of the animals’ welfare and therefore should be managed
cautiously (Zobel et al., 2015). Different approaches can be found in the literature that
aim to evaluate the cows’ well-being during dry-off under various circumstances for
example by conducting behavioral observations or evaluations of external and internal
parameters:

Cessation of milking leads to accumulation of milk in the udder, which can cause
situations of swollen and firm udders due to painfully high internal udder pressure.
Estimation of extra-mammary udder pressure via utilization of a hand-held
dynamometer in a study by Bertulat et al. (2013) showed that results in udder firmness
dependent on the last milk yield before dry-off. As expected udder pressure after
cessation of milking was highest in high yielding cows that were dried off abruptly. The
implementation of such measurements of udder pressure in further experiments
studying the production adaptation caused by software application would be easy to
conduct and give insight into the individual reaction of the udder. Measuring udder
pressure might also be interesting in connection with observing milk leakage in cows

both during the procedure of successive incomplete milking and after dry-off. High
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internal pressure can lead to dripping of milk, leaving the teat canal open and enabling
potential pathogens to penetrate the teat lumen (Rovai et al., 2007). Findings of
monitoring milk leakage could be integrated in the evaluation of udder health-related
findings and ultrasonographic investigations of the inner teat morphology. Observations
of milk leakage during milking times could be tied in into the experimental schedule
easily. Potential impairments of well-being of cows due to high udder pressure are often
assessed by means of changes in the lying behavior (Zobel at al, 2013; Chapinal et al.,
2014; Rajala-Schultz et al., 2018). The swollen and firm udder tissue can impede the
resting behavior of the animal because lying down in a comfortable position is no
longer possible, or the cows experience lying down on the swollen udder to be bearable
only for a limited time. Other behavioral investigations refer to increased vocalization
of cows as possible signs for discomfort or frustration (Valizaheh et al., 2008; Tucker et
al., 2009; Silanikove et al., 2013). Observing these different behavioral aspects during
preparation for dry-off with the innovative software module and also after dry-off
comparing experimental and control cows could provide insights into how cows
experience the procedure of incomplete milking. However, it has to be admitted that
conducting these ethological observations will lead to considerable extra work during
the experiment. Both changes in cow behavior and udder pressure would be especially
interesting to monitor in consideration of the high amount of accumulated residual milk
we collected during the first conventional milking after the time period of incomplete
milking.

Potential distress cannot only be assessed by visible or externally measurable
parameters; there are also internal metabolic markers that indirectly refer to the welfare
situation of the animal. In the study by Bertulat et al. (2013) concentrations of fecal

glucocorticoid metabolites were measured after dry-off and the authors found these
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markers to be highest in cows that entered the dry period with high milk yields. Putman
et al. (2018) emphasized that many of the biomarkers associated with early-lactation
metabolic stress also changed during the transition from late lactation to the early dry
period. Blood samples were collected to quantify the changes in these biomarkers
related to nutrient metabolism, oxidative stress, and inflammation (Ca, NEFA, BHB,
BSA, haptoglobin, cortisol, reactive oxygen and nitrogen species, and others) during the
transition of cows into the early dry period. The authors state that further research is
needed to investigate the coherences between the magnitude and duration of deflection
of these indicators and impairments of health and well-being of cows after cessation of
milking. An integration of an extended biomarker analysis when studying the effects of
incomplete milking could enable a more objective view on how the cows’ experience

this procedure of successive milk yield reduction.

4.4 Further applicability of the software module

As already pointed out in chapter 3, the software module (see patent specification in the
annex) could be used to speed up the milking process when applied on individual cows
that hold up the workflow due to disproportionate milking duration.

The software module can not only facilitate the transition from a lactating into a
non-lactating state but also opens the opportunity to gently manage the onset of milk
production after calving. The effectiveness of incomplete milking during early lactation
to slow down the production increase for decreasing metabolic stress has already been
proven in the literature (Carbonneau et al., 2012; Krug et al., 2018a,b; Morin et al.,
2018).

Another advantage of the software module becomes apparent with regard to the

statement of Besier and Bruckmaier (2016), who suggested that an early cluster
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detachment skirting the lowest milk flow at the end of milking should be considered to
avoid the increased mechanical strain on the delicate teat tissue. In our study, we could
clearly verify that the internal teat morphology was less changed during the
software-induced milking procedure of incomplete milking. The application of
high-resolution ultrasound confirmed the considerable lower mechanical strain on teats
when clusters were detached early. In conclusion, our findings support the statement of
Besier and Bruckmaier (2016), and the software tool might thus allow for gentle
milking procedures that preserve the sensitive teat tissue, regardless of the lactation

stage for example after teat injuries or edematous changes in the teat tissue.

4.5 Summary

The primary aim of the present thesis was to obtain new insights into an optimal health
and welfare oriented milking management of high producing dairy cows through the use
of high-resolution ultrasound technology on the one hand and the development of an
innovative milking software module for facilitating the dry-off process on the other
hand.

Against the background of the great importance of the teat canal for udder health, the
internal morphology of the teat and its changes during the milking process were first
analyzed by visualization with an 18 MHz ultrasonographic probe. The applied
methodology allowed for the establishing three additional measuring traits of the distal
teat canal (TOR: distal orifice of the teat canal, DTCp: perimeter of the distal teat canal,
DTCs: surface of the distal teat canal). These new traits as well as the traits known from
the literature could be assessed in a repeatable way. Changes in the characteristics of the
internal morphology were monitored in a second experiment and, in addition,

associations with animal-specific variables were revealed. The dimensions of teat width,
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teat end width and length of the teat canal were greater in multiparous cows compared
to primiparous cows. Particularly interesting was the exposure of a relationship between
the dimensions of the newly established traits of the distal teat canal and an udder health
related parameter: teats whose milk showed bacteriological growth displayed larger
values of perimeter and surface of the distal teat canal. The more detailed visualization
of the internal teat structure, made possible by the high-resolution technique, allowed
for a more extensive evaluation of the effects of the milking process. In future studies,
utilizing the high-resolution technique and the new measurement traits can thus be
applied for the evaluation of different milking machine settings regarding their
mechanical strain on the teat. By visualization of the distal teat canal, conclusions can
be also be drawn on the important defense functions of the teat canal.

The development of an innovative technique to prepare high yielding dairy cows for the
dry period was the objective of a trial. Reducing milk yield at the end of lactation is
recommended both for health reasons and for the well-being of the animal during this
critical management step. Through the development and patenting of a software
module, which enables automated cluster removal at a targeted milk amount, a program
for successive milk yield reduction was established. Twenty-six udder healthy cows
were milked increasingly incomplete over 10.4 + 1.8 days prior to the scheduled
termination of milking. Without compromising the health status, this procedure reduced
milk production by about 35.3 £ 12.9%. A trend for increasing the concentrations of the
acute phase protein haptoglobin suggested an induction of early involution in the
experimental animals. The methodology of high-resolution ultrasound examination was
also implemented and showed, that the early removal of the milking cluster lead to
significantly smaller changes in the traits of inner teat morphology when compared to

the farm’s conventional milking settings. After several days of incomplete milking,
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surface and area of the distal teat canal showed even lower values before the start of the
milking process. Milk yield and udder health in the subsequent lactation were not
negatively impacted by the software-induced program. The software module can
prepare udder healthy cows for cessation of milking in an animal-friendly and
successive way, and support antibiotic free dry-off. In addition, the findings also open
up further potential applications of innovative technology. For example, it could also be
utilized to limit milk yield in early lactation for metabolic stabilization.

The experiments conducted in this thesis give an insight into the possibilities of using
innovative technologies to better understand and manage the health maintenance of high
yielding dairy cows. The presented results serve as a basis for subsequent studies and

implementation in practice.
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4.6 Zusammenfassung

Das primdre Ziel der vorliegenden Arbeit war es, durch die Anwendung
hochauflosender Ultraschalltechnik einerseits und die Entwicklung eines neuartigen
Melksoftwaremoduls (Patentschrift sieche Anhang) andererseits, neue Erkenntnisse
hinsichtlich eines fiir Tiergesundheit und Wohlbefinden optimalen Melkmanagements
von hochleistenden Milchkiihen zu erlangen.

Im Rahmen des ersten Manuskripts wurde vor dem Hintergrund der grof3en Bedeutung
des Zitzenkanals fiir die Eutergesundheit die innere Morphologie der Zitze und deren
Verdnderungen durch den konventionellen Melkprozess mittels Visualisierung mit einer
18 MHz Sonde analysiert. In einem ersten Versuch konnte gezeigt werden, dass die
angewendete Methodik die Etablierung dreier ergdnzender Messmerkmale des distalen
Zitzenkanals erlaubt (TOR: distale Offnung des Zitzenkanals; DTCp: Umfang des
distalen Zitzenkanals; DTCs: Flache des distalen Zitzenkanals) und die Bewertung
dieser neuen, sowie der altbekannten Messparameter wiederholbar moglich ist.
Verdnderungen in den Merkmalen der inneren Zitzenmophologie konnten in einem
zweiten Versuch anschaulich priasentiert werden und zudem wurden Zusammenhénge
zu tierindividuellen EinflussgroBBen aufgedeckt. So zeigten die Malle der Breite der
Zitze, der Breite des Zitzenendes und der Lénge des Zitzenkanals hohere Werte bei
mehrkalbigen Tieren im Vergleich zu Férsen. Interessant war im Rahmen dieses
Versuches vor allem die Darstellung des Zusammenhangs der Ausprigung der neu
etablierten Merkmale des distalen Zitzenkanals und einer eutergesundheitsrelevanten
Messgrofle. So wiesen Zitzen, in deren Milch bakteriologisches Wachstum verifiziert
werden konnte, groBere Ausprigungen von Umfang und Fliache des distalen

Zitzenkanals auf. Die durch die hochauflosende Technik realisierte, detailliertere
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Visualisierung der inneren Morphologie ermdglichte so eine ausfiihrlichere Evaluierung
der Auswirkungen des Melkprozesses. Die Verwendete Technik kann unter Anwendung
der neu etablierten Parameter somit zukiinftig auch zur Bewertung der mechanischen
Belastungen verschiedener Melkverfahren genutzt werden. Zudem konnen
Riickschliisse auf die wichtige Abwehrbarriere des distalen Zitzenkanals gezogen
werden.

Die Erarbeitung einer innovativen Moglichkeit hochleistende Milchkiihe auf die notige
Trockenstehphase vorzubereiten war Inhalt des zweiten Manuskripts. Nach Stand des
Wissens ist eine Reduzierung der Milchleistung vor Beendigung des Melkens sowohl
aus gesundheitlichen Aspekten zu empfehlen, als auch forderlich fiir das Wohlbefinden
des Tieres wahrend dieses kritischen Managementschrittes. Durch Entwicklung und
Patentierung eines Softwaremoduls, welches die automatisierte Abnahme des
Melkzeuges nach absolut gemolkener Menge ermoglicht, wurde ein Programm zur
sukzessiven Milchmengenreduzierung erarbeitet. Sechsundzwanzig eutergesunde Kiihe
wurden iiber 10.4 + 1.8 Tage vor geplanter Beendigung des Melkens zunehmend
unvollstindig gemolken. Ohne Beeintrachtigung des guten Gesundheitszustandes fiihrte
diese Prozedur zu einer Verringerung der Milchleistung um 35.3 + 12.9%. Tendenzen in
der Konzentrationsentwicklung des Akute Phase Proteins Haptoglobin lieBen die
Indizierung friithzeitiger Involution bei den Versuchstieren vermuten. Auch im Rahmen
dieser Fragenstellung fand die Methodik der Ultraschalluntersuchung Anwendung. So
konnte gezeigt werden, dass die frithzeitige Abnahme des Melkzeuges zu deutlich
geringeren Verdnderungen in den Merkmalen der inneren Zitzenmorphologie fiihrt,
verglichen mit den konventionellen Melkeinstellungen des Betriebs. Umfang und
Flache des distalen Zitzenkanals zeigten nach mehreren Tagen des unvollstindigen

Melkens sogar geringere Auspridgungen vor Beginn des Melkprozesses. Milchmenge
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und Eutergesundheit in der darauffolgenden Laktation wurden durch das
softwareinduzierte Programm nicht negativ Beeintrachtigt. Das Softwaremodul kann
somit als sinnvolle Moglichkeit dienen, eutergesunde Kiihe tierschonend und sukzessive
auf die Beendigung des Melkens vorzubereiten. Zudem erdffnen die Erkenntnisse auch
weitergehende Anwendungsmoglichkeiten der innovativen Technik. Zum Beispiel
konnte sie ebenfalls zwecks Stoffwechselstabilisierung zur Limitierung der Milchmenge
in der Friihlaktation genutzt werden.

Die Versuche im Rahmen dieser Arbeit geben einen Einblick in die Moglichkeiten der
Anwendung innovativer Technologien zum besseren Verstindnis und Management der
Gesunderhaltung von hochleistenden Milchkiihen. Die hier gezeigten Ergebnisse dienen

als Basis fiir nachfolgende Studien sowie zur Umsetzung in der Praxis.
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Verfahren zur Reduzierung der tierindividuellen Milchproduktion von
milchgebenden Tieren

Der Gegenstand der Erfindung bezieht sich auf Verfahren zum Melken
eines Milch abgebenden Tiers, insbesondere einer Kuh, sowie auf eine zur

Durchfiithrung des Verfahrens geeignete und bestimmte Vorrichtung.

Obwohl im Folgenden die Erfindung in Verbindung mit einer Melkanlage
zum Melken von Kithen beschrieben wird, wird darauf hingewiesen, dass
sich der Gegenstand der Erfindung, insbesondere auch auf Verfahren und
Vorrichtungen zum Melken von Schafen, Ziegen, Lamas, Kamelen, Dro-
medaren, Buffeln, Stuten, Eseln, Yaks sowie anderen Milch abgebenden
Tieren eignet. Die Erfindung kann sowohl bei robotergestiitzten Melkan-
lagen als auch bei vollautomatischen, halbautomatischen oder konventio-
nellen Melkanlagen verwendet werden.

Sowohl beim traditionellen Handmelken, welches ein Druckmelken ist, als
auch bei maschinellen Saugmelkverfahren wird die gesamte im Euter be-
findliche Milch ermolken, um maximalen Ertrag zu erhalten und um das
Euter zur weiteren Milchproduktion anzuregen.

Bei maschinellem Melken besteht die Gefahr, dass Zitzen zu lange gemol-
ken werden, obwohl kein Milchfluss mehr vorhanden ist. Oder die Zitze
ist verdreht oder abgeknickt und gibt gar keine Milch frei. Oder die milch-
fithrenden Kanéle der Zitzen werden durch ungiinstige Umstéinde zu frith
verschlossen. Es ist bekannt, dass bei einem zu starken Ausmelken es zu
einer Beeintrdchtigung der Zitzenkonditionen kommen kann. Insbesonde-

re besteht die Gefahr der Hyperkeratosen (Strichkanalausspiilungen).
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Es sind unterschiedliche Verfahren bekannt, um solche negativen Auswir-
kungen beim vollstindigen Ausmelken zu verhindern. So schligt zum
Beispiel die DE 36 09 275 Al vor, dass die zeitliche Anderung der Milch-
menge und/oder des Milchflusses innerhalb einzelner Pulszyklen charak-
teristische Besonderheiten aufweist, die bewertet werden konnen. Damit
konnen Melkparameter tiber die Steuerung angepasst oder das Melkende
bestimmt werden, so dass die Melksteuerung die Melkzeugabnahme aus-
fithren kann. Durch die EP 0 534 565 B1 ist ein Verfahren zum automati-
schen Melken bekannt, das mittels Stromungssensoren den Milchfluss
aus den einzelnen Zitzen liberwacht und bei Versiegen des Milchflusses
das Melken der Zitze beendet. In der DE 28 44 562 B1 ist ein weiteres Ver-
fahren zum vollstindigen Ausmelken bei maschinellem Milchentzug be-
schrieben. Wenn der Milchfluss unter eine bestimmte Schwelle sinkt, wird
die Abnahme des Melkzeugs bewirkt.

Im Hinblick darauf, dass sich der Melkertrag und die Milchzusammenset-
zung im Laufe einer Laktation verdndert, wird eine Kuh zur Vorbereitung
auf die folgende Laktation trockengestellt. Unter einem Trockenstellen
wird der Ubergang aus der laktierenden Phase in eine nicht laktierende
Phase verstanden. Wéahrend der Trockenstehperiode erfolgt im Wesentli-
chen kein Milchentzug, da dem Tier die Moglichkeit gegeben werden soll,
eine Regeneration der Reserven fiir den nidchsten Laktationsstart zu er-
reichen.

Es ist festgestellt worden, dass insbesondere bei Tieren mit hoher
Milchleistung und hoher Tagesmelkleistung zum Zeitpunkt des Trocken-
stellens eine Neuinfektionsrate mit Mastitis sehr hoch sein kann (Volker
Kromker; Kurzes Lehrbuch Milchkunde und Milchhygiene; Parey in MVS
Medizinverlage Stuttgart; 2007). Um das Risiko fiir die Eutergesundheit
zu verringern, kommen antibiotische Langzeitpriparate, die auch als so-

genannte Trockensteller bekannt sind, zum Einsatz. Durch die Verwen-

7k



WO 2019/048521 PCT/EP2018/073948

10

15

20

25

30

dung von insbesondere antibiotischer Langzeitpriparate, die auch préa-
ventiv Tieren gegeben werden, koénnen Eutergesundheitsprobleme zu-
mindest verringert werden.

Andererseits ist Rohmilch ein bedeutsames Lebensmittel und ein wichti-
ger Rohstoff fiir die Nahrungsmittelindustrie. Zum Schutz des Verbrau-
chers, zur technischen Verarbeitungsfihigkeit sowie zur Marktlenkung
muss Rohmilch sowohl nationalen als auch internationalen Qualitidtsan-
forderungen gentigen. Wird ein Tier medikamentods behandelt, so darf die
Milch des Tiers wahrend der medikamentésen Behandlung und innerhalb
einer vorgegebenen Zeitspanne nach dem Ende der medikamentdsen Be-
handlung nicht als verkehrsfihige Milch klassifiziert werden. Auferdem
fordert der verbreitete Einsatz von Antibiotika Resistenzen bei Bakterien-
stimmen in der gesamten Umwelt.

Hiervon ausgehend liegt der vorliegenden Erfindung die Zielsetzung zu-
grunde, ein verbessertes Verfahren zum Melken eines Milch gebenden

Tiers, insbesondere einer Kuh, anzugeben.

Diese Aufgabe wird durch ein Verfahren zum Melken eines Milch abge-
benden Tiers, insbesondere einer Kuh, mit den Verfahrensschritten ge-
mdl Patentanspruch 1 geldst. Weitere vorteilhafte Ausgestaltungen und
Ausfiihrungen des Verfahrens sind in den abhingigen Patentanspriichen
angegeben. Die in den Patentanspriichen einzeln aufgefithrten Merkmale
sind in beliebiger, technologisch sinnvoller Weise miteinander kombinier-
bar und konnen durch erlduternde Sachverhalte aus der Beschreibung
ergdnzt werden, wobei weitere Varianten der Erfindung aufgezeigt wer-
den.

Nach dem erfindungsgemdfen Verfahren zum Melken eines Milch abge-

benden Tiers, insbesondere einer Kuh, wird vorgeschlagen, dass eine

-3-
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Zielmilchmenge bestimmt wird. Die Zielmilchmenge ist dabei geringer als
eine mogliche zu erwartende Milchmenge. Wiahrend des Melkvorgangs
wird die ermolkene Milchmenge ermittelt. Es findet ein Vergleich zwi-
schen der ermolkenen Milchmenge und der Zielmilchmenge statt. Der
Melkvorgang wird beendet, wenn die ermolkene Milchmenge im Wesentli-
chen der Zielmilchmenge entspricht. Dies kann durch eine automatische
Abnahmesteuerung erfolgen oder manuell durch Melkpersonal, das den
maschinellen Melkvorgang beaufsichtigt oder Handmelken ausfiihrt.

Durch dieses erfindungsgemife Verfahren wird insbesondere eine scho-
nende Behandlung der Zitzen eines Tiers, insbesondere einer Kuh, er-
reicht.

Das Verfahren ist insbesondere vorteilhaft im Zusammenhang mit der
Einleitung einer Trockenstehperiode einer Kuh. So wird vorgeschlagen,

~ dass ein Beginntag, der vor einem Trockenstelltag liegt, bestimmt wird

und von dem an der Melkvorgang beendet wird, wenn eine Zielmilchmen-
ge ermolken wurde. Durch diese bevorzugte Ausgestaltung des Verfah-
rens wird eine Involution der Milchdriise aktiv eingeleitet. Durch diesen
aktiven Vorgang vereinfacht sich die Trockenstellung des Milch gebenden
Tiers, inshesondere kann im Wesentlichen auf die Verwendung antibioti-

scher Trockenstellpriparate verzichtet werden.

Vorzugsweise wird die Zielmilchmenge zumindest fiir den Beginntag aus
historischen Daten ermittelt. Es ist bekannt, dass moderne Milchviehbe-
triecbe liber ein Herdenmanagementsystem verfligen. In dem Manage-
mentsystem sind zahlreiche Daten hinterlegt, die einzelnen Tieren oder
Tiergruppen zugeordnet werden. Verfligt der Milchviehbetrieb tiber ein
solches Herdenmanagementsystem, so stehen insbesondere tierindividu-
elle Daten zur Verfligung. Hierbei kann es sich um Daten handeln, aus

denen erkennbar ist, welchen Milchertrag ein Tier an einem bestimmten

-4-
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Laktationstag abgegeben hat. Auf der Basis eines solchen Datensatzes mit
den historischen Daten kann die Zielmilchmenge zumindest fiir den Be-
ginntag ermittelt werden. Die historischen Daten enthalten vorzugsweise

samtliche fiir das Melken relevanten Daten.

Es besteht auch die Moglichkeit, dass die Zielmilchmenge zumindest fiir
den Beginntag aus historischen Daten ermittelt wird, wobei hier die histo-
rischen Daten nicht zwingend tierindividuell sein mussen. Die Milchmen-
ge, welche ein Tier einer bestimmten Rasse, physischer Kondition etc.
abgibt, ist an und fiir sich geldufig und kann als Basis fir die Bestimmung
oder Ermittlung der Zielmilchmenge fir den Beginntag postuliert werden.

Wird ein Tier nach dem erfindungsgemifen Verfahren wihrend einer
Laktation gemolken, so werden diese Daten, inshesondere die Milchertri-
ge pro Melkvorgang bzw. pro Melkertrag, gespeichert. Diese gespeicher-
ten Daten stellen auch historische Daten dar. Wird das Tier nach dem er-
findungsgeméRen Verfahren in einer weiteren Laktation gemolken, so
kann auf die historischen Daten aus zumindest einer vorhergehenden
Laktation zuriickgegriffen werden. Ggf. wird eine Korrektur der histori-
schen Daten durchgefiihrt in Abhdngigkeit davon, in welcher Laktation
sich das Tier befindet. Ist bspw. bekannt, dass der Milchertrag wihrend
der Laktation nach der zweiten, dritten oder weiteren Kalbung stets ab-
nimmt, so kann eine Korrelation zwischen den historischen Daten und
den weiteren Kalbungen bzw. weiteren Laktationen gestellt werden, um
die als erwartete im Euter befindliche Milchmenge genauer zu schitzen
bzw. die reduzierte Zielmilchmenge genauer zu berechnen.

Wird das Verfahren bei einem Tier durchgefiihrt, welches nach der ersten
Kalbung laktierend ist, so wird auf historische Daten vergleichbarer Tiere
zurickgegriffen.
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Bei den historischen Daten kann es sich auch Daten handeln, die sich auf
vorangegangene Melkvorgdnge der aktuellen Laktation beziehen.

Die Zielmilchmenge wird vorzugsweise fiir jeden einzelnen Melkvorgang
bestimmt, von denen jedes Tier in der Regel mehrere pro Tag hat. Diese
Vorgehensweise ist insbesondere dann vorteilhaft, wenn das Tier zu

exakt vorgegebenen Tageszeiten gemolken wird.

Wird das Tier in einem Milchviehbetrieb gehalten, in dem ein freier Tier-
verkehr praktiziert wird, so ist es vorteilhaft, wenn die Zielmilchmenge
fur jeden Tag festgelegt wird. Beim freien Tierverkehr ist nicht sicherge-
stellt, dass ein Tier an jedem Tag zum gleichen Zeitpunkt gemolken wird.
Dies ist inshesondere dann der Fall, wenn robotergestiitzte Melkeinrich-
tungen freiwillig von den Tieren aufgesucht werden konnen. Ist dies der
Fall, so dndert sich je nach Zeitabstand zwischen zwei aufeinanderfol-

genden Melkvorgangen die zur Verfiigung stehende Milchmenge im Euter.

Auch bei einem gelenkten Tierverkehr mit geplanten Melkzeiten, die je-
weils nur ein Zeitfenster vorher bestimmen, ldsst sich der Zeitpunkt fiir
einen Melkvorgang eines bestimmten Tieres nicht genau vorhersagen.
Dann ist es ebenfalls vorteilhaft, wenn die Zielmilchmenge fir jeden Tag
festgelegt wird.

Vorteilhafterweise wird die Zielmilchmenge fiir einen ganzen Tag nach
verschiedenen Anwendungsfillen und Verfahren ermittelt und daraus
eine Zielmilchmenge fiir einen einzelnen Melkvorgang abgeleitet. Dies ist,
insbesondere beim freien Tierverkehr oder bei Angabe einer Melkzeit als
Zeitfenster, zu bevorzugen. Wird die Zielmilchmenge (ZMM) fiir ein ein-
zelnes Melken auf der Basis einer Tages-Zielmilchmenge (TZM) bestimmt,
so ist es vorteilhaft, wenn der zeitliche Abstand (S) zwischen zwei aufei-

nanderfolgenden Melkvorgdngen berticksichtigt wird. So kann bspw. die
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Zielmilchmenge aus dem Produkt der Tages-Zielmilchmenge und dem
Quotienten aus der Zeit zwischen zwei aufeinanderfolgenden Melkvor-
giangen pro 24 Stunden berechnet werden. Fiir die Zielmilchmenge soll
gelten:

ZMM=TZM * (S [h] / 24[h])

Im Hinblick darauf, dass die Milchproduktion im Euter seit einem letzten
Melken nicht unendlich steigen kann, wird vorgeschlagen, dass die Zeit-
dauer seit dem letzten Melkvorgang fiir die Berechnung der Zielmilch-
menge fir ein einzelnes Melken auf einen Maximalwert begrenzt wird.
Eine solche Situation kann bspw. eintreten, wenn eine unvollstindige Da-
tenerfassung zu einem Tier erfolgt ist und der letzte aufgezeichnete
Melkvorgang nicht der letzte tatsdchliche Melkvorgang ist. Wird bspw.
festgestellt, dass in Abhdngigkeit von der geplanten Melkfrequenz, das
heilt der Anzahl der Melkvorginge pro 24 Stunden, ein vorgegebener
Zeitabstand zu einem vorhergehenden bekannten Melkvorgang den Ma-
ximalwert weit Uberschreitet, so kann ein angenommener Zeitabstand
zwischen zwei aufeinanderfolgenden Melkvorgingen zur Bestimmung der
Zielmilchmenge pro Tag basierend auf der Tages-Zielmilchmenge heran-
gezogen werden, wobei hier die geplante Melkfrequenz, das heilt die An-
zahl der geplanten Melkungen pro Tag, beriicksichtigt wird.

Bevorzugt wird hierbei von dem nachfolgend in der Tabelle wiedergege-
benen Werten ausgegangen:

Geplante Zeitabstand zu einem letzten | Angenommener
Melkfrequenz | bekannten Melkvorgang Zeitabstand

1 36h 24h

2 24h 12h

3 16h 8h

4 12h 6h




WO 2019/048521 PCT/EP2018/073948

10

15

20

25

30

Soll bspw. entsprechend der Tabelle ein Tier zweimal am Tag gemolken
werden (geplante Melkfrequenz), was einem angenommenen Zeitabstand
von 12 Stunden pro Tag entspricht, und ist festgestellt worden, dass zwi-
schen zwei aufeinanderfolgenden Melkvorgingen mehr als 24 Stunden
vergangen sind, so wird fir die Bestimmung der Zielmilchmenge fiir das
anstehende Melken ein Zeitabstand zwischen zwei aufeinanderfolgenden
Melkvorgidngen von 12 Stunden angenommen, obwohl der tatsdchliche
Zeitabstand kleiner oder groRer sein kann.

Diese Verfahrensfiihrung ist insbesondere dann vorteilhaft, wenn vor ei-
nem Melkvorgang eine Identifikation des zu melkenden Tiers erfolgt.

Gemdl einer noch weiteren vorteilhaften Gestaltung des erfindungsge-
madlen Verfahrens wird vorgeschlagen, dass der Beginntag fir das Melken
mit reduzierter Zielmilchmenge in Abhingigkeit vom geplanten Trocken-
stelltag eines Tieres festgelegt wird. Der geplante Trockenstelltag be-
stimmt sich tier-, betriebs- oder rassespezifisch aus der Anzahl der Tage
seit dem Tag der Besamung bzw. des Deckvorgangs, fir die in einer spéi-
teren Trachtigkeitsuntersuchung die Trachtigkeit festgestellt wurde. Der
Beginntag fir das Melken mit reduzierter Zielmilchmenge liegt eine be-
stimmte, tier-, betriebs- oder rassespezifische Anzahl Tage vor dem ge-
planten Trockenstelltag. Die GroRe der Anderung der Zielmilchmenge
kann an die Zeitspanne zwischen Beginntag und geplantem Trockenstell-
tag angepasst werden.

Insbesondere wird vorgeschlagen, dass die Zielmilchmenge eines Tages
aus der Zielmilchmenge des vorigen Tages verringert um einen Ande-
rungswert M bestimmt wird. Der zu verringernde Vortageswert am Be-
ginntag selbst, im Folgenden als Referenzmenge bezeichnet, kann die
durchschnittliche Tagesmilchleistung des Tieres sein, berechnet aus den
Milchmengen historisch aufgezeichneter Melkvorginge oder gemil der

-8-
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bereits vorgestellten Verfahren zur Schédtzung gemdR Laktationstag und -
kurve oder Schédtzverfahren, die frithere Laktationsleistungen oder ver-
gleichbare Tiere benutzen. Alle Werte konnen auch zitzenindividuell be-
stimmt werden.

Der Anderungswert M kann ein konstanter Wert sein, der fiir jeden Tag
subtrahiert wird. Vorzugsweise wird er durch einen Faktor K aus dem
Vortageswert ermittelt bzw. am Beginntag aus der ermittelten Referenz-
menge. Der Faktor K fiir eine Reduktion der Menge muss kleiner als 1
sein. Fur spater vorgestellte Anwendungen des Melkens mit begrenzter
Zielmilchmenge, wo eine schrittweise Erhohung gewtinscht wird, kann er
andere Werte haben. Anderungswert M oder Faktor K sind vorzugsweise
konstant und einstellbar. Insbesondere wird vorgeschlagen, dass sie von
einer Zeitspanne zwischen Beginntag und Trockenstelltag und/oder
Laktationsstand abhdngige GrofRen sind. Dadurch wird eine noch bessere
Anpassung der Zielmilchmenge und der damit verbundenen angestrebten
Involution der Milchdriise erreicht. Die Reduktion kann auch andere Ein-
flussfaktoren beriicksichtigen, insbesondere auch die Rasse, Physiogno-
mie und den tierindividuellen Gesundheitszustand. Die Anpassung kann

linear oder asymptotisch auf einen bestimmten Zielwert hin erfolgen.

GemédR einer noch weiteren vorteilhaften Weiterentwicklung des Verfah-
rens wird vorgeschlagen, dass zum Ende der Laktationsperiode hin das
Tier wenigstens einem vollstindigen Melkvorgang unterzogen wird. Hier-
durch soll erreicht werden, dass am Trockenstelltag das Euter des Tiers
auch tatsdachlich vollstindig ausgemolken wird.

Das erfindungsgemile Verfahren ist nicht nur im Zusammenhang mit
dem angestrebten Trockenstellen des Tiers von Vorteil, sondern es be-
rucksichtigt auch, dass eine verbesserte Tiergesundheit und inshesondere

eine verbesserte Energiebilanz erreicht werden kann. Es ist bekannt, dass
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das Tier fir die Milchproduktion eine bestimmte Energie aufbringen
muss. Um diese Energie bereitzustellen, werden dem Tier passende Nihr-
stoffe in optimaler Menge zugefihrt. Das Tier soll nicht zu fett werden,
da es zu Schwierigkeiten bei der folgenden Kalbung kommen kann. Ein zu
hoher Eiweileintrag fiihrt zu Stoffwechsel- und Gesundheitsproblemen
des Tiers. Insbesondere bei hoher Milchleistung ist es bei einem raschen
Anstieg der Milchproduktion, insbesondere nach der Kalbung in einem
Frihstadium der Laktation, oft schwierig, ein Gleichgewicht zwischen ei-
ner addquaten Fltterung und Milchproduktion herzustellen. Eine rasche
Anderung der Futtermenge fiihrt nicht zu dem gewiinschten Ergebnis, da
sich das Verdauungssystem stets an die gednderte Menge anpassen muss.
Es besteht die Gefahr, dass es zu Verdauungserkrankungen kommt, wenn
die Futtermenge zu hoch wird. Bei einem schnellen Anstieg der Milchpro-
duktion entsteht daher ein Defizit an der zugefiihrten Energiemenge, und
es besteht die Gefahr einer Ketose-Erkrankung.

Des Weiteren kann die Menge des konzentrierten Kraftfutters nicht belie-
big erh6éht werden, da das Verdauungssystem einen bestimmten Mindes-
tanteil an Rohfasern im Verhéltnis zur aufgenommenen Energiemenge
bendotigt, so dass es Grenzen durch das Volumen des Gesamtfutters gibt.
Bei Kiihen besteht daher die Gefahr, dass es zu einer negativen Energiebi-
lanz kommt, was das Immunsystem und die Fruchtbarkeit beeintrichtigt.

Nach dem erfindungsgemifRen Verfahren besteht daher auch die Moglich-
keit, den Anstieg der Milchproduktion insbesondere zum Anfang der
Laktationsperiode zu beeinflussen. Liegt die Zielmilchmenge unterhalb
der moglichen zu ermelkenden Milchmenge, so wird die Produktion redu-
ziert. Der Anreiz fiir die Kuh, die Milchproduktion zu steigern, wird ver-
ringert, was sich positiv auf die Gesamtenergiebilanz und somit auch fiir
die Tiergesundheit des Tiers auswirken kann.
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Das erfindungsgemdlfe Verfahren kann auch fiir eine bestimmte Zeit-
spanne widhrend der Laktationsperiode zum Einsatz kommen. Dadurch
wird bspw. eine Drosselung der Milchproduktion wihrend der Laktation
erreicht. Die gezielte Drosselung der ermolkenen Milchmenge und damit
einhergehenden Reduktion der Milchproduktion bei dem Tier ist insbe-
sondere dann von Vorteil, wenn das Tier eine gesundheitliche Beeintrich-
tigung aufweist. Eine Drosselung der Milchproduktion entlastet den
Stoffwechsel des Tiers, was zur Stirkung des Immunsystems und somit

zu einer Verbesserung des Gesundheitszustands des Tiers fithren kann.

Gemdl einem weiteren erfinderischen Gedanken wird eine Melkvorrich-
tung zur Durchfiithrung eines Verfahrens nach einem der Anspriiche 1-16
vorgeschlagen. Die Melkvorrichtung weist eine Melkeinrichtung auf. Ins-
besondere handelt es sich bei der Melkeinrichtung um eine roboterge-
stutzte Melkeinrichtung. Die Melkvorrichtung weist des Weiteren Mittel
zur Tieridentifikation auf. Hierbei kann es sich um herkémmliche, be-
kannte Mittel zur Tieridentifikation handeln. Die Melkvorrichtung weist
des Weiteren Mittel zur Erfassung einer wihrend eines Melkvorgangs er-
molkenen Milchmenge auf. Des Weiteren ist eine Steuereinrichtung vorge-
sehen, welche zur Steuerung der erfindungsgemédfen Melkeinrichtung
geeignet und bestimmt ist.

Insbesondere weist die Steuerung einen Computer umfassend einen Spei-
cher mit einem darin hinterlegten Computerprogramm und einen digita-
len Prozessor auf.

Gemdl einem noch weiteren erfinderischen Gedanken wird ein Compu-

terprogrammprodukt vorgeschlagen, welches zur Durchfithrung des Ver-
fahrens nach einem der Anspriiche 1-16 bestimmt und eingerichtet ist.
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Des Weiteren wird ein maschinenlesbares Speichermedium, auf dem ein
Computerprogrammprodukt gemal Anspruch 19 gespeichert ist, vorge-
schlagen.

Weitere Vorteile und Einzelheiten der Erfindung werden anhand des in
der Zeichnung dargestellten Ausfithrungsbeispiels erldutert, ohne dass
der Gegenstand der Erfindung auf dieses Ausfiihrungsbeispiel beschrankt
ist. Es zeigen:

Fig. 1: schematisch eine Melkvorrichtung zur Durchfithrung des erfin-
dungsgemilen Verfahrens und

Fig. 2: schematisch einen Verlauf einer Milchleistung tiber die Zeit.

Fig. 1 zeigt schematisch einen Melkbereich 1 mit einem Melkplatz 2. Der
Melkplatz 2 wird vom Tier 4 iiber den Eingangsbereich 3 betreten und
verlassen.

Im Bereich des Melkplatzes 2, in dem dargestellten Ausfithrungsbeispiel
im Kopfbereich des Melkplatzes, sind Mittel zur Tieridentifikation 8 vor-
gesehen. Damit werden die einzelnen Tiere einer Identifikation unterzo-
gen. Die Mittel zur Tieridentifikation 8 arbeiten vorzugsweise beriih-
rungslos. Sie weisen insbesondere eine Sende- und/oder Empfangseinheit
auf. Mittels der Identifikationsmittel 8 werden die von den Tieren getra-
genen Tieridentifikationsmittel, in denen tierindividuelle KenngroRen
bzw. Daten hinterlegt sind, ausgelesen und an bspw. ein Herdenmanage-
mentsystem Ubergeben. Das Herdenmanagementsystem ist signaltech-
nisch auch mit einer Steuereinrichtung 6 zur Steuerung der Melkeinrich-
tung 5 am Melkplatz 2 verbunden. Das Herdenmanagementsystem kann
auch ein Teil der Steuereinrichtung 6 sein. Es ist jedoch nicht zwingend,

dass ein Herdenmanagementsystem vorhanden sein muss, es ist jedoch
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vorteilhaft, wenn dieses zur Verfiigung steht. Die Anordnung der Mittel
zur Tieridentifikation im Kopfbereich des Melkplatzes stellt eine Ausfiih-
rungsform dar. Diese kénnen auch beispielsweise im Gangbereich zum
Melkplatz angeordnet sein. Wihrend eines Melkvorgangs mittels einer
Melkeinrichtung 5 wird die ermolkene Milchmenge erfasst, wozu Mittel 7
vorgesehen sind.

Betritt ein Tier 4 den Melkplatzbereich 2, so wird dieses durch die Mittel
zur Tieridentifikation 8 identifiziert. Die Identifikationsinformation wird
vorzugsweise an ein Herdenmanagementsystem gegeben. Ist im Herden-
managementsystem hinterlegt und das entsprechende Signal an die Steu-
erungseinrichtung 6 gesendet worden, dass zu dem konkreten Tier 4 ein
Melkvorgang durchgefiihrt werden soll, so werden die nicht dargesteliten
Melkbecher an die Zitzen des Tiers angesetzt und der Melkvorgang
durchgefiihrt.

In dem Herdenmanagementsystem ist auch hinterlegt, ob das Tier nach
einem Melkvorgang entsprechend dem erfindungsgemifen Verfahren
gemolken werden soll. Ist dies der Fall, so wird dies vor Beginn des Melk-
vorganges der Steuereinrichtung 6 mitgeteilt. Wahrend des Melkvorgangs
wird die ermolkene Milchmenge ermittelt. Bei den Tieren, die mit dem
erfindungsgemdfen Verfahren zu melken sind, findet vorzugsweise ein
kontinuierlicher Abgleich der ermolkenen Milchmenge mit einer vor-
zugsweise tierindividuell bestimmten Zielmilchmenge statt. Entspricht
die ermolkene Milchmenge im Wesentlichen der Zielmilchmenge, so wird
der Melkvorgang beendet. Um einen Tierschutz zu gewihrleisten und ein
fir das Tier gesundheitsschddigendes Melken zu verhindern, kénnen zu-
satzlich Abbruchkriterien definiert werden, die ein Melkende vor einem
Erreichen der Zielmilchmenge einleiten.
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Die erfindungsgeméfe Verfahrensfilhrung kann auch fiir Melkvorginge
wéhrend der Laktationsperiode angewendet werden, wobei die Ziel-
milchmenge abhédngig vom Laktationsstand des Tiers ist. Insbesondere
wird das erfindungsgemdle Verfahren im Zusammenhang mit dem ange-
strebten Trockenstellen des Tiers verwendet.

Fig. 2 zeigt einen schematischen Verlauf der Milchleistung wihrend einer
Laktation in Abhédngigkeit von der Zeit. Eine Laktation ist der Zeitraum
nach einer Kalbung. Der nullte Laktationstag ist der Tag der Kalbung. Von
da an werden die Laktationstage gerechnet. Kurz nach einer Kalbung hat
ein Tier die hochste Milchleistung. Im Laufe einer Laktation gibt ein Tier
immer weniger Milch ab, was aus dem fallenden Verlauf der Kurve er-
sichtlich wird. Der Milchfluss (Kilogramm pro Minute) wird hierbei immer
geringer.

Wihrend der der Laktation erfolgt wenigstens eine Besamung des Tiers.
In einer Trédchtigkeitsuntersuchung wird festgestellt, ob das Tier tragend
ist und welche Besamung erfolgreich war. Der nullte Trachtigkeitstag ist
der Tag der Besamung. Von diesem Tag an gerechnet werden die Tage
auch Trachtigkeitstage fiir das Tier genannt. Vor der néchsten Kalbung
erfolgt in der Regel ein Trockenstellen des Tiers. Ab dem Trockenstelltag
wird das Tier fiir einige Tage vor der nichsten Kalbung nicht mehr ge-
molken. Diese Trockenstellperiode fiihrt zu einer Verbesserung der Ener-
giebilanz des Tiers, so dass es gesiinder in die Kalbung und den Anfang
der néchsten Laktation geht. Die Laktationszahl bezeichnet die Zahl, wie
oft ein Tier bereits gekalbt hat.

Der in der Fig. 2 dargestellte Verlauf der Milchproduktion kann fiir unter-

schiedliche Tiere verschieden sein. Der Verlauf kann auch in Abhéngigkeit
von der Laktationszahl eines Tiers verdanderlich sein.
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Aus dem in der Fig. 2 dargestellten Verlauf ist erkennbar, dass am Tro-
ckenstelltag die Milchproduktion sprunghaft auf Null reduziert wird, was
dadurch bedingt ist, dass ab dem Trockenstelltag keine Melkvorginge
mehr durchgefiihrt werden. Nach den bisherigen Verfahren wird das Eu-
ter eines Tiers wihrend der Laktation leer gemolken. Durch das Leermel-
ken wird das Euter maximal angereizt, weitere Milch zu produzieren, so
dass ein theoretischer weiterer Verlauf der Laktation moglich wire, wie
dies vorstehend in der Fig. 2 in der Trockenstellperiode gestrichelt darge-
stellt ist.

Nach dem erfindungsgemédRen Verfahren wird ein Tier gemolken, wobei
der Melkvorgang beendet wird, sobald eine vorgegebene Zielmilchmenge
erreicht worden ist oder die klassischen Abnahmeverfahren aus Tier-
schutzgriinden eher greifen.

Ist der Trockenstelltag bekannt, so wird ab einem Beginntag, der vor ei-
nem Trockenstelltag liegt, mit einer Zielmilchmenge gemolken. Die Ziel-
milchmenge ist eine Milchmenge, die geringer ist als eine mogliche zu
erzielende Milchmenge. Die Zielmilchmenge wird zumindest fiir den Be-
ginntag aus historischen Daten ermittelt. Hierzu kann auf geeignete Ver-
fahren, insbesondere Schitzverfahren zuruckgegriffen werden. Wird das
Tier nach dem erfindungsgeméflen Verfahren gemolken und die Ziel-
milchmenge im Laufe der Tag reduziert, so sind die Milchproduktion und
der Euterinnendruck am Trockenstelltag so gering, dass die Anwendung
von Antibiotika unnotig oder zumindest in erheblich geringerem Umfang
verwendet wird. Das Verfahren fordert die Involution der Milchdrisen.
Die langsame Abnahme der Milchproduktion fithrt auch zu einer scho-
nenderen Verdnderung der Fiitterungsnotwendigkeit, die das Tier nicht
mehr so viel Energie aus dem Futter fiir die Milchproduktion bendgtigt.
Das Tier geradt somit nicht so leicht ins energetische Ungleichgewicht.
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In der Fig. 2 ist schematisch zwischen Beginntag und Reduzierende der
Verlauf der Zielmilchmenge dargestellt. Ab einem Beginntag, der vor-
zugsweise in Abhdngigkeit vom Trockenstelltag definiert wird, wird das
Tier mit der Zielmilchmenge gemolken. Bis zum Beginntag wird das Tier
nach dem klassischen Melkverfahren gemolken. Mit dem Beginntag wird
vorzugsweise die durchschnittliche Tagesmilchmenge des Tiers aus den
historischen aufgezeichneten Gemelksmengen der vorangegangenen Tage
berechnet. Vorzugsweise wird die Gemelksmenge der vorangegangenen 7
(sieben) Tage berlicksichtig. In Kenntnis der historischen Daten wird ein
erster Reduzierschritt vorgenommen, durch den die zu erzielende Ziel-
milchmenge am Beginntag definiert wird.

Die Zielmilchmenge fiir einen einzelnen Melkvorgang wird aus der Tages-
Zielmilchmenge und der Zeit berechnet, die seit dem vorigen Melken ver-
gangen ist, wobei ein Schitzwert angenommen werden kann, wenn der
Abstand zur letzten aufgezeichneten Melkung nicht plausibel ist. Es be-
steht auch die Moglichkeit, dass Zielmilchmengen fiir jeweilige Melkvor-
gange eines Tages direkt definiert werden.

Aus der Fig. 2 ist ersichtlich, dass die Zielmilchmenge, die der tatsichli-
chen ermolkenen Milchmenge entspricht, stufenweise ab dem Beginntag
bis zu einem Reduzierende abnimmt. Hierbei handelt es sich um eine be-
vorzugte Ausfiihrungsform des Verfahrens. Es ist nicht zwingend, dass
eine Reduktion der Zielmilchmenge von Tag zu Tag erfolgt. Tritt bspw.
der Fall ein, dass die erfasste Milchmenge nicht oder unvollstindig ge-
speichert wurde, so wird der darauf folgende Melkvorgang mit der letzten
Zielmilchmenge fortgesetzt. Der Anderungswert M kann auch variabel
sein, so dass bspw. im Verlauf der Laktation der Anderungswert M kleiner
wird. Dies bedeutet, dass die Differenz zwischen den Zielmilchmengen

aufeinanderfolgender Tage geringer wird.
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Wihrend des Melkvorgangs wird die ermolkene Milchmenge erfasst. Wird
die erfasste Milchmenge zitzenindividuell ermittelt, so kann auch die

Zielmilchmenge zitzenindividuell eingestellt werden.

Eine Reduktion der Zielmilchmenge erfolgt bis zu einem vorgegebenen
Reduzierende. Zwischen dem Reduzierende und einem Endtag, der vor
dem Trockenstelltag liegt, wird vorzugsweise mit einer konstanten Ziel-
milchmenge gemolken. Das Reduzierende und der Endtag werden vor-
zugsweise in Abhdngigkeit von der Trachtigkeitsdauer des Tiers einge-
stellt. Der Endtag sollte kurz vor dem geplanten Trockenstelltag liegen.
Zwischen dem Endtag und dem Trockenstelltag wird das Tier vollstindig
ausgemolken. Hierdurch soll sichergestellt werden, dass das Euter vor
dem Trockenstellen leergemolken wurde. Dies ist insbesondere dann
zweckmalig, wenn eine ,versiegelnde“ Substanz in das Euter eingefiihrt
wird. Vorzugsweise wird zwischen dem Endtag und dem Trockenstelltag
das Tier zwei- bis dreimal vollstindig ausgemolken, damit sichergestellt
ist, dass die Milchproduktion tatsdchlich reduziert wurde. Die bei einem
vollstindigen Melkvorgang erfasste Milchmenge kann auch als Uberprii-
fung der Wirksamkeit der Verfahrensfiihrung mit der Zielmilchmenge
genutzt werden. In Abhangigkeit davon, welche tatsidchliche Milchmenge
beim vollstindigen Melkvorgang vorliegt, kann beim betreffenden Tier,
der Tiergruppe oder der Herde eine Anpassung des Anderungswerts M
ermoglicht werden.

Diese Verfahrensfithrung hat inshbesondere den Vorteil, dass die Euterge-
sundheit gesteigert wird. Die Verwendung antibiotischer Trockenstelle-
préparate kann im Wesentlichen vermieden werden.

Aus der Darstellung nach Fig. 2 ist ersichtlich, dass zu Beginn der Lakta-
tion eine groRe Steigung der Milchproduktion des Tiers verzeichnet wer-
den kann. In dieser frithen Laktationsphase, in der auch das Kolostrum
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vorliegt, ist der Energiebedarf des Tiers sehr hoch. Das Kolostrum oder
auch Biestmilch genannt, wird in zahlreichen Lindern als nicht verkehrs-
fahige Milch betrachtet. Es ist daher nicht zwingend, dass ab dem Tag der
Kalbung eine hohe Milchproduktion einsetzt. Winschenswert wire es,
wenn die hohe Milchproduktion frithestens nach Ende der Kolostrumpe-
riode eintritt, was meistens bei Kithen ab dem fiinften Laktationstag der
Fall wére.

In der frithen Laktation ist der Energiebedarf des Tieres fiir den starken
Anstieg der Milchleistung sehr hoch und kann unter Umstinden nicht
durch das aufgenommene Futter gedeckt werden. Um das Ketoserisiko zu
verringern, wird die Milchproduktion begrenzt.

Vorstehend wurde dargelegt, dass ab einem Beginntag die Zielmilchmen-
ge reduziert wird. Das Verfahren ist auch vorteilhaft in der Beginnphase
der Laktation. Mit der Kalbung, das heiffit ab dem nullten Laktationstag
oder einem spéteren Tag, wird das Tier mit einer Zielmilchmenge gemol-
ken, wobei an jedem weiteren Tag eine Frhohung der Zielmilchmenge
vorgenommen wird. Die Erhohung der Zielmilchmenge kann bspw. ein
bestimmter, einstellbarer Prozentsatz des Vortageswerts sein. Es besteht
auch die Moglichkeit, dass die Erh6hung um einen bestimmten Betrag
erfolgt. Die Erhohung in Abhingigkeit vom Laktationsstand kann kon-

stant oder auch variabel sein.

Das Verfahren zum Melken eines Tiers mit reduzierter Zielmilchmenge
kann auch fiir eine Drosselung der Milchproduktion wihrend der Laktati-
on erfolgen. Es ist bspw. festgestellt worden, dass die Nahrungsaufnahme
des Tiers gestort ist oder das Tier aus anderen Griunden mit einer redu-
zierten Zielmilchmenge gemolken werden soll, so kann ab einem Beginn-
tag bis zu einem vorgegebenen Reduzierende wihrend der Laktation das
Tier mit einer reduzierten Zielmilchmenge gemolken werden.
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Durch das erfindungsgemidfe Verfahren wird ein schonendes Melken ei-

nes Tiers erreicht. Des Weiteren kann auf antibiotische Trockenstellpri-

parate im Wesentlichen verzichtet werden. Der Gesundheitszustand des
5  Tiers wird durch das erfindungsgeméRe Verfahren gesteigert.
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Mittel zur Tieridentifikation
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Patentanspriiche

Verfahren zum Melken eines milchabgebenden Tieres, inshesonde-
re einer Kuh, umfassend die folgenden Schritte:
Bestimmung einer Zielmilchmenge, welche geringer ist als
eine mogliche zu erwartende Milchmenge,
Durchfiihren eines Melkvorgangs;
Ermittlung einer ermolkenen Milchmenge wihrend eines
Melkvorgangs;
Vergleich der ermolkenen Milchmenge mit der Zielmilch-
menge;
Beendigung des Melkvorgangs, wenn die ermolkenen Milch-
menge im Wesentlichen der Zielmilchmenge entspricht.

Verfahren nach Anspruch 1, bei dem ein Beginntag, der vor einem
Trockenstelltag liegt, bestimmt und von dem an mit einer Ziel-
milchmenge gemolken wird.

Verfahren nach Anspruch 1 oder 2, bei dem die Zielmilchmenge
zumindest fiir den Beginntag aus historischen Daten ermittelt

wird.

Verfahren nach Anspruch 3, bei dem die Zielmilchmenge zumin-
dest fiir den Beginntag tierindividuell ermittelt wird.

Verfahren nach einem der Anspriiche 1 bis 4, bei dem die Ziel-
milchmenge fiir jeden einzelnen Melkvorgang bestimmt wird.

Verfahren nach einem der Anspriiche 1 bis 4, bei dem die Ziel-
milchmenge fiir jeden Tag bestimmt wird.
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10.

11.

12.

13.

Verfahren nach einem der Anspriiche 1 bis 6, bei dem vor einem
Melkvorgang eine Identifikation des zu melkenden Tieres erfolgt.

Verfahren nach einem der Anspriiche 1 bis 7, bei dem die Ziel-
milchmenge fiir einen auf einen Melkvorgang folgenden Melkvor-
gang der Zielmilchmenge des vorhergehenden Melkvorgangs ent-
spricht, wenn keine oder unvollstindige Daten Uiber die ermolkene
Milchmenge des vorherigen Melkvorgangs vorliegen.

Verfahren nach einem der Anspriiche 1 bis 8, bei dem die Berech-
nung der Zielmilchmenge eines einzelnen Melkvorgangs aus der
Tages-Zielmilchmenge angenommene Werte fir die Berechnung
verwendet, wenn der aufgezeichnete vorangegangene Melkvorgang
keinen plausiblen Zeitabstand hat.

Verfahren nach einem der Anspriche 2 bis 9, bei dem der Beginn-
tag in Abhéngigkeit von einem geplanten Trockenstelltag des Tie-
res, festgelegt wird.

Verfahren nach einem der Anspriiche 2 bis 10, bei dem zumindest
ab dem auf den Beginntag folgenden Tag die Zielmilchmenge aus

einer Referenzmenge um einen Anderungswert M verdndert wird.

Verfahren nach Anspruch 11, bei dem der Anderungswert M kon-
stant ist.

Verfahren nach Anspruch 11, bei dem der Anderungswert M eine

insbesondere von einer Zeitspanne zwischen Beginntag und Tro-

ckenstelltag und/oder Laktationsstand abhédngige GroRe ist.
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15.

16.

17.

18.

Verfahren nach Anspruch 11, 12 oder 13, bei dem der Anderungs-

wert M tierindividuell, insbesondere zitzenindividuell ist.

Verfahren nach einem der Anspriiche 10 bis 14, bei dem zumin-
dest ab dem auf den Beginntag folgenden Tag die Zielmilchmenge
wenigstens in Abhédngigkeit von einer Zeitspanne zwischen dem

Beginntag und dem Trockenstelltag bestimmt wird.

Verfahren nach einem der Anspriiche 10 bis 15, bei dem die Melk-
vorgange mit einer Zielmilchmenge bis zu einem Endtag, der vor
dem Trockenstelltag liegt, durchgefiihrt werden, wobei in der Zeit-
spanne zwischen dem Endtag und dem Trockenstelltag wenigstens

einmal vollstandig ausgemolken wird.

Melkvorrichtung zur Durchfiihrung eines Verfahrens nach einem
der Anspriiche 1 bis 16 umfassend:

eine Melkeinrichtung (5);

Mittel zur Tieridentifikaton (8);

Mittel (7) zu Erfassung einer wihrend eines Melkvorgangs ermol-
kenen Milchmenge;

eine Steuereinrichtung (6) zur Steuerung der Melkeinrichtung (5).

Melkvorrichtung nach Anspruch 17, wobei die Steuerung einen
Computer, umfassend:
einen Speicher mit einem darin hinterlegten Computerpro-
gramm, und
einen digitalen Prozessor

aufweist.
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19. Computerprogrammprodukt, welches zur Durchfiihrung eines Ver-
fahrens nach einem der Anspriiche 1 bis 16 bestimmt und eingerich-
tet ist.

5 20. Maschinenlesbares Speichermedium, auf dem ein Computerpro-
grammprodukt nach Anspruch 19 gespeichert ist.
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