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SUMMARY 
Dairy cows are an indispensable part of modern livestock farming and make a significant 

contribution to human nutrition with producing a high-quality protein. At the same time, 

they are influenced by environmental factors and must maintain their performance, stay 

healthy, and remain fertile under given environmental conditions. In recent decades, we 

have faced an increasing number of new or suddenly emerging environmental stressors: 

extreme weather events, heatwaves, invasive species, and constantly changing 

requirements for housing conditions are just a few examples. This demands a high level 

of robustness and resilience from our dairy cows. While comprehensive research has been 

conducted on adaptation to changing environmental conditions, there is still a lack of 

knowledge about coping with short-term disturbances. Resilience is the ability of an 

individual to respond to these disturbances, recover from them, and return to its previous 

physiological equilibrium while maintaining the same level of performance. This study 

examines the concept of resilience in German dairy cattle breeds, analyzes genetic 

parameters, and discusses possibilities for future breeding strategies. 

The first chapter describes interactions between organisms and the environment, as well 

as statistical approaches to assessing the influence of environmental gradients on 

livestock. The concepts of resilience and robustness were distinguished, and methods for 

measuring and phenotyping resilience were explored. A promising approach is the 

analysis of variance and autocorrelation of daily milk yields during lactation. Under the 

assumption that resilient animals maintain a stable performance level along a natural 

lactation curve, low variance and an autocorrelation close to zero indicate high resilience. 

The genetic parameters of these resilience indicator traits were studied in the second 
chapter for the three most important German dairy breeds: German Holstein, German 

Fleckvieh, and German Brown Swiss. Within each breed and across breeds, low to 

moderate heritabilities were observed, along with desirable phenotypic and genetic 

correlations with performance traits. A comparison between breeds revealed only minimal 

differences, with no clear trend across all resilience indicator traits studied. 

Next, correlations between resilience indicator traits and functional as well as health traits 

were analyzed. While hardly any significant correlations were found for autocorrelation, 

the variance of daily milk yield correlated in a desirable direction with these traits. Resilient 

animals appear to be healthier and more long-lived. Chapter three also discusses the 

design of a selection index for resilience. This requires economic weighting factors, which 

cannot yet be determined. Therefore, optimizing the selection index resilience by 
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maximizing breeding response in the selection index health was proposed. It was shown 

that breeding for resilience would lead to genetic progress in overall health. In the German 

Holstein breed, which was exclusively considered in this context, a selection index 

consisting of two different variance-based resilience indicator traits was recommended. 

The adaptation of the methodology to optimize a selection index to the German Fleckvieh 

and German Brown Swiss breeds was subsequently addressed in the general discussion 

and considered feasible. 

The fourth chapter analyzes the genetic architecture of resilience using genome-wide 

association studies within the three dairy breeds. The results indicated that the resilience 

indicator traits are polygenic traits. SNPs that significantly influence resilience are located 

near to QTLs known to affect performance, fertility, or health. Additionally, population 

structure was examined using linkage disequilibrium analysis. 

The final general discussion applied the methods from chapter three to the German 

Fleckvieh and German Brown Swiss breeds. Significant negative, undesirable correlations 

between autocorrelation and functional and health traits were found in German Fleckvieh. 

In contrast, variance-based resilience indicator traits correlated positively with most known 

traits, which is desirable. A selection index resilience was proposed for both breeds, 

consisting of two to three individual indicator traits, similar to the German Holstein breed. 

To better understand resilience, differences in breeding values were translated into milk 

loss per lactation, the number of disturbances an individual suffered from, and the impact 

on test-day results for milk ingredients. Finally, an outlook was provided on potential future 

research directions for resilience in livestock. 
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SUMMARY (GERMAN) 
Milchkühe sind aus der modernen Nutztierhaltung nicht wegzudenken und leisten einen 

enormen Beitrag zur Ernährung der Menschheit mit hochwertigen Protein. Dabei stehen 

sie selbst unter dem Einfluss der Umwelt und müssen unter den gegebenen 

Umweltbedingungen ihre Leistung erbringen, sowie gesund und fruchtbar bleiben. In den 

letzten Jahrzehnten sehen wir uns einer steigenden Anzahl neuer oder plötzlich 

auftretender Störeinflüsse entgegen: Extremwettersituationen, Hitzewellen, invasive 

Arten, stetig wandelnde Anforderungen an die Haltungsbedingungen sind nur einige 

Beispiele. Dies fordert eine hohe Robustheit und Resilienz von unseren Milchkühen. 

Während bereits viel Forschungsarbeit zur Anpassung an sich wandelnde 

Umweltbedingungen geleistet wurde, fehlt es noch an Erkenntnissen zur 

Widerstandsfähigkeit gegenüber kurzfristigen Störeinflüssen. Die Resilienz ist die 

Fähigkeit eines Organismus, auf diese zu reagieren, sich schnell davon zu erholen und in 

das zuvor bestandene physiologische Gleichgewicht bei gleichem Leistungsniveau 

zurückzukehren. Die vorliegende Arbeit untersucht das Konzept Resilienz bei deutschen 

Milchkuhrassen, analysiert genetische Parameter und diskutiert Möglichkeiten einer 

zukünftigen züchterischen Bearbeitung. 

Im ersten Kapitel werden Interaktionen zwischen Organismen und der Umwelt sowie 

statistische Ansätze zur Erfassung des Einflusses von Umweltgradienten auf Nutztiere 

beschrieben. Insbesondere die Konzepte Resilienz und Robustheit werden voneinander 

abgegrenzt und Möglichkeiten zur Messung und Phänotypisierung der Resilienz 

herausgearbeitet. Ein vielversprechender Ansatz ist die Analyse der Varianz und der 

Autokorrelation von täglichen Milchmengen während einer Laktation. Unter der Annahme, 

dass resiliente Tiere ein gleichbleibendes Leistungsniveau entlang einer natürlichen 

Laktationskurve halten, beschreibt eine geringe Varianz und eine Autokorrelation nahe null 

eine hohe Resilienz.  

Die genetischen Parameter der Resilienzindikatoren werden im zweiten Kapitel in den 

drei wichtigsten deutschen Milchkuhrassen Deutsches Holstein, Fleckvieh und Braunvieh 

untersucht. Dabei zeigten sich innerhalb jeder Rasse und rasseübergreifend geringe bis 

moderate Heritabilitäten und wünschenswerte phänotypische und genetische 

Korrelationen mit Leistungsmerkmalen. Ein Vergleich zwischen den Rassen zeigte nur 

minimale Unterschiede, die über alle betrachteten Resilienzindikatoren hinweg keine klare 

Tendenz aufwiesen. 

Im nächsten Schritt wurden Korrelationen zwischen Resilienzindikatoren und funktionalen 
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sowie Gesundheitsmerkmalen analysiert. Während für die Autokorrelation kaum 

signifikante Zusammenhänge gezeigt werden können, korreliert die Varianz der täglichen 

Milchleistung in erwünschter Richtung mit anderen Merkmalen. Resiliente Tiere scheinen 

gesünder und langlebiger zu sein. Außerdem wird in Kapitel drei die Gestaltung eines 

Selektionsindex Resilienz diskutiert. Hierfür bedarf es ökonomischer 

Gewichtungsfaktoren, die aktuell noch nicht determiniert werden können. Daher wird die 

Optimierung des Selektionsindex Resilienz nach einer Maximierung im Zuchtfortschritt des 

Selektionsindex Gesundheit vorgeschlagen. Hier zeigt sich, dass eine Zucht auf Resilienz 

zu einem Zuchtfortschritt in der allgemeinen Gesundheit führen würde. In der Rasse 

Deutsches Holstein, die hier ausschließlich betrachtet wurde, empfiehlt sich ein 

Selektionsindex bestehend aus zwei verschiedenen varianzbasierten 

Resilienzindikatoren. Die Anwendung der Methode zur Optimierung eines Selektionsindex 

Resilienz in den Rassen Fleckvieh und Braunvieh wird abschließend in der Generellen 
Diskussion aufgegriffen und als durchführbar eingestuft. 

Im vierten Kapitel wird die genetische Architektur für ein tiefergehendes Verständnis 

analysiert. Mittels genomweiter Assoziationsstudie innerhalb der drei Milchkuhrassen zeigt 

sich, dass Resilienzindikatoren polygene Merkmale sind. SNP, die einen signifikanten 

Einfluss auf die Resilienz haben, liegen im Genom in unmittelbarer Nähe zu QTL, die 

bekanntermaßen einen Effekt auf die Leistung, Fruchtbarkeit oder Gesundheit nehmen. 

Ergänzend wird die Populationsstruktur mittels Kopplungsungleichgewicht-Analyse 

untersucht. 

In der abschließenden Generellen Diskussion werden die Methoden aus Kapitel drei 
auf die Rassen Fleckvieh und Braunvieh angewandt. Hier zeigen sich signifikant negative, 

unerwünschte Korrelationen zwischen der Autokorrelation und den funktionalen und 

Gesundheitsmerkmalen beim Fleckvieh. Die varianzbasierten Resilienzindikatoren 

korrelieren hingegen mit den meisten bekannten Merkmalen in erwünschter, positiver 

Richtung. Ein Selektionsindex Resilienz wird für beide Rassen vorgeschlagen und setzt 

sich, ebenso wie bei der Deutschen Holstein, aus zwei bis drei Einzelmerkmalen 

zusammen. Für ein besseres Verständnis der Resilienz werden Unterschiede in den 

Zuchtwerten in Milchverlust je Laktation, die Anzahl einflussnehmender Störevents und 

die Auswirkung auf Testtagsergebnisse für Milchinhaltsstoffe umgerechnet. Abschließend 

wird ein Ausblick auf Anknüpfungspunkte für weitere Forschungen zum Thema Resilienz 

bei Nutztieren gegeben.  
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GENERAL INTRODUCTION 
Climate phenomena, pathogen burden, housing condition – there are manifold 

environmental influences, which affect living beings, especially livestock. While producing 

high-quality food for human consumption, they have to cope with changing environmental 

conditions. In addition to normal cyclical fluctuations such as the passage of the year or 

life status, unpredictable changes like extreme weather conditions due to climate change 

(Hansen et al. 2012), new and rapidly evolving pathogens, or changes in husbandry due 

to increasing demands of society, politics, and economics are occurring more frequently 

(Schader et al. 2015; Dominik and Swan 2014; Alonso et al. 2020). Modern livestock 

farming is forced to perform a balancing act between food security for the world's 

population and sustainable resource use (Madhusoodan et al. 2019; Phocas et al. 2016). 

The focus is shifting towards feed-efficient, long-lived animals that achieve high 

productivity with low levels of climate-negative emissions (Rojas de Oliveira et al. 2024; 

Løvendahl et al. 2018). To meet these demands, it is necessary to optimize farm 

management and to adapt livestock to changing conditions by breeding. Resilient and 

robust livestock, which can cope with present and future requirements, is required.  

In this framework, resilience is a buzzword that has gained importance in many areas of 

life in recent years. Started in the 1950s in human research (Holling 1973), it is analyzed 

in economics and industry as well as in ecosystems and organisms today. Wherever living 

and non-living systems are exposed to disruptive influences. There are various closely 

related and partly overlapping concepts such as robustness, sensitivity, plasticity and 

adaptability (de Goede et al. 2013; Urruty et al. 2016; Walker et al. 2004). What they have 

in common is their complexity and the diversity of the influences acting on them. Resilience 

primarily considers how an organism copes with short-term disturbances. This includes 

the reaction to and recovery from a disruptive influence as well as the ability to restore the 

original performance level in terms of basic maintenance and performance (Colditz and 

Hine 2016; Berghof et al. 2018; Poppe et al. 2020). 

The main challenge is to determine the capacity for resilience. It is a complex process, as 

an external stimulus must be recognized, processed and reacted to. At each of these 

points, individuals can respond resiliently or non-resiliently. Scheffer et al. (2018) and 

Dakos et al. (2012a) used various parameters of time series analysis to predict the 

resilience of systems. This has been transferred and adapted to many scientific fields. In 

livestock, the parameters variance and autocorrelation of longitudinal measured traits have 

proven to be the suitable (Berghof et al. 2018; Poppe et al. 2020; Poppe et al. 2022b).  
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The aim of the thesis was to evaluate resilience in German dairy cattle, to study 

heritabilities and genetic correlations of resilience indicator traits, to gain a better 

understanding of their genetic architecture and to look for a way to implement them in 

breeding value estimation. Based on previous studies (Poppe et al. 2020; Poppe et al. 

2021b; Poppe et al. 2021a), the daily milk yield was used for calculate resilience indicator 

traits, because dairy cows show a response in milk yield against different external factors 

like heat waves or changes in food quality (Poppe et al. 2021b). While so far mainly 

Holstein Friesian cows have been examined in resilience studies in dairy cows, we also 

considered Fleckvieh and Brown Swiss cattle. These are the most important dairy cow 

breeds in Germany.  

German Holstein (HF), which accounts for more than 50 % of dairy cows in Germany, are 

found throughout Germany. German Fleckvieh (FV; 25 % of dairy cows) and German 

Brown Swiss (BS; 3.5 % of dairy cows) are mainly located in southern Germany 

(Bundesverband Rind und Schwein e.V. 2023). It is known that there are differences 

between the breeds in performance with the highest milk yield at HF (Glatz-Hoppe et al. 

2019; Toledo-Alvarado et al. 2017). On the other hand, local and dual-purpose breeds 

such as BS and FV are supposed to have higher fertility (Toledo-Alvarado et al. 2017), 

better health (Bieber et al. 2019)  and a better adaptation to heat events (Mylostyvyi et al. 

2021). Initial studies of the resilience of different cattle breeds showed only minimal 

differences so far (Adriaens et al. 2023; Bonekamp et al. 2022; Bapst et al. 2022). 

The background and possibilities of phenotyping and measuring resilience in livestock are 

presented in chapter one. Related concepts are described and requirements for analyzing 

resilience indicator traits are identified. 

In chapter two, five different resilience indicator traits, four variance-based parameters 

and the autocorrelation, logarithmized and non-logarithmized, were analyzed. Moreover, 

heritabilities and genetic correlations between the resilience indicator traits and 

performance traits were estimated. The analyses were performed across breeds and 

separated by breed. Differences between the breeds were discussed. 

Chapter three evaluates the possibility to implement resilience indicator traits in the 

breeding goal. Because of missing economic values for resilience, we introduced a new 

way to determine weighting factors of single resilience indicator traits with the aim to 

combine them in one selection index. This was done by maximizing the joint selection 

response of resilience and health. Thus, individuals with a high favorable value in a 

selection index for resilience were ought to be performance-stable and healthy. The 
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analyses thereby focused only on HF breed, but can adapted to the other both breeds as 

well. 

Moreover, due to the limited research on the genetic architecture of resilience indicator 

traits, we conducted genome-wide association studies of several resilience indicator traits 

and the selection index resilience (introduced in chapter three) in all breeds, described in 

chapter four. Instead of the previously used pedigree, we used imputed high-density 

genotypes (around 400,000 SNPs across all breeds). Additionally, population analysis 

within and across breeds were done.  

At last, the potential of breeding for resilience in the German dairy cattle population is 

addressed in the general discussion. For the breeds FV and BS, the results of the 

correlation analysis of resilience indicator traits and functional and health traits as well as 

the optimization of a selection index resilience according to the methodology in chapter 
three are shown. To gain a better insight into resilience, EBV of resilience indicator traits 

are expressed as reduced milk yield per lactation, number of disturbances suffered by a 

cow and the effect on test day data. Finally, an outlook is given on future research 

questions in resilience and possible approaches are discussed.  
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CHAPTER ONE 

THE CONCEPT OF RESILIENCE 
 

Livestock and the environment  
The environment is constantly changing. At this, the climate change is of particular 

importance as it has led to constant global warming since the end of the 19th century. 

Moreover, it entails new and altered environmental effects. In addition to the rise in average 

temperatures, this also includes the increase in extreme weather events. In Europe, the 

intensity and frequency of heat events and heavy precipitation is increasing, while cold 

events are becoming more seldom. Among other things, this leads to postponed and 

extended growing seasons, a loss of biodiversity and the appearance of invasive species, 

Figure 1: Trends of temperature, humidity and temperature-humidity-index (THI) from 

2003 to 2024 in Baden-Württemberg considering 28 different weather stations. 

Regression equations and p-values are given. 
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which can affect the availability and quality of forage (Change 2023; Hansen et al. 2012). 

Another indirect effect is the emergence of new and exotic pathogens. For example, 

mosquitoes, which act as vectors for many viral diseases, spread more widely in the 

northern hemisphere as average temperatures rise (Mordecai et al. 2017; Cheng et al. 

2022).  

The current study is based on data from the region Baden-Württemberg, which is located 

in the South-West of Germany. Local weather records proof that climate change is also 

causing a change in this temperate climate zone. Figure 1 presents the trend of the daily 

mean humidity H (top left), mean temperature T (top right) and the temperature-humidity 

index (THI) calculated as 𝐓𝐓𝐓𝐓𝐓𝐓 = 46.3 + 0.81 ∗ 𝐓𝐓 + 0.99 ∗ 𝐇𝐇 ∗ 𝐓𝐓 − 14.3 ∗ 𝐇𝐇. The THI is 

related to the thermal stress of an organism and is a more reliable climatic environmental 

gradient than temperature and humidity alone (Bohmanova et al. 2007). Weather data 

were recorded at 28 weather stations in Baden-Württemberg near to farms participating in 

our study between 2003 and 2024. The regression of the daily temperatures over time 

shows a significant increase over the last 20 years. Depending on this and the constant 

humidity, the average daily THI also increased.  Although the slope is low, it is therefore a 

locally relevant issue. Due to the joint evaluation of weather data from several stations, 

greater regional differences are to be expected. 

The named direct (i.e., extreme weather events, high pathogen pressure) and indirect (i.e., 

loss of biodiversity, emergence of invasive species) environmental variables influence our 

livestock and can initiate a visible or invisible change in behavior, physiological traits or in 

the immune response (Colditz and Hine 2016; Cheng et al. 2022; Misztal 2017). The 

biological background is described in the resource allocation theory. According to this, 

each individual has a limited amount of resources that are available either through the 

intake of food or the mobilization of body reserves. The resources are divided among all 

the functions of the body, like maintenance, health or reproduction. Under the influence of 

a disturbance, the organism has to reallocate resources, for example to cool down the 

body when exposed to heat or to fight or flee in a dangerous situation. Not every individual 

is able to distribute and redistribute resources equally well (Friggens et al. 2017; Rauw et 

al. 1998). Artificial selection for certain traits can reduce an animal's ability to adapt to 

environmental influences. This becomes apparent when the environment is changed. For 

example, an animal from a good husbandry environment is less likely to fulfill its genetic 

potential in a poor husbandry environment and the correlation between high performance 

and poor survival rates increases (van der Waaij 2004; Rauw 2009). 
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Concepts to capture reactions to the environment 
The phenotypic variance is made up of genetic and environmental variance. Known fixed 

effects, maternal and paternal effects, effects of repeated measurements and nowadays 

also microbial or epigenetic effects are taken into account in statistical models analyzing 

livestock breeding traits. The unexplained variance is summarized as the residual, which 

also includes the interaction between genotype and environment (GxE), if not properly 

modeled. These GxE effects can be also interpreted as environmental sensitivity (Falconer 

1990). The environment can be divided into a macro-environment and a micro-

environment. The former is predictable, and the trait expression of an animal can be 

regressed on it (Gavrilets and Hastings 1994; Wu 1997), for example, the development of 

the daily weight gain of a fattening pig as a function of the environmental variable feeding 

intensity or the development of the daily milk yield of a cow as a function of the 

environmental variable THI. GxE are well known and frequently studied with mixed-linear 

models and reaction norms in different environments (Hayes et al. 2016), e.g. by Streit et 

al. (2012) and Schmid et al. (2021) in dairy cattle. The micro-environment summarizes 

unpredictable effects. Sensitivity to it is animal-specific and leads to phenotypic differences 

even if genotypically identical individuals are kept in an identical environment (Gavrilets 

and Hastings 1994; Wu 1997). It is also called genetic heterogeneity of the residual 

variance and can be estimated accordingly. The residual variance from a mixed linear 

model of a phenotypic observation is analyzed for its genetic components, for example 

with a double hierarchical generalized linear model (Rönnegård et al. 2013; Strandberg et 

al. 2013; Rönnegård et al. 2010). A combined estimation of micro- and macro-

environmental sensitivity is possible (Ehsaninia et al. 2019). 
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Figure 2: Overview of concepts to illustrate the low (green) and high sensitivity (red) of an 

organism to the environment. Robustness, the capacity of maintain productivity in a wide 

range of environments and under several environmental conditions (Colditz and Hine 

2016), consisting of: A – Adaptability, the ability of an individual to perform within a defined 

environment (Prayaga and Henshall 2005), to adapt to long-term changes and show a 

similar performance in different environments (de Goede et al. 2013); B – Tolerance, the 

decrease in performance of an individual with increasing effect of the environmental 

gradient (e.g., temperature, pathogen burden)(Hermesch and Dominik 2014; Mulder 

2016); C – resistance, the ability of an individual to take control over a pathogen and its 

life cycle (Mulder 2016; Bishop 2012). Resilience, the ability of an individual to cope with 

short-term disturbances, response to and recover from them with equilibrium restored 

(Colditz and Hine 2016; Berghof et al. 2018). 
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Various concepts for responding to the environment are based on sensitivity to the macro- 

and micro-environment. Definitions and categorization of these concepts may differ from 

one another; in the following, resilience and robustness in particular will be separated from 

one another. An overview of all the concepts mentioned can be found in Figure 2. 

Robustness combines various elements, mainly resistance, tolerance and adaptability. It 

describes the ability to exist, perform and remain fertile and healthy in a wide range of 

environments and environmental conditions (Colditz and Hine 2016; Strandberg et al. 

2013; Amer 2012). The upper plots A, B and C in Figure 2 each show a schematic example 

of the concepts associated with robustness, with a green graph reflecting desired high 

robustness and a red graph reflecting little robustness. Resistance (C in Figure 2) is 

developed towards pathogens and describes the ability of an individual to control the life 

cycle of pathogens and thus minimize their impact (Bishop 2012; Mulder 2016). An 

individual is considered resistant if its infection level, i.e. the amount of pathogens in the 

body, is lower than that of less resistant conspecifics under the same external pathogen 

pressure. This concept is complemented by tolerance (B in Figure 2), which describes the 

ability to maintain performance in the face of biotic (e.g. pathogens) and abiotic (e.g. heat) 

influences (Berghof et al. 2018; Bishop 2012; Cheruiyot et al. 2022). The change in 

performance, in statistical terms the slope of the performance curve, is considered along 

with a continuous environmental gradient. This is the classic GxE interaction depicted by 

reaction norms (Hayes et al. 2016). The steeper the reaction norm, i.e. the greater the 

change in an individual's performance, the less tolerant it is. Adaptation to a defined 

environment is adaptability (A in Figure 2) (Prayaga and Henshall 2005). It considers the 

totality of all factors in an environment, i.e. performance is compared on the basis of 

categorically divided environments. It belongs to the GxE interactions and can be 

evaluated using mixed-linear models (Hayes et al. 2016). In terms of robustness, an 

individual is desired that shows consistent performance across different environments. 

Sometimes, a specialist for one environment may be desired (e.g. for grazing at high 

altitudes), whereby performance in other environments would play a minor role. The 

concept of adaptability is often also considered at the population level, for example when 

deciding which breed to use in a particular environment or how to adapt the breeding goal 

to future conditions (Strandberg et al. 2013). 

In contrast, resilience describes the ability of an animal to cope with short-term 

disturbances, including the response to them and the recovery of the original performance 

level (Berghof et al.; Friggens et al. 2022; Colditz and Hine 2016). This requires 
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consideration of macro- and micro-environmental sensitivity. As can be seen in Figure 2, 

the independent variable is no longer an environmental gradient, but time. The disturbance 

is generally disregarded, the focus is placed on the reaction and recovery phase in the 

considered trait. A non-resilient individual, red line in Figure 2, shows a sharp decline due 

to the disturbance and cannot fully recover from it. A resilient animal (green line) is less 

affected and can restore equilibrium after disturbance. To differentiate between robustness 

and resilience, the environment should be taken into account: As far as resilience is 

concerned, the environment can be described as stable or changeable, and in terms of 

robustness, it can be described as good or bad. Both characterizations can be considered 

together, so that an animal can be robust and resilient, robust but not resilient, resilient but 

not robust or neither robust nor resilient (Friggens et al. 2022). 

 

Possibilities to capture resilience 
Resilience is complex: the individual must perceive an external stimulus, react to it and 

return to the original equilibrium of maintenance and performance. From a physiological 

perspective, there are many levels at which an individual can be resilient or non-resilient, 

for example in the transmission of stimuli in the central nervous system, the release of 

messenger substances or the activation of protective mechanisms such as the immune 

system. The approaches to making this measurable are correspondingly diverse. 

Resilience could be expressed by using existing traits like the body condition score, 

longevity, or growth rate (Bengtsson et al. 2022; Calus and Veerkamp 2003; Colditz and 

Hine 2016; Friggens et al. 2022), as well as health traits such as number of disease cases, 

feed intake, fertility, and udder health (Bengtsson et al. 2022; Friggens et al. 2022). 

Physiological variables, e.g., body temperature and heart rate, and behavioral changes, 

e.g., number and duration of visits to a feeder or milking system, could also be considered 

as proxies for resilience (Colditz and Hine 2016; Homma et al. 2021). Single traits could 

combined as described in Adriaens et al. (2020), who combined the number of calvings, 

age by first calving, insemination index, number of treatments and the 305-day milk yield 

in a weighted index. The aim was to identify high-yielding individuals (high 305-day milk 

yield) with high fertility (low insemination index), good health (few treatments) and longevity 

(high number of calvings). 

Another approach is the creation of novel trait resilience by using parameters from time 

series analysis. This can be found in various fields of science and is based on the 
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assumption that a disturbance can be recognized by a change in a known and measured 

trait (Dominik and Swan 2014; Dakos et al. 2012a). The trait could characterize the 

behavior, the physiology, the performance or the immune system of an individual (Colditz 

and Hine 2016). In general, performance traits like milk yield in dairy cattle (Poppe 2022; 

Elgersma et al. 2018), body weight or wool growth in sheep production (Albers et al. 1987) 

as well as feed intake in pig production (Homma et al. 2021) are chosen. However, there 

are also studies, which reviewed functional traits or indirect traits like plasma concentration 

of non-esterified fatty acid (Barreto-Mendes et al. 2022) or daily step count (Poppe et al. 

2022b). The disadvantage compared to performance traits is generally a more costly and 

less reliable data collection and results (Colditz and Hine 2016). 

The change in the trait is determined with the help of time series analysis parameters, 

whereby either the total trait expression or the deviation of the expected from the observed 

trait expression can be used. At first, deviations has to be calculated using a data-based 

or a concept-based approach (Friggens et al. 2024; Taghipoor et al. 2023). The data-based 

calculation is the smoothing of real collected data and adjustment for outliers (Codrea et 

al. 2011; Poppe et al. 2020). The concept-based calculation aims to avoid underestimating 

disturbing influences and provides a priori assumptions of the expected performance, such 

as the Woods curve for milk yield (Ben Abdelkrim et al. 2021a; Adriaens et al. 2021). 

However, studies have shown that the choice of method has a negligible influence (Poppe 

et al. 2020; Chen et al. 2023a; Ghaderi Zefreh et al. 2024). 

Time series analysis parameters can be dynamic indicators of resilience, as Scheffer et al. 

(2018) and Dakos et al. (2012a) showed by predicting responses to disturbances in 

ecosystems, humans and animals. While they analysed various parameters, e.g. variance, 

autocorrelation, skewness, standard deviation and cross correlation, the first two in 

particular proved promising in previous livestock studies (Dakos et al. 2012b; Berghof et 

al. 2018; Poppe et al. 2020). 

The variance quantifies the magnitude of upward and downward fluctuations of the trait 

under consideration. A high variance can be interpreted as a lower resilience and vice 

versa (Berghof et al. 2018). However, there are two aspects to consider: persistence and 

the scaling effect (Elgersma et al. 2018; Poppe et al. 2020). A trait with a natural 

progression curve like the lactation curve of a dairy cow, leads to a higher variance for 

individuals with a steeper decrease in milk yield at the end of the lactation. It is therefore 

advisable to model an expected expression of the trait for each data collection point and 

to analyze the deviation between expected and observed performance using a time series. 
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On the other hand, the initial level of the trait expression affects the informative value of 

the absolute deviation of the observed from the expected trait performance. The absolute 

deviation may be identical for two individuals, but the deviation relative to the initial level 

may differ. This scaling effect must be countered by correcting for the disturbance-free trait 

level. 

The autocorrelation describes the strength of the correlation between two data points 

(Dakos et al. 2012a), whereas the lag-1-autocorrelation, analyzing the correlation between 

two consecutive data points, is used. It is calculated on the basis of the deviations between 

the observed and predicted daily milk yield. Without the effect of a disturbance, there 

should be no correlation between the performance deviations of two days, because they 

scatter around zero. Under the influence of a disturbance, the daily deviations increase, 

and it takes several days for them to return to zero. As a result, the deviations of 

consecutive days correlate with each other. The longer it takes an individual to reach their 

original performance level or for the observed performance to match the expected 

performance, the higher the autocorrelation. The target value of the autocorrelation is zero, 

which corresponds to maximum resilience (Berghof et al. 2018). 

 

Requirements for the use of resilience indicator traits 
To carry out time series analyses, a longitudinal measured trait is required. Such traits are 

primarily collected using precision livestock farming technologies and are mainly 

performance traits like the daily milk yield of dairy cows or the laying performance of hens. 

However, advancing digitalization is also increasing the availability of new datasets such 

as step counts (Poppe et al. 2022b) or feed intake through sensor-controlled feeding 

systems (Homma et al. 2021). To interpret the results correctly, the biological background 

and the pathways of the considered trait should be known (Knap and Doeschl-Wilson 

2020; Friggens 2023). For example, a decrease in food intake, termed anorexia, shortly 

before an illness is a natural reaction of the organism, and a resulting increase in variance 

should not be considered negative per se (Kyriazakis and Doeschl-Wilson 2009). Or, the 

correlation with other trait groups needs to be known in order to exclude the possibility that 

it is a partial resilience (for example, a performance resilience in which the individual 

maintains their performance under the influence of a disturbance, but stops other 

functions)(Bedere et al. 2022; Ben Abdelkrim et al. 2021b). 

In general, it is important that the trait can be measured frequently (Poppe et al. 2020; 
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Elgersma et al. 2018; Friggens et al. 2022), uniformly and animal-specific (Doekes et al. 

2023) at short intervals (Berghof et al. 2024; Ghaderi Zefreh et al. 2024) in a sufficient high 

number of individuals (Berghof et al. 2018; Friggens et al. 2022). In addition, most 

individuals in the population must show a response to the trait of interest under a wide 

range of disturbances. A comparable period should be selected for calculating the 

resilience indicator traits, e.g. one lactation. The environment in which the trait is recorded 

must either be diverse and challenging (Berghof et al. 2018) or the trait must be collected 

in multiple environments and analyzed using a reaction norm model (Knap and Doeschl-

Wilson 2020) to ensure as far as possible holistic resilience. Recent studies show that the 

intensity and duration of the disturbances and the time of onset also have an influence on 

the detection accuracy and the significance of the resilience indicator traits. Intensive 

disturbances of medium duration at the beginning of a lactation are statistically easier to 

detect than weak, long-lasting disturbances at the end of a lactation (Ghaderi Zefreh et al. 

2024; Le et al. 2024). The current focus of research is on mapping holistic resilience, 

although specific resilience could also be researched in the future due to the many 

requirements (Friggens et al. 2024). 
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ABSTRACT 
In recent years, research in animal breeding has increasingly focused on the topic of 

resilience, which is expected to continue in the future due to the need for high-yielding, 

healthy, and robust animals. In this con- text, an established approach is the calculation of 

resilience indicator traits with time series analyses. Examples are the variance and 

autocorrelation of daily milk yield in dairy cows. We applied this methodology to the 

German dairy cow population. Data from the 3 breeds (German Holstein, German 

Fleckvieh, and German Brown Swiss) were obtained, which included 13,949 lactations 

from 36 farms from the state Baden-Württemberg in Germany working with automatic 

milking systems. Using the milk yield data, the daily absolute milk yields, deviations be- 

tween observed and expected daily milk yields, and relative proportions of daily milk yields 

in relation to lactation performance were calculated. We used the variance and 

autocorrelation of these data as phenotypes in our statistical analyses. We estimated a 

heritability of 0.047 for autocorrelation and heritabilities between 0.026 and 0.183 for 

variance-based indicator traits. Furthermore, significant breed differences could be 

observed, with a tendency of better resilience in Brown Swiss. The breed differences can 

be due to both genetic and environmental factors. A high value of a variance-based 

indicator trait indicates a low resilience. Performance traits were positively correlated with 

variance-based indicator traits calculated from absolute daily milk yields, but they were 

mailto:franziska.kessler@uni-hohenheim.de
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negatively correlated with variance-based indicators calculated from relative daily milk 

yields. Thus, they can be considered as different traits. Although variance-based indicators 

based on absolute daily milk yields were affected by the performance level, variance-

based indica- tors based on relative daily milk yields were corrected for the performance 

level and also showed higher heritabilities. Thus, they seem to be more suitable for 

practical use. Further studies need to be conducted to calculate the correlations between 

resilience indicators, functional traits, and health traits. 

Key words: resilience, dairy cows, variance, autocorrelation 

 

INTRODUCTION 
Modern livestock production faces the challenge of supplying the world’s population with 

high-quality food and at the same time protecting the environment by maximizing resource 

efficiency (Madhusoodan et al., 2019). This requires our livestock to maintain a high, stable 

level of performance while staying healthy. Various environmental factors have an impact 

on the organism, and their effects are intensified by progressive developments such as 

climate change, new and evolving pathogens or changing social demands (Hansen et al., 

2012; Dominik and Swan, 2014; Schader et al., 2015). To breed live- stock that meet these 

challenges, the sole consideration of health traits and heat tolerance may not be sufficient. 

Overarching traits such as resilience (the ability to respond to and recover from short-term 

disturbances of any kind to return to original performance levels; Colditz and Hine, 2016; 

Poppe et al., 2021) are becoming increasingly important (Friggens et al., 2022). 

In recent years, various ideas have been proposed for defining and measuring an 

individual’s resilience. Because the disturbance events are usually unknown, one of the 

most promising approaches are resilience indicators based solely on statistical time series 

analysis (Berghof et al., 2019). First attempts to capture disturbance effects by evaluating 

the changes trait expressions over time were based on test-day data (Codrea et al., 2011), 

but the regular use of time series analysis only occurred with the further development of 

precision livestock farming and the availability of longitudinal data (Berghof et al., 2019). 

Elgersma et al. (2018) and Putz et al. (2019) were among of the first to introduce the 

methodology into livestock research, studying daily milk yields of dairy cattle and daily feed 

intake in pigs, respectively. However, their methodology did not take into account the 

individual performance level. Subsequent studies analyzed the deviation of the observed 

performance from a predicted performance. Predicted performance was calculated either 
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for an individual or for the entire sample, with higher accuracy for the former (Bedere et 

al., 2022). 

The deviations from either the mean performance or the predicted performance can be 

used to calculate resilience indicators, for example the natural logarithm of the variance or 

the lag-1-autocorrelation. The variance quantifies the upward-downward fluctuation in 

performance, whereby resilient animals are expected to show less intense responses to 

disturbances, meaning that the variance indicators are small. In contrast, the lag-1-

autocorrelation is expected to provide information about the time until recovery from 

disturbances (Berghof et al., 2019; Poppe et al., 2020; Wang et al., 2022), and a value 

close to zero indicates higher resilience because the deviations of the observed from the 

expected milk yield after a disturbance were reduced more rapidly. Less resilient animals, 

on the other hand, take longer to recover the initial performance level, so the deviations 

between observed and expected daily milk yield persist over a longer period (Dai et al., 

2012; Scheffer et al., 2012). Because several studies assessed the heritability and the 

correlations with different functional and health traits as moderate (Poppe et al., 2020; 

Wang et al., 2022), the variance turned out to be the more suitable parameter to represent 

general resilience. However, the number and density of data points needs to be high 

enough to capture effects of disturbances (Mehrabbeik et al., 2021). Examples for the 

application of time series analysis include step counts of dairy cows (Poppe et al., 2022a), 

eggs laid per week in laying hens (Bedere et al., 2022), activity data and feed intake in 

pigs (van der Zande et al., 2020; Homma et al., 2021), and growth rates in fish (Mengistu 

et al., 2022). 

Different breeds have individual characteristics and differ, for example, in their 

performance or adaptability. Therefore, it could be hypothesized that different breeds cope 

differently with external influences. For example, low-yielding breeds often have longer life 

spans, reduced length of calving intervals, smaller insemination indices, and in some 

cases lower milk somatic cell counts (Bieber et al., 2019). However, high-yielding breeds 

also differ among each other. Mylostyvyi et al. (2021) found that Brown Swiss showed a 

lower physiological response and lower drop in milk performance under heat stress than 

Holstein-Friesian, indicating better heat tolerance, whereas Toledo-Alvarado et al. (2017) 

reported that Fleckvieh had in general a better fertility than Brown Swiss or Holstein-

Friesian. For resilience, to the best of our knowledge, only a few studies have been 

conducted that examined resilience indicator breed differences (Bonekamp et al., 2022; 

Adriaens et al., 2023). 
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We applied the previously mentioned resilience indicators and additional variance 

indicators to the German Holstein (HF), German Brown Swiss (BS) and German Fleckvieh 

(FV) breeds. Along with absolute daily milk yields, we also considered variance indicators 

based on relative daily milk yields to correct for individual performance levels. Thus, our 

objectives were (1) to define and calculate various resilience indicators based on absolute 

and relative daily milk yields; (2) to estimate heritabilites and genetic correlations of 

these resilience indicators for the German dairy cattle population; (3) to estimate genetic 

correlations between resilience indicators and 305-d performance for milk yield (MY305), 

protein yield (PY305), fat yield (FPY305), and average daily milk yield (AMY305), and (3) to 

compare the 3 breeds (HF, BS and FV) with respect to the resilience indicators. 

 

MATERIALS AND METHODS 

Data processing and evaluation, as well as statistical analyses, were performed in the 

R software (version 4.2.3; R Core Team, 2022) by using ASReml-R 4 for the genetic 

analyses. No human or animal subjects were used, so this analysis did not require 

approval by an Institutional Animal Care and Use Committee or Institutional Review 

Board. 

Materials 

The data were collected between September 30, 2017, and March 28, 2023, on 36 farms 

in Baden-Württemberg (Germany) that participated in the projects KlimaFit or 

KuhVision, or both. In total, 13,949 lactations from 6,731 cows were considered. The 

data included 6,352 lactations from 3,075 HF cows, 6,694 lactations from 3,150 FV cows, 

and 903 lactations from 506 BS cows. Data collection and processing was carried out 

by the Landeskontrollverband Baden-Württemberg. All farms worked with an automatic 

milking system, which re- corded the amount of milk per milking. Aborted milkings were 

removed from the data set. The milking quantities were summarized to daily milk 

quantities. That is, the first milking of a day was prorated to the time up until midnight of 

the previous day and since midnight of the current day. Days when the number of animals 

milked on the farm differed from the average by 3 standard deviations were removed, 

as well as the day before and after. In addition, the first day after and the last day 

before a gap in an individual’s records were excluded. 
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Methods 
Modeling Lactation Curve. A lactation curve was predicted for each lactation of each 

animal. Because the predicted lactation curve should ideally reflect the expected 

performance in the absence of disturbances, a spline interpolation with weighting of the 

data points was performed. Data points corresponding to days in which the cow had a 

temporary reduction of the milk yield were given lower weights. The spline interpolation 

was obtained using the package pspline in R (Ramsey and Ripley, 2022). The weights 

were calculated as follows: For each day 𝑑𝑑, all intervals shorter than 60 d were considered 

that include day 𝑑𝑑. Intervals whose boundaries were less than 5 d away from day 𝑑𝑑 were 

excluded. For each interval, it was determined whether the milk yield at day 𝑑𝑑 is above or 

below the straight line that connects the 2 milk yields at the interval boundaries. The 

number 𝐷𝐷 of times in which the milk yield was above the line was counted, and the 

weighting factor 𝑤𝑤𝑑𝑑 used in the spline interpolation was calculated as 𝑤𝑤𝑑𝑑 = 𝐷𝐷
𝑁𝑁
, where 𝑁𝑁 is the 

total number of 𝑁𝑁 intervals. Figure 1 illustrates this. The algorithm for computing the weights 

is given in Appendix 1. Different orders of interpolation from 3 to 9 were tested and 

compared, and 5 degrees of freedom were chosen by visual assessment of the lactation 

curves (not shown elsewhere). For standardizing the observation period, only the period 

between d 10 and d 305 of each lactation was considered. 

Figure 1. Modeled lactation curve with (red line) and without (green line) weighting of 

the daily milk yields (gray area) for a German Holstein 
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Calculation of Resilience Indicators. We denote with 𝑦𝑦𝑖𝑖𝑖𝑖 the 𝑛𝑛-vector with milk yields of 

cow 𝑖𝑖 in lactation 𝑙𝑙. The variance of the vector is calculated as 

𝑣𝑣𝑣𝑣𝑣𝑣(𝒚𝒚𝑖𝑖𝑖𝑖)  = 1
𝑛𝑛−1

×  ∑ (𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝑖𝑖𝑖𝑖 )2𝑛𝑛
𝑡𝑡=1 ,  

with 𝑡𝑡 being a day and 𝑛𝑛 the number of days for which daily milk yield data were available 

for this cow. The covariance (𝑐𝑐𝑐𝑐𝑐𝑐) between 2 succeeding components is calculated as 

𝑐𝑐𝑐𝑐𝑐𝑐(𝒚𝒚𝑖𝑖𝑖𝑖)  = 1
𝑛𝑛−2

× ∑ (𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝑖𝑖𝑖𝑖 ) × (𝑦𝑦𝑖𝑖𝑖𝑖,𝑡𝑡−1 − 𝒚𝒚�𝑖𝑖𝑖𝑖) 𝑛𝑛
𝑡𝑡=2 . 

The variance (𝐯𝐯𝐯𝐯𝐯𝐯) of the daily milk yields satisfies 

𝑣𝑣𝑣𝑣𝑣𝑣(𝒚𝒚𝑖𝑖𝑖𝑖) = 𝑣𝑣𝑣𝑣𝑣𝑣(𝒚𝒚𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝟏𝟏), 

where 1 is the vector with ones. That is, the variance quantifies the deviation of the actual 

milk yields from the mean milk yield. In contrast, the variance indicator (𝐯𝐯𝐯𝐯𝐯𝐯𝐝𝐝), defined as 

𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑(𝒚𝒚𝑖𝑖𝑖𝑖)  =  𝑣𝑣𝑣𝑣𝑣𝑣(𝒚𝒚𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝑖𝑖𝑖𝑖), 

quantifies the deviation of the actual milk yields 𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 from the predicted milk yields 𝒚𝒚�𝑖𝑖𝑖𝑖𝑖𝑖 

obtained from spline interpolation. The variance of daily relative milk yield (𝐯𝐯𝐯𝐯𝐯𝐯𝐫𝐫) is 

calculated as 

𝑣𝑣𝑣𝑣𝑣𝑣𝑟𝑟(𝒚𝒚𝑖𝑖𝑖𝑖)  =  𝑣𝑣𝑣𝑣𝑣𝑣(𝑎𝑎𝑖𝑖𝑖𝑖𝒚𝒚𝑖𝑖𝑖𝑖), 

where the scaling factor 𝑎𝑎𝑖𝑖𝑖𝑖 =  100 / ∑ 𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛
𝑡𝑡=1  ensures that the relative milk yield adds up to 

100%. The variance of the deviations between daily relative milk yield and predicted 

relative daily milk yield (𝐯𝐯𝐯𝐯𝐯𝐯𝐫𝐫𝐫𝐫) was calculated as 

𝑣𝑣𝑣𝑣𝑣𝑣𝑟𝑟𝑟𝑟(𝒚𝒚𝑖𝑖𝑖𝑖)  =  𝑣𝑣𝑣𝑣𝑣𝑣[𝑎𝑎𝑖𝑖𝑖𝑖(𝒚𝒚𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝑖𝑖𝑖𝑖)]. 

Taking the natural logarithms of the parameters provides the parameters 𝐥𝐥𝐥𝐥 𝐯𝐯𝐯𝐯𝐯𝐯(𝒚𝒚𝑖𝑖𝑖𝑖), 

𝐥𝐥𝐥𝐥 𝐯𝐯𝐯𝐯𝐯𝐯𝐝𝐝(𝐲𝐲il), 𝐥𝐥𝐥𝐥 𝐯𝐯𝐯𝐯𝐯𝐯𝐫𝐫(𝐲𝐲il), and 𝐥𝐥𝐥𝐥 𝐯𝐯𝐯𝐯𝐯𝐯𝐫𝐫𝐫𝐫(𝐲𝐲il), respectively. Finally, the lag-1-autocorrelation 

(𝐫𝐫𝐀𝐀𝐀𝐀𝐀𝐀𝐀𝐀) between 2 lactation days 𝑡𝑡 was calculated as 

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝒚𝒚𝑖𝑖𝑖𝑖) =  
𝑐𝑐𝑐𝑐𝑐𝑐(𝒚𝒚𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝑖𝑖𝑖𝑖)
𝑣𝑣𝑣𝑣𝑣𝑣(𝒚𝒚𝑖𝑖𝑖𝑖 − 𝒚𝒚�𝑖𝑖𝑖𝑖)

. 

An overview of all resilience indicators and their definitions can be found in Table 1. 

Genetic Analysis. Genetic analyses were performed for both the entire data set and for 

each breed separately. The analysis of the entire data set is called the across breed 

(AB) evaluation. Only lactations for which at least 50% of the data were available 

between lactation d 10 and lactation d 305 were considered in the analysis. Univariate 

analysis was performed for all data sets with the following animal model: 

𝐲𝐲 =  𝐗𝐗𝐗𝐗 +  𝐙𝐙𝐙𝐙 +  𝐖𝐖𝐖𝐖𝐖𝐖 +  𝐞𝐞, 

where 𝐲𝐲 is the vector of observations, 𝐛𝐛 is the vector of fixed effects described in 
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detail later, 𝐮𝐮 is the random vector of additive genetic effects, 𝐩𝐩𝐩𝐩 is the random vector 

of permanent environmental effects, and 𝐞𝐞 is the vector of residuals. The matrices 𝐖𝐖, 𝐗𝐗, 

and 𝐙𝐙 are the corresponding incidence matrices. The vector of fixed effects 𝐛𝐛 comprised 

age at first calving in month (20 levels), lactation divided in first or higher lactation (2 

levels), and herd-year-season (𝐡𝐡𝐡𝐡𝐡𝐡, 585 levels) for all univariate analyses. The seasons 

were divided into spring (March– May), summer (June–August), autumn (September–

November), and winter (December–February). For AB evaluations, a breed effect was 

included in 𝐛𝐛. For resilience indicators, the completeness of lactation data (divided in 

≥90%, 80% to ≤ 90%, 70% to ≤ 80%, 60% to ≤ 70%, and 50% to ≤ 60%) was included. 

Levels of fixed effects with less than 5 individuals were excluded. The vectors of additive 

genetic effects 𝐮𝐮, permanent environment effects 𝐩𝐩𝐩𝐩, and residuals 𝐞𝐞 were normally 

distributed with 𝐩𝐩𝐩𝐩 ∼  𝑁𝑁(0, 𝐈𝐈𝐩𝐩𝐩𝐩σ𝐩𝐩𝐩𝐩2  ), 𝐞𝐞 ∼  𝑁𝑁(0, 𝐈𝐈𝐞𝐞σ𝐞𝐞2 ), and 𝐮𝐮 ∼  𝑁𝑁(0,𝐀𝐀σ𝑢𝑢2  ), where 𝐈𝐈𝐩𝐩𝐩𝐩 and 𝐈𝐈𝐞𝐞 

are identity matrices, 𝐀𝐀 is the additive genetic relationship matrix, and σ𝐩𝐩𝐩𝐩2 , σ𝐞𝐞2, and σ𝑢𝑢2  

are variances of 𝐩𝐩𝐩𝐩, 𝐞𝐞, and 𝐮𝐮, respectively. Interbreed comparison of the average value of 

resilience indicators was performed as a Tukey’s honestly significant difference test using the 

package biometryassist in R (Nielsen et al., 2022). 

For bivariate analyses, the same model extended to 2 traits was used. The only 

difference was that ℎ𝑦𝑦𝑦𝑦 was included as a random effect to facilitate convergence of the 

model. It was assumed to be normally distributed with ℎ𝑦𝑦𝑦𝑦 ∼  𝑁𝑁(0, 𝐈𝐈ℎ𝑦𝑦𝑦𝑦σℎ𝑦𝑦𝑦𝑦2  ), whereby 

𝐈𝐈ℎ𝑦𝑦𝑦𝑦 is an identity matrix and σℎ𝑦𝑦𝑦𝑦2  is the variance of ℎ𝑦𝑦𝑦𝑦. Correlations were computed 

between resilience indicators as well as between resilience indicators and the performance 

traits MY305, PMY305, FY305, and AMY305. 

 

Table 1. Overview and description of the resilience indicators 

Trait Description 
var Variance of the observed absolute daily milk yield 

ln var Log variance of the observed absolute daily milk yield 

vard Variance of deviation between observed absolute and predicted daily milk yield 

ln vard Log variance of deviation between observed absolute and predicted daily milk 

yield 

rAuto Autocorrelation of deviation between observed absolute and predicted daily milk 

yield 

varr Variance of relative daily milk yield 
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ln varr Log variance of relative daily milk yield 

varrd Variance of deviation between observed relative and predicted daily milk yield 

ln varrd Log variance of deviation between observed relative and predicted daily milk yield 

 

RESULTS 
Description of Resilience Indicators 

Table 2 shows the descriptive statistics of the resilience indicators across and within 

breeds. BS had the lowest mean values for all variance-based indicators (var, ln var,  

vard, ln vard, varr, and varrd, except ln varr and ln varrd). We found that FV had the lowest 

mean rAuto and HF showed the highest values for variances-based indicators calculated 

from absolute milk yields compared with BS and FV, but variance-based indicators based 

on relative milk yields were between the mean values of these traits in BS and FV. 

Table 2. Number of lactations, mean, and SD for resilience indicators calculated 

from daily milk yields across breeds and subdivided by breeds1 
 AB, n = 13,949  BS, n = 819  FV, n = 6,638  HF, n = 6,231 
Trait² µ σ  µ σ  µ σ  µ σ 

var 40.5 32.84  28.5 21.04  37.0 27.88  46.1 37.81 

ln var 3. 4 0.82  3.1 0.84  3.3 0.78  3.5 0.84 

vard 8.7 7.37  5.3 4.99  7.3 5.79  10.6 8.55 

ln vard 1.9 0.72  1.4 0.69  1.8 0.67  2.1 0.70 

rAuto 0.5 0.17  0. 6 0.16  0.5 0.17  0.6 0.15 

varr 0.7 0.72  0.5 0.60  0.8 0.78  0.6 0.67 

ln varr −14.5 0.85  −14.8 0.82  −14.4 0.80  −14.7 0.88 

varrd 0.2 0.18  0.1 0.13  0.2 0.2  0.2 0.18 

ln varrd −16.0 0.78  −16.4 0.77  −16.0 0.7  −16.1 0.79 
1μ = mean; σ = SD. 
2Description of resilience indicators can be found in Table 1. 

The results from the univariate analysis using the whole data set are presented in 

Table 3, whereby most of the variance components were significantly different from zero. 

The highest heritability was estimated for ln varr (ℎ2 = 0.18) and lowest for varrd (ℎ2 = 

0.03), whereby the estimation for the additive genetic effect for rAuto and varrd was 

close to 0. With the exception of ln varr, the heritabilities of the variance-based indicators 

were higher when calculated from absolute rather than relative milk yields. Variances of 

the animal effects and the permanent environmental effects were similar in magnitude, 
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with the permanent environmental effect tending to be stronger, except for var and ln 

var. Results of the analyses within breeds are available in Appendix 2 Table A1 with 

highest heritabilities for BS and lowest for FV. 

Table 3. Estimation of heritability (ℎ2) and variance components of additive genetic 

(σ𝑢𝑢2) and permanent environmental (𝜎𝜎𝑝𝑝𝑝𝑝2 ) effects for resilience indicators in the across 

breed analysis 

Trait1 ℎ2 σ𝑢𝑢2  σpe2  
var 0.16 109.35 66.98 
ln var 0.16 0.06 0.05 
vard 0.11 4.35 7.52 
ln vard 0.17 0.05 0.06 
rAuto 0.05 0.00 0.00 
varr 0.09 0.03 0.08 
ln varr 0.18 0.08 0.08 

varrd 0.03 0.00 0.00 

ln varrd 0.10 0.04 0.06 
1Description of resilience indicators can be found in Table 1. 

Figure 2 shows the results of the Tukey’s honestly significant difference test with one plot 

for each trait, with significant differences marked using different letters. Indicator rAuto was 

significantly smaller for FV than for HF, and BS did not differ significantly from either 

FV or HF. Variance-based indicators calculated from absolute daily milk yields were lowest 

for BS but only significantly different from FV for ln var. In addition, HF showed 

significantly higher variance-based indicators based on absolute daily milk yields than 

BS, and for varrd and ln varrd compared with FV. Variance-based indicators calculated 

from relative daily milk yields were similar in all breeds, except ln varr, with a significant 

difference between BS and FV. In general, BS showed the smallest values for variance-

based indicators, but the largest range. 

Correlations Between Resilience Indicators 
Correlations between resilience indicators estimated from the whole data set are 

represented in Table 4, with genetic correlations shown below and phenotypic shown 

above the diagonal. In general, phenotypic correlations were all positive and genetic 

correlations between rAuto and any version of variance-based indicator were negative, 

but mostly with large standard errors. Variance- based indicators based on relative daily 
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milk yields had relative smaller standard errors than variance-based indicators based on 

absolute milk yields. 

Both genetic and phenotypic correlations between different variance-based indicators 

were, as expected, positive and often significant. The strongest genetic correlation was 

found between ln varrd and varrd(𝑟𝑟 = 0.95). The genetic correlations between ln var and 

ln vard (𝑟𝑟 = 0.43) and between ln varr and ln varrd (𝑟𝑟 = 0.53) were moderate, indicating 

that variance-based indicators calculated from observed daily milk yield can be considered 

as different traits compared with variance-based indicators calculated from deviations of 

daily milk yield. Comparing the same resilience indicators calculated from absolute and 

relative milk yields, the genetic correlations ranged between 𝑟𝑟 = 0.75 and 𝑟𝑟 = 0.84. The 

logarithmized traits were highly genetically correlated with their nonlogarithmized 

counterparts (𝑟𝑟 = 0.91–0.95). The results from the intrabreed analysis are shown in 

Appendix 2 Table A2. Only small deviations from the AB analysis occurred, although the 

standard errors were higher. We found that FV and HF were in line with the estimations 

in the whole data set, and stronger genetic correlations were observed for BS. 
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Figure 2. Tukey’s honestly significant difference (HSD) test of the resilience indicators 

for differences between the breeds BS, FV, and HF. Plots show the mean value and 

the upper and lower confidence interval of the resilience indicators, with significant 

differences indicated by different lowercase letters (a,b). Descriptions of resilience 

indicators can be found in Table 1.
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Correlations Between Resilience Indicators and 305-D Yields 
Means and standard deviations of performance traits MY305, FMY305, PMY305, and 

AMY305, are summarized in Table 5, with highest yields in HF and lowest in FV for all 

traits; BS and the records of all breeds evaluated jointly ranked in between. 

Correlations between performance traits and resilience indicators estimated in the whole 

data set are presented in Table 6. Phenotypic correlations between rAuto and 

performance traits were close to zero, whereas genetic correlations were all positive, 

but only partly significant. Performance traits were genetically and phenotypically 

positively correlated with variance-based indicators based on absolute daily milk yields, 

but negatively correlated with variance-based indicators based on relative daily milk 

yields. More specifically, the variance-based indicators of absolute daily milk yields (𝑣𝑣𝑣𝑣𝑣𝑣, 

ln 𝑣𝑣𝑣𝑣𝑣𝑣) tended to show a positive correlation with performance traits, the variance-based 

indicators of deviations from predicted daily milk yields (𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑, ln 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑) had a moder- ate 

positive correlation with performance traits, whereas variance-based indicators based on 

relative milk yields and variance-based indicators based on deviations of relative milk 

yields were negatively correlated. The resilience indicators tended to show the strongest 

genetic correlations with MY305, PY305, and AMY305, whereas the genetic correlations with 

𝐹𝐹𝐹𝐹305 were weaker. For the first 3 performance traits, the strongest positive genetic 

correlation was observed with ln vard, whereas 𝐹𝐹𝐹𝐹305 had the strongest positive genetic 

correlation with 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑 (𝑟𝑟 = 0.25). The strongest negative genetic correlations for MY305, 

PY305, and AMY305were obtained for ln 𝑣𝑣𝑣𝑣𝑣𝑣𝑟𝑟, and the strongest negative genetic correlation 

for FY305 was obtained for 𝑣𝑣𝑣𝑣𝑣𝑣𝑟𝑟. Hence, as performance increased, the variance-based 

indicators of relative daily milk yields decreased. Results for each breed are presented in 

Appendix 2 Table A3.
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DISCUSSION 
Modelling of the Lactation Curve 

Different existing and newly developed approaches exist for modeling lactation curves, 

which have been tested in the context of resilience research in dairy cattle. The choice of 

the modeling method has only a minor influence on the estimated values of resilience 

indicators in variance component and correlation analyses, as shown in a previous 

study, which compared resilience indica- tors calculated on the basis of different lactation 

curves (Poppe et al., 2020; Chen et al., 2023). Basically, it has been argued that a 

separate curve should be predicted for each lactation of each individual for a more 

accurate estimation (Elgersma et al., 2018), and it should smooth out atypical lactation 

patterns as good as possible (Wang et al., 2022). We decided to use a spline interpolation 

similar as in Codrea et al. (2011), but we used penalized splines instead of B-splines to 

best represent the data and preserve the variability of the function (Ramsay et al., 

1997). Spline interpolation has the advantage over polynomial regression functions that it 

creates individual polynomial functions for different sections and finally merges them, 

instead of using one function over the entire time (Codrea et al., 2011). 

Considering all dairy milk yields equally for modeling, would result in an incorrect 

expected lactation curve because milk yields under the influence of a disturbance would 

also be included in the estimation. Therefore, very low milk yields should not be weighted 

at all or should be given less weight to obtain good predictions of the lactation curves that 

would be expected in the absence of disturbances. Known approaches are the removal of 

daily values that reflect large deviations between observed and expected values on the 

basis of absolute values (Wang et al., 2022) or the residuals (Adriaens et al., 2020). The 

weighting we use preserves more data points and captures performance declines more 

sensitively. 

Interpretation of Resilience Indicators 
Using time series analysis of daily milk yields for mapping resilience simplifies genetic 

analyses compared with traditional health and well-being traits (Elgersma et al., 2018) 

because the raw data are in continuous rather than binary form, data collection is less 

subject to error, and the accuracy of statistical analyses is higher (Pitkänen et al., 2012; 

Sitkowska et al., 2020). 

Heritability for ln 𝑣𝑣𝑣𝑣𝑣𝑣 was slightly higher than in Elgersma et al. (2018) and lower than in 

Poppe et al. (2020), as well as for ln 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑, except for BS. Our results were in line with 
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estimated genetic parameters in studies of African (Oloo et al., 2023) and North American 

dairy cattle (Chen et al., 2023). Across all species and traits examined in recent studies, 

the heritability of the logarithmized variance of the deviation of an observed to an 

expected trait expression ranged from 0.1 to 0.4 (Homma et al., 2021; Mengistu et al., 

2022; Bedere et al., 2022), and thus our results fall right in between. Under the 

assumption that a resilient individual shows low fluctuations in performance, low variance 

means higher resilience (Berghof et al., 2019; Poppe et al., 2020). 

Considering rAuto, our results of the variance component analysis were similar to 

previous studies (Poppe et al., 2020; Wang et al., 2022; Chen et al., 2023). Only the 

heritability of BS was significantly higher than in the literature, whereby we are the 

first to study this trait in another breed than Holstein-Friesian. As described above, a 

value of rAuto close to zero indicates a shorter recovery time after a disturbance and a 

higher resilience. 

Variance and autocorrelation of longitudinal measured traits are used to predict system 

collapses in various scientific fields (Scheffer et al., 2012), where an increase in the 

indicator value is associated with an increasing probability of a collapse (Wichers and 

Groot 2016). Both parameters are used simultaneously, as they are similarly robust (Dakos 

et al. 2012a,b; Mehrabbeik et al., 2021). In livestock research, variance was found to be 

more appropriate because it was more heritable and more strongly correlated with health 

traits (Bedere et al., 2022; Poppe et al. 2022b). This is consistent with our results, 

which also showed higher heritabilities. 

Negative correlations between rAuto and the variance-based indicators denote that with 

an increasing variance of the performance, the duration of the recovery phase after a 

disturbance decreases (Poppe et al., 2020; Bedere et al., 2022). Another explanation 

could be that a larger baseline fluctuation of the milk yield tends to reduce the 

autocorrelation, but increases the variance of the performance. 

To our knowledge, few studies have been conducted on the correlation between resilience 

indicators and performance traits. Correlations between resilience indicators and average 

daily milk yield were in line with literature reports (Poppe et al., 2020), whereas the 

correlations with lactation milk yield were lower than in previous studies (Wang et al., 2022; 

Chen et al., 2023). As the resilience indicators and milk performance traits 

MY305 and AMY305 are based on the same raw data, it could be that they are partly 

influenced by the same genes. Our results only partially support this hypothesis, as only 

some of the resilience indicators showed highly significant correlations with MY305 and 
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AMY305. In addition, the genetic correlation between milk yield and milk protein yield is 

stronger than between milk yield and milk fat yield, as shown in previous studies (e.g., 

Soyeurt et al., 2007). This could explain why milk protein yield correlates more strongly 

with resilience indicators than milk fat yield. 

Comparison of Variance-Based Indicators 
We considered 8 different variance-based indicators. Logarithmization provides a better 

normal distribution of the data and genetic as well as phenotypic correlations with 

performance traits were slightly stronger and standard errors were smaller than for 

nonlogarithmized indicators. Because a normal distribution of a resilience indicator is 

desirable for the computation of breeding values, the use of logarithmized variance-

based indicators can be recommended. 

The variance-based indicator of absolute daily milk yield 𝑣𝑣𝑣𝑣𝑣𝑣 and ln 𝑣𝑣𝑣𝑣𝑣𝑣, respectively, 

was calculated as in Elgersma et al. (2018). It is influenced by the milk performance and 

the persistence over the lactation of an individual. This would result in different 

variances of different individuals even under the assumption of disturbance-free lactations 

(Elgersma et al., 2018; Wang et al., 2022). To exclude persistence, we considered the 

variation of daily milk yield around the predicted lactation curve with 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑 and ln 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑, 

respectively, as described in previous studies as LnVar (Berghof et al., 2019; Poppe et 

al., 2020; Bedere et al., 2022). 

Additionally, the effect of the performance level on the magnitude of performance decrease 

under disturbance in absolute and relative terms should be noted (Berghof et al., 2019; 

Poppe et al., 2020; Oloo et al., 2023), because when comparing a high- and a low-

performing individual with the same absolute decrease in milk yield, the relative decrease 

is lower for the high-performing cow. This scaling effect already occurred in analyses of 

environmental sensitivity in livestock (Rönnegård et al., 2013) and in general time series 

analysis (Dai et al., 2012). Variance- based indicators derived from absolute and relative 

milk yields are different traits, with correlations ranging from 0.75 to 0.84 and opposite 

correlations with performance traits. Variance-based indicators of absolute daily milk yield 

gave similar results as shown in previous studies, i.e., the higher the performance, the 

higher the value of the variance-based indicator, which indicates a lower resilience of the 

animal (Poppe et al., 2020). Variance-based indicators based on relative milk yields 

indicate the opposite, i.e., the higher the yield, the lower the value of the variance-based 

indicator, which indicates a greater resilience. This can be explained mainly by 4 

reasons. 
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First, in favor of a sufficiently large data set, all individuals were included in analyses with 

the distinction between primiparous and multiparous as a fixed effect, because Poppe et 

al. (2021) and Chen et al. (2023) found that resilience indicators are highly correlated 

across lactations from the second lactation upwards. However, milk yield increases with 

number of lactations (Ray et al., 1992), and cows in a high lactation are inherently 

more resilient, as they have not already left the farm due to disease or 

underperformance. 

Second, resilient individuals can keep their milk yield stable, which in turn favors high milk 

yield. Third, the physiological response to a disturbance differs among individuals. 

According to the resource allocation theory (Rauw, 2009), an individual does not have to 

respond to disturbances with a decrease in performance, but may have impaired health 

or fertility (Llonch et al., 2020). However, our resilience indicators based on daily milk yields 

can only reflect performance resilience (Ben Abdelkrim et al., 2021; Bedere et al., 2022; 

Poppe et al., 2022a). 

Fourth, a background fluctuation of the daily milk yield occurs even in the absence of 

disturbances. The magnitude of the fluctuation could be higher in high- performing cows, 

indicating that variance-based indica- tors based on absolute milk yields tend to be 

larger in high-performing cows even if their larger values are not reflected by lower 

resilience. 

Evaluation of Resilience Across and Within Different Breeds 
In addition to the consideration of the whole data set including 3 breeds, all analyses were 

also performed within breeds, with approximately equal data sets for HF and FV, but 

smaller for BS. The level of performance traits was, as expected, significantly higher 

for HF than for the other 2 breeds, which differed significantly only in milk fat yield and 

milk protein yield with an absolutely higher level for BS. This difference in performance 

from HF to BS and FV is well known (LKV, 2022). 

The variance-based indicators showed breed differences, with BS being the most resilient 

across all. However, differences between breeds were small and care must be taken 

that different breeds tend to be kept in different environments, and thus significant breed 

differences do not necessarily reflect heritable differences in the resilience of the breeds. 

In addition, FV showed the lowest autocorrelation and thus shortest recovery period, 

although this may be due to a higher baseline fluctuation of daily milk yields due to 

environment-specific peculiarities. This higher baseline fluctuation increased the values of 

the variance-based indicators but decreased the autocorrelation. 
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CONCLUSIONS 
Livestock resilience can be represented using the indicator traits variance and 

autocorrelation of daily milk yield, with the former resulting in higher hertiabilities in our 

study. To address the problem of scaling effects during performance declines, it is 

recommended to calculate variance-based indicators using relative rather than absolute 

daily milk yields. In this regard, ln 𝑣𝑣𝑣𝑣𝑣𝑣𝑟𝑟 (the log variance of relative daily milk yields) showed 

the highest heritabilities and strongest favorable correlations with performance traits. In 

addition to the AB analysis, we performed uni- and bivariate analyses for HF, FV, 

and BS. The lower autocorrelation of FV indicates a shorter recovery time after 

disturbances compared with HF and BS, whereas lower variance-based indicators of 

HF and BS indicate that the latter are less susceptible to disturbances. An alternative 

explanation could be that FV has a higher baseline fluctuation of daily milk yields. Further 

studies are needed to analyze the interrelationship with health and fertility traits, to assess 

the suitability of the indicator traits to be included in the breeding goal. 
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APPENDIX 1 

The following algorithm was used to compute the vector weight of weights for spline interpolation, where 

y is the vector with length nDays = length(y) containing the daily milk yields. The vectors nAbove and 

nTotal have the same length and contain initially zeros. When the algorithm terminates, vector nAbove 
contains for each day the number of times the milk yield was above a connect- ing line, and vector nTotal 
contains the total number of connecting lines that were taken into consideration. The connecting lines 

were determined as follows: For each day d = i + j, all lines were considered that connected two 

milk yields that were gained before and after day d, respectively. The first milk yield was gained at day 

i, which was more than margin = 5 days before day d. The other milk yield was gained at day i + k − 1, 

which was more than margin days after day d. Both days were less than maxLength=60 days apart. 

for(k in (3+2*margin):maxLength){ for(i in 1:(nDays-k+1)){ 

for(j in (1+margin):(k-margin-2)){ 
if(!is.na(y[i]) & !is.na(y[i+j]) & !is.na(y[i+k-1])){ nTotal[i+j] <- nTotal[i+j] + 1 

Est <- y[i]+ j*(y[i+k-1]-y[i])/(k-1) if(y[i+j] >= Est){ 
nAbove[i+j] <- nAbove[i+j]+1 
} 
} 
} 
} 
} 
weight <- nAbove/nTotal 
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ABSTRACT 
Resilience expresses the ability of an individual to cope with short-term disturbances 

and to recover quickly by returning to the original level of performance. It can be 

measured by variance-based parameters and by the autocorrelation of daily milk yields in 

dairy cows. The design of resilience indicator traits and their heritabilities and genetic 

correlations have been studied in detail in recent years. There is a need to combine 

different resilience indicators in an index. The relevance of resilience indicator traits for 

incorporation into selection indices arises from their correlations with health traits and 

longevity. The correlations of diverse resilience indicator traits with health traits and 

longevity were analyzed. The resilience indicator traits were identified that would lead 

to the highest correlated selection response in the German selection index for health, 

and appropriate weights of the resilience indicator traits in a selection index for resilience 

were derived. Certain variance-based indica- tors were significantly positively correlated 

with most of the established health and functional traits, whereas the autocorrelation had 

a negligible correlation with these traits. A resilience selection index composed of 2 

different variance-based resilience indicator traits was most likely to be recommended. Its 

correlation with overall performance was positive but moderately small. Incorporating more 

than 2 resilience indicator traits into the index improved the correlated response in health 

traits only slightly. 

Key words: variance, autocorrelation, resilience index, dairy cattle, resilience 
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INTRODUCTION 
Resilience traits measure the ability of an animal to cope with short-term disturbances 

and to recover quickly from them (Colditz and Hine, 2016; Poppe et al., 2020). They have 

become interesting traits in livestock science in recent years and can be considered as 

higher-order indicator traits for health and robustness. However, defining and measuring 

resilience indicator traits poses a challenge. One promising approach is to analyze the 

variance and the autocorrelation of a longitudinal recorded trait (Poppe et al., 2020). For 

example, the longitudinal trait could be the daily milk yield of dairy cows (Poppe et al., 

2020; Wang et al., 2022), the egg production of laying hens (Bedere et al., 2022), or the 

feed intake of pigs (Homma et al., 2021). The underlying assumption is that an animal 

responds to a disturbance with a change of the longitudinal trait. As it is generally not 

known when a disturbance begins, when it ends, and whether it exists at all, it is not the 

direct response to a specific disturbance which is analyzed, but the change of the 

longitudinal trait over a certain period of time. The variance quantifies the fluctuation 

in the trait over a certain period of time, whereby a low variance implies a high 

resilience. It is often assumed that the autocorrelation indicates how quickly an individual 

recovers from a disturbance, with an autocorrelation close to zero suggesting a high 

level of resilience (Berghof et al., 2019; Poppe et al., 2020; Friggens et al., 2022). Most 

resilience indicators are calculated from the deviation of the observed trait expression from 

the expected trait expression. For dairy cows, for example, the expected lactation curve 

can be modeled and compared with the observed daily milk yields (Poppe et al., 2020). 

This approach also takes into account the different persistence of individuals (Elgersma 

et al., 2018). In addition, it can be appropriate to correct for the performance level 

because high-yielding individuals show higher absolute reactions to disturbances than low- 

yielding individuals. This can be done by computing the resilience indicator traits not from 

absolute daily milk yields but from relative daily milk yields (Keßler et al., 2024a). 

First attempts were made to include resilience indicator traits in routine breeding value 

estimation (Meijer et al., 2024). However, no gold standard is established for how to 

decide which resilience indicator traits should be included in the total merit index. This 

is because the underlying disturbance is usually not known, making the derivation of 

economic weights difficult. One approach is to analyze genetic correlations of resilience 

indicator traits with health traits, length of productive life, or overall performance. Some 

previous studies have done this by studying the correlation with existing selection indices 

(Elgersma et al., 2018; Poppe et al., 2020) or their correlations to disease prevalence 
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(e.g., reproductive disorders; Wang et al., 2022), in Holstein Friesian cows. Those studies 

showed that resilient animals tend to be healthier. However, the correlations between 

resilience indicators and certain diseases have been little researched to date. The different 

sensitivity of different resilience indicator traits can be seen by the example of mastitis. 

Although the variance of daily milk yield tended to be higher in diseased individuals, as 

expected, the autocorrelation was lower (Kok et al., 2021). 

The present study suggests a way to establish a selection index for resilience in practice 

with the data and knowledge available today. For this purpose, we derived an optimum 

resilience selection index that maximizes the expected correlated response in the German 

Holstein selection index for overall health. Based on its calculation from the daily milk 

yield, it should stabilize the daily milk yields on the one hand and increase the health of 

the animals on the other. Therefore, in addition, correlations between resilience indicators 

and EBV for health traits were estimated. 

 

MATERIALS AND METHODS 
Data processing and evaluation as well as statistical analyses were performed in software 

R (version 4.2.2; R Core Team), by using ASReml-R 4 for genetic analysis. 

We considered 3,919 German Holstein Friesian (HF) cows. The number of lactations per 

cow varied from one to 6. In total 7,623 lactations were considered. The data were 

collected between October 2017 and 2023 by the Landeskontrollverband Baden-

Württemberg (Stuttgart, Germany) on 48 farms in the state of Baden-Württemberg, 

Germany. The farms were registered as members of the breeding organization 

Rinderunion Baden-Württemberg e.V. (Herbertingen, Germany) in the herd book and 

used automatic milking systems. The first milking of a day was prorated to the time up to 

midnight of the previous day and since midnight of the current day. Days on which the 

number of animals milked on the farm differed from the average by 3 SD or more were 

removed, as well as the day before and after. The first day after and last day before a gap 

in an individual’s records were also excluded. 

The EBV for functional and health traits were estimated using genomic information and 

were provided by Vereinigte Informationssysteme Tierhaltung w.V. (Verden, Germany). 

We considered selection indices and trait EBV, described in detail in vit (2023). The most 

relevant index for our study is the selection index for health (𝐒𝐒𝐒𝐒𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡). It includes all 

currently collected traits of udder health, claw health, metabolism health, and fertility 

health. Estimation of EBV was conducted in August 2023. A high EBV was desirable for 
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all traits. 

Calculation of Resilience Indicators 
Daily milk yields were used to predict a lactation curve using cubic penalized spline 

interpolation. The smoothing splines were computed with pspline in R (Ramsey and Ripley 

2022), with the degrees of freedom set to 5 after a visual comparison of the modeled 

lactation curves with different degrees of freedom. Data points corresponding to days 

in which the cow had a temporary reduction of the milk yield were given lower weights. 

To do this, we used a function that checks how often the milk yield of a day was below 

the linear connection of 2 interval limits at intervals of 5 to 60 d from the observation day. 

The weighting factor was calculated from the proportion of times below the line in all tested 

intervals (Keßler et al., 2024a). The lactations under consideration were limited to the 

period of 10 to 305 DIM, and lactations with less than 50% of data points were excluded. 

The modeling of the lactation curve, the weighting of disturbed days, and the calculation 

of resilience indicators are detailed in Keßler et al. (2024a) and are described briefly in 

the following. 

Variance-based parameters and the lag-1 autocorrelation were used as resilience 

indicators and calculated for each lactation of each individual. Multiple lactations of an 

individual were included in the study. Let 𝐲𝐲 denote the vector with daily milk yields of a cow 

in a certain lactation, let 𝟏𝟏 denote the vector with ones, ŷ denote the vector with 

interpolated milk yields, 𝑣𝑣𝑣𝑣𝑣𝑣�  denote the sample variance, and ln denote the natural 

logarithm. The variance-based indicators were calculated from the deviations between 

• the daily milk yields and the average daily milk yield: 

𝑣𝑣(𝐲𝐲) = −ln[𝑣𝑣𝑣𝑣𝑣𝑣� (𝐲𝐲 − y�𝟏𝟏)], 

• the daily milk yields and the predicted daily milk yields: 

𝑣𝑣𝑑𝑑(𝐲𝐲) = −ln[𝑣𝑣𝑣𝑣𝑣𝑣� (𝐲𝐲 − 𝒚𝒚�)], 

• the relative daily milk yields and their average value: 

𝑣𝑣𝑟𝑟(𝐲𝐲) = −ln�𝑣𝑣𝑣𝑣𝑣𝑣� �𝑎𝑎𝑦𝑦(𝐲𝐲 − y�𝟏𝟏)��, with 

𝑎𝑎𝑦𝑦 = 100/∑ 𝑦𝑦𝑡𝑡𝑛𝑛
𝑡𝑡=1 , 

• the relative daily milk yields and the predicted relative daily milk yields: 

𝑣𝑣𝑟𝑟𝑟𝑟(𝐲𝐲) = −ln�𝑣𝑣𝑣𝑣𝑣𝑣� �𝑎𝑎𝑦𝑦(𝐲𝐲 − 𝒚𝒚�)��. 

The trait autocorrelation was calculated as 

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝐲𝐲) = − 𝑐𝑐𝑐𝑐𝑐𝑐� (𝐲𝐲−𝒚𝒚�)
𝑣𝑣𝑣𝑣𝑣𝑣� (𝐲𝐲−𝒚𝒚�), 

with 𝑐𝑐𝑐𝑐𝑐𝑐�  the covariance and 𝑣𝑣𝑣𝑣𝑣𝑣�  the variance of the deviations between observed and 
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predicted absolute daily milk yields (𝐲𝐲 − 𝒚𝒚�). The resilience indicators were defined so that 

high values are desirable. 

Genetic Analysis 
Univariate analyses of the resilience indicators were performed with an animal model: 

𝐲𝐲 =  𝐗𝐗𝐗𝐗 +  𝐙𝐙𝐙𝐙 +  𝐖𝐖𝐖𝐖𝐖𝐖 +  𝐞𝐞, 
where 𝐲𝐲 is the vector of observations; 𝐛𝐛 is the vector of fixed effects; 𝐮𝐮 is the vector of 

additive genetic effects; 𝐩𝐩𝐩𝐩 is the vector of permanent environmental effects; 𝐞𝐞 is the 

vector of residuals; and 𝐗𝐗, 𝐙𝐙, and 𝐖𝐖 are incidence matrices. The vector of fixed effects, 𝐛𝐛, 

comprises age at first calving in month, lactation (divided into first or higher lactation), 

herd-year-season effect (divided into spring [March to May], summer [June to August], 

autumn [September to November], and winter [December to February]) and 

completeness of lactation data (divided into ≥90%, 80% to ≤90%, 70% to ≤80%, 60% to 

≤70%, and 50% to ≤60% availability of daily milk yields in a lactation between d 10 and 

305), whereby levels of fixed effects with less than 5 individuals were excluded. For the 

vectors 𝐮𝐮, 𝐩𝐩𝐩𝐩, and 𝐞𝐞, normal distributions were assumed with 𝐮𝐮 ~ 𝑁𝑁(0,𝐀𝐀𝜎𝜎𝐮𝐮2), 

𝐩𝐩𝐩𝐩 ~ 𝑁𝑁(0, 𝐈𝐈𝐩𝐩𝐩𝐩𝜎𝜎𝐩𝐩𝐩𝐩2 ), and 𝐞𝐞 ~ 𝑁𝑁(0, 𝐈𝐈𝐞𝐞𝜎𝜎𝐞𝐞2), whereby 𝐈𝐈𝐩𝐩𝐩𝐩 and 𝐈𝐈𝐞𝐞 are identity matrices and 𝐀𝐀 is the 

pedigree-based additive genetic relationship matrix. Heritability was calculated as the 

proportion of additive genetic to phenotypic variance and tested for significance using 

the chi-squared test. 

The EBV for resilience indicators were derived from this univariate model. They were 

standardized to a mean of 100 and a genetic SD of 12, as it is common practice in 

dairy cattle breeding value estimation in Germany. A high EBV of a resilience trait 

is synonymous with a low variance or an autocorrelation close to zero and thus points to 

a high resilience. For further analysis, individuals with an EBV reliability smaller than 

15% in one of the resilience indicators were excluded. This filtering left 2,206 individuals 

in the dataset for the development of the resilience selection index. 

Development of a Selection Index 
Correlations between EBV of resilience indicators and functional and health traits, 

respectively, were estimated using Pearson’s method. The resilience selection index was 

defined as a weighted mean of the 5 resilience indicator traits. The weights were 

determined by the limited-memory Broyden–Fletcher–Goldfarb–Shanno algorithm using 

the package optim in R (Byrd et al., 1995), which is an optimization algorithm in the 

family of quasi-Newton methods. The weights were chosen to achieve a maximum 

correlated selection response in the selection index for overall health (𝐒𝐒𝐒𝐒𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡) in the 
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hypothetical case that the population is phenotypically selected on the resilience selection 

index. This is an alternative approach to determining the weighting factors of the 

resilience indicators integrated in the selection index (𝐒𝐒𝐒𝐒𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫), as no economic weights 

are available. The health selection index SIhealth, which is used for optimization, consists 

of EBV of 13 single health traits for udder and claw health as well as resistance against 

metabolism and reproduction diseases. The composition of SIhealth is based on the genetic 

correlations between the single health traits (vit, 2023). 

The formula used to estimate the selection response R was adopted from selection 

index theory (e.g., Mrode, 2005) and was as follows: 

𝑅𝑅 = �h𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
2 × 𝑟𝑟𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ, 

where h𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
2  is the heritability of the resilience selection index and the genetic 

correlation 𝑟𝑟𝑆𝑆𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ  
is estimated as the Pearson correlation between the 

resilience selection index SIresilience and the election index health SIhealth. The 

heritability h𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
2  as calculated from the additive variance 𝑉𝑉𝐴𝐴 and the phenotypic 

variance 𝑉𝑉𝑃𝑃 as follows: 

h𝑆𝑆𝑆𝑆2 =  
𝑉𝑉𝐴𝐴
𝑉𝑉𝑃𝑃

=  
𝐰𝐰𝑇𝑇𝛀𝛀𝐀𝐀𝐰𝐰
𝐰𝐰𝑇𝑇𝛀𝛀𝐏𝐏𝐰𝐰

=  
∑ 𝐰𝐰𝑖𝑖𝐰𝐰𝑗𝑗cov(𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 ,𝑇𝑇𝑇𝑇𝑇𝑇𝑗𝑗)𝑖𝑖,𝑗𝑗

∑ 𝐰𝐰𝑖𝑖𝐰𝐰𝑗𝑗cov(𝑦𝑦𝑖𝑖 ,𝑦𝑦𝒋𝒋)𝑖𝑖,𝑗𝑗
 , 

where 𝐰𝐰 is the vector with index weights, 𝛀𝛀𝐀𝐀 is the variance-covariance matrix of the true 

breeding values, and 𝛀𝛀𝐏𝐏 is the variance-covariance matrix of phenotypes, which were 

derived from the quantitative-genetic and phenotypic correlation analyses between the 

resilience indicators using mixed linear models as described in our previous study (Keßler 

et al., 2024a). 

 

RESULTS 
Descriptive statistics and results of the variance component analysis of resilience indicator 

traits and the reliabilities of their EBV are shown in Table 1. The highest heritability was 

estimated for 𝑣𝑣𝑟𝑟 (0.21) and the smallest for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (0.05). All heritabilities were significantly 

different from zero. The mean reliability of EBV for resilience indicators was higher for 

variance-based indicator traits, with the highest reliability for 𝑣𝑣𝑟𝑟 (0.45) and the lowest 

for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (0.20), with the SD being smaller for the latter. 

Correlations between EBV for resilience indicators and SIhealth and single health traits 

are shown in Figure 1, with stronger colors indicating stronger correlations. Only 

significant correlations are shown (P < 0.05). The EBV for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 had the lowest correlation 
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with the Metritis trait (−0.14) and the highest with Late Mastitis (0.08). Variance-based 

indicator traits showed mainly significant positive correlations with other traits, except 𝑣𝑣𝑑𝑑 

with Milk Yield. In particular, strong positive correlations were found with udder health 

traits, Late Mastitis and Early Mastitis, and SIhealth, as well as Longevity. The strongest 

correlations with fertility health traits were found for 𝑣𝑣𝑑𝑑, whereas 𝑣𝑣𝑟𝑟 showed the highest 

correlation with traits of metabolism, except Ketosis. Claw health correlated most strongly 

with 𝑣𝑣, and for udder health, the highest correlation coefficients were found with 𝑣𝑣𝑟𝑟𝑟𝑟 and 

𝑣𝑣𝑟𝑟𝑟𝑟. Correlations with further selection indices of breeding value estimation in HF are 

shown in Supplemental Figure S3 (see Notes; Keßler et al., 2024b). 

Table 1. Descriptive statistics showing the means (x�RI) and SD (SDRI) of resilience 

indicator traits, their heritabilities (h2) with SE, and the means (x�𝑟𝑟𝑟𝑟𝑟𝑟 ) and SD (SDrel) of 

the reliabilities of the EBV 

Variable1 x�RI SDRI h2 SE h2 x�rel SDrel 
𝑣𝑣 3.37 0.874 0.18 0.024 0.42 0.054 
𝑣𝑣𝑑𝑑 1.92 0.655 0.19 0.027 0.43 0.051 
𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 0.58 0.173 0.05 0.017 0.20 0.037 
𝑣𝑣𝑟𝑟 −14.74 0.867 0.21 0.026 0.45 0.052 
𝑣𝑣𝑟𝑟𝑟𝑟 −16.19 0.716 0.11 0.021 0.32 0.046 
1𝑣𝑣 = variance of absolute daily milk yield; 𝑣𝑣𝑑𝑑 = variance of deviations between observed and predicted 

absolute daily milk yield; 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = autocorrelation of deviations between observed and predicted absolute 

daily milk yield; 𝑣𝑣𝑟𝑟 = variance of relative daily milk yield; 𝑣𝑣𝑟𝑟𝑟𝑟 = variance of deviations between observed 

and predicted relative daily milk yield. 

 
Results of selection index optimization for indices consisting of 2 to 5 resilience indicators 

can be seen in Table 2. As expected, the highest breeding response of 0.222 was 

detected for a resilience index comprising all 5 resilience indicators. A positive joint 

selection response denotes a proportional increase in EBV of SIhealth when selecting for a 

higher EBV of SIresilience. Indices consisting of less than 5 resilience indicators showed 
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only slightly smaller breeding responses. This indicates that there is no pronounced 

maximum. An index containing only 𝑣𝑣𝑑𝑑 and 𝑣𝑣𝑟𝑟 had similar selection response (0.218), 

heritability (0.196) and correlation with SIhealth (0.492) as the index consisting of all 5 

resilience indicators. 

Figure 2 represents the correlations between the optimum resilience selection index of 2, 

3, 4, or 5 resilience indicators and SIhealth (taken from Table 2) and single trait EBV for 

health. All considered resilience selection indices performed similar. The correlation 

coefficients differed by less than 0.06. Resilience selection indices containing fewer 

resilience indicator traits partly showed stronger favorable correlations with other traits 

than a resilience selection index containing more resilience indicators. For example, the 

correlation between the resilience index containing 2 resilience indicators and Late Mastitis 

was 0.45, whereas the correlation between Late Mastitis and a resilience index of 5 

resilience indicators was 0.41. All correlations were positive and significant. We also 

studied correlations between resilience selection indices and other selection indices used 

in HF breeding, which showed similar results and are given in Supplemental Figure S4 

(see Notes; Keßler et al., 2024b). 

𝑣𝑣𝑟𝑟

𝑣𝑣𝑑𝑑

𝑣𝑣𝑟𝑟𝑟𝑟 viations between observed and 

predicted absolute daily milk yield (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴). 
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Table 2. Different resilience selection indices with the weighting factor of each 

considered resilience indicator,1 heritability (h2) of the resilience selection index 

SIresilience, correlation coefficient (r) for correlation between resilience selection index 

SIresilience and health selection index SIhealth, and breeding response (R) in SIhealth² 

Resilience selection index consisting of    

𝑣𝑣 𝑣𝑣𝑑𝑑 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑟𝑟 𝑣𝑣𝑟𝑟𝑟𝑟 h2SIresilience r R𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ 

−1.377 1.925 −0.076 1.809 −1.281 0.227 0.467 0.222 
−1.219 1.730  1.624 −1.135 0.224 0.468 0.221 
−0.344 0.785 −0.034 0.593  0.202 0.490 0.220 
−0.319 0.753  0.566  0.201 0.491 0.220 

 0.685 −0.042 0.357  0.196 0.492 0.218 
 0.654  0.346  0.196 0.492 0.218 
 0.903  0.429 −0.333 0.206 0.476 0.216 
 0.959 −0.075 0.449 −0.333 0.204 0.478 0.216 

0.350 0.761 −0.111   0.183 0.477 0.204 
0.323 0.677    0.183 0.477 0.204 

 0.891 −0.140  0.249 0.180 0.467 0.198 
 0.768   0.232 0.178 0.466 0.197 
 1.25.2 −0.252   0.191 0.449 0.196 

0.364 0.559 −0.053  0.130 0.163 0.486 0.196 
0.347 0.529   0.124 0.163 0.486 0.196 
0.619  0.035 −0.209 0.555 0.148 0.481 0.185 
0.641   −0.212 0.571 0.147 0.481 0.184 

   0.286 0.714 0.171 0.444 0.184 
0.426  0.043  0.530 0.152 0.471 0.184 
0.448    0.552 0.151 0.471 0.183 

  0.058 0.344 0.598 0.139 0.437 0.163 
0.900   0.100  0.181 0.362 0.154 
0.890  0.013 0.098  0.181 0.362 0.154 
1.026  −0.026   0.179 0.364 0.154 

  −0.006  1.006 0.109 0.446 0.147 
  0.053 0.947  0.208 0.305 0.139 

1𝑣𝑣 = variance of absolute daily milk yield; 𝑣𝑣𝑑𝑑 = variance of deviations between observed and 

predicted absolute daily milk yield; 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = autocorrelation of deviations between observed and 

predicted absolute daily milk yield; 𝑣𝑣𝑟𝑟 = variance of relative daily milk yield; 𝑣𝑣𝑟𝑟𝑟𝑟 = variance of 

deviations between observed and predicted relative daily milk yield. 
2An empty cell is equivalent to a weighting of 0. 
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DISCUSSION 
Variance and autocorrelation are indicator traits of resilience that have been applied in 

livestock research in different species and several longitudinal measured traits (Poppe 

et al., 2020; Mengistu et al., 2022; Oloo et al., 2023). In dairy cattle, resilience indicators 

calculated from daily milk yield are of particular interest because the data are available 

without additional effort through automatic milking systems. Descriptive statistics and 

estimated heritabilities (Table 1) were within the range of a previous analysis in Keßler et 

al. (2024a) and in line with similar studies (Poppe et al., 2020; Wang et al., 2022). 

Accuracies for EBV of resilience indicator traits were relatively low in our study, as only a 

sample of the reference population was available due to the geographical limitation of the 

project, and because pedigree data were used instead of genomic data. Due to the limited 

size of the dataset, the effect of lactation was considered in 2 stages in the univariate 

model, i.e., only divided into first lactation or multi-lactation. This may have negatively 

influenced the accuracy, but studies by Poppe et al. (2021a) and Chen et al. (2023) 

showed that the genetic correlation of resilience indicators between second and third 

lactation was high (>0.95). 

Correlation Analysis 
Individuals with a more stable milk yield, i.e., less variance, have in general higher EBV for 

health and fertility traits, which means that resilient animals are healthier and more fertile 

than their contemporaries. These desirable correlations with the selection indices for 

health and longevity and the overall breeding value have also been shown in previous 

studies (Elgersma et al., 2018; Poppe et al., 2020). The correlation coefficients were 

weaker than in our study, but comparability is limited because the composition of 

selection indices differs between breeding organizations. It is notable that different 

resilience indicators are the best predictors for certain disease groups (Figure 1). Claw 

diseases tended to correlate more strongly with 𝑣𝑣, reproduction diseases with 𝑣𝑣𝑑𝑑, 

metabolic diseases with 𝑣𝑣𝑟𝑟, and udder diseases with 𝑣𝑣𝑟𝑟𝑟𝑟. Furthermore, the strength of 

the correlation varied between disease groups. These differences could be due to 

different external stressors. For example, a stressor negatively influencing milk yield and 

udder health may have a smaller or no effect on claw health (e.g., heat stress leads to 

a decrease in milk yield and an increase in SCS, but has no influence of claw health). On 

the other hand, poor claw health may cause a cow to visit the milking robot less frequently, 

which increases the variance of the absolute milk yield and thus contributes to a high 

correlation with 𝑣𝑣. For all diseases, significant correlations were found. Thus, the applied 
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resilience indicators are able to capture the effect of external stressors on each disease 

group. Also notable are the different directional correlations of the variance-based 

indicators with the Milk Yield trait. Animals with a high 𝑣𝑣𝑟𝑟 seem to be more stable in 

performance and produce more milk than animals with a low 𝑣𝑣𝑟𝑟. This is probably because 

animals with high 𝑣𝑣𝑟𝑟 less frequently have health problems that would cause a reduction 

in performance. In contrast, 𝑣𝑣𝑑𝑑 is negatively correlated with the Milk Yield trait because 

animals with high performance usually reduce their absolute daily milk yield in the event of 

disturbance more than animals with low performance. 

The trait autocorrelation seems to depend strongly on the selected approach to 

modeling the lactation curve. As a result, the direction and strength of the correlations 

with other traits can be influenced. Although our study showed few significant, slightly 

negative (i.e., undesirable) correlations with existing traits, Poppe et al. (2020) described 

𝑣𝑣𝑑𝑑 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑟𝑟 𝑣𝑣𝑟𝑟𝑟𝑟
𝑣𝑣𝑑𝑑 𝑣𝑣𝑟𝑟 𝑣𝑣𝑟𝑟𝑟𝑟 𝑣𝑣𝑑𝑑 𝑣𝑣𝑟𝑟 𝑣𝑣𝑑𝑑 𝑣𝑣𝑟𝑟

𝑣𝑣𝑑𝑑
𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝑣𝑣𝑟𝑟
𝑣𝑣𝑟𝑟𝑟𝑟
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desirable correlations. However, the EBV they used for health traits were estimated based 

on the disease prevalence of the animals. Opposite to 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, their EBV for health 

contained no information about duration of an illness. Thus, prevalence and duration are 

2 different aspects, which could explain why less significant correlation between 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 and 

health traits can be observed. The negative correlation with Milk Yield could, as with 𝑣𝑣𝑑𝑑, 

be explained by the stronger absolute drop in performance of high-yielding animals. 

The differences in the strength of the correlation coefficients between various SIresilience 

and the EBV for single health traits suggest that it is more important to include the 

relevant resilience indicators than to include all of them. In SIresilience based on 5 resilience 

indicators, some information was redundant and negative weighting factors arises, but this 

is avoided in SIresilience with a smaller number of integrated resilience indicators. 

Resilience Selection Index 
The integration of a resilience indicator trait into the breeding value estimation can lead to 

a reduction in the impairment of the animal by a disturbance, the improvement of health 

traits, and the extension of longevity (Berghof et al., 2019). Bengtsson et al. (2022) used 

a simulation study to demonstrate that the resilience indicators can be used to map real 

resilience, and Poppe et al. (2021b) showed that effects of external influences such as 

heat waves are captured. As of today, there is no gold standard for the use of a trait 

resilience in breeding. A first step was taken by the Dutch breeding organization CRV 

(Arnhem, the Netherlands) with the publication of a breeding value for stability, based on 

𝑣𝑣𝑑𝑑, and recovery, based on 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, as well as an index of both based on approximate 

average genetic correlations of resilience indicators across all health traits (Meijer et al., 

2024). For the development of a putative resilience selection goal, we analyzed the joint 

selection response with SIhealth. This showed that selection response in health traits is 

increased by combining several resilience indicators in an index compared with using 

single resilience indicators. 

The optimization did not reveal a pronounced maximum. The assumed superiority of 𝑣𝑣𝑟𝑟𝑟𝑟, 

which was designed to capture relative variation in milk yield and correct for performance 

level, could not be confirmed. Instead, the combination of 𝑣𝑣𝑑𝑑 and 𝑣𝑣𝑟𝑟 showed a higher 

heritability as well as a larger joint selection response and a stronger correlation with 

SIhealth than 𝑣𝑣𝑟𝑟𝑟𝑟. The index of these 2 resilience indicators is comparable to an index of all 

5 indicators, which is why we recommend its use in practical breeding value estimation. 

This would reduce the calculation effort and increase comprehensibility compared with a 

5-trait index. Contrary to the recommendation of previous studies, we exclude 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 at this 
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point because according to our optimization, this resilience indicator does not provide 

enough additional information. The variance-based indicators also seem to be more 

stable in the case of missing daily milk yield data due to the separation of an animal from 

the herd by the farmer in response to a disturbance, e.g., separate milking during and after 

an incidence of mastitis (Kok et al., 2021; Weinans et al., 2021). We decided to maximize 

the joint breeding response with SIhealth instead of Longevity, for example, to map the 

most comprehensive resilience possible. The SIhealthis made up of the prevalence of 13 

different diseases, whereas Longevity represents solely the survival of the animal (vit, 

2023). 

By maximizing the performance of the resilience selection index according to SIhealth, 

breeding is optimized for performance stability and health. In addition to recorded 

information such as disease incidence, a resilience selection index captures previously 

unmeasurable reactions of an individual to external influences such as heat waves (Poppe 

et al., 2021b). Furthermore, selection on animals with a high EBV in health traits shows 

over generations a decrease in average EBV of yield traits and vice versa (Heringstad and 

Larsgard, 2010; Heringstad et al., 2007), due to antagonistic correlation between 

performance and health traits (Schneider et al., 2023). As the resilience selection index is 

positively correlated with both health and performance, this index could provide additional 

information to the farmer, which sires pass both, good health and good performance, to 

their offspring. 

Our results showed that resilient cows tend to be healthier, more productive and 

have a greater length of productive life. Resilience, therefore, also has an economic 

aspect. Further studies on the influence of resilience showed that the variance of the 

deviations between observed and predicted daily milk yields correlates significantly 

negatively with lifetime profitability and revenues from milk production, i.e., the lower the 

variance, the higher the profitability and revenues (Chen et al., 2023; Poppe et al., 2022). 

This is likely to be strengthened in the future due to steadily rising wages (Wilczyński and 

Kołoszycz, 2021), increasing number of cows per farm (Nieberg and Forstner, 2019), and 

higher labor costs with increasing farm size for nonresilient animals (Berghof et al., 2019). 

The relevance of selecting for resilience increases, as already today on many German 

farms, less than 60% of the cows are profitable, i.e., they generate a higher revenue than 

costs for the farm during their lifetime (Hoischen-Taubner et al., 2021). At the farm level, 

a resilient and homogeneous herd leads to easier management, e.g., through a simpler 

calculation of the total mixed ration or a lower incidence of disease, and a secure income 
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through consistent milk yields (Ehsaninia et al., 2019). 

In the future, further approaches to measuring resilience should be validated. In 

particular, the resilience indicators should be applied to other traits, such as activity data 

(van Dixhoorn et al., 2023), and a resilience index should be further developed. Initially, a 

resilience selection index calculated from daily milk yields that maximizes correlated 

selection response in overall health would be a solid breeding tool which, in addition to the 

existing breeding values, provides the breeder with information for selecting for individuals, 

which can cope with external stressors. 

It is noteworthy that other breeds or populations for which less health recording data are 

available may profit even more from the introduction of a selection index for resilience. 

 

CONCLUSIONS 
Resilience indicators are correlated with EBV of health and reproduction. Breeding for 

resilience would result in yield-stable cows with good health and longevity. Our analysis 

showed that integration of a resilience selection index in breeding value estimation would 

be more effective than using a single resilience indicator. The selection response of indices 

consisting of a different number of resilience indicators varied only slightly. Thus, from the 

resilience indicators investigated in this study, an index of the 2 traits 𝑣𝑣𝑑𝑑 and 𝑣𝑣𝑟𝑟 seems 

to be sufficient. 
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APPENDIX 1 of Toward a resilience selection index with indicator traits in German Holstein 

dairy cattle 
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Correlations between selection indices for health and reproduction and variance of

𝑣𝑣𝑟𝑟
𝑣𝑣𝑑𝑑 𝑣𝑣𝑟𝑟𝑟𝑟 viations between observed and 

predicted absolute daily milk yield (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴). 
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ABSTRACT 
Background Indicator traits based on variance and autocorrelation of longitudinal data 

are increasingly used to measure resilience in animal breeding. While these traits show 

promising heritability and can be routinely collected, their genetic architecture remains 

poorly understood. We conducted GWAS for three resilience indicators across German 

Holstein (n = 2,300), Fleckvieh (n = 2,330), and Brown Swiss (n = 1,073) dairy cattle (Bos 

Taurus) populations. The indicators included variance (𝑣𝑣𝑑𝑑) and autocorrelation (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) of 

deviations of observed from predicted daily milk yield and variance of relative daily milk 

yield (𝑣𝑣𝑟𝑟). Additionally, we analysed a selection index combining these traits. Prior to 

GWAS, we examined population structure through multi-dimensional scaling (MDS) and 

LD patterns, revealing distinct genetic clusters for each breed and similar LD decay 

patterns. 

Results The GWAS results confirmed the polygenic nature of resilience, with multiple 

genomic regions showing significant associations. Notable signals were detected on BTA5 

(𝑣𝑣𝑟𝑟), BTA14 (𝑣𝑣𝑑𝑑), BTA2 and BTA8 (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) for single indicator traits. For selection index 

resilience, strong suggestive SNPs are located on BTA4, BTA16, BTA21, and BTA27. 

Detected regions overlapped with previously reported QTLs for performance, reproduction, 

longevity and health, providing new insights into the biological pathways underlying dairy 

cattle resilience. 

Conclusions Our findings demonstrate that resilience indicators have a complex genetic 

mailto:franziska.kessler@uni-hohenheim.de
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architecture with both breed-specific and shared components, supporting their potential 

use in selective breeding programs while highlighting the importance of careful trait 

definition. 

Keywords Resilience, Variance, Autocorrelation, Linkage Disequilibrium, GWAS, MDS, 

Dairy cattle 

 

BACKGROUND 
In a challenging environment with an increased incidence of external disturbances such 

as heat waves intensified by climate change [1], there is a growing need for performance-

stable and healthy livestock. One option is to breed for resilience, i.e., for the ability of an 

individual to react to short-term disturbances and maintain or quickly restore its own 

homeostasis and performance level [2, 3]. 

Since directly measuring responses to each disturbance is impractical in commercial 

settings, indirect approaches using routinely collected longitudinal data have been 

developed. The most promising is the use of indicator traits to determine performance 

variability and recovery speed. Performance variability can be expressed by the fluctuation 

of daily milk yield. Therefore, the variance of deviations between observed and predicted 

daily milk yield (𝑣𝑣𝑑𝑑) is calculated. The variance is small for cows with smooth lactation 

curves, but also for cows with low milk yield [2, 4, 5]. To addresses the influence of the 

milk production level, a second parameter is the variance of relative daily milk yield (𝑣𝑣𝑟𝑟)[6]. 

This parameter is small for cows with smooth lactation curves that show a low decrease in 

milk yield during the lactation. The heritability for both variance-based indicator traits are 

moderate, in the range of 0.13 to 0.24 [4–6]. Furthermore, the genetic correlations with 

performance traits are desirable when the standardized 𝑣𝑣𝑟𝑟 is used or 𝑣𝑣𝑑𝑑 is corrected for 

the original performance level [5, 6]. Several studies have shown that resilient individuals 

have better values for health traits [5, 7, 8] or the productive lifetime [4, 9] than non-resilient 

cows. Recovery speed is captured by the autocorrelation (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) calculated from the devia-

tions between observed and predicted daily milk yield of a cow over the time of one 

lactation. A resilient cow with fast recovery has a value for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 near to 0 [2]. The heri-

tability is low with an average of 0.05 across several studies and breeds, and genetic 

correlations with other traits were mostly desirable but rarely significant [5, 8, 10]. A 

selection index can combine different resilience indicators in an optimal way. Since the 

economic value of resilience is difficult to measure, it was not used to determine the 
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weighting factors of the single indicator traits and alternative approaches were considered. 

Previous studies offer two options: On the one hand, the genetic correlation between 

resilience indicators and health and functional traits could be considered [11], on the other 

hand, the weighting factors could be optimized by maximizing the selection response in 

health traits when breeding for resilience [8]. The latter is used in the following. 

While previous studies estimated heritabilities and genetic correlations [4–6], and 

discussed the power and accuracy of single resilience indicator traits [2, 12], deeper 

analysis of the genetic architecture are lacking. To our knowledge, there has been one 

GWAS of resilience indicators in dairy cows [13], pigs [14] and laying hens [15]. Their 

results indicate a polygenic nature of resilience, with many gene loci having a small effect. 

Chen et al. [13] detected a strong peak on BTA14 for performance variability. 

This study builds on this state of research and uses in-depth genomic analysis to analyze 

the genetic architecture and relationships to other traits. Therefore, the aim of this study 

was to assess the genetic architecture of several resilience indicator traits by GWAS in the 

three large German dairy cattle (Bos Taurus) breeds German Holstein (HF), German 

Fleckvieh (FV) and German Brown Swiss (BS) using imputed HD SNP genotypes. Since 

we performed an across-breed and a within-breed GWAS, we also studied the across- and 

within-breed LD pattern and the population structure. This provided us information on the 

genetic relationship between the three breeds and supports the interpretation of the GWAS 

results. 

 

METHODS 
Data processing and evaluation as well as statistical analyses were performed in software 

R 4.2.1 [16]. Genotype preparation, phasing, imputation and population analysis were 

done by using PLINK 1.9 and PLINK 2.0 [17] and Beagle 5.4 [18, 19]. ASReml-R 4.1.0 

[20] was used for univariate estimation of breeding values and GCTA 1.94.1 [21] for GWAS 

with de-regressed GEBVs as phenotypes. 

Materials 
The dataset consists of 5,703 dairy cows of the breeds German Holstein (HF, n = 2,300), 

German Fleckvieh (FV, n = 2,330) and German Brown Swiss (BS, n = 1,073), originating 

from 48 farms. The farms are members of the breeding organization Rinderunion Baden-

Württemberg e.V. (Herbertingen, Germany) and work with automatic milking systems. The 

milking data, consisting of yield per milking and start time of milking, from the automatic 
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milking systems were longitudinally recorded between October 2017 and April 2024 and 

were provided by the Landeskontrollverband Baden-Württemberg e.V. (Stuttgart, 

Germany). 

Animals in our study were genotyped with 50  K SNP chips. For HF, the Eurogenomics-

MD-Chip was used in several versions. The merging of the chips and the imputation of 

undetermined SNPs were done by Vereinigte Informationssysteme Tierhaltung w.V. 

(Verden, Germany). Genotyping of FV and BS was done by Landeskontrollverband Bayern 

(Munich, Germany) and Bayerische Landesanstalt für Landwirtschaft (Grub, Germany) 

using Illumina BovineSNP50v2 BeadChip or DAC-BS50 Illumina. For both breeds, we 

obtained a standardized data set over the different chips, whereby missing SNPs were 

called with the population mean. We excluded SNPs on sex chromosomes, on undefined 

position, with minor allele frequency (MAF) < 0.03 or missing call rate > 0.01. The MAF 

threshold was stricter than in comparable studies [13, 22] in order to cause fewer false-

positive results in the GWAS and was based on a study with a similar data set to our BS 

sample [23]. SNPs that are not included in the high-density reference panels were 

excluded, as they would be automatically removed during imputation. All genotypes were 

updated to the reference genome assembly ARS-UCD1.2 by manually replacing the 

existing coordinates with the updated ones [24]. SNPs, which are not listed in the ARS-

UCD1.2, were excluded. This left 31,416 SNPs for HF, 34,238 SNPs for FV and 31,527 

SNPs for BS. 

A detailed overview of the size of the raw genotype and phenotype data and remaining 

data sets after filtering per breed can be found in the Supplementary (see Additional File 

1). 

Methods 

Calculation of resilience indicator traits 
Milk yields per milking were added up to daily milk yields, whereby the first milking was 

divided proportionally between the current and the previous day. Daily milk yields were 

filtered as follows. Days where the number of animals milked on the farm deviated by three 

standard deviations from the mean number of animals normally milked on the farm as well 

as the day before and after were removed for all animals on this farm. Furthermore, the 

day before and after an individual gap of an animal, meaning one or more days without 

available data, was removed. Lactations were considered from day 10 to day 305, and 

those with less than 50% coverage respectively 148 data points were excluded. For each 

lactation of each cow, a lactation curve was predicted using spline interpolation with 
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pspline in R [25] with degrees of freedom set to 5 and data points weighted by the strength 

of assumed disturbances. Details are described in Keßler et al. [6]. 

We considered three resilience indicator traits. The variance of the deviations between 

observed and predicted absolute daily milk yield (𝑣𝑣𝑑𝑑) was calculated as: 

𝑣𝑣𝑑𝑑(𝐲𝐲𝒊𝒊𝒊𝒊) =
1

𝑛𝑛 − 1
∗ � �(𝒚𝒚𝒊𝒊𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊𝒊𝒊) − (𝒚𝒚𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊)��������������

2
𝑛𝑛

𝑡𝑡=10

 

with 𝒚𝒚 a n-vector with daily milk yields of a cow 𝑖𝑖 in a certain lactation 𝑙𝑙, 𝒚𝒚� the vector with 

interpolated daily milk yields and 𝑡𝑡 the lactation day. The variance of relative daily milk 

yields (𝑣𝑣𝑟𝑟) in considered lactation period was calculated as: 

𝑣𝑣𝑟𝑟(𝐲𝐲𝒊𝒊𝒊𝒊) =
1

𝑛𝑛 − 1
∗ � �(𝛼𝛼𝑖𝑖𝑖𝑖 𝐲𝐲𝒊𝒊𝒊𝒊) − (𝛼𝛼𝚤𝚤𝚤𝚤 𝐲𝐲𝒊𝒊𝒊𝒊)�����������

2
𝑛𝑛

𝑡𝑡=10

 

with 𝒚𝒚 a 𝑛𝑛-vector with daily milk yields of a cow 𝑖𝑖  in a certain lactation 𝑙𝑙 and the scaling 

factor 𝛼𝛼𝑖𝑖𝑖𝑖 = 100
∑ 𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛
𝑡𝑡=10

 with 𝑡𝑡 the lactation day. The two parameters were logarithmized to 

conform to the assumption of normal distribution according to previous analyses in Keßler 

et al. [6]. 

The autocorrelation of the deviations between observed and predicted absolute daily milk 

yield (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) was calculated as: 

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝐲𝐲𝒊𝒊𝒊𝒊) =
𝑐𝑐𝑐𝑐𝑐𝑐(𝐲𝐲𝒊𝒊𝒊𝒊 − 𝐲𝐲�𝒊𝒊𝒊𝒊)
𝑣𝑣𝑣𝑣𝑣𝑣(𝐲𝐲𝒊𝒊𝒊𝒊 − 𝐲𝐲�𝒊𝒊𝒊𝒊)

 

and in detail: 

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(y𝑖𝑖𝑖𝑖) =

1
𝑛𝑛 − 2 ∗ ∑ ��(𝒚𝒚𝒊𝒊𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊𝒊𝒊) − (𝒚𝒚𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊)�������������� ∗ ��𝒚𝒚𝒊𝒊𝒊𝒊,𝒕𝒕−𝟏𝟏 − 𝒚𝒚�𝒊𝒊𝒊𝒊𝒊𝒊� − (𝒚𝒚𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊)���������������𝑛𝑛

𝑡𝑡=2

1
𝑛𝑛 − 1 ∗ ∑ �(𝒚𝒚𝒊𝒊𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊𝒊𝒊) − (𝒚𝒚𝒊𝒊𝒊𝒊 − 𝒚𝒚�𝒊𝒊𝒊𝒊)��������������

2
𝑛𝑛
𝑡𝑡=1

 

Genetic Analysis 
The resilience indicators described above were genetically analyzed separately for each 

breed and two different lactation groups. The first one, labelled P for primiparous, included 

phenotypes from the first lactation. For the second one, named M for multiple lactations, 

we added information also from higher lactations of the cows in P as repeated 

measurements. Thus, a univariate analysis was performed for each of six groups: first 

lacta-tion HF, all lactation HF, first lactation FV, all lactation FV, first lactation BS, all 

lactation BS. The animal model for the data sets with information about cows in the first 

lactation was: 

𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑍𝑍𝑍𝑍 + 𝑒𝑒 
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with 𝑦𝑦 vector of observations, 𝑢𝑢 vector of additive genetic effects, 𝑒𝑒 vector of residuals, and 

incidence matrices 𝑋𝑋 and 𝑍𝑍. The animal model for all lactations of the considered cows 

was: 

𝑦𝑦 = 𝑋𝑋𝑋𝑋 + 𝑍𝑍𝑍𝑍 + 𝑊𝑊𝑊𝑊𝑊𝑊 + 𝑒𝑒 

where 𝑝𝑝𝑝𝑝 is the vector of permanent environmental effects and 𝑊𝑊 is the incidence matrix. 

The additive genetic effects 𝑢𝑢, the permanent environmental effects 𝑝𝑝𝑝𝑝 and the residual 

effects 𝑒𝑒 were normally distributed with 𝑢𝑢 ~ 𝑁𝑁(0,𝐺𝐺𝜎𝜎𝑢𝑢2), 𝑝𝑝𝑝𝑝 ~ 𝑁𝑁�0, 𝐼𝐼𝑝𝑝𝑝𝑝𝜎𝜎𝑝𝑝𝑝𝑝2 � and 𝑒𝑒 ~ 𝑁𝑁(0, 𝐼𝐼𝑒𝑒𝜎𝜎𝑒𝑒2), 

whereby 𝐼𝐼 are identity matrices. The genomic relationship matrix 𝐺𝐺 was built according to 

VanRaden et al. [26]. The vector of fixed effects 𝑏𝑏 comprises in each model age at first 

calving in month, herd-year-season effect and completeness of lactation data. In the 

second model the effect of the lactation separated in first and higher lactation was added. 

Season in herd-year-season was divided into spring from March to May, summer from 

June to August, autumn from September to November, and winter from December to 

February and completeness of lactation data was graded in ≥ 90%, 80%—< 90%, 70%—

< 80%, 60%—< 70%, 50%—< 60%. In all analyses, effect levels with fewer than six 

animals are excluded. This left 1,370 HF cows for P and 1,538 HF cows for M, for FV 1,135 

cows in P and 1,551 in M and for BS P includes data from 310 and M from 488 cows. For 

further analysis, we de-regressed the cow’s additive genetic effects, i.e. their GEBV, by 

dividing the effects by their reliabilities and standardized them to a mean of 0 and a 

standard deviation of 1 within each group. We also calculated the heritability as the 

proportion of additive genetic variance of the total variance. 

Additionally, a selection index (𝑆𝑆𝑆𝑆) was computed that combines the resilience indicators 

into a single trait. The selection index is a linear combination of the GEBVs of individual 

resilience indicators, with weights chosen to optimally describe overall resilience. 

Weighting factors were determined in Keßler et al. [8], by maximizing the selection 

response in health traits when selecting on resilience indicators based on the performance 

trait daily milk yield. The weighting factors were adopted from this study, which were esti-

mated in the same data set [8]. The selection index was calculated as 

𝑆𝑆𝑆𝑆(y𝑖𝑖) = 0.65 ∗ 𝑣𝑣�𝑑𝑑(𝐲𝐲𝒊𝒊) +  0.35 ∗  𝑣𝑣�𝑟𝑟(𝐲𝐲𝒊𝒊), 

where 𝑣𝑣�𝑑𝑑(𝐲𝐲𝒊𝒊)  and 𝑣𝑣�𝑟𝑟(𝐲𝐲𝒊𝒊) were GEBVs of the logarithmized, negated 𝑣𝑣𝑑𝑑(𝐲𝐲𝒊𝒊) and 𝑣𝑣𝑟𝑟(𝐲𝐲𝒊𝒊), for 

cow 𝑖𝑖.  The selection index was calculated in both lactation groups, 𝑃𝑃 and 𝑀𝑀, and all three 

breeds. 
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Imputation 
For further analyses we imputed the 50  K genotypes to high-density genotypes. The 

following reference panels were used. For HF, we used data from 1,278 Australian 

Holsteins with 585,517 SNPs that were genotyped with the BovineHD Genotyping 

BeadChip [27]. High-density data from 3,439 FV cows and bulls including 629,028 SNPs 

genotyped with Illumina BovineHD Bead chip [28] and 192 BS individuals with 613,140 

SNPs genotyped with Illumina Bovine-HD [23] were available. Similar to the 50  K 

genotype data, SNPs whose MAF was < 0.03, whose missing call rate was > 0.01 or which 

were found on sex chromosomes were removed. The positions of considered SNPs were 

updated to the reference genome ARS-UCD1.2 [24]. 522,726 SNPs in HF, 580,873 SNPs 

in FV and 503,971 SNPs in BS remained. 

Reference panel data were phased using beagle 5.4 within each dataset. 50 K and high-

density data of each breed were concorded with conform-gt and then imputed with beagle 

5.4. According to [29], the effective population size Ne was set to 100. Apart from that, the 

default settings were used. SNPs with a dosage R-Squared < 0.75 are removed to 

maintain a sufficiently high imputation quality [19]. The final imputed data set contains 

2,300 HF cows with 503,263 SNPs, 2,330 FV cows with 569,056 SNPs and 1,073 BS cows 

with 493,637 SNPs. For the across-breed population analysis, the imputed genotypes 

were merged with PLINK 1.9 [30], leaving 401,491 SNPs shared across all breeds. 

Population Analysis 
Population analyses were done in PLINK 1.9 for MDS and PLINK 2.0 for LD analysis [17]. 

Genomic relationship between the breeds was studied with a MDS based on imputed 

genotypes, considering only SNPs that remained in all three breeds after all filtering steps 

described above. The LD was analysed across breeds and breed-specific, using the 

maximum number of available SNPs in the imputed genotype datasets of each breed, 

respectively the merged imputed dataset after all filtering steps. The LD was calculated as 

the r2 [31]: 

𝑟𝑟2 =  
�𝑝𝑝𝐴𝐴1𝐵𝐵1 − 𝑝𝑝𝐴𝐴1𝑝𝑝𝐵𝐵1�

2

𝑝𝑝𝐴𝐴1𝑝𝑝𝐴𝐴2𝑝𝑝𝐵𝐵1𝑝𝑝𝐵𝐵2
 

with 𝑝𝑝 the allele frequency, 𝐴𝐴1 and 𝐴𝐴2 alleles on gene locus 𝐴𝐴 and 𝐵𝐵1 and 𝐵𝐵2 alleles on 

gene locus 𝐵𝐵. The LD between pairs of SNPs that were a maximum of 1,000 SNPs or 

3,000 kilobases apart was calculated. 
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Genome-wide association study 
For each of the six groups defined above, a GWAS was performed for the resilience 

indicator traits and the selection index. We optimized the GWAS model by minimizing the 

difference of the genomic inflation factor lambda λ𝐺𝐺𝐺𝐺 to 1 in each breed. λ𝐺𝐺𝐺𝐺 is calculated 

as the ratio between the median of the observed chi-squared test statistics and the 

expected median of 0.455 [32]. The value should be close to 1 or slightly above [22, 33]. 

We therefore decided for a mixed linear model based association analysis (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) for HF, 

a 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 excluding the GRM of the chromosome where the SNP is located (𝑀𝑀𝑀𝑀𝑀𝑀 −  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) 

for BS and a 𝑀𝑀𝑀𝑀𝑀𝑀 −  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 corrected for a fixed effect of the principal components 

calculated based on the whole genome (MLM −  LOCO𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to account for population 

stratification for FV [21] (λ𝐺𝐺𝐺𝐺of the selected GWAS are provided in the results, all λ𝐺𝐺𝐺𝐺 are 

provided in Additional File 2). 

GWAS were performed using the following model: 

𝑦𝑦 =  µ +  𝑋𝑋𝑋𝑋 +  𝑍𝑍𝑍𝑍 +  𝑒𝑒, 

with 𝑦𝑦 vector of de-regressed, standardized additive genetic effects of each animal derived 

from univariate analysis for each resilience indicator trait and the selection index, the 

population mean µ, fixed effects 𝑏𝑏 with the incidence matrix 𝑋𝑋, including the reference 

allele coded with 0, 1 or 2, the vector of additive genetic effects 𝑢𝑢 with 𝑢𝑢 ~ 𝑁𝑁(0,𝐺𝐺𝜎𝜎𝑢𝑢2) and 

𝐺𝐺 the genomic relationship matrix created according to Yang et al. [34], and the residual 

term 𝑒𝑒 with 𝑒𝑒 ~ 𝑁𝑁(0, 𝐼𝐼𝑒𝑒𝜎𝜎𝑒𝑒2). In 𝑀𝑀𝑀𝑀𝑀𝑀 −  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and MLM −  LOCO𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝐺𝐺 is calculated for 

each chromosome separately and leaves out the chromosome, where the SNP to be 

tested for association is located. The vector 𝑏𝑏 includes the additive effect of the candidate 

SNP to be tested for association and for MLM −  LOCO𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 in FV a covariate of 20 

principal components, which were calculated based on the whole genome with software 

GCTA [35]. For the calculation of GWAS in GCTA, the reference allele was specified in 

accordance with ARS-UCD1.2. 

For across-breed evaluation, we pooled the p-values in data set 𝑃𝑃 and data set 𝑀𝑀 per 

resilience indicator using the package poolr in R [36]. We used the Fisher method, which 

is based on the chi²-statistic: 

𝑋𝑋2 = −2� ln (𝑝𝑝𝑖𝑖)
𝑘𝑘

𝑖𝑖=1

 

with K number of tests (three) and pi the p-values of the GWAS. 

The results of the single GWAS and pooled GWAS are shown as Manhattan plots, 



  CHAPTER FOUR 

 - 98 -   

whereby two significance thresholds were defined. Genome-wide significance was 

determined using Bonferroni correction with, with 𝑁𝑁 number of SNPs, and a less stringent, 

suggestive level of significance was set to 𝑝𝑝 ≤  0.05
𝑁𝑁

 . For SNPs showing significant 

association at the stringent significance level, the Cattle QTL Database release 53 [27] 

was used to search for QTL in the range from 25 kB up- and downstream. 

 

RESULTS 
Heritabilities 

Heritabilities were in the range of 0.1 to 0.15 for 𝑣𝑣𝑑𝑑. BS showed the highest ℎ2 with 0.23 

(SE = 0.15) in 𝑃𝑃 and 0.15 (SE = 0.07) in 𝑀𝑀. HF and FV were similar with 0.13 (SE = 0.05) 

and 0.12 (SE = 0.06) in 𝑃𝑃 and 0.1 (SE = 0.03) and 0.13 (SE = 0.03) in 𝑀𝑀. Repeatability 

was 0.26 (SE = 0.02) in HF, 0.25 (SE = 0.03) in FV and 0.19 (SE = 0.05) in BS. For 𝑣𝑣𝑟𝑟 FV 

showed the lowest ℎ2 with 0.04 (SE = 0.04) in 𝑃𝑃 and 0.08 (SE = 0.03) in 𝑀𝑀, and BS the 

highest ℎ2 with 0.18 (SE = 0.15) in 𝑃𝑃 and 0.2 (SE = 0.08) in 𝑀𝑀. HF ranged between them 

with 0.13 (SE = 0.04) in 𝑃𝑃 and 0.15 (SE = 0.03) in 𝑀𝑀. Repeatabilities were higher than for 

𝑣𝑣𝑑𝑑, with 0.32 (SE = 0.02) in HF, 0.35 (SE = 0.03) in FV and 0.4 (SE = 0.05) in BS. Estimates 

of ℎ2 for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 were rarely significant and low with values between 0.03 in FV and 0.12 in 

BS. Repeatability’s were 0.17 (SE = 0.02) for HF, 0.2 (SE = 0.03) for FV and 0.27 (SE = 

0.06) for BS. Reliabilities for GEBVs were smaller in 𝑃𝑃 data sets than in 𝑀𝑀 data sets with 

an average difference of 0.1. The highest values in 𝑀𝑀 were estimated in HF (0.37) and BS 

(0.33) for 𝑣𝑣𝑟𝑟 and the lowest in HF (0.15) and FV (0.14). Reliabilities of 𝑣𝑣𝑑𝑑 in 𝑀𝑀 ranged 

around 0.29. Genetic correlation between the resilience indicator traits were analysed in a 

previous study and can be seen in Keßler et al. [6]. 

Population Analyses 

The MDS (Fig. 1) shows three distinct clusters, each corresponding to one breed. The 

distances between the clusters are similar. 

The 𝑟𝑟2 of the LD decreases with increasing marker distance (Fig. 2). This can be observed 

across all breeds as well as within breeds. The strongest decline in LD can be observed 

in FV, the lowest in BS. The LD within the breeds is similar, which means that the across-

breed analysis showed comparable results. 
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Genome-wide association study 
Table 1 shows the values of λ𝐺𝐺𝐺𝐺 for MLMA in HF, 𝑀𝑀𝑀𝑀𝑀𝑀 −  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 in BS and 

MLM −  LOCO𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 in FV. Based on these values, we decided on the respective 

method for the GWAS. Our aim was to detect significant SNPs as accurately as possible 

without the inflation of false-positive results, therefore λ𝐺𝐺𝐺𝐺 should be close to 1 or slightly 

above. Since the other methods considered led to a strong inflation of false-positive results 

Fig. 2: The decay of mean r² as a function of physical distance for breeds HF, FV and 

BS analyzed jointly (left), separated by breed (middle) and compared between the 

breeds (right) 

Fig. 1: Genomic relationship between the breeds HF, FV and BS represented in a 

MDS-plot 
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(λ𝐺𝐺𝐺𝐺 >1.5) in HF [see Additional File 2], we decided to use the conservative 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 

approach. 

 

Figures 3, 4, 5 and 6 illustrate the results of GWAS for each resilience indicator trait after 

pooling p-values across breeds for first and for all available lactations. Genome-wide 

significant SNPs were found for 𝑣𝑣𝑑𝑑 in the first lactation and for all single resilience indicator 

traits in the data set with all available lactations. SNPs that reached the suggestive 

significance threshold were found for all traits and groups, also for 𝑆𝑆𝑆𝑆. These SNPs were 

distributed through-out the genome, with the variance-based indicators showing more 

significant SNPs. For the sake of completeness, the Manhattan plots can be viewed 

separately by breed in the Supplementary (see Additional File 4).   

Table 1 Genomic inflation factors λ𝐺𝐺𝐺𝐺 for GWAS in German Holstein, German Fleckvieh, German 

Brown Swiss and pooled data sets of first lactation (𝑃𝑃 ) and first and higher lactations (𝑀𝑀) for 

resilience indicator traits 

German Holstein German Fleckvieh German Brown Swiss Across-Breed 

P M P M P M P M 

0.811 0.805 1.197 1.374 1.140 1.242 1.081 1.253 

0.811 0.810 1.155 1.373 1.153 1.191 1.084 1.251 

0.842 0.823 1.117 1.353 1.103 1.164 1.048 1.233 

0.822 0.807 1.185 1.374 1.142 1.198 1.099 1.235 

𝒗𝒗𝒅𝒅 – variance of deviations between observed and predicted absolute daily milk yield 
𝒗𝒗𝒓𝒓 – variance of relative daily milk yield 
𝒓𝒓𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 – autocorrelation of deviations between observed and predicted absolute daily milk yield  
𝑺𝑺𝑺𝑺– selection index resilience composed of single resilience indicators 
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Fig. 3: Manhattan-Plot of pooled p-values from single GWAS in the three breeds 

𝑣𝑣𝑑𝑑 based on all lactations 

𝑣𝑣𝑑𝑑 based on first lactations 

Fig. 4: Manhattan-Plot of pooled p-values from single GWAS in the three breeds 

German Holstein, German Fleckvieh and German Brown Swiss for the resilience 

indicator trait 𝑣𝑣𝑟𝑟, which is the variance of relative daily milk yield in first lactation (top) 

and first and higher lactations (bottom) 

𝑣𝑣𝑟𝑟 based on first lactations 

𝑣𝑣𝑟𝑟 based on all lactations 
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Fig. 5: Manhattan-Plot of pooled p-values from single GWAS in the three breeds 

German Holstein, German Fleckvieh and German Brown Swiss for resilience indicator 

trait 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, which is the autocorrelation in first lactation (top) and first and higher 

lactations (bottom) 

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 based on first lactations 

𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 based on all lactations 

Fig. 6: Manhattan-Plot of pooled p-values from single GWAS in the three breeds 

German Holstein, German Fleckvieh and German Brown Swiss for the resilience 

selection index 𝑆𝑆𝑆𝑆 computed from resilience indicator traits calculated from daily milk 

yield in first lactation (top) and first and higher lactations (bottom) 

𝑆𝑆𝑆𝑆 based on first lactations 

𝑆𝑆𝑆𝑆 based on all lactations 
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Number of suggestive and genome-wide significant SNPs can be seen in Table  2, while 

the name of the genome-wide significant SNPs and their base pair positions can be viewed 

in the Supplementary [see Additional File 3]. According to previous studies [e.g. [37, 38], 

most correlated QTL potentially influence milk yield, reproductive performance, body 

condition or longevity. Furthermore, QTL associated with udder, metabolic and claw health 

as well as immunological parameters were found (see Additional File 3 for an overview). 

 
Table 2: Number of significant SNPs for resilience indicator traits based on suggestive (𝒑𝒑 <

 𝟓𝟓 ∗ 𝟏𝟏𝟏𝟏−𝟓𝟓) and genomewide (𝒑𝒑 ≤  𝟎𝟎.𝟎𝟎𝟎𝟎
𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵 𝒐𝒐𝒐𝒐 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺

) significance threshold for first lactation of 

(𝑷𝑷) and for first and higher lactations of cows (𝑴𝑴) 
Significance  
of the SNP 

 𝒗𝒗𝒅𝒅,   𝒗𝒗𝒓𝒓,   𝒓𝒓𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨,   𝑺𝑺𝑺𝑺, 

P M  P M  P M  P M 

Genome-wide 4 13  0 38  0 3  0 0 

Suggestive 93 379  214 716  84 234  196 441 

𝒗𝒗𝒅𝒅 – variance of deviations between observed and predicted absolute daily milk yield  
𝒗𝒗𝒓𝒓 – variance of relative daily milk yield 
𝒓𝒓𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 – autocorrelation of deviations between observed and predicted absolute daily milk yield 
𝑺𝑺𝑺𝑺 – selection index resilience composed of single resilience indicators 
 

DISCUSSION  
General discussion 

In Germany, there are hardly any studies that compare and, above all, combine the 

genomic data from HF, FV and BS, likely also due to the division of breeding value 

estimation between different organisations. We matched the three data sets, which 

enabled us to increase our data basis and thus our power. In addition, we can draw con-

clusions about all three breeds, whereas analysing the BS alone would have been critical 

due to the small number of individuals. Multibreed analyses lead to a higher accuracy of 

estimates for breeds with small reference populations [39], like BS, and also allow 

estimates for crossbred animals, for example when estimating genomic breeding values 

[40]. For purebred, large reference populations a single breed analysis would be more 

advantageous [41], which is why we did a two-step analysis: run the mixed-linear model 

and the genome-wide association study for each breed in the first step, and combine the 

results in a second step. Heritabilities in our data set were in the range with previous 
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studies with Holstein Friesian [4, 5, 10]. Higher heritabilities with higher standard errors in 

BS could be due to the limited number of individuals and farms, which is why fewer 

estimations of variance components per trait were significant. The inclusion of all lactations 

of the individuals compared to only the first lactation tended to explain a higher proportion 

of the total variance, captured by the permanent environment effect. 

Population analysis 
The breeds studied are genetically different, which was as expected and previously 

reported for the same breeds in Switzerland [42]. The number of SNPs considered was 

> 300,000 and the decrease in LD with increasing distance between SNPs was similar in 

all breeds. Thus, all three breeds could be analysed and discussed jointly in the GWAS 

[43]. For the subsequent search for QTL associated with the genome-wide significant 

SNPs for resilience indicators, a window had to be defined. This is limited by the useful LD 

between SNP and QTL, which was described by de Roos et al. [40] and Sargolzaei et al.  

[44] with 𝑟𝑟2>0.3. In our study, we observed a mean 𝑟𝑟2>0.4 in a distance of up to 25 kb. In 

addition, as this was an across-breed study, we were more stringent with the window size.    

Genomewide-association study 
The inflation factor λ𝐺𝐺𝐺𝐺 was close to 1 or slightly above for most of the data sets (Table 1) 

and only for FV first and higher lactations above 1.3. This suggests that the p-values of the 

GWAS might be slightly inflated for the latter, but not for the remaining data sets. A 

conservative approach with λ𝐺𝐺𝐺𝐺 <1 was chosen for HF, as the other methods tested 

resulted in highly inflated results. The pooled, across-breed analysis showed that 

resilience indicators are polygenic traits influenced by many gene loci. This was shown by 

the high number of suggestive significant SNPs distributed across the entire genome and 

the small number of genome-wide significant SNPs. Similar results were reported by 

previous studies about resilience indicators in laying hens [15], pigs [14] and dairy cows 

[13]. Chen et al. [13] reported a strong peak on BTA14, whereby the milk yield level had a 

significant causal effect on the performance variability over several lactations. QTL that 

are closely adjacent to our genome-wide significant SNPs simultaneously influence 

several traits of performance, fertility and health [45]. The inclusion of repeated 

measurements per individual led to a higher power of the GWAS. In contrast to the data 

set of the first lactation, genome-wide significant SNPs were found for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 and 𝑣𝑣𝑟𝑟 in the 

data set including all lactations. For 𝑣𝑣𝑑𝑑, there was an increase in the number of genome-

wide significant SNPs when all lactations were considered rather than just the first. 
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However, they did not share their genetic backgrounds, i.e. different genome regions 

influence different resilience indicators. This was previously described in Chen et al. [13] 

for traits similar to our 𝑣𝑣𝑑𝑑 and 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 and were expected from us, because previous analysis 

of genetic correlation between single resilience indicator traits showed only less to moder-

ate correlation, which can be interpreted as different traits[6]. 

Common genetic background of resilience and other traits 

Genomic regions that have a strong effect on our resilience indicators influence milk yield, 

milk ingredients, health and fertility traits. A significant genetic effect on the resilience 

indicator 𝒗𝒗𝒓𝒓 occurs from BTA5, in the region of the genes CACNG2, EIF3D, IFT27 and 

PVALB, which influence milk yield, and next to 5s_RNA, which influences the amount of 

milk fat [37]. With 7SK, 𝒓𝒓𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 on BTA8 also has a milk yield-regulating gene in the ana-

lysed window. A significant effect of 𝒗𝒗𝒅𝒅 were detected on BTA14 in a region in which 

pleiotropic genes have an effect on milk quantity and ingredients, especially milk fat acids 

[46]. Known genes are for example DGAT1, ARHGAP39, bta-mir-2308, LRRC24, CPSF1, 

RECQL4, PLEC, PPP1R16A, MFSD3, GPT, KIFC2, CYHR1, TONSL or FOXH1 [37, 38, 

45]. A strong antagonism between the SNP effects on the amount of milk fat and the 

amount of milk and milk protein yield is known for PLEC and PPP1R16A [38]. An 

unbalanced fat-to-protein ratio can be a sign of a negative energy balance and metabolic 

diseases [47, 48], which is why animals with a strong genetic antagonism may be less 

resilient. In addition, this shared genetic background of performance and resilience influ-

ences the stability of milk and milk fat yield under heat stress [49] and the overall 

profitability of a dairy cow [50], which was also described in Poppe et al. [51]. 

Jiang et al. [38] reported a QTL next to MRPS35 on BTA5, which is in a high LD with 

genome-wide significant SNPs for 𝑣𝑣𝑟𝑟, influencing pregnancy and conception rate, and 

Cochran et al. [45] a QTL on CPSF1, influencing conception rate and 𝑣𝑣𝑑𝑑. Galliou et al. [52] 

detected on BTA2 in a genomic region with an effect on 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, QTL for heifer reproduction 

traits that may also affect reproduction in cows. Health indicator traits like the somatic cell 

score for mastitis [45] or the concentration of beta-hydroxybutyrat (BHB) in milk for keto-

sis [53] are affected by genomic regions on BTA14, also influencing 𝑣𝑣𝑑𝑑. This is confirmed 

by a study with the EBV of mastitis, showing a significant influence in the same genomic 

area [54]. 

The selection index 𝑆𝑆𝑆𝑆 was not influenced by genome-wide significant SNPs, but strong 

suggestive peaks emerged on BTA4, BTA16, BTA21 and BTA27. QTL on these 
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chromosomes influence milk yield and especially milk fat, longevity and reproduction 

ability. This underlines the polygenic characteristics of resilience. 

Breeding for resilience 
Breeding for resilience to increase recovery speed and reduce performance variability 

reduces sensitivity to external disturbances. The current approach of using indicator traits 

calculated on the basis of longitudinal data seems promising: moderate heritabilities and 

desirable correlations with other traits have been shown in previous studies [4–7, 10, 55]. 

The combination of different indicator traits is suitable for integration into practical breeding 

[11]. For example, the weighting factors can be determined by maximizing selection 

response in functional and health traits. In this way, performance and functionality are 

combined and mediated. Because of favorable genetic correlations, breeders could use 

this EBV in addition to the total merit index to more easily identify sires that combine yield, 

longevity and health [8]. There are two main points in favor of breeding for resilience: First, 

no extra data collection is necessary for breeding value estimation [2]. Second, in some 

breeds, little or no health traits are recorded; breeding for resilience could improve animal 

health [6, 8]. A homogeneous, healthy herd with stable performance is easier to manage 

and more profitable [2, 51]. In the future, the suitability of other statistical parameters as 

resilience indicator traits [12] and new longitudinal measured phenotypes (e.g. activity 

data, omics data) will be studied [7, 56]. 

 

CONCLUSION 
Our study demonstrated clear genetic differentiation between German populations of HF, 

FV, and BS breeds, while showing similar patterns of LD decay across breeds. Significant 

heritabilities for resilience indicators were estimated across all three breeds. GWAS results 

revealed the polygenic nature of resilience, with significant SNPs distributed across 

multiple BTA. Genome-wide significant SNPs for 𝑣𝑣𝑑𝑑 were found on BTA14, for 𝑣𝑣𝑟𝑟 on BTA5 

and for 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 on BTA2 and BTA8, which indicate a different genetic background. A selection 

index combined of 𝑣𝑣𝑑𝑑 and 𝑣𝑣𝑟𝑟 was mainly influenced by SNPs on BTA4, BTA16, BTA21 

and BTA27. We found strong links with QTL affecting production, health and fertility, which 

confirms the complex genetic architecture of resilience. Notably, analyzing resilience 

across multiple lactations increased statistical power and revealed additional significant 

associations compared to first-lactation analysis.  
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Additional File 3: Provision of information of genome-wide significant 
SNPs and correlated QTL  

Table 7: Name and Base-pair Position of genomewide significant SNPs (𝑝𝑝 ≤  0.05
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

) for 

the resilience indicators variance (𝑣𝑣𝑑𝑑) and autocorrelation (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) of deviations between observed 

and predicted absolute daily milk yield, variance of relative daily milk yield (𝑣𝑣𝑟𝑟) and a selection 

index resilience computed from the resilience indicator traits (𝑆𝑆𝑆𝑆) analyzed in across-breeds in 

first lactation (𝑃𝑃) and first and higher lactations (𝑀𝑀) 

Trait 
Lactation 

Marker Name Chromosome 
Base-pair 
Position 

𝒗𝒗𝒅𝒅 
P 

BovineHD1400000204 14 487527 
BovineHD1400000206 14 494621 

BovineHD1400000216 14 550784 
BovineHD1400000281 14 854163 

𝒗𝒗𝒅𝒅 
M 

ARS-BFGL-NGS-107379 14 862483 
BovineHD1400000188 14 403312 
BovineHD1400000199 14 452477 
BovineHD1400000200 14 454838 
BovineHD1400000204 14 487527 
BovineHD1400000206 14 494621 
BovineHD1400000216 14 550784 
BovineHD1400000275 14 827586 
BovineHD1400000281 14 854163 
BovineHD1400000283 14 865655 
BovineHD1400000286 14 876529 
BovineHD1400000287 14 883732 
BovineHD1400000324 14 1063078 

𝒗𝒗𝒓𝒓 
M 

ARS-BFGL-NGS-72413 5 82061755 

ARS-BFGL-NGS-80785 5 75143850 
BovineHD0500021484 5 75039090 
BovineHD0500021485 5 75048931 
BovineHD0500021495 5 75088299 
BovineHD0500021496 5 75094522 
BovineHD0500021497 5 75098897 
BovineHD0500021498 5 75100664 
BovineHD0500021499 5 75109095 
BovineHD0500021500 5 75111711 
BovineHD0500021501 5 75115270 
BovineHD0500021502 5 75117210 
BovineHD0500021505 5 75129323 
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BovineHD0500021508 5 75137447 
BovineHD0500022023 5 77146567 
BovineHD0500022699 5 79710128 
BovineHD0500023284 5 82057231 
BovineHD0500023286 5 82059684 
BovineHD0500023287 5 82060341 
BovineHD0500023289 5 82062576 
BovineHD0500023290 5 82064350 
BovineHD0500023291 5 82064946 
BovineHD0500023292 5 82065496 
BovineHD0500023293 5 82067669 
BovineHD0500023295 5 82077397 
BovineHD0500023297 5 82089704 
BovineHD0500023298 5 82094211 
BovineHD0500024876 5 87262266 
BovineHD0500024896 5 87377813 
BovineHD0500025559 5 89572280 
BovineHD0500025685 5 90038070 
BovineHD4100003858 5 75105523 
BovineHD4100003859 5 75124656 
BovineHD4100003886 5 82066707 
BovineHD4100003887 5 82070754 
BovineHD4100003888 5 82085293 
Hapmap40676-BTA-121691 5 75086818 
Hapmap50084-BTA-74042 5 75043240 

𝒓𝒓𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 
M 

BTA-114769-no-rs 8 36910551 
BovineHD0200016228 2 56978160 
BovineHD0800011049 8 36865281 
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Table 8: Overview of traits influenced by with genome-wide significant SNPs (𝑝𝑝 ≤  0.05
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

) for 

the resilience indicators variance (𝑣𝑣𝑑𝑑) and autocorrelation (𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) of deviations between observed and 

predicted absolute daily milk yield, variance of relative daily milk yield (𝑣𝑣𝑟𝑟) and a selection index 

resilience computed from the resilience indicator traits (𝑆𝑆𝑆𝑆) analyzed in across-breeds in first lactation 

(𝑃𝑃) and first and higher lactations (𝑀𝑀) correlated QTL 

Trait influenced by associated QTL 
𝒗𝒗𝒅𝒅 
P 

𝒗𝒗𝒅𝒅 
M 

𝒗𝒗𝒓𝒓 
M 

𝒓𝒓𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 
M 

Body weight X 
Bone quality X 
Bovine tuberculosis susceptibility X X 
Calving Interval X 
Clinical mastitis X X 
Conception rate X X X 
Connective tissue amount X 
Curd firmness X 
Curd solids yield X 
Curd yield X 
Dystocia X 
First service conception X 
Heat tolerance X X X 
Ketosis X X 
Lean meat yield X X 
Lifetime profit index X X 
M. paratuberculosis susceptibility X 
Marbling score X X 
Metabolic body weight X 
Milk alpha-lactalbumin percentage X X 
Milk alpha-S1-casein percentage X 
Milk beta-lactoglobulin percentage X 
Milk butyric acid content X X 
Milk C14 index X X 
Milk C16 index X X 
Milk C18 index X X 
Milk calcium content X X 
Milk capric acid content X X 
Milk caprylic acid content X X 
Milk casein percentage X X 
Milk cholesterol content X X 
Milk citrate count X 
Milk conjugated linoleic acid content X X 
Milk copper content X X 
Milk fat percentage X X X 



CHAPTER FOUR 

- 121 -

Milk fat yield X X X 
Milk fat-to-protein ratio X X 
Milk kappa-casein content X X 
Milk kappa-casein percentage X X 
Milk lactose yield X X 
Milk linoleic acid content X X 
Milk linolenic acid content X X 
Milk monounsaturated fatty acid content X 
Milk myristic acid content X X 
Milk myristoleic acid content X X 
Milk oleic acid content X X 
Milk palmitic acid content X X 
Milk palmitoleic acid content X X 
Milk pentadecylic acid content X X 
Milk phosphorus content X 
Milk polyunsaturated fatty acid content X 
Milk potassium content X X 
Milk protein content X X 
Milk protein percentage X X 
Milk protein yield X X 
Milk riboflavin content X X 
Milk saturated fatty acid content X X 
Milk stearic acid content X X 
Milk tridecylic acid content X 
Milk unsaturated fatty acid content X 
Milk urea nitrogen content X X 
Milk yield X X X X 
Milk zinc content X X 
Multiple birth X 
Pregnancy rate X X X 
Shear force X 
Somatic cell count X X 
Somatic cell score X X 
Subcutaneous fat thickness X 
Udder attachment X X 
Udder cleft X X 
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GENERAL DISCUSSION 

Breeding goals change over time. They are adapted to the demands of farmers and 

consumers, the requirements of the production environment, as well as political and social 

circumstances. In dairy cattle breeding, the focus shifted worldwide from performance a 

balanced combination of performance, health and fertility. Nowadays, novel traits, like feed 

or methane efficiency and resilience, are being studied and might be integrated into 

breeding goals in the future. At this, initiatives to make these traits measurable and 

evaluable on the large scale, such as the so-called sniffer technology to measure methane 

emissions, enable the inclusion of these traits into the breeding programs (Miglior et al. 

2017; Lora et al. 2020). This thesis focuses on the topic of resilience and examines it in 

the German dairy cattle populations: German Holstein (HF), German Fleckvieh (FV) and 

German Brown Swiss (BS). In particular, various quantitative-genetic parameters of a 

novel trait need to be studied to understand the genetic background and correlations with 

other traits in the population concerned before it can be integrated into a breeding goal. 

These include heritabilities, repeatabilities, genetic correlations, economic values, 

phenotypic means and phenotypic variances in the current population (Simianer et al. 

2021; Wolfová and Wolf 2013).  

First, a novel trait or its underlying concept must be clearly defined and the trait collection 

described. These and the differentiation from other traits and concepts were described in 

chapter one. 

Accordingly, the genetic parameters for various resilience indicator traits were estimated 

and interpreted in chapter two. It was found that resilience measured by the time series 

indicator traits is heritable and correlated with performance traits. The differences between 

the breeds were small. From a methodological point of view, logarithmization of the 

resilience indicator traits is recommended to satisfy the assumption of normal distribution. 

Economic values and correlations to functional and health traits are still missing for 

integration into the total merit index of a breeding program. This was the subject of chapter 
three for the HF. For each animal, an EBV per resilience indicator trait was estimated, 

whose correlations to the other traits for which an EBV was available were analyzed. The 

correlations for resilience indicator traits based on the time series parameter variance with 

health traits were significant and desired, while the correlation analysis between the 

autocorrelation and health traits were undesirable or non-significant. Since there are no 

economic values for resilience yet, the weighting factors for single resilience indicator traits 
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in a selection index resilience were determined by maximizing the joint breeding response 

in the selection index health. The result was a selection index resilience with desirable 

correlations to single health traits. This means that individuals with a high EBV in the 

selection index resilience are yield-stable and healthy. 

Since resilience is a new trait complex, little is known about its genetic architecture. 

Chapter four uses genome-wide association studies (GWAS) to unravel information on 

significantly affecting genomic regions. These were carried out for all breeds and 

concluded at the end by pooling the p-values of the GWAS statistics. The results showed 

that resilience is a polygenic trait with only few significant trait-associated SNPs.  

In summary, mainly all requirements for the implementation of a trait resilience in the 

breeding value estimation of the HF could be fulfilled with this work. Variance components, 

heritabilities, and correlations with further traits were estimated and usable for breeding. 

An alternative method for determining the weighting factors of single resilience indicator 

traits in a selection index resilience was successfully tested to circumvent the problem of 

missing economic weights. This methodology, described and discussed in the second 
chapter, can be adapted to the FV and BS, so that a transfer into the breeding practice 

for these breeds is possible. To increase the understanding of resilience, the breeding 

value points of the resilience indicator traits are converted into measurable parameters 

such as milk loss per lactation or the average number of disturbances in the following 

general discussion. In addition, future developments of resilience are discussed. 
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Correlations between resilience indicator traits and health and 
functional traits  

Chapter three presented the results of the correlation analyses between resilience 

indicator traits and health and functional traits in the HF population. Pearson correlations 

between EBV were analyzed, whereby a high EBV and a positive correlation coefficient 

are desired. The consideration of FV and BS would have gone beyond the scope of the 

publication, but will be added below. The same methodology as described in chapter three 

was adapted to between 850 and 1,227 individuals of the BS breed and to between 1,059 

and 1,508 individuals of the FV breed. The number of observations differed between traits, 

because EBV with an accuracy < 15 % were excluded. While 13 single health traits are 

implemented in the breeding value estimation for HF and combined in a selection index 

health (Vereinigte Informationssysteme Tierhaltung w.V. 2024), only EBV for mastitis, milk 

fever, early fertility disorders and cysts are recorded for FV and BS, according to the official 

genetic evaluation for these breeds, carried out by ZuchtData (Vienna, Austria). As with 

HF, high EBV should be considered desirable and interpreted as healthy animals (Fürst 

2023). Since the end of 2024, there have also been EBV for claw health (Fürst et al. 2023), 

but these were not available to our analyses. Therefore, a similar selection index to the 

health selection index in HF is named fitness (SIfitness) and made up of the traits longevity, 

yield persistency, fertility, calving ease, vitality, udder health and milkability (Fürst 2023).  

The results for BS and FV are shown in Figure 3 with generally weaker correlations than 

in HF (results shown in Figure 1 in chapter three). The analysis in BS showed similar 

results to HF with significant positive and desired correlations between variance-based 

resilience indicator traits and the EBV for health and functional traits. In contrast, the 

correlations with rAuto were undesired negative and less significant. Negative correlations 

between variance-based resilience indicator traits and fertility and metabolic diseases 

were found for FV, indicating that resilient individuals are more affected by cysts, early 

fertility disorders and milk fever. One reason for this could be different data collection 

periods. For example, milk fever is only detected in the first 10 days after calving in FV and 

BS; this period is not considered at all when calculating the resilience indicator traits. In 

HF, the data collection period is up to the 50th lactation day. Cysts are only recorded 

between the 30th and 150th lactation day, which cover only half of the considered period 

of time for the calculation of the resilience indicator traits. For a more precise analysis of 

the correlations, it is advisable to calculate the resilience indicator traits for individual 
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lactation periods. In FV, rAuto is significantly negative correlated with any traits, which 

implies that more resilient animals with a shorter recovery time, have poorer EBV for 

health. This is in line with our findings in the HF population (chapter three), but contrary 

to comparable studies (Poppe et al. 2020; Chen et al. 2023a). EBV for health indicate the 

frequency of a disease, it is not mandatory that there is a connection between them and 

rAuto. With a long recovery period per disease, fewer individual diseases can be detected, 

which may have led to the negative correlation. 

The FV and BS breeds are dual-purpose breeds and the total EBV includes meat 

performance (18% in FV, 5% in BS) (Fürst 2023). Resilience indicator traits based on daily 

milk yield may not capture all responses to disturbances. The reaction can be various; thus 

a change in body weight is also possible. A study with HF showed that the response to 

disturbances can be measurable in milk yield, body weight or both traits together (Ben 

Abdelkrim et al. 2021). The focus on meat in the total EBV of FV may have resulted in 

differences in the direction and strength of the analyzed correlations compared to HF. In 

Figure 3: Correlations between estimated breeding values for resilience indicator traits and 

health and functional traits in German Fleckvieh and German Brown Swiss with resilience 

indicator traits variance of absolute (v) and relative (vr) daily milk yield, variance of deviations 

between observed and predicted absolute (vd) and relative (vrd) daily milk yield and 

autocorrelation of deviations between observed and predicted absolute daily milk yield 
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FV, it is therefore advisable to calculate resilience indicator traits on the basis of body 

weight data. 

 

A selection index resilience for German Fleckvieh and German Brown 
Swiss 

A resilience selection index for HF was developed in chapter three. A selection index 

combines several traits to achieve joint breeding progress in the considered traits during 

selection. The weighting factors are thereby generally based on their economic value, with 

the aim of maximizing marginal utility (William and Simianer 2017). As discussed in 

chapter three, it is currently not possible to define economic weights for resilience 

indicator traits. The weighting factors were therefore determined to maximize the breeding 

response in the health selection index. This method can also be applied to FV and BS. As 

there is no selection index based solely on health traits, SIfitness is used for these two 

breeds. It is composed of longevity, persistency, fertility, calving ease, vitality, udder health 

and milkability (Fürst 2023). Results show that breeding for resilience leads to a positive 

trend in SIfitness. This is stronger in BS (shown in Table 3) than in FV (shown in Table 2). 

The differences in the optimized SIresilience are primarily based on the differences between 

SIhealth and SIfitness. In HF, vr recommended itself as a component of the index, possibly 

because of the strong correlations with the single EBV of metabolic health traits, which 

were not collected in FV and BS. On the contrary, in SIfitness of BS and FV the EBV for 

fertility and persistency have a higher value. For fertility, the correlations were stronger, in 

the desired direction or more significant for v or vd than vr. The persistency, not included 

in the optimization of HF, is best represented by v: A high variance in absolute daily milk 

yield can be caused by a steep drop in performance towards the end of lactation.  

The selection response in SIhealth was highest in HF, as fewer and similar traits were 

combined in SIhealth than in SIfitness. In the comparison between BS and FV, the selection 

response was greater in BS, possibly because milkability is excluded in SIfitness. As the 

correlations of traits in SIfitness with vrd and in FV with vr are too weak or undesirable, these 

resilience indicator traits are not taken into account by the algorithm in the optimization of 

SIresilience according to SIfitness. Overall, the strongest correlation with SIfitness is with v in 

both breeds, with the main factor behind the increased weighting of v is likely to be the 

persistence of performance. 
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Heritabilities of SIresilience were moderate, which enables selective breeding. The 

combination of resilience indicator traits increases heritability compared to the results of 

single resilience indicator traits (see results in chapters two and three). All three 

optimizations have in common that the optimal index does not contain all available 

resilience indicator traits. A selection index consisting of two resilience indicator traits is 

Table 2: Different selection indices  resilience with the weighting factor of each considered 

resilience indicator trait, heritability (h2) of the resilience selection index SIresilience, 

correlation coefficient (r) for correlation between resilience selection index SIresilience and 

selection index SIfitness, and breeding response (RSIfitness) in SIfitness for German Fleckvieh 

Resilience selection index consisting of 
h2SIresilience  r RSIfitness 

v vd rAuto vr vrd 

0.676 0.324 
   

0.153 0.276 0.108 

0.677 0.323 0.000 
  

0.152 0.276 0.108 

0.683 0.317 0.000 0.000 
 

0.151 0.276 0.107 

0.706 0.294 0.000 0.000 0.000 0.147 0.276 0.106 

1 Description of resilience indicator traits can be found in Table 1 

Table 3: Different selection indices  resilience with the weighting factor of each considered 

resilience indicator trait, heritability (h2) of the resilience selection index SIresilience, 

correlation coefficient (r) for correlation between resilience selection index SIresilience and 

selection index SIfitness, and breeding response (RSIfitness) in SIfitness for German Brown Swiss 

Resilience selection index consisting of 
h2SIresilience  r RSIfitness 

v vd rAuto vr vrd 

0.274 0.388 
 

0.338 
 

0.249 0.305 0.152 

0.265 0.391 0.000 0.344 
 

0.249 0.305 0.152 

0.585 0.298 0.000 0.117 0.000 0.225 0.310 0.147 

0.724 0.276 
   

0.221 0.312 0.147 

1 Description of resilience indicator traits can be found in Table 1 
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recommended in HF and FV, and an index of three in BS. This also reduces the computing 

capacity required and increases comprehensibility, which is important, because in the end 

farmers apply what they understand (Ule et al. 2023). In any case, vd led to an 

improvement in health and functional traits across all breeds, showed significant heritability 

and desired genetic correlations. This is confirmed by other studies across species and 

breeds (Mengistu et al. 2022; Poppe et al. 2020; Doekes et al. 2023). In contrast, rAuto is 

excluded by optimization or considered with low weighting factors. It is likely to have 

biological significance, but a statistically meaningful integration is difficult. As discussed in 

chapter four, modeling the deviations, which can have a major influence on rAuto, is 

challenging. Furthermore, rAuto is more sensitive to the frequency of data collection than 

variance-based parameters (Ghaderi Zefreh et al. 2024). On the other hand, the 

optimization on existing traits may not be sufficient, as rAuto is a novel trait indicating the 

recovery time from unknown disturbances, which is not captured by existing traits. It may 

be advisable to use a trait other than daily milk yield, as, for example, daily step counts, 

which showed more significant results in rAuto (Poppe et al. 2022b). 

 

Practical significance of resilience indicator traits 
Resilience indicator traits are abstract. Unlike milk yield, for example, they cannot be 

directly measured and are more difficult to understand. In the following, differences 

between levels of EBV are therefore expressed in milk gain or loss per lactation, number 

of disturbances and disturbance days as well as effects at the test day data. In each breed 

(HF with n =  2300, FV with n =  2330, and BS with n =  1073) EBV were estimated using 

a 5-fold cross-validation. The calculation of the resilience indicator traits and the univariate 

estimation model correspond to the methodology in chapter four. In each repetition, 4/5 

of the individuals were selected as reference population and the remaining 1/5 of the 

individuals formed the validation population for which the EBV were predicted, based on 

the estimates of the reference population using genotypic information. 

To translate the EBV for resilience indicator traits into practice, the definition of a 

disturbance was first determined. Based on CRV (2024), a disturbance starts as soon as 

the observed milk yield drops below 97 % of the expected milk yield and ends as soon as 

95 % of the original yield is reached again. To exclude noise, a disturbance is only counted 

if the observed yield deviates from the expected yield by more than 15 % on at least one 

day. From the raw data, the sum of the deviations between observed and expected 
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performance (whether positive or negative) between the 10th and 305th day of lactation 

(MLT), the sum of deviations during disturbance (MLD), the number of days with 

disturbances (DD) and the number of disturbances (DE) per animal and lactation were 

calculated. The deviations in milk yield MLT and MLD are converted and represent the milk 

loss (reading: individual A with an EBV of 90 and value in MLT of 300 kg produced less 

milk than individual B with an EBV of 110 and value in MLT of 100 kg). Contents of milk fat 

in % (MFC), milk protein in % (MPC), milk urea in mg/dl (MUC), and milk lactose in % (MLC) 

and somatic cell counts (SCC) were available (overview of the traits can be found in Table 

1). For the latter, the mean value of all test days per lactation was calculated. The 

regression of each individual test day, taking into account repeated measurements, was 

tested but showed similar results (results not shown). Traits were regressed on the EBV 

from the validation runs, as follows: 

𝐲𝐲 ~ β0 +  β1 ∗ 𝐑𝐑𝐑𝐑 + 𝐩𝐩𝐩𝐩 + 𝐞𝐞, 

with 𝐲𝐲 the phenotypic observations, β0 the intercept and β1the effect of the resilience 

indicator trait EBV 𝐑𝐑𝐑𝐑 on 𝐲𝐲. An individual can be included in the regression with several 

lactations, in which case 𝐩𝐩𝐩𝐩 is added as a vector of repeated measurements and 𝐞𝐞 is the 

residual. For each breed, the optimized SIresilience from the previous chapter was used and 

its integrated single resilience indicator traits.  Additionally, the results for rAuto were shown 

for each breed.  
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Table 1. Overview and description of traits considered in the general discussion 

Trait Description 
v Log variance of the observed absolute daily milk yield 

vd Log variance of deviation between observed absolute and predicted daily milk 

yield 

rAuto Lag-1-Autocorrelation of deviation between observed absolute and predicted daily 

milk yield 

vr Log variance of relative daily milk yield 

vrd Log variance of deviation between observed relative and predicted daily milk yield 

MFC Milk fat content 

MLC Milk lactose content 

MLD 
Summarised milk loss over a lactation from the 10th to the 305th day of lactation 

of an animal during defined disturbances 

MLT Summarised milk loss over a lactation from the 10th to the 305th day of lactation 

of an individual 

MPC Milk protein content 

MUC Milk urea content 

SSC Somatic cell count in milk 

DD Sum of days with a defined disturbance between the 10th and 305th day of 

lactation of an individual per lactation 

DE Sum of the defined disturbances per lactation and animal 
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Table 3, Table 4 and Table 5 show the results, with the mean of all individuals per EBV 

group as the intercept of the regression and the slope multiplicated with the difference in 

EBV points as the deviation. Non-significant results were colored gray. In all breeds, the 

individuals showed changes in the analyzed traits depending on their resilience. Resilient 

animals lost less milk per lactation compared to their less resilient fellows. Although an 

increase in milk yield of up to 30 kg in HF, 20 kg in BS and 15 kg in FV per lactation 

selecting on vd seems a small improvement, the test day results shows that also the milk 

ingredients of resilient cows are higher. In HF, a difference of ten breeding value points for 

vd could result in a gain of 0.08% in MPC and of 0.14% in MFC. Similar trend was found for 

FV in MPC with an increase of 0.04% and for BS in MFC of 0.09%. The milk price in 

Germany is indexed to a milk fat content of 4% and a milk protein content of 3.4%, whereby 

deviations are rewarded with premiums or discounts. Resilient cows therefore tend to 

produce more milk with higher ingredients and thus could generate a higher economic 

income. This is in line with Poppe et al. (2022a), who calculated a higher lifetime gross 

margin for resilient cows in a comprehensive approach, and with Berghof et al. (2018), 

who showed an economic benefit in their study, however being based on assumptions 

instead of real data.      

The test day traits also provide information on animal health and ruminant-adequate 

nutrition. Although cattle breeds differ in their milk composition, previous studies have 

shown that the same principles and threshold values can be assumed for HF, FV and BS 

(Glatz-Hoppe et al. 2019b). The desired MPC is approximately between 3.0 and 3.8 % and 

MFC between 3.0 and 4.8 % (Spiekers et al. 2009; Glatz-Hoppe et al. 2019a), whereby 

individuals in our study were in this range. The higher MPC, the better the energy supply 

for protein synthesis by the rumen microbes and the higher MFC, the more energy is 

available to the individual from structured crude fiber (Volling and Krömker 2007). Resilient 

animals seem to utilize more energy from the feed and convert it into milk ingredients than 

their less resilient stablemates. Attention should be paid to MPC and MFC to avoid falling 

(too far) into a negative net energy balance, especially at the beginning of lactation. 

Thereby, both parameters should not be too far apart, which in turn indicates metabolic 

disorders such as acidosis or ketosis (Heuer et al. 2000; Glatz-Hoppe et al. 2019a; Duffield 

et al. 1997). Besides the fat-protein-quotient, MUC provides information about the protein 

supply. The above-average amount of urea in the milk is caused by an oversupply of 

protein in the ration. This can lead to fertility problems and indicates that feeding costs can 

be reduced. A below-average urea content indicates that the cow is undersupplied and 



GENERAL DISCUSSION 

 - 148 -   

cannot exploit its performance potential (Biswajit et al. 2010). The normal range of MUC is 

15 to 30 mg/dl (Spiekers et al. 2009). All three breeds are within this range, with BS 

showing slightly higher values than the other two. This corresponds to previous studies 

(Glatz-Hoppe et al. 2019b). The regression shows no clear direction within a breed. 

However, individuals with a short recovery phase (resilient according to rAuto) have higher 

urea levels, while animals with few fluctuations in performance (resilient according to 

variance-based parameters) have lower urea levels. This corresponds to the results of the 

correlation analysis, in which rAuto correlated negatively with the health traits in HF 

(chapter three), i.e. healthy individuals have a longer recovery time. 

MLC is more stable with values of 4.6 to 4.8 %, whereby the level decreases in all breeds 

over the lactations (Glatz-Hoppe et al. 2019b). A drop in MLC can be observed in udder 

diseases (Spiekers et al. 2009) and with increasing somatic cell counts (Alessio et al. 

2016). This can be confirmed in HF, where resilient animals have significant increasing 

MLC and decreasing SCC and is underlined by the same trend in FV and BS. SCC serves 

as an indicator for udder diseases due to its positive correlations with mastitis (Coffey et 

al. 1986). It increases over lactations and tends to be higher for HF than for FV and BS 

(Glatz-Hoppe et al. 2019b). The lack of significance of the regression of SCC on resilience 

may be due to the small number of individuals per EBV level, as outliers could have a 

biasing effect. However, previous studies have already shown correlations between 

resilience indicator traits and mastitis prevalence (Kok et al. 2021). 

In accordance with the definition described above, we have finally added how many 

different disturbance events and disturbance days the individuals suffer from. Across all 

breeds, individuals with high desired breeding values in variance-based resilience indicator 

traits and optimized selection indices resilience were less sensitive to environmental 

influences. Differences in the number of DE between levels of EBV were similar to results 

from Holstein Friesian in the Netherlands (Meijer et al. 2024). Also, number of days under 

disturbance DD in BS is in line with this study. In contrast, in FV resilient animals (high EBV 

in rAuto) suffer from higher values in DE and DD with the same but non-significant trend in 

HF. Since the translation of the variance-based parameters appears plausible, this 

contradictory result is probably due to the calculation of the rAuto. As previously discussed, 

rAuto is more sensitive to missing data, data modeling and the onset of disturbances 

(Ghaderi Zefreh et al. 2024; Le et al. 2024) with late onset disturbances tending to be 

harder to detect (Le et al. 2024; Ghaderi Zefreh et al. 2024). 



GENERAL DISCUSSION 

 - 149 -   

Overall, the translation shows that breeding for resilience leads to a reduction in milk losses 

due to disturbances. In addition, milk ingredients can be positively influenced and, when 

interpreted as indicator traits, point to improved animal health. This is also confirmed by 

the assumed disturbance events and days per lactation using the variance-based 

resilience indicator traits from which the individual suffers. The methodology of the 

translation was a simple regression. This may not correspond to natural behavior, but 

polynomial regression did not reflect it better (results not shown). We assume that 

increasing the number of animals in each breed and improving the accuracy of the 

breeding value estimation by increasing the database would improve the validity of our 

results. 

 

Comparison of the three breeds 
In this study, data from herdbook cows of HF, FV and BS breeds raised in Baden-

Württemberg were analyzed. They are the most important cattle breeds in southern 

Germany and are kept for milk production. FV and BS are dual-purpose breeds and the 

calves can also be marketed profitably for fattening. HF has the highest milk yield with 

9,208 kg per year, followed by FV with 7,651 kg and BS with 7,572 kg (statistics from 

2022). In contrast, BS produced the highest values for milk ingredients. In terms of lifetime 

productivity, the breeds differ in their longevity. The lifetime productivity of HF and BS is 

similar at around 31.5 thousand kg of milk, with BS living around 10 months longer at 47.5 

months. At 26 thousand kg, FV achieves a slightly lower lifetime productivity, but at 39.5 

months is utilized slightly longer than HF. Longevity and lifetime productivity tend to 

increase for all breeds (Bundesverband Rind und Schwein e.V. 2023). This could be due 

to the increased focus of dairy cattle breeding on improving functional and health traits in 

recent years. The analyses of genetic trends show a strong improvement of the genetic 

predisposition for better health in HF (Reents et al. 2024) and a stable upward trend in FV 

and BS (Fürst 2023).  

Local and dual-purpose breeds are often considered healthier and more robust, and lower 

performance is accepted. The analysis of the test day data of Baden-Württemberg dairy 

cows in 2023 cannot confirm this: The causes of culling are similar in HF, FV and BS. Most 

culls are caused by infertility, followed by udder, hoof and metabolic diseases. A large 

proportion of diseases are not defined, which makes an exact evaluation difficult 

(Landesverband Baden-Württemberg für Leistungs- und Qualitätsprüfungen in der 
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Tierzucht e.V. 2023). Previous studies, however, have revealed differences between 

breeds. High-yielding dairy cow breeds appear to be more susceptible to udder and claw 

diseases and fertility problems (Bieber et al. 2019), external influences like heat 

(Mylostyvyi et al. 2021) and suffer from higher cortisol level, which indicates stress (Braun 

et al. 2022). On the other hand, the breeds seem to have different strategies for coping 

with difficult situations (Catellani et al. 2023). They may also differ in terms of resilience. 

We therefore compared the resilience indicator traits in the three breeds in chapter two 

and were only able to identify slight trend differences, some of which were contradictory. 

The results of Bonekamp et al. (2022) and Adriaens et al. (2023) confirm this, so we cannot 

prove any differences between breeds in general resilience. Depending on the 

environment and the type of disturbance, however, there may be differences in the specific 

resilience (Friggens et al. 2024). Further studies should therefore consider different 

breeds. 

 

Outlook and further research approaches 
Development of resilience indicator traits 
Our analysis and previous studies show the validity of resilience indicator traits calculated 

based on the daily milk yield of dairy cows. They are heritable (Berghof et al. 2018; Poppe 

et al. 2020; Chen et al. 2023a), genetically correlated with other traits (Wang et al. 2022; 

Poppe et al. 2020), capture the response to unknown disturbances (Poppe et al. 2021; 

Ghaderi Zefreh et al. 2024) and selection for them can lead to selection response in 

functional and health traits. Nevertheless, this is just the first step and there are many 

starting points for continuing and intensifying resilience research in the livestock sector. 

Statistical methods for quantifying resilience are currently being tested and continuously 

improved. The variance and autocorrelation of longitudinally measured performance traits 

initially proved to be the most promising, but further resilience indicator traits are constantly 

being defined and validated. The variance has turned out to be a stable indicator across 

species, breeds and traits, while autocorrelation should be treated with caution. Our study 

met the requirements for data density of intervals of less than three days and the length of 

the data collection period of at least 50 observations to obtain robust results (Ghaderi 

Zefreh et al. 2024). Nevertheless, the low significance in the analysis and higher error rates 

indicate a great need for further research for rAuto. Possibly, the area under the curve of 

expected to the observed performance could be used to indicate recovery time, because 
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it shows more stable results in validation tests (Ghaderi Zefreh et al. 2024; Mancin et al. 

2024b; Le et al. 2024). Individual packages are already available for the statistical software 

R to examine livestock data sets for the ability of being resilient, e.g. from Barreto-Mendes 

et al. (2022) or Rohmer et al. (2023).  

A major challenge in the methodology is the modelling of the expected trait values. 

Therefore, various concept- and data-based methods were tested (Friggens et al. 2024; 

Codrea et al. 2011; Poppe et al. 2020; Chen et al. 2023a) and the possibility of measuring 

resilience for animal groups (e.g., kept together in one pen or batch) or herds is evaluated 

(Le et al. 2024; Rikkers et al. 2023). There is a lot of dynamism in the development of 

statistical methods for measuring resilience, which raises the question of what kind of 

resilience we are looking for. We either speak of holistic resilience or specify it for individual 

types of disturbance or affected traits (Friggens et al. 2024; Knap and Doeschl-Wilson 

2020). We should be aware that no individual can be immune to all disturbances worldwide 

anytime (Strandberg et al. 2013). It is therefore worth studying the biological background 

and correlations in more detail to gain a deeper understanding of resilience. Furthermore, 

a combination of several resilience indicator traits and traits is recommended, because 

individuals respond differently and with one or more traits to disturbances with more or 

less overlaps (Ben Abdelkrim et al. 2021; Le et al. 2024). 

Firstly, resilience indicator traits could be applied to non-performance-related traits. The 

applied resilience indicator traits in this study, based on daily milk yield, reflect performance 

resilience despite being desirably correlated with functional and health traits (Bedere et al. 

2022). Simple approaches include analyzing step counts (Poppe et al. 2022b), feed intake 

(Homma et al. 2021) or activity times (van der Zande et al. 2020), whose data could be 

available on a large scale in the future thanks to advancing digitalization (Schokker et al. 

2022). Activity data such as eating, resting or standing times, and rumination activity, as 

well as their variances and periodicities serve as proxies for diseases in the transit phase 

of dairy cows (van Dixhoorn et al. 2023). Combined with physiological parameters such as 

body temperature, heart and breathing rate or the condition of the udder, the probability 

and severity of the occurrence of diseases after parturition can be predicted in advance. 

The change in blood parameters around the time of parturition was additionally analyzed 

and showed that animals with blood counts indicating inflammatory reactions had a higher 

prevalence for diseases at the beginning of lactation (van Dixhoorn et al. 2018).  

Overall, consideration of metabolites in the research question contributes to a more 

comprehensive understanding of resilience: With regard to disease resilience, resilient 
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pigs showed higher lymphocyte, hemoglobin and hematocrit but lower neutrophil levels 

after a disturbance. These blood parameters are part of the immune response to 

pathogens and a high value can be interpreted as a stronger response and desired (Bai et 

al. 2020). This is confirmed by Laghouaouta et al. (2021), which examined haptoglobin in 

the blood of pigs after vaccination. The concentration of this protein increases in response 

to infections, inflammation, trauma or stress. The study showed that resilient animals 

exhibited a lower increase in haptoglobin and at the same time a positive, desired deviation 

in body weight. In another example, cows experienced a change in the proportion of certain 

blood parameters in the total volume when exposed to increasing heat (Velayudhan et al. 

2022). The consideration of the three studies shows the importance of fundamental 

knowledge of metabolites and their functions, as this knowledge of biological causality is 

required to interpret changes in their concentrations correctly as resilient or non-resilient. 

At the same time, not every assumed connection can be proven; for example, a study on 

the correlation between natural antibodies and resilience indicator traits based on body 

weight and laying performance in laying hens showed no significant results (Doekes et al. 

2023; Berghof et al. 2024). 

In less invasive studies, milk metabolites in goat's milk from test day samples were 

analyzed as a basis for resilience indicator traits (Abdelkrim et al. 2023; Ithurbide et al. 

2023). The milk metabolite profiles of early and late lactation allow an assessment of 

resilience to nutritional disturbances (Abdelkrim et al. 2023). Subsequently, individuals 

grouped a priori with low longevity showed significantly higher variance in different 

metabolites, which was interpreted as non-resilient. The significantly different metabolites 

indicate higher oxidative stress, higher inflammation and greater mobilization of body fat 

reserves (Ithurbide et al. 2023). Billa et al. (2020) measured differences in the 

concentration of the same milk metabolites under feed restriction in two different dairy 

cattle breeds. These in turn were significantly correlated with the energy balance of the 

dairy cows, which emphasizes the importance of paying attention to milk metabolites in 

determining resilience. 

In recent years, breeding has focused on the microbiome, its heritability, composition and 

abundance. It influences and mediates the performance, health and efficiency of livestock 

(Forcina et al. 2022). Initial studies in rabbits (Casto-Rebollo et al. 2023) and pigs (Mancin 

et al. 2024a) show that the composition and abundance of the microbiota of resilient and 

non-resilient animals differ and could therefore serve as an indicator of resilience. 

Despite the many studies, there are still new approaches to studying resilience along the 
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omics cascade (Zhu et al. 2022). Phenomics, the observation of visible or measurable trait 

expression, is widely considered in previous resilience studies. Research on 

metabolomics, proteomics and microbiomics has been initiated but could be further 

expanded in the future. To our knowledge, there is currently still a research gap in the 

analysis of transcriptomics. There are numerous previous studies on heat tolerance that 

have shown up- und down-regulation if genes under different thermal conditions 

(Velayudhan et al. 2022; Collier et al. 2006; Kim et al. 2020). It is therefore likely that 

differences in gene expression also have an impact on resilience.   

Further genomic analysis 
Resilience has been analyzed in chapter four and by other studies using GWAS to 

decipher the genetic architecture. The results concur that resilience indicator traits are 

polygenic traits, hence being influenced by many gene loci with little effect (Doekes et al. 

2023; Chen et al. 2023b). These results were to be assumed as the resilience indicator 

traits studied are based on milk yield and are therefore a classic quantitative trait (William 

and Simianer 2017). GWAS of milk yield show many SNPs with a significant influence on 

the trait expression and related genes distributed over the entire genome (Jiang et al. 2019; 

Schneider et al. 2023). A more detailed analysis and deeper insights would be possible by 

using whole genome data in the GWAS. This enables fine mapping of genes and a more 

precise assignment of biological backgrounds, which reveals gene loci that truly influence 

resilience (Mancin et al. 2024b). Due to the complexity of resilience, the classic GWAS 

may not be sufficient as a tool for a closer look at common genetic backgrounds with other 

traits. In this case, it is advisable to carry out local correlation analyses. Generally, genetic 

correlations are estimated across the entire genome as the means of all effects. However, 

single loci in the genome can jointly influence two traits positively, negatively or contrarily. 

Various tools have been developed to record this (Werme et al. 2022; Guo et al. 2021).  

Another approach is the analysis of specific genome subsets and their influence on 

resilience indicator traits. Xiang et al. (2019) analyzed 30 genomic variants for 34 traits of 

Australian dairy cows and showed that the heritability per subset differs. This was 

confirmed by Schneider et al. (2024) when applied to milk yield and several health traits in 

the German population. The methodology also showed differences in the strength and 

direction of genetic correlations depending on the subset analyzed (Schneider et al. 2024).  

A requirement for in-depth genomic analyses is a clear definition of the resilience indicator 

trait or resilience process to be studied. Once this has been done, causality studies can 

be conducted. Various methods are available, whereby the best known are Mendelian 
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Randomization (Sanderson et al. 2022) and structural equation systems (Gianola and 

Sorensen 2004). The former has already been carried out for resilience indicator traits 

based on daily milk yields and showed a significant causal effect of milk yield on the 

variance of the deviation of the expected from the observed daily milk yield (Chen et al. 

2023b). This scaling effect is expected and was therefore taken into account in Poppe by 

correcting for milk yield (Poppe et al. 2020) and in our study by using the variance of 

relative milk yields (chapter two to four). Nevertheless, the study shows that causal 

relationships with resilience indicator traits exist (Chen et al. 2023b). 

 

Concluding remarks 
Resilience offers the opportunity to breed performance-stable, healthy and, to a certain 

extent, environmentally insensitive livestock. Despite the many open research approaches 

discussed above, resilience can be implemented directly in practical breeding in all 

important livestock species. Sufficient studies have shown that the variance of 

longitudinally recorded performance traits represents a new selection tool for breeders and 

provides additional information to existing EBV. To address remaining uncertainties, we 

recommend the publication of a selection index in addition to the existing total breeding 

value. Furthermore, the autocorrelation and area under the curve should be intensively 

studied as resilience indicator traits of recovery time. Such or a similar trait has not yet 

been implemented in breeding value estimation and captures a large proportion of the 

response to disturbances that are unknown today. 

For further research on resilience in livestock, especially along the omics cascade, 

different disciplines of livestock research should co-operate. In addition to the final 

breeding aspect, extensive knowledge of physiological and biological processes in the 

organism is required to reveal resilience in a comprehensive manner. 

Finally, it is important to involve farmers and breeders in practice on this journey to make 

them aware of the importance of resilient animals, especially in times of a constantly 

changing and increasingly demanding environment. The work in breeding research can 

only be successful if the selection tools we offer are also utilized in the barn.  
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