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Zusammenfassung

Das Ziel dieser Arbeit ist es, die wissenschaftlichen und praktischen Grundlagen fir eine
nachhaltige Schafzucht durch die Integration genetischer, phanotypischer und wirtschaftlicher
Perspektiven zu verbessern, wobei ein besonderer Schwerpunkt auf Gesundheits- und
Tierwohlmerkmalen wie der Schwanzlange liegt. In drei sich erganzenden Studien untersucht
diese Arbeit die genetische Architektur und die Wechselbeziehungen zwischen Schwanzlange
und Wachstumsmerkmalen bei Merinolandschafen (Kapitel 2), die Heterogenitat deutscher
Schafhaltungssysteme und ihre Auswirkungen auf die Priorisierung von Zuchtzielen (Kapitel 3)
und die Entwicklung eines verbesserten biobkonomischen Modellierungsrahmens zur Ableitung
Okonomischer Gewichte flr ein breites Spektrum von Zuchtmerkmalen, einschlie3lich neuartiger
Merkmale fir Tierwohl und Krankheitsresistenz (Kapitel 4). Zusammen tragen diese Studien zu
einem ganzheitlichen Verstandnis darlber bei, wie wohlfahrtsorientierte Zuchtstrategien
umgesetzt werden koénnen, ohne die Produktionseffizienz oder die Wirtschaftlichkeit zu
beeintrachtigen.

Die erste Studie liefert eine detaillierte quantitativ-genetische Analyse der Schwanzlange (SL)
und ihrer Zusammenhange mit wichtigen Wachstumsmerkmalen. Unter Verwendung von Ein-
Merkmal-, Mehrfachmerkmal- und Strukturgleichungsmodellen (SEM) zeigt die Studie, dass die
SL in hohem Malke vererbbar ist, was auf ein starkes Potenzial fir eine genetische Verkirzung
der Schwanze als Alternative zum Schwanzkupieren hinweist. Wichtig ist, dass SEM-Ansatze
zeigen, dass sich die phanotypischen Pfade, die die SL mit der Wachstumsleistung verbinden,
von den zugrunde liegenden genetischen Korrelationen unterscheiden. Wahrend die genetischen
Korrelationen zwischen Schwanzlange (SL) und Gewichtsmerkmalen positiv sind, was aus
zlchterischer Sicht auf antagonistische Beziehungen hindeutet, sind die SEM-basierten
zeitverzdgerten phanotypischen Effekte negativ. Das bedeutet, dass langere Schwanze das
Wachstum beeintrachtigen kénnen, da sie eine erhdhte Anfalligkeit fir Kontaminationen und
Infektionen mit sich bringen. Diese Ergebnisse unterstreichen die Bedeutung der Modellierung
von Merkmalsabhangigkeiten nicht nur genetisch, sondern auch durch kausale phanotypische
Pfade, die umwelt- und gesundheitsbezogene Risikofaktoren widerspiegeln. Die Studie schafft
somit eine methodische und konzeptionelle Grundlage fiir die Integration von Tierwohimerkmalen
wie der Schwanzlange in Zuchtprogrammen unter Berlcksichtigung ihrer komplexen
biologischen Zusammenhange.

Aufbauend auf dieser genetischen Perspektive verlagert die zweite Studie den Fokus auf die
Vielfalt der Haltungssysteme in der deutschen Schafzucht. Durch hierarchisches Clustering von
25 Schafbetrieben werden drei unterschiedliche Haltungssysteme identifiziert, die sich in
HerdengréRe, Produktionsausrichtung und Wirtschaftsweise (z. B. 6kologisch vs. konventionell)

unterscheiden. Unter Verwendung eines kontingenten Bewertungsansatzes leitet die Studie
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clusterspezifische wirtschaftliche Gewichte fir 12 Zuchtzielmerkmale ab, basierend auf der
Zahlungsbereitschaft der Landwirte. Wahrend die meisten Merkmale Uber alle Cluster hinweg
eine ahnliche Bewertung aufweisen, zeigt die Futterverwertung erhebliche Unterschiede, was den
Einfluss des Haltungssystems auf die wirtschaftliche Relevanz der Merkmale unterstreicht.
Bemerkenswert ist, dass alle Cluster der Merkmalskategorie ,Gesundheit und Tierwohl”,
einschlieBlich der Schwanzlange, mit Werten zwischen 24% und 29% eine erhebliche Bedeutung
beimessen. In einigen Clustern werden Merkmale des Tierwohls und der Tiergesundheit sogar
noch vor Leistungsmerkmalen priorisiert. Diese Ergebnisse unterstreichen, dass moderne
Zuchtziele auf die Merkmale des Haltungssystems zugeschnitten sein missen und zunehmend
die gesellschaftlichen und von den Landwirten gepragten Erwartungen hinsichtlich des
Tierschutzes und funktioneller Robustheit widerspiegeln sollten.

Die dritte Studie vertieft die dkonomische Bewertung der Schafzucht, indem sie das bio-
Okonomische Modell mit dem Softwarepaket ECOWEIGHT um Gesundheits- und
Tierwohlmerkmale erweitert. Das erweiterte Programm ermdoglicht die Integration von
Krankheitsinzidenz, Behandlungskosten und Schwanzldnge auf Herdenebene, wodurch
marginale und relative 6konomische Gewichte fur 15 Zuchtmerkmale bei Merinolandschafen
abgeleitet werden kénnen. Fruchtbarkeit und Uberlebensmerkmale erweisen sich als die
wirtschaftlich einflussreichsten Merkmale, die zusammen den grofiten Teil des relativen
O6konomischen Gewichts ausmachen. Im Gegensatz dazu tragen Gesundheitsmerkmale,
Parasitenresistenz, Schwanzlange und Produktionsmerkmale nur marginal zum 6konomischen
Gesamtgewicht der untersuchten Forschungsherde bei, was vor allem auf deren
auRergewoOhnlich hohen Gesundheitszustand zurtckzufuhren ist. Sensitivitdtsanalysen, bei
denen der Anteil kurzschwanziger Tiere verandert wurde, zeigen nur geringfugige
Verschiebungen der dkonomischen Gewichte, was darauf hindeutet, dass eine auf das
Wohlergehen ausgerichtete Zichtung fir kirzere Schwanze ohne wesentliche wirtschaftliche
EinbuRen umgesetzt werden kann.

Zusammenfassend bieten die drei Studien einen umfassenden Rahmen fir die Integration von
Tierwohlmerkmalen, insbesondere der Schwanzlange, in Schafzuchtprogrammen. Die
genetischen Analysen zeigen die Machbarkeit der Selektion auf kiirzere Schwanze und
verdeutlichen gleichzeitig, wie wichtig es ist, phanotypische Pfade zu berlcksichtigen, die mit
Gesundheitsrisiken verbunden sind. Die Charakterisierung der Haltungssysteme unterstreicht,
dass Tierschutzmerkmale von Landwirten zunehmend geschatzt werden und sich in den
Zuchtzielen widerspiegeln sollten. Schlie3lich bestatigt die bio-6konomische Modellierung, dass
die Einbeziehung von Tierwohl- und Gesundheitsmerkmalen die wirtschaftliche Effizienz nicht
beeintrachtigt und durch flexible Modellierungsinstrumente unterstitzt werden kann, die
komplexe Merkmalsmuster bertcksichtigen konnen. Diese Arbeit tragt daher zur Entwicklung von
Zuchtstrategien bei, die das genetische Potenzial, die wirtschaftliche Rentabilitdt und die
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gesellschaftlichen Erwartungen an einen verbesserten Tierschutz in der modernen Schafhaltung

in Einklang bringen.



Summary

The aim of this cumulative dissertation is to advance the scientific and practical foundations for
sustainable sheep breeding by integrating genetic, phenotypic, and economic perspectives, with
a particular focus on health and welfare traits such as tail length. Across three complementary
studies, this work investigates (chapter 2) the genetic architecture and trait interrelationships of
tail length and growth traits in Merinoland sheep, (chapter 3) the heterogeneity of German sheep
production systems and their implications for breeding goal prioritization, and (chapter 4) the
development of an enhanced bio-economic modelling framework to derive economic values for a
broad spectrum of breeding traits, including novel welfare and disease resistance traits. Together,
these studies contribute to a more holistic understanding of how welfare-oriented breeding
strategies can be implemented without compromising production efficiency or economic viability.
The first study provides a detailed quantitative-genetic analysis of tail length (TL) and its
associations with key growth traits. Using single-trait, multiple-trait, and structural equation
models (SEM), the study demonstrates that TL is highly heritable, indicating strong potential for
genetic shortening of tails as an alternative to tail docking. Importantly, SEM approaches reveal
that phenotypic pathways linking TL to growth performance differ from the underlying genetic
correlations. While the genetic correlations between TL and weight traits are positive, suggesting
antagonistic relationships from a breeding perspective, the SEM-based time-lagged phenotypic
effects are negative. This implies that longer tails may impair growth due to increased
susceptibility to contamination and infection. These findings highlight the importance of modelling
trait interdependencies not only genetically, but also through causal phenotypic pathways that
reflect environmental and health-related risk factors. The study thus establishes a methodological
and conceptual foundation for integrating welfare traits into breeding programs while accounting
for their complex biological relationships.

Building on this genetic perspective, the second study shifts focus to the diversity of production
environments and management systems within the German sheep sector. Through hierarchical
clustering of 25 sheep farms, three distinct production system types are identified, differing in herd
size, production orientation, and management philosophy (e.g. organic vs. conventional). Using
a contingent valuation approach, the study derives cluster-specific economic weights for 12
breeding goal traits based on farmers’ willingness to pay for genetic improvement. While most
traits show similar valuation across clusters, feed utilization exhibits significant differences,
underscoring the influence of production context on economic trait relevance. Notably, all clusters
assign substantial importance to the trait category “health and welfare,” including tail length, with
values ranging from 24% to 29%. In some clusters, welfare traits are prioritized even above

performance traits. These results emphasize that modern breeding goals must be tailored to



production system characteristics and increasingly reflect societal and farmer-driven expectations
regarding animal welfare and functional robustness.

The third study further deepens the economic evaluation by extending the ECOWEIGHT
bio-economic model to incorporate health and welfare traits more explicitly. The enhanced model
allows for the integration of disease incidence, treatment costs, and herd-level tail-length status,
enabling the derivation of marginal and relative economic values for 15 breeding traits in
Merinoland sheep. Fertility and lamb survival traits emerge as the economically most influential,
collectively accounting for most of the relative economic value. In contrast, health traits, parasite
resistance, tail length, and production traits contribute only marginally to overall economic value
in the evaluated research herd, largely due to its exceptionally high health status. Sensitivity
analyses altering the proportion of short-tailed animals reveal only minor shifts in economic
values, suggesting that welfare-oriented breeding for shorter tails can be implemented without
substantial economic trade-offs. The study also highlights the need for broader datasets
representing more diverse production environments to ensure generalizable economic
evaluations.

Taken together, the three studies provide a comprehensive framework for incorporating welfare
traits, particularly tail length, into sheep breeding programs. The genetic analyses demonstrate
the feasibility of selecting for shorter tails while revealing the importance of accounting for
phenotypic pathways linked to health risks. The characterization of production systems
underscores that welfare traits are increasingly valued by farmers and should be reflected in
breeding goals. Finally, the bio-economic modelling confirms that incorporating welfare traits does
not compromise economic efficiency and can be supported by flexible modelling tools capable of
accommodating complex trait patterns. This cumulative work therefore contributes to the
development of breeding strategies that align genetic potential, economic viability, and societal

expectations for improved animal welfare in modern sheep production.
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General Introduction




Chapter 1

1 Introduction

1.1 Tail length

1.1.1 Tail anatomy and function

Tail length in sheep is an important breeding trait and an increasingly important animal
welfare issue. Sheep have between three and 24 tail vertebrae, which is highly breed
dependent (Ellenberger & Baum, 2013). As part of a study on tail length, numerous
malformations were found in Merino sheep, especially in the lower tail section, in addition
to the number of 19 to 24 tail vertebrae (Haverkamp et al., 2015). The malformations
mainly consist of one or more block vertebrae, i.e. a bony fusion of two or more vertebrae,
which may involve only the vertebral bodies, the vertebral arches or the entire vertebra
(Noden & Lahunta, 1985). Visually easily recognisable deformities, so-called buckling
tails, are usually caused by malformed block vertebrae (Herzog, 2001; Himmelchen et
al., 2023).

While the ancestor of domestic sheep, the mouflon, has a naturally short, narrow tail,
domestication and targeted breeding for high wool yield has resulted in many sheep
breeds with much longer, densely woolly tails (Shelton, 1977). This originally had the
advantage of maximizing the woolly body surface area and hence wool yield. However,
as the economic importance of wool declined, the disadvantages of long tails, such as
contamination and increased risk of disease (e.g. myiasis, dermatitis), became
increasingly important (Mereu et al., 2024).

In sheep, the tail is mainly used for insect defense and can be actively moved by the
animal. However, a long, woolly and dirty tail impairs mobility. Increased tail movement
in the form of raising and lowering as well as wagging, also in combination, is possible
(Kiley-Worthington, 1976).
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1.1.2 Tail docking and reasons for the practice

The docking of sheep's tails is a practice that goes back centuries, and the main reasons
for this procedure have not changed to the present day. The main reason is to prevent
the infestation of maggots (myiasis) in the anal, vulva and inner thigh areas. Faeces can
accumulate on the tail, which greatly increases the risk of fly infestation, especially in
long-tailed, heavily wool-covered breeds of sheep. The flies lay their eggs in the
contaminated wool and the eggs hatch into maggots, which cause severe damage to the
tissues on which they feed and can cause considerable pain and even death to the animal
if left untreated (Shephard et al., 2022). Various methods of docking have been used
internationally, including cutting the tail with a knife, squeezing with docking pliers,
twisting and cauterizing with hot pliers. However, these methods were often associated
with significant blood loss, risk of infection and pain (Graham et al., 1947; French et al.,
1994; Gascoigne et al., 2021).

Today, the only approved method in Germany is the rubber ring method, in which an
elastic rubber ring is placed between the vertebrae using special forceps. The aim is to
cut off the blood supply to the distal part of the tail. The strangulated part of the tail dies
and falls off after a few days. This method is considered comparatively gentle but is still
associated with acute pain and stress for the lambs, as evidenced by increased cortisol

levels and restlessness (Hannemann et al., 2017).

1.1.3 Legal status

In Germany, the docking of sheep tails is regulated by the Animal Welfare Act. According
to §5 and §6 of the Animal Welfare Act (TierSchG, 2006), the complete or partial
amputation of body parts of vertebrates is generally prohibited. However, there are
exceptions that are explicitly listed in the law, e.g. lambs may be docked with an elastic
rubber ring until the 8th day of life. In the case of organically reared sheep in accordance
with the EU Organic Regulation 889/2008 (Verordnung (EG) Nr. 889/2008, 2008), routine
docking is also prohibited, and a special permit is required to justify the reason for this
procedure. In addition, an anesthetic or analgesic must be administered after the
procedure. There is no general authorization for tail docking in sheep in most countries.
8
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According to the EU, there is no general authorization for tail docking in sheep. The EU
leaves the specific formulation of the law to the Member States. For other species, such
as pigs, EU Directive 2008/120/EC prohibits routine tail docking (European Union, 2008).
Countries such as Finland and Sweden have a complete ban on tail docking for pigs,
while there are no similarly strict regulations for sheep. In Switzerland, there are new
regulations for the docking of lambs from 2025. These will require a minimum tail length
of 15cm to be retained. However, there is also a transition period of 15 years to switch to
breeding animals with shorter tails, until which time the docking of lambs under 8 days
old is allowed without anaesthesia (Hannemann et al., 2017). Austria has set an age limit
of 3 days for lambs. In addition, the personnel performing the procedure must be qualified.
For lambs older than 3 days, veterinary anaesthesia is mandatory. The approved method
is not the elastic rubber ring as in Germany, but a sharp cut with a knife. As in Switzerland,
the length of the tail is also regulated, with a maximum of one third of the tail for fattening
lambs and half of the tail for breeding animals. In the Netherlands, there has been a
general ban on tail docking since 2008, and the procedure may only be carried out in
individual cases if indicated by a veterinarian (Hannemann et al., 2017). Mulesing is a
practice that is not permitted in Germany to prevent fly maggot infestation. This animal
welfare practice is widespread in Australia, where strips of skin are removed from around
the tail of young Merino lambs with little or no anesthetic. The method was developed in
the 1920s and is still used today, particularly in Australia, the world's largest wool
producer. It is estimated that around 10 million lambs are affected each year. Scientific
studies show that Mulesing is associated with considerable pain and stress for the
animals (Woodruff et al., 2020; Wilson et al., 2011). The procedure causes a sharp
increase in the stress hormone cortisol, and lambs show significant pain behavior and
reduced activity for days after the procedure (Bayerische Landesanstalt fir
Landwirtschaft, 2017-2019). Mulesing has been banned by law in New Zealand since
2018. Violations of the ban are severely punished, and the use of anaesthesia is also
prohibited. Experience in New Zealand shows that alternatives such as breeding sheep
with fewer skin folds or other management measures can be successfully applied without

compromising animal welfare (James, 2006).
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1.1.4 Breeding for shorter tails

Tail length is the visible result of complex genetic and developmental processes and can
be used to characterize and differentiate sheep breeds. In addition to its mechanical
function, such as balancing the body, the tail performs other functions in different breeds,
such as thermoregulation, insect defense or the accumulation of energy reserves in the
form of fat. These differences are used to classify sheep by tail type (Porter et al., 2016).
The group of long-tailed sheep includes most European commercial breeds, such as
Merino sheep. Their tails usually extend to or beyond the hock and are narrow and thin.
Long-tailed sheep are the most common breed in the world and are known for their wool
and meat production. Short-tailed sheep are mainly Nordic breeds such as Finn sheep
and Romanov. Their tails are much shorter, less woolly and usually only a few centimeters
above the base. These animals are often particularly hardy and adapted to harsh
climates. Fat-tailed sheep store a large proportion of their body fat in their tails, which can
become conspicuously thick and heavy. Typical examples of this group are the Awassi,
Karakul and Damara. These breeds are particularly common in North Africa, Central Asia
and the Middle East, where the stored fat serves as an energy reserve in times of scarcity
(Mohapatra & Shinde, 2018). The final group are the fat-tailed sheep. In contrast to fat-
tailed sheep, fat-tailed sheep store fat mainly on the rump and have a very short tail or
no visible tail. These breeds are mainly found in Africa and Central Asia (Halimani et al.,
2021). Phenotypically, the tail can be categorized as short, medium or long, either using
a tape measure or purely visually based on the hock joint (Eck, 2020; Himmelchen et al.,
2023). However, information on tail length in the literature varies from breed to breed. Tail
length is a quantitative trait and is influenced by several genes. The heritability is between
0.38 and 0.77 depending on the breed (Oberpenning et al., 2023; Lagler et al., 2022;
Haverkamp et al., 2015; Scobie & O'Connell, 2002).

An important gene that significantly influences tail length is HOXB13. The short-tailed
variant of this gene is also present in long-tailed domestic sheep breeds and can be
enriched by targeted selection and mating. Animals homozygous for the short-tailed
variant are phenotypically short-tailed, while heterozygous animals have tail lengths
between the two extremes (Kalds et al., 2022). A genetic test for the HOXB13 variant

would allow targeted selection of breeding animals and thus accelerate breeding progress
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(Lagler et al., 2022). Crossbreeding experiments, for example with Finn sheep, have
confirmed that the offspring of the first generation have significantly shorter tails than the
long-tailed parents (Oltenacu & Boyalan, 1974). Targeted crossbreeding of short-tailed
breeds, or enrichment of a population with short-tailed alleles, therefore, offers a

sustainable way to reduce tail length and eliminate the need for routine docking.

1.1.5 Genetic and environmental effects on tail length

Shortening the length of the tail through breeding means a physiological reduction in the
number of vertebrae. The effects on other body traits are considered in this context. There
are correlations between tail length and other body traits (James, 2006). For example,
body size needs to be corrected in relation to tail length (Greeff et al., 2015). Himmelchen
et al. (2023) go one step further and measure tail circumference in addition to body
measurements using ultrasonography and radiology, finding higher accuracy and
repeatability. Other trait correlations investigated by Himmelchen et al. (2025) in relation
to tail length are fertility parameters and body traits. They found that tail length had no
negative effect on the latter traits.

Structural equation modelling (SEM) is used in animal breeding to record complex
relationships between latent (non-measurable) and measurable breeding target traits. It
is possible to integrate data from the areas of environment, management and genetics.
Los Campos (2006) used SEM in dairy cows to describe the relationship between somatic
cell count and milk yield. Kénig et al. (2008) investigated causal relationships between
claw diseases and milk yield in Holstein cows using recursive linear and threshold
models. A correlation between high milk production and the occurrence of claw diseases
is suspected, which may be induced by metabolic stress, pain and restricted feed intake.
These innovative models are also used in sheep breeding. Jafaroghli et al. (2022)
investigated the usefulness of SEM for the genetic evaluation of lifetime performance
traits (e.g. number of lambs born per lambing period) and first lambing age in Moghani
sheep. In the study, SEM showed higher predictive accuracy for traits with complex

causal relationships (e.g. time lags between first lambing age and later reproductive
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performance) and demonstrated the potential for analyzing reproductive traits in

breeding.

1.1.6 Overall breeding value

The overall breeding value (OBV) for sheep serves as a central instrument for assessing
the genetic suitability of breeding animals. In Germany, it has been calculated nationwide
for 25 sheep breeds since 2014 and has been updated every six months since 2021,
integrating various individual traits such as fertility, fattening performance, carcass quality
and conformation into an overall assessment (VIT, 2024). An overall breeding value for
organically reared animals has also been established, but not explicitly for sheep. So far,
however, no further traits relating to animal health or animal welfare have been added for
Germany; the focus is on production traits. In Austria, the OBV has been calculated for
17 sheep and 7 goat breeds since 2017, focusing on functional and production traits.
France has a milk-emphasized weighting with a focus on milk quantity and milk
composition (OBSZ, 2021). The main breeding goals of African sheep and goat breeding
programs are high meat and reproductive performance, supplemented by functional traits
such as disease and parasite resistance, fertility, adaptability, and a high survival rate of
offspring (Ojango et al., 2025). The French dairy sheep breeding industry is pursuing new
breeding goals that combine performance traits with characteristics such as disease
resistance, longevity and efficiency, to improve resilience (Astruc et al., 2018).

For a dual-purpose Merino sheep breed in central Chile, meat production traits such as
body weight and daily weight gain have the highest economic importance. Wool quantity,
wool quality, fertility, and lamb survival are less important but still have economic
relevance (Lembeye & Castellaro, 2025).

A study by Welday et al. (2022) was conducted to determine the breeding goals of
smallholder sheep farmers for Northern Ethiopia. The key traits for rams were body size,
tail shape and libido, while for ewes, the most relevant traits were body size, litter size
and maternal ability.

Conrad et al. (2022) examined the suitability of different sheep breeds for use in Central

European vineyards during the growing season. The authors emphasise that the most
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relevant factors are body size and the inability to stand on hind legs, to prevent damage
to the vines. Therefore, the animals' characteristics of low mouth and standing height are
essential for this form of sheep farming and for preserving particularly endangered
breeds.

Animal welfare is an increasingly important issue in the sheep industry. It encompasses
aspects such as animal health, behavior and welfare and is directly linked to husbandry
systems and meat production. Consumption of sheep meat in Germany is increasing and
consumers are becoming more aware of the production of sheep meat. Current welfare
issues in sheep production include the non-docking of ewe lambs, the increasing
presence of wolves and the need for flock protection measures, and parasite
management. To obtain an economic weighting for breeding traits such as tail length,
which cannot be measured directly in economic terms, it is helpful to conduct a consumer
survey. This survey technique is called the Contingent Valuation Method (CVM) and has
been successfully used in agriculture. The CVM asks consumers about their hypothetical
willingness to pay for a change in utility. The result is economic weights for target breeding
traits, which are needed to design and adjust an overall breeding value.

1.2 Derivation of economic weights in sheep production systems

1.2.1 Economic efficiency of sheep farming

Defining the profitability of sheep farming in Germany is a challenge. In contrast to
economic figures for other animal species such as pigs or cattle, there are no reports on
sheep farming. Due to the diversity of husbandry systems, breeds and regional aspects,
an economic evaluation of pure sheep farms seems inconsistent, but is essential for
maintaining competitiveness.

Sheep farming in the European Union is largely supported by the Common Agricultural
Policy (CAP), which operates under two pillars. The first pillar comprises direct payments,
including coupled premiums for ewes, which vary depending on the member state and
region. In Bavaria, for example, the planned premium for 2025 is 39 € per ewe, while
Saxony grants additional wolf protection premiums of 55 € per animal per year. Area-
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based payments, which average around 286 € per hectare in the EU, particularly benefit
farms in less-favored areas, where sheep often graze grassland to maintain the
landscape. The second pillar of the CAP focusses on agri-environmental measures that
promote extensive grazing systems with up to 280 € per hectare for species-rich
grassland. These funding instruments are indispensable, as up to 60% of German sheep
farmers' income comes from public funds and the sector would not be able to survive
without subsidies.

The profitability of sheep farming in Germany was analyzed by von Korn (2020) as part
of a project. Over 460 farms and 450,000 ewes were considered. In addition to a high
average number of 611 animals per farm, it was recognized that 88% of the land used
was leased. The most important source of income for the farms is lamb production, which
generates an average of 97.7 € per lamb. However, 60% of the total proceeds are public
subsidies, reported here by von Korn at 42 - 225 € per ewe per year. Production costs
amount to an average of 246 € per ewe per year. Without public subsidies, a profit of
-68 € was recorded, which emphasizes the need for subsidies in sheep farming.
Regarding the remuneration of working hours, it can be stated that the remuneration is
5.70 €/hour, whereas in agriculture it is around 17.50 €/hour. To date, no further figures
are available on the economic situation of sheep farming in Germany. The precarious
working conditions on many farms are pointed out throughout the EU, where average pay
is often less than 6 € per hour (Belanche et al., 2020).

In a Brazilian study, the production costs for lamb are mainly determined by variable
expenses (64.15%), 63.17% of which are feed costs (Raineri et al., 2015). Fixed costs
account for over 20%, mainly due to labour (11.10%) and infrastructure depreciation
(5.75%), supplemented by 14.19% return on capital. In order to work more efficiently and
profitably, Raineri et al. (2015) calculated that a 1% increase in carcass weight reduces
costs by 0.91% and that this can be increased by better utilization of pastures and better
feed conversion. Low technical efficiency, e.g. due to low stocking densities or inefficient
breeds, is cited as a cost factor. In order to reduce these costs sustainably, farms should
invest in breeding programmes and modern pasture management, as well as in more
efficient infrastructure and automation in the long term. In relation to more efficient
breeding programmes, El Sabry et al. (2023) reported a correlation between space
availability and higher performance. Daily weight gain and milk yield increase with more
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space, which in turn reduces stress and optimizes the animals' feed conversion. There is
also an improvement in wool quality when the animals are kept outdoors, and the
frequency of skin irritations decreases. According to Lima et al. (2017), feed efficiency
has a significant influence on profitability. As feed accounts for 71% of total costs, feed
efficiency is essential to remain profitable even with opportunity costs. It is important that
feed efficiency does not compromise carcass quality. Practical measures to increase
competitiveness include digital feeding systems and genotyping to identify high
performing lambs.

Another breeding focus should be on breeding heat-tolerant animals in order to secure
sheep farming in the long term (Al-Barakeh et al., 2024; Belanche et al., 2020). Making
farms climate-resilient is also a promising aspect for the future. The resilience of farms
should be increased through the introduction of regenerative agricultural practices, such
as soil-conserving grazing techniques or agroforestry systems. At the same time, markets
for ecosystem services can open up new sources of income. These include, for example,
certification systems for carbon storage. Sheep farming in arid regions also faces
particular challenges such as economic dependencies and sustainability issues (Al-
Barakeh et al., 2024). As previously described, extensive grazing preserves semi-natural
habitats such as nutrient-poor grasslands and helps to store carbon. However, poorly
managed grazing systems also harbor risks such as nutrient surpluses due to
overgrazing, which pollute groundwater and soils.

1.2.2 Economic evaluation of sheep farming systems

Sheep farming in Germany is characterized by a duality between traditional landscape
management and modern livestock production. As multifunctional production systems,
sheep farms combine ecological, cultural and economic tasks. Through grazing, they
preserve biotopes worthy of protection, such as juniper heaths and dyke landscapes, and
contribute to biodiversity (Muller et al., 2019). An attempt to identify the different farm
structures in German sheep farming reveals the following. Around 72% of farms keep a
maximum of 49 animals, while only 4.6% manage flocks of more than 500 sheep

(Statistisches Bundesamt, 2023). At the same time, hobby farming is becoming
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increasingly important, often as a sideline to maintain grassland. Migratory flocks with
historical herding concepts continue to characterise regions that cannot be maintained or
worked with agricultural machinery. However, there is no clear overview of existing
livestock systems, e.g. for cattle or pigs (Herold et al., 2021).

Cluster analysis is used in modern animal husbandry to classify heterogeneous farm
structures, animal behavior or management strategies into homogeneous groups. When
these methods are applied to the German sheep industry, three superordinate husbandry
systems can be identified: stable management, paddock management and traditional
grazing. These systems are often combined seasonally. During the winter months, for
example, lambing is increasingly carried out in stables, but for the rest of the year the
animals are kept in paddocks.

Schutte (2023) goes one step further and uses cluster analysis to define nine different
farming systems. The husbandry systems are identical throughout Germany for both
conventional and organic husbandry. All the husbandry systems mentioned are
represented in both systems.

A comparison of German and international sheep production systems shows that
extensive grazing is predominant, particularly in Australia, New Zealand, Great Britain
and parts of South America. Because of the large areas of land available, sheep are often
kept in very large flocks, sometimes with minimal human labour.

Intensive farming systems such as milk sheep are particularly common in southern
Europe (e.g. Greece, ltaly), the Middle East and parts of North Africa. Here, sheep are
kept year-round or predominantly indoors in order to control feeding and achieve high
milk yields.

While in Germany the focus is on landscape conservation and meat production,
internationally the emphasis is sometimes more on milk (e.g. feta production in Greece)
or wool (Australia, New Zealand). Sheep farming in Germany is characterised by
extensive, semi-natural grazing and makes an important contribution to landscape
conservation. Internationally, there are similar extensive systems (especially in countries
with large areas) and intensive systems designed to maximize production. The choice of
farming system is highly dependent on regional conditions, economic objectives and

regulatory frameworks.
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1.2.3 Bio-economic models for derivation of economic values for breeding traits

To quantify the monetary impact of individual breeding target traits on overall farm
performance, bio-economic models integrate production and functional parameters (e.g.
fertility rates, fattening performance) with economic indicators (cost structures, market
prices). In the face of structural challenges, such as high labour costs and subsidy
dependency, this approach allows data-driven prioritization of traits that can increase both
productivity and profitability. Using bio-economic modelling, it is possible to calculate
economic weights for target traits in relation to the production system. Economic weights
are generally defined as partial derivatives of the profit function. They describe the
relationship between profit and biological, economic and production parameters for each
of the evaluated target traits (Wolfova et al., 2011).

The international literature often emphasizes the importance of growth rates and carcass
quality as central economic weights in bio-economic models (Conington et al., 2004;
Jones et al., 2004; Wolfova et al., 2011). Compared to Germany, they show a stronger
focus on market dynamics and economies of scale, often with a more comprehensive
data base. They also underline the need to give greater weight to climate resilience and
labour productivity in future models. When calculating the economic weights for 14
production and functional traits, milk yield, conception rate of ewes, litter size and lifespan
of ewes were identified as the most economically important traits (Krupova et al., 2009).
It is not only breeding traits alone that play a role in bio-economic models, but also the
current issue of climate resilience and the carbon footprint. These topics were addressed
in an Irish study by Kilcline et al. (2024), which analyses the profitability of sheep farming
with regard to the carbon footprint. Technical optimizations such as increasing slaughter
weights through targeted flock management or increasing grazing capacity could
increase productivity by up to 20% and reduce nitrogen use at the same time. Breeding
progress, especially in the area of maternal traits and feed efficiency, plays a key role
here - higher litter sizes and survival rates not only reduce costs, but also emissions per
kilogram of meat. Emissions from feed production could be offset by the introduction of
climate-smart grazing systems, e.g. perennial mixed crops that sequester carbon in the

soil. This study again emphasizes the importance and necessity of subsidies, without
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which sheep farming would be unprofitable. Another bio-economic modelling on the
economics of carbon sequestration looks at the possibility of planting marginal land and
grazing it with sheep and cattle (Wangui et al., 2021). The planted shrubs not only serve
as an additional source of fodder, but also as erosion control and a carbon sink. At the
same time, the carbon sequestered in the shrubs can open up new sources of income
through the trading of certificates. Here, too, it is emphasized that without state subsidies
or higher carbon prices, the measure is hardly profitable due to the high costs of planting
and maintaining the shrubs and the currently still low revenues on the carbon market.
The German literature on bio-economic models in sheep production focuses on the
dependency on agricultural policy frameworks and cost reduction through breeding
optimization. When comparing trait weights, functional traits such as hoof health and
longevity are gaining importance in Germany to reduce labour costs (Oberpenning et al.,
2025).

1.3 Aims of the study

The first study aimed to clarify the genetic architecture linking tail length and growth traits
in Merinoland sheep. Given the increasing importance of breeding for short tails as an
alternative to tail docking, the study sought to estimate genetic parameters for tail length,
birth weight, weaning weight, and post-weaning weight using single-trait, multiple-trait,
and structural equation models. A key objective was to determine whether structural
equation models, which incorporate time-lagged causal pathways, provide deeper
insights into the biological and environmental mechanisms connecting tail morphology
with growth performance. By quantifying direct and maternal genetic effects, as well as
recursive relationships among traits, the study intended to evaluate potential antagonistic
genetic correlations and identify whether environmental risk factors, such as
hygiene-related infections in long-tailed lambs, should be integrated into breeding
strategies.

The second study focused on characterizing German sheep production systems and
deriving cluster-specific economic weights for breeding goal traits. By applying

hierarchical clustering to 25 herds, the study aimed to identify production system types
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that differ in size, management intensity, and economic orientation. A central objective
was to quantify farmers’ willingness to pay for improvements in twelve breeding traits and
to determine how these preferences vary across production clusters. The study sought to
reveal whether health and welfare traits, particularly tail length, are consistently valued
across systems and to evaluate whether breeding goals should shift from
performance-driven selection toward greater emphasis on functionality, welfare, and
system-specific needs.

The third study aimed to extend an existing bio-economic model to incorporate health and
welfare traits, with a particular focus on parasite resistance and tail length in Merinoland
sheep. By enhancing the ECOWEIGHT software with modules for disease incidence,
treatment costs, and herd tail-length composition, the study sought to derive marginal and
relative economic values for fifteen breeding traits. A key objective was to assess the
economic relevance of health and welfare traits under varying herd tail-length scenarios
and to evaluate the robustness of economic values through sensitivity analyses. The
study further aimed to determine whether current economic weights are biased by the
high health status of research herds and to highlight the need for broader data sources

to ensure representative economic evaluations.
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Abstract

Tail docking is routinely conducted in long-tailed sheep breeds to prevent fly-
strike infections, but it is not in agreement with legal guidelines and animal
welfare issues. Selection on short tails is a sustainable alternative in this regard,
but side effects on other breeding goal traits are unclear. In consequence, the
present study aimed to estimate genetic parameters for tail length (TL) at birth,
birth weight (BW), weaning weight (WW) and postweaning weight (PWW) at
the slaughtering date considering single-trait (STM), multiple-trait (MTM) and
structural equation models (SEM) with different random effects, and accordingly,
different covariance structures. The SEM considered time-lagged recursive rela-
tionships among response variables in three different pathways. The first path
pertained to the effect of TL on WW and of WW on PWW. The second path re-
flected the effect of BW on WW and of WW on PWW. The third path was the
recursive effect of TL on PWW. The phenotypic data consisted of 2803 records for
TL, 13,042 records for BW, 1556 records for WW and 3986 records for PWW from
Merinoland lambs. Lambs were born in the period from 1995 to 2021 and kept at
the university Giefien research station, Germany, with their naturally long tails.
Genetic statistical model evaluation based on Bayesian and Akaike's information
criteria suggested models simultaneously considering direct genetic, maternal
genetic and maternal permanent environmental effects and respective covari-
ances. For statistical models including the same random effects and covariance
structures, SEM were superior over MTM. The direct heritability for TL from the
best-fitting STM was 0.60 +0.08, indicating the potential for genetic reduction of
tail length within a few generations. For growth traits, the direct heritabilities
ranged from 0.16+0.03 for BW to 0.31+0.09 for PWW. The maternal heritabili-
ties were 0.03 +0.03 for TL, 0.12+0.02 for BW, 0.04 + 0.03 for WW and 0.07 +0.03
for PWW, reflecting small, but the non-significant influence of uterine charac-
teristics on the tail development. The direct genetic correlations between TL and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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analyses, we evaluated different MTM and focused on the
estimation of genetic covariance components and genetic
correlations for all trait combinations. Corresponding
SEM including the three pathways as described above
aimed at inferring genetic (co)variance components and
structural equation coefficients for mutual direct and
time-lagged trait associations.

2 | MATERIALS AND METHODS

The committee of animal care and protection as estab-
lished by University of Giessen officially approved this
study. The official number for this study is V 54-19¢ 20
15h 01 GI 18/14 Nr. G 44/2021.

2.1 | Animals and traits

The present study considered the experimental pure-
bred Merinoland sheep population from the University
Gieflen research station “Oberer Hardthof,” Germany,
with their natural and undocked tails. The flock was
kept in grazing (spring to fall) and high-input (fall to
spring) production systems. The phenotypic records
were collected over a period of 27 years (1995-2021) and
included tail length at birth (TL) measured in cm, birth
weight (BW) in kg, weaning weight (WW) in kg (av-
erage age of 62days) and postweaning weight (PWW)
in kg recorded at the slaughtering date (average age of
118 days). Year-month combinations with a small num-
ber of records (less than 10 lambs with records for TL,
BW, WW or PWW) were discarded, implying the exclu-
sion of records from 11-year-month combinations for
the ongoing genetic analyses. In addition, all traits were
checked for outliers by excluding records with values
lower or higher than the mean + 3 SD. After editing and
discarding 11% of all initial records, the data consisted
of 2803 records for TL, 13,042 records for BW, 1556 re-
cords for WW and 3986 records for PWW. All lambs
with records for TL had records for the weight traits BW
and PWW, and all lambs with records for WW had a TL
measurement. The descriptive statistics for the traits are
given in Table 1.

The pedigree of the lambs with trait records was traced
back as many generations as possible and comprised
30,708 animals. In genetic analyses, all lambs with records
could be traced back for at least three generations, but
most of the lambs even had deeper pedigrees. Lourenco
etal. (2014) evaluated the effects of pedigree depth on the
accuracy of genetic evaluations, which depended on the
data structure and the trait, but for genotyped animals,

TABLE 1 Descriptive statistics of tail length at birth, birth
weight, weaning weight and postweaning weight

No. of
Trait records  Mean SD Min Max
Tail length (TL, in cm) 2803 23.42 236 16.2 30.4
Birth weight 13,042 5.50 1.04 24 8.6
(BW, in kg)
Weaning weight 1556 29.20 5.58 14.0 53.0
(WW, in kg)
Postweaning weight 3986 43.69 6.56 22.0 73.0
(PWW, in kg)

two or three generations of phenotypic records plus two
additional pedigree generations were mostly sufficient in
terms of accuracies. The pedigree completeness index was
calculated according to MacCluer et al. (1983) and was
96.4%.

The lambs with phenotypic records were offspring
from 169 different rams and different 4689 ewes. The av-
erage pedigree-based inbreeding coefficient of the lambs
calculated with the CFC software package (Sargolzaei
et al., 2006) was 6.5%, and increased from 2.8% in 1995 to
8.3% in 2021.

2.2 | Genetic-statistical analyses

Genetic parameters for all traits were estimated using the
software package WOMBAT (Meyer, 2007) and applying
restricted maximum likelihood. First, 6 different single-
trait models (STM) were fitted including different random
effects and considering different covariance structures for
random effects. The single-trait models 1-6 (i.e., STM-1-
STM-6) were defined as follows:

y=Xb+Z,a+e (STM-1)

y=Xb+Za+Z.cc+e (STM-2)

y=Xb+Z,a+Z,m+ewith Cov(a,m)=0
(STM-3)

y=Xb+Z,a+Z,m+ ewith Cov(a,m) = Ao,
(STM-4)

y=Xb+Za+Z,m+Z.+ewithCov(a,m)=0
(STM-5)

y=Xb+Z,a+Z,m+ Z.+ewith Cov(a,m) = Ac,,
(STM-6)
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where y was the observation vector for the lamb trait
(TL, BW, WW or PWW); b was the vector of fixed ef-
fects including year-month at recording, litter size, lit-
ter number and sex; a was the vector of random direct
genetic effects; ¢ was the vector of random maternal
permanent environmental effects; m was the vector of
random maternal genetic effects and e was the vector
of random residual effects. X, Z,, Z,, and Z_ were inci-
dence matrices relating the records to fixed, additive di-
rect genetic, maternal genetic and maternal permanent
environmental effects, respectively. A was the numera-
tor relationship matrix and o, was the genetic covari-
ance between direct and maternal genetic effects. It was
assumed that the random effects are independent and
normally disturbed. The (co)variance structure for ran-
dom effects in model 6 (and correspondingly reduced
in the remaining models with a smaller number of (co)
variance components) was

a Aﬁg Ao, 0 0
2
var m | Ao, Ao 02 0
c 0 0 Io? 0
e 0 0 Io?

where O'g and afn were the direct and maternal genetic vari-
ances, respectively; o, was the covariance between direct
and maternal genetic effects; a? was the maternal perma-
nent environmental variance; af was the residual variance
and I was an identity matrix.

The phenotypic variance (o7) was computed as the
sum of the (co)variance components with 62 = 62 + 62 +
6am + 62 + o2 The direct heritability (h2), the maternal
heritability (hfn), the maternal permanent environmen-
tal variance as a proportion of the phenotypic variance
(c?) and the direct-maternal genetic correlation {rg..)

2242 32 2 42 2 242
were calculated as hj = aﬂ/crp, hy, = am/ap, =0 /ap

andr, =04/ 62 x o, respectively.The effects from

STM-1 to STM-6 were considered in respective MTM by
simultaneously including TL, BW, WW and PWW. For
the most sophisticated model with all random effects,
that is MTM-6, the matrix notation was as follows:

. 135
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FIGURE 1 Recursive causal structure involving tail length at
birth (y,), birth weight (y,), weaning weight (y;) and postweaning
weight (y,) traits influenced by direct genetic effects (u;) and by
residual (e) effects. Bidirectional arrows indicate genetic or residual
correlations between pairs of traits. Blue arrows represent the
direct recursive effect of trait i on trait j (4,_;) [Colour figure can be
viewed at wileyonlinelibrary.com|

where y, to y, were the observations for BW, TL, WW and
PWW, respectively. For the remaining multiple-trait mod-
els MTM-1 to MTM-5 with a smaller number of effects and
partly ignored covariance structures (see the STM defini-
tions above), effects as defined in MTM-6 were excluded
accordingly.

With regard to SEM, we hypothesized three pathways.
The first path described the recursive and time-lagged ef-
fects of TL (trait 1) on WW (trait 3), and in the same path of
WW (trait 3) on PWW (trait 4). A second pathway included
the three weight traits simultaneously, that is, a recursive
effect of BW (trait 2) on WW (trait 3), and in the ongoing
process of ageing the causal recursive effect of WW (trait 3)
on PWW (trait 4). The third pathway reflected the effect of
TL (trait 1) on PWW (trait 4). From a biological and physio-
logical perspective, such research objectives require a sheep
population with undocked tails as kept on the research sta-
tion of Oberer Hardthof, University of Giessen, Germany.
The different recursive pathways are outlined in Figure 1.

Consequently, a matrix of structural equation coeffi-
cients (A) was premultiplied with the observation vector.
In analogy to the six STM and MTM, SEM-1 to SEM-6 were
defined with the corresponding effects. Thus, SEM-6 was
constructed as follows (and correspondingly reduced in
the remaining five models with a smaller number of ran-
dom effects):

with Cov (a, m) = Ao,

(MTM-6)
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¥ »1 X, 0 b, Zy 0 ay Zp
= Al + R B +
Ya Ya 0 X, || bs 0 Zyy || as 0
and

0 0 0 0

0 0 0 0
A=

Ihy ., Ty s 0 0
0 i Y i 0

where I was the identity matrix and 4;_,; represented direct
effects of trait i on trait j. If all elements of the A matrix are
equal to 0, then the SEM model is equal to an MTM model.
Despite the difference in interpretations of MTM and SEM,
the distribution of random effects was assumed to be the
same for both models. Thus, the (co)variance structures
for random effects using the model with all random effects
(model 6) were

a,
: 2
a L Oaym,
var| 4 =A® ;
2
o o
m, my,a) my
_ - -, .
c % .04
varl : |=1IQ® : S
2
| Cy | 6{:_,,::, O'c4 i
= - =
€ o-e] Gel £4
val : |=1IQ® : :
2
| 24 ] | 684.€1 0-94 ]

where o- and o' _were direct and maternal genetic vari-
ances, respectlvely, for trait i (i = 1 to 4); o, m, Was the
covariance between the direct genetic effect for trait i and
the maternal genetic effect for traitj (j = 1 and 4); crgi_ was
the maternal permanent environmental variance for trait
i; o, was the maternal permanent covariance between
traits i and j; o] and o, were residual variances and co-
variances, respectively and A and I were the numerator
relationship and identity matrices, respectively.

In both MTM and SEM analyses, direct or maternal ge-
netic correlations between traits i and j (rg[j) were

g, = Og, / créI X créj, where O, Was the direct or mater-
nal genetic covariance between traits i and j, and 0‘2 and
a2 were the direct or maternal genetic variances for tralt i
and trait j, respectively. Phenotypic correlations were cal-
culated based on the estimated (co)variance components
from the WOMBAT software package (Meyer, 2007). In

2 HO o S |+ i |with Cov(a,m)= Ao,
- Zya my 0 . Zy || e ey

(SEM-6)

this regard, the phenotypic correlation is equal to the sum
of the additive genetic, maternal genetic, permanent envi-
ronmental and residual covariances between traits one
and two, divided by the product of the square roots of the
phenotypic variances for both traits.

The goodness of fit for the 6 models combined with
the 3 approaches (i.e., STM, MTM and SEM) was de-
termined based on Akaike's information criterion
(AIC) and the Bayesian information criterion (BIC).
The AIC was calculated as AIC = — 2logL + 2p, and
BIC = — 2logL + plog(N — r(x)), where logL was the natu-
ral logarithm of the likelihood function value, p was the

TABLE 2 Model evaluation of the six single-trait animal
models (as described in the materials and methods) for tail length
(TL), birth weight (BW), weaning weight (WW) and postweaning
weight (PWW) according to the AIC and BIC evaluation criteria

Trait Model p* AIC BIC

TL STM-1 2 6817.2 6829.0
STM-2 3 6813.4 6831.2
STM-3 3 6813.0 6830.7
STM-4 4 6815.4 6839.1
STM-5 4 6813.0 6836.7
STM-6 5 6814.7 6844.3

BW STM-1 2 7850.5 7865.4
STM-2 3 7634.0 7656.4
STM-3 3 7620.7 7643.1
STM-4 - 7617.8 7647.6
STM-5 - 7600.7 7632.6
STM-6 5 7601.4 7638.7

WwW STM-1 2 5937.1 5947.8
STM-2 3 5937.9 5953.8
STM-3 3 5928.7 5944.6
STM-4 4 5938.6 5959.8
STM-5 4 5930.7 5951.9
STM-6 5 5929.1 5955.7

PWW STM-1 2 16,666.0 16,678.6
STM-2 3 16,659.4 16,678.2
STM-3 3 16,658.4 16,677.2
STM-4 o+ 16,654.0 16,680.0
STM-5 4 16,657.4 16,682.5
STM-6 5 16,654.0 16,685.3

Note: Values for model evaluation criteria (AIC and BIC) from the best
model are highlighted in bold.

“Number of parameters.
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TABLE 3 Model evaluation of
multiple-trait (MTM) and structural
equation models (SEM) (as described in
the materials and methods) considering
AIC and BIC

Model p*
1 20
2 30
3 30
4 46
5 40
6 56
Best* 33

‘Number of parameters.

MTM SEM

AIC BIC AIC BIC Diff°
35,691.5 35,850.5 35,678.2 35,837.3 13.2
35,467.5 35,706.0 35452.3 35,690.9 15.1
354557 35,602.3 354382 35.679.8 17.5
35,448.7 35,814.5 35431.0 35,796.8 17.8
35,4444 35,762.5 35427.1 35,745.1 17.4
354413 35,786.6 35,427.3 35,682.6 14.0
35,439.2 35,694.6 354223 35,674.7 16.9

PAIC value from the MTM minus AIC from the respective SEM.

“The best MTM and SEM models were constructed using the most appropriate single-trait models (i.e.,
STM-3 for TL, STM-5 for BW, STM-3 for WW and STM-4 for PWW),

number of parameters in the model, N was the number
of observations and r(x) was the rank of the fixed effect
incidence matrix. The model with the lowest AIC and BIC
values was considered the most appropriate model.

3 | RESULTS

31 | Model comparison
AIC and BIC values for STM-1 to STM-6 from the genetic
analyses of all four traits are given in Table 2. For TL, the
largest AIC value was obtained for STM-1, and no signifi-
cant differences were identified among models STM-2 to
STM-6. For the growth traits, models with maternal ge-
netic effects indicated lower AIC and BIC values com-
pared to STM-1 and STM-2. For BW, the best fitting model
was STM-5, considering direct genetic, maternal genetic
and permanent environmental effects. Model STM-3 was
favourable for WW, and STM-4 for PWW, The same fa-
vourable STM were selected based on AIC and on BIC.
Table 3 shows the AIC and BIC values for the differ-
ent MTM and SEM. In the last row for the “best model,”
we considered the effects and covariance structure for
each trait from the respective superior STM for each
trait, that is, STM-3 for TL, STM-5 for BW, STM-3 for
WW and STM-4 for PWW. Regarding model compari-
sons with a focus on the same traits and same effects,
SEM displayed lower AIC and BIC values compared to
MTM, and thus, SEM improved the goodness of fit. Due
to the small differences in AIC and BIC values from the
full models 6 compared to the “best” MTM or STM, we
chose the results from STM-6, MTM-6 and SEM-6 for the
ongoing interpretations and discussions in this manu-
script. Such an approach allows the deepest insights into
all possible covariances for all random effects and trait
combinations.

3.2 | (Co)variance components and
heritabilities

The STM-6 generates all possible estimates for variance
and covariance components of all random effects and dis-
plays almost the same AIC and BIC values for all traits
compared to the best-fitting model (see Table 3). Genetic
parameter estimates for all traits from the full single-trait
model (STM-6) are given in Table 4. Additive genetic
variances were 3.15+0.87 for TL, 0.11+0.02 for BW,
5.48 +2.21 for BW and 8.43 +2.68 for PWW. A quite large
direct heritability of 0.60+0.08 was estimated for TL.
For body weight traits, direct heritabilities ranged from
0.16 +0.03 for BW to 0.31+0.09 for PWW. In compari-
son to the models STM-3 and STM-5, consideration of the
direct-maternal genetic covariances in single-trait mod-
els (STM-4 and STM-6) was associated with an increase
of maternal heritabilities for the studied traits of 20%-
50%. Using STM-6, maternal heritability estimates were
0.0340.03 for TL, 0.12+0.02 for BW, 0.04 +0.03 for WW
and 0.07+0.03 for PWW. The maternal permanent envi-
ronmental variance as the proportion of the phenotypic
variance (c?) ranged from 0.04+0.02 for TL to 0.13+0.04
for WW. For TL, a negative correlation of —0.26+0.20
was estimated between direct and maternal genetic ef-
fects. The antagonistic direct-maternal correlations were
stronger for the weight traits, that is, —0.33 +0.15 for BW,
—0.65+0.23 for WW and —0.74+0.13 for PWW.

3.3 | Phenotypic and genetic correlations
between tail length and body weight traits

Estimates of phenotypic and genetic correlations between
the traits from the models MTM-6 and SEM-6 are shown
in Table 5. Using MTM-6, the smallest phenotypic corre-
lation was estimated between TL and PWW (0.16 +0.03),
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TABLE 6 Structural coefficients

Model”
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» estimated with different structural

equation models (SEM-1 to SEM-6) Path®
Aa -0.07
e —0.39
L 1.21
20 —0.18

SEM-1

SEM-2 SEM-3 SEM-4 SEM-5 SEM-6  Best®
—0.08 -0.12 =0.11 —0.12 —0.08 -0.13
—0.41 —0.49 —0.49 —0.47 —0.24 —0.47
1.25 0.98 0.66 1.51 1.37 1.49

—0.19 —0.19 =0.18 -0.19 —0.14 =0.19

”AE_J- represents the change in trait j per 1-unit increase of trait i. Traits are TL (trait 1), BW (trait 2), WW

(trait 3) and PWW (trait 4).

PEffects of the different models are specified in the materials and methods.

“The best SEM was constructed using the effects from the most appropriate single-trait models (i.e..
STM-3 for TL, STM-5 for BW, STM-3 for WW and STM-4 for PWW).

and the largest phenotypic correlation was between WW
and PWW (0.78 +0.01). Similarly, phenotypic correlations
among all traits were positive when fitting SEM-6. Direct
genetic correlations from MTM-6 ranged from 0.23+0.12
between TL and WW to 0.67 +0.19 between BW and WW.
With regard to SEM-6, the direct genetic correlations
ranged from 0.23 +0.13 between TL and WW t0 0.66 +0.19
between WW and PWW. Maternal genetic correlations
were strong and positive among body weight traits with
the largest estimates of 0.98+0.07 and 0.99+0.10 be-
tween WW and PWW from MTM-6 and from SEM-6, re-
spectively. Strong positive maternal genetic correlations
(0.70+0.16 from MTM-6 and 0.67+0.15 from SEM-6)
were estimated between TL and BW, but the correlations
were smaller between TL and the weight traits WW and
PWW recorded at later ages.

3.4 | Structural equation coefficients

Estimated structural coefficients for the effects of TL on
WW (4,_,3) and on PWW (4,_,,) were negative (Table 6).
The negative effect of TL on weight traits increased with
ageing. In SEM-6, for instance, structural coefficients of
—0.08 (4_3) and of —0.24 (4,_4) indicate that 1 cm increase
in TL was associated with a decline of 0.08 kg for WW and
0.24kg for PWW. With regard to the different SEM, posi-
tive structural coefficients were estimated for the effect
of BW on WW in the range from 0.66 to 1.49. In contrast,
structural coefficients for the effect of WW on PWW (45_,)
were negative in the range from —0.14 to —0.19.

4 | DISCUSSION
4.1 | Genetic parameters and
heritabilities for tail length and body

weight traits

The quite large direct heritability (0.60) for TL reflects es-
timates as previously reported for different sheep breeds

(e.g., Gizaw et al., 2008; Greeff et al., 2015). Especially
the direct heritability of 0.58 for TL in another Merino
population (Greeff et al., 2015) is very similar to the esti-
mate of 0.60 from the present study. An even larger her-
itability of 0.82 was reported for crosses of short-tailed
Finnish Landrace and long-tailed Cheviot sheep (Scobie
& O’Connell, 2002). In the context of this study, Scobie
and O’Connell (2002) addressed the favourable allele fre-
quencies of major genes for TL in this specific population.
A crossing focus only on TL might be associated with in-
direct losses in genetic gain for other breeding goal traits,
which have been improved in purebred Merino sheep
based on additive-genetic effects during the past decades.
Nevertheless, the large heritability for TL in our study
indicates the possibility to generate a short-tailed sheep
population within a few generations also for intra-breed
selection strategies. In a recent study conducted in Merino
sheep, Lagler et al. (2022) proved a strong quantitative-
genetic background for TL, because a large number of
genome-wide markers explained a large proportion of
TL variation. Nevertheless, in ongoing gene annotations,
Lagler et al. (2022) identified HOXB13 on chromosome 11
as a potential candidate gene and suggested gene-assisted
selection on shorter tails. From a physiological perspec-
tive, Fowden et al. (2006) addressed the effects of uterus
characteristics of the dam on morphological traits in off-
spring, possibly explaining the maternal heritability for
TL of 0.03. However, the maternal heritability for TL was
quite small in the range of the respective standard error,
and non-significantly different from zero.

The direct heritability for BW of 0.16 in the present
study for Merino is very similar compared to estimates
reported for Baluchi sheep (Abbasi et al., 2012), Chinese
Merino (Di et al,, 2011), Dorper (Kariuki et al., 2010)
and the Horro sheep breed (Gowane et al., 2015). In var-
ious sheep breeds, the direct heritability for weight traits
tended to increase with ageing and ranged from 0.09 to
0.39 for WW and from 0.14 to 0.55 for PWW (Di et al., 2011;
Gowane et al., 2015; Jafaroghli et al., 2010), confirming
the results from the present study. Especially from the
most complex model STM-6, the maternal heritabilities
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for body weight traits were in agreement with estimates
reported by several authors (e.g., Abbasi et al., 2012; Di
et al., 2011). Even larger maternal heritabilities were esti-
mated by El Fadili et al. (2000) for BW (0.59) in Moroccan
Timahdit breeds and by Areb et al. (2021) for BW (0.34)
and WW (0.20) in Bonga sheep. In agreement with our
findings, several studies (e.g., Areb et al., 2021; El Fadili
etal., 2000) estimated negative direct-maternal genetic co-
variances for body weight traits. The negative covariances
implied increased maternal heritabilities as outlined by
Areb et al. (2021), in comparison to maternal heritabilities
from models ignoring a direct-maternal covariance struc-
ture. From a statistical modelling perspective, Solanes et al.
(2004) assumed biased genetic evaluations when ignoring
maternal genetic effects and maternal-direct genetic co-
variances. The antagonism between direct and maternal
genetic effects for TL and body weight traits might be due
to natural selection for an intermediate optimum (Tosh
& Kemp, 1994). From an evolutionary point of view, the
genetic background of the physiological and uterine ca-
pacities of ewes may prevent oversized body proportions
of lambs.

The estimate of ¢ for BW (0.07 from both STM-5 and
STM-6) was in accordance with ratios for permanent en-
vironmental variances in studies by Abbasi et al. (2012) in
Baluchi sheep (0.08), by Areb et al. (2021) in Bonga sheep
(0.15), by Gowane et al. (2015) in Malpura sheep (0.09)
and by Mandal et al. (2015) in Muzaffarnagari sheep
(0.09). For the weight traits WW and PWW recorded later
in life, the inclusion of the maternal permanent environ-
mental effect in STM-5 and STM-6 did not improve the
goodness of fit when compared to AIC and BIC for STM-
3 and STM-4. The significant effect of the maternal per-
manent environment on BW is mainly due to the uterine
capacity and nutritional quality, especially during late ges-
tation. The permanent maternal environmental variance
consistently decreased with lamb ageing, especially when
altering the feeding behaviour from milk to roughage
(Mandal et al., 2012; Zishiri et al., 2013).

4.2 | Genetic correlations between tail
length and body weight traits

Direct genetic and maternal genetic correlations between
TL and body weight traits from both modelling approaches
MTM and SEM were positive, genetically indicating that
heavier lambs have longer tails. However, the direct ge-
netic correlations between TL and weight traits were only
low to moderate. Thus, selection on shorter tails will not
significantly impair body weight development, especially
with regard to only small detrimental effects on WW.
Genetic correlations among body weight traits decreased

with increasing age distances, which is in agreement with
estimates in other sheep breeds (Abbasi et al., 2012; Areb
et al.,, 2021; Mohammadi et al., 2015). The positive ge-
netic correlations among the weight traits are evidence for
common genetic and physiological mechanisms. Hence,
selection for increased WW implies associated calving dif-
ficulties due to the positive correlation with BW. Weaning
weight can be used as an indicator trait for PWW, espe-
cially in the context of the quite large maternal genetic
correlations (i.e., 0.98 and 0.99 from MTM-6 and SEM-6,
respectively).

4.3 | Structural equation coefficients
We found negative recursive relationships from TL on WW,
and from TL on PWW (4, _ 5 and A, _ ,, respectively). Lambs
with longer tails are more susceptible to breech and tail
strikes, which in turn can impair their body weight devel-
opment. The long and woolly tails imply an increased risk
for contamination with dirt and dust, and in causality, caus-
ing infections with fly larvae, the so-called myiasis (Pijpers
et al., 2006). Physiologically, the contamination caused by
excrement residues provides space for the accumulation of
fly larvae in the host's skin and subcutaneous membrane.
The fly larvae grow inside the host while feeding on its tis-
sue, causing considerable tissue destruction and potential
losses of appetite and associated weight losses (Wall, 2012).
The different signs in structural equation coefficients and
genetic correlations for the same trait combinations im-
pressively demonstrate the advantage of SEM to infer phe-
notypic trait causalities from genetic mechanisms. The
positive genetic correlations between TL and body weight
traits indicate that lambs with longer tails may carry the
favourable genes for body weight development and would
be heavier later in life when ignoring negative recursive re-
lationships at the phenotypic level. Such recursive effects
might be induced by additional external risk factors such as
tail infections hampering animal performance.
Interestingly, the pure phenotypic correlations between
TL and body weight traits were positive, indicating bi-
ased estimates when ignoring recursive relationships and
feedback mechanisms among traits as outlined by Konig
et al. (2008) in the case of claw health and milk yield. Thus,
the magnitude and sign of selection response in trait A by
indirect selection on trait B strongly depend on the level of
recursiveness and genetic covariances between both traits.
In agreement with our results, Razmkabir et al. (2020) and
Jafaroghli et al. (2021) reported positive structural equation
coefficients of 1.24 and 1.19 for the recursive effect of BW
on WW in Markhoz goats and in Moghani sheep, respec-
tively. In the present study, both the recursive relationship
and the genetic covariance between BW and WW were
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positive, indicating correlated genetic gain in WW for an
early selection strategy on BW. In contrast to our results
for the recursive effect of WW on PWW, positive structural
equation coefficients of 0.79 were reported by Razmkabir
et al. (2020) and of 0.67 by Jafaroghli et al. (2021). A nega-
tive recursive effect of WW on PWW indicates that heavy
lambs until weaning (due to the favourable milk supply
of their mother) may face difficulties when switching the
feeding strategy to own roughage intake, especially for
sheep kept in harsh grazing systems (Gernand et al., 2008).
Vice versa, lambs with low WW may respond with com-
pensatory growth after weaning (Homem et al., 2007),
implying a stronger growth rate increase after weaning
compared to heavy lambs with high WW. Furthermore,
Valente et al. (2013) pointed out that environmental con-
ditions may determine the sign and magnitude of recur-
sive relationships among phenotypes. In merino sheep, for
instance, Dakhlan et al. (2018) and Kelman et al. (2022)
reported stronger compensatory growth after weaning for
multiple-born lambs compared to single-born lambs, espe-
cially in the case of nutritional restrictions.

In contrast to MTM, a great advantage of SEM is the
ability to discriminate genetic correlations and recursive
relationships among traits (e.g., Konig et al., 2008: Rosa
etal., 2011). From a practical breeding perspective, genetic
correlations classically determine the success of breeding
goal definitions and genetic gain in single traits. However,
it should be kept in mind that recursive relationships be-
tween traits of interest can affect selection response. For
instance, the sign and magnitude of the response to se-
lection for WW depend on two pathways of relationships:
one representing an antagonistic path (i.e., a negative
recursive relationship and positive genetic covariance
between TL and WW), and another pathway including
positive recursive and genetic relationships between BW
and WW. As mentioned above, a large heritability for TL
and small direct and maternal correlations between TL
and WW indicate successful genetic selection on short
tails without unfavourable effects on WW. Furthermore,
the negative recursive effect of TL on WW indicates short
tails in the context of improved body weight development.
Especially in the ongoing postweaning period, long-tailed
lambs have a greater risk to suffer due to the unfavourable
side effects of long tails including breech, tail strikes and
infections. Thus, ignoring recursive effects can hamper se-
lection efficiency in a long-term perspective.

5 | CONCLUSION

Different modelling approaches favoured models con-
sidering both direct-genetic and maternal-genetic effects
plus respective covariance components for the genetic
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evaluation of TL and body weight traits in Merinoland
sheep. The direct heritability for TL from the best-fitting
STM was 0.60+0.08, indicating the potential for genetic
reduction of tail length within a few generations. For TL,
also a small maternal heritability of 0.03+0.03 was esti-
mated, maybe due to intrauterine effects determining the
embryonic development. As expected, the maternal herit-
abilities for body weight traits decreased with ageing. The
direct genetic correlations between TL and body weight
traits from MTM were positive, indicating unfavourable
relationships from a breeding perspective. Genetic cor-
relations between the same traits were very similar when
applying SEM. Nevertheless, the structural equation co-
efficients reflecting trait associations phenotypically were
negative (favourable) for the time-lagged effects of TL on
WW and on PWW. As an explanation, lambs with long
and woolly tails have an increased risk for tail contamina-
tions with dirt and dust causing infections, which in turn
impairs the body weight development. The mutual rela-
tionships depicted via structural equation coefficients dif-
fered in sign and magnitude from the pure phenotypic and
genetic correlations. Hence, optimized breeding strategies
imply consideration of environmental risk factors, that is,
alterations in disease susceptibility when breeding short-
tailed Merinoland sheep.
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The aim of this study was to derive economic weights for sheep breeding goal traits for specific cluster types. The
herd clustering approach considered 25 German sheep herds including descriptors related to area-based factors,
management factors, herd information and socio-economic characteristics. The evaluation criterion suggested
the application of agglomerative hierarchical clustering with the respective allocation of 25 herds to 3 different
clusters. The clusters mainly differed with regard to herd size, production focus, and organic versus conventional
management practices. The ongoing contingent valuation approach to derive cluster specific economic weights
for 12 breeding goal traits based on the willingness to pay (WTP) considering 25 German sheep farmers, a hy-
pothetical budget of 1000 € for the improvement of a trait per 1 genetic SD, and linear mixed model applications.
Significant cluster differences for the WTP (P < 0.01) were only identified for the trait feed utilisation with
regard to clusters 2 (least-squares mean = 101.65 €) and 3 (least-squares mean = 9.46 €). Least-squares means for
individual breeding goal traits were summed up into four overall breeding goal categories. The highest trait
importance was expressed for “functional”, but displaying a variation among cluster. All clusters rated the trait
category “health and welfare™ including tail length very similar (range from 24 % to 29 %), with even stronger
emphasize on “health and welfare” over “performance” in clusters 1 and 3. In consequence, we suggest to modify
sheep breeding goals with a shift from production towards health, welfare and functionality, by consideration of
production system particularities.

1. Introduction

Recently, Wiedemann et al. (2023) outlined the economic challenges
of sheep production in Germany. In this regard, they highlighted the
increasing importance  of  compensatory  payments for
agri-environmental service including landscape conservation. From a
production perspective, most of the farm income is due to quality lamb
meat production in niche markets (Mandolesi et al., 2020). In a
comprehensive economic evaluation for the German ministry, von Korn
(2020) indicated a profit of 55 € per ewe and year when considering the
compensatory payments, but financial losses of 68 € per ewe and year
without financial support.

Nevertheless, despite the economic challenges, sheep farming in
Germany plays an important role in the German livestock sector. In total
1559,100 sheep from 35 different breeds (count in 2023) are kept in
9560 different farms (Schiitte, 2023). A quite large number of 4310
small-sized farms keep less than 49 sheep, mostly in extensive or organic

production systems. In contrast, only 850 large-scale herds with more
than 500 sheep are listed in official statistics (Statistisches Bundesamt,
2023). Generally, especially with regard to production system charac-
teristics and utilized breeds, sheep farming in Germany is very hetero-
geneous. Schiitte (2023) highlighted nine different major husbandry
systems for German sheep farming which were defined as follows: 1.
“site-independent herding”, 2. “full-time site-bound herding farms”, 3.
“full-time combined herding and paddock farms”, 4. “full-time sheep
meat mixed farms”, 5. “full-time farms with focus on extensive meat
production and landscape management”, 6. “part-time landscape man-
aging farms™, 7. “part-time direct marketers”, 8. “small-scale breeders
and self-suppliers, and 9. “small-scale lifestyle sheep farms”. The nine
identified systems mainly differed with regard to herd size, the grazing
area in hectares, the production focus (wool, meat or landscape con-
servation) and the overall breeding approach (pure breeding versus
crossbreeding). The diversity of sheep farm types and sheep farming
systems was outlined on the basis of within-country evaluations in

* Corresponding author at: Institute of Animal Breeding and Genetics, University of Giessen, Ludwig St. 21B, 35390 Giessen, Germany.
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Tunisia (Ibidhi et al., 2018), but also on a broader Mediterranean scale
(Caballero, 2001).

Cluster analyses enables the identification and grouping of herds
with similar production system characteristics, as applied for breeding
objectives in cattle and pigs (Herold et al., 2021). The most relevant
cluster approaches in the context of animal breeding include agglom-
erative hierarchical clustering (AHC), fuzzy clustering (FZC) and parti-
tion around medoids (PAM). A detailed description of the
methodological aspects with regard to AHC, FZC and PAM applications
is given by Herold et al. (2021). For all cluster approaches, the silhouette
width is the mostly used standard evaluation criterion to assess the
quality of clustering and to determine the optimal number of clusters.
Gorgulu (2010) applied FZC clustering to classify dairy cow herds ac-
cording to milk yield characteristics. Milan et al. (2003) focused on AHC
and used economic data to group sheep herds in an international
context. In an international breeding context, Weigel and Rekaya (1999)
suggested so-called “borderless clustering”, i.e., basing breeding value
estimations and breeding goal definitions on production system char-
acteristics rather than on country borders.

Ideally and theoretically, economic weights for breeding goal traits
should consider production system particularities and respective farm
economy, as well as demands raised by consumers and the society
(Amer, 1999; Conington et al., 2004). From a practical perspective, it is
not feasible to derive economic weights for breeding goal traits for all
specific farm types, but for overall production systems, as determined, e.
g., via cluster analyses. So-called objective methods to derive economic
weights require detailed information including revenues, costs, herd
parameters and biological coefficients related to animal traits (Groen,
1989). However, for novel functional traits without market values (tail
length, temperament or sheep behaviour), it might be challenging to set
up appropriate profit functions. Especially organic farming aims on
alternative functional breeding goal traits, encouraging the develop-
ment of specific breeding indices. In this regard, Simianer et al. (2007)
suggested to broadening existing organic breeding goals by including
novel functional traits, but they also noticed the difficulties in deriving
economic weights by applying objective approaches. An alternative
method to derive economic weights for breeding goal traits is the so
called “contingent valuation (CV) method”. The CV estimates reflect the
respondents “willingness to pay” (WTP) using survey technique
(Venkatachalam, 2004), taking into account non-market values of traits
and products as well as optional values reflecting, e.g., the beauty or
elegance of breeding animals for specific conformation traits
(Schierenbeck et al., 2009). However, also in the context of breeding
goal definitions based on CV and WTP, the expression “economic
weight™ have been applied widely for many species (e.g., Biermann
et al., 2016). The main focus in such context is the WTP for a change per
trait unit, e.g., with regard to alterations of productivity or the health
status (Olesen et al., 1999). Modified CV methods have been applied to
derive economic weights for pig and horse breeding goal traits (Bennett
& Blaney, 2003; Edel & Dempfle, 2004; Rohr et al., 1999; Teegen et al.,
2008).

Existing sheep breeding goals include performance traits (focus on
daily gain, muscling score and back fat thickness), but ignore animal
health and welfare indicators (Schaler et al., 2018). Legal regulations
will affect future sheep breeding goal definitions, especially the need to
breed sheep with short tails, i.e., to avoid tail docking of lambs. Connor
and Cowan (2020) conducted a consumer survey addressing the topic of
body part mutilations in pigs, calves, lambs, poultry and chicken. The
consumer acceptance for such practice was quite low, stimulating the
reformulation of breeding objectives and breeding goals. In New Zea-
land, Kongara et al. (2023) analysed data from a sheep farmer survey. In
contrast to consumer opinions, tail docking and castration is considered
as a common management practice. The practical breeders highlighted
the importance of other breeding goal traits, indicating the need for a
compromise, e.g., the development of sustainable breeding goals
considering both productivity and novel welfare related traits.
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In the context of the above-mentioned challenges, the objectives of
this study were twofold. First, we focused on sheep herd-clustering ap-
proaches to allocate the herds to specific groups, which can be used for
ongoing breeding objectives, e.g., production system specific genetic
evaluations. Aiming on production system genetic evaluations, respec-
tive economic weights for breeding goal traits are imperative when
setting up novel breeding indices. Hence, the second objective addressed
the derivation of economic weights for sheep breeding goal traits, taking
into account cluster particularities.

2. Material and methods

The present study incorporates two scientific parts. In a first part,
cluster analyses was applied for the herd allocation into sheep produc-
tion systems. In a second part, ongoing CV and WTP approaches were
used to derive production system specific economic weights for breeding
goal traits. The general database for both parts based on data recorded in
25 participating German sheep farms.

2.1. Herd and farm characterizations

The recorded major farm characteristics (MFC) used as input pa-
rameters for the cluster and WTP analyses are presented in Table 1. The
MFC can be sub-grouped into A) area-based factors, B) management
factors, C) herd information and D) socio-economic characteristics of the
farmer. The area-based factors included the total cultivated land area in
hectares, distinguished in meadows and pasture used for sheep grazing
and the hectares used for crop production (arable land), as well as the
number of farm sites. The farm management factors include the sub-
sistence strategy (conventional versus organic), and the distinction in
full-time or part-time farming. Further criteria to describe the farm
management addressed the farm animal composition (only sheep or
mixed farming with other species), the sheep husbandry system (herding
without fencing, outside paddock husbandry or permanently keeping
the sheep in the stable), and the number of farm employees. Herd

Table 1

Description of the major farm characteristics (MFC) from the 25 sheep farms
(area-based factors, management factors, herd information and social -economic
characteristics of the farmers).

Main category Variable Categories
A) Area-based factors Farm sites No. of farm sites
Grassland Yes
No
Arable land Yes
No
Total area ha
B) Management factors Farming method Conventional
Organic
Subsistence strategy Full-time
Part-time
Other animals than Yes
sheep No
Husbandry system Stable husbandry
Herding
Paddock husbandry
Employees No. of employees
C) Herd information Herd size No. of sheep

Production type Meat production

Landscape management

Lambings per year No. of lambings
Lambing seasons Spring
Summer
Autumn
Winter
D) Social-economic Age of the farmer Years
characteristics of the
farmer
Agricultural or Yes
veterinary education No
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information comprised the herd size, the production focus (meat pro-
duction or landscape conservation), the number of lambings per year
and the primary lambing season. Socio-economic characterizations
focused on a direct description of the farmer including age and educa-
tion in veterinary medicine or agriculture.

2.2. Herd clustering approaches

We applied and evaluated the following three herd clustering ap-
proaches AHC, PAM and FZC. All cluster analyses were conducted in R
version 2023.09.1 (R Core Team, 2021), and applying the packages
“cluster” (Maechler et al., 2023) and “ClustOfVar” (Chavent et al.,
2022). In order to identify the best clustering method and to determine
the optimal number of clusters, the overall evaluation criterion was the
average silhouette width.

2.3. Contingent valuation method

2.3.1. Survey to determine the willingness to pay for 12 breeding goal traits

The general structure of the questionnaire followed the approach as
applied by Teegen et al. (2008) and Edel and Dempfle (2004) for horse
breeding objectives, supplemented with criteria specific to sheep
farming. The WTP for 12 breeding goal traits was assessed by identifying
economic preferences of the 25 German sheep farmers. In this regard,
each farmer had to allocate a fixed budget of 1000 Euro to the 12
possible breeding goal traits, following the question “which amount of
money from the fixed 1000 Euro budget should be used to improve the
respective breeding goal trait by 1 genetic standard deviation?” The
genetic standard deviation per trait for the respective trait unit was
communicated with the farmers, so that they experienced a practical
impression for neutral trait comparisons. Overall, the breeding goal
traits comprised the 4 categories production, functionality, health and
welfare, and exterior traits. Performance traits included 1. Muscle and
fat thickness (measured in cm, with a genetic standard deviation of 5.5
cm), 2. Daily weight gain (measured in g, with a genetic standard de-
viation of 265 g) and 3. Feed utilization (measured as feed conversion
ration with a genetic standard deviation of 0.25). The functional trait
category considered 4. Maternity (measured as weight gain in lambs (in
kg) until day 42 with a genetic standard deviation of 3.5 kg), 5.
Longevity (measured in ewes (in years) with a genetic standard devia-
tion of 0.83 years), 6. female fertility (measured as litter size with a
genetic standard deviation of 0.20) and 7. Landscape suitability
(measured as daily basic activity for grazing and rumination (in hours)
with a genetic standard deviation of 2.4 h). The category for health and
welfare considered 8. Tail length (measured in cm with a genetic stan-
dard deviation of 2.05 cm) , 9. Claw health (measured as an incidence
(in %) with a genetic standard deviation of 0.30 %) and 10. endoparasite
resistance (measured in eggs per g faeces (a count) with a genetic
standard deviation of 280 eggs). Exterior included 11. wool quality
(measured as fibre diameter in cm with a genetic standard deviation of
0.5 cm) and 12. Conformation (subjectively scored in points with a ge-
netic standard deviation of 0.4 points)

2.3.2. Derivation of cluster specific economic weights for breeding goal
traits

A linear mixed model applying the least square means procedure
from the software package “Ismeans” (Lenth, 2016) was used to deter-
mine economic weights for breeding goal traits in the previously iden-
tified production systems (= clusters). All calculations were performed
with R version 2023.09.1 (R Core Team, 2021).

The dependent variable y in this approach was the WTP per trait and
respondent, implying 12 consecutive runs considering each breeding
goal trait separately. The respective statistical model 1 was defined as
follows:

Veterinary and Animal Science 27 (2025) 100432

Yijktmn = jt + Breedtype; + Numberofewes; + Cluster;. + Farmerage,

+ Farmereducation,, + €jjmn (1)

where y = the WTP for the respective breeding goal trait; Breed typej=
the fixed effect for meat- or land sheep (i= 1: meat production, i= 2 land
sheep), Number of ewesj= the fixed effect for the number of ewes of
considering 3 herd size classes (j= 1: < 100 ewes, j= 2: > 100 and < 500
ewes, j= 3: > 500 ewes), Clustery _ the fixed effect of the respective
cluster of the respondent (k= 1, 2 or 3), Farmer age) _ the fixed effect of
the age class of the respondent (1= 1: < 35 years, |= 2: 36-55 years, |= 3:
> 56 years), Farmer education,,= the fixed effect for the agricultural or
veterinary education of the respondent (m= 1: veterinarian/agriculture
education, m= 2: no veterinarian/agriculture education), and ejximn=
random residual effect.

In a final step, cluster-specific sheep breeding goals were con-
structed. In this regard, the Ismeans for the WTP per trait were summed
up per cluster, and expressed in percentage in relation to the total WTP
(= sum of all Ismeans for all traits within the respective cluster).

3. Results
3.1. Cluster approach comparisons

With regard to the evaluation criterion “silhouette width”, the higher
the value, the better the chosen method. Fig. 1 indicates the average
silhouette width for the three methods AHC, PAM and FZC. Accordingly,
the most suitable method indicating best fit to our data was AHC (black
solid line). The first local maximum of the line indicates the optimal
number of clusters, i.e., 3 clusters for AHC. Consequently, all ongoing
analyses base on the results from the AHC method with 3 clusters. The
dendrogram (Fig. 2) shows the allocation of the 25 sheep herds to the 3
clusters. The 25 farms are marked on the x-axis with their respective
farm number, while the y-axis reflects the distances with regard to the
silhouette width for farm comparisons. Six herds were allocated to
cluster 1, 10 herds to cluster 2, and 9 herds to cluster 3.

3.2. Cluster description

A detailed description of the clusters with regard to the farm char-
acterizations is given in Table 2. Cluster 1 includes the smallest number
of farms (n= 6) and represents the medium-sized farms with only one
farm site. The number of sheep kept in cluster 1 herds is very similar
with cluster 3 (median of 103 ewes in cluster 1 herds (range from 50 to
200 ewes), and of 100 ewes in cluster 3 herds), but the total land area per
farm comprising with a median of 280 ha is quite large in cluster 1. The
cultivated agricultural area ranged from 45 ha to 912 ha. The majority of
these farms focus on conventional management strategies, but with re-
gard to between-cluster comparisons, cluster 1 includes the largest
percentage of organic farms. All the farms from cluster 1 keep other
animal species in addition to sheep, with predominant focus on one
specific sheep breed. The majority of these farms use their sheep for
meat production and keep them exclusively in stable- or paddock hus-
bandry systems, with one lambing season per year. These farms allo-
cated to cluster 1 have a medium number of employees (at average 5.3
persons) when compared to the cluster 3 farming system (at average
16.6 persons).

Cluster 2 includes the largest number of farms (n= 10), and all of
them are full-time conventional farms. With regard to sheep breed di-
versity, 70 % of the farms allocated to cluster 2 keep more than one
sheep breed. A further characteristic of a quite large fraction of farms in
cluster 2 is “mixed farming”, i.e., to utilize the sheep for meat production
and for landscape conservation. The sheep are kept in stable- or paddock
husbandry systems. The farm and herd sizes in cluster 2 are quite large,
with at least 65 ha of land under cultivation and at average 525 ewes per
herd (range: 255 to 2500 ewes per herd).
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Fig. 1. Average silhouette width for the three clustering methods agglomerative hierarchical cluster (AHC), partition around medoids (PAM) and fuzzy clustering

(FZC) and the defined number of clusters.
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Fig. 2. Dendrogram for the farm allocation via agglomerative hierarchical clustering.

Cluster 3 exclusively includes the 9 part-time and hobby farms. The
majority of these farms practice conventional farm management. The
main production focus is landscape management, by completely
ignoring herding. All of the herds practice a paddock husbandry system,
keep at least 56 ewes, and cultivate maximal 88 ha of arable land.

3.3. Willingness to pay for breeding goal traits

The breed type which strongly reflects the production focus signifi-
cantly affected (P < 0.05) the WTP for wool quality. The breeders
focussing on meat production valued wool quality with 52,3 € +10.8 €,
and the farmers keeping land sheep with 82.5 € + 10.3 €. The Ismeans
for the trait “suitability for landscaping” significantly differed (P <
0.05) between both breed types, i.e., with 64.1 € & 17.5 € for the farms
with focus on meat production, and with 117.4 € + 18.2 € for the
landscape maintenance production focus. The breed type (i.e., the pro-
duction focus) also significantly affected the WTP for daily gain (P <
0.05). The respective Ismeans was 117.4 € + € 18.2 € for the farms with
focus on meat production, and 64.1 € + 17.5 € for the landscape
maintenance production focus. The age of the farmers significantly

affected the WTP for endoparasite resistance (P < 0.05), with Ismeans of
84.7 € + 23 € for the youngest age group, but 134.8 € + 15 € for the
older farmers. In this regard, also the education of the farmer signifi-
cantly (P < 0.05) affected the WTP for endoparasite resistance. Inter-
estingly, farmers without agricultural or veterinary education rated this
trait significantly higher (124 € + 13 €) than the farmer group with
education (76 € + 13 €). Hence, the older farmers without proved
qualification in animal or veterinary science stronger emphasis breeding
on endoparasite resistance than the younger farmers experiencing a
modern education in agricultural or veterinary sciences. The other fac-
tors as included in model 1 were not significant (P > 0.05) with regard to
WTP differences of the breeding goal traits. The number of ewes kept in
the herds indicated very similar Ismeans for the respective breeding goal
trait WTP, suggesting same breeding objectives for different herd size
classes.

The Ismeans for the WTP of the 12 breeding goal traits for the
respective cluster are shown in Fig. 3. Among the 12 breeding goal traits,
the cluster effect was only significant for the trait feed utilization (P =
0.008), with the highest WTP for feed efficiency in cluster 2. In cluster 1,
the three breeding goal traits representing the highest values for WTP
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Table 2
Distribution of major farm characteristics in clusters 1, 2 and 3.
Cluster 1 Cluster 2 Cluster 3
Number of farms 6 10 9
A) Area-based factors
Farm sites
Single 100 % 70.0 % 77.8%
Multiple 0% 30.0% 222%
Use of grassland 100 % 100 % 100 %
Use of arable land 833 % 60.0 % 222%
Total area
Median (ha) 280 189 20
Range (ha) 45to 912 65 to 2380 10 to 88
B) Management factors
Farming method
Conventional 66.7 % 100 % 778%
Organic 33.3% 0% 222 %
Subsistence strategy
Full-time 100 % 100 % 0%
Part-time 0% 0% 100 %
Other animals than sheep 100 % 70.0 % 11.1 %
Number of sheep breeds
One sheep breed 66.7 % 30.0 % 44.4 %
Several sheep breeds 33.3% 70.0 % 55.5 %
Husbandry system
Stable husbandry 100 % 80.0 % 66.7 %
Herding 0% 50.0 % 0%
Paddock husbandry 100 % 80.0 % 100 %
No. of employees (average) 5.3 16.6 1.5
C) Herd information
Number of sheep
Median 103 525 100
Range 50 to 200 255 to 2500 56 to 350
Production focus on
Meat production 66.7 % 50.0 % 333%
Landscape management 33.3% 50.0 % 66.7 %
Lambing seasons
One lambing season 100 % 80.0 % 100 %
Several per year 0% 20.0% 0%

The variables from category D) are not shown, because they were treated as
extra effects in the model for the WTP and not included in the cluster analysis.

were endoparasite resistance with 114.2 € £ 17.6 €, claw health with
106 € + 29.5 € and female fertility with 104.2 € + € 22.8 €. The traits
with lowest Ismeans for the WTP were landscape suitability (14.9 € +
30.2 €), tail length (63.5 € + 19.7 €) and feed utilization (65.39 € + 19
€). The most important breeding goal traits in cluster 2 included ma-
ternity (134 € + € 40.3), daily gain (116.8 € + € 21.8 €) and female
fertility (112.8 € £ 20.1 €). In contrast, of minor importance were wool
quality (40.4 € + 12.9 €), exterior (47.7 € + 24.9 €) and muscle- fat
thickness (54.4 € + 19.4 €). With regard to cluster 3, the breeding goal
traits reflecting highest Ismeans for the WTP included maternity (180 €
+ 43.1 €), endoparasite resistance (96.1 € + 16.6 €) and female fertility

uro
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(90.5 € + 21.5 €). The three traits with minor breeding goal importance
in cluster 3 were feed utilization (9.46 € + 17.9 €), daily gain (65.1 € +
23.3 €) and longevity (67.5 € + 30.2 €).

The relative emphasize for the WTP of the breeding goal traits per
cluster is expressed in terms of the four overall categories production,
functionality, health and welfare, and exterior in Fig. 4. In this regard,
the general highest trait importance was expressed for “functional”, but
displaying a variation across the three cluster (32 % economic weighting
in cluster 1, 40 % economic weighting in cluster 2, 43 % economic
weighting in cluster 3). All clusters rated the trait category “health and
welfare” including the novel traits such as tail length very similar (range
from 24 % to 29 %), with even stronger emphasize on “health and
welfare” over “performance” in clusters 1 and 3. The classical “exterior”
category including wool quality and conformation was of minor
importance in cluster 2 (9 %). Accordingly, in clusters 1 and 3, the
relative weights of exterior in the overall breeding goal were lower
compared to “functional” and “health and welfare”. “Performance”
displayed a moderate importance in the breeding goal of cluster 2 (27
%), but a relative economic weight of only 15 % in cluster 3.

4. Discussion

This study combines characterizations of sheep farms with a cluster
analysis, contributing to a deeper understanding of sheep production
particularities in Germany. The ongoing WTP approach for breeding
goal traits based a contingent survey technique, aiming on the imple-
mentation of production system (= cluster) specific breeding strategies.
The respective implications are discussed and contextualized in the
following sections.

4.1. Cluster approach comparisons

Most of the clustering approaches addressing animal science topics
focused one specific method, i.e., either AHC, PAM or FZC (Gorgulu,
2010; Kobrich et al, 2003; Schiitte, 2023). The optimal cluster number
generally depends on three major influential factors, i.e., a) the applied
cluster method, b) the number of herd characteristics, and ¢) the number
of farms considered in the study (Herold et al., 2021). In the present
study, one focus was the evaluation of the different cluster approaches
with regard to sheep production system classifications. The overall
evaluation criterion was the average silhouette width, allowing the
optimal consideration and combination of different farm characteristics
with different measurements units such as count data, yield measure-
ments or pure herd descriptions. Fig. 1 shows the comparison of the
clustering methods based on the silhouette width, indicating superiority
of AHC. Consequently, as suggested by Kaufmann and Rousseeuw
(1990) for similar number of clustering elements (i.e., sheep herds in the

"I
iRiRIEl

Longevity  Suitability Wool  Muscle- Fat- Tail length
for quality thickness  utilization
landscaping

W Cluster 1 OCluster 2 @ Cluster 3

Fig. 3. Least square means for the WTP of breeding goal traits in different clusters with respective standard errors.
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present study), we chose the clusters generated via AHC for the ongoing
breeding approaches. Although PAM and FZC enable the simultaneous
consideration of different input data types (e.g., binary data, Gaussian
distributed data, count data, etc.), the number of farms is the most
relevant parameter contributing to the average silhouette width
(Maione et al., 2019). Herd allocations to the different clusters indicated
some differences, depending on the applied clustering approach FZC,
PAM or AHC. Especially when comparing herd allocations from FZC and
PAM, cluster compositions differed. With the AHC application, a clear
distinction between the three clusters was possible, indicated through
the obvious vertical distances in the dendrogram (Fig. 2). Distance cal-
culations in AHC base on the “gower”-distance (Gower, 1971) as
modified by Struyf et al. (1997), optimally taking into account the
different scale levels and measurement units (Pavoine et al., 2009).
Consequently, the AHC superiority in the present study might be due to
the heterogeneity of input parameters (area-based factors plus man-
agement factors plus herd information plus social characteristics). To
our knowledge, FZC was applied in other species with focus on only one
or two types of input parameters, but not in sheep. Gorgulu (2010) used
FZC to allocate 136 dairy cows into 4 clusters according to 6 cow
characteristics including only “individual cow variables™, i.e., lactation
number, 305-day milk yield, age at first insemination, age at first
calving, the length of the dry period and calving interval. In our study,
the average silhouette width for FZC was smaller compared to the
average silhouette from the AHC application. A possible explanation
addresses the chosen herd characteristics. Gorgulu (2010) solely focused
on individual cow variables, by completely ignoring environmental or
average herd characteristics. For such objective, FZC might be the most
suitable approach (Herold et al., 2021).

Schiitte (2023) applied the PAM herd clustering approach, and
allocated 359 German sheep herds to 9 different clusters reflecting
distinct production system characteristics. In contrast to our approach
with only 2 or maximal 3 possible options per question, the survey by
Schitte (2023) implied a broader range of possible answers per char-
acterization parameter. For example, with regard to the input parameter
“utilization”, we considered the options “meat production™ and “suit-
ability for landscaping™, but Schiitte (2023) additionally included herds
with focus on “wool production™ and on “milk production™. However, a
larger number of herds included in the survey enables a larger variety of
possible answers per questions, ultimately contributing to the prefer-
ence of a specific clustering approach.

In Tunisia and on the basis of 1025 sheep farms, Ibidhi et al. (2018)
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Fig. 4. Relative weighs for the overall trait categories functionality, performance, health and welfare, and exterior in breeding goals of the three different clusters.
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identified 5 sheep production systems and 4 distinct feeding systems
using principal components analysis (PCA) and multivariate k-means
classification. The identified cluster characteristics differed from the
results in our study, because most of the considered herd input param-
eters were related to feed supply, feed resources and feed availability.
Mildn et al. (2003) used a 2-step approach considering PCA for a first
categorization of farm types, and afterwards, on the basis of an overall
categorisation, they applied AHC clustering. Input data from 52 sheep
farms in Spain considered characteristics being related to our MFC: total
surface (ha), arable land (ha), production focus, herd size and age of the
farmer. In their clustering approach, 4 cluster groups were formed on
the basis of 41 variables. Toro-Mujica et al. (2015) characterized sheep
production systems in Chile by applying AHC. In analogy with our AHC
results, 3 major production systems (cluster) were identified, mainly
differing with regard to herd size, sheep / cattle ratio and agricultural
particularities. Similar to our study, 14 variables were used for the
analysis.

The four main farm characteristics used for sheep farm clustering in
the present study were also considered by Riveiro et al. (2013) to
categorize 44 Spanish dairy sheep herds, but the number of questions
was much larger (in total 190 herd variables). Riveiro et al. (2013)
defined 6 distinct clusters: large traditional farms, small traditional
farms, farms with complementary agricultural activities, emerging small
farms, modernized medium-sized farms and dairy sheep farms without
arable land. Osorio-Avalos et al. (2015) used the Ward clustering
approach (Ward, 1963) to allocate Merino sheep herds with similar
environmental conditions into distinct groups to improve the reliability
of genetic evaluations through the consideration of larger contemporary
groups. For clustering, they considered 4 climatic variables, 10 variables
related to managing systems and 6 variables reflecting the productivity
of the herd. In analogy to our study, Osorio-Avalos et al. (2015)
considered 25 sheep herds. However, in contrast to the quite homoge-
neous herds included in their dataset, the heterogeneity of herd char-
acteristics contributed to a clearer separation of clusters in our present
study. An alternative for simultaneous consideration of classical envi-
ronmental and animal characteristics might be the application of a
2-step cluster analysis. In this regard, for the classification of 2024
organic dairy cattle herds, Ivemeyer et al. (2018) considered topo-
graphic and structural herd characteristics in a first step, and afterwards
in step 2, the cow-related factors such as productivity.
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4.2. Interpretation of cluster characteristics

The cluster analysis clearly indicated 3 production systems for sheep
husbandry in Germany, with a main separation criterion according to
herd size. Cluster 1 is comprised of medium-sized family farms, cluster 2
of large-scale farms, and cluster 3 of small farms with focus on sheep
husbandry from a leisure time perspective. Nevertheless, a substantially
larger percentage of farms is represented in clusters 2 and 3, supporting
the classification by Schiitte (2023), i.e., a fraction of 65 % of small and
medium sized herds versus 35 % large-scale sheep herds in Germany. In
all clusters, utilization of grasslands for the sheep played a dominant
role, but differences in the utilization of arable land are obvious. Arable
land as an additional source for forage production comprised more than
60 % of all herds in clusters 1 and 3, but only 22.3 % in cluster 2. Grazing
of sheep on pasture still is a common farming practice in Germany as
outlined in a comprehensive survey almost 20 years ago (Statistisches
Bundesamt, 2010). Cluster particularities are due to the utilization of
arable land in a feeding context. Especially the small and medium-sized
herds as allocated to clusters 1 and 3 are seeking for alternative food
resources due to the scarcity of areas for pasturing. The different clusters
generally focus on different management practices. The large-scale
herds from cluster 2 with access to large grazing areas have an exclu-
sive focus on conventional farming practices, while the percentage of
organic farming is increasing in the small and medium-sized sheep herds
in Germany. In cluster 3 (representing the type of “hobby farming”),
organic agriculture is accompanied with part-time sheep farming as an
additional source to increase farm income. The herds allocated to clus-
ters 1 and 2 are exclusively managed in full-time. Furthermore, there are
notable differences with regard to the distribution of housing systems
across the three clusters. Herding is a common practice exclusively used
in large-scale herds (cluster 2), which are typically suited to accom-
modate large flocks. Accordingly, the herd management characteristics
were emphasized by Schiitte (2023) with regard to sheep herd classifi-
cations. Herd management differences were intensively addressed for
sheep herd characterization in Spain (Riveiro et al., 2013), but with
focus on other factors including the type of buildings and facilities,
status of mechanization and digitalization. In consequence, due to the
country specific particularities describing sheep farming, there are
limitations for a borderless clustering approach in an international
context as suggested for dairy cattle (Jacger et al., 2019). In Germany,
the obvious distinction between full-time (herds in clusters 1 and 2) and
hobby sheep farming explains the different production focus, i.e., the
priority in landscape management (cluster 3) versus meat production
(clusters 1 and 2). Nevertheless, there is an increasing trend in Germany
to utilize sheep farming for landscape conservation, especially in regions
with declining cattle populations and poor yields from crop production,
indicating the growing importance of adaption and female fertility
instead of productivity (Gernand et al., 2008).

4.3. Willingness to pay for breeding goal traits

The significant cluster effect differences for the WTP for feed utili-
zation between cluster 2 (101.65 € + 16.7 €) and cluster 3 (9.46 € +17.9
€) supports the above mentioned breeding goal particularities with re-
gard to the production focus. Cluster 2 only includes full-time farms with
a strong focus on profit maximization through lamb meat production,
explaining the strong importance of feed utilization. In such context, i.e.,
increasing the income through improved meat production, Barros de
Freitas et al. (2021) suggested the new breeding traits residual water
intake and residual feed intake in addition to feed utilization. A further
classical production trait is daily gain. Consequently, the WTP for daily
gain was larger in cluster 2 than in cluster 3, because daily gain plays an
inferior role for landscape conservation. The WTP for the production
trait muscle and fat thickness was on a similar level across clusters.
Clelland et al. (2014) suggested to focus on sheep meat quality (espe-
cially on intramuscular fat content) instead of pure muscle content, to
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accelerate income from meat production on specific niche markets. The
importance of meat quality traits when producing for nice markers was
highlighted for local pig breeds in the WTP study by Biermann et al.
(2016). Among all the traits considered in the present sheep WTP
approach, production traits displayed the largest heritabilities (Justinksi
et al., 2023). Hence, a large economic weight for large heritability traits
implies large genetic gain, and vice versa, only small or moderate WTP
for low heritability functional traits only marginal selection response,
especially in the case of genetic antagonistic trait relationships (Konig
et al., 2013).

The WTP for tail length as a novel breeding goal trait from the
category “health and welfare” was of moderate and similar importance
in all clusters (55.9 € to 72.2 €). The necessity for breeding on short tails
due to direct and indirect effects on sheep wellbeing was highlighted in
several recent studies (e.g., Johnson et al., 2023). From an animal health
and welfare perspective, clear causalities in this regard were shown, i.e.,
detrimental effects of long and wooly traits on uterus infections, tail
lesions and fractures, and further injuries. In the context of animal
health and welfare, similar to tail length, the WTP for parasite resistance
and claw disorders were in a range from 89.7 € to 114.2 €, displaying
non-significant differences across clusters. Interestingly, we found a
significant effect of the farmers’ age and education on the WTP for the
trait parasite resistance. One explanation for the stronger breeding goal
importance of parasite resistance in the older farmer age class might be
related to the practical experiences by the shepherds and their motiva-
tions for the continuous improvement of pasture management strategies
without utilization of anthelmintics (Haring et al., 2008). In an inter-
national context, e.g. in Uruguay, parasite resistance is already included
in overall breeding objectives (Ciappesoni et al., 2023), In addition to
endoparasite resistance, phenotypic and genetic selection on improved
ecoparasite resistance, e.g., symptoms related to breech wrinkles, breech
wool coverage and wool characteristics, have been suggested in the
context of cutaneous myiasis (Bishop & Morris, 2007). However, the
challenge to include a large number of novel functional traits into
breeding objectives is related to the logistics, financial efforts and ob-
jectivity of phenotyping and trait recording (Konig & May, 2019). With
regard to claw health in sheep, Lambertz et al. (2013) introduced new
measurable characteristics, which were strongly related with footrot.
Hence, there might be potential to modify existing breeding goals to-
wards more health and animal welfare. Especially for the hobby farmers
allocated to cluster 3, social aspects in the context of local and endan-
gered breeds might have an economic value. For Washera sheep in West
Gojam, Ethiopia, Hundie et al. (2022) applied a WTP approach in an
across-breed perspective, and they identified that the WTP for conser-
vation was related with the level of education and financial farm char-
acteristics. Social-cultural aspects were also highlighted by Gizaw et al.
(2009) for sheep breeding in an African context.

4.4. Setting up new breeding goals

The overall breeding value definition for sheep in Germany indicates
a strong focus on performance traits (50 %) and conformation traits (35
%) (VIT, 2024). Nevertheless, according to our results for the WTP of the
four overall trait categories, highest priority was assigned to the “clas-
sical” functional traits in the range from 32 % to 43 % across the three
clusters. Also the novel functional traits including the trait category
“health and welfare™ indicate economic weightings similar to perfor-
mance. Accordingly, Tabbaa et al. (2019) favored functional traits over
morphological or exterior characteristics for local sheep breeds located
in the Far East. Morphological body measurements or exterior traits only
showed weak correlations with adaptive traits (Vanvanhossou et al.,
2020), justifying their minor importance for the breeding goal definition
in the present study. In sheep, in addition to morphological body traits,
wool quality is considered as an exterior trait, but nowadays, wool
quality only marginally contributes to the farm income (Krupova et al.,
2014). However, some country or breed specific particularities are
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related with breeding trait preferences. For example in Greece, relative
economic weights were larger for production than for functional traits
(Theodoridis et al., (2018). In the present study, the complex of novel
health and welfare traits is of highest importance in cluster 3,
comprising the “hobby farmers™ with small sheep herds. Without focus
on a specific product (meat), the health and welfare component mainly
determines the farm profit for landscape conservation. Nevertheless, the
category health and welfare played also a dominant role for meat sheep
breeding in Ireland (Byrne et al., 2010), because of the indirect effect of
health on productivity. In several studies, resistance to endoparasite or
claw disease infections were associated with inefficiency of feed utili-
zation, reduction in growth, and losses in daily gain or weights at
different ages (Piedrafita et al., 2010). In agreement with the results
from our study, the female fertility trait component (lambing difficulty,
litter size) only had moderate importance for sheep breeding in Ireland
(Byrne et al,, 2010). As a novelty, our study is a first approach consid-
ering tail length in the health and welfare category, and aiming on the
derivation of economic weights for tail length in sheep. In the context of
the future legal aspects related to the routine of tail docking, breeding on
short tails will be a major breeding focus, especially in European
countries. Trait associations between tail length and other functional or
production traits have been evaluated in several studies and sheep
populations (e.g., Zhu et al., 2024; Teubes et al. 2023), but without
addressing tail length in a breeding goals context. Nevertheless, in
contrast to Germany, some other countries already defined overall sheep
breeding goals and included an animal health and welfare component.
For example in New Zealand, the overall breeding goal considers
endoparasite resistance in addition to the “classical traits” lamb growth,
meat yield, wooly quality and lamb survival rate till weaning (Sheep
Improvement Limited, 2022). In Greece (Ragkos & Abas, 2015), health
and welfare traits of the breeding index are the grazing ability and
disease resistance. In Ireland, in agreement with the results from our
study, the highest breeding goal weight is assigned to functionality, and
sheep health is indirectly considered via the entries for medical treat-
ments (Byrne et al., 2012).

5. Conclusion

The AHC clustering approach was superior in terms of the evaluation
criterion “average silhouette width” compared to the PAM and FZC
methods, and clearly allocated 25 German sheep herds into 3 distinct
clusters. Main cluster differences were related to herd size, to the pro-
duction focus (meat production or landscape conservation) and to
organic or conventional herd management practices. Also social char-
acteristics (education and age of the herd manager) played a role in this
regard. Economic weights for breeding goal traits basing on the CV
approach and the WTP, displayed the increasing importance of the trait
categories functionality and health and welfare over classical produc-
tion and exterior traits. Nevertheless, variations of economic weights for
trait categories (e.g., a range from 32 % to 40 % for “functionality”
across clusters) or of single trait importance (least-squares mean of
101.65¢€ for feed utilisation in cluster 2, but only 9.46 € in cluster 3)
suggest specific breeding strategies for specific sheep production sys-
tems. Accordingly, genetic evaluations should be evaluated in ongoing
studies in the context of possible genotype x production system
interactions.
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ARTICLEINFO ABSTRACT

Key words: The aim of the present study was to derive economic weights for 15 breeding goal traits of a Merinoland sheep
B;a-cconomic model population. The specific focus on novel traits including health (endo- and ectoparasite resistances) and welfare
Sheep

(tail length) implied the enhancement of a bio-economic modelling approach as implemented in the ECO-
WEIGHT software package. The newly developed subroutine enabled the consideration of disease incidences and
treatment costs for health traits and consideration of the herd tail-length status. Economic evaluation criteria
from the breeding goal perspective were marginal economic values (MEVs) expressed in Euro per trait unit per
ewe and year, and relative economic values (REVs) standardizing the MEV to the respective genetic standard
deviation and related to the sum in Euro of all 15 breeding goal traits. Highest MEVs and REVs were derived for
ewe fertility traits and survival rates of lambs. In a scenario assuming 100 % sheep with long tails (sheep tail
below the hock), REVs comprised 27 % for litter size, 24 % for the survival rate of lambs until weaning, 18 % for
the survival rate of lambs till 24 h after birth, and 18 % for ewe conception rate. The REVs of health traits
including endo- and ectoparasite resistance traits, tail length and production traits (lamb weights, wool weight)
were close to zero in a range from 0 % to 2 %. In sensitivity analyses, we increased the percentage of short-tailed
sheep in the flock by increments of 25 % up to a 100 % short-tailed population, but only minor effects on MEVs
and REVs of all breeding goal traits were observed. The MEVs and REVs for disease resistance traits were low due
to the very high health status in the research herd considered for input data generation. The newly developed
software to derive economic weights for sheep breeding goal traits revealed great flexibility regarding trait
pattern and sensitivity analyses in the context of environmental particularities and market conditions.

Economic weights
Breeding goal traits
Disease resistance
Tail length

1. Introduction biological, economic and production parameters for each of the evalu-

ated breed goal traits (Wolfova et al., 2011). Regarding available

Recently, Oberpenning et al. (2025) conducted a survey among
German sheep breeders, and they clearly identified a breeding focus
towards more health and welfare parameters. In such context, and to
sustainably improve the profitability of sheep farming, it is imperative to
develop an overall sheep breeding goal considering proper economic
values (EVs) for all breeding goal traits. However, current approaches to
derive EVs only include traditional production and functional traits (vit,
2024), because scientific approaches additionally considering welfare
and animal health traits imply methodological enhancements of
currently available software packages (Wolfova et al., 2009a).

Economic values for breeding goal traits are partial derivatives of the
profit function, describing the relationship between profit and

* Corresponding author.

methodological approaches to derive EVs, the overall classification
differentiates between subjective and objective methods (Bobner,
1994). Objective methods are portioned into either positive (data
evaluation) or normative approaches (data simulation). The positive
approach involves a regression analysis, evaluating the relationship
between the profit of the system and the breeding values of the animals
for the trait of interest (Krupova et al., 2008). In contrast, normative
methods use profit functions or bio-economic models yielding a simu-
lation of data. A profit function consists of a single equation, designed to
represent the relationship between animal performances in economi-
cally important traits on the one hand and farm-level profit or some
other measure of economic outcome on the other hand (Bourdon, 1998).
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A profit function, however, is not precise or flexible enough to depict
specific production system characteristics and economic conditions
2008). Alternatively, bio-economic models derive
marginal EVs and can apply gene flow methodology to calculate eco-
nomic weight for specific animal and trait groups (breeding rams and
ewes, direct and maternal components of traits). Respective algorithms
are reported in the studies by Wolfova et al. (2009a), Wolfova et al.
(2009b) and Wolfova et al. (2011), and are implemented in the ECO-
WEIGHT software package (Wolf et al., 2025). The special feature of the
bio-economic modelling approach in ECOWEIGHT is the combination of
deterministic and stochastic methods. In dairy sheep, a bio-economic
model was applied by Krupova et al. (2009] to determine the impact
of functional and production trait alterations on profit. In this study,
highest economic priority was identified for the traits milk yield,
conception rate, productive lifetime of ewes and litter size.

In meat sheep and considering different farm types, Conington et al.
(2004) reported largest EVs for the traits litter size, number of reared
lambs, lamb survival and especially for lamb weight before sale by using
a bio-economic model. With a specific focus on fertility traits in meat
sheep, Afshar and Aboozari (2018) highlighted the importance of litter
size, survival rate of lambs and maternity. [n addition to fertility, sur-
vival and production traits, health traits were considered in an Irish
sheep study by Bohan et al. (2019). They derived EVs for the traits
lameness and mastitis for national breeding objects by considering
several breeds simultaneously. In this regard, Bohan et al. (2019)
applied a bio-economic “Teagasc Lamb Production Model (TLPM)™, that
included physical, financial and economic information. To our knowl-
edge, this is the first economic study in sheep additionally considering
health traits in overall breeding goal definitions.

In addition to animal health, welfare traits play an inereasing role in
modern sheep breeding programs (Oberpenning et al., 2025). In a wel-
fare context and the critical discussion of tail docking to prevent in-
fections (e.g., myiasis) due to fecal contaminations of the long and wooly
tail (Hiimmelchen et al., 2023), breeding on short tails is the only sus-
tainable approach. Oberpenning et al. (2023) estimated a quite large
heritability of 0.60 for tail length in the German Merinoland sheep
population, and in consequence, they suggested the inclusion of tail
length into overall sheep breeding goals. However, in addition to suffi-
cient genetic trait variation, successful and sustainable breeding goal
definitions imply the availability of EVs for all breeding goal traits.
Furthermore, infections with endo-parasites (nematodes) strongly
affected farm economy (Forbes et al., 2024) and displayed a moderate
genetic component or even major gene effects (Gray, 1997), but
respective EVs are missing. Consequently, it is imperative to re-calculate
EVs for sheep breeding goal traits simultaneously considering “tradi-
tional” primary and functional traits, and additionally the novel health
and welfare indicators, especially tail length and endoparasite resistance
(Slavova, 2022). For these reasons, Wolf et al. (2024) developed a new
version of the ECOWEIGHT software package (version 6.0.5). The
expanded program for sheep, EWSH], version 1.1.7, is customized to the
new conditions and characteristics of sheep husbandry systems.

The aim of this study was to apply the recently developed EWSH1
software to derive EVs for breeding goal traits in the German Merinoland
sheep population, with specific focus on the new breeding goal traits,
namely tail length and endoparasite resistance. The study was enhanced
through sensitivity analyses to evaluate the effects of future input
parameter constellations regarding alterations of product prices, costs
and biological coefficients in various scenarios.

(Krupova et al.,

2. Material and methods

For the derivation of EVs of breeding goal traits, the recently
expanded program for sheep (EWSH1 version 1.1.7 of the software
package ECOWELIGHT version 6.0.5) was applied (Woll etal., 2024). The
respective software includes novel features, allowing the consideration
of the new health and welfare traits, such as tail length, and infections
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with endo-parasites, coccidiosis, myiasis and footrot. The expanded
EWSH1 version for sheep is a stand-alone program comprising a full
reproduction cycle with one lambing per year. In EWSHI1, a
bio-economic model is implemented, to mimic effects of genetic changes
on production and functional traits under alternative sheep manage-
ment scenarios. The overall evaluation criterion for economic efficiency
is on-farm profit, calculated as the difference between total revenue and
total costs per ewe per reproductive cycle, In this regard in the present
study, marginal economic values (MEVs, in € per trait unit) were derived
considering 15 breeding goal traits from three breeding goal trait groups
(functional traits, production traits and health traits). The set of input
files was filled with biological and economic data from a representative
Merinoland sheep research farm reflecting modern production system
characteristics.

2.1. Basic characteristics of the production system, ewe flock structure
and lambing parameters

Data input for this study considered records of the last five produc-
tion years from a purebred Merinoland sheep population kept at the
University Giessen research station "Oberer Hardthof". The herd size
comprised ~300 ewes with 100 % own replacement of breeding lambs
with undocked tails. Intra-herd selection criteria for females based on
phenotypic values for body conformation traits and body condition
score (BCS), and in the past five years additionally on estimated
breeding values for tail length (Oberpenning et al., 2023). New rams are
bought at auctions with selection focus on exterior and BCS, and after-
wards, the rams are used in a rotational mating system in different flocks
over three years to minimize inbreeding. The implemented farming
system on “Oberer Hardthof” includes a variety of modern sheep hus-
bandry and feeding characteristics, being representative for meat sheep
production in Germany in the next years. Especially the farming practice
of keeping undocked sheep and the implementation of respective se-
lection strategies justifies the role of “Oberer Hardthof” as a model
operational unit in the current study.

The typical management practices include lambing indoors in
winter, grazing in landscaped pastures in summer, a single breeding
season each year from July to August, and natural mating. At the age
between 18 and 24 months, replacement ewes are mated for the first
time. The peak of the lambing season is mid-January. The lambs are
reared with the ewes until April and are sold afterwards (apart from the
female replacements) in the fattening period with an average weight of
40 kg. The intensive fattening scheme is based on an ad-libitum feeding
scheme for roughage (hay and silage), supplemented with commercially
available concentrates and with minerals. Lamb sales for slaughtering
from late spring until early summer are the predominant income sour-
ces. Ewes with more than nine reproduction cycles are excluded from
breeding. For the mating of approximately 100 ewes, up to five rams are
used (depending on the season), implying an average ram to ewe ratio of
1:30. For keeping a constant herd size, the replacement rate of ewes is
15 %. After the natural mating period of 36 months, the old rams are
sold on auction.

Ewe litter size, defined as the number of total lambs born per parity,
and lamb losses from birth until weaning, are the most important pa-
rameters to define the offspring population structure as input

Table 1
Means for reproductive and longevity characteristics in the sheep flock in sce-
nario 1.

Reproductive and longevity characteristic

Average lifetime of ewes (years) 6.58
Ewe conception rate (%) 82.80
Culling rate (%) 3.89
Litter size at birth per ewe lambing and per reproductive cycle averaged 1.74

over all parities
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parameters in the program EWSH1. Table 1 displays the biological co-
efficients for reproductive and longevity characteristics of ewes in the
flock, including averages for litter size, lifetime periods of ewes,
conception rate and culling rate. Input parameters for main biological
coefficients of the lambs included birth weights and survival rates until
weaning for males and females (Table 2). Defined farm objectives
regarding productivity in the fattening period were daily weight gains of
300 g for female lambs and of 350 g for male lambs, lamb survival rates
of 90 % until first mating, mature weights of 80 kg for ewes in the flock
and mature weights of 100 kg for rams. Animals from the flock are
sheared once per year, with average fleece weights of 3.5 kg for ewes
and 4.5 kg for rams.

2.2. Costs, revenues and subsidies

For the economic calculations, we distinguished between two
feeding seasons. The first season covered the period after lamb weaning
from summer to autumn where ewes are kept in pasture paddocks for
landscaping. The second season comprised the lambing months in
winter and spring. During the lambing season, ewes were fed with hay,
concentrates and minerals. No extra costs for roughage were assumed,
because of the utilization of marginal grazing areas representing com-
mon German sheep farming practices (Gernand et al,, 2008). The
respective area subsidies per hectare usually cover hay or silage pro-
duction costs. Feeding costs were calculated considering the daily net
energy, mineral and water requirements and the respective prices for the
feed components. The feed concentrates had an energy content of 10.8
MJ ME/kg, with respective costs of 0.62 €/kg. The energy content of
molasses-based mineral feed supplement was 16 MJ ME/kg and the
price was 2.20 €/kg. During the period of stable husbandry, the fixed
cost component was increased by 10 % due to feed losses for hay and
silage. For the product wool, a small price of 0.80 £ per kg was
considered. After slaughter, the raw hides are not processed into skins,
and in consequence, these by-products have no market value. The gov-
ernment subsidies consisted of two types of funding: a subsidy for
grazing livestock and a breed premium. In total, subsidies amounted to
159.00 € per ewe per year. The price and cost components used in the
present study as ESWH1 program input parameters are listed in Table 3.

2.3. Economic parameters and derivation of economic values for breeding
goal traits

Profit (P) per ewe and year considered the total revenues (see
Table 3) plus governmental subsidies per ewe and year minus the total
costs per ewe per year considering for following “animal categories” in
relation to the ewe: the ewe itself, the ram for matings, weaned lambs as
offspring, female and male flock replacements as offspring (Wolfova
et al., 2009a). The respective formula for the profit calculation was:

P = (rev—cost) xn+sub

where rev and cost were the row vectors for the sums of discounted
revenues and costs, respectively, per animal from the different “animal
categories”, n was the column vector for the numbers of allocated ani-
mals per ewe and reproduction cycle in the “animal categories™, and sub
was the row vector for subsidies.

As a further economic evaluation criterion, the profitability ratio

Table 2
Birth weights and survival traits for different litter sizes (singles, twins or trip-
lets) in the scenario 1.

Traits Singles  Twins  Triplets
% of lambs stillborn or died until 24 h from birth 0.04 0.05 0.02

% of lambs died until 24 h from birth to weaning 1] 0.04 0.008
Birth weight for females (kg) 5.1 4.5 4.1

Birth weight of males (kg) 6.5 5.9 4.8
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Table 3
Input parameters (value in Euro) for the calculation of veterinary costs, hus-
bandry costs, slaughter costs, revenues and subsidies in all scenarios.

Parameters (unit) Value
Price for water (£/kg) 0.00183
Costs for drugs against endo- and ectoparasites (euro per kg live weight 0.08
and drenching)
Costs for veterinary service and drugs, excluding parasite treatment 1.6
(£/animal/year)
Cost for shearing animals (€/animal/shearing) 3.5
Fixed costs per ewe including lambs till weaning (€ /year) 19.95
Fixed costs per ram (€/year) 25.96
Wool price (€/kg) 0.8
Price for lambs at weaning (€/kg live weight) 4.50
Price for adult sheep (£/kg live weight) 3.50
Annual discount rate (%) 5.00
Governmental subsidy including subsidies for farm land (€/ewe/year) 159
Cost of labor (€/man-hour) 13.00

(PR) was calculated relating the overall profit P to the total costs (as
defined in Table 3) as follows:

100 % P

PR=———
total costs

All revenues and costs in all “animal categories” were discounted to
the respective birth dates considering an annual discount rate of 0.05.
For the derivation of EVs, realization factors for costs and revenues were
considered, i.e., reflecting the possible multiple times for their occur-
rences during an animal's lifespan.

Economic values were derived considering 15 breeding goal traits
simultaneously. The traits were categorized into i) functional traits, ii)
production traits and iii) health and welfare traits, The functional trait
category included the conception rate of the female lamb replacements
for first lambing (in €/%), conception rate of adult ewes (in €/%), litter
size of lambing ewes (in €/0.01 lambs), survival rate of lambs with the
first 24 h after birth (in €/%), survival rate of lambs from 24 h after birth
till weaning (in €/%) and productive lifetime of ewes (in €/year). The
production trait category included birth weight (in €/kg), weaning
weight (in €/kg), mature weight (in €/kg) and fleece weight (in €/kg).
The health trait category included the incidences for footrot and myasis
in ewes, for endoparasite infections with nematodes in ewes, and the
incidence for coccidiosis in lambs (all EVs of health traits are expressed
in £ per disease case per ewe and year). These EVs represent the increase
in disease costs when increasing the number of infections and consider
the length of infection. The welfare trait of interest was tail length,
considering the fraction of sheep with short tails above the hocks (in €
per % increase of the short tailed weaned lambs).

The MEV of trait i (MEV]) in € per unit of the trait per ewe and year
was defined as the partial derivative of the profit function with respect to
the trait T; of interest:

dprofit
MEV, =
vi aT;

For the calculation of relative economic value of breeding goal trait i
(REV;, in %), the MEV; where standardized, i.e. multiplied by the
respective genetic standard deviation (s,), and afterwards expressed as a
percentage in relation to the sum of the standardized MEVs for all
breeding goal traits. The following formula was applied:

abs (MEV; x o;)
REVI= Sabs (MEV; x ﬂj)X]UD

The genetic standard deviations for the breeding goal traits (Table 4)
based on recent own genetic parameter estimations in the German
Merinoland population for endoparasites and coccidiosis (unpublished),
and for tail length and weight traits (Oberpenning et al, (2023). For the
remaining traits, we referred to genetic standard deviations from the
studies by Safari and Fogarty (2003) and Safari et al. (2005).
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Table 4
Breeding goal traits and their respective genetic standard deviations () in the
Merinoland sheep breed.

Traits (unit) Oy
Birth weight (kg) 0.33
Weaning weight (kg) 0.28
Marure weight (kg) 1.42
Fleece weight (kg) 0.19
Conception rate of ewe lambs (%) 8.0
Conception rate of ewes (%) 7.76
Litter size at lambing (0.01 lambs) 17.7
Survival rate of lambs till 24 h of age (%) 5.8
Survival rate of lambs weaning (%) 7.77
Productive lifetime of ewes (years) 0.82
Incidence for footrot 0.08
Incidence for myiasis 0.24
Incidence for coccidiosis in lambs 0.13
Incidence for endo-parasite infections (nematode) 0.12
Fraction of short-tailed weaned lambs (%) 1.77

2.4. Sensitivity analyses

Economic values were derived in the context of five different tail
length mating and selection scenarios, reflecting the current sheep tail
length status of the herd (see Table 5). The objective was to compare the
REVs of 15 breeding traits among the five scenarios reflecting different
proportions of short-tailed animals in the herd. Scenario 1 assumed that
100 % of the animals in the herd are long-tailed. A phenotypically short
tail was a tail ending above the hocks, while tails below this threshold
were categorized as long. In subsequent scenarios, the proportion of
ewes with short tails increased incrementally by 25 %. Simultaneously,
with increasing proportions of short-tailed animals in the flock, we
assumed favorable effects on labor time (see Table 5). The declining
person-hours are because short tails need less shearing and health care
prevention as outlined by Hiimmelchen et al. (2022). In scenario 5, all
animals in the flock are 100 % short-tailed.

Sensitivity analyses additionally considered the antagonistic re-
lationships between tail length and weaning weight of lambs as
phenotypically and genetically outlined by Oberpenning et al. (2023)
and Greeff et al,, (2015). In both studies, the genetic correlation esti-
mates indicated unfavorable effects on weight developments at different
ages with increasing selection intensity on short tails. The antagonistic
correlations were mimicked through the decline of lamb weights in the
scenarios with increasing short-tail sheep in the flock (Table 6).

The following assumptions related to the cost components applied
universally across all scenarios:

¢ Independent from tail length: no tail docking applications

o Tail length of rams was assumed to be unknown and no specific
mating strategies in this regard were applied, implying that the effect
on EVs is determined through the tail length status of the flock (i.e.,
percentage of animals above or below the hock threshold)

Negative correlations between conception rates of ewes and tail
length (according to the results by Hiimmelchen et al. (2023), the

Table 5
Working hours per ewe and per year for five breeding scenarios according to the
proportion of short-tailed ewes in the flock.

Scenario  Fraction of Number of Fraction of Number of
female breeding man-hours per  ewes with man-hours per
lambs with short lamb and year short tails ewe and year
tails

1 0 % 3.00 0% 12.00

2 25 % 2.88 25 % 11.55

3 50 % 277 50 % 11.10

4 75 % 2.66 75 % 10.65

5 100 % 255 100 % 10.20
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short-tailed ewes had on average a 12 % higher conception rate than
the long-tailed ewes)

Negative correlations between conception rates of F1 female
breeding lambs and tail length (according to the results by [Him-
melchen et al. (2023))

Consideration of the following intra-herd disease trait incidences
based on “Oberer Hardthof” data analyses: incidence of 10 % for
endo-parasite infections, incidence of 10 % for coccidiosis in lambs
between the ages of 14 days until weaning, incidence of 5 % for
myiasis, and an incidence of 5 % for footrot. Preventive treatments of
sheep against myiasis and footrot were considered in regular in-
tervals, implying a quite small number of infected sheep (two cases
per year), but moderate costs due to the preventative activities.

3. Results
3.1. Reproduction cycles

The ewe flock structure and litter sizes per reproduction cycle
resulting from the input parameter constellations are shown in Fig. 1.
The average productive lifetime of ewes comprised 6.58 years. No
triplets were born within the first reproductive cycle. Up to the 4-th
cycle, the percentage of single lambings was larger than for twins.
From the fifth cycle onwards, twins predominated, and in the ninth cycle
(as a particularity of the research station flock), only triplets were born.

3.2. Economic evaluations

Costs, revenues and profits as well as the PR from the five tail length
scenarios (0 % short tails to 100 % short tails) are shown in Table 7. The
government subsidy allocated per ewe was fixed with 159 €, but the
different age structures in the flock implied minor alterations in this
regard across scenarios. In scenario 1, the annual revenue per ewe was
283.76 €, implying a profit of 175.40 € per ewe and year, a PR of
65.59 % with subsidies and a PR of 6.12 % without subsidies. Scenarios
2 (25 % short tailed-sheep in the flock) to 4 (75 % short tailed-sheep in
the flock) indicated declined revenues compared to scenario 1. The costs
decreased steadily from scenario 1 (267.41 €) to scenario 5 (236.71 €),
because of reduced labor time for the management of short-tailed sheep.
The profit gradually increased with increasing proportions of short-
tailed sheep in the flock, i.e. from 175.40 € per ewe and year in sce-
nario 1-200.63 € per ewe and year in scenario 5. The most profitable
scenario was scenario 5 (100 % short tails), also regarding PR in both
evaluations with consideration of governmental subsidies (PR = 84.76
%) and without consideration of governmental subsidies (PR =
17.23 %).

3.3. Economic values

Marginal economic values for the 15 breeding goal traits for all
scenarios are displayed in Table 8. In this regard, the three most
important traits in scenario 1 (0 % short-tailed) were birth weight (MEV
= 4.97 € per kg), weaning weight (MEV = 4.99 € per kg), average sur-
vival rate of lambs at lambing until 24 h after birth (MEV = 2.40 € per
1 %), and average survival rate of lambs from 24 h after birth until
weaning (MEV = 2.36 € per 1 %). The lowest rated traits with even
negative MEV included productive lifetime (MEV = —3.25 € per year),
endoparasite infestation with nematodes (MEV = —1.30 € per case and
ewe and year) and myiasis (MEV = —1.65 € per case and ewe and year).
The already optimized breeding management for productive lifetime in
the research herd and the already old ewe age structure might be the
explanation for the negative MEV for productive lifetime. Further im-
provements in this regard are only possible based on inflating breeding
costs. An increase in the number of disease cases is associated with
higher costs, but not with higher revenues. Hence, a negative change in
MEV for disease traits was identified. Alterations in proportions of short-
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Table 6
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Change in weaning weights (in kg) by increasing the proportion of short-tailed animals in the five scenarios.

Scenario Fraction of short-tailed animals in the flock Weaning weight for females (kg) Weaning weight for males (kg)
Singles Twins Triplets Singles Twins Triplets
1 0 % 30.2 28.5 26.7 32.0 30.5 28.6
2 25 % 297 28.0 26.2 31.5 30.0 281
3 50 % 29.2 27.5 25.7 31.0 295 27.6
4 75 % 287 27.0 25.5 30.5 29.0 27.1
5 100 % 282 26.5 247 30.0 285 26.6
1.00 %
0.90 =
W Singles R
0.80 | g e §
& O Twins
£0.70 < N
=) @ Triplets %
E 0.60 ; - %
3 0.50 , . §
=1
2 0.40 - —‘ i | - %
=]
£ 0.30 | | | §
59}
0.20 ‘ | | | § %
0.10 - = N | l‘ I| %
0.00 N N N ! R R
1 2 3 4 5 4] 7 8 9
Reproductive cycle of ewes
Fig. 1. Fraction of lambings with singles, twins or triplets in different reproduction cycles of the ewe.
—— associated with smaller MEVs for tail length, indicated through
able

Revenues, subsidies, costs and profits (in € per ewe and year) and profitability
rates (in %) with and without subsidies from five tail length scenarios with
increasing proportion of short-tailed animals.

Parameters Scenario Scenario Scenario Scenario Scenario
1 2 3 4 5
Revenues () 283.76 282.65 281.46 279.27 277.49
Governmental 159.04 159.27 159.49 159.63 159.85
subsidies (£)
Costs (£) 267.41 264.49 261.54 259.45 236.71
Profit (€) 175.4 177.42 179.41 179.45 200.63
Profitability rate 65.50 67.08 68.6 69.17 84.76
incl.
governmental
subsidies {in %)
Profitability rate 6.12 6.86 7.62 7.64 17.23
without
governmental
subsidies % (in
%)

tailed sheep implied changes in MEVs for production traits. Conse-
quently, MEVs for the breeding goal traits 'birth weight' and 'weaning
weight' increased step wisely. The positive (unfavorable) correlation
between tail length and weights implied a higher fraction of light sheep
in the flock, justifying the stronger economic importance to improve
weight traits. The alterations in the proportions of short-tailed sheep in
the flocks implied alterations on MEVs for functional traits reflecting
female fertility and survival. The MEV for litter size was largest in sce-
nario 1 without short-tailed sheep in the flock with 1.19 € per 0.01 lamb,
and steadily declined with increasing short-tailed sheep in the flock up
to 1.15 € per 0.01 lamb in scenario 5. Accordingly, the MEV for
conception rate of ewes was larger in scenario 1 compared to the other
scenarios, and consistently lowest MEVs for litter size and conception
rate were derived in scenario 5. This is due to the generally higher fe-
male fertility status in short-tailed herds, which explains the marginal
economic gain trough further breeding efforts. As expected, the desired
herd status for tail length (i.e., a high fraction of short-tailed sheep) was

declining MEVs from scenarios 1-5. Specifically, the MEV for tail length
was 0.76 € per % short-tailed weaned lamb per ewe and year in scenario
1, but quite small in scenario 4 (75 % short-tailed sheep in the flock)
with 0.1 € per % short-tailed weaned lambs per ewe and year. In scenario
5, with 100 % short-tailed sheep in the herd, further breeding efforts to
reduce tail length have no economic value., Marginal economic values
for all health and disease resistance traits were very small across all
scenarios, due to the high herd health status and assumed genetic cor-
relations of zero between tail length and endoparasite infections.

The REVs are based on the standardized MEVs and enable therefore
neutral comparisons of the economic importance of all breeding goal
traits (Fig. 2). For all production traits, REVs were smaller in scenario 1
compared to all other scenarios additionally considering tail length.
Accordingly, REVs for weaning weight and birth weight increased with
increasing percentages of short-tailed sheep in the flock, and were
largest in scenario 5. The REVs for the production traits mature weight
and for fleece weight were close to zero. Generally, the most important
breeding goal traits displaying largest REVs comprised the category for
female fertility and longevity, including the survival rate of lambs in the
different periods, litter size and conception rate of ewes. The largest REV
was 28.24 % for litter size in scenario 5. The small REVs of health traits
(incidence of endo-parasite infections, coccidiosis, myiasis, footrot) are
due to the low MEVs and small genetic variations of these traits.

4. Discussion
4.1. Modelling approaches for the derivation of economic values

For the derivation of EVs in farm animals, simple profit functions (e.
g., Ponzoni, 1988) were applied in the past, while more recently, there is
a focus on complex bio-economic modelling approaches (e.g., Conington
et al., 2004). Bio-economic model applications imply a higher degree of
flexibility, meaning that a quite large number of variables, parameters
and breeding traits can be considered simultaneously (Slavova, 2022),
In consequence, bio-economic models enable the depiction of specific
herd production environments, e.g., as done in the present study for a
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Table 8
Marginal economic values (MEV) for the 15 breeding goal traits.

Scenario Seenario Scenario Scenario Scenario
1 2 3 4 5

Parameters

Birth weight (£ 4,97 5.15 5.32 5.43 5.58
per kg)

Weaning weight 4,99 5.17 5.35 5.46 5.62
(€ per kg)

Mature weight (£ -0.03 -0.07 -0.11 -0.13 -0.15
per kg)

Fleece weight (£ 0.89 0.88 0.87 0.87 0.86
per kg)

Conception rate 0.06 0.05 0.04 0.03 0.02
of ewe lambs (£
per 1 %)

Average 1.81 1.77 1.73 1.70 1.61
conception rate
of ewes (€ per
1%)

Average litter size 119 117 117 1.15 1.15
for lambing
ewes (£ per
0.01 lamb)

Average survival 2,40 2.40 2.37 2.34 231
rate of lambs at
lambing until
24 h after birth
(€ per 1 %)

Average survival 2.36 2.37 2,38 2.37 2.39
rate of lambs
from 24 h after
birth till
weaning (£ per
1 %)

Productive -3.25 -2.69 -2.20 -2.00 -1.50
lifetime of ewes
in years (€ per
year)

Incidence of -0.24 -0.23 -0.22 -0.23 -0.24
footrot in ewes
(€ per case per
ewe per year)

Incidence of ecto-  -1.65 -1.66 -1.67 -1.68 -1.69
parasite
infection,
myiasis (£ per
case per ewe
per year)

Incidence of -0.15 -0.16 -0.16 0.16 -0.17
coccidioses of
lambs weaned
(£ per case per
ewe per year)

Incidence of -1.30 -1.29 -1.28 -1.27 -1.27
endo-parasite
infection,
nematode (€
per case per
cwe per year)

Fraction of short- 0.77 0.47 0.25 0.10 -
tailed weaned
lambs (€ per %
per ewe and
year)

modern Merinoland sheep farming system, and economic evaluations
for a broad grid of input parameter pattern and novel trait reflecting
health and welfare. Hence, in addition to the sensitivity analyses for the
tail length status in the flock, further alternative scenarios can be eval-
uated in bio-economic modeling approaches. In this regard, important
economic evaluations address sheep feeding strategies (e.g., considering
feeding intensities or the composition of feeding rations), housing con-
ditions (e.g., considering locations, grassland characteristics or climate),
variations of animal-related biological functions (e.g., considering spe-
cific lamb growth curves or reproduction cycles), or biological
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coefficients related to the flock such as varying flock litter sizes (Farell
et al., 2022). Such specific features related to, e.g., feed ration particu-
larities, labor time or veterinary costs, are implemented in all programs
of the new ECOWEIGHT package for different farm animal species.
Furthermore, the detailed consideration and analyses of housing, man-
agement and feeding characteristics enable in-depth evaluations and
recommendations from a farming system perspective regarding profits,
revenues and cost components (Kuchimanchi et al., 2022). Model flex-
ibility in such context of changing input parameter constellations and
production system characteristics are of increasing relevance. For sheep
farming, Pickering et al. (2015) highlighted the adaptation to new
breeding target traits, and emphasized the varying economic importance
of health traits with respect to production system characteristics.
Furthermore, Pickering et al. (2015) emphasized the consequences of
legal regulations and associated effects on sheep breeding issues, e.g.,
the prohibition of tail docking and correlated impact on myiasis in-
festations. Standard mixed model applications cannot consider such
political or environmental particularities, again favoring the more
flexible and comprehensive bio-economic modelling approaches.

A further attempt in this regard, i.e., to derive production system
specific EWs of sheep breeding goal traits, was introduced by Ober-
penning et al. (2025) by combining contingent valuation technique for
sheep breeder survey answers with cluster analyses. The aim of the
contingent valuation technique is to create a hypothetical market sce-
nario to infer the ‘willingness to pay’ of the respondent for specific
animal-related traits (Venkatachalam, 2004), enabling consideration of
health and welfare traits without direct product prices (Ierold et al.,
20021). Contingent valuations recently were also applied for economic
evaluations of meat quality traits, considering the willingness to pay of
consumers (Giannetto et al., 2023). The advantage of such survey-based
methodology is the methodological flexibility, but willingness to pay
answers mostly reflect spontaneous intentions, which might differ from
real household expenses or on-farm cost and revenue components. Cicia
et al. (2001) applied a combination of both techniques of bio-economic
modelling and contingent valuations to derive EWs for horse breeding
traits. In the context of animal exhibitions and show competitions,
Schierenbeck et al. (2009) derived EVs for conformation traits by
relating animal auction prices to scores for conformation traits in linear
regression analyses. This might be a further option to derive EVs for
exterior traits in sheep. However, such estimates might be biased,
because of the consideration of only pre-selected animals from specific
breeding herds instead of a random sample of the population.

4.2. Profitability and economic values in the context of production system
and political particularities

Far the derivation of EVs of breeding goal traits in sheep, most of the
previous studies focused on breeds used for meat production (Wolfova
et al.. 2011). In the present study, we considered the Merinoland sheep
as a dual-purpose breed, i.e., a breed used for landscape conservation
and for meat production. The sheep farming system from the research
station “Ober Hardthof” represented an environment, which is repre-
sentative for the future dual-purpose sheep farming sector in Germany
(Schiitte, 2023). Other authors in other countries derived EVs for
dual-purpose sheep reared under extremely challenging environments,
or with regard to production system alterations. Amer et al. (1999)
derived EVs for sheep breeding goal traits considering different farm
types located in New Zealand. On a production intensity scale, Amer
et al. (1999) found smallest EVs for litter size in harsh hill regions
characterized by low-input production (intensive system:16.45 § per
lamb per ewe and year, hill country: 12.57 $ per lamb per ewe and year,
harsh hill country: 11.55 $ per lamb per ewe and year). Accordingly, in
UK, Conington et al. (2004) reported differing EVs for ewe fertility, also
strongly depending on the production system intensity (intensive,
semi-intensive, extensive).

Subsidies for sheep farming in Germany are part of an agricultural
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Fig. 2. Relative economic weights (%) for the 15 breeding goal traits for five tail length scenarios (scenario 1-5).

support system (Schiitte, 2023). Subsidies are crucial to maintain the
profitability of sheep farming in regions with challenging market con-
ditions and environmental factors (Wolfova et al., 2009a). In the
modeling approach from the present study, governmental subsidies of
159 £ per ewe and year were considered, including payments for land-
scape conservation. Consideration of subsidies in approaches to derive
EVs of breeding goal traits is imperative, because subsidies are a major
source of income in sheep farming systems, especially in harsh envi-
ronments (de Arriba Bueno, 2016}, O'Neill et al., (2020) supported the
findings from the present study, and strongly emphasized the effect of
financial support on sheep-farming profit. For studies conducted in the
Czech Republic, Wolfova et al. (2011, 2009h) assumed subsidies of only
15.3 € per ewe for all sheep breeds, indicating the major subsidy dif-
ferences per ewe and year from an across-country perspective Czech
Republic versus Germany. However, also within Germany, differences in
governmental payment systems exist due to the structure of German
federal states with specific regulations. Krupova et al. (2009) assumed
EU subsidies in the range from 70.64 £ and 84.63 £ per ewe and year for
dairy sheep breeds kept in Slovakia. In the study by Conington et al.
(2004), subsidies were divided into three categories: compensatory
allowance, annual premium, and less favored area supplement. In
summary, governmental financial supporting systems differ with respect
to country and production system particularities, also explaining
differing EW for same traits in different regions or systems.

4.3. Economic values for functional traits, production traits and health
and welfare traits

4.3.1. Functional traits

As outlined above, EVs of breeding goal traits strongly depend on the
political constraints and production system characteristics. Merinoland
sheep are intensively reared and mainly used for lamb meat production
in combination with landscaping, explaining the quite large REVs for the
functional traits litter size, lamb survival rate from 24 h until weaning
and lamb survival rate until 24 h from birth in all scenarios. Especially
the litter size trait is given high economic priority in the present study,
because larger litters imply more lambs, which can be slaughtered for
meat production. On the other hand, farmer surveys indicated that
rearing triplets causes significantly more costs than rearing twins,

because lamb triplets require more labour time (Oberpenning et al.,
2025). Furthermore, lower birth weights in larger litters usually imply
higher feeding costs in the fattening period to achieve desired slaughter
weights in acceptable time as indicated in breeding goal evaluations for
swine (Klein et al., 2018). Nevertheless, in agreement with our study,
Slavova and Stancheva (2023) reported large REV for litter size in dairy
sheep of 28.74 %. Among all breeding goal traits, largest REVs were also
reported for litter size and for lamb survival until weaning for the
Merinoland breed by Wolfova et al. (2011). Krupova et al. (2009) re-
ported a large REV for conception rate (15.93 %) in dairy sheep, sub-
stantially exceeding the REVs for conception rate in all our “tail-length
scenarios” with REV lower than 2 %. An explanation might be the
general higher economic importance of conception and fertility in dairy
than in meat sheep breeds (Liagka et al., 2025) and the already high
level for conception rate in Merinoland sheep in our study. In the present
study, the REVs for both lamb survival rates (24 h after birth and from
24 h after birth until weaning) increased almost linearly from scenario
1-5. Such high REVs for lamb survival traits are typical for meat breeds,
and were confirmed in the study by Wolfova et al. (2011) considering
the Suffolk meat sheep breed. In the present study, the REVs for pro-
ductive life were comparably small (range 2-3 % for the different sce-
narios). The already high proportion of ewes can explain the small REVs
and MEVs in advanced (high) reproductive cycles, being a major char-
acteristic of the “Oberer Hardthof" research station. Wolfova et al.
(2011) reported a younger age structure for ewes in Merino, Romney
and Suffolk sheep compared to the average ewe age comprising 6.58
years in our dataset. Accordingly, Meier et al. (2021) found larger REV
for cow functional herd life in Holstein than in the local dual-purpose
German Black Pied Cattle breed, due to the younger age structure in
Holstein.

4.3.2. Production traits

The two production traits with highest EVs across all scenarios were
birth weight and weaning weight, but both displaying REVs below 3 %
across all scenarios. We observed a slight increase in REVs for birth
weight from 2 % in scenario 1 to scenarios 2-4, and a REV of 3 % in
scenario 5. Accordingly, in economic approaches ignoring tail length as
a breeding goal trait, REVs for birth and weaning weights were
comparably small with 1.5 % in Merino sheep and 1.2 % Romanov sheep
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(Wolfova et al., 2011), The smaller REVs for weight traits than for
functional traits reflect the results from the contingent valuation report
in other sheep breeds by Oberpenning et al. (2025), and in sheep pop-
ulations from other countries. In agreement with our study, negative
MEVs close to zero and accordingly very small REVs for weight traits
until lamb slaughtering were reported by Krupovi et al. (2009) in
Slovakia and by Conington et al. (2004) in UK.

4.3.3. Health and welfare traits

This is a first study deriving EVs for tail length using a bio-economic
modelling approach. In contingent valuations and considering the
willingness to pay for novel breeding traits, Oberpenning et al. (2025)
reported REVs for health and welfare traits including tail length in a
range from 24 % to 29 %. Hiimmelchen et al. (2025) and Mainzer et al.
(2025) reported neutral phenotypic and genetic relationships between
tail length and female fertility in Merinoland sheep. The non-existing
impact of the tail length status on ewe fertility might explain the
consistently high REV for conception rate in all scenarios 1-5 from the
present study.

The health traits including claw health and endoparasite resistance
also displayed small REVs. Konig et al. (2013) applied selection index
methodology to assess genetic gain for a variety of breeding strategies
and input parameter constellations. For health traits with small herita-
bilities combined with small EVs, selection response was close to zero or
even negative in case of strong antagonistic relationships with produc-
tion traits. In the present study, the REVs for nematode infections,
footrot and coccidiosis were very close to 0 %. The disease trait with a
slightly larger REV of 1 % was the infection due to myiasis. Again, the
generally high health status in the research herd reflected though the
very small number of infection cases per reproduction cycle might
explain the small REVs in the overall breeding goal. However, in-
terviews with German shepherds, contingent valuations and willingness
to pay approaches indicated an increasing importance of disease resis-
tance in overall sheep breeding goals, especially among the group of
younger farmers with university education in agriculture or veterinary
sciences (Oberpenning et al., 2025). Farmers are aware of the economic
impact of improved disease resistance in sheep, due to the favourable
effects on treatment costs and weight gains of lambs (Forbes et al.,
2024). Furthermore, the present study indicated the unfavorable effects
of endoparasite infections on overall farm profit.

Breeding on improved endoparasite resistance is of increasing eco-
nomic importance in the near future, due to the concerns of anthelmintic
treatments (Cunha et al., 2024), Increasing costs of antibiotic applica-
tions are expected (Picot et al., 2022), probably contributing to higher
REVs for disease resistance traits in overall breeding goals. In such
context, the increasing veterinary costs in the past decade might be an
explanation for the increasing weighting factors of health traits in
overall breeding goals for dairy cattle (Schmidtmann et al., 2021).
Furthermore, expected increasing feeding costs will foster the shift of
breeding goal traits from productivity towards functionality and health
as shown for dairy cattle kept in tropic Sri Lanka (Samaweera et al.,
2022).

The infections with flystrike, named myiasis, were related with
health problems and economic losses in several sheep farming systems
(Pickering et al,, 2015, Shephard et al., 2022), In contrast, in a study
conducted over a period of 6 years with Merino sheep, De Barros et al.,
(2024) reported non-significant associations between tail length and
infections with myiasis. In the present study, the respective REVs were
close to 1 % in all tail-length scenarios. Again, the currently high health
status in a superior research herd environment might explain the
comparably small REVs for myiasis. Pickering et al. (2015) also
addressed the effect of disease incidences on EWs in a seasonal context.
Warmer climates and extensive sheep farming systems will favor fly
strike infections, ultimately affecting the economic value and breeding
strategies to milden ectoparasite infections (Alahmed, 2004). An indi-
cator trait associated with flystrike infections is the dagginess (DAG)
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score (Sutherland and Tucker, 2011). The MEV for the DAG score was
negative in the study by Bohan et al. (2019), because a small value in the
scoring system indicates a higher health status.

The incidence of footrot was considered as a novel health trait in our
economic evaluations via bio-economic modelling approaches. Byrne
et al. (2010) reported REVs for footrot for both animal categories lambs
and ewes, reflecting the REV for the footrot incidence of ewes in the
present study. Conington et al. (2004) and Green et al. (2012) already
considered footrot resistance in breeding objectives, while ignoring
bio-economic modelling approaches with simultaneous consideration of
the completely breeding trait pattern and biological, revenue and cost
input parameters for the derivation of EVs.

In the present study, a bio-economic framework enabling the deri-
vation of EVs additionally for health and welfare traits in sheep, has
been developed. However, the current evaluation only represented one
specific research herd, and input data recording was restricted to a
specific period of the year. In addition to alterations of animal related
biological parameters (especially disease incidences), EVs are dynamic
due to changing market conditions. Furthermore, sheep production
systems are obviously heterogenous (Schiitte, 2023), encouraging the
derivation of EVs for specific farm types as suggested by Oberpenning
et al. (2025).

5. Conclusions

The REVs of breeding goal traits (calculated based on MEVs and
genetic standard deviation of traits) in the Merinoland dual-purpose
sheep breed indicated strong priority for the female fertility traits
litter size and conception rate, and for the lamb survival rates within the
first 24 h after birth and from 24 h after birth till weaning. The REVs for
production traits of the lambs including weights and weight de-
velopments were smaller than 5 %. REVs close to zero were also derived
for the health traits reflecting endo- and ectoparasite infections, prob-
ably due to the high health status in the research herd evaluated in the
present study. In sensitivity analyses with respect to altering fractions of
short-tailed sheep in the flock, REV for tail length were smaller than 2 %
in all scenarios. The expanded program EWSH1 to derive EWs for sheep
breeding goal traits indicated a great flexibility regarding breeding goal
trait pattern in sheep and sensitivity analyses, stimulating applications
for economic evaluations in other species and breeding scenarios.
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5 General Discussion

The following discussion serves on the one hand to provide an overarching interpretation
of the results from chapters 2-4 and, on the other hand, to embed them in the current
state of research. The analyses in this study shed light on the correlations and influencing
factors with regard to breeding for short tails in Merino sheep.

Chapter 2 analysed the relationships between tail length and selected body
characteristics, in particular body weight. Based on a structural equation model (SEM),
phenotypic, environmental, and genetic factors were considered simultaneously in order
to map a comprehensive structure of effects. The results indicate a high heritability of tail
length (h?=0.6), meaning that the trait responds well to selective breeding.

The economic evaluation of breeding traits in sheep breeding is addressed in chapters 3
and 4. In chapter 3, the preferences of sheep breeders were surveyed using the
contingent valuation method, and based on this, an overall breeding value was developed
that explicitly includes health traits for the first time.

The results show that health traits are weighted similarly highly by respondents as classic
production traits, reflecting the growing importance of animal health and welfare in the
practical definition of breeding goals.

Chapter 4 presents an economic evaluation of new breeding goals using a bio-economic
model. Health-related traits, including tail length, were considered in this modelling
approach for the first time. The results illustrate that tail length as a breeding goal trait
has a measurable economic impact on the profitability of sheep farming and is therefore
important for the sustainable optimization of breeding programs.

The following section of this chapter takes a closer look at the breeding objective of tail
length, explains its relationship to other traits, and assesses its economic impact. It also
discusses the extent to which the findings can contribute to the further development and
establishment of suitable breeding strategies. Finally, conclusions are drawn and

recommendations for practical breeding work are formulated.

5.1 Genetic parameters and heritabilities for tail length and other breeding goal traits

Breeding for short tails is increasingly being addressed as a relevant topic in current

research and is being investigated in depth in various studies. In this study, a heritability
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of 0.6 was determined, which is classified as high and therefore has a favourable effect
on breeding. This opens up the possibility of reducing tail docking procedures and
pursuing breeding goals relevant to animal welfare. A recent study by Hodge et al. (2025)
reports similarly high heritabilities (0.35-0.67). Greef et al. (2015) and Jonsohn et al.
(2023) also report high heritabilities for tail length between 0.58 and 0.68. A higher
heritability than that found in the present study is reported by Mainzer et al. (2025) at
0.85, which can be explained by the low number of animals.

The high heritabilities for tail length reported in chapter 2, in conjunction with the
confirmed results of previous authors, indicate moderate to high heritability for this trait.

These results support the approach of selecting for shortened tail length in sheep.

5.2 Genetic correlations between tail length and breeding goal traits

The correlation between traits plays a central role in breeding for short tails, meaning that
targeted selection for shorter tails can lead to measurable changes within a few
generations (Lagler et al., 2022; Eck, 2020). As shown in chapter two, there is a positive
genetic correlation between tail length and weaning weight (0.23 +- 0.12). Hodge et al.
(2025) come to similar conclusions. For breeding, this means that breeding for shorter
tails also has a negative effect on weight. In addition to body weight, Eck (2020) also
found positive correlations between tail length on the one hand and withers height, back
length, or the quotient of tail length and withers height on the other hand in sheep. Lagler
et al. (2022) recorded body length in addition to tail length and body weight and also found
a positive correlation between the traits. Other authors confirm the positive correlations
between tail length, body length, and body weight (Himmelchen et al., 2022; Haverkamp,
2015). In addition, Himmelchen et al. (2023) phenotyped the tail using sonographic data
and also recorded the number of tail vertebrae using X-rays. The presence of wedged
and block vertebrae was found to be significantly correlated with tail length. Himmelchen
et al. (2023) found a high prevalence of caudal spine fractures and block or wedged
vertebrae in Merinoland lambs; although the study did not measure pain directly, the
authors highlighted, that such skeletal breaks are a welfare concern and likely to be
painful.

Mainzer et al. (2025) reported heritabilities of 0.23 for the trait number of vertebrae and

0.85 for tail length. For the trait tail abnormalities, a heritability close to zero was found,
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which in this case is favourable in terms of breeding for short tails. According to the
authors, the abnormalities are highly likely to be caused by husbandry-related influences.
In addition, there is a negative correlation between the traits tail length and number of
vertebrae, which is due to the thickness of the tail. Thinner tails often have more and
longer vertebrae than thicker tails (Mainzer et al., 2025). This thesis is supported by
Amane et al. (2023), who report a significant influence on the number and length of
vertebrae in relation to tail thickness. In addition, the authors conclude that length in cm
is sufficient as a recording characteristic, as there is a positive correlation between the
vertebral characteristics and these characteristics can be estimated using a model.
Accordingly, it is possible to use tail length alone as a predictive parameter to estimate
osteology.

As described in chapter 2, tail length was therefore recorded as the sole trait in this study.
The aforementioned study by Amane et al. (2023) supports this study design, which
eliminates the need to record additional tail traits. According to Eck (2020), tail length
measurement is highly reliable, which further justifies the sole recording of tail length in
this study. This method of measuring the tail using a centimeter ruler, as used in
chapter 2, is therefore practical and reliable. In 2020, Grant et al. assessed the pain
response of docked lambs using qualitative behavioural assessment (QBA), with the
result, that painkillers had no effect after docking. The absence of an analgesic effect
underscores the need to breed for shorter tails.

With regard to further trait correlations, it should be noted, that Himmelchen et al. (2025)
found no negative correlation between tail length and reproductive traits. Similarly, there
is no significant correlation between wool quality traits and tail length (Medrado et al.,
2021). The correlations between tail length and other breeding traits discussed in this
paragraph have been exhaustively examined. To date, no negative consequences of
selection for shorter tails have been found. However, further research is needed on the
possible influence on tail length for future-oriented breeding traits such as parasite

resistance and robustness.

5.3 Structural equation models for determining tail length and weight traits in sheep

In chapter 2, the factors influencing breeding traits are analysed in detail using a SEM. A

negative correlation was found between tail length and weaning weight, as well as
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between tail length and slaughter weight. These relationships were discussed in detail in
previous chapters. The negative correlation suggests that animals with shorter tails tend
to have more favourable weight development. In addition, an intrauterine influence could
play a role as a potential cause of the observed relationships.

SEM enable simultaneous consideration of recursive relationships between traits, thereby
leading to more precise estimates (Gianola & Sorensen, 2004).

Apart from this work, there is no other publication to date, in which SEM have been used
and tail length as a breeding trait was included. However, with regard to production-
relevant parameters, in particular different body weights, there are several studies that
follow similar methodological approaches. Mohammadi et al. (2020) use SEM to analyse
causal relationships between body weights at defined stages of development in sheep.
They report consistently positive effects between weight measurements at different times
and also consider the 9-month and yearling weights, which were not included in the
present study. The results presented in chapter 2 are consistent with the findings of
Mokhtari et al. (2019) and Masari et al. (2021). Yazdanpanah et al. (2024) confirm these
results and show that SEM enables more precise modeling of genetic and phenotypic
relationships between growth parameters in sheep. In addition, the authors emphasize
the importance of considering and optimizing environmental factors. In summary, it can
be stated, that SEM is a powerful tool for mapping causal relationships between complex,
interlinked breeding traits.

Further studies of this kind are needed to identify additional potential relationships
between tail length and other traits, and to gain a deeper understanding of the underlying
biological mechanisms. It would also be interesting to confirm in practice whether the

recursive relationships between tail length and weight can be replicated.

5.4 Genes influencing tail length

Since TL is a highly heritable trait, it is interesting to look at the gene loci that can influence
this trait in addition to the results discussed in chapter 2. The genetic architecture of this
trait is complex. Several studies have shown that genes influencing tail morphology
interact in a complex network that controls not only the number of vertebrae but also fat
tail formation and general tail structure (Kalds et al., 2022; Wang et al., 2025; Qi et al.,
2024; Xu et al., 2021; Zhu et al., 2024). QTL analyses identified significant associations
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with TL, particularly on chromosome OAR11 in the HOXB13 gene region (Lagler, 2022).
Studies on short- and long-tailed Merino sheep also confirm several selection signals that
correspond to the variability of tail morphology (Mainzer et al., 2025). A recent study by
Wang et al. (2025) genotyped two sheep breeds for different tail lengths. Two genotypes
were identified in short-tailed sheep, which had a detection accuracy of 70% for the
method and thus offer new approaches to breeding for short tails.

The high heritability and identification of relevant gene regions make it clear that breeding
for short tails is feasible in many populations without having to worry about negative
effects on production parameters (Mainzer et al., 2025; Wang et al., 2025). In particular,
breeds such as Merino sheep exhibit natural variations that can be specifically exploited
to avoid tail docking in the long term (Eck, 2020; Lagler, 2022; Mainzer et al., 2025).
Despite this genetic potential, there is still room for improvement in practical
implementation, particularly with regard to clear phenotypic recording and reliable
genotype-phenotype assignment.

In summary, breeding for short tails is feasible, when genetic influences are considered.
However, further studies are needed on the causal relationships between phenotypes
and gene loci that can influence tail length.

5.5 Derivation of economic breeding values for breeding goal traits

The economic evaluation of breeding goal traits in practical sheep breeding can be carried
out using various methods. The methods used in this study to derive economic weights
were discussed in detail in chapters 3 and 4. In chapter 3, the WTP for breeding goals
was determined considering farm clusters. In chapter 4, a bio-economic model was used
to calculate the economic values and profitability for functional, production, health, and
welfare traits. This study was the first to include tail length and other health traits in a bio-
economic model and evaluate them economically.

The evaluation of sheep farming systems is helpful for subsequent economic
assessment; to this end, it is useful to classify the different farming systems. Chapter 3
showed that cluster analysis can be used to classify farming systems. In the study by
Schutte et al. (2024), nine different sheep farming systems were classified using
clustering. The study focuses primarily on extensive and semi-intensive farming systems,

which are characterised by varying degrees of grazing and indoor housing. Extensive
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systems are mainly based on grazing, which reduces feeding costs and provides freedom
of animal movement, while simple, functional shelters are used in winter and during
transitional periods (Manoj et al., 2024; Schitte, 2023). The design of the barn has a
significant impact on the well-being and productivity of the animals. For example,
insufficient ventilation can cause respiratory infections and heat stress, while a floor, that
is too hard, can lead to callus formation on the knees and hocks (Miguel et al., 2025).
Thénard et al. (2024) underscores the findings of this study and also identifies three key
farm profiles: small farms that pursue individual breeding goals, medium-sized farms with
flexible selection criteria, and large farms that use established breeding indices to ensure
the sustainability of their breeding systems.

Aouina et al. (2025) also clustered sheep farms. In addition to the farm characteristics
and farm manager information described in chapter 3, the authors reported that hygiene
practices, estrus management, and timing of mating emerged as key determinants in
characterising the farming systems.

In other areas of animal husbandry, clustering methods are used to group other animal
species according to specific characteristics. In buffalo, clusters were formed according
to lactation profiles, which allowed conclusions to be drawn about individual feeding
strategies and productivity (Krupova et al., 2025). Wolters et al. (2021) used a similar
approach clustering cattle according to various criteria such as production systems, herd
size, breed, or region. Clustering methods are also used in behavioral research on dogs
aimed at identifying groups with similar behavioral patterns and correlate these with
characteristics such as fear or aggression (Pereira et al., 2022).

Overall, it is clear that in animal science, both the design of housing systems and the use
of cluster methods represent important starting points for improving animal welfare,
productivity, and economic efficiency (Krupova et al., 2025; Manoj et al., 2024; Miguel et
al., 2025; Pereira et al., 2022; Schutte, 2024; Wolters et al., 2021; Zhai et al., 2024).

5.6 Current breeding goals in sheep breeding

Modern sheep breeding today not only emphasizes classic performance traits such as
production traits, but also increasingly integrates new breeding goals such as tail length
and health traits, as described in chapter 3. Based on a contingent valuation survey of

shepherds in Germany, a recommendation for a new total breeding value was developed
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in chapter 3. For the first time, this also considers health and welfare traits such as TL
and disease resistance. The current overall breeding value in Germany does not include
health and welfare traits in sheep breeding (VIT, 2025). This chapter will focus on the
main areas of current breeding goals.

A recent African study by Phaladi et al. (2025) also deals with breeding objectives and
reported, that health and welfare traits are not important to farmers. The focus there is on
production and exterior traits of sheep. These results are similar to the findings of Bekuma
et al. (2025) and once again confirm that health and welfare traits are not given any
weighting. The study by Ragkos & Abas (2015) also did not include health and welfare
traits in the breeding objectives for dairy sheep, but instead focused on production traits.
Similar weightings of breeding traits to those used in this study were reported by Tabbaa
et al. (2019): meat production, followed by disease resistance and adaptability to the
rearing environment. In contrast, little importance was attached to the traits of
conformation, milk production, and wool or fiber production. As mentioned in chapter 3,
milk and wool production in particular play a minor role, as these traits are not of great
economic importance in Germany. However, the above-mentioned breeding goals were
influenced by the effects of breed, region, farm type, and herd structure and size.

Tail length was an important trait for the farmers surveyed, as pointed out in chapter 3.
This result is supported by Adimasu et al. (2019), where tail length and the exterior of
breeding rams were traits to be considered and, from the farmers' point of view, influenced
the selection of breeding animals. A study by Rose et al. (2015) examines breeding goals
for Merino sheep in different regions and concludes that breeding goals should be
adapted to regional conditions in order to respond optimally to husbandry conditions and
other economic influences. However, in chapter 3 this regional influence on breeding

goals could not be substantiated.

5.7 Derivation of economic weights using bio-economic models

Chapter 4 dealt with the derivation of economic weights using a bio-economic model. This
study was the first to consider health and animal welfare traits in a bio-economic model.
Current studies on the topic also deal with the use of bio-economic models that take new

breeding goal traits into account. Smith et al. (2025) use a bio-economic model to assess
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the resilience of Australian Merino sheep. Resilience was rated positively in the results
but had a minor influence on the total value at 2.02%.

Another recent study by Amraei et al. (2025) confirms the findings presented in chapter
4, that production traits were most important and that the traits are strongly influenced by
prices. The sale of lambs had the greatest economic significance, followed by milk
production, which had no influence in this study because no dairy sheep were included.
The economic significance of wool traits was very low (Amraei et al., 2025), which
confirms the results reported in chapter 4.

Guo et al. (2025) define breeding objectives for Merino sheep with a focus on wool quality
and weight traits. In agreement with the findings in chapter 4, they reported a high
weighting for the WW, while yearlings’ weight was associated with a merely low influence.
Similar trait weightings in goats are also published by Tesema et al. (2023). Here
production traits such as daily gain, weaning and various other weights were important.
In addition, the goats” coat colour was found to be relevant. However, Merinoland sheep
are a single-colour breed, which is why colour could not be investigated in chapters 3 and
4.

Waters et al. (2024) calculated expected breeding values (EBVs) for robustness, a
breeding goal trait in sheep. They used hair thickness as an indicator of robustness. While
robustness was not investigated in this study, it could be an interesting issue to be
addressed in future research. One drawback of using hair thickness as a surrogate
marker in sheep is, that it has a high intraindividual variance and cannot easily be
assessed in practice.

Recent studies show that the development and application of bio-economic models are
of central importance not only for sheep farming but also for other livestock breeds (Bohan
et al., 2019; Gizaw et al., 2018; Krupova et al., 2013; Slavova, 2021). These models are
becoming increasingly important, particularly in the optimization of husbandry systems
and the development of location-adapted breeding strategies. The integration of
environmental and animal welfare aspects into the derivation of breeding goals is
considered promising, as it contributes to more sustainable and economically viable

production systems.
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5.8 Future-relevant traits in sheep breeding

According to Smith et al. (2025), resilience factors in sheep represent a breeding trait,
that will be influential in the future. The study demonstrates, that the integration of
resilience into breeding programs is feasible, but requires careful evaluation to avoid
compromising productivity.

Cunha et al. (2024) deal with parasite resistance in sheep, focusing in particular on
resistance to gastrointestinal nematodes (GIN). Four traits are mentioned as indicators of
resistance (egg count per gram of feces, hematocrit, FAMACHA score, and DAG score),
which exhibit low to moderate heritability. The FAMACHA score, which is particularly easy
to record in practice, would be a trait, that could be effortlessly implemented in the future,
enabling selection. In the present study, various traits related to disease resistance were
considered in chapters 3 and 4. On the one hand, the survey reported in chapter 3
revealed a weighting for disease resistance; on the other hand, as described in chapter
4, it has a measurable economic impact on profitability and should therefore be
considered in the future.

Another trait, that was not addressed in this study but still has an economic impact, is
heat tolerance. Oyieng et al. (under peer review) investigated the economic impact of
heat stress on sheep in Africa. The authors describe a significant influence of heat on the
weight of the animals and recommend that this trait should be considered when selecting
breeding animals. In addition, the authors describe breed-related differences in heat
tolerance.

Finally, a topic not covered in this study is the use of Al for data collection. Emsen et al.
(2025) used Al to record the behavior of sheep. The authors consider the use of these
new technologies to be beneficial, as conventional data collection is often time-
consuming and Al can be very helpful. In addition to saving time, the authors state, that
Al tools can improve the health and well-being of the animals.
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5.9 Conclusion

The present results highlight the potential of integrating genetic and economic analyses to
optimise breeding strategies in Merinoland sheep. Considering direct and maternal genetic effects
alongside covariate structures enabled precise estimation of heritabilities and correlations,
particularly for tail length and body weight traits. Tail length was found to be genetically highly
modifiable, but it was also found to have an unfavourable correlation with growth traits. SEM
analyses indicated complex, sometimes contradictory, phenotypic correlations influenced by
environmental and health factors.

Concurrently, cluster analysis revealed distinct differences between production systems,
influenced by farm size, husbandry type, and the socioeconomic circumstances of farm
managers. This heterogeneity is reflected in significant variations in economic weights,
particularly with regard to the growing importance of functional, health, and welfare traits
compared to traditional performance traits. While it was found that tail length is genetically highly
modifiable, the low relative economic values for tail length, health and parasite traits emphasise
the need to expand the data base through system-wide surveys and to consider genotype-
environment interactions more specifically in the future.

Overall, the results demonstrate that future breeding programmes for Merino land sheep must be
based on a holistic integration of genetic, economic and management-related components to

promote sustainable progress in animal welfare and production.
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