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Identificacion de ovinos robustos al cambio y la variabilidad climatica
Resumen

La produccién ganadera, en particular la ovina, enfrenta el desafio de aumentar la produccién de alimentos en un con-
texto de recursos limitados, con menor acceso a tierras cultivables y suplementos. Asimismo, explicado por el cambio y
la variabilidad climatica, se restringiria el acceso al forraje y al agua en términos de cantidad y calidad. Ademas, los
ovinos estaran expuestos con mayor frecuencia y durante periodos mas prolongados a temperaturas méas elevadas, a
cambios en el régimen de precipitaciones y a un escenario de plagas y enfermedades diferente al actual. Ademas, con-
siderando que los ovinos han sido seleccionados a favor de caracteristicas productivas durante un largo periodo de
tiempo, es posible que los ovinos modernos sean menos robustos. Paralelamente, tenemos las preocupaciones de la
sociedad sobre la contribucién de la ganaderia a las emisiones de metano, el bienestar animal, la competencia por
comida entre humanos y animales, la seguridad alimentaria y la resistencia a los antimicrobianos y antiparasitarios.
Para afrontar el escenario descrito se necesitarian animales mas eficientes, resilientes y adaptados. El presente trabajo
tiene como objetivo revisar los conceptos de robustez, resiliencia y eficiencia y presentar estudios sobre estas caracte-
risticas dentro de las razas o razas que podrian ser consideradas en los programas de mejoramiento genético ovino en
un escenario de cambio y variabilidad climatica.

Palabras clave: resiliencia, robustez, metano, eficiencia alimenticia, fenomica

Identificagao de ovinos robustos as alteragoes e variabilidade climaticas

Resumo

A produgdo pecuaria, em particular a ovinocultura, enfrenta o desafio de aumentar a produgéo alimentar em um contex-
to de recursos limitados, com menos acesso a terras araveis e suplementos. E, explicado pelas alteragbes climaticas e
pela variabilidade, 0 acesso a pastagens e agua de elevada qualidade e quantidade seria restringido. Além disso, 0s
ovinos estardo expostos com maior freqiiéncia e por periodos mais longos, a temperaturas mais elevadas, alteragdes
no regime de chuvas e a um cenario diferente do atual de pragas e doencgas. Ademais, considerando que 0s ovinos
foram selecionados para caracteristicas produtivas durante um longo periodo de tempo, é possivel que 0s ovinos mo-
dernos sejam menos robustos. Paralelamente, temos as preocupagdes da sociedade sobre a contribuigdo da pecuaria
para as emissdes de metano, 0 bem-estar animal, a competi¢do por comida entre humanos e animais, a seguranga
alimentar e a resisténcia a antimicrobianos e antiparasitarios. Para enfrentar o cenario descrito seriam necessarios
animais mais eficientes, resilientes e adaptados. O presente trabalho tem como objetivo revisar os conceitos de robus-
tez, resiliéncia e eficiéncia e apresentar estudos sobre estas caracteristicas dentro de ragas e/ou ragas que poderiam
ser consideradas nos programas de melhoramento genético de ovinos em um cenario de mudangas e variabilidade
climaticas.

Palavras-chave: resiliéncia, robustez, metano, eficiéncia alimentar, fendmica

1. Introduction

Livestock production faces significant global challenges for the coming years, the main of which is to increase
food production within the constraints of limited resources. It is actually considered that the area allocated to
livestock should not compete with arable land suitable to produce other food for human consumption. In addi-
tion, different simulated scenarios of climate change (see 2.3) suggest that native pasture suitable for grazing
could be negatively affected in terms of quantity, quality, and variability. Furthermore, access of animals to
drinking water could be restricted("(). Although climate change would have direct and indirect effects specific
to each region, there is broad consensus that current and future sheep farming would mostly be restricted to
marginal production areas®®. Climate change introduces additional vulnerabilities for sheep production: air
temperature is increasing, and circannual rainfall patterns are changing in different agroecological regions of
the world®). It is expected that sheep will be more frequently and for longer periods exposed to higher temper-
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atures, whitheat stress emerging as a critical threat to the meat and wool production industries®). Both severe
and moderate climate change scenarios predict an increase in the number of days per year that sheep will
experience thermal stress(®). This increased incidence of heat stress could also be accompanied by changes in
rainfall pattern(') and increased radiant thermal loads. Consequently, animal physiological, productive, repro-
ductive, behavioral, and well-being changes are expected. Furthermore, the predicted climate conditions are
likely to increase the incidence of pests and diseases, posing additional challenges to sheep health(2).

Alongside these environmental challenges, a potential antagonism between the selection for high-producing
sheep and animal health (physiological and immunological) and behavior patterns has been proposed(. For
years, breeding programs have mainly focused on production traits, possibly resulting in less resilient or robust
sheep. At the same time, society is increasingly concerned about livestock farming contribution to methane
emissions, sheep welfare, the competition with humans for food (e.g. grains), food security, labor and cultural
preservation, the possibility of maintaining their activity and farm, gender equity, youth inclusion, chemicals
used and its impact on food safety, and antimicrobial resistance®(€)©)., There is also growing interest in de-
veloping production systems with minimal human intervention in both animals and the environment(#), which
may leave sheep more exposed to environmental challenges such as heat, food or water scarcity, and diseas-
es. In summary, a future is expected where less edible food for humans will be allocated to feeding sheep,
there will be a smaller area of arable land for sheep production, and the area allocated will be marginal, with
more variable and poorer quality feed. In addition, there will be more environmental disturbances, environmen-
tal heterogeneity (less control), a more challenging environment, and a possible greater risk of pests and dis-
eases (regional in nature).

Adaptation to future challenges will require more efficient, resilient, and well adapted animals. And it is even
more important to investigate these aspects in specialized systems that have long focused on selection for
productivity, due to possible antagonisms between productive traits and those related to animal resilience,
adaptation or robustness('%. Most sheep production leading countries are encountering the difficulty raised
above. This applies to Australia, New Zealand, South Africa, Argentina, Chile, Uruguay, and many others. The
case of Uruguay can be used as an interesting study model, with a worldwide outstanding sheep production
supported by a comprehensive and modern genetic evaluation system. Sheep production in Uruguay is carried
out under grazing conditions on temperate native pastures on the Campos grasslands (see 2.2)("1). Most of the
wool and meat breeds in this country have genetic improvement programs with positive results given the large
number of animals and stud breeders, as well as the genetic progress achieved(12), where breeding objectives
and selection criteria have mainly focused on production traits (body weight, fleece weight, fiber diameter, rib
eye area, among others), health traits (resistance to gastrointestinal nematodes) and reproductive traits (multi-
ple births) (geneticaovina.com.uy). More recently, genetic parameters have been estimated for new reproduc-
tive traits (number of lambs, maternal ability)(*3), feed efficiency traits (feed intake, residual feed intake) and
methane emissions®).

This work follows a narrative review methodology with three objectives. Firstly, to synthesize theoretical con-
cepts related to robustness, resilience, and feed efficiency. Secondly, to identify potential traits for selecting
more robust sheep, with a focus on their applicability to Uruguay’s sheep production. Finally, to explore new
breed options capable of performing well under future climate scenarios in Uruguay. The latter two objectives
are based on the hypotheses that certain breeds or specific animals within a breed may outperform others in
the face of climate change and increased environmental variability, and that certain key robustness indicators
will help identify these superior animals.
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2. Methodology

2.1 Review procedure

The search strategy was based on the analysis of published literature retrieved with the following keywords
(used individually or in combination): sheep, robustness, resilience, animal welfare, animal health, feed effi-
ciency, climate change, shedding/hairy sheep breeds. The primary search engines were Google Scholar and
Timbd. Peer reviewed articles were prioritized in the inclusion criteria, although in specific situations —mostly
explained for the novelty of the information— grey literature was included (conference proceedings, postgradu-
ate thesis, book chapters, non-peer reviewed articles, and technical reports).The most relevant journals refer-
enced in this review included: Animal, Journal of Animal Science, Frontiers, Agriculture, Animal Production
Science, Animals, Genetics Selection Evolution, Small Ruminant Research, among others. The literature
search was conducted primarily during the first half of 2023.

The selection process to identify and screen literature involved reviewing titles, abstracts, and references lists
of previous selected articles, followed by a full text screening of relevant papers. This process was conducted
by a team of academics with diverse expertise in sheep-related fields, including welfare, health, wool, physiol-
ogy, breeding, reproduction, biotechnology, immunology, genomics, nutrition, and extensive production sys-
tems. As a result of this rigorous process, 296 works were considered, and 110 articles were included in the
final version of the manuscript.

The findings described in this review are presented in a conceptual order, organized into main sections. The
first section provides a general overview of the theoretical concepts of robustness, resilience, and efficiency.
The second section discusses potential traits for identifying more robust sheep within a breed, as well as new
breeds that could be introduced in Uruguay.

2.2 Study site

Uruguay has a long history of wool production, with 88% of sheep belonging to wool or dual-purpose (wool
and meat) breeds('4). Over the last 30 years, these breeds have been selectively bred for productivity, focusing
on increasing fleece and body weight while decreasing fiber diameter (geneticaovina.com.uy). In 2023, Uru-
guay's sheep population stood at 5.927 millions, marking a decline of 5.159 millions since 2006, part of a
broader downward trend over the past three decades('9(16). Fifty eight percent of these sheep are in Tac-
uarembo, Salto, Paysandu, and Artigas states, primarily within the basaltic region of those states. This region
has the lowest pasture production compared with other agroecological regions in Uruguay ("% and exhibits a
pronounced seasonal growth pattern. Moreover, Tacuarembo, Artigas, and Salto have a lower percentage of
improved pastures compared to other states in Uruguay.

According to the Climate Change Knowledge Portal('?), Uruguay has four well-defined seasons and is located
in the temperate zone, with an average air mean temperature of 17.5 °C, with 12.4 °C in winter and 23.6 °C in
summer. The minimum and maximum air temperatures for winter are 7.6 and 17.2 °C, while summer minimum
and maximum are 18.1 and 29.3 °C. The average annual rainfall from 1991 to 2020 was 1316 mm, with the
lowest seasonal rainfall in winter (279.1 mm), and fall experiencing the highest average (363.6 mm).

2.3 Future climate scenarios for study site

Future climate scenarios for Uruguay were obtained from the Climate Change Knowledge Portal('?), with pro-
jections based on the sixth phase of the Coupled Model Inter-comparison Projects (CMIP6). Significant
changes in climatology are expected in Uruguay to the end of this century, particularly regarding temperature
and rainfall. Air temperatures are projected to rise by approximately 1 to 4 °C, depending on the scenario, with
the most optimistic scenario being SSP1-2.6 (based on Shared Socioeconomic Pathways and Representative
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Concentration Pathways RCP 2.6), and the most pessimistic being SSP5-8.5. Furthermore, an increase in the
number of hot days (maximum temperatures exceeding 30 °C) is forecasted under both scenarios, with the
most pronounced effects during spring, summer, and fall. For example, under the SSP1-2.6, there could be
three additional hot days per month in December, January, and February, while the SSP5-8.5 scenario may
result in an increase of up to twelve hot days per month during the same period. In parallel, an increase in both
the average and variability of precipitation throughout the year is expected, particularly under the SSP5-8.5
scenario. The increased variability is expected to lead to more extreme weather events, including heavy rain-
fall and longer dry periods.

3. Theoretical concepts

3.1 Robustness

Robustness is the ability of the animal, in the face of environmental restrictions, to continue doing the activities
needed to promote its future ability to reproduce. A robust animal combines resilience and adaptation(4). Adap-
tation is defined as the process of adjusting to change within a long-term time horizon, eventually over genera-
tions as a result of genetic selection('8). Resilience is the animal's ability to be minimally affected by environ-
mental disturbances(10. Therefore, robustness goes beyond resilience, since it also integrates characteristics
related to adaptability and not only the ability to withstand specific disturbances. Robustness is the combina-
tion of multiple interacting mechanisms: survival (ability to avoid culling and death), growth and reproduction.
An indicator trait of robustness could be productive longevity, although it has limitations(4('9), This is the con-
sequence of the animal's ability throughout its life to overcome challenges. However, it is a trait difficult to
evaluate due to the variation in different environments, it is very generic (it does not provide much information
about the mechanisms that explain it), data is available for each animal at the end of its productive life (gener-
ation interval very long) and mostly only in one sex (females).

Two types of environmental restrictions have been established®. On the one hand, the severity of the envi-
ronment (harshness), which is a moderately stable factor and involves nutrition, the production system, and
the climate of the region. On the other hand, there would be specific disturbances to this macro environment,
in which the intensity and frequency of the disturbance matter (e.g. heat waves, water stress, non-structural
forage deficit, and epidemiology of a parasite). These may be more intense and frequent in a scenario of cli-
mate change and variability. Therefore, a robust animal (Figure 1) would be one that provides an adequate
quantity and quality of product, makes good use of nutritional resources (acquisition, utilization, allocation),
matches the environment (such as capacity for thermoregulatory or locomotor abilities), reproduces well and
regularly (or according to what is expected by the producer), has a good health status, and shows behavior in
accordance with the environment (social interactions, easy care, easy handling, maternal ability).

Different mechanisms are necessary to overcome the two types of challenges mentioned above. For example,
confronted with a challenge, there may be changes in the distribution of resources within the animal (for differ-
ent activities, health, growth, reserves, thermoregulation), or changes in the resource acquisition strategy
(grazing time, feed intake, bite rate, selectivity). In the resource allocation theory(?), it is assumed that the
resource destined for one function cannot be used in another, implying a trade off or antagonism, as an adap-
tive response of the animal. This means that one option may be to increase the acquisition of resources (graz-
ing time, intake, grazing behavior), and have enough for all activities, and another option may be to alter the
allocation. Distribution and acquisition can be altered in the long term by genetic selection. Also, responses
can be linked to predictable long-term challenges (pasture production variability within the year, need to gen-
erate a homeorhetic physiological response, survival to ensure the species) or unpredictable short-term chal-
lenges (negative energy balance and body reserve mobilization, need to generate a homeostatic physiological
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response, adapt to survive). In short, robustness is the ability to overcome unfavorable environments for a long
period of time. Although selecting by associated traits is possible, it is focused on the specific environment
where it is conducted, because it is not possible to have an animal that is robust in any environment.

l Resista nce] l Tolerance ]

Acquisition and z Other responses
| Heat tolerance I allocation of resources to disturbances

| Resilience I
g Body weight

Body Condition Score
Residual feed intake |

lEnteric methane emie;.‘;ione;]------*E

A T e

Figure 1. Diagram indicating the main aspects that influence robustness for a particular animal and environment

3.2 Resilience

Resilience, which underpins robustness2), is the animal's ability to respond to environmental perturbations,
being a possible indicator of animal well-being(?2. General resilience can be interpreted as the ability of an
animal to be minimally or not affected in its performance by an external disturbance, or to be affected and
quickly return to the state it had prior to the disturbance('%. Therefore, while producing in a stable and good
environment do not require robust or resilience animals, these are valuable characteristics in variable and poor
environments. This is the case of outdoor livestock production systems on native pastures in Uruguay, which
could benefit from selecting more resilient and robust animals or breeds, as they would be better suited for
these environments.

Since resilience is a term commonly associated with diseases, such as gastrointestinal nematode infections, it
is important to differentiate disease resilience from general resilience(?3. In this sense, disease resilience is
part of an animal's overall resilience and has been defined as the ability of an animal to maintain a reasonable
level of productivity when challenged by a disease®4). Resilience to diseases is made up of resistance and
tolerance. Resistance is the ability of the host to limit the load of a pathogen(#) by restricting its rate of repro-
duction within the host, blocking the entry of the pathogens or limiting their multiplication once it has entered.
Tolerance, on the other hand, is the ability of the infected host to limit the damage done by the pathogen, with-
out necessarily reducing its presence. Tolerance does not help the resilience of the flock, because infectivity
persists. From a genetic point of view, the two components of resilience to diseases are negatively correlated;
however, cases of favorable or null correlations have also been reported(?4. This correlation is very difficult
and expensive to quantify and can be characterized by studying the animal response to different pathogen
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presence (reaction norm). Given that correlations between tolerance, resistance and resilience to different
disease range from favorable to unfavorable, and the relevance of protecting all animals in the flock, it has
been suggested that a potential breeding objective should be to select animals for general resistance, a con-
cept that will be further developed later(10),

Due to the complexity of studying resilience to diseases based on the reaction norm, other approaches have
been suggested such as the one-dimensional or black box model (less informative) and the two-dimensional
model (difficult to analyze). However, as the challenges faced by animals are not recorded or even come from
unknown sources, an approach called dynamic resilience study has been proposed, which can be used not
only for health challenges, but also for other kind of challenges(#(2). This approach is supported by the grow-
ing amount of automated information increasingly available through the advent of precision livestock farm-
ing@). This enables the generation of individual information on a wide range of performance traits, such as
body weight, body condition, feed intake, behavior, milk production, bodyweight gain, water consumption, body
temperature, and rumen environment. Interestingly, the expected or theoretical production or response of the
animal assessed without disturbances is not required(19).

Although the best indicator has not been defined yet26), four possible indicators have been proposed for the
study of resilience based on the availability of large amounts of information (big-longitudinal data, high-
frequency recording). These indicators focus on the deviation of observed production in relation to the ex-
pected production of the animal in a certain period, and they all have certain limitations. The high-frequency
data approach to resilience measurement is based on the principle that animals are constantly subject to dis-
turbances of unknown origin, resulting in fluctuations of the assessed traits(28). The indicators proposed by
Berghof and others(26) are variance, autocorrelation and skewness of the deviations, and the slope of the re-
sponse curve, which indicate differential duration and severity of the disturbance. A less resilient animal shows
greater variance, positive autocorrelation, negative skewness and steeper slope (indicating a sharper decline
in production when faced with disturbance) compared to the population. In contrast, a more resilient animal
deviates less from a healthy state or its performance potential or recovers faster from a perturbation (2930,
Furthermore, recent studies reviewed and analyzed new approaches (hybrid models) that integrate models
based on data (data-driven models) and concepts (concept-driven models)3'). These new hybrid models are
considered promising for resilience characterization of production animals and their potential integration into
genetic improvement programs.

Following the previous approach, Garcia-Baccino and others(®2) recorded changes in the daily intake of sheep
facing different challenges, estimated the probability that each day was a challenging day, and included this
information in an animal model to evaluate the genetic determinism of resilience. Both the heritability of feed
intake changed with the probability of occurrence of a challenging environment. The authors also reported a
genetic correlation between the expected progeny difference (EPD) for feed intake in a non-challenging envi-
ronment and EPD at a given probability of occurrence of an environmental challenge. This genetic correlation
was modified by changing the environment. The correlation decreased as the environment became more chal-
lenging, indicating that selection for the trait in a non-challenging environment was not useful in a challenging
environment, that is, a re-ranking of animals between environments occurs. Finally, by studying the sensitivity
to environmental change, they identified animals that were more or less resilient to challenges®'). In Uruguay,
this approach could be used to study feed intake, behavior, water consumption, and body weight, given that
this information is already being recorded in the sheep phenotyping platform at INIA La Magnolia.

3.3 Feed conversion efficiency

Different parameters and traits associated with individual production have been the main selection criteria
used over the years in sheep genetic improvement programs, as it has already been reviewed('2(3), Efficiency
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in converting feed into product is a determining factor in a genetic improvement program, not only because of
the economic benefits for farmers, but also for its environmental advantages (more efficient sheep produce
more or the same with fewer resources). Below is a brief overview of some central aspects to consider in a
proposal aimed at improving feed efficiency, which can then be integrated with improved resilience.

The selection of sheep that are more efficient in the use of feed is justified, firstly, because feed costs are the
most important in sheep production®4. Secondly, because body weight in Uruguay has genetically increased,
which correlates unfavorably with feed intake and, consequently, with production costs(®3). Finally, having more
efficient animals in the use of feed would reduce the negative impact of animal production on the environ-
ment(36). Despite the importance of this characteristic, feed intake and feed efficiency have been included
since 2022 within a genetic improvement program in a research center for the Australian Merino breed. This is
explained by the difficulty in phenotyping these variables®”). In this sense, there are different ways to measure
feed efficiency, such as residual feed intake (RFI), the relationship between intake and weight gain, residual
weight gain, gain index, and residual intake. For biological and statistical attributes, RFI has been deeply stud-
ied in the last two decades(®8)9), The RFI is the difference between the observed intake and the expected
intake for an animal with a certain body weight and productive performance, which in meat production is de-
fined as weight gain and body composition associated with muscle and fat deposition.

It has been consistently reported that the most efficient animals have a lower dry matter intake, without unfa-
vorable effect on body weight or weight gain, in parallel with a lower methane emission, fewer visits to the
feeder, and without changes in wool production or resistance to gastrointestinal nema-
todes(9)(33)(36)(40)(41)(42)(43)(44)(45)(46)(47)(48)  Additionally, it has been found that rumen, liver, lungs and kidneys of
the most efficient animals were smaller, while parts of the small intestine would be larger than less efficient
ones). The differences in organs size were associated with lower intake, better nutrient absorption, lower
energy intake and a lower metabolic rate in the most efficient animals, which adds up to greater energy effi-
ciency and a lower protein turnover rate(). Differences in tissue deposition, Thyroxine (T4) and Adrenocortico-
tropic (ACTH) hormone levels, as well as physical activity, have also been reported between contrasting RFI
groups(48)50)(s1),

4. Genetic improvement programs and breed options

4.1 Selection within a breed

A meta-analysis on genetic parameters in sheep for resilience and efficiency traits focused on milk or meat
production®®? has been recently published. In relation to resilience, the variables included were linked to re-
sistance to gastrointestinal parasites and foot rot, due to their economic importance. For meat production, they
reported heritabilities from 0.07 to 0.50, with high variation across studies. In the case of mastitis (0.07 £0.02)
and prolificacy (0.09£0.02), authors pointed out that the estimates were very consistent among the studies.
Regarding the correlations between variables, the traits linked to the same diseases had medium to high cor-
relations, for example, immunoglobulin concentration and fecal egg count (FEC) (0.40+0.05), or diarrhea and
feces consistency (0.94+0.55). Most of the correlations among variables that describe efficiency (includes
production) were positive. The exceptions were the correlations between prolificacy and body weight, and
body weight with RFI, which were negative but not significant. The estimates for growth and diarrhea scores,
and growth and FEC were negative and favorable (-0.33+0.13 and -0.28+0.11, respectively). Finally, the re-
view concludes that the magnitude of genetic correlations (not different from zero or moderate) allows simulta-
neous advances in resilience, efficiency and productivity by genetic selection, and indicates the need for more
studies on resilience traits such as reproduction, survival, and resistance to other diseases.
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In a work focused on Australian Merino®3), the consequences of incorporating variables of resilience and re-
sistance to diseases within existing selection indices were explored. These authors included body condition
and weight change (indicators of energy reserves and nutritional stress), resistance to gastrointestinal para-
sites and fly strike, and reproduction, as variables of resilience and robustness. Reproduction was considered
as an indicator of the general state of the animals and adaptation, under the understanding that reproduction
occurs when maintenance requirements are satisfied. The heritability of 0.19 was reported for body condition,
which presented a high correlation within year (>0.6). They also reported a high genetic correlation with weight
(0.7), fat thickness (0.8), and amount of muscle (0.68), and 0.10 with the number of lambs. The change in
body weight or body condition presents heritabilities of 0.02 to 0.11, estimates that are in agreement with an-
other study(®4), which also reported a high genetic correlation between mobilization and accumulation of body
reserves (0.5-0.9). More mobilization and accumulation of body reserves have been associated with better
performance and longevity of the sheep(52.. Heritability for parasite resistance was 0.20 with low to negligible
genetic correlations (<0.15) with fat, muscle, and number of lambs. The heritability for fly strike resistance was
0.51 and for wrinkles it was 0.39, presenting low and negative correlations with body weight, body condition,
and reproduction (-0.13 to -0.3). Finally, they reported a heritability for the number of lambs weaned per
lambed ewe of 0.06, with positive genetic correlation with fat, muscle, body condition, body weight, and
changes in body condition and body weight (<0.3). Selection indices in Merino in Australia have focused on
fleece weight, body weight, fiber diameter, lamb production, and resistance to gastrointestinal parasites. These
authors calculated economic values for body condition, fly strike, and changes in body condition and body
weight, and found that selecting animals based on pre-established selection indices would have unfavorable
consequences only on one resilience and resistance trait (breech wrinkle, fly strike). Additionally, the integra-
tion of resilience and resistance characteristics would not have a detrimental effect on productive traits, with a
favorable impact on the economic gain that would increase from 3 to 14%, depending on the selection index
used. This study suggests that the importance of resilience and resistance variables may be underestimated,
and that more information is necessary to improve these studies.

A recent work(13) reports genetic parameters for production and reproduction characteristics, including traits
linked to resilience (body condition, number and weight of weaned lambs, and fat thickness) for the Australian
Merino breed in Uruguay. These authors found that a selection for finer fiber diameter would not negatively
affect sheep reproduction (correlation of -0.03+0.09 between adult fiber diameter and total kilos of lamb
weaned in the life of the sheep). However, selection for greater fleece weight would have unfavorable conse-
quences (-0.30+0.08, fleece weight with kilos of lamb weaned), while selection for greater body weight would
have favorable consequences in reproduction (0.36+0.08 body weight with kilos of weaned lambs). Another
favorable correlation was detected between rib eye area and reproduction (0.49+0.14, with total kilos of
weaned lamb). On the other hand, selection for finer fiber diameter would unfavorably affect the level of fatten-
ing of the animals (0.31£0.12 between diameter at first fleece and fat thickness). Despite the reported antago-
nisms, suitable selection index would allow simultaneous improvements in the different groups of characteris-
tics (wool, reproduction).

As previously mentioned, it has been suggested that one alternative to obtain more resilient animals is to se-
lect for general resistance to diseases through the characterization of immune competence(55). Immunocompe-
tence can be considered as the ability of the animal to produce an appropriate and effective immune response
when exposed to a variety of pathogens. It is worth considering that selection for resistance to one disease
can have a negatively correlated response in resistance to another disease, given that the resistance mecha-
nisms are specific to the pathogens(?). Therefore, the evaluation of an adequate global immune response
could contribute in selecting animals that are more resistant to several diseases.

The ability to adapt to a variety of pathogens relies on different immunological mechanisms, including cellular
or humoral immunity. Therefore, a genetic selection based on the animal’s ability to develop both types of
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immune responses would be desirable(>8)7), A protocol used in cattle has recently been adapted and evaluat-
ed to assess the immune response in sheep(s8), mediated by cells or antibodies induced by vaccination(59)(60),
The heritability reported for immune response in Merino was 0.49, with negative and favorable correlations
with resistance to gastrointestinal parasites, diarrhea score, fly strike, and general fitness of the animal(8). It is
important to highlight that to develop genetic selection strategies, the immunocompetence of an animal must
be evaluated together with other traits that define resilience(®), since the animal responds to environmental
challenges by displaying a series of defensive reactions that are integrated with each other.

We previously mentioned that in various predicted future scenarios an increase in the number of days that
sheep would be under thermal stress is foreseen. An increase of 1 °C in ambient temperature is enough to
affect the growth performance and health parameters of most production animals(). Sheep, unlike other do-
mestic species, have managed to adapt to a wide variety of agroecological zones with high temperatures.
They maintain their body temperature within a very narrow range (38.3 to 39.9 °C) by balancing heat gain and
loss with the environment (homeothermic). When the ambient temperature exceeds the upper limit of its ther-
moneutral zone, the animal is unable to eliminate the excessive heat load to the outside, causing thermal
stress(©2). In the North of Uruguay, thermal stress during the summer has become a cause of death in sheep
(conversation with Mizhael Machado; unreferenced). These precedents support the need for studying sheep
resilience to thermal stress in Uruguay. Feed intake decreases with high temperatures and, in parallel, chang-
es occur in metabolic and endocrine processes@(3). Some aspects that are modified by heat stress include
reductions in meat quality (meat with higher pH, darker color, and lower tenderness). Reproduction is also
affected, with lower mating capacity of the rams, alterations in the estrous cycle, increased embryonic mortali-
ty, and a decrease in pregnancy rates. The adaptation of animals to heat can be evaluated by morphological,
behavioral, physiological, cellular or molecular, endocrine and metabolic aspects(2(63)64). Morphological traits
include size and shape of animals, skin type, and coat defined by color and length of hair or wool. At a behav-
ioral level, changes may occur in the duration and time of day when animals spend time eating, ruminating,
lying down, standing, drinking water, and seeking shade and shelter. From a physiological point of view, the
capacity to release heat through evaporative pathways (sweating rate, respiration rate), body temperature
(internal and superficial), and heart rate stands out as traits to be considered. At the molecular level, adaptive
responses to heat exposure are driven by increased expression of heat shock proteins (HSPs), which function
as intracellular chaperones and prevent protein and cellular damage in animals subjected to heat stress. At the
endocrine level, the concentrations of cortisol, prolactin, insulin, triodothyronine (T3) and thyroxine (T4) could
be indicators of adaptation to heat. Finally, tolerance to diseases and droughts and feed efficiency are also
indicators of adaptation to the climatic environment.

In Greece, the effect of ambient temperature on milk production in the Chios breed and the genetic determin-
ism of temperature resilience have been studied(6%(66), |t was reported that the thresholds in temperature are
10 °C for cold, and 25 °C for hot, below or above a decrease in milk production was observed. The heritability
for resilience to heat was 0.20 and for milk production during its life was 0.26, being not significant for resili-
ence to cold and for productive longevity. The genetic correlation between resilience to cold and to heat was
high and positive, suggesting that both characteristics are controlled, at least partially, by the same genes.
Additionally, the correlation of heat resilience was negative and high with milk production, and positive and
high with productive longevity. These results indicate that an animal that is genetically more resilient to heat
would produce less milk and have a longer productive life.

In a scenario with limited nutritional resources, selection for high productivity and improved feed efficiency,
according to the resource allocation theory, could trigger antagonisms with productive, reproductive and health
variables(20)(67)68)(€)(70), For example, an increase in feed efficiency could be accompanied by a decrease in
the energy available for maintenance. Despite this, there is little evidence of negative consequences on repro-
ductive or health traits in sheep. Contrasting lines for feed conversion and parasite resistance were evaluated
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under parasite challenge and no antagonisms between health and efficiency were detected in this case(©8),
This absence of antagonism between resistance to gastrointestinal parasites and feed conversion efficiency
has also been reported in populations from Uruguay#4)@3), both between divergent selection lines and for con-
trasting groups for resistance to gastrointestinal parasites in the Corriedale breed. Similar work has been car-
ried out in Merino@“#243) by comparing health, production, reproduction and methane emissions of con-
trasting groups for feed efficiency and no antagonisms have been reported found. Recently, genetic parame-
ters have been estimated for feed efficiency, methane emission, and feed intake, including their correlations
with weight, resistance to parasites, fat thickness, and rib eye area (conversation with G. Ciappesoni; unrefer-
enced). The heritabilities of feed efficiency, feed intake and methane emission were between 0.34 and
0.41.Feed intake presented a positive correlation with body weight, fat thickness, rib eye area and methane
emission. Additionally, feed efficiency was positively genetically correlated with intake and methane emission.

From a commercial point of view, there are new projects where variables such as methane emission, feed
conversion efficiency, animal health, animal welfare, reproduction, and production are evaluated. One example
is the low input flock of New Zealand(™). It is a practical example of public-private work, with strong emphasis
on the inclusion of new variables linked to resilience and robustness, in order to reduce resources allocated to
a flock, and design more sustainable production systems. For this, genetic selection within a breed was im-
plemented using selection indices. Another example of the inclusion of robustness and resilience information
is the GEPEP project in Australia(72(73), in which tools to identify animals that have high production and lower
intake, and maintain good body condition are investigated, which would allow greater production per hectare
and reduced use of supplements.

In the Australian and New Zealand sheep sector, the number of genotyped animals participating in genetic
evaluations has grown significantly in the last decade(74(75), The inclusion of genomics in genetic evaluations
leads to estimations of genetic value with higher precisions, enables greater selection intensities, and allows
reducing the generation interval, which results in a greater selection response@2(76)(77), |n addition, genomics is
useful for evaluating difficult-to-measure traits such as feed efficiency, methane emissions, and adaptability to
climate change(™). In Uruguay, the Australian Merino breed has genomic predictions for several characteristics
of interest, including feed intake, feed efficiency, and methane emission. In addition to their application in ge-
netic evaluations, genomic tools contribute to the identification of genes and genomic regions associated with
characteristics of interest (Genome-Wide Association Studies, GWAS). In recent years, candidate genes or
regions associated with reproductive characteristics(7)@0)&1) heat tolerance(®6), resistance to gastrointestinal
nematodes(®2)(83)@84) diarrhea(®3)86), body condition(7)E7)88) fly strike(®)69), foot rot®0)E1(92) or mastitis/somatic
cells(®3) have been reported.

4.2 Shedding and hairy sheep

Sheep production is also challenged by a relative increase in shearing costs, and fewer companies/people
specialized in this activity, particularly in those regions where sheep population is small. In parallel, farmers
that produce sheep with medium to strong wool (>24 um) have increasing commercialization difficulties due to
lower prices and decreasing demand, even going as far as not being sold. In response to this situation, inter-
est and production with hair or shedding breed sheep have grown in various regions of the world. Furthermore,
this productive option would allow greater meat production, based on the long breeding season of these
breeds, their high fecundity, feed efficiency, production and product quality®). However, the introduction and
especially the promotion of new breeds require a thorough evaluation of their performance in the new envi-
ronment, including crossing with other existing breeds. Performance evaluations of these new breeds should
be specific to each region since the results cannot necessarily be extrapolated to other conditions. There is
available information generated in several countries and in different conditions. For meat production and quali-
ty®4), Saint Croix, Dorper, Katahdin, Callipyge, a wool type (Suffolk and Rambouillet) and some of its crosses
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(St Croix x wool, Callipyge x St Croix, Dorper x St Croix, Dorper x wool) have been evaluated. Adjusted
weight gains were similar among groups, except for Dorper x Saint Croix, which was higher than most. In
terms of meat flavor, lambs from hair breeds were rated better than animals from wool breeds or their crosses.
While in overall acceptability and tenderness lower scores were associated with animals from Callipyge x wool
croses. In short, they concluded that the virtue of hair breeds is their meat quality and that they can contribute
when used in terminal crossings®). In another study evaluating Barbados Blackbelly, Katahdin and Saint
Croix(#3), growth differences among hair breeds were found linked to the breed adult size. In this case,
Katahdin and Saint Croix presented greater weight gain compared to Barbados, as well as differences in the
digestion and absorption of N, with similar adjusted feed intake. Additionally, it has been reported that hair
breeds are more resistant to gastrointestinal parasites infections than wool breeds. Under moderate challeng-
es, it has been reported that three hair breeds had similar resistance (Dorper, Katahdin, Saint Croix) and all
were superior compared to wool breeds. With higher challenges, Saint Croix was the most resistant, while
Dorper was similar or inferior to Katahdin(®).

Although it is assumed that hair breeds are more tolerant to high radiant thermal loads (challenging environ-
ment) than wool breeds, this is not necessarily always the case(®3). Adaptation to challenging environments
and changes in energy metabolism or adult size, for example, is what determines the animal's ability to toler-
ate heat stress. This was supported by results obtained by Pulido-Rodriguez and others®”) when evaluating
pure hair breed and its crosses with two Dorper genotypes. Although the mechanisms among groups were
different, all groups of breeds adapted to heat stress presented similar tolerance to the heat.

Future climate variability scenarios also foresee that animals may have restrictions in accessing quality water
for short periods of time, with consequences on physiological and behavioral characteristics(®8). Breed differ-
ences have been investigated, and a very good adaptation to water consumption restriction in the Saint Croix,
Katahdin and Dorper breeds has been identified, suggesting they may play an important role for sheep pro-
duction in more adverse regions®8). In the same line of work, Tadesse and others(®) found that the resilience
of Saint Croix animals would be greater than Katahdin animals and, finally, Dorper breeds. In terms of heat
tolerance, assessed through respiratory rate and body temperature, Saint Croix not only presented the best
tolerance, but also the lowest variation within the group. The greatest variation was observed within the
Katahdin group.

Vast literature characterizing different hair breeds (Dorper, Katahdin, Pelibuey, Saint Croix, Blackbelly, Santa
Inés) in many environments, as pure breeds or crossbreeding, is currently available. For example, the conven-
ience of using the Dorper breed in crosses on Pelibuey when compared with the pure Pelibuey breed and the
Katahdin x Pelibuey cross has been indicated, due to its greater growth (although it would have higher intake),
being similar carcass traits(190. Another example is the comparison of the lactation of Katahdin versus
Pelibuey, where it is reported that the performance was similar between breeds, in terms of weaning weight
and growth in lactation, despite certain differences in milk production or weight mobilization of sheep(101),

A work analyzing the potential use of hair breeds by the sheep industry in the United States was published
more than 20 years ago(192). Through a review of reproduction, growth, carcass characteristics, health and
adaptation performance, it was concluded that hair breeds could collaborate to have an easy-care sheep.
Based on the lambs' vigor, disease resistance, no wool, reproduction and growth, the Katahdin and Dorper
breeds (50% hair breeds) were identified for consideration in a genetic improvement program. This recom-
mendation was based on their characteristics as hair breeds, but with significant growth rate, adult body
weight and carcass characteristics, although their resistance to gastrointestinal parasites was lower than that
of pure hair breeds. These two breeds were chosen by INIA Chile (conversation with Raul Lira; unreferenced)
to be included in extensive production systems of the Magallanes region (Southern Patagonia). In 2021, it was
reported that the Katahdin and Dorper population was larger than Suffolk, Hampshire, and Dorset breed in
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USA. Both breeds are found in states with known sheep tradition. An example is Texas, the largest sheep
producer in the United States, where the transition from Rambouillet to Dorper has been recorded(1%3). In the
case of Katahdin, its participation stands out with 27% of the animals in genetic evaluations in the USA with
77,000 lambs evaluated, from 2015 to 2019.

It is highlighted that breeds such as Katahdin, Dorper and Santa Inés have national genetic evaluations in
several countries, including the USA, Australia, New Zealand, South Africa, and Brazil, enabling the possibility
of introducing genetics to a new region based on objective information. Although other potential breeds such
as Saint Croix, Barbados Blackbelly, Charolais, and Australian White should not be ruled out, it is important to
consider the existence of genetic evaluations in their countries of origin, the size of their populations, and their
participation in selection programs. This provides a series of guarantees for the development of the breed, the
productive expectations, the genealogical control in that country, and, therefore, the possibility of adequate
development and characterization of the breed in Uruguay. It should also be considered that traditional hair
breeds, although resistant and adapted to challenging environments, may produce less than dual-purpose
breeds or breeds selected for reproduction and meat traits.

5. Conclusions

Selecting for robustness would support and contribute to the intensive development of sheep production from
an agroecological perspective. In Uruguay, the evaluation of several traits aligned with this concept has begun
across several breeds(104)(105)(106)(107), This initiative has been underway for some time, particularly in produc-
tion(34)(108)(109) and efficiency(1%) traits, meaning that selection tools for these traits are already available. Ge-
netic parameters for efficiency, production, and some resilience and adaptation traits have been estimated
both in Uruguay and internationally(13)46)52)(53)(110)(1"1) while research is underway to identify genomic regions
or genes associated with these traits of interest(79(84), This provides a context for expanding current phenotyp-
ing efforts to include novel traits such as water consumption, immunocompetence, and response to stressors.
Additionally, ongoing research in quantitative genetics and genomics, along with the subsequent assessment
of the economic and productive feasibility of incorporating these traits into genetic improvement programs(19),
is essential for enhancing the robustness and sustainability of sheep production in the face of challenging fu-
ture climate scenarios.

Furthermore, the private sector is seeking objective information regarding hair/shedding sheep breeds and
their performance in regions traditionally focused on wool production. In Uruguay, there has been a noticeable
increase in the number of animals and breeds imported by the private sector (particularly Dorper, Santa Inés,
and Katahdin). In the context of climate change and variability, characterizing these new genetic options, con-
sidering production, efficiency, resilience and adaptation traits, would facilitate the identification of the most
suitable breeds and animals to incorporate.
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