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Introduction

This collection summarises the rich body of research on understanding the behaviour of chickens and using this knowledge to optimise welfare management of broilers and layers. Part 1 of this volume reviews advances in research on key aspects of poultry behaviour and welfare monitoring. Chapters include the genetics and epigenetics of poultry behaviour, sensory perception, pain and stress responses, learning and cognition as well as social behaviour. The section also includes coverage of wearable, video and acoustic technologies to monitor chicken behaviour and welfare as well as developments in welfare protocols. Part 2 discusses particular welfare issues affecting broilers and layers. Topics covered include welfare in hatcheries and during rearing, housing and management, the role of enrichment as well as optimising welfare during catching, transport and slaughter. The book also reviews advances in understanding specific welfare issues such as injurious pecking, bone and skin health.

Part 1 Behaviour

The first chapter of the book focuses on advances in understanding the genetics of poultry behaviour. Chapter 1 begins by examining the genetics of behaviour and goes on to analyse the different approaches for the mapping of genes for behaviour, focusing on top-down and bottom-up approaches. The chapter provides a clear explanation and exposition of the terminology used in genetics, gene mapping and selection. It then reviews the genetic basis of different behavioural traits in chickens, such as anxiety, brooding, feather pecking and aggressive male mating behaviour. A section on pleiotropy and the potential for selection in chicken is also provided, followed by an analysis of epigenetics and behaviour. It also highlights how genetic and genomic techniques are used by commercial companies, then closes with an overall conclusion on the importance of refining the genetic and genomic tools and provides resources for further information on the subject.

The subject of Chapter 2 is understanding the sensory perception of chickens. Chickens perceive environmental stimuli via their senses. The affinity and capacity of the different sensory modalities are therefore of paramount importance for the behaviour and welfare of broilers and laying hens, and sensory perception needs to be taken into account when we house and handle domestic poultry. Emphasis is put on the importance of vision, olfaction, taste, hearing and touch for the perception of the environment by the birds, and how different ages and different contexts influence how a chicken responds to its surroundings. Finally, the influence of different sensory inputs is summarised, together with important aspects of the senses for the welfare of chickens.

Chapter 3 considers subjective and affective states in chickens, and the importance of these for understanding states of suffering. The chapter begins by discussing the causes of three potential states of suffering experienced by poultry species, namely fear, frustration and pain, and the behavioural symptoms associated with these states. Birds can be frightened by stimuli that are sudden and intense, novel and which signal special evolutionary dangers. The lack of a nesting site and lack of a roosting site in battery cages are the main causes of intense frustration in laying hens. Pain can be caused by feather pecking and cannibalism, the artificial environment, surgical procedures, and breeding practices.

The next chapter concentrates on understanding chicken learning and cognition and implications for improved management. Chapter 4 begins by discussing early learning in domestic chickens, focusing on maternal and brood companion effects, then addresses habituation and associative learning. The chapter moves on to examine cognition, specifically focusing on social learning, visual and spatial cognition, time perception, transitive inference, numerical abilities, affective states, communication and memory. The chapter then discusses various methods for improving management through understanding the learning and cognitive abilities at various stages of a chicken’s life. It also considers how positive or negative affective states might result in changes (biases) in cognitive processing and decision making. The chapter concludes by emphasising how knowledge of chicken learning and cognition can help to re-frame the treatment of chickens and provides sources for further information on the subject.

Chapter 5 reviews our understanding of poultry social behaviour and its impact on animal welfare. Sociality was a prerequisite for domestication that allowed animals to remain in groups under human custody. The social group provides opportunities to find food, protection from predation or weather conditions. However, very dense or large groups normally found in many production environments may increase competition and be a potential source of social stress. Social relationships within small groups of domestic fowl are based on the establishment of social hierarchies, but social dynamics of large groups are less rigid. . Social plasticity allows animals to better adapt to the diversity of environmental and social conditions that may be encountered though life. The chapter discusses how different management and environmental factors may affect the social dynamics of the domestic fowl and analyses the potential impact for their welfare. Special attention is dedicated to imprinting processes that may determine how domestic fowl respond to social models, and to the relationships developed in breeding flocks.

The next chapter examines poultry welfare monitoring, specifically focusing on wearable technologies which provide the best opportunity for obtaining data on individual birds within large flocks. Chapter 6 begins by discussing the use of radio-frequency identification technology (RFID) systems in chickens and other housing systems. The chapter then goes on to address wearable sensors and accelerometers, focusing on the effects of these sensors on chicken behaviour and how different behavioural activities can be classified. It also highlights how these sensors can be used for monitoring disease and euthanasia in chickens, as well as monitoring perching, jumping, falls and collisions. A section on the importance of using wearable technologies for measuring physical activity levels is also included, followed by a case study that analyses outdoor stocking density in free-range laying hens. The chapter concludes by providing potential areas for future research, particularly those that might support the transition from research tool to commercial application. Examples of resources for further information on the subject are provided.

Expanding on topics previously covered in Chapter 6, Chapter 7 focuses on group level technologies used for poultry behaviour and welfare monitoring. Commercial poultry are frequently kept in groups of thousands of individuals where tagging or identifying every bird is logistically impossible. Group, rather than individual, level approaches to assessing their health and welfare are therefore currently the most feasible. This chapter covers developments in ways of automating welfare assessment for poultry with particular emphasis on broiler chickens and the use of visual images from CCTV and video, sound and temperature sensing. A specific example of camera technology to detect flocks with high levels of hockburn and other health issues is described. Despite considerable potential for using technology to assess poultry welfare it is not currently widely used in practice. Reasons for this and the potential costs and benefits of applying Precision Livestock Farming to poultry are discussed in relation to the importance of making sure that technology is used to improve rather than diminish animal welfare.

The final chapter of Part 1 concentrates on improving welfare assessment indicators and protocols for poultry. There have been considerable advances in welfare assessment in the past few decades. Chapter 8 explains some of the terminology related to welfare assessment and why the emphasis is moving towards including animal-based indicators of poultry welfare rather resource-based indicators. The chapter also reviews some of the more commonly used laying hen and broiler welfare assessment indicators, focusing on those that reflect the behaviour of birds. Among the clinical indicators discussed are assessments of pecking damage and bird cleanliness. Behaviour indicators include those that are recorded from undisturbed birds, such as vocalisation, and those that use a test situation. A welfare assessment protocol is a description of the procedures to collect the indicators. In the final sections of the chapter, methods to prioritise between different indicators are discussed. This remains an important question for animal welfare science in general, and understanding how different indicators relate to bird preferences and cognitive biases is an emerging area of research. Future trends to improve poultry welfare assessment are discussed.

Part 2 Welfare issues in breeding, management and housing

Part 2 begins with a discussion of welfare issues affecting broiler breeders. The demand for broiler meat has been growing for decades, and broiler meat represents the major animal protein source in many countries around the world. To meet this demand, a consistent selection for fast growth is employed in the broiler industry. Chapter 9 first focuses on housing conditions of broiler breeders then reviews growth potential and feed restriction. Broiler breeders are often severely feed restricted and this chapter reviews the consequences in terms of physiological stress, hunger and repetitive pecking or drinking behaviours. The chapter moves on to address the current welfare issues in broiler breeders such as unfulfilled behavioural and physiological needs, aggression, mutilation and the associated welfare problems. It concludes by providing an analysis of the significant challenges that need to be addressed in the future and offers examples of resources that could be used for further information on the subject.

Chapter 10 provides an extensive review of an area where research effort is greatly needed. It considers the factors that affect the health, behaviour and welfare of young chicks and growing birds. It starts by assessing how the welfare of parental stock can influence offspring via direct or epigenetic effects. The chapter then reviews research on incubation and hatching practices to optimize chick welfare within commercial hatcheries. The potential of on-farm hatching to alleviate some of these problems is discussed. Finally, the chapter assesses rearing practices to optimize pullet welfare, including the importance of enrichment in, for example, in reducing the risk of developing injurious pecking behaviours, reducing risk of injury by improving spatial and navigation skills, and in producing birds that are more resilient and less fearful.

The next chapter focuses on welfare issues in poultry housing and management of broilers. Chapter 11 begins by providing an international perspective on broiler production systems and the differing legislative frameworks operating around the world. The chapter highlights how genetic selection influences growth potential and broiler welfare. The chapter moves on to discuss broiler behaviour and space use, then examines how differing production systems, breeds and stocking densities affect the prevalence of mortality, leg health, skin infections, heat stress, antibiotic usage and ability to perform behaviour. It also addresses the relationship between growth rate and broiler welfare, followed by a discussion on the effects of management practices and environmental conditions, including litter and air quality on broiler welfare. The chapter concludes by emphasising the importance of improving broiler welfare in different production systems and provides examples of resources for further information.

Chapter 12 examines welfare issues in poultry housing and management of laying hens. Laying hens produce a large number of eggs on an annual basis. In recent years, permitted housing methods in the EU have changed to enriched cages and cage-free systems (i.e. barn, free-range and organic production methods), but worldwide hens are still also housed in conventional cages. The chapter provides a clear description of the characteristics of each of these systems. Conventionally caged hens have weaker bones and are their behaviour is severely restricted by lack of resources and small space allowances. Hens from enriched cages benefit from some improvements such as nest boxes, perches, greater space, and litter for pecking and scratching. Cage-free hens have the most behavioural freedom and better bone strength, but they are also at risk of greater keel bone damage (particularly with multi-tier structures), exposure to pathogens (particularly with free-range and organic), and greater mortality. This chapter considers how current research is being directed to mitigate some of the welfare risks associated with cage-free systems. This is an important goal given the drivers favouring a move towards cage-free systems in many countries.

Chapter 13 focuses on the role of perches in chicken welfare. The chapter carefully distinguishes different aspects of perching that are often conflated. Night-time roosting and day-time perching are both adaptive strategies to avoid predators, but both may serve other functions. Perching motivation and perching ability are both influenced by genetics and age-related changes and there has been more research on layer strains than in broilers. Both are considered in this chapter. The chapter discusses the ontogeny of perching, the anatomic prerequisites for perching and the properties of perches from the view of chickens by focusing on perception and motivation. The primary motivation for chickens appears to be to gain access to an elevated position, with a lesser motivation to grasp a structure with the foot. The chapter concludes by emphasising the structural properties and arrangements of perches that can best meet the needs of laying hens (whilst reducing the risk of keel bone damage) and of broiler chickens.

The subject of Chapter 14 is improving welfare in catching and transport of chickens. It opens with a discussion of the broiler chicken pre-slaughter phase and the associated welfare concerns, focusing specifically on age of depopulation, thinning versus whole flock removal, feed and water withdrawal, catching and loading, transportation, lairage and the economic impact of the pre-slaughter phase. This is followed by an analysis of the various steps that can be taken to improve broiler welfare such as fitness assessments, the use of mechanical catching as opposed to manual, control of the thermal environment broilers are transported in and more efficient training of staff involved in the process. The chapter also briefly discusses the pre-slaughter phase for laying hens as a comparison, before concluding with a section on future research trends for broiler chicken welfare in terms of pre-slaughter and transportation.

Chapter 15 focuses on improving welfare in poultry slaughter. Poultry production involves the killing of very large numbers of birds so there is a compelling need to protect welfare at slaughter. In most countries, slaughter must be preceded by stunning to induce unconsciousness. The major stunning approaches used in chicken slaughter are electrical stunning and methods that modify the atmosphere (via introduction of gas or reduction in air pressure). The chapter opens with a discussion on welfare issues related to lairage and pre-slaughter handling, when directly relevant to the experience of birds. It briefly outlines some relevant regulatory frameworks, with a focus on the European Union which is widely recognised to have the most stringent legal protection for animals at the time of killing. It then discusses current and emerging methods, concluding with prospects for improvement of welfare based on available systems and identification of knowledge gaps for research.

The next chapter examines causes and prevention of injurious pecking in laying hens. The high prevalence of injurious pecking (IP) in laying birds is a major concern from animal welfare, societal, and economic points of view. IP is defined as bird-to-bird pecking that results in or has a high likelihood of causing integument injury and psychological harm to the victim. Chapter 16 describes three forms of IP – tissue pecking (TP), aggressive pecking (AP), and different forms of feather pecking (FP). Furthermore, it explores the two major views explaining the origin of severe FP, the most prevalent form of IP. The first, the traditional ethological view, emphasizes the role of the environment in creating motivational frustration, for example that inadequate foraging substrates will result in an increased tendency of birds to peck at feathers as a substitute. In contrast, the dysfunctional view identifies underlying neurobiological (and potentially gastrointestinal) dysfunctions induced by intense or sustained stress as the cause of severe FP. Finally, the chapter concludes by highlighting risk factors and management strategies that are used to reduce IP.

Chapter 17 explores bone health and associated problems in layer hens. This chapter provides a summary of the basic skeletal system and its development, specific problems of bone health, and efforts to reduce the problem. Adult hens must support normal biological functioning while producing a large number of eggs which require mobilization of resources including minerals and energy. Laying hens and associated commercial egg production is one of the most universal agricultural products across the globe. Likely as a consequence of this mobilization and related factors, laying hens have weakened skeletal systems leading to specific problems including fractured keels during the laying period, and a susceptibility to other bone injuries during removal from cages or barns at the end of lay. To combat these problems, multiple strategies are being investigated to try to resolve these problems. These strategies include revised breeding goals, and adaptations to nutrition, housing, and management. The importance of early rearing is also reviewed as some housing and management systems provide better opportunities for appropriate skeletal and spatial cognitive development than others.

The final chapter of the book addresses poultry health monitoring and management, specifically focusing on bone and skin health in broilers. Chapter 18 builds on the information provided in Chapter 11 and opens with a discussion on leg disorders and lameness. It differentiates developmental and infectious causes of lameness and shows how these are related to impaired walking ability. Traditional and novel, automated techniques for qualitative and quantitative assessment of leg health are reviewed. It also examines the prevalence of lameness and specific leg pathologies, followed by an analysis of key risk factors associated with lameness such as age, sex and body mass, genotype, stocking density and environmental conditions. The challenges of assessing the welfare impact of lameness in terms of bird movement, pain and behavioural restriction are considered and recent experimental results reviewed. This is followed by a section on the various strategies that can be used to prevent and control lameness. Contact dermatitis is also discussed in terms of the risk factors, welfare impact and methods of prevention and control. The chapter concludes by emphasising the importance of developing ways to monitor and manage these issues in broilers.
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 1Introduction

The ultimate aim when analysing the underlying genetics of behaviour, or indeed the genetics of any quantitative trait, is often to find the causal polymorphisms or mutations, and the genes that they modify, that give rise to the observed changes in the phenotypic response. However, it is often both highly complex and also very rare to identify these precise mutations (Flint, 2003). Indeed, it is hard enough to identify the causal genes with a high degree of certainty, even without identifying the precise mutations that affect them. More generally, we wish to identify the genetic architecture of a given trait (Falconer and Mackay, 1996, Lynch and Walsh, 1998). In this case, the genetic architecture refers to the number of genes (or rather the number of polymorphisms that affect the trait – the quantitative trait loci (QTL), where they are located, and what their effect size is (Falconer and Mackay, 1996, Lynch and Walsh, 1998). A QTL refers to a discrete genomic region that affects the trait. Note that the QTL can be a region containing a few or, often, many genes. A distinction is made between such loci, and the identification of the actual causal nucleotide or mutation (coined a Quantitative Trait Nucleotide (QTN) (Mackay et al., 2009)), or indeed the gene that the QTN controls – the Quantitative Trait Gene (QTG) (Mackay et al., 2009). The effect size refers to whether a few genes of large effect are controlling the trait, or many genes of small effect. For example, the most extreme possibility is the infinitesimal animal model (Fisher, 1958) that assumes that many thousands of loci each with a tiny effect size make up the trait. Similarly, are the loci that control the trait purely additive or dominant in their effect, or are epistatic effects apparent between loci (Lynch and Walsh, 1998)? See Table 1 for a glossary of these and other terms. In these instances, the exact location of the QTN is not known, but rather a region of the genome is identified. In the case of domestic birds such as the chicken, comparisons are often made between divergent populations, classically wild and domestic birds (Jensen and Wright, 2014, Wright, 2015), or commercial broiler and layer breeds (Nones et al., 2006). This is particularly important as when identifying the genetics of a trait, it is the variation present within that trait that is being mapped. Such comparisons maximise the degree of variation present and are a powerful tool for genetic mapping.

Table 1Glossary of terms used




	
Term


	
Definition







	
Epistasis


	
An interaction by two (or more) separate genes that affect a phenotype. In the case of QTL mapping, this refers to a situation where the two QTLs interact with one another to affect the phenotype in a manner that differs from the standard effects of each QTL on its own.





	
Pleiotropy


	
Where one gene may have multiple different phenotypic effects. In the case of QTL mapping, this refers to a situation where a single QTL locus has effects on multiple different phenotypes.





	
Additive effects


	
Additive effects in QTL mapping refer to the cumulative effect of each allele that is present at a QTL. For example, if an individual is homozygous for a particular QTL genotype, the total effect on the phenotype is twice the additive effect of that particular locus.





	
Dominance effects


	
Similar to additive effects, dominance effects in QTL mapping refer to the interaction between two alleles at a particular QTL. If one allele is dominant over the other, the dominance effect describes the degree of dominance (partial or full) and the direction of effect (which allele is dominant).





	
Microsatellites


	
These are one of a number of different molecular markers that are used for gene mapping experiments. Microsatellites refer to small copy number variants (with a motif that is generally 2 or 3 base pairs long, but with this motif repeated many times over). They are generally present in non-conserved regions of the genome and are usually selectively neutral, allowing them to often be very variable in length between individuals, making them particularly amenable to genetic mapping experiments.





	
Resequencing


	
This refers to when a particular individual or group of individuals have their genome sequenced for the exact base pair composition that makes up their DNA molecules. Initially, sequencing used to be performed using methods such as Sanger sequencing, whereby 1 kilobase region would be sequenced. More recently massively parallel sequencing means small regions (generally 100–150 base pairs) are sequenced, with millions of reads being produced per individual and then aligned with the known genome of the species being sequenced. In this way, exact genomic differences (most commonly single nucleotide polymorphisms or SNPs) can be identified between individuals.





	
Haplotype blocks


	
This refers to a region of an individual’s genome where there has been no or little recombination. Haplotypes are groups of alleles that are close to one another and inherited together as a block. When recombination occurs this will break up this haplotype. 





	
Recombination Rate


	
Recombination rate refers to the probability of a recombination event occurring during meiosis in gamete formation. When a crossover or recombination event occurs, the genetic information on one chromosome is mixed with the genetic information from the other chromosome in the pair. Recombination rate is typically referred to as the probability of a recombination occurring in a given region of the genome. So for example the recombination rate in chickens is around 1 recombination every 350 kilobases, while in humans and mice the recombination rate is around 1 recombination every 1 megabase. 







 2The genetics of behaviour

In general, the genes and mutations underlying behaviour are even harder to identify than more standard morphological characteristics, and as such very few QTN and QTG have been identified for behaviour. Successful examples of behavioural QTG identification are typically limited to Drosophila (Anholt and Mackay, 2004, Mackay, 2004, Fitzpatrick et al., 2005), mouse and rat models (Chiavegatto et al., 2008, Gyetvai et al., 2011, Kim et al., 2009, Tomida et al., 2009, Wang et al., 2012, Yalcin et al., 2004, Heyne et al., 2014), and the honeybee (Robinson et al., 2008, Robinson et al., 2005). The ramifications for the identification of such behavioural genes are many and varied. From a medical perspective, anxiety-based disorders are highly prevalent and damaging in modern society, being one of the top ten causes of disability world-wide (Murray and Lopez, 1996, Vos et al., 2015). However, the identification of susceptibility loci for such traits is highly limited (Kas et al., 2007), with usually only a handful of loci identified (though in some of the largest studies more loci are now being identified albeit with very low effect size (Ripke et al., 2014)). This is despite the often high heritability estimates for diseases such as schizophrenia (McGue and Bouchard Jr, 1998), bipolar disorder (Burmeister et al., 2008) and major depressive disorder (Burmeister et al., 2008). From a non-medical perspective, very little is known about what mutations or polymorphisms affect behaviour in a non-morbid fashion, that is, the alleles that are responsible for natural quantitative variation. These can be vital for understanding responses to stress and also natural resistance or susceptibility to particular conditions, which may be particularly relevant for domesticated chickens. With regard to evolutionary theory, behavioural personality studies have been performed on a wide range of species (Sih et al., 2004); however, the genes basis of such traits still remain largely unexplored.

 3Mapping genes for behaviour

The mapping of genes for behaviour is similar to mapping other quantitative traits, with the exception that the traits under examination are in general harder to define and measure reliably. The methods generally employ either a top-down or a bottom-up approach. Essentially this refers to whether one starts at the phenotype and attempts to work down to the gene level (top-down), or whether one starts at a gene level and attempts to work up to the phenotype (bottom-up) (Boake et al., 2002).

 3.1 Top-down approaches

 3.1.1 Pedigree analysis and heritability studies

Initially, the use of statistical analysis of pedigrees can demonstrate an actual heritable component to the trait of interest, through breeding designs, artificial selection or the like. At this point the aim is simply to show that a genetic component exists for the trait to be studied. The requirements for this are only the behavioural phenotypes for all individuals and knowledge of their relatedness (the pedigree). Heritability studies can be used to further dissect traits down to distinguish between broad sense and narrow sense heritability, with the genetic component further divided into additive and dominance components (additive in this case refers to the effect from those loci that give a cumulative effect, whereas dominance represents the interactions between alleles at the same locus) (Lynch and Walsh, 1998, Falconer and Mackay, 1996).

 3.1.2 Quantitative trait loci (QTL) and association mapping

QTL mapping is now a very well-established technique, first becoming popular in the 1990s (Lander and Botstein, 1989). The first major step in increasing its use came with microsatellite markers. More recently, Single Nucleotide Polymorphism (SNP) markers and resequencing technology have increased the number of molecular markers available exponentially. These advances are enabling the step to gene discovery to be performed (previously a major failing with this approach). In essence, QTL mapping is the crossing of two distinct populations that differ for one or more traits of interest. This creates an inter-cross population containing a large degree of genetic variation (containing alleles that both increase and decrease the trait under examination). QTL mapping involves mapping the loci that differ between the two parental populations that are crossed. Thus, this technique is particularly amenable for domestic animals, where extremely large phenotypic differences frequently occur between wild and domestic populations (Andersson and Georges, 2004), with this extreme phenotypic diversity providing excellent power for gene mapping. After the intercross is continued to either an F2 or backcross generation, the intercross individuals are then genotyped for multiple markers spread throughout the genome, with the genotype information correlated with the phenotypic data. This enables the identification of the number of loci affecting the traits that differ between the two populations, their effect size in terms of the variation present in the intercross that they explain, and their genomic location.

The QTL can be defined in terms of their additive and dominance components, while pleiotropy (one locus affects multiple different traits) and epistasis (when multiple genes are interacting with one another) can also be identified. As stated previously, the major issue in standard QTL mapping is one of resolution of the detected loci (with very large confidence intervals generally being the norm), while the sample sizes that are required for the detection of small effect loci may also be large (Beavis, 1998). The issue of the resolution of the detected loci is limited by the number of recombinations present in the test cross (Darvasi, 1998, Lynch and Walsh, 1998). Typically, as the number of recombinations in a backcross and F2 are rather restricted, this means in turn that the resolution of each QTL is rather low, covering several megabases (Mb), and relatively few QTL have been refined to the causative gene (QTG/ QTN).

Association mapping is a similar, but more recent, application. This typically uses a single outbred population in combination with high-density SNP genotyping per individual. The difference with this technique is that by using a single large, outbred population, many more recombinations are present in comparison to a standard QTL intercross population, and therefore the the resolution is far greater due to the smaller haplotype blocks. This does therefore require far more markers per individual, while population substructure can be an issue. Additionally, in such large populations, the genetic architecture can be very complicated. Far more polymorphisms and alleles are contained in the natural population as compared to a standard QTL cross which typically utilises inbred populations/individuals and most commonly only two different populations with a limited number of founder individuals. Results with association mapping in large populations in humans tend to show that very few QTLs with large effects are present, and relatively little of the variance present can be explained by the loci which are discovered (Carlson et al., 2004). However, the power of this approach is that rather than being constrained by a precise cross, natural populations can be used far more easily.

In the case of domestic animals, the possess many features that make them more amenable to this type of analysis (Goddard and Hayes, 2009). Firstly, the strong directional effects of domestication selection often mean that fewer markers are required as haplotype blocks are larger (for instance in the case of the dog (Karlsson et al., 2007)). The chicken itself has several highly advantageous genomic features when it comes to these types of linkage mapping and association studies. They have a rather compact genome (just over 1Gb in length, as compared to around 3Gb for humans – (Wallis et al., 2004)). Not only that, but they also have a higher recombination rate (one recombination every 350kb, as opposed to one recombination every 1Mb in humans and mice (Groenen et al., 2000)). This increased recombination rate translates into a higher resolution due to more recombinations accruing over a given area, as compared to mammals. Therefore, they are highly amenable to these forms of genetic mapping and can yield excellent results with a higher resolution, meaning far narrower confidence intervals are generated.

 3.1.3 Selective sweep mapping

The identification of selective sweeps is potentially an extremely powerful tool for the dissection of genetic architecture, and can be particularly relevant for domestic populations (Andersson and Georges, 2004). The basis of selective sweep mapping occurs when a new mutation arises in a population and is then selected upon via strong directional selection. In this case, not only the mutation but also the neighbouring polymorphisms (i.e. the haplotype in which the mutation arose) will also go to fixation. Thus, the surrounding SNP markers will ‘hitch-hike’ along with the mutation (Smith and Haigh, 1974). Once the new mutation is in full fixation, relating to the strength of selection and the time that has elapsed since fixation, this signature of selection will then be slowly eroded. In the case of domestic populations, the strength of selection is often high, which in turn increases the likelihood of such sweeps occurring. However, these sweeps are also dependent on the genetic architecture of the trait (Pritchard and Di Rienzo, 2010). In particular if many genes of small effect are responsible for the bulk of trait variation, selective sweeps may be less prevalent due to polygenic adaptation (where small changes in allele frequency can have a large cumulative effect). Such small changes in allele frequency will not lead to the characteristic regions of fixation that are detected by selective sweep mapping. Selective sweeps have been observed in domestic chickens, where around 50 40kb regions were putatively identified as being under selection in one study (Rubin et al., 2010), while a more recent study also found a number of further broiler and layer-specific sweeps (New Leif ref). This approach is particularly powerful when multiple domestic populations are analysed, with shared regions of identity-by-descent identified over multiple different population types. It has been used to locate both discrete mutations (for example, the pea comb (Wright et al., 2009) and yellow skin (Eriksson et al., 2008) mutations in chickens) and, for mutations affecting quantitative traits (QTNs), see comb size in chickens (Johnsson et al., 2012).

 3.2 Bottom-up approaches

With a bottom-up approach, research starts at the level of the gene and is built-up to the behavioural phenotype. In its most fundamental form, genes can be knocked-out (when gene expression is reduced but not removed entirely), knocked-down (when the gene expression is gene reduced but not removed entirely), and/or altered in some other way (with for example the insertion of a novel gene into a genome, or the up-regulation of an existing gene) (Flint and Mott, 2001) to directly test the effects of specific genes. However, even in this case the identification of the relevant gene is required and is often problematic. In many cases, such research starts with a mutagenesis screen. This is a process where large numbers of mutant individuals are generated and then bulk screened for alterations in the phenotype (in this case behaviour) of interest (Nadeau and Frankel, 2000). This approach produced many of the early successes with behavioural gene identification, though these were restricted to model organisms, with genes relating to circadian rhythm in Drosophila (Sawyer et al., 1997, Tully, 1996), social aggregation in C. elegans (Coates and De Bono, 2002, de Bono et al., 2002) and larval foraging in Drosophila (De Belle and Sokolowksi, 1989, Sokolowski, 1998) identified. In this case, the relevance to domesticated chickens may be lower, though their size and generation times make them more likely than many other domestic animals.

 3.2.1 Transgenic analysis

Transgenic animals are the gold standard of genetic analyses and the final proof of gene function. The ultimate aim is to target germ cells in order to stably transmit the desired modifications to the progeny of the initially targeted animal (Davey et al., 2018). In the chicken, this is performed via Primordial Germ Cells (PGCs). These cells will differentiate into the gametes of the adult chicken and provide a target for genetic modification. These PGCs can now be cultured over a long period of time (Van De Lavoir et al., 2006) and also be genetically modified in vitro (Whyte et al., 2015). Genome editors, such as TALENs and CRISPR/Cas9, are site-specific DNA nucleases and can target specific regions of the genome (Cong and Zhang, 2015). Small deletions/insertions or the introduction of exogenous DNA sequences from a few base pairs to a few kilobases in length can all be introduced using these editors. Gene knockout chickens have been performed (Oishi et al., 2016, Park et al., 2014). DDX4 chickens have also been produced that are sterile when they contain a specific insert, allowing modified PGCs to be inserted into these birds. In this case, by activating the gene switch the host chicken’s own PGCs are removed from the testes, allowing the genetically modified PGCs to be inserted and implanted in their place. These modified PGCs are then permanently implanted into the testis tissue, continually producing genetically modified sperms. To date, transgenic birds have mostly been used to produce reporter chickens that express markers or dyes in specific tissues. For example, Green Fluorescent Proteins (eGFPs) (McGrew et al., 2008) or the MacReporter chicken (Balic et al., 2014) that expresses a reporter in a specific haeomatopoeitic cell lineage. In the future, targeted chicken editing in ovo opens up the possibility to use gene editing to generate tissue-specific alleles to assess gene function in a particular tissue without the need to generate an entire line of transgenic chickens. Although there are certain instances of this already occurring (Abu-Bonsrah et al., 2016), this is still not altogether straight forward.

 3.2.2 Global gene expression analysis

Moving up from transgenic analysis, global gene expression analysis can be performed using microarrays and now direct RNA sequencing of alleles to give more precise measures of transcription in the genome (Wang et al., 2009). The issue with this approach is the amount of data generated and its interpretation. The choice of tissue and the time-point that it is sampled can be extremely important. The gene of interest may be very limited in its expression both in terms of the tissues in which it is expressed and the timing of its expression. Furthermore, if a threshold response is responsible, relatively small changes in expression could generate the different phenotypes. Furthermore, when analysing gene expression differences between populations or treatment groups, hundreds or even thousands of genes may be identified; however, determining the causal genes from those which are due to downstream changes of such key regulators can be extremely complicated (Verdugo et al., 2010).

 3.3 Combining top-down and bottom-up approaches

It is also possible to merge both top-down and bottom-up approaches in the form of an expression QTL (eQTL) analysis. This combines transcriptomic microarrays or RNA sequencing of a particular tissue on each individual, with a standard QTL mapping (Gibson and Weir, 2005). With this analysis, in essence, the gene expression values derived from either microarrays or RNA sequencing are then used as phenotypes that are then mapped to the genotypic markers available for all individuals. This will identify the causal elements that control gene expression for each gene that is examined. The difference to standard QTL mapping is that in this instance the physical position of the gene is already identified, so linkage to the specific markers adjacent to each gene can be preferentially checked. This reduces the multiple testing corrections and identifies what is known as cis-acting eQTL (where the causal element controlling variation in that gene is located close to the gene itself). An eQTL that affects a gene that it is not adjacent to it is known as a trans-acting eQTL. With eQTL mapping, the same caveats that apply to transcriptomic analysis still apply here – with the choice of tissue and the time point of sampling crucial. However, you can also correlate the behavioural phenotypes directly with the gene expression phenotypes, which are much more persuasive evidences of causal genes having been identified (Mehrabian et al., 2005).

 4Behavioural types and their genetic basis

Most of the previously discussed techniques have been used at some point in the search for the genetic basis of a variety of different behaviours in chicken, some with more success than others. From an evolutionary and developmental perspective, some of the most mapped and dissected traits are related to anxiety or fearfulness. For example, anxiety-related behaviours related to open-field activity, duration of time spent in tonic immobility, and the like have been used successfully. Such anxiety behaviour is often used as a model for understanding the genetic basis of such traits in humans and other mammals (Sokolowski, 1998) with a surprising degree of conservation between birds and mammals in this regard (Johnsson et al., 2016). Similarly, from a more applied perspective, feather pecking has been investigated extensively due to the effects on animal welfare as well as economic costs (D’eath et al., 2010). Other behaviours have been subjected to some genetic analysis, though generally far less than the above-mentioned phenotypes.

 4.1 Anxiety behaviour

One of the principal differences induced by domestication in chickens is anxiety behaviour. Chickens have been selected for a decrease in fear behaviour towards humans and anxiety in general (Muir and Cheng, 2014, Jensen and Wright, 2014). Indeed, it has been conjectured that tameness was one of the first traits to be selected upon in domestic animals, in particular in wolves and cats (Driscoll et al., 2009). However, assessing anxiety can be potentially problematic, with various different tests used to test anxiety in animals. As an example of this, genetic chicken stocks that appeared less fearful using one set of behavioural metrics (escape and avoidance behaviour) were just as fearful as other lines using a separate metric (heart rate) (Duncan and Filshie, 1980). A lack of consistency between different behavioural measures in a particular strain is often seen, which can be problematic when defining one particular domesticated strain as being particularly flighty or anxious or the reverse (Murphy, 1978).

A further note should also be made on distinguishing anxiety and fearfulness behaviour. Depending on the field, anxiety behaviour (often considered a pathology, especially from a human perspective) can be distinguished from fearfulness/fear behaviour. In this case, anxiety is behavioural change without necessarily an explicit threat, whereas fearfulness is in response to an actual or perceived threat stimulus (Goldsmith and Lemery, 2000). This is a potentially interesting distinction, though it can be extremely hard to truly distinguish whether a test is actually more related to anxiety or fear. For example, tonic immobility may be considered to be more of a fearfulness-related behaviour, whereas open field could be considered more anxiety-related. However, even in this instance, the open field arena may well be perceived as threat-related, so could easily be able to be considered a fearfulness assay. Generally speaking, being able to actually distinguish these types of sub-behaviours is often an intractable problem. What we really know from a test is often very specific (i.e. how much an animal moves in this arena); however, we then go on to extrapolate based on these results. In the case of behavioural genetics, it is often recommended to identify significant loci as those that are identified by several different tests that all measure putatively the same behaviour (Flint, 2003).

 4.1.1 Open field test

One of the most popular tests for measuring anxiety is the open field test (Belzung, 1999, Ramos and Mormède, 1997, Archer, 1973). This was initially devised by Hall in 1934 (Hall, 1934) as test of anxiety/emotionality in rats, using movement and position in a brightly lit novel arena. Typically, thigmotaxis (time spent close to the walls), locomotion (speed and distance), and types of grooming behaviours are recorded (see review in Prut and Belzung, (2003)). Anxiety is generally considered to be triggered by two conditions during the test – social isolation and agoraphobia. The test is now used in a wide variety of different animals ranging from chickens, pigs, lambs, rabbits, and primates (Forkman et al., 2007). Of the studies that have been performed using the original mouse model, probably the largest and most fine detailed (in terms of the size of the QTL identified) is the Hetergeneous Stock intercross (Valdar et al., 2006). This utilised over 2000 mice and identified regions less than 3Mb in size, using a classic open field assay and dense SNP genotyping. A selection study in the chicken over eight generations that was based on differential selection for open field behaviour in 2–3-day-old chicks found corresponding physiological differences at the same age of testing, though these physiological differences were not present in adult chickens (Faure, 1981). This study demonstrated that open field behaviour is heritable in chickens. Similarly, a QTL study in White Leghorn layers that tested open field activity at 5 weeks and 29 weeks found that the detected QTL for juvenile and adult open field behaviour were separate, indicating at least a partially distinct genetic architecture controls open field behaviour in young and old birds (Buitenhuis et al., 2004). To identify the actual genes that affect quantitative variation in open field behaviour, a study by Johnsson et al. (2016) utilised a large combined QTL and eQTL cross comprising of an eighth generation advanced intercross between wild and domestic chickens that measured gene expression in the hypothalamus. Using this approach, ten candidate genes for anxiety were identified that possessed an eQTL that overlapped an open field QTL and also directly correlated gene expression with the behavioural phenotype they overlapped. Of these identified genes, four were also found to have significant effects in a mouse-advanced intercross for open field activity, and three were found to correlate in human schizophrenia and bipolar Genome Wide Association Studies (GWAS), indicating that the genes for anxiety-related activity appear to be remarkably conserved over a number of different species.

 4.1.2 Tonic immobility

Tonic immobility, originally considered a form of animal hypnosis, was first described in the mid-1600s. It has been attributed to be related to fear (Jöngren et al., 2010, Gallup Jr, 1979) and anti-predation behaviour relating to feigning death after initial capture (Humphreys and Ruxton, 2018). However, the behaviour is so widespread and present in such a wide variety of species that it has also been thought of as a reflex response, cerebral inhibition or even paralysis through fear (Ratner, 1967). Evidence for feigning death comes from potential increases in survival chances by up to 50% (Sargeant and Eberhardt, 1975). Tonic immobility has been studied in species ranging from blue crabs (O’Brien and Dunlap, 1975), chickens (Gilman et al., 1950), and even sharks (Henningsen, 1994) amongst many others. Although the longer the animal stays in an immobile state the more fearful it is considered (Gallup et al., 1972); the relationship between tonic immobility and anxiety is potentially less straight forward. It frequently does not correlate with other measures of anxiety within lines (Schutz et al., 2004, Wright et al., 2010, Craig and Adams, 1984, Craig et al., 1986, Fogelholm et al., 2019). Tonic immobility is prolonged when the environment it is conducted in is made to appear more threatening (Gagliardi et al., 1976, Gallup et al., 1972). The genetic basis of tonic immobility has been investigated using heritability studies and linkage assays. Heritability and selection experiments have been conducted in chickens (Gallup, 1974, Campo and Carnicer, 1993, Craig and Muir, 1989) and quails (Benoff and Siegel, 1976), giving heritability estimates between 30% and 90%, depending on the population. Quantitative Trait Loci (QTL) studies on tonic immobility have been based on a wild x domestic chicken intercross (Schutz et al., 2004), an intercross between selected quail lines for high- and low-tonic immobility times (Beaumont et al., 2005, Minvielle et al., 2005), and a quail intercross selected for differential social reinstatement that was also assayed for tonic immobility (Recoquillay et al., 2015). Amongst others, a QTL was identified on chromosome 1 in both chicken and quail studies. Using a combined eQTL and QTL approach in a further eighth generation of the wild x domestic chicken intercross, the genes PRDX4 and ACOT9 were identified as being the most likely causal candidates (Fogelholm et al., 2019). These genes were also implicated previously in other aspects of anxiety behaviour (Johnsson et al., 2018a), reinforcing the link between tonic immobility and anxiety-related behaviours despite the lack of phenotypic correlations.

 4.1.3 Social reinstatement test

Sociality encompasses a range of highly diverse behaviours, ranging from communication behaviour to inter-individual interactions. Several genetic mapping studies have found associations with social behaviour in mammals (Donaldson and Young, 2008, McGraw and Young, 2010, Persson et al., 2016, Brodkin et al., 2002, vonHoldt et al., 2017, Takahashi et al., 2010), fish (Greenwood et al., 2016, Wright et al., 2006a,b, Burmeister et al., 2005), and fruit flies (Shorter et al., 2015, Wu et al., 2003). Social reinstatement, the tendency of an animal to seek out conspecifics, is one such sociality behaviour, and is considered to be both a sociality and anxiety-related behaviour (Mills and Faure, 1991). In birds, it has been used to measure the general strength of sociality, and is classically assayed using a ‘runway’ or treadmill test to assess an animal’s social motivation to associate with conspecifics (Jones et al., 1991, Suarez and Gallup, 1983). In the case of the social reinstatement assay commonly used in poultry, some of the most in-depth work concerns two lines of Japanese quail selected for high and low social reinstatement. These selected bird lines have then been assessed for a wide variety of social assays to assess how selection for social reinstatement interacts and affects other aspects of sociality. Launay et al. (Launay et al., 1991) found birds selected for high social reinstatement birds spent longer associating with conspecifics when given a paired goal box (one box empty, one box containing conspecifics). Other studies found that pairs of high social reinstatement individuals in an open field arena had significantly shorter inter-individual distance separating them as compared to the low social reinstatement birds (Mills et al., 1992, François et al., 1999). High social reinstatement birds will also preferentially associate with conspecifics at the expense of food and water access; furthermore high social reinstatement birds will use greater social facilitation in being able to learn to eat a novel food source through copying a conspecific ‘teacher’ (Mills et al., 1997). More recently, high social reinstatement birds show a non-specific attraction for social conspecifics (Schweitzer et al., 2009) and have a consistently stable emotional reactivity, even in the face of high social instability (Schweitzer and Arnould, 2010).

The genetics assessing social reinstatement in the chicken and quail have been based on QTL studies using the selected quail lines (Recoquillay et al., 2015, Recoquillay et al., 2013, Mills and Faure, 1991) and a wild x domestic intercross of chickens (Johnsson et al., 2016, Schutz et al., 2004). Multiple QTLs in both crosses were detected, while in the case of the latter, five candidate genes for behaviour were also identified via expression assays, with the strongest being the gene TTRAP (Johnsson et al., 2018a). In both the chicken and quail studies, QTLs for different measures of anxiety (tonic immobility, open field behaviour, and social reinstatement) overlap with one another, suggesting that once again these related measures are controlled by the same loci (Johnsson et al., 2018a, 2016, Recoquillay et al., 2015).

 4.2 Brooding behaviour

Brooding is used to refer to incubation behaviour when the female hen incubates her clutch. Typically, under natural conditions, a female will lay 5–8 eggs before incubation (Meijer, 1995). However, this behaviour has been strongly selected against domestic populations, in particular in layer populations where it would reduce egg production significantly (birds cease producing eggs while brooding). The genetics of brooding was analysed initially using breeding studies, with Roberts and Card (Roberts and Card, 1933) and Warren (Warren, 1930) suggesting that the trait is at least partly controlled by sex-linked genes using reciprocal crosses. However, Hays found no corroborating evidence for sex-linked broodiness in Rhode Island Red birds. Further work proposed the X-linked prolactin gene as a putative candidate for the partial control of brooding behaviour (Dunn, 1998, Jiang et al., 2005), especially given the role of prolactin in inducing brooding behaviour (Bates et al., 1935, Hutt, 1949). Heritability studies using the Japanese Nagoya fowl found a heritability of less than 20% (Saeki, 1957), though a selection experiment in Rhode Island Red chickens found a stronger response to selection (Goodale et al., 1920). Using a wild x domestic intercross and by comparing egg production when eggs were removed daily versus eggs remaining with the chickens over the corresponding two-week periods, Johnsson et al. (2015a,b) identified several QTL for potential brooding behaviour, and even identified a candidate gene expressed in bone as a putatively causal candidate gene. Tendency to brood was also found to negatively correlate with the proportional size of the cerebellum in these intercross chickens (Henriksen et al., 2016). The cerebellum is found to be proportionally larger in domestic birds, implying that some of the genetic control of brooding may also occur in the cerebellum, though this remains to be verified.

 4.3 Feather pecking (FP) behaviour

Feather pecking (FP) is a damaging behaviour where one bird uses its beak to peck and firmly pull at the feathers of a conspecific. This type of damaging behavior is most often directed at the body of a conspecific and differs from aggressive pecking (which is directed at the head of a conspecific) in that it does not play a role in conflict resolution (Bilcik and Keeling, 1999, De Haas and Van Der Eijk, 2018). The behavior is however problematic since continued FP can lead to increasing susceptibility to injury and impairing thermoregulation due to skin being denuded, and in extreme cases to cannibalistic pecking (Savory, 1995). FP is a worldwide problem in the poultry industry and is expected to increase in incidence in the future, due to increased use of free-range housing in large groups as a consequence of bans on conventional cages worldwide and an expected ban on beak trimming in many European countries. FP has been found to be related to motivation to forage (Blokhuis, 1986, Huber-Eicher and Wechsler, 1997, Dixon et al., 2008). Similarly, FP is also a social behaviour, in that the risk of being feather pecked not only depends on the individual’s ability to avoid being pecked (the Direct Genetic Effect or victim effect (DGE)), but also the conspecific flock-mates desire to FP (the Indirect Genetic Effect (IGE)) (Bijma et al., 2007, Griffing, 1967, Muir, 2005). For plumage condition, DGEs account for 6–31% of the total heritable variation, while IGEs account for 70–94% (Brinker et al., 2014). Taken together, they can in combination explain 10–54% of the total phenotypic variation in plumage condition. These results highlight the importance of the role of the flock mates in controlling FP behaviour – these indirect components of selection actually contribute to more of the phenotypic variation than the direct effects (Ellen et al., 2014).

Despite extensive research on FP, the underlying causes that trigger/motivate this behavior are not yet fully understood (De Haas and Van Der Eijk, 2018, Ellen et al., 2019). The propensity to FP differs between individuals suggesting that differences at the individual level contribute to the development of this maladaptive behavior. Additionally, FP is heritable and studies have shown that various commercial and experimental egg laying breeds differ in the amount of feather pecking behavior they perform (Kjær and Sørensen, 2002), suggesting a genetic component to the behavior. Studies have shown that feather pecking is indeed under genetic control and identified genetic variants underlying complex behaviour. However, there are often very variable heritability estimates between different populations, with these heritability estimates ranging from as little as 10% up to 40% (Kjaer et al., 2001, Grams et al., 2015a, Rodenburg et al., 2003, Bennewitz et al., 2014). Genetic correlations have also been performed between FP, locomotion and feather eating. These correlations were found to significantly interact with the different environmental effects (Lutz et al., 2017) .

 4.3.1 Feather pecking linkage analyses

Variation between strains or selected lines has been used to try and identify regions on the genome associated with propensity to FP. These populations have been used in both genetic and transcriptomic studies. By creating an experimental intercross, quantitative trait loci studies aimed at identifying polymorphisms in the DNA associated with the behavior and gene expression studies aimed at finding differences in the transcriptome have been applied. An across-line association study by Biscarini et al. (Biscarini et al., 2010) identified a total of 81 SNPs that were associated with the IGE score for FP traits, and 11 SNPs that were associated with direct effects. A serotonin gene was amongst those identified, which adds support for monoamine signaling (via the serotonin receptor 2C) being important in the regulation of this behaviour.

Two F2 intercross populations have also been produced to analyse the genetics of FP behaviour. Buitenhuis et al. (Buitenhuis et al., 2003) reported markers for feather pecking on chromosomes 1, 2, and 10. In contrast, Jensen et al. (Jensen et al., 2005) identified only a single QTL for FP on chromosome 3 in an F2 cross of Red Junglefowl (the wild orogeny of chickens) and White Leghorn, which had previously been shown to differ in FP intensity. Mapping results based on selection signatures between the lines (Grams et al., 2015b) and association results from the F2 cross with approximately 900 individuals were jointly analysed in a meta-study (Lutz et al., 2017), revealed that the behavioral disorder were controlled by many genes with small effects and no single SNP had effects large enough to justify its use in marker-assisted selection and pointing to a candidate gene that might also be related to monoamine signaling.

 4.3.2 Feather pecking transcriptomics

Large-scale transcriptomic studies have also been performed in chicken lines divergently selected on FP propensity by compared whole-brain gene expression in high and moderate feather peckers from a high FP selection line. Within the high FP selection line, Labouriau et al. (Labouriau et al., 2009) found 456 genes to be differently expressed in birds showing high amounts of FP compared with birds performing moderate amounts of FP, but no obvious biological pathway was apparent. A further study in 2010 by Hughes and Buitenhuis (2010) found an overall reduction in gene expression in high FP birds, while there were distinct patterns that were seen in gentle and severe FP birds (Hughes and Buitenhuis, 2010). Serotinergic and neurotransmitters have been implicated both through association studies (Lutz et al., 2017) and also with gene expression assays (De Haas and Van Der Eijk, 2018). This link between neurotransmitters (including monoamine signaling) and FP was also found by Wysocki et al. (2013). As well as these neurotransmitters, a role has also been put forward for the immune system. For example, Brunberg et al. (2011) found that several immune-related genes were differentially expressed between lines in hypothalamus tissue, with a link between FP and behaviour also identified by other studies (Biscarini et al., 2010, Buitenhuis et al., 2004, Hughes and Buitenhuis, 2010, Parmentier et al., 2009).

 4.4 Aggressive male mating behaviour

Mating in broilers in particular can be problematic, with males directing high levels of aggressive behaviour towards females during mating (Millman and Duncan, 2000). This has been found to be specific to broiler males, with, for example, layer males and even game cock males (selected for high male-male aggression) not displaying such behaviour (Millman and Duncan, 2000). Selection studies have also been used to look at the heritability of mating frequency (Dunnington and Siegel, 1983), with a high and low frequency mating strain being produced over a large number of generations. Results were somewhat confusing, however, with moderate heritability estimates of around 0.18 for the high line after 23 generations (but initially giving an estimate of 0 over the first few generations), while for the low line the heritability was initially high (0.32) but only when measured for the first 11 generations.

 4.5 General activity in chickens

General activity is another behaviour that has been measured in chickens, related to both the welfare and production implications. Standard cages, which can impede or inhibit movement, can lead to a reduction in bone mass (Whitehead and Wilson, 1992), while free-range/non-cage systems allow increased movement, but can also lead to more injuries (Harlander-Matauschek et al., 2015). Therefore there are production costs associated with activity levels (energy and feed consumption) as well as welfare implications (bone quality as well as feather pecking and cannibalism – see earlier). In terms of the genetics underlying this behaviour, physical activity differences have been observed between layer strains (Kozak et al., 2016), indicating at least some genetic basis. More in-depth analysis has come from the production of selection lines to estimate the heritability of this trait (Kjaer, 2017). These selected lines indicated moderate-to-high heritability for this trait, with estimates of 0.38 and 0.33 for the low and high lines, respectively. Interestingly, the high activity line birds were significantly heavier than the low line birds. As well as correlating with bone health, activity levels are also correlated with feather pecking incidence. Using genetic lines differing in feather pecking behaviour, locomotor activity was found to be higher in the high feather pecking lines and lower in the low feather pecking lines, relative to the control animals (Kjaer, 2009). 

 5Pleiotropy and the potential for selection

A particularly pertinent question with production and selection is how the genetic architecture of anxiety and other behaviours in chickens relate to production traits. In particular, is there pleiotropy between the genetic loci for behaviour and the genetic loci for production phenotypes (i.e., does the same locus affect both of the different traits), or are the loci for the different trait types in linkage (separate loci that are physically close to one another), or are they entirely distinct and separate from one another. In QTL studies conducted in both quails (Recoquillay et al., 2015) and chickens (Johnsson et al., 2012, Wright et al., 2010), both production and behavioural traits were mapped simultaneously in the same intercross, allowing the co-localisation of loci underlying these traits to be assessed. In both instances, behavioural and production traits overlap (Recoquillay et al., 2015, Schutz et al., 2002, Wirén et al., 2013). In the chicken intercross, a point analysis of the growth 1 locus on chromosome 1 demonstrated either pleiotropy or close linkage between growth and some aspects of fear behaviour (Wirén et al., 2013), while in the quail intercross negative correlations between growth and fear and positive correlations between sociability and egg traits were observed (Recoquillay et al., 2013). However, due to the large confidence intervals for QTL in an F2 design, it is very easy to get an overlap of QTL. This can be due to genuine pleiotropy, but also due to close linkage (i.e. the loci controlling these traits are separate but are physically close to one another on the genome). Pleiotropy vs linkage statistical tests performed in the F2 chicken intercross indicated that these hotspot loci in the chicken were more likely to be linked with QTL, but with a pleiotropic core (with the caveat that close linkage and pleiotropy are indistinguishable in a QTL intercross) (Wright et al., 2010). This type of modularity is commonly seen in domestication (Wright, 2015). In the case of the chicken intercross, further generations of crossing give an increase in the number of recombinations that in turn increases the resolution to allow a more fine-scale dissection. In this case, the QTL appears to disperse more, indicating a greater role for linkage. Similarly, candidate genes for behaviour in the chicken intercross (Johnsson et al., 2018a,b) are separate from candidate genes for bone and growth (Henriksen et al., 2016, Johnsson et al., 2015b).

Given the potential for selection, the ability to select against aberrant/welfare-related behaviour is one way to improve animal welfare (Wegner, 1990). This can not only decrease the prevalence of these behaviours, but can also have effects on productivity, especially in light of the potential for pleiotropy and linkage between behavioural and production traits. However, the relationship between selection on one trait and the response in another is often not clear cut. For example, non-aggressive traits may be negatively correlated with productivity (Webster and Hurnik, 1991). Selection for a particular trait may also be rather specific and of less general effect. For example, selection for an increased and decreased plasma corticosterone response in chickens in social situations (Gross and Siegel, 1985) did not yield any effect when the stressor was from a non-social cue. Furthermore, these selected lines were also more susceptible to bacterial infections (in the case of the low stress line) or viral infections (in the case of the high stress line) (Siegel, 1993). Selection for increased productivity on individual birds can also have potential problems when these birds are housed in groups rather than as individuals. For example, Craig et al. (Craig, 1982, Craig, 1994) found that selection on social dominance will reduce performance when group-housed, but increases productivity when housed singly. Selection for productivity can also have knock-on effects on production, with production potentially increasing or decreasing, depending on the trait selected and the particular production trait that also responds (see review in (Muir and Cheng, 2014)).

Some of the longest selection lines have been performed in quails, based on tonic immobility (TI) and social reinstatement (Faure and Mills, 2014, Launay et al., 1993), while a Red Junglefowl chicken population has also been selected for tameness/fear of humans over a number of generations (Agnvall and Jensen, 2016, Katajamaa et al., 2018). In these cases, other correlated behavioural changes were also seen, for example, the low TI quail line (reduced fear) had an even greater reduction of fear behaviour with handling and environmental enrichment cues (Candland et al., 1963, Jones and Faure, 1981). It was also easier to catch the low TI birds (Faure and Mills, 2014). However, even here there was a variable response to stress exposure effects. There was a lower corticosterone response in the long TI (high fear) line, while a restraint test induced an increase in plasma corticosterone in the low TI (low fear) line (Remignon et al., 1996). There is a link between stress and a reduction in meat quality (struggling induces a build-up of lactic acid that decreases pH and increases water loss). In this case long TI (high fear) birds showed a higher percentage of water loss and lower pH 24 hours post-mortem, indicating that there were some production effects from the selection process (Remignon et al., 1996).

 6Epigenetics and behaviour

Epigenetics is a term used to define changes that are separate from the actual genome, but which alter gene expression (Richards, 2006). This can include mechanisms such as methylation, as well as histone modification (though others exist (Richards, 2006)). In the case of methylation, a cytosine base may have a methyl group, with this most typically occurring when the cytosine base is adjacent to a guanine (often referred to as a CpG island). Depending on where these CpG regions are situated, these can modify gene expression. For example, methylation that occurs within a gene body typically up-regulates gene expression (or more specifically is positively correlated with gene expression) (Jjingo et al., 2012). In contrast, when a promoter (a small region just upstream the start of a gene, that drives expression) is methylated, this usually leads to a decrease in gene expression (a negative correlation between methylation and gene expression) (Gaston and Fried, 1995). Histones, which are the proteins that pack DNA, may also be modified, with the histone tails being modifiable via methylation or acetylation. These can then alter the packing of the DNA, with more densely packed regions having lower gene expression. This is due to these more packed regions being less accessible to ribosomes and the other cell machinery that is required to transcribe genes into RNA and proteins.

Despite being in some ways separate from the genome, epigenetic variation can still have a genetic basis in controlling it, with polymorphisms in particular regions either preferentially recruiting or removing methylation or acetylation (Kasowski et al., 2013, Kilpinen et al., 2013, Pértille et al., 2019). Indeed, this may be true for the majority of epigenetic variation in the genome. However, some epigenetic changes are more dynamic and are environmentally induced. In animals, one of the best described behavioural changes that has a methylation-based mechanism is pup-licking by rat mothers (Weaver et al., 2004), with licking inducing methylation changes in the promoter of the glucocorticoid receptor gene. This causes the licking behaviour to be mimicked by the pups when they reach adulthood and nurse their own young.

Epigenetic mechanisms have also been mooted to play a role in domestication. As an example, it has been suggested that domestication may have selected animals with an increased capacity to respond epigenetically to environmental stress (Carter et al., 2005), and the epigenome could also potentially play a role in providing additional sources of variation in cases of rapid evolution and adaptation to a new environment (Liebl et al., 2013). In the case of chickens, there is evidence of transgenerational effects on behaviour, with the offspring of chickens exposed to a stressor also exhibiting effects on behaviour (Lindqvist et al., 2007). As well as this, stable differences in methylation levels are also present between wild and domestic chickens (Pértille et al., 2019, Bélteky et al., 2018, Natt et al., 2012). However, no direct evidence has yet been shown of how epigenetic and genetic components interact to regulate gene expression in domestication.

 7Commercial aspects and research

The genetic and genomic techniques described above have been used extensively by commercial companies, in particular those relating to classical quantitative genetics and genomics selection. In contrast, causal gene identification and sweep mapping are more usually performed in an academic setting, as they have less economic ramifications. Genomic prediction is one technique that commercial companies use to determine which animals to use for breeding purposes (Momen et al., 2018, Wolc et al., 2016), for example this has been used for survival of influenza infection in layers (Wolc et al., 2018) as well as male fertility traits (Wolc et al., 2019). QTL mapping via Genome Wide Association Mapping has been used to identify loci affecting response to Newcastle Disease virus (Saelao et al., 2019) and body weight response in broilers (Tarsani et al., 2019), amongst others. An important caveat with all the industry genetic and genomic tools and applications, are that these are rarely applied to animal behaviour (D’eath et al., 2010).

 8Conclusions

The advent of more refined and powerful genetic and genomic tools will allow a greater potential for the identification of the genes and polymorphisms underlying variation in behaviour. These tools will also provide additional potential avenues for selection and even gene modification with which to reduce aberrant or anxiolytic behaviour. Some of the issues surrounding potential pleiotropy or close linkage that have surfaced with previous selection studies can, in this way, be circumnavigated. This will have ramifications from both welfare and production aspects.

 9Where to look for further information

 9.1 General introduction to QTL mapping

One of the best general introductions to QTL mapping is in the text book by Falconer and MacKay (Falconer and Mackay, 1996), although more recently Lynch and Walsh go into more detail (but has a higher level of complexity) – Evolution and Selection of Quantitative Traits (2018) Wlash, B., Lynch, M. OUP Oxford ISBN: 9780192566645.

 9.2 Genome-wide association studies (GWAS)

A good review of GWAS with a slant on its uses in domestic animals is presented in Sharma et al. (2015).

 9.3 Genomic selection

Although not really central to this book chapter, genomic selection is a large part of Industrial applications to domestic animals. An excellent review is presented in Wolc et al. (2016). 
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 1Introduction      

It is no surprise that sensory perception, as for all sentient animals, is important for the behaviour and welfare of chickens. Sensory modalities are, after all, the means with which all environmental stimuli are perceived. In order for us to understand – or at least estimate – how a chicken takes in its surroundings, we need to know more about how the senses used by chickens are similar to and different from our own. As humans, we have a tendency to focus on the sensory modalities that we find most important, also when studying non-human animals. We may also assume that animals see or hear the world in a similar manner to us.

It is, however, very important to try and put ourselves in the place of the animal and experience the immediate environment and current situation from the animal’s perspective if we are to assess properly the welfare impact of different environmental factors (Nielsen, 2018). For this reason, this chapter does not go into detail with the physiological and neurological pathways involved in sensory perception of chickens, nor to any great extent of the morphological structures. Instead, the focus is directly on the behaviour and welfare of chickens, both broilers and layers, at different ages and in the environmental contexts usually surrounding these birds. The five main senses of vision, olfaction, taste, hearing and touch are covered, each in their own section, and the final section deals with other senses as well as an assessment of the impact of different sensory modalities on behavioural studies and animal welfare science.

 2Vision      

The ability to see is ranked as very important by most sighted humans, who often choose vision as the last sense they would want to lose. And when delving into the literature on vision in chickens, it becomes clear that this sensory modality has a significant impact on the welfare of the birds. Like humans, chickens are highly visual beings, and use their eyes for many of their interactions with the environment, including foraging and identification of conspecifics (Appleby et al., 2004; Nicol, 2015). The latter makes vision an important sensory modality for the maintenance of the social hierarchy in groups of chickens (D’Eath and Keeling, 2003).

Compared to humans, the eyes of chickens are placed further apart and more on the sides of the head, which give the birds a different range of vision to us (Fig. 1). This makes chickens able to see a greater fraction of their surroundings, although most of this vision is monocular. Unlike us, the chicken cannot move its eyeballs very much, and changes its point of view by moving its head (Prescott et al., 2004). When walking, the chicken moves its body forward while for a fraction of time keeping its head in the same position relative to the ground. This allows it to focus on its surroundings during this short period, when the head and, hence, the eyes remain fixed in space (Necker, 2007). The ability of chickens to hold their head still while the body moves can be found in numerous online videos, most famously in an awarded advertising feature for Mercedes Benz. Chickens also use their left and right eye for different tasks, so that the right eye is used preferentially for identifying food, whereas the left eye is involved in the spatial exploration and orientation (Rashid and Andrew, 1989). This differentiation is linked to the lateralization of the brain, as input to the left eye is processed in the right hemisphere of the brain and vice versa.




Figure 1 Field of vision for (a) chickens and (b) humans, with the dark blue area showing binocular vision, light blue areas showing peripheral vision and green area depicting field that is not visible.

Using a so-called pebble-floor test (where food pellets are scattered onto a floor to which are glued pebbles of the same size and hue as the pellets), it is possible to assess the ability of chicks to distinguish between pebbles and pellets by counting how many times the birds peck at each type. When the left eye of chicks is covered, thus allowing them to use only their right eye, the chicks peck significantly more at the pellets than the pebbles than when using only their left eye (Mench and Andrew, 1986; Rogers et al., 2007). This laterality that gives the right eye an advantage in feed identification is dependent on exposure to light during the last days of incubation. Here, the posture of the embryo within the egg prevents light from reaching the left eye, whereas the right eye is facing the eggshell and hence exposed to a degree of brightness. We know this, because chicks that have had their head gently turned during the last days before hatching show a reversal of this lateralization (Rogers, 2008). In other words, whichever eye has been exposed to light before hatch is better at distinguishing feed from pebbles, and under natural conditions, this is usually the right eye.

One aspect of chicken vision associated with foraging is the so-called worm run, which is considered to be an innate response. A worm run is when ‘the protrusion of a rod-like visual stimulus into the visual field away from the beak elicits running behaviour in the chick’ (Rogers and Astiningsih, 1991). This stimulates other chicks to follow, while using their beaks to attempt to take hold of the protruding stimulus. Feeding boiled spaghetti to back-yard hens will yield the same response (personal observation).

Chickens have good colour vision, and a common practical exercise for students is to assess the colour preferences of newly hatched chicks. These usually consist of placing chicks on sheets of paper printed with different coloured dots, and noting down the colour of the first and subsequent dots pecked. Using this method, Ham and Osorio (2007) showed that 9-day-old chicks have a preference for orange over blue and for red over green, whereas only the former holds true for newly hatched chicks, as these did not show a clear preference when given a choice of red and green. The colour preferences of chickens in favour of hues in the orange/red over blue/green is thought to be associated with ripeness of fruit, although red is avoided if associated with an insect, thought to signal potential toxicity (Gamberale-Stille and Tullberg, 2001; Nicol, 2015). Chicks are also able to interpolate two colours: if they have previously been rewarded by pecking blue and green squares, they will peck even more on the squares of a turquoise colour, as if expecting increased award from pecking a mixture of the two colours (Jones et al., 2001).

In a trial investigating the importance of vision for body stability, laying hens with or without an opaque hood that blocked any visual input were placed on a moving perch (Leblanc et al., 2016). Although lack of vision did not result in more birds falling off the perch, none of the masked hens jumped off the perch and they kept a more crouched and stiff posture to keep balance compared to sighted birds. The authors speculate if the prior training of the hens to sit on the swaying perches had improved their balancing ability. In an intriguing experiment, Collins et al. (2011) investigated in more detail the importance of vision for the behaviour and welfare of chickens by comparing normal-sighted White Leghorn chickens with a genetically blind variety of the same strain. They found the blind chickens to sit and to preen themselves more than did the sighted birds, and the groups of blind chickens were less synchronized in their behaviour, aggregated less and were less stressed in a test of social isolation. The sighted birds had a faster growth than their blind counterparts, with the latter showing more abnormal behaviour, including air-pecking, circle-walking and stargazing, the latter denoting a condition where a young chick cannot hold its neck upright, and the head falls backwards onto the back of the bird. The authors conclude that the welfare of the blinded chickens is compromised, emphasising yet again the importance of vision for poultry.

Different light sources are used in commercial poultry production, including fluorescent and incandescent lighting as well as light-emitting diodes (LEDs) and lights mimicking natural lighting. Overall, no effects on production and welfare measures have been found when comparing fluorescent and incandescent lighting (Lewis and Morris, 1998). Broilers show a preference for cold-white over neutral-white LED lighting, with a slightly faster growth in the former, but with no differences in welfare parameters between the two lighting types (Riber, 2015). Others have found no differences between LED and fluorescent lighting in terms of production parameters and plumage condition, but with a higher activity levels in the LED-illuminated groups (Liu et al., 2018).

Chickens are able to see into the ultraviolet (UV) spectrum, and more than half a century ago studies found that egg production of laying hens improved when they were exposed to UV light (Barrott et al., 1951). When viewed under UV light, the plumage of some species of Galliformes shows markings that are not visible to humans under normal lighting (Sherwin and Devereux, 1999; Mullen and Pohland, 2008). These patches are also present on white strains of domestic chickens (personal observation), and may be involved in individual recognition or when birds peck the plumage of others, although this has never been demonstrated. More recently, the influence of UV light on the behaviour and welfare of domestic fowl has been investigated. Absence of UV wavelengths in the lighting used to raise chickens led to higher levels of basal corticosterone in the blood (Maddocks et al., 2001), indicating that UV-deficient rearing may have some welfare consequences for the birds. James et al. (2018) went the other way and provided extra UV lighting for broiler chickens. Exposure to supplementary UV light improved the feather condition, shortened the duration of tonic immobility and gave rise to better gait scores compared to control. Natural lighting, which contains UV light, has been found to increase activity and improve the gait score of broilers (Bailie et al., 2013). This may be mediated through improved vision leading to more activity in general, although the mechanisms are not fully known. Taken together, these results suggest that natural lighting, including light in the UV spectrum, has welfare benefits for chickens.

Another aspect of lighting is flicker rate, where a 60 kHz light bulb will increase and decrease its luminosity 60 times every second. Humans cannot see this, but as birds, including chickens, often have higher flicker sensitivity, it was thought to be a potential welfare problem in commercial poultry production, if the chickens were constantly exposed to a flickering light. Studies have shown that chickens are unlikely to detect the 100 Hz flicker of fluorescent light (Jarvis et al., 2002; Prescott et al., 2003, 2004), which is the most common light source in broiler and egg-laying facilities. However, more recently, Railton et al. (2009) trained hens to peck one key if two lights were flickering and another key if both lights were steady. The authors found that the hens on average perceived the lights as flickering at around 83 Hz (ranging from 69 Hz to 95 Hz).

The light schedule in itself also has significant importance for the welfare of broiler chickens and laying hens, and the different commercial goals of these two types of birds has led to very different lighting schedules being applied. Laying hens are bred and kept for egg production purposes, and the lighting schedule applied is aimed to maintain reproductive activity while at the same time preventing feather pecking and minimizing energy use. This has given rise to lighting schedules with intermittent or very low lighting (Boshouwers and Nicaise, 1987; Coenen et al., 1988). Broilers on the other hand are raised for fast and efficient meat production, and providing a lot of light can encourage feeding behaviour and promote activity, although periods of darkness are necessary to ensure the leg health of the birds. It should also be kept in mind that broilers and laying hens have similar visual ability, and the lighting schedules used aim to maximize production without compromising the health and welfare of the birds to the extent this is possible. Diurnal rhythms necessary for proper sleep cycles are dependent on periods of darkness, and ability to manoeuvre in three-dimensional space requires sufficient light (Taylor et al., 2003). It has long been known that absence of a dark period affects the development of the eye and that exposure to continuous light will cause severe corneal flattening and hyperopia, that is, difficulty in focussing on objects that are up close (Li et al., 1995; Lewis and Gous, 2009). As little as 4 h of continuous darkness per 24 h is sufficient to prevent this damage (Li et al., 2000). Broilers are able to adapt their behaviour to regular periods of darkness by increasing their feeding activity prior to the onset of the light period (Duve et al., 2011), and Prescott et al. (2003) propose that the minimum duration of the dark period should be 6 h. The presence of a dark period may increase the risk of foot-pad dermatitis in broilers, as the birds are less active giving rise to more wet litter, but the effects appear to be absent or minor within 8 h of darkness daily (Duve et al., 2011; Skrbic et al., 2015). The effects of lighting on the welfare of broilers and laying hens are covered in detail elsewhere in this book.

 3Olfaction      

Originally, olfaction was thought to be absent or at least very poor in domestic chickens, but we have now known for some time that chickens have a well-developed sense of smell and that they perceive and react to olfactory stimuli (Jones and Roper, 1997; Steiger et al., 2008). The delay in acquiring this information on olfactory capacity of domestic fowl has contributed to odours being included to a lesser extent than other types of sensory stimuli in scientific studies of poultry (Nielsen et al., 2015; Krause et al., 2016). This scarcity is slowly being remedied, and as domestic chickens can be trained to detect specific volatiles in natural environments, they have recently been suggested as potential biological sensors in forensic applications (Prada and Furton, 2018), although the benefits over using dogs remain unclear.

Olfaction is closely associated with the sense of taste, and it is therefore not surprising that domestic chickens, like many other animals, not only forage based on visual stimuli, but also use odours to identify and distinguish feed items. Indeed, a significant reduction in weight gain occurs if chickens are deprived of their sense of smell by blocking their nares (Porter et al., 2002; Tallet et al., 2003). Chickens display neophobia and are thus reluctant to ingest feed that smells differently from what they are used to (Jones, 1987). Disguising novel feed by use of a masking odour can mitigate the problem when changes in diet are necessary (Dixon and Nicol, 2008). Indeed, food preferences can be influenced by different odorants during incubation, in particular the days before hatching (Bertin et al., 2012). Chicks exposed to low concentrations of orange and vanilla odours while still in the egg, eat more of a feed odorized by these odours post-hatch (Bertin et al., 2010). However, when strong odour concentrations are used during incubation, the chicks avoid the odorised feed. We know that chickens use their sense of smell to recognize aversive flavours, as has been demonstrated by conditioning domestic chicks to avoid ingesting bitter-tasting (quinine-flavoured) water when it has been odorized with the smell of orange or almonds but, surprisingly, not when vanilla is used as the odorant (Turro et al., 1994; Roper and Marples, 1997).

Chickens are attracted to the smell of litter from their home pen (Burne and Rogers, 1995), and will choose this over clean litter or litter from a pen of an unknown conspecific (Jones and Gentle, 1985). If exposed to an odour, such as strawberry, while in the egg, chickens will prefer environments in which this odour is present (Porter and Picard, 1998; Sneddon et al., 1998). Familiar odours also provide a degree of stress reduction when placed in a novel environment. There are some indications that broilers are less stressed if they are raised in the presence of an odorant resembling the smell of maternal uropygial gland secretions (Madec et al., 2008). Jones et al. (2002) found that pairs of chickens tested in an open field were more likely to move apart and to feed if they were tested in an arena odorized with the same odorant (vanillin) as used to odorize their home pen. There is also some indication that chickens exposed to stressful handling in the days following hatching have different volatile organic compounds in their droppings than do chicks that have been minimally handled, giving rise to differences in smell (Bombail et al., 2018). Whether chickens can detect these differences and respond to these stress odours have not yet been established.

Smells are also involved in individual recognition of conspecifics. Karlsson et al. (2010) found that individual birds of red junglefowl had their own characteristic body odour, as shown by gas chromatography and mass spectrometry analyses, as well as by discrimination tests performed by mice. Differences in fatty acid composition of secretions from the uropygial gland, also known as preen oil, have been found between hens that had been feather-pecked and those that had not (Sandilands et al., 2004), suggesting that odours might play a role in the predisposition of a bird to become the victim (or not) of feather pecking. However, in the junglefowl study, no consistent odorous characteristics were found to separate pecked and non-pecked birds (Karlsson et al., 2010). However, the odour emanating from preen oil is likely to play a role as a social cue and is important for mate choice. Cockerels are more likely to mount intact or sham-operated females than females that have had their uropygial gland removed, but this preference is not found in anosmic males (Hirao et al., 2009).

Whereas the attraction of chickens to familiar odours in the environment is learned, either pre- or post-hatch, some odours are innately aversive. Chickens have an innate aversion to the smell of blood from conspecifics. Jones and Black (1979) exposed 7-day-old chicks to different odours in the form of liquids presented in a petri-dish for 15 min (Fig. 2) with water used as the control. Compared to water, all of the liquids presented resulted in less time spent near the odour source, but with chicken blood being the most aversive. The inclusion of chicken blood in a sealed dish, and mouse blood in an open dish was the final proof that it was indeed the odour and the species of origin that caused the observed response. It is worth noting that hens have been found to peck on blood-filled containers and eat the blood if they have seen other birds do this (Cloutier et al., 2002). Perhaps the aversion to the smell of blood diminishes with age? Alternatively, as shown earlier, the colour red is attractive to chickens in most situations, so consumption of blood associated with cannibalism may be initiated by an attraction to the colour red, with the smell being masked by other odours when outside an experimental setting.




Figure 2 Response of 7-day-old chicks to various odours presented in a petri dish for 15 min. The graph shows the average amount of time in seconds (± s.e.) that the birds spend within 75 mm of the stimulus dish. Bars with different superscripts differ significantly (P <0.05). Adapted from Jones and Black (1979).
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