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Lay Summary 

Severe feather pecking is a maladaptive behaviour often observed in 

commercial laying hen flocks and has serious consequences for bird welfare 

as it can result in wounds, cannibalism, and eventual mortality. Therefore, the 

demand to ban beak treatment, currently the most effective method of limiting 

severe feather pecking-related damage, presents a challenge. Genetic 

selection for naturally blunter beaks may help reduce pecking damage. 

However, the range of beak shapes within commercial laying hen flocks and 

the amount of physical damage these different beak shapes can cause must 

first be determined.   

The objective of this project was to improve the chances of successfully 

housing commercial non-beak treated laying hens by characterising the 

different naturally-occurring beak shapes (i.e., pre-existing variation occurring 

without artificial manipulation (beak treatment)) that exist within laying hen 

flocks and investigating which beak shape is optimal for reducing injuries 

related to severe feather pecking. Radiographs and digital images of two pure 

line populations of laying hens were analysed to measure the differences in 

the shapes of their beaks and the underlying bones. Beak and bone shape and 

size differed significantly between the two populations of laying hens, 

suggesting that distinct beak and bone shape phenotypes are within each. In 

addition, feather cover and mortality differed between the two populations; 

therefore, beak shape may contribute to these differences.  

After characterising the range of beak shapes, the amount of physical 

damage that opposing beak shapes (i.e., sharp vs blunt) caused was 

quantified in two studies using live hens or hen heads and a robotic device. 

Live hens were encouraged to peck at a “chicken” model (foam block covered 

with feathered chicken skin). To quantify damage, the change in block and skin 

weight, the number of feathers removed, and the number of successful 

(resulting in feather and tissue removal) versus non-successful (no removal) 
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pecks at the model were recorded. Live hens with a sharp beak shape had a 

larger change in skin weight, removed more feathers, and had a greater 

percentage of pecks at the model which resulted in feather or tissue removal. 

For the robotic model, hen heads with differing beak shapes were identified 

and then attached to the robotic device, which mimicked a hen’s natural 

pecking motion. The heads pecked into agarose gel, which mimics muscle, at 

three pecking forces. To quantify damage, measurements of the indentations 

in the gel were taken. Beak shape caused no differences in physical damage; 

however, pecking force did. This is likely because the tested beak shapes were 

too similar to discern differences. The results of these two studies suggest that 

other factors beyond beak sharpness (e.g., other beak shape characteristics, 

motivation to perform the behaviour) also contribute to feather removal and 

physical damage.   

This project found that significant variation in beak shape exists within and 

between laying hen flocks, and these specific beak shape phenotypes could 

be incorporated into selection indices. The results of this project can be used 

to guide the selection of beak shapes that could help reduce damage inflicted 

by severe feather pecking, thereby improving laying hen welfare.   
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Abstract 

Outbreaks of severe feather pecking continue to be a serious welfare and 

economic concern for the poultry industry, particularly within the egg sector. 

Increasing consumer awareness of how poultry is raised and managed has led 

to a shift from cage systems to loose-housed ‘alternative’ systems, increasing 

the risk of outbreaks. Severe feather pecking, a form of injurious pecking, is 

commonly observed in laying hen flocks and can lead to cannibalism and high 

mortality. As a result, research has increasingly focused on how best to 

prevent and control severe feather pecking without needing beak treatment 

(an effective method of reducing physical damage caused by severe feather 

pecking and is commonly performed at day-old using infrared energy).  

Alternative practices to beak treatment include genetic selection against 

the behaviour itself, using enrichment materials to encourage appropriate 

foraging behaviour, and genetic selection of traits related to the behaviour (i.e., 

feather cover, liveability, and beak shape). This project examined the 

possibility of using genetic selection of beak shape to reduce damage inflicted 

by severe feather pecking. Significant beak shape variation exists within and 

between breeding laying hen lines, and research has shown that aspects of 

beak shape are heritable. This suggests incorporating beak shape data into 

selection indices is possible; however, characterisation of beak phenotypes 

and the amount of physical damage different beak shapes can cause is first 

needed. The shapes of the premaxillary and dentary bones within the beak 

have also never been characterised before in laying hens. Examining the bone 

shape is important as it has been suggested that it may influence the external 

beak shape to a certain extent. 

A pilot study was performed to determine if the analysis of the beak and 

its underlying bone shape defined and quantified by geometric morphometrics 

(GMM) of radiographic images was repeatable. Twenty-four hens were 

radiographed four times. Repeatability ranged from 0.52 to 0.81, 
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demonstrating that imaging live hens over time and landmarking those images 

was repeatable. Using radiography and GMM, a study was conducted to 

characterise the variation in premaxillary and dentary bone shape within two 

pure lines of White Leghorn laying hens. Premaxillary bone shapes ranged 

from long and narrow with pointed bone tips to short and wide with more curved 

bone tips.  

Dentary bone shapes ranged from long and wide to short and narrow. For 

both bones, the shape differed between the two lines, and the size of the bone 

significantly affected its shape. The results showed that a range of shape 

phenotypes exist for both the premaxillary and dentary bone, which may 

influence beak shape. Photographs of the two pure lines were also taken to 

analyse the beak shape using GMM and examine the relationship between 

beak shape, the underlying bone shape, feather cover, and mortality. Maxillary 

beak shapes ranged from long and narrow with pointed beak tips to short and 

wide with more curved beak tips. The maxillary beak was moderately 

correlated to the premaxillary bone in shape and size. The shape data suggest 

distinct beak and bone phenotypes within each line for the beak and its 

underlying bones. In addition, feather cover and mortality differed between the 

two lines, with one line having better feather cover and lower mortality over the 

100-week production cycle. Therefore, beak shape may be one factor 

contributing to the differences seen in feather cover and mortality. These 

distinct phenotypes could be selected to help reduce damage inflicted by 

severe feather pecking and improve laying hen welfare.  

Two studies were conducted to understand and quantify the physical 

damage different beak shapes can cause. The first study used live hens with 

either a sharp or blunt beak that pecked at “chicken” models (foam blocks 

covered with feathered chicken skin). The change in block and skin weight, the 

number of feathers removed from the skin, and the number of successful 

(resulting in feather or tissue removal) versus non-successful (no removal) 

pecks at the model were recorded. The change in block weight did not differ 

between the two groups; however, the sharp beak group had a larger change 
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in skin weight and removed significantly more feathers than the blunt group. 

The mean number of pecks made at the model also did not differ between the 

beak shape groups; however, sharp beak hens had a greater percentage of 

successful pecks, while blunt beak hens had a greater percentage of non-

successful pecks. The results of this study show that sharp beak hens were 

more capable of removing feathers and, by extension, tissue, thus resulting in 

damage.  

The second study used a robotic device to mimic a hen’s natural pecking 

motion ex vivo. Using this device, chicken heads pecked into agarose gel, 

which mimics muscle, at three pecking forces. The depth and volume of the 

indentations into the gel were assessed to quantify damage. No differences in 

indentation depth or volume were found between the different beak shape 

groups. Pecking force did affect depth and volume; however, the results were 

inconsistent. The results of this study suggest that the beak shapes tested 

were perhaps too similar to discern differences. These two studies also 

suggest other factors beyond beak sharpness (i.e., the curvature of the 

maxillary beak over the mandibular beak), such as other beak shape 

characteristics or the motivation to perform the behaviour, contribute to feather 

removal and tissue damage. 

This project’s results show that specific beak phenotypes within laying hen 

breeding lines could be incorporated into selection indices. This project 

provides a foundation for future genetic and behavioural research investigating 

the effect of beak shape on other beak-related behaviours like feeding and 

preening and identifying quantitative trait loci that underlie beak shape. More 

research is needed to examine the relationship between beak shape and its 

capacity to cause damage.   
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Chapter 1. General Introduction  

Animal welfare and how food production animals are raised and managed 

are becoming more important to consumers and society. This has led to a 

move away from intensive housing systems towards alternative systems. In 

the egg industry, the use of more alternative forms of housing, such as free-

range or whole-barn housing, has increased in popularity. These systems 

allow birds more space and the ability to express their full behavioural 

repertoire (Muir et al., 2014). However, the large group sizes (often tens of 

thousands of birds) and unstable social hierarchies in these systems can 

contribute to outbreaks of injurious pecking (Muir et al., 2014). Despite the 

significant advancements in laying hen management that have been made in 

recent decades, producers and scientists are still unable to reliably prevent 

and control outbreaks of injurious pecking.  

The most effective control method, beak treatment (whether by trimming 

or infrared methods), raises its own welfare concerns; because of this, many 

national governments have or are in the process of banning it. Alternative 

management practices to beak treatment have been studied and led to some 

successes in reducing injurious pecking; however, they still cannot reliably 

eliminate it (Jendral and Robinson, 2004). In recent decades, there has been 

an increased focus on genetically selecting against the behaviour; however, 

incorporating behavioural data into a breeding program can be difficult. This 

led to research into selecting traits related to the behaviour that are easier to 

measure, such as plumage cover, survival time, and beak shape. 

This chapter will give an overview of the evolution and diversification of the 

avian skull and beak and geometric morphometrics, a technique commonly 

used to analyse shape. It will cover what is currently known about severe 

feather pecking and other forms of injurious pecking and their relationship to 

beak shape to identify possible opportunities for future research and the 

development of new and improved methods of reducing injurious pecking 
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damage which will improve laying hen welfare and provide an alternative to 

the current beak treatment methods.  

1.1 The origin, evolution, and diversification of birds 

Birds (also referred to as avians) make up the taxonomic class Aves and 

are warm-blood vertebrates (Gill, 2007). They are characterised by feathers, 

toothless beaks, the laying of hard-shelled eggs, and a strong, lightweight 

skeleton (Gill, 2007). There are currently about 10,000 known living species, 

and birds constitute one of the most recognisable groups of vertebrates 

(Brusatte et al., 2015). Birds are hugely diverse and occupy a range of 

ecological niches across the globe. Starting with Charles Darwin’s On The 

Origin of Species (1859), the evolution and adaption of birds have been under 

continual and increasing interest.  

Birds evolved from theropod dinosaurs (dinosaurs with hollow bones and 

three-toed limbs) 165 to 150 million years ago during the Jurassic period 

(Brusatte et al., 2015). The discovery of the fossil Archaeopteryx (roughly 

translates to “first bird”) in 1861 was the first piece of evidence suggesting that 

birds evolved from dinosaurs (Owen, 1863). Archaeopteryx is thought to be 

the link between non-avian feathered dinosaurs and modern-day birds as it 

had a mixture of bird (feathers, wings) and reptilian (sharp claws on hands, 

bony tail) characteristics (Huxley, 1868). Birds evolved gradually over tens of 

millions of years through the Jurassic and Cretaceous periods. The oldest 

avian fossils (130 to 120 million years old) discovered after Archaeopteryx 

were found in north-eastern China and provide insight into the early evolution 

of birds (Zhou and Zhang, 2007). Wang and Lloyd (2016) established that 

multiple different lineages of birds were already present in the Early 

Cretaceous period (145 to 100 million years ago). After the extinction of non-

avian dinosaurs at the end of the Cretaceous period (66 million years ago), 

there was extensive diversification into the modern groups of birds as we now 

know them (Brusatte et al., 2014; Xu et al., 2014).  
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Today’s 10,000 known bird species can be placed into two infraclasses: 

the Palaeognathae (including flightless birds such as emus and ostriches) and 

the Neognathae, which constitute the remainder of bird species (Brusatte et 

al., 2015). The Neognathae is further divided into two clades: Galloanserae 

(fowl birds including chickens, ducks, and geese) and Neoaves (all other birds 

except for Palaeognathae and Galloanserae) (Brusatte et al., 2015). The 

modern chicken (Gallus domesticus) was domesticated from the wild red 

junglefowl (Gallus gallus) over 8,000 years ago (Wood-Gush, 1971). Genetic 

selection for high egg or meat production has resulted in two types of chickens 

being used in the commercial poultry industry: broilers (meat chickens) and 

laying hens (egg chickens) (Qanbari et al., 2019). Genetic analysis comparing 

commercial breeds and wild red junglefowl revealed that commercial breeds 

underwent purifying selection during domestication to reduce the frequency of 

slightly deleterious mutations related to production and health within their 

genome (Qanbari et al., 2019). Laying hens, in particular, show lower levels of 

nucleotide diversity (, a pairwise measurement of the degree of different 

polymorphisms across chosen populations) and therefore reduced genetic 

diversity (variation in the genetic makeup among individuals within a 

population) compared to their wild ancestors (Qanbari et al., 2019). 

1.1.1 Evolution and diversification of the avian skull and beak 

As birds evolved from theropod dinosaurs to early avians (like 

Archaeopteryx) to modern birds, their skulls underwent facial shortening, 

enlargement of the cranium and brain itself, enlargement of the premaxilla (top 

beak), restriction and eventual loss of the dentition, and thinning of the bones 

(Bhullar et al., 2015). In addition, as the skull modernised, several bones, such 

as the postorbital bone behind the eye and the ectopterygoid at the back of the 

palate, disappeared (Bhullar et al., 2015). Chickens have retained a latent 

ability to make tooth-like structures (Harris et al., 2006). The chicken talpid2 

line, whose mutants lack oral-facial-digital syndrome 1 (OFD1) protein, 

showed projections on the margins of the jaw and palate that closely 
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resembled first-generation alligator teeth (Harris et al., 2006; Schock et al., 

2015); however, the genes that encode for the dental-specific proteins needed 

to form functional teeth are pseudogenes or are no longer present in the avian 

genome (Sire et al., 2008; Davit-Béal et al., 2009). 

The avian skull is made up of five major bones: frontal, parietal, nasal, 

premaxillary, and dentary (Figure 1.2). The maxillary (top) and mandibular 

(bottom) beaks are dermal derivatives that overlie and extend from the 

premaxillary and dentary bones (see section 1.2). It was originally thought that 

the beak was acted upon by natural selection independently of the skull (Zusi, 

1993); however, more recent evidence suggests this is not the case 

(Kulemeyer et al., 2009; Klingenberg and Marugán-Lobón, 2013; Bright et al., 

2016). Beak and skull morphologies are highly integrated, meaning that 

changes in one correlate to changes in the other. This relationship suggests 

that beak shapes were highly influenced to evolve in specific ways (Bright et 

al., 2016). The evolution of the avian skull and beak is believed to have been 

aided by paedomorphosis, the maintenance of embryonic or juvenile features 

in adults (Bhullar et al., 2012). This means that the skulls of modern day adult 

birds resemble those of their juvenile theropod dinosaur ancestors (Bhullar et 

al., 2012). It has been shown that avian skull shape is the result of four 

paedomorphic events, during the last of which, cranial kinesis appears (Bhullar 

et al., 2012, 2016).  

Cranial kinesis is the significant movement of skull bones relative to each 

other (usually at cranial joints) (Zusi, 1984). In birds, several forms of cranial 

kinesis have been recognised, including the ability to move the maxillary beak 

relative to the skull (Zusi, 1984; Bout and Zweers, 2001). It has been 

suggested that paedomorphosis aided cranial kinesis during avian evolution 

(Bhullar et al., 2016) as it has been found that the adult ancestors of modern 

birds had akinetic (non-moving) skulls (Simonetta, 1960; Hu et al., 2019; Wang 

et al., 2021). Cranial kinesis is associated with thin, light, and flexible bones, 

traits found in adult birds and the embryos and juveniles of other vertebrates. 

This suggests that as the avian skull evolved and the premaxillary bone 



 

5 

 

enlarged, it resembled that of its ancestral juvenile state (Bhullar et al., 2012, 

2016). Recently, it has been reported that fusion of the skull bones, a 

peramorphosis (developmental exaggeration of ancestral adult traits), may 

have occurred after the paedomorphic events and be related to the origin of 

cranial kinesis in modern birds (Plateau and Foth, 2020). Cranial kinesis is 

evolutionarily advantageous as it allows birds to grasp objects precisely, with 

the beak tip acting very similarly to the thumb and forefinger in humans (Bout 

and Zweers, 2001).  

The earliest known beak appeared in the fossil record 85 million years ago 

(Field et al., 2018). The evolution of flight helped drive the diversification of 

beak morphology (Hou et al., 2004). As birds began to use their forelimbs as 

wings, the need for a new feeding mechanism arose. This put selection 

pressure on face morphology resulting in the transformation from snouts into 

a range of beak shapes (Wu et al., 2006). It has been demonstrated that the 

variation in beak shape is an adaptation to diet and ecological niche (Grant 

and Grant, 1993; Soons et al., 2015). However, multiple other factors 

influenced this variation including behavioural tasks such as preening (Clayton 

et al., 2005) and vocalising (Huber and Podos, 2006), the use of the beak for 

thermoregulation (Tattersall et al., 2017), evolutionary history (phylogeny) 

(Felice and Goswami, 2018), and developmental origin (Young et al., 2017). 

1.1.2 Molecular control of beak development and morphology 

The vertebrate face develops from the growth of four facial prominences 

(frontonasal, maxillary, lateral nasal, and mandibular) (Geetha-Loganathan et 

al., 2009). These facial prominences are undifferentiated neural crest-derived 

mesenchyme covered by an epithelial layer (Geetha-Loganathan et al., 2009). 

During early embryonic life (Hamburger-Hamilton (HH) stages 20 to 28), the 

mesenchyme proliferates and results in the contact of the frontonasal mass 

and the maxillary prominence as well as the fusion of the primary palate 

(Geetha-Loganathan et al., 2009). During this time, species-specific 

differences in beak shape, which are dependent on neural crest cells, develop 
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(Schneider and Helms, 2003). The beak, as a distinct outgrowth of tissue, is 

first visible in chicken embryos at HH stage 28 (embryonic day 5.5) 

(Hamburger and Hamilton, 1951). The top beak is derived from the frontonasal 

and paired maxilla primordia, and the bottom beak is derived from paired 

mandibular primordia (Figure 1.1) (Schneider and Helms, 2003). 

 

Figure 1. 1. Origins of beak morphology. (a) The facial ectoderm (fe) and forebrain 

epithelium (fb) surround the frontonasal (fn), maxillary (mx), and mandibular (ma) 

primordia. (b) Neural crest cells produce structures such as the premaxilla (pm), nasal 

capsule (nc), nasal bone (na), frontal cartilage (f), and dentary cartilage (d). Figure 

adapted from Schneider and Helms (2003). 

Two beak tissues determine its morphology: the pre-nasal cartilage and 

the premaxillary bone (Mallarino et al., 2012). These two tissues, and therefore 

beak morphology, are regulated by multiple signalling pathways. The first is 

the frontonasal ectodermal zone (FEZ), a signalling centre comprised of 

expression domains of fibroblast growth factor 8 (FGF8) and sonic hedgehog 

(SHH) genes (Hu et al., 2003). FGF8 is expressed across the dorsal side of 

the face in the developing embryo. It is highly expressed in the part of the 

frontonasal prominence that generates the premaxilla (top beak) (Hu et al., 

2003). SHH is expressed across the ventral side of the face, and its expression 

is closely linked to FGF8 (Hu et al., 2003). The second signalling pathway is 

the Wnt pathway. This pathway is active in the frontonasal prominence 

following FEZ signalling but before skeletogenesis (Brugmann et al., 2007). 
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Wnt signalling plays a role in the generation and migration of neural crest cells, 

which contribute to craniofacial growth (Pasqualetti and Rijli, 2002; Brugmann 

et al., 2007).  

Beak shape development and variation are complex and involve regulation 

by multiple genes (Huang et al., 2022). During chicken embryo development 

(embryonic day 4.5 to 5; HH stages 26 and 27), the genes calmodulin (CAM) 

and bone morphogenetic protein 4 (BMP4) encode proteins that regulate the 

growth of the pre-nasal cartilage (Abzhanov et al., 2004, 2006; Wu et al., 

2006). Differential expression of BMP4 during embryo development in 

Darwin’s finches is correlated with variability in beak morphology (Abzhanov 

et al., 2004; Wu et al., 2004). High levels of BMP4 expression occur in finch 

embryos with wider and deeper beaks, while high expression of CAM occurs 

in embryos with longer beaks (Knief et al., 2012). After HH stage 27, the pre-

nasal cartilage stops growing, and the premaxillary bone develops through HH 

stages 28 to 31 (Mallarino et al., 2012). Three candidate genes have been 

reported to be differentially expressed in the developing premaxillary bone of 

embryos with different beak shapes: transforming growth factor beta receptor 

type 2 (TGFBR2), beta-catenin (CTNNB1), and dickkopf WNT signalling 

pathway inhibitor 3 (DKK3) (Mallarino et al., 2011). High expression of these 

three genes has been associated with longer and deeper beak phenotypes 

(Mallarino et al., 2011; Knief et al., 2012). 

TGFBR2 is part of the TGF-beta pathway and plays a role in the 

craniofacial skeletal development in mammals; however, its role in beak 

morphogenesis is unreported (Ito et al., 2003; Mallarino et al., 2011). CTNNB1 

encodes a subunit of the cadherin protein complex and is an important 

downstream modulator of Wnt signalling, which helps control osteoblast (bone 

cells) production (Hartmann, 2006). There are contrasting results on the role 

of DKK3, which encodes a secreted protein, in Wnt signalling. Some studies 

have reported no effect (Mao et al., 2001, 2002) while others suggest it does 

modulate Wnt signalling (Caricasole et al., 2003; Nakamura and Hackam, 

2010). In mice, DKK3 is expressed during embryonic craniofacial development 
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(Nie, 2005), although its expression is weak and restricted. Few studies have 

examined its role in beak morphogenesis (Mallarino et al., 2011). Overall, 

closely related bird species appear to show high levels of flexibility (time and 

place of gene expression) in the developmental mechanisms that control beak 

shape.  

Quantitative trait loci (QTL) mapping in zebra finches conducted by Knief 

et al. (2012) found four to five genomic regions with significant linkage to beak 

morphology (quantified using length, depth, and width calliper measurements). 

They also reported that eight of the 11 genes associated with beak morphology 

(CTNNB1, BMP4, CAM, FGF8, TGFBR2, SHH, DKK3, and bone 

morphometric protein 7 (BMP7)) were in these regions, which suggests that 

there are still genes that control beak morphology that are yet to be found. The 

authors also reported heritability estimates for the three beak measurements 

ranging from 0.47 to 0.74. They attributed the differences in heritability 

estimates to higher permanent environmental variation in beak length (Knief et 

al., 2012). More recently, Lamichhaney et al. (2015) resequenced the 

genomes of 120 individuals from the entire radiation of Darwin’s finch species 

plus two close relatives. They reported a 240 kilobase haplotype that 

overlapped the entire ALX homeobox gene (ALX1). ALX1 encodes a protein 

that helps regulate the development of craniofacial mesenchyme-derived 

structures (Uz et al., 2010). ALX1 also helps control the migration of neural 

crest cells into the frontonasal primordia, where beak development occurs 

(Dee et al., 2013). Lamichhaney et al. (2015) found that blunt beaked finch 

species showed high homozygosity in a region of ALX1, suggesting that 

natural selection may have caused the blunt beak haplotype to be fixed within 

those populations. 

Qanbari et al. (2019) did whole genome resequencing in different 

populations of chickens (wild red junglefowl, broilers, and laying hens) to 

reveal important selection signatures during domestication and breed 

specialisation. The authors found that two selective sweeps present in all 

populations overlapped the genes for ALX1 and KIT ligand (KITLG) on 
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chromosome 1. This is similar to earlier findings in finches by Lamichhaney et 

al. (2015). KITLG influences plumage pigmentation and ALX1 is associated 

with beak shape variation (Hubbard et al., 2010; Lamichhaney et al., 2015). 

The two regions of high homozygosity centred over these two genes suggest 

that the traits they regulate may have been under selection before 

domestication (Qanbari et al., 2019). Along with ALX1, Lamichhaney et al. 

(2016) found a region in the genome containing the high mobility AT-hook 2 

protein (HMGA2) gene. This gene was found to vary between species of 

Darwin’s finch with different beak sizes. HMGA2 encodes a chromatin-

associated protein that potentiates the effects of other transcription factors 

(Pfannkuche et al., 2009). It was identified as a potential candidate gene 

because it is associated with human craniofacial distance and tooth eruption 

(Fatemifar et al., 2013; Lamichhaney et al., 2016). A variant of HMGA2 has 

also been associated with body size in chickens, suggesting that there may be 

a relationship between beak and body size (also known as allometry) in 

chickens (Song et al., 2011). 

In bone formation, osteoblasts are cells that synthesise bone tissue and 

osteoclasts are cells that degrade it. Cheng et al. (2017) reported that two 

genes, fibroblast growth factor 13 (FGF13) and integrin-beta 3 (ITGB3), may 

affect beak shape by regulating the formation of osteoblasts and osteoclasts. 

Injection of FGF13 into chicken embryos increased the maxillary and 

mandibular beak length ratio and the number of osteoblasts relative to controls 

(Cheng et al., 2017). The authors hypothesised that FGF13 caused an 

elongation of the maxillary beak by increasing osteoblast formation, thereby 

increasing the proliferation of bone tissue. FGF13 is involved in the production 

of osteoblasts that regulate bone deposition in the face and beak during 

development (Marie, 2003; Hall et al., 2014; Ealba et al., 2015). ITGB3 is an 

adhesion receptor expressed in osteoclasts and plays a key role in the 

interaction of osteoclasts with bone substrates during bone resorption 

(McHugh et al., 2000; Purdue et al., 2014). Cheng et al. (2017) showed that 

chicken embryos injected with ITGB3 had fewer osteoclasts than controls, 
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suggesting that the ITGB3-treated embryos had more osteoclasts participating 

in bone resorption. This osteoclast-predominant bone resorption negatively 

affects beak length during development (Ealba et al., 2015). Cheng et al. 

(2017) suggested that more osteoclasts in the mandibular beak could 

participate in bone resorption compared to the maxillary beak, thus, shortening 

the mandibular beak length and causing an increased length ratio between the 

maxillary and mandibular beak. Both genes were found to affect the maxillary 

and mandibular beaks; however, Cheng et al. (2017) suggested that due to 

higher expression in the maxillary beak, the two genes affect the maxillary 

beak length more than the mandibular.  

Huang et al. (2022) performed a genome-wide association study (GWAS) 

on a beak length trait in a domestic breed of Chinese goose. They identified 

that the genes coiled-coil domain containing 149 (CCDC149), leucine-rich 

repeat LGI family member 2 (LGI2), and O-phosphoseryl- tRNA(Sec) selenium 

transferase (SEPSECS) were the most plausible candidate genes for beak 

length development and hypothesised that these genes, along with others, 

regulate beak length. CCDC149 is expressed ubiquitously in the brain and 

appears to play a key role in brain development (Fagerberg et al., 2014), 

although its role in beak development is still unclear. Both LGI2 and SEPSECS 

are genes related to neurological disorders and may affect brain maturation 

and function, and, therefore, beak development (Gu et al., 2005; Puppala et 

al., 2016). Like the FGF13 gene that Cheng et al. (2017) identified, LGI2 plays 

a key role in synaptic transmission. In addition, it may regulate intracranial 

bone formation, and therefore beak formation, in the brain (Huang et al., 2022).  
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1.2 Anatomy and innervation of the chicken beak 

 

1.2.1 Anatomy 

The beak is a highly specialised and complex organ that serves many 

important functions including feeding, drinking, grooming, parasite removal, 

and defence (Lunam, 2005). In chickens, the natural shape of the beak 

resembles that of a hook, with the sharp tip of the top beak extending over the 

bottom beak. The structure of the maxillary (i.e., top) beak is provided by the 

premaxillary bone, which extends to the beak tip and the structure of the 

mandibular (i.e., bottom) beak is provided by the fusion of the mandibular 

bones (also referred to as the dentary bone) (Figure 1.2) (Lunam, 2005).  

 

 

Figure 1. 2. Lateral view of a chick cranial skeleton. Figure adapted from Jollie (1957). 

The external surface of the beak is covered by an acellular keratinised 

layer known as the rhamphotheca (Figure 1.3). The rhamphotheca can be 

further divided into the rhinotheca (covering the maxillary beak) and 

gnathotheca (covering the mandibular beak) (Urano et al., 2018). Immediately 

below the rhamphotheca lies the epidermis, which consists of several layers 

of squamous epithelial cells. These epithelial cells undergo division and 
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migrate towards the external surface of the beak, where they produce 

keratohyalin granules and degenerate to form the rhamphotheca. The dermis 

is the layer of tissue that lies between the epidermis and the periosteum of the 

bone. This layer comprises loose, non-fatty, dense collagen fibres and 

contains many nerve endings, blood vessels, and sensory receptors (Lunam, 

2005). 

 

Figure 1. 3. Sagittal section through the maxillary beak of a non-beak treated day-old 

chick. The rhamphotheca (R), epidermis (E), and dermis (D) are visible. Multiple large 

nerve endings (NE, Herbst corpuscles) and mature collagen bundles (C) are present 

within the dermis between the premaxillary bone (PM) and the epidermis. H&E 

staining. Magnification 4x. Figure adapted from Struthers et al. (2019b). 

1.2.2 Innervation 

The chicken beak is innervated with sensory, sympathetic, and 

parasympathetic neurons, which derive from cranial neural crest cells (Le 

Douarin et al., 2004; Lunam, 2005). The top beak receives sensory neurons 

from the ophthalmic branch of the trigeminal nerve and parasympathetic and 

sensory innervation from the facial nerve. Sensory neurons from the facial 
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nerve come from the geniculate ganglion, and parasympathetic neurons are 

from the dorsal sphenopalatine and ethmoid ganglia (Lunam, 2005). The 

bottom beak receives sensory innervation from the trigeminal nerve’s 

intramandibular branch and the facial nerve’s chorda tympani branch (Gentle, 

1984). The anterior region of the bottom beak is also innervated by 

parasympathetic fibres from the mandibular ganglion (Lunam, 2005).  

1.2.3 Sensory receptors 

The different types of sensory receptors that have been identified in the 

beak include mechanoreceptors, thermoreceptors, magnetoreceptors, and 

nociceptors. These receptors play important roles in the perception of heat, 

cold, and noxious stimuli (Cheng, 2006). Chicken beaks contain two types of 

encapsulated mechanoreceptors, Herbst and Grandry corpuscles. Herbst and 

Grandry corpuscles are the avian equivalents of the Pacinian corpuscle and 

Merkel cells in mammals, respectively. Both the Herbst and Grandry 

corpuscles are in the beak tissue and skin. Within the beak, they receive 

innervation via large-diameter sensory neurons extending from the trigeminal 

nerve. These receptors respond to mechanical stimuli and provide fine tactile 

discrimination, allowing birds to distinguish and select between food and non-

food particles (Lunam, 2005). 

Both receptors have a similar distribution within the top beak of the chicken 

and decrease in number from the beak tip to the nares (Gentle et al., 1997). 

Herbst corpuscles are found in the dorsal dermis layer near the beak tip 

whereas Grandry corpuscles are found in the ventral dermis towards the beak 

tip (Lunam, 2005). In the bottom beak, Herbst corpuscles are similarly found 

in the dorsal dermis close to the beak tip while Grandry corpuscles lie adjacent 

to the oral cavity floor in the dermis (Lunam, 2005). Iron deposits have been 

observed in the nerves of the top beak in chickens and are thought to play an 

important role in magnetoreception (Falkenberg et al., 2010). 

Magnetoreceptors are sensory receptors that enable chickens to orient 
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themselves in small areas using the Earth’s magnetic field (Wiltschko and 

Wiltschko, 2013). 

1.2.4 Free nerve endings 

The beak also contains free nerve endings, sensitive to noxious stimuli 

(Gentle, 1992). These nerve endings are located in the dermis layer and are 

concentrated in the tip of the top beak (Gentle et al., 1997) and the bill tip organ 

of the bottom beak (Gentle and Breward, 1986). These nerve endings are the 

terminals of unmyelinated C-fibres and myelinated A-delta sensory neurons 

from the trigeminal nerve (Lunam, 2005). There is evidence that different 

populations of free nerve endings exist within the chicken beak and these 

populations differ in their neuropeptide content with some nerve fibres 

immunohistochemically labelling for either substance P or calcitonin-gene 

related peptide (CGRP) (Lunam and Glatz, 1995). Studies conducted with 

mammals have shown that substance P and CGRP act as neurotransmitters 

during nociceptive (pain) responses (Lawson, 1995; Lu et al., 2003). What has 

been found in mammalian nociceptors suggests that the free nerve endings 

found in the chicken beak, which similarly label for substance P and CGRP, 

act as avian nociceptors (Lunam, 2005). 

1.3 Injurious pecking in chickens 

 

Injurious pecking is a term that encompasses many different types of 

pecking behaviours in poultry that are directed towards the plumage and body 

of recipient birds and cause variable amounts of physical injury (Lambton et 

al., 2013; Giersberg et al., 2020). Feather pecking is defined as the “non-

aggressive pecking at, plucking of, and often also removing and ingesting of 

the feathers of recipient birds” (Savory, 1995; Giersberg et al., 2020). Feather 

pecking is often directed at the back, tail, and vent areas (Rodenburg et al., 

2013). It can be further divided into two different forms: gentle feather pecking 

and severe feather pecking. The remainder of this thesis (including 

experimental work) will focus primarily on severe feather pecking.  
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Tissue pecking or cannibalism in poultry is defined as pecking at, tearing, 

and consuming blood and body tissues of conspecifics, while they are alive or 

after death (Cloutier et al., 2002). Cannibalism frequently results from severe 

feather pecking as denuded body areas are continually pecked at (Savory, 

1995). It occurs in every type of housing system; however, it is more often seen 

in extensive systems as the feather peckers have access to a greater number 

of potential victims and it can be difficult to identify and remove the peckers 

from the flock (Rodenburg et al., 2012). The factors that influence cannibalism 

are poorly understood but it can account for a significant percentage of overall 

flock mortality (Gentle et al., 1997; Kjaer and Sørensen, 2002).  

Feather pecking and cannibalism are socially transmitted in poultry 

(Zeltner et al., 2000; Cloutier et al., 2002). There are two proposed 

mechanisms for its transmission: imitation and stimulus enhancement (Cloutier 

et al., 2002). Imitation involves conspecifics directly copying the bird who is 

displaying the behaviour. Stimulus enhancement involves the bird who is 

displaying the behaviour drawing attention to specific features on the recipient 

(feathers, blood, etc.) that causes other birds to peck at the same features 

(Cloutier et al., 2002).  

1.3.1 Other types of pecking behaviour (excluding severe feather 

pecking) 

There are many different types of pecking that poultry engage in, some of 

which can have negative consequences for welfare. Since this thesis focuses 

on severe feather pecking, it will be addressed on its own (section 1.3.2). 

Gentle feather pecking. Pecking that is directed at the plumage of 

conspecifics that does not result in damage or injury (Savory, 1995). It is often 

directed at particles on the plumage rather than the feathers themselves. 

Vent pecking. Form of cannibalistic pecking aimed at the vent (or cloaca) 

(Lambton et al., 2013). Most often observed after birds reach sexual maturity 
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and enter lay. Young hens entering lay and laying large eggs can result in 

uterine prolapses. Vent pecking can be initiated by these prolapses as there is 

often blood or exposed tissue which can attract other birds and stimulate 

pecking (Savory, 1995; Rodenburg and Koene, 2004). 

Toe pecking. Another form of cannibalistic pecking aimed at the toes of 

conspecifics that causes the recipient bird to react (Buitenhuis et al., 2003b). 

The behaviour is not well-reported, but it can lead to increased mortality and 

decreased growth if not addressed (Glatz and Bourke, 2006). There appears 

to be a relationship between feather damage and toe pecking, as Leonard et 

al. (1995) reported that hens that had feather damage also received more toe 

pecks than hens that did not.  

Aggressive pecking. Normal behaviour used to maintain social 

dominance within a flock and is not considered to be a form of injurious pecking 

(Savory, 1995). This type of pecking is directed at the head and is forceful 

enough to make the recipient bird flinch and/or vocalise. Aggressive pecking 

can cause comb damage and in instances of continuous pecking, severe injury 

or mortality (Savory, 1995). 

1.3.2 Severe feather pecking 

Chickens use their beaks to eat and drink, explore their environment, build 

nests, maintain their plumage, and establish social order (through aggressive 

pecking); however, beyond these functions, birds can develop maladaptive 

beak-related behaviours such as severe feather pecking. Severe feather 

pecking involves pecking at, pulling, and removing individual feathers, 

resulting in bare skin on the body (Savory, 1995). These denuded areas can 

become targets for increased pecking resulting in haemorrhage and 

cannibalism. This behaviour is more forceful or vigorous than gentle feather 

pecking. Severe feather pecking can also be classified as feather pulling 

(Hartcher et al., 2015a) but is distinct from aggressive pecking as aggressive 
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pecking typically is more often directed at the head rather than the body 

(Savory, 1995; Gilani et al., 2013; Hartcher et al., 2015a).  

Severe feather pecking can cause damage to the integument of the birds, 

often resulting in wounds and mortality, and its prevalence in non-cage laying 

hen flocks can be as high as 80 percent (Blokhuis et al., 2007; Lambton et al., 

2010; Gilani et al., 2013). Therefore, this behaviour is a serious welfare and 

economic concern as the loss of feathers can result not only in pain and 

mortality but in increased feed costs and poor feed efficiency (Leeson and 

Walsh, 2004). It is difficult to determine the exact economic cost of severe 

feather pecking; however, it has been reported that feather loss can increase 

feed intake by 40 percent and overall egg production costs by 7 to 12 percent 

(Glatz, 2001; Blokhuis et al., 2007; Rodenburg et al., 2013). In addition, this 

behaviour is often a precursor to cannibalism, which can spread rapidly 

through a flock once initiated (Glatz, 2000).  

There are two hypotheses that explain the motivation to perform severe 

feather pecking behaviour. The first hypothesis is that feather pecking is 

redirected dustbathing behaviour (Vestergaard and Lisborg, 1993); however, 

this theory is no longer supported. It was thought that in the absence of 

appropriate dustbathing substrate, the behaviour was redirected towards the 

plumage of other birds. The problem with this hypothesis is that dustbathing is 

performed relatively infrequently in laying hen flocks, and severe feather 

pecking occurs even without dustbathing (Savory, 1995). The second 

hypothesis is that feather pecking is redirected foraging or ground pecking 

behaviour (Blokhuis, 1986). In this case, foraging or ground pecking behaviour 

that would normally be directed towards substrate or particles on the ground 

is redirected towards the feathers. An inverse relationship between foraging 

behaviour and feather pecking has been found (Huber-Eicher and Wechsler, 

1998), with birds reared on litter engaging in less feather pecking compared to 

birds that had been reared on wire floors (Blokhuis and Arkes, 1984; Huber-

Eicher and Wechsler, 1997). However, more recent studies have found results 

inconsistent with this hypothesis (Newberry et al., 2007; Dixon et al., 2010; 
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Bessei et al., 2018; Iffland et al., 2021; Rudkin, 2022). Newberry et al. (2007) 

concluded that severe feather pecking does not directly substitute foraging 

behaviour, but rather, birds that forage more are also more likely to perform 

severe feather pecking. Foraging behaviour is thought to have two underlying 

motivations: the search for (appetitive phase) and consumption 

(consummatory phase) of food and exploring the environment. Rudkin (2022) 

proposed a modified hypothesis: severe feather pecking is a redirection of the 

appetitive component of environmental exploration rather than the appetitive 

component of food searching. 

1.3.2.1 Factors that influence severe feather pecking 

Multiple factors, both internal and external, have been shown to influence 

severe feather pecking. A widely recognised external factor is light intensity. 

Feather pecking often increases in frequency and severity as light intensity 

increases (Hughes and Duncan, 1972; Kjaer and Vestergaard, 1999). 

Dimming the lights, thereby lowering light intensity, is often the first step 

commercial producers take once feather pecking has been observed within a 

flock. Decreasing light intensity is thought to help control feather pecking by 

reducing the reflectivity and colour of the plumage of other birds and reducing 

overall flock activity level (Bright, 2007; Nicol et al., 2013). However, dimming 

the lights too low can have negative impacts on eye development and health 

(Harrison et al., 1968; Jenkins et al., 1979). Light intensity may also influence 

what type of feather pecking birds engage in, with birds showing more gentle 

feather pecking than severe feather pecking under lower light intensities (Kjaer 

and Vestergaard, 1999).  

The physical characteristics of the housing system that birds live in can 

also play a role in the incidence of feather pecking. For example, birds housed 

on litter floors (wood shavings, peat moss, etc.) performed less feather pecking 

than birds housed on wire or slatted floors (Nicol et al., 2001; Dixon and 

Duncan, 2010). As important as the type of flooring is the timing of exposure 

to the substrate. Exposure to peat moss during early life did not reduce the 
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incidence of feather pecking (Dixon and Duncan, 2010); however, early access 

to litter such as straw or wood shavings did (Huber-Eicher and Wechsler, 1997; 

Nicol et al., 2001; de Jong et al., 2013). The inclusion of environmental and 

destructible enrichment objects (blunting boards, string, pecking stones and 

blocks, and lucerne bales) also appears to help decrease feather pecking 

levels (Nicol et al., 2001; Jones et al., 2002; van Hierden et al., 2002a; McAdie 

et al., 2005; Zepp et al., 2018; van Staaveren et al., 2021); however, their 

overall long-term effectiveness and applicability to commercial farms may be 

limited (Morrissey et al., 2016). A possible explanation for why enrichment use 

does not fully eliminate feather pecking behaviour is that the enrichment 

objects may not fully satisfy the motivation for performing the pecking 

behaviour in the first place (Swaisgood and Shepherdson, 2006). Lowering 

stocking density with the inclusion of environmental enrichments (pecking 

stones, pecking blocks, and lucerne bales) also reduces the incidence of 

feather pecking (Hughes and Duncan, 1972; Zepp et al., 2018).  

The nutritional composition and feed form of the diet are also known to 

influence feather pecking behaviour. Diets deficient in protein (particularly the 

amino acids methionine and cysteine) result in poorer feather cover and higher 

mortality due to cannibalism (Hughes and Duncan, 1972; Ambrosen and 

Petersen, 1997). In commercial systems, laying hens do not have to forage for 

their food, increasing the time available for performing other behaviours, such 

as feather pecking. When feed is presented in pellet form compared to a mash, 

damage from feather pecking is higher (Savory et al., 1999; El-Lethey et al., 

2000). In addition to feed form, a diet high in fibre may also decrease the time 

spent feather pecking by altering hens’ activity budgets. It has been found that 

high-fibre diets resulted in hens spending more time at the feeder consuming 

feed and less time pecking (Van Krimpen et al., 2005). This may be because 

adding fibre dilutes the diet, which means hens need to eat more to meet their 

energy and protein requirements. 

Significant variation in the propensity to feather peck exists between 

genetic lines, strains, and individual birds. Although brown-feathered birds are 
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thought to be more docile, less fearful, and show less feather pecking 

compared to white-feathered strains (Hughes and Duncan, 1972; Uitdehaag 

et al., 2009), several studies have suggested that brown-feathered strains may 

be more prone to feather pecking and cannibalism than previously believed 

(Abrahamsson and Tauson, 1995; Kjaer, 2000; Odén et al., 2002; Keeling et 

al., 2004; Struthers et al., 2019a). Genetic lines exhibiting either high or low 

feather pecking have also been developed and extensively studied in relation 

to differences in behavioural and production traits (Kjaer and Sørensen, 1997; 

Kjaer et al., 2001; Rodenburg et al., 2003; Su et al., 2006; Kjaer, 2009). 

Cuthbertson (1980) suggested that some individual birds were more likely to 

be victims of feather pecking; however, a later study by Kjaer and Sørensen 

(1997) found that the heritability of receiving feather pecks was not significantly 

different from zero. 

Feather pecking is often initiated or increases in frequency at the onset of 

lay (Hughes and Duncan, 1972; Hughes, 1973; Bilčík and Keeling, 1999), 

suggesting that gonadal hormones may play a role in the aetiology of the 

behaviour. This is further supported by the fact that feather pecking is more 

commonly observed in female birds compared to males (Hughes, 1973; 

Jensen et al., 2005). In addition, Hughes (1973) found that a hormonal implant 

in pullets containing progesterone and oestrogen caused a significant increase 

in feather pecking, whereas an implant containing testosterone prevented the 

rise in feather pecking commonly observed at first lay. 

Other steroid hormones, such as the stress hormone corticosterone, may 

also affect feather pecking behaviour (El-Lethey et al., 2001). There appears 

to be a difference in coping strategies between birds genetically selected for 

either high or low feather pecking, and the differences between the coping 

strategies can be attributed to differences in plasma corticosteroid levels 

(Koolhaas et al., 1999). A coping strategy is defined as the way an animal 

responds (both behaviourally and physiologically) consistently at different 

times and in different situations (Koolhaas et al., 1999). Birds selected for high 

feather pecking showed more of a proactive coping strategy (behaviour is 
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influenced more by internal mechanisms rather than the environment), 

whereas birds in the low feather pecking line were reactive copers meaning 

they react more to environmental stimuli (Koolhaas et al., 1999; van Hierden 

et al., 2002b). Van Hierden et al. (2002b) found that birds from a high feather 

pecking line exhibited lower corticosterone levels in response to stress 

(manual restraint) compared to birds from the low feather pecking line. This 

agrees with other findings on hens from the same high or low feather pecking 

lines (Korte et al., 1997) and lends support to the idea that the high feather 

pecking line birds are proactive copers and the low feather pecking line birds 

are reactive copers. While having lower corticosterone levels may appear 

beneficial, there is evidence that the proactive coping strategy may result in 

the development of maladaptive behaviours such as feather pecking 

(Koolhaas et al., 1999).  

However, the results from more recent studies contradict those of earlier 

studies. Kjaer and Guémené (2009) found that birds from a high feather 

pecking line had higher adrenal reactivity (higher plasma corticosterone) 

compared to low feather pecking birds. Similarly, Rodenburg et al. (2009) 

found that birds that were group-selected for low mortality over two 

generations had lower plasma corticosterone and higher whole-blood 

serotonin levels compared to a randomly selected control line. Van der Eijk et 

al. (2019a) did not find a clear link between feather pecking phenotypes (high 

or low feather pecking) and coping style as there were no differences in 

corticosterone levels between the high and low feather pecking lines. One 

explanation for the differences in findings between the older and more recent 

studies may be that the high and low feather pecking lines that were used in 

the older studies (Korte et al., 1997; van Hierden et al., 2002b) were of 

commercial origin and may have been influenced by traits other than feather 

pecking (Kjaer and Guémené, 2009). It is also possible that the limited time 

frame spent observing feather pecking behaviour in some of the newer studies 

accounts for the differences between studies (van der Eijk et al., 2019a). 
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There is evidence that neurotransmitters such as dopamine and serotonin 

play a role in the development and modulation of feather pecking (van Hierden 

et al., 2002b, 2004a; Kjaer et al., 2004; Bolhuis et al., 2009). Hens that were 

given an injection of haloperidol, a dopamine receptor antagonist, feather 

pecked less frequently compared to hens given an injection of saline (Kjaer et 

al., 2004). Similar results have been observed in hens given injections of a 

serotonin receptor agonist (van Hierden et al., 2004a). Birds that are selected 

for high feather pecking have been found to have lower serotonin turnover in 

the forebrain (van Hierden et al., 2004a) and dietary supplementation of the 

amino acid L-tryptophan (which serotonin is synthesised from) may decrease 

the overall frequency of severe feather pecking (Savory et al., 1999; van 

Hierden et al., 2004b). L-tryptophan also increased plasma corticosterone 

levels in response to stress in birds from the low feather pecking line which is 

in agreement with previous studies (Korte et al., 1997; van Hierden et al., 

2002b) and lends further support to the idea that birds selected for either high 

or low feather pecking cope with external stressors differently.  

Stimulation of specific immune responses during early life may also 

predispose laying hens to feather pecking when they are adults (Parmentier et 

al., 2009). Buitenhuis et al. (2004) found that hens selected for high feather 

pecking had higher levels of specific humoral immunity compared to the low 

feather pecking line. The authors also reported a high genetic correlation 

between severe feather pecking behaviour and antibody response level. 

Laying hens given high doses of the protein antigen human serum albumin 

showed significantly more feather damage and a greater humoral immune 

response than hens given no dose (Parmentier et al., 2009). Hens selected for 

high feather pecking have also been found to have a more responsive immune 

system (van der Eijk et al., 2019b). Van der Eijk et al. (2019b) examined nitric 

oxide production by monocytes, specific antibody titres, and natural antibody 

titres in hens from high and low feather pecking lines. Nitric oxide production 

by monocytes was used as an indicator of innate pro-inflammatory immune 

functioning, specific antibody titres gave an indication of the adaptive immune 
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response, and natural antibodies were measured as they play a role in both 

adaptive and innate immunity (van der Eijk et al., 2019b). Divergent selection 

for high or low feather pecking resulted in the high feather pecking line having 

higher nitric oxide production compared to the low feather pecking line (van 

der Eijk et al., 2019b). The high feather pecking line also had higher specific 

antibody titres for immunoglobulins G (IgG) and M (IgM), higher natural 

antibody titres for IgG and lower natural antibody titres for IgM. These results 

agree with those from previous studies (Buitenhuis et al., 2004, 2006; Sun et 

al., 2013; van der Eijk et al., 2019a) and indicate an increased immune 

responsiveness in the high feather pecking line.  

This increased responsiveness may cause birds to respond stronger when 

their immune system is challenged or when they are vaccinated (van der Eijk 

et al., 2019b). The higher levels of IgG natural and specific antibody titres in 

the high feather pecking line suggest increased inflammation caused by pro-

inflammatory cytokines and IgG (Wigley and Kaiser, 2003; Aschermann et al., 

2010). The production of these cytokines is regulated by the genes nuclear 

factor-kappa-B (NFKB) and chemokine ligand 4 (CCL4) (Li and Verma, 2002; 

Mantovani et al., 2004), which has been linked to feather pecking previously 

(Biscarini et al., 2010). These genes are discussed in more detail in the 

following section. The production of cytokines alters the transmission of 

neurotransmitters such as serotonin and dopamine as well as increases the 

susceptibility to stress (Schmidt et al., 2003; Miller et al., 2013). Lower 

neurotransmitter activity and increased sensitivity to stress are thought to 

predispose laying hens to feather peck, especially in the high feather pecking 

line (Kjaer and Guémené, 2009; Kops et al., 2017). 

1.3.2.2 Genetic background of severe feather pecking 

Severe feather pecking is a behaviour that is influenced by the social 

interactions among group members so the genetic components affecting 

feather pecking can be split into two categories: the direct genetic effects of an 

individual’s genotype and the indirect genetic effects of its cage mates’ 
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genotypes (Bijma et al., 2007a; b). The direct genetic effect is an individual’s 

susceptibility to receiving feather pecks, and the indirect genetic effect is the 

tendency to perform feather pecking (Biscarini et al., 2010). More single 

nucleotide polymorphisms (SNPs) are associated with the indirect genetic 

effect on severe feather pecking. Biscarini et al. (2010) found 11 SNPs with 

significant associations for the direct genetic effect and 81 SNPs with 

significant associations for the indirect. In addition, the authors found two 

SNPs on the genes monoamine oxidase A (MAO-A) and 5-hydroxytryptamine 

receptor 2C (HTR2C) associated with higher levels of plumage damage in an 

analysis of direct genetic effects. Similarly, van der Poel et al. (2011) found 11 

and 57 significant SNPs for the direct and indirect genetic effects, respectively. 

Two SNPs were linked to plumage condition in both the direct and indirect 

models and were located on the genes HTR2C and interleukin 9 (IL9) (van der 

Poel et al., 2011). The genes identified by these studies are discussed in more 

detail below. 

Therefore, there is more genetic influence on the tendency to perform 

severe feather pecking. In young chicks, a significant QTL for receiving gentle 

feather pecks was detected on chromosome 1, while suggestive QTLs were 

detected on chromosomes 2, 6, 7, and 10 (Buitenhuis et al., 2003a; b). In older 

hens, suggestive QTLs were found on chromosomes 1, 2, and 5 (Buitenhuis 

et al., 2003a; b). A significant QTL for severe feather pecking was also 

detected on chromosome 2 (Buitenhuis et al., 2003a). The QTLs on 

chromosome 2 identified for gentle and severe feather pecking were more than 

100 centimorgans apart and it is unlikely that these QTL were the same as 

they were detected under different genetic models (Buitenhuis et al., 2003a). 

The difference in QTL detected for receiving gentle feather pecks led the 

authors to suggest that the trait is regulated by different genes at different ages 

(Buitenhuis et al., 2003a; b). In contrast, Jensen et al. (2005) found one 

putative QTL for feather pecking on chromosome 3. In both studies, the QTL 

detected had low explanatory value suggesting that feather pecking behaviour 

is either controlled by many genes, with each gene having a minor effect or 
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that the environment has a large impact on the development of the behaviour 

(Jensen et al., 2005). 

Keeling et al. (2004) investigated whether plumage phenotype 

predisposed birds to be victims of feather pecking. Damage from feather 

pecking had a highly significant QTL that corresponded with the dominant 

white locus. The dominant white allele at this locus inhibits feather 

pigmentation (Keeling et al., 2004) and is caused by a 9-base pair insertion in 

exon 10 on premelanosome protein (PMEL17), a gene that controls plumage 

pigmentation (Keeling et al., 2004; Kerje et al., 2004). Birds that are hetero- or 

homozygous for the dominant white allele were found to be less vulnerable to 

feather pecking compared to birds that are homozygous for the recessive allele 

(Keeling et al., 2004). Feather pecking behaviour may also be stimulated by 

the frequency at which the two PMEL17 phenotypes (white-feathered or 

pigmented) occur in a flock, as Keeling et al. (2004) found that a higher 

frequency of pigmented birds resulted in more feather pecking, which agrees 

with previous studies (Abrahamsson and Tauson, 1995; Kjaer, 2000; Odén et 

al., 2002). 

The serotonergic and dopaminergic systems are genetically associated 

with feather pecking. Flisikowski et al. (2009) reported a highly significant 

association between two sub-haplotypes for the dopamine receptor D4 gene 

(DRD4) and feather pecking behaviour in both experimental (high versus low 

feather pecking) and commercial laying hen lines. The authors also found that 

DRD4’s neighbouring gene deformed epidermal autoregulatory factor 1 

(DEAF1), which regulates the transcription of serotonin, is a possible 

candidate gene for feather pecking as well. However, more recent findings 

from Lutz et al. (2017) do not support this, as the authors found no significant 

differential expression for either DRD4 or DEAF1 in the high and low feather 

pecking lines.  

Wysocki et al. (2013) examined variation in gene expression in the brain 

tissue of birds selected for either high or low feather pecking. Using real-time 
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quantitative PCR (RT-qPCR) analysis, they identified four potential genes that 

may be involved in feather pecking behaviour: 5-hydroxytryptamine (serotonin) 

receptor 1B (HTR1B), survival of motor neuron protein-interacting protein 1 

(SIP1), presenilin 1 (PSEN1), and glutamate-ammonia ligase (GLUL). HTR1B 

on chromosome 3 plays a role in controlling the release of neurotransmitters 

(Hoyer et al., 2002). This gene modulates abnormal behaviour in other 

species, such as rats, where overexpression results in high anxiety (Clark et 

al., 2002). Wysocki et al. (2013) found that expression of HTR1B was higher 

in hens from a high feather pecking line, further supporting that the gene 

indicates anxiety and abnormal behaviour. Although SIP1 was the most 

differentially expressed and upregulated candidate gene in the brain tissue of 

the hens, Wysocki et al. (2013) did not find a clear association between feather 

pecking behaviour and SIP1 expression. However, it may be linked to the 

serotonergic and dopaminergic systems. SIP1 has previously been implicated 

in migraines in humans, often treated using serotonin and dopamine therapies 

(Sabayan et al., 2007).  

The effect of PSEN1 on feather pecking has yet to be determined; 

however, in humans, it is highly expressed in brain tissue and is involved with 

neurological diseases such as Alzheimer’s disease (Nizzari et al., 2012). The 

fourth candidate gene is GLUL, which encodes an enzyme that is involved in 

the synthesis of glutamine from glutamate and ammonia and has 

neuroprotective properties (Sequeira et al., 2009). GLUL expression is 

downregulated in the brains of chickens selected for high feather pecking 

(Wysocki et al., 2013). Downregulation of GLUL results in higher levels of 

glutamate, which can cause neuronal injury and may affect the dopaminergic 

system, which has previously been linked with feather pecking (Kjaer et al., 

2004; Flisikowski et al., 2009; Wysocki et al., 2013). 

Two other genes that were differentially expressed but not validated via 

qPCR in the same study were MAO-A and translocator protein (TSPO) 

(Wysocki et al., 2013). MAO-A is important for normal brain function as it 

encodes an enzyme that catalyses the deamination (removal of an amino 
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group) from neurotransmitters like serotonin and dopamine (de Haas and van 

der Eijk, 2018). An earlier study by Biscarini et al. (2010) also reported a SNP 

in a region of MAO-A on chromosome 1 that was associated with feather 

damage from feather pecking. The role of TSPO in severe feather pecking 

behaviour has yet to be determined, but in humans, TSPO plays a role in the 

immune response, steroid synthesis, and apoptosis (programmed cell death) 

(Casellas et al., 2002; Lee et al., 2020).  

The gene HTR2C located on chromosome 4 has also been identified in 

multiple studies (Biscarini et al., 2010; van der Poel et al., 2011; Grams et al., 

2015b; Yao et al., 2017). HTR2C encodes for a serotonin receptor, and a 

mutation within the gene has been associated with increased feather damage 

in laying hens (Biscarini et al., 2010; Yao et al., 2017). Yao et al. (2017) also 

found that expression of HTR2C was upregulated in the right cerebrum of a 

Chinese blue-shelled layer line that exhibited high feather damage, suggesting 

that this brain subregion helps regulate feather pecking behaviour.  

Using data from a long-term selection study for high and low feather 

pecking (Kjaer et al., 2001), Grams et al. (2015b) identified 17 genome-wide 

significant SNPs, most of which were located on chromosomes 3 and 4, and 

the majority of these SNPs were located within 13 clusters (a cluster contained 

a minimum of two significant SNPs with less than three megabases between 

them). Although multiple candidate genes have been suggested, with two of 

the genes (HTR1B and HTR2C) being located on chromosomes 3 and 4, 

respectively (Keeling et al., 2004; Flisikowski et al., 2009; Biscarini et al., 2010; 

Wysocki et al., 2013), none of these genes were located in the clusters 

identified by Grams et al. (2015b). 

The GABAergic (gamma-aminobutyric) system also appears to be 

important in the development of feather pecking behaviour. Lutz et al. (2017) 

found eight genes that were differentially expressed in the brains of birds that 

were selected for either high or low feather pecking. Two of these genes were 

found to be linked to the monoamine (serotonin and dopamine) and 
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GABAergic signalling pathways, which influences both feather pecking and 

aggressive behaviour (van Hierden et al., 2002b, 2005; Kops et al., 2013a; b, 

2014). The feather pecking positional candidate gene, solute carrier family 12 

member 9 (SLC12A9), belongs to a gene family that encodes electroneutral 

cation-chloride cotransporters (Gagnon and Delpire, 2013). Although the 

function of SLC12A9 is unknown, similar SLC12 transporters have a crucial 

role in the GABAergic system, which is related to the serotonergic system 

(Feng et al., 2001; Blaesse et al., 2009).The positional candidate gene for 

aggressive behaviour was G protein subunit gamma 2 (GNG2), which is 

involved in postsynaptic signalling at both serotonin and dopamine synapses 

(Lutz et al., 2017).  

Brinker et al. (2018) aimed to identify SNPs associated with the direct and 

indirect genetic effects of survival time in laying hens. They found a SNP 

located on chromosome 2 that was associated with the gamma-aminobutyric 

acid type B receptor subunit 2 (GABBR2) gene. The authors reported that this 

SNP had a positive effect on the survival of an individual (direct genetic effect) 

as well as the survivability of its group mates (indirect genetic effects). 

GABBR2 encodes a GABA receptor subunit. GABA signalling regulates 

neurotransmitter levels in the brain by inhibiting neuronal activity (Brinker et 

al., 2018). Previous research in other species has found that GABA levels 

influence an animal’s response to stress and the development of abnormal 

behaviours (Poshivalov, 1981; de Almeida et al., 2005; Takahashi et al., 2010, 

2012; Zhang et al., 2012). For example, activation of GABA receptors resulted 

in increased aggression and reduced sociability in mice (Poshivalov, 1981; 

Takahashi et al., 2010). Brinker et al. (2018) found a second SNP also located 

on chromosome 2. This SNP was associated with the protein tyrosine 

phosphatase receptor type N2 (PTPRN2) gene and has been implicated in 

multiple diseases (Hale et al., 2017); however, the authors concluded that it 

was falsely associated with survival time as there was no clear peak in the 

region on chromosome 2. More recently, mapping of selection signatures in 

high and low feather pecking lines did not reveal any significant SNPs, 
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however, a genome-wide association study (GWAS) revealed the presence of 

QTL influencing the number of feather pecks delivered and the probability of 

extreme feather peckers in a region on chromosome 1 (Iffland et al., 2020). 

The three candidate genes found in this region are part of the GABAergic 

system and encode GABAA receptor subunits. It is thought that a mutation in 

these genes causes the receptors to malfunction leading to a reduction or loss 

of the processes that inhibit feather pecking (Iffland et al., 2020).  

There also appears to be a genetic link between the immune system and 

feather pecking behaviour. Expression patterns of immune-related genes 

differed for severe feather pecking and gentle feather pecking, with severe 

feather pecking being more related to synaptic plasticity and an 

immunosuppressive stress response (Hughes and Buitenhuis, 2010). Many of 

the genes that showed a reduced variance in expression for severe feather 

pecking were related to nervous system development and immunosuppression 

(Hughes and Buitenhuis, 2010). Mutations in the genes encoding IL9, 

interleukin 4 (IL4), CCL4, and NFKB were found to be significantly associated 

with plumage condition and all play a role in immune response mediation 

(Biscarini et al., 2010).  

Both Labouriau et al. (2009) and Brunberg et al. (2011) found that the 

lymphocyte-activation gene 3 (LAG3) gene, which modulates immune 

responses, was downregulated in the brain tissue of birds performing feather 

pecking compared to birds receiving feather pecks. Two other genes related 

to the immune system, mitogen-activated protein kinase 8 (MAPK) and tumour 

necrosis factor (ligand) superfamily member 15 (TNFSF15), were upregulated 

in feather peckers compared to victims (Brunberg et al., 2011). The genes 

listed in the transcriptomic study done by Brunberg et al. (2011) differed from 

those identified in previous studies (Labouriau et al., 2009; Biscarini et al., 

2010; Hughes and Buitenhuis, 2010); however, this may be related to the 

different brain samples used for genetic analysis (hypothalamus versus whole 

brain), the criteria used for what classified a feather pecker versus a victim, 

and the genetic lines used (Brunberg et al., 2011). 
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It has been reported that serum levels of the natural antibodies IgG and 

IgM accurately predict survivability during the laying period (Sun et al., 2011). 

Sun et al. (2013) estimated the genetic parameters of these antibodies at three 

different ages during the laying period. They detected 43 significant genetic 

associations between SNPs and antibody titres. IgG was associated with 

SNPs of the interleukins 10 (IL10) and 19 (IL19), tripartite motif containing 33 

(TRIM33), and heat shock protein 90kDa alpha (cytosolic), class B member 1 

(HSP90AB1) genes, while IgM was associated with interleukin 6 (IL6), IL10, 

and IL19 genes. IL10 and IL19 encode anti-inflammatory cytokines which help 

regulate many immune mechanisms, and IL6 encodes for an interleukin that 

plays a key role in the immune response (Sun et al., 2013). The role of TRIM33 

in poultry is currently unknown; however, its relationship with IgG suggests that 

it may be important in the immune response (Sun et al., 2013). HSP90AB1 

encodes a self-antigen protein critical in producing natural antibodies (Sun et 

al., 2013). Some of the SNPs detected by Sun et al. (2013) were associated 

with feather pecking behaviour in an earlier study by Biscarini et al. (2010). In 

particular, these SNPs were only associated with indirect genetic effects on 

plumage condition, suggesting that natural antibody tires may influence the 

performance of feather pecking but not an individual’s susceptibility to being 

pecked (Biscarini et al., 2010; Sun et al., 2013). 

From these studies, feather pecking is a complex quantitative behavioural 

trait. The behaviour is likely polygenic, meaning that it is influenced by several 

genes, with each gene having a small effect (Iffland et al., 2020). Many of the 

QTL and genes influencing the behaviour that have been identified are related 

to the serotonergic, dopaminergic, and immune systems, supporting the 

hypotheses that these systems play a critical role in the development and 

modulation of the behaviour. 
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1.3.3 Methods of reducing the damage from severe feather pecking 

 

1.3.3.1 Beak treatment 

The practice of beak treatment began in the late 1920s and was developed 

to help control cannibalism within laying hen flocks (Kennard, 1937). The 

practice is often referred to as either beak trimming or beak treatment; the only 

difference between the two terms is the method used. Methods of beak 

treatment that have been used historically include the use of soldering irons, 

cold-blade trimming (cutting the beak with a sharp knife or secateurs), gas 

trimming (gas-heated hot plate and cutting bar), and the bio beaker (a device 

that uses electrical current to burn holes in the top beak). These older methods 

have been phased out in the commercial poultry industry and replaced with 

hot-blade trimming or infrared beak treatment (Glatz, 2000). Hot-blade 

trimming involves using a heated blade (approximately 750°C) to cut and 

cauterise the beak tissue (Jendral and Robinson, 2004). Hot-blade trimming 

can be performed at a commercial hatchery on the day of hatch or on-farm, 

usually between seven and 10 days of age (Jendral and Robinson, 2004). 

Infrared beak treatment is a more recently developed method involving 

exposing the beak tip to infrared light. This light penetrates the rhamphotheca 

and damages the underlying tissues, preventing further regeneration of the 

beak tissue (Glatz, 2005). Birds are treated on the day of hatch, and the treated 

beak tissue gradually sloughs off over one to two weeks, allowing the bird time 

to adapt to the change in beak shape and size (Figure 1.4).  

 

 



 

32 

 

 

Figure 1. 4. Time progression of infrared beak treatment: (a) one day post-treatment, 

(b) one week post-treatment, and (c) three weeks post-treatment. Adapted from 

Struthers (2018). 

Beak treatment, regardless of which method, is very effective at reducing 

feather loss and mortality due to severe feather pecking, although it does not 

eliminate the performance of the behaviour (Blokhuis and Van Der Haar, 1989; 

Morrissey et al., 2016; Riber and Hinrichsen, 2017; Struthers et al., 2019a). 

Beak treatment has been shown to reduce mortality by as much as 50 percent 

(Guesdon et al., 2006; Damme et al., 2013; Struthers et al., 2019a). Glatz and 

Hinch (2008) reported that beak treatment, by reducing flock mortality and 

subsequent losses to egg production, could result in savings of up to £200,000. 

Although beak treatment helps control an important welfare issue (pain and 

mortality resulting from severe feather pecking and cannibalism), it raises its 

own welfare issues. Hot-blade trimming results in acute pain and may result in 

neuroma formation (mass of swollen, tangled nerve fibres that develop at the 

end of severed nerves) and chronic pain, depending on the age of the bird at 

treatment and the severity of the treatment (Lunam et al., 1996; Gentle et al., 

1997). Infrared beak treatment has less of a negative impact on bird welfare 

compared to hot-blade trimming and does not appear to cause neuroma 

formation or abnormal nerve growth during early life (Gentle and McKeegan, 

2007; Dennis et al., 2009; McKeegan and Philbey, 2012; Struthers et al., 

2019a; b).  

Despite evidence that infrared beak treatment is less detrimental to laying 

hen welfare than more traditional forms, such as hot-blade trimming, concern 

regarding any form of beak manipulation still exists. The EU council directive 
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1999/74/EC (1999) prohibits all mutilations in laying hens; however, beak 

treatment was exempted and is allowed until better methods of preventing 

feather pecking and cannibalism are found. Beak treatment must be performed 

by trained staff on birds that are younger than ten days of age and in the UK, 

infrared beak treatment is the only method allowed for laying hens (The 

Mutilations (Permitted Procedures) (England) (Amendment) Regulations 

2010). Regardless of beak treatment being allowed temporarily, there is 

increasing pressure to rely solely on alternative management practices. This 

makes studying and finding reliable and effective alternative practices very 

important. 

1.3.3.2 Beak blunting 

Beak blunting by including abrasive material in the feeder or using 

abrasive enrichment materials such as pecking blocks or stones has been 

suggested as an alternative to beak treatment. When the beak comes into 

contact with the abrasive material, the beak length and the sharpness of the 

beak tip are reduced (Fiks-van Niekerk and Elson, 2005). However, very few 

studies have examined how and if these beak blunting methods reduce the 

incidence of severe feather pecking and the damage that can result from it. 

Studies conducted by ADAS UK (2005) and van de Weerd et al. (2006) found 

that laying hens exposed to an abrasive material at the bottom of the feed 

trough had shorter beaks than birds without access to the abrasive material. 

In addition, the length of exposure to the abrasive material influences beak 

length. Hens that were continuously exposed to the abrasive material 

throughout rearing and laying had significantly shorter beaks than hens who 

only had exposure during rearing (van de Weerd et al., 2006).  

Morrissey et al. (2016) investigated different enrichment devices including 

a blunting board made from an abrasive paste that hung vertically at the front 

of the cage. The results found that none of the enrichment devices effectively 

reduced the top beak’s length or sharpness. The blunting board was not well 

used and therefore did not impact beak morphology. Regarding behaviour, 
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birds given the enrichment devices performed less bird-to-bird pecking, but 

there was no corresponding effect on mortality or plumage condition 

(Morrissey et al., 2016). Although pecking stones are being studied as an 

alternative to beak treatment, there is evidence that they may only be effective 

in reducing mortality in already beak-treated birds (Iqbal et al., 2020). Birds 

that were not beak treated had higher pecking stone consumption, higher 

mortality, and poorer feather cover than birds that were beak treated and had 

access to the same pecking stones (Iqbal et al., 2020). This suggests that even 

though untreated birds were spending more time pecking the stone, the stone 

was ineffective at reducing the sharpness of the beak tip to a point where the 

birds could not inflict severe damage to conspecifics. Baker et al. (2022) found 

that layer pullets provided with pecking pans during early life (6 to 11 weeks of 

age), regardless of being beak treated or not, had shorter top beak lengths 

than those without pans. However, the provision of pecking pans did not affect 

feather pecking or feather cover. By the end of rear (15 weeks of age), no 

differences were observed between the treatment groups, suggesting that the 

beak was no longer easily blunted by the abrasive pecking pan material. Use 

of the pans had also declined towards the end of rear, further contributing to 

the lack of difference in beak length.   

Recently, the poultry equipment company Roxell® developed a feeding 

system for broiler breeders that allows for “natural beak smoothing” (Roxell, 

2019). The feeders have an inner pan made of an abrasive metal material. As 

birds eat and their beaks encounter this abrasive material, the external beak 

tissue is worn down. The company claims that natural beak smoothing results 

in a better beak shape than infrared beak treatment, leading to a decrease in 

feed wastage, better flock uniformity, and better fertility (number of eggs and 

chicks per hen), and as much as a two percent reduction in mortality. However, 

to date, there are no published scientific studies that verify the benefit in terms 

of reducing feather pecking-related injuries. Struthers et al. (2022) investigated 

if these specialised Roxell® feeders could effectively blunt the beak of layer 

pullets and act as an alternative to infrared beak treatment. They found that 
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while the specialised feeders did not negatively impact pullet body weight or 

welfare, they were ineffective at blunting the beak and reducing beak length.  

1.3.3.3 Selection against severe feather pecking behaviour 

Another possible solution to reducing the incidence of severe feather 

pecking behaviour in laying hen flocks is the selection of genetic strains that 

exhibit low levels of feather pecking and cannibalism (Jendral and Robinson, 

2004). Differences in the incidence of feather pecking exist between genetic 

strains and based on direct behaviour observations, there appears to be a 

heritable component to the behaviour (Hughes and Duncan, 1972; 

Abrahamsson and Tauson, 1995). Narrow sense heritability (h2) is the 

proportion of phenotypic variance that can be attributed to variation in the 

additive effects of genes. For severe feather pecking, h2 has been reported to 

range from 0.05 to 0.56 depending on the selection criteria used and the age 

of the birds (Cuthbertson, 1980; Kjaer and Sørensen, 1997; Rodenburg et al., 

2003; Bennewitz et al., 2014; Grams et al., 2015a). This suggests that 

selective breeding against undesirable behaviour is possible. The propensity 

to perform feather pecking is more heritable than the susceptibility of receiving 

feather pecks (Kjaer and Sørensen, 1997; Rodenburg et al., 2003) suggesting 

that indirect genetic effects may contribute more to the total heritable variation 

(H2) in feather pecking compared to direct genetic effects. 

Although numerous selection experiments for feather pecking have been 

conducted, comparing these studies can be difficult as each used different 

phenotypes (types of behaviour measured and birds used), selection criteria, 

and selection methods (individual versus group selection). For example, 

Bessei et al. (1999) indirectly selected for and against feather pecking by using 

an automated pecking machine containing feathers that measured the 

tendency to perform either gentle or severe feather pecking. They found that 

birds that were selected for high levels of feather pecking performed 

significantly more severe feather pecking compared to the low feather pecking 

line, regardless of whether it was visually observed in live birds or automatically 
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recorded using the pecking machine (Bessei et al., 1999). Kjaer et al. (2001) 

selected and developed two lines of birds from the same strain; one that 

exhibited high levels of feather pecking and one that exhibited low levels of 

feather pecking. Direct selection over three generations significantly reduced 

feather pecking and improved plumage condition in the low feather pecking 

line (Kjaer et al., 2001).  

A challenge to selecting against severe feather pecking behaviour is 

collecting and quantifying objective and meaningful behavioural data that can 

then be implemented into the breeding program. Implementation of 

behavioural data is difficult because large amounts of data need to be collected 

from many individual birds (Ellen et al., 2019). Additionally, current video 

technologies cannot reliably record and quantify individual bird behaviour 

within large flocks (Ellen et al., 2019). Grandparent breeder flocks and 

commercial laying hens are kept in large flock sizes and these high stocking 

densities make recognition of individual birds by either human observers or 

camera recording equipment extremely challenging (Ellen et al., 2019), which 

in turn makes it difficult to identify feather pecking victims and instigators to 

use in selection. Live behaviour observations also pose a challenge as they 

are time-consuming and expensive. To overcome these limitations, research 

has increasingly focused on the use of sensor technologies, such as ultra-

wideband tracking, accelerometers, and radio frequency identification (RFID) 

to track individual bird activity within flocks (Rodenburg and Naguib, 2014; 

Siegford et al., 2016; Rodenburg et al., 2017; Ellen et al., 2019). 

1.3.3.4 Selection of traits related to severe feather pecking 

Because of the complexities of incorporating behavioural data into a 

breeding program, an alternative approach to limiting feather pecking injuries 

could be to select traits that are easier to measure and quantify, such as 

survival time or plumage condition (Grams et al., 2015a). Plumage cover or 

condition scores are often used as an indirect measurement of feather pecking 

activity within a flock. An internal study conducted by Lohmann Breeders (a 
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primary layer breeder company) reported that plumage condition has a 

moderate heritability (h2 = 0.15-0.30) and that selection for this trait reduced 

the incidence of feather pecking (Icken et al., 2017). A disadvantage of using 

plumage scores rather than direct behaviour observations is that only victims 

of feather pecking can be detected while the birds actually performing the 

behaviour and inflicting damage cannot (Brinker et al., 2014). In addition, 

measuring plumage condition is time-consuming. Moreover, considering 

selection candidates are housed individually, and selection is therefore based 

on sibling information, it may not be helpful (Brinker et al., 2014). However, 

using genomic selection (estimated breeding values based on high-density 

SNP genotypes) may offer a solution, especially if the genomic selection 

method incorporates both direct and indirect genetic effects (Brinker et al., 

2014).  

A hen’s survival time in relation to feather pecking depends on her ability 

to avoid being pecked (direct genetic effect) as well as the tendency of her 

group members to feather peck (indirect genetic effect) (Ellen and Bijma, 

2019). Group selection for survival time has been shown to reduce beak-

related injuries and mortality from severe feather pecking and cannibalism in 

non-beak treated hens housed in cages (Kuo et al., 1991; Craig and Muir, 

1993; Muir, 1996). Craig and Muir (1993) also reported that cannibalism had 

an estimated heritability of 0.65. However, utilising group selection in practice 

is difficult because selection candidates are housed individually to record egg 

performance and, therefore, cannot die from cannibalism-related causes (Ellen 

et al., 2007).  

Ellen et al. (2007) developed a selection method that considered 

information from the individually housed selection candidate and information 

from its siblings who were grouped housed. Only candidates with high egg 

production and siblings with low mortality levels were selected for a low 

mortality line. In a subsequent selection experiment where this method was 

applied, mortality was significantly reduced between the low mortality line and 

the control line (selected on egg production only) after one generation 
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(Rodenburg et al., 2010). Ellen and Bijma (2019) found that selection against 

cannibalism-related mortality improved survival time and reduced the variance 

of survival time between individuals. However, continually selecting for survival 

time causes additive genetic variance and heritability to decrease over time, 

meaning that further improvement of survival time becomes more and more 

difficult (Ellen and Bijma, 2019)  

It is clear that selection against cannibalism-related mortality requires data 

from the group-housed relatives of the selection candidate; however, a 

challenge is that intensive poultry housing systems, such as conventional 

cages, continue to be replaced by more alternative forms of housing, such as 

free-range or whole-barn (Ellen and Bijma, 2019). With this change comes the 

need for selection against cannibalism-related mortality in large flocks (Ellen 

and Bijma, 2019). Unfortunately, selection for survival based on the mortality 

data of individual birds within a flock does not work because it ignores the 

indirect genetic effect and may result in increased mortality (Muir, 2005; Ellen 

and Bijma, 2019). Two approaches to reducing cannibalism-related mortality 

within large flocks were suggested by Ellen and Bijma (2019). The first is to 

use data collected from cage systems in countries that still allow them to guide 

selection decisions in large flocks. There is a risk, however, of correlated 

responses to negative social behaviours such as smothering. The second 

approach is to collect data on the interactions between group mates using 

sensor technologies. This could help identify birds who feather peck and who 

get feather pecked (Rodenburg et al., 2017; Ellen et al., 2019). This information 

could then establish the incidence matrix of indirect genetic effects for each 

bird (Bijma et al., 2007b). 

A significant portion of the total heritable variation in plumage condition 

and survival time related to severe feather pecking is associated with indirect 

genetic effects (Ellen et al., 2008; Peeters et al., 2012; Brinker et al., 2014). 

Although group selection is difficult to apply in practice, breeding programmes 

that take social interactions amongst group members into account result in less 

negative social interactions between laying hens (Ellen et al., 2008; 
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Rodenburg et al., 2010). Genomic selection also appears to be a beneficial 

tool for improving survival time. Alemu et al. (2016) found that the predicted 

selection response was 91 percent higher when genomic selection was used 

than a traditional breeding programme. Therefore, using a selection method 

that includes indirect genetic effects offers greater improvements in plumage 

condition and survival time than methods that only include direct genetic 

effects (Ellen et al., 2014).  

Birds that exhibit high levels of feather pecking also show high levels of 

fear-related behaviour (Jensen et al., 2005). Fearfulness is the “tendency of 

an animal to be easily frightened in response to potentially dangerous stimuli” 

(van der Eijk et al., 2018). Fearfulness is often measured through tonic 

immobility, open-field, and emergence tests and could be used in selective 

breeding to help reduce feather pecking behaviour (Jones and Mills, 1983; 

Forkman et al., 2007). Tonic immobility is a fear response induced by physical 

restraint and causes the bird to enter a state of reduced responsiveness (Jones 

and Mills, 1983). Emergence tests measures fear by timing how long it takes 

birds to emerge from a dark to a lighted area and open-field tests involve 

placing birds in an open area and observing fear responses, such as freezing, 

vocalisation, crouching, and pacing (Jones and Mills, 1983; Jones et al., 1995). 

Estimated heritability for tonic immobility ranges from 0.08 to 0.32 (Agnvall 

et al., 2012) and 0.15 to 0.60 for the open field test (Rodenburg et al., 2003, 

2004). Group selection for low mortality has resulted in birds that exhibit less 

fear-related behaviour and are less sensitive to stress (Bolhuis et al., 2009; 

Rodenburg et al., 2009a; b). Grams et al. (2015a) reported that heritability for 

fear traits ranged from 0.07 to 0.14 and that tonic immobility was moderately 

correlated to feather pecking. In contrast to these studies, Bögelein et al. 

(2014) found low phenotypic correlations between feather pecking and fear 

criteria, which the authors suggested was due to the birds’ inconsistent 

responses to the fear tests. 
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Another possible trait that could be selected in relation to feather pecking 

is beak shape. However, to what extent beak shape can contribute towards 

reducing the severity of feather pecking is still not fully understood. It is also 

not well understood if variation in beak shape is due primarily to genetics, 

environmental factors, or a combination of both. Substantial variability in beak 

shape exists between hens within layer flocks and this morphological variation 

appears to be heritable (h2 = 0.13 to 0.25 and 0.09 to 0.26 for brown and white 

layers, respectively) (Icken et al., 2017). These heritabilities were similar to 

those reported for plumage condition and egg production persistence (Icken et 

al., 2017). The authors found that mortality was reduced when birds had 

naturally blunter beaks and plumage condition improved (Icken et al., 2017). 

This suggests that there is the potential to take advantage of the naturally-

occurring (i.e., pre-existing) variation in beak shape to identify shapes that 

cause the least damage when hens engage in feather pecking. However, a 

limitation to this is that the beak grows continually throughout the hen’s life but 

is also worn down through contact with abrasive surfaces in the environment. 

Because of this, to measure and compare beak shape in individual birds within 

groups and potentially use beak shape as a trait for selection, age at the time 

of measurement must be standardised (i.e. recorded at the same age) (Icken 

et al., 2017). 

By identifying different aspects of beak shape (phenotypes), this 

information can be used to detect QTL that are responsible for this variability. 

Once QTL are identified, further experiments can be conducted to determine 

the genetic variant(s) that may cause the phenotypes and/or the positional 

candidate genes whose functions are affected by the variant(s). Identifying 

these QTL and/or positional candidate genes is important as it can provide a 

better understanding of the areas of the genome associated with beak shape, 

and it could help guide the selection of hens with blunter beak shapes for future 

breeding programs. In addition, precise phenotyping can also facilitate the 

calculation of estimated breeding values (EBV) for selective breeding 

schemes. 
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1.4 Geometric morphometrics 

Geometric morphometrics (GMM) is the analysis of morphological shape 

using geometric coordinates (landmarks) rather than univariate measurements 

such as length, depth, and width (Zelditch et al., 2012). Shape is defined as 

“all the geometric information that remains when location, scale, and rotational 

effects are filtered out from an object” (Kendall, 1977). GMM aims to measure 

the similarities and differences in morphology between objects or specimens. 

Shape plays an important role in evolutionary biology and developmental 

studies. There are many factors that can contribute to differences in shape 

between individuals such as disease, genetic mutations, adaption to different 

diets and environments, and evolutionary diversification (Zelditch et al., 2012). 

The analysis of shape can help deepen our understanding of what causes 

morphological variation between different species and different individuals 

within the same species (Zelditch et al., 2012). 

There are many advantages of using multivariate methods such as 

landmark-based GMM rather than univariate measurements: 1) it allows for 

the visualisation of complex shapes and the differences between them, 2) data 

can be collected from digital images, radiographs, or computed tomography 

(CT) scans, 3) size is mathematically removed from the analysis by rescaling 

so the focus is purely on shape, and 4) it informs ordination, which is the 

individual level ranking of shape (Polly, 2018). However, the method also has 

limitations (Polly, 2018). First, size is completely removed from analysis but 

may be biologically relevant in some circumstances. Second, GMM can only 

be used to analyse rigid structures (i.e., points used in the analysis must be in 

a fixed position relative to other points). Finally, the method analyses variation 

of the entire shape (configuration of landmarks) rather than individual 

landmarks. 

There are three steps in GMM analysis (Polly, 2018). First, the placement 

and collection of landmark and semilandmark coordinates. Second, the 

coordinate data undergoes Procrustes superimposition, and third, the 
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similarities and differences in shape are analysed. This can be done using 

principal components analysis (PCA), which ordinates the specimens in shape 

space (morphospace). The majority of landmark data is collected using 2D 

methods (photography or radiography), despite the specimen occupying 3D 

space. Two-dimensional landmark analyses does have some advantages over 

3D methods: 2D data is fast and easy to collect, cost-effective, and simpler to 

analyse (Cardini, 2014). However, the 2D imaging of 3D shapes can result in 

shape information loss, inaccuracy in estimating shape, and measurement 

error (Buser et al., 2018; McWhinnie and Parsons, 2019), although depending 

on the specimen being measured, this may not always be the case (Courtenay 

et al., 2018).  

GMM is typically done on dead specimens (museum specimens, field 

collections preserved in fixative). If done using live animals, the image 

acquisition method is typically photography. Radiography has been used for 

image acquisition in human GMM studies and is used frequently to assess keel 

bone damage in laying hens. However, to our knowledge, GMM has not been 

applied to radiographs for the assessment and characterisation of beak bone 

morphology in laying hens.  

1.4.1 Landmarks and semilandmarks 

Landmarks are coordinate points used to represent shape. They are 

quantified as Cartesian coordinates and can be two-dimensional (2D) or three-

dimensional (3D) (Polly, 2018). Landmarks are placed on locations that are 

biologically homologous between the specimens. Semilandmarks are placed 

between these landmarks and quantify 2D or 3D homologous curves or 

surfaces (Zelditch et al., 2012). Semilandmarks can be placed one of two 

ways: at regular intervals, or they can slide along a curve or surface until their 

position is optimised to minimise shape differences (known as sliding 

semilandmarks) (Gunz and Mitteroecker, 2013). With 2D landmarks, there are 

three criteria to consider when selecting landmarks (Zelditch et al., 2012).  
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1. Homology – homology is defined as having the same relative position 

on all individuals. In GMM, landmarks are placed on the same 

anatomy between each specimen (e.g., the tip of the beak). 

Biologically, semilandmarks are not considered homologous because 

their position along a curve does not give any information about 

shape; however, when analysing shape configurations 

mathematically, semilandmarks are considered homologous. 

2. Adequate coverage of morphology – shape information and biological 

significance cannot be extracted from a specimen unless there are 

enough landmarks to sample the morphology adequately.  

3. Landmarks are repeatable and reliable – it is important that landmarks 

can be found repeatedly and reliably in the same position multiple 

times as it reduces measurement error. 

In GMM, individual landmarks are not meaningful by themselves and do 

not correspond to measurable traits; rather, the entire configuration of 

landmarks and semilandmarks provides information about the shape of a 

specimen (Zelditch et al., 2012). Therefore, each specimen (shape) must have 

the same number of landmarks placed in the same order (Polly, 2018).  

1.4.2 Procrustes superimposition 

Procrustes superimposition standardises landmarks and semilandmarks 

by superimposing them across a common origin (centroid) and then re-scaling 

and rotating them around the origin to a common orientation (Rohlf and Slice, 

1990). Procrustes superimposition centres all shapes at the origin (0, 0) and 

uniformly scales them all to the same size. It then rotates each shape around 

the origin until the sum of squared distances (Procrustes distance) is 

minimised between corresponding landmarks (Rohlf and Slice, 1990; Polly, 

2018). The resulting transformed landmarks are then termed Procrustes 

coordinates. These Procrustes coordinates can be transformed into shape 

variables, such as principal component scores, and used in further analysis to 

compare similarities and differences between the shapes (Polly, 2018). 
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Procrustes superimposition has consequences for statistical analyses as 

removing scale and rotation reduces the degree of freedom (Polly, 2018).  

1.4.3 Principal components analysis 

PCA is a technique that decomposes highly dimensional data without a 

large loss of information. Eigenvectors and their corresponding eigenvalues 

can be found using a covariance matrix calculated from the Procrustes 

coordinates (Smith, 2002). The eigenvector with the highest eigenvalue is the 

first principal component (PC), explaining the most covariation in shape. Each 

sequential PC (eigenvector) describes continuously smaller covariation 

(eigenvalue). These eigenvalues allow the shape variables to be ordered in 

morphospace (shape space). From there, similarities and differences in shape 

can be interpreted from where each point is on the PCA plot. 

1.4.4 Centroid size 

The centroid is the shape configuration’s geometric centre (average of all 

x and y coordinates) (Polly, 2018). The amount of re-scaling required during 

Procrustes superimposition is reflected by the centroid size (Klingenberg, 

2016). Centroid size is mathematically calculated as the square root of the sum 

of squared distances of all the landmarks and semilandmarks to the centroid 

(Klingenberg, 2016). This metric is independent of shape and can serve as a 

proxy of the subject or specimen’s relative size (Zelditch et al., 2012; 

Klingenberg, 2016). This offers the advantage of being able to describe both 

shape and size and correct for the effect of size on shape (also known as 

allometry) (Klingenberg, 2016). In GMM, allometry is assessed and controlled 

for through the multivariate regression of shape variables on centroid size 

(Klingenberg, 2016). In birds, beak length has been shown to influence 

centroid size as landmarks and semilandmarks placed near the tip of the beak 

change the position of the centroid by changing the distance of the landmarks 

to the centroid (Kulemeyer et al., 2009). 
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1.4.5 Landmark-based analysis of morphology in poultry  

Traditionally, beak morphology in poultry has been described using 

univariate measurements such as length, width, and depth. However, these 

linear measurements help highlight differences in beak size rather than true 

shape differences (Kuo et al., 1991; Craig et al., 1992; Marchant-Forde et al., 

2008; Carruthers et al., 2012; McKeegan and Philbey, 2012). Interpreting 

these measurements is also difficult when the study specimen occupies 3D 

space. Dalton et al. (2017) investigated the effects of age, sex, and beak size 

on beak shape variation in live domestic turkeys using photography and GMM. 

PCA showed that top beak shape variation was similar at 6 and 18.5 weeks of 

age and ranged from long, wide beaks with curved beak tips to short, narrow 

beaks with pointed beak tips. The first PC (PC1) accounted for approximately 

73 percent of the total top beak shape variation. Shape variation in the bottom 

beak ranged from wide and round to narrow and thin with superior or inferior 

shifts in the beak tip. Sex had a much greater effect on beak shape phenotype 

than age, with female turkeys having wider beaks with long, curved beak tips 

and males having narrower beaks with short, pointed beak tips. The authors 

also determined an allometric relationship in their data: beak size (by way of 

centroid size) had a varying effect on top and bottom beak shape variation, 

accounting for anywhere from approximately 1 to 55 percent of the variation. 

The shape patterns reported by Dalton et al. (2017) are similar to those 

found in other bird species (Foster et al., 2008; Kulemeyer et al., 2009; Shao 

et al., 2016). Significant sexual dimorphism in beak morphology is observed in 

wild turkeys (same species as domestic) and other bird species. It has been 

hypothesised that different feeding strategies, thermoregulation, male 

competition, and female choice of breeding partner may have contributed to 

this dimorphism (Le V. Dit Durrell et al., 1993; Buchholz, 1997; Berns and 

Adams, 2010; Greenberg et al., 2013; Rico-Guevara and Araya-Salas, 2015; 

Tattersall et al., 2017). It was suggested that the differences in beak shape in 

domestic turkeys reported by Dalton et al. (2017) reflect differences in feeding 
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behaviours between the two sexes and selection for male-to-male combat. 

However, the authors pointed out that turkeys have undergone considerable 

selection for physical and reproductive traits during domestication, and the 

selective pressures on beak shape in wild turkeys may not explain differences 

in beak shape between domestic male and female turkeys (Dalton et al., 2017). 

Although they did not look at the beak specifically, Stange et al. (2018) 

quantified and compared skull morphology between commercial chicken 

breeds and wildfowl using 3D GMM. Commercial chicken skull shape occupied 

a greater portion of morphospace compared to wildfowl (Stange et al., 2018). 

The authors found that the skulls of commercial chickens were highly 

integrated (high correlation between the beak and the skull), which agrees with 

previous studies in raptors (Bright et al., 2016), corvids (Kulemeyer et al., 

2009), and pigeons (Young et al., 2017). However, unlike in these previous 

studies, Stange et al. (2018) found a weak correlation between size and shape. 

It was hypothesised that domestication may have changed the magnitude of 

the correlation between skull size and shape compared to bird species that 

have not undergone domestication (Bright et al., 2016; Felice and Goswami, 

2018; Stange et al., 2018).  

1.5 Thesis outline and objectives  

The overall aim of this project is to improve the chances of successfully 

housing commercial non-beak treated laying hens by guiding selective 

breeding practices that account for optimised beak shapes. The experiments 

will leverage the pre-existing variation in beak shapes and sizes of layer hen 

breeding stocks to identify least damaging beak shapes.  

The specific objectives of the project are to: 

1. Characterise different naturally-occurring beak shapes (i.e., pre-

existing variation occurring without artificial manipulation (beak 

treatment)) using GMM analysis. 
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2. Analyse beak shape’s genetic and phenotypic relationship to the 

underlying bone, feather cover, and mortality. 

3. Determine which beak shapes are optimal for reducing injuries from 

severe feather pecking. 

4. Investigate if there are differences in feather pecking damage between 

hens that have different beak shape 

The work in this project tested the hypotheses that: 

1. Naturally-occurring beak shapes will differ within and between pure 

laying hen lines. 

2. Beak shape has a genetic and phenotypic relationship to the underlying 

bone shape, feather cover, and mortality. 

3. Hens with naturally-occurring blunter beaks would cause less pecking 

damage and be less successful at removing feathers or tissue than 

those with naturally sharper beaks. 

4. Higher pecking forces are expected to cause more physical damage 

than lower ones. 

The outputs of this work will: 

1. Inform laying hen breeding companies of the possibilities of 

contributing to reduced damage from feather pecking by selecting 

naturally blunter beaks. 

2. Contribute to the body of information on how to control severe feather 

pecking. 

3. Bring forward the possibility of housing non-beak treated laying hens 

in the UK and other interested nations. 

The experimental work of this project is preceded by a chapter describing 

the general materials and methods used throughout (Chapter 2). The 

experimental work is divided into 5 chapters. A pilot study to determine the 

repeatability and reliability of using radiography and geometric morphometrics 

to analyse beak and bone morphology in live laying hens is given in Chapter 
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3. Chapters 4 (published manuscript) and 5 detail two studies characterising 

beak and bone morphologies and examining the relationship between beak 

shape, bone shape, feather cover, and mortality. Chapters 6 and 7 describe 

two studies that examine the relationship between beak shape and physical 

damage. A general discussion comparing and linking results across all 

relevant experiments is given in Chapter 8. 
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Chapter 2. General Materials and Methods  

To avoid repetitious explanations, the following information describes 

materials and methods used regularly throughout this project. 

2.1 Imaging equipment 

The radiograph device used was a Cuattro Slate 6 DR X-ray system with 

a Wireless 12 x 14” AED VW Caesium Wireless Flat Panel Detector (indicated 

by black arrow; Figure 2.1). Radiographs were generated using a MeX +20BT 

lite Battery-Powered X-ray Generator (90 kV/20 mA), suspended from a Stat-

X Vaquero Folding Mobile Stand (IVM Imaging, Bellshill, Scotland). A 2-metre 

controlled radiation zone was demarcated using a temporary plastic chain-link 

barrier. A lead curtain separated the controlled radiation zone from the bird 

handling zone. To capture photographs, a Nikon COOLPIX B700 digital 

camera (Nikon Corp., Tokyo, Japan) mounted to an adjustable camera tripod 

was used.  

 

Figure 2. 1. Set-up of the portable radiograph device on the pedigree laying hen farm. 

Arrow indicates radiograph plate. 
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2.2 Restraint devices 

Custom restraint devices were developed to hold the hens in place to 

reduce handlers’ exposure to radiation. The restraint was performed using 

methods adapted for veterinary radiograph examination. A restraint jacket was 

made of cotton denim. Birds were wrapped in the cotton jacket, which was then 

secured by an attached strap of hook and loop tape (Figure 2.2a). A separate 

hook and loop tape strap was used to secure the legs together. For 

immobilising the head, a cotton hood was custom designed (Figure 2.2b). The 

hood could be placed over the head, and the beak would show through a small 

opening at one corner. The hood was secured underneath the head by small 

hook and loop fasteners. These could be adjusted to accommodate different 

sized heads and combs. Once the hen was placed in right lateral recumbence 

on the radiograph plate, the cloth hood was secured to a strap of hook and 

loop tape running along the radiograph plate. For optimal positioning, a small 

piece of radiolucent foam was placed underneath the beak for the duration of 

the radiograph.  

 

Figure 2. 2. Body (a) and head (b) restraint devices used during radiograph 

acquisition. 
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2.3 Image acquisition 

 

2.3.1 Radiography of live hens 

All hens from two cages were removed from their home cage, loaded into 

an enclosed transport trolley, and transported to the radiation zone (up to 10 

hens per transport trolley). Each side of the trolley had five smaller cages in 

which one hen was placed, and all hens from each home cage took up one 

side of the trolley. Hens were removed from the trolley one at a time, had their 

wing band recorded and then were restrained as described in section 2.2. 

Next, the handlers left the radiation zone, and a lateral radiograph was taken. 

The hen remained conscious and non-sedated for the entire procedure. The 

radiography was checked for image quality (e.g., blurriness). If the radiography 

was not usable, another was taken. After verifying a usable radiograph, the 

hen was lifted off the plate, the fabric hood and jacket were removed, the hen 

was photographed (see section 2.3.2), and then returned to the trolley, where 

it remained until the procedure was complete for all hens in the trolley. When 

returning hens to their home cage, the wing band numbers belonging to each 

cage were verified by matching them to a sticker on the front. Following 

catching and placement in the transport trolley, the entire procedure lasted 

approximately 120 s for each hen, beginning with removal from the trolley, 

restraint, radiograph and photograph acquisition, and return to the trolley. 

2.3.2 Photography of live hens 

Before being returned to the transport trolley following radiography, each 

hen was placed laterally against a plastic container secured to a wall, and an 

image of the head was taken (Figure 2.3). An 8 mm diameter green dot sticker 

was placed on the white container to be used as a size standard during 

analyses. 
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Figure 2. 3. Hen placement during photograph acquisition. Green dot (8 mm 

diameter) was used as a size standard. 

2.4 Image formatting 

All radiographs and photographs collected during this project underwent 

the same image formatting and GMM analysis. This section describes the 

basic process of image formatting. Study-specific details are provided in their 

corresponding chapters. 

2.4.1 Radiographs 

Left lateral radiographs (DICOM format) were cropped to 600 x 600 pixels 

and uniformly sharpened (Sharpen feature) using ImageJ analysis software 

(v.1.53g; National Institutes of Health, Bethesda, MD, USA). Radiographs 

were cropped to show the entire head and the C1 vertebra (Figure 2.4a). 

Radiographs were excluded from landmarking if, despite checking during 

acquisition, the image was blurry or the landmarks could not be reliably placed 

on their locations (e.g., the head was rotated) (Figure 2.4b, c). 
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Figure 2. 4. Examples of radiographs that were (a) acceptable or (b-c) unacceptable 

for landmarking due to (b) blurriness and (c) head rotation. 
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2.4.2 Photographs 

During image acquisition, the bird’s mouth was not open, causing the 

mandibular (i.e., bottom) beak to be partially obscured by the maxillary (i.e., 

top) beak in most images. As a result, it could not be landmarked reliably; 

therefore, it was decided to forego landmarking and analysis of the mandibular 

beak. 

For the maxillary beak, left lateral beak images (JPEG format; 5184 x 3888 

pixels) were excluded from landmarking if, despite checking during acquisition, 

the image was blurry or if the landmarks could not be reliably placed on their 

locations (e.g., the comb was obstructing landmark placement).  

2.5 Geometric morphometrics 

 

2.5.1 Placement of landmark coordinates 

Radiographs. The radiographs were landmarked in ImageJ using the 

Multi-Point Tool. The anatomical terms of the location used to describe the 

placement of the landmarks and the shape of the premaxillary and dentary 

bones are provided in Figure 2.5a. Thirteen landmarks and semilandmarks 

(LMs) were chosen for the premaxillary and dentary bones (Figure 2.6). Each 

of the bones was landmarked and analysed separately. Three discrete 

landmarks, i.e., those with the same relative position (homology) between 

specimens, were placed first (Zelditch et al., 2012). LMs 4 to 13 consisted of 

sliding semilandmarks (Gunz and Mitteroecker, 2013). These LMs slid along 

the curves of the bones until their positions were optimised to minimise shape 

differences (Gunz and Mitteroecker, 2013). The 2D landmark coordinates were 

copied from ImageJ into an Excel spreadsheet. The spreadsheet (.xlsx format) 

was imported into R (v.4.1.0), and then R-based scripting and data 

visualisation were done using the integrated development environment 

RStudio (v.1.4.1717) (R Core Team, 2019). 
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Photographs. The images were landmarked in ImageJ using the Multi-

Point Tool. The anatomical terms of the location used to describe the 

placement of the landmarks and the shape of the maxillary beak are provided 

in Figure 2.5b. Twenty LMs were chosen for the maxillary beak (Figure 2.7). 

Five discrete landmarks, i.e., those with the same relative position (homology) 

between specimens, were placed first (Zelditch et al., 2012). LMs 6 to 20 

consisted of sliding semilandmarks (Gunz and Mitteroecker, 2013). These LMs 

slid along the curves of the beak until their positions were optimised to 

minimise shape differences (Bookstein, 1991; Gunz and Mitteroecker, 2013). 

The 2D landmark coordinates were copied from ImageJ into an Excel 

spreadsheet. The spreadsheet (.xlsx format) was imported into R (v.4.1.0), and 

then R-based scripting and data visualisation were done using the integrated 

development environment RStudio (v.1.4.1717) (R Core Team, 2019). 

 

Figure 2. 5. Schematic demonstrating the anatomical terms of location used to 

describe (a) premaxillary and dentary bone shape and (b) maxillary beak shape. The 

anatomical terms of location are in relation to the white shaded area on each image. 
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Figure 2. 6. The landmarks (LMs 1 – 3) and semilandmarks (LMs 4 – 13) used for the 

analyses of the (a) premaxillary and (b) dentary bones from the left lateral 

radiographs. (a) LM 1, tip of premaxillary bone; LM 2, rostral end of the nares; LM 3, 

base of skull where spinal cord enters and (b) LM 1, rostral tip of dentary bone; LM 2, 

caudal-most end of dentary bone; LM 3, caudal-most end of angular bone. 

 

 

 

 



 

57 

 

 

Figure 2. 7. The discrete landmarks (LMs 1 – 5) and semilandmarks (LMs 6 – 20) 

used for the analysis of maxillary beak shape from left lateral images. LM 1, tip of 

maxillary beak; LM 2, rostral end of nares; LM 3, caudal end of nares; LM 4, junction 

between beak and comb/skin; LM 5, corner of mouth. 

2.5.2 Geometric morphometric shape analysis 

For radiographic and digital images, multivariate statistical shape analysis 

was done using the R package geomorph (v.4.0.0) (Adams et al., 2021). 

Outliers in the upper quartile, as shown by Procrustes distance to the mean 

(square root of the sum of squared distances between the individual shape 

measurement and the consensus shape) were removed from the analysis. The 

2D coordinates were converted to 3D arrays and underwent Procrustes 

superimposition, which standardised all the landmarks between the images by 

superimposing them across a common origin (centroid), rescaling, and rotating 

them around the origin to a common orientation. The resulting transformed 

landmarks were then termed Procrustes coordinates. A distance matrix of 

individuals was calculated from the Procrustes coordinates. The covariation 

described by the matrix was decomposed by principal components analysis 
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(PCA), and eigenvectors and their corresponding eigenvalues were found. The 

eigenvector with the highest eigenvalue was the first principal component (PC) 

and explained the most covariation in shape. Each sequential PC 

(eigenvector) described continuously smaller covariation (eigenvalue). The 

PCs with the largest eigenvalues (e.g., PC1 and PC2) were then plotted to 

establish the morphospace of the birds.  

The Procrustes superimposition also created a consensus bone shape by 

identifying the centroid (centre point) of each image’s landmarks and 

semilandmarks. The centroid size was then calculated as the square root of 

the sum of squared distances of landmarks from the centroid (Zelditch et al., 

2012) and served as a proxy for relative bone or beak size independent of 

shape. 

For both bones and the maxillary beak, a multivariate regression of all the 

Procrustes shape coordinates versus log centroid size was performed to test 

for allometry (the relationship between size and shape). In addition, a 

Procrustes ANOVA was performed to determine if there were differences in 

beak and bone shape and size differences among the layer hen lines used in 

this project. Data were analysed using the procD.lm function within geomorph 

(Adams et al., 2021). Significance was evaluated with a residual randomisation 

permutation procedure with 1000 iterations. Differences were considered 

significant when P ≤ 0.05.  

2.6 Generating plots and figures 

This thesis used R (v 4.1.0) and RStudio (v 1.4.1717) to generate graphics 

and analyse data. Specific R packages are stated in their corresponding 

chapters, but common packages used include geomorph, ggplot2, tidyverse, 

dplyr, writexl, readxl, and stats. In addition, figure construction and data 

analysis from this project utilised programmes such as Microsoft Excel, ImageJ 

(Schneider et al., 2012), and R (R Core Team, 2019). 
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Chapter 3. Determining the repeatability and 

reliability of using radiography and geometric 

morphometrics to measure beak morphology in 

live, non-sedated laying hens 

3.1 Introduction 

Commercial laying hens are increasingly housed in alternative systems 

such as free-range or barn egg production housing. This shift towards loose-

housed systems allows birds more space and freedom to express a greater 

diversity of behaviours; however, it also increases the risk of outbreaks of 

severe feather pecking (Lay et al., 2011). Severe feather pecking is an 

maladaptive behaviour characterised by removing feathers from recipient birds 

and can lead to cannibalism and death (Savory, 1995). Unfortunately, despite 

ongoing research on severe feather pecking, the behaviour remains difficult to 

prevent and control.  

Finding reliable prevention and control methods is increasingly pressing 

since many countries are moving away from the principal method of controlling 

damage inflicted by the behaviour, beak treatment, as it is classed as 

mutilation (Animal Welfare Act 2006; Department for Environment Food and 

Rural Affairs, 2010; Scottish Executive, 2010). The behaviour has a genetic 

component, so selective breeding against it is possible (Su et al., 2005; 

Bennewitz et al., 2014; Lutz et al., 2016); however, it can be challenging to 

collect, quantify, and incorporate behavioural data into a breeding programme. 

Traditionally, primary breeders have selected for liveability and feather cover 

in family groups to help reduce, but not eliminate, the behaviour (Lay et al., 

2011; Icken et al., 2017). Beak shape is a novel trait that could be selected for, 

related to severe feather pecking but easier to measure. Icken et al. (2017) 

measured the beak shape of pure line laying hens in group cages and found 

that hens with naturally shorter and blunter beaks had better feather cover and 
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lower mortality. This led the authors to conclude that when selected with 

feather cover and liveability, beak shape could help further reduce the 

incidence of feather pecking.  

Beak shape is often measured using linear variables such as length, width, 

and depth (Marchant-Forde et al., 2008; Carruthers et al., 2012; McKeegan 

and Philbey, 2012). While these linear measurements are easy and rapid to 

implement, they highlight differences in size rather than true shape, making 

biological interpretation difficult. Geometric morphometrics (GMM), the 

analysis of shape using landmark coordinates, overcomes this limitation by 

accounting for the influence of allometry (size-specific differences) (Zelditch et 

al., 2012). GMM is typically done on dead specimens, such as museum 

specimens or field collections preserved in fixative. Collecting morphology 

phenotypes for further use (e.g., in genetic selection) is a challenge in live 

animals.  

Non-invasive imaging methods such as dual-energy X-ray absorptiometry 

(DEXA), computed tomography (CT), radiography, and ultrasound are 

commonly used in poultry to predict body composition, analyse bone density 

and quality, and investigate keel bone fractures (Schreiweis et al., 2003; 

Fleming et al., 2004; Hester et al., 2004; Donkó et al., 2018; Eusemann et al., 

2018; Schallier et al., 2019; Baur et al., 2020). However, many of these 

methods are labour-intensive and time-consuming, often requiring sedation or 

the movement of animals to acquire the images. Digital radiography is a form 

of X-ray imaging whereby data is captured during exposure using X-ray-

sensitive plates and immediately transferred to a computer. This method offers 

many advantages over other forms of radiography, including being more 

efficient, shorter exposure times, production of high-quality images, and the 

ability to digitally store and transfer image data (Körner et al., 2007). Recently, 

a portable in vivo digital radiographic method was developed to investigate the 

quantification of bone density in live laying hens (Wilson et al., 2022). The 

authors found that the method allowed bone density quantification and that 

measuring bone traits from the radiographs was repeatable and reliable.  
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The work done by Wilson et al. (2022) suggests that other traits, such as 

beak shape, could be measured from digital radiographs. GMM applied to 

digital radiographs offers the advantage of analysing the shape of the beak 

and its underlying bones; however, GMM can be susceptible to operator 

effects. Therefore, it is important to determine if landmarking the beak and 

bone tissue within radiographs is reliable and repeatable (i.e., the highest 

source of variance is the bird rather than the operator). Therefore, the 

objectives of this pilot study were to develop the novel capability of using 

radiography for the application of GMM in live, non-sedated laying hens and 

determine if the process of imaging live hens over some time and landmarking 

those images was repeatable. It was hypothesised that repeated radiographs 

of hens’ heads would give consistent measures of premaxillary bone 

landmarks as indicated by an intraclass correlation coefficient (ICC) (i.e., 

repeatability) of 0.40 or greater. Therefore, an ICC of 0.40 was chosen as the 

minimum acceptable value to calculate the genetic contribution to variation 

(i.e., the heritability).  

3.2 Materials and Methods 

All animal work was reviewed by the Animal Welfare and Ethical Review 

Body at the Roslin Institute (University of Edinburgh). The experiment was 

conducted in the UK under a Home Office license (P61FA9171) and complied 

with UK regulations regarding the treatment of experimental animals (Home 

Office (UK), 2014).  

3.2.1 Animals and data collection 

This study used 24 86-week old hens from the Advanced Inter-cross Line 

(AIL) (broiler-layer cross) housed in four pens at the National Avian Research 

Facility at the Roslin Institute (University of Edinburgh). Six hens from each 

pen were placed into crates and transported to a holding room for imaging. 

Hens were removed from the crate one at a time, had their wing band 

recorded, and then restrained as described in section 2.2. Birds were then 
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radiographed as described in section 2.3.1. After verification of a usable 

radiograph (i.e., no blurriness), the bird was lifted off the radiograph plate, the 

fabric hood and jacket were removed, and the hen was returned to the crate. 

This entire procedure was repeated four times per bird over two days. Each 

day, all 24 birds were radiographed once and then returned to their pens. The 

process was then repeated to collect second radiographs from each bird. The 

same birds were used each time to collect 96 radiographs.  

3.2.2 Data analyses 

Post-hoc image formatting. Prior to calculating the ICC, radiographs 

were excluded from analysis if, despite checking during acquisition, the image 

was blurry or the bird’s skull was rotated. This resulted in nine radiographs 

from eight birds being excluded for the bone tip to nare length measurement, 

12 from ten birds for the beak tip to nare length measurement, and 27 from 14 

birds for the beak overhang length measurement. 

Repeatability of independent length measurements. To determine the 

ICC, simple independent beak and premaxillary bone measurements of the 

same bird were made to confirm that the proportion of the variance explained 

by the bird is greater than the proportion of the variance explained by operator 

error as a prelude to estimating genetic parameters. Three length 

measurements were recorded on each radiograph: 1) the length from the tip 

of the beak to the end of the nare, 2) the length from the tip of the bone to the 

end of the nare, and 3) the length of the overhang of the top beak (Figure 3.1). 

Each length measurement was repeated three times per radiograph with a day 

between repeat measurements to allow for a better reliability test (24 birds x 

four radiographs per bird x three repeats per measurement = 288 data points 

per measurement available for analysis).  
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Figure 3. 1. The three independent length measurements used to calculate the 

intraclass correlation coefficient (ICC): (a) length between the tip of the premaxillary 

bone and the nare; (b) length between the tip of the maxillary beak and the nare; and 

(c) difference in length between the maxillary and mandibular beaks (beak overhang).  

Measurements were made in ImageJ, and the ICC values were calculated 

using repeated measures ANOVA in the R stats package (v.4.1.0) (R Core 

Team, 2019). The random model used was: 

variable ~ bird + radiograph + repeat + bird.radiograph.repeat 

where variable is the length measurement, bird is the variance attributed 

to the bird, radiograph is the variance attributed to the radiograph number, 
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repeat is the variance attributed to the repeat length measurement number, 

and bird.radiograph.repeat is the residual term. From the resulting ANOVA 

table (Table 3.1), the mean square (MS) values were used in the following 

formula to calculate the ICC: 

R = MSbird /(MSbird + MSradiograph + MSrepeat + MSresidual) 

where R is the repeatability (ICC) value, MSbird is the among-individuals 

variance component (i.e., variance attributable to birds), and MSradiograph and 

MSrepeat are the within-individuals variance components (i.e., variance 

attributed to radiograph and repeat, respectively).  

Repeatability of premaxillary bone landmark placement. The 

premaxillary bone in each radiograph was landmarked and analysed using the 

methods described in section 2.5. For one bird, all four radiographs were 

unable to be landmarked resulting in only 23 birds being analysed. To 

determine variances attributable to the bird, radiograph, and repeat 

measurement, a Procrustes ANOVA was performed using the following model 

within the R package geomorph (v. 4.0.0) (Adams et al., 2021): 

coords ~ bird + radiograph + repeat + bird.radiograph.repeat 

where coords are the Procrustes shape coordinates generated from the 

generalised Procrustes analysis (section 2.5.2), bird is the variance attributed 

to the bird, radiograph is the variance attributed to the radiograph number, 

repeat is the variance attributed to the repeated landmark ‘bout’, and 

bird.radiograph.repeat is the residual term. From the resulting ANOVA table 

(Table 3.1), the MS values were used in the following formula to calculate 

repeatability: 

R = MSbird /(MSbird + MSradiograph + MSrepeat + MSresidual) 

where R is the repeatability (ICC) value, MSbird is the among-individuals 

variance component (i.e., variance attributable to birds), and MSradiograph and 
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MSrepeat are the within-individuals variance components (i.e., variance 

attributed to radiograph and repeat bout, respectively).  

Using the principal components analysis (PCA) plots generated from the 

generalised Procrustes analysis, the four replicate radiographs per bird were 

connected to create a convex hull or polygon for each bird. The clustering of 

the replicates on the PCA plot indicated that the landmarks were placed in 

approximately the same locations between radiographs for each bird. Although 

each principal component (PC) described an aspect of premaxillary bone 

shape, the aim of this study was not to describe the shape traits resulting from 

the GMM and PCA analysis, but rather to develop the method for 

characterising the shape traits using GMM applied to head radiographs. 

3.3 Results 

 

3.3.1 Independent beak and bone length measurements 

The ICC was determined to be 0.82 for beak tip to nare length, 0.71 for 

bone tip to nare length, and 0.89 for beak overhang length (Table 3.1). The 

ICC values for each length measurement were high, indicating that the largest 

variation source was the bird. 
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Table 3. 1. Analysis of variance components of three independent length 

measurements and premaxillary bone landmarking of 24 hens at 86 weeks of 

age with four radiographs and three repeat measurements taken per hen over 

two days. 

Measurement   Df1 MS2 Rsq3 ICC4,5 

Beak tip to nare length bird 23 458.19  0.825 

 radiograph 3   90.86   
 repeat 2     1.65   
 residual 234   11.16   
      

Bone tip to nare length bird 23 154.49  0.715 

 radiograph 3   28.24   
 repeat 2   27.54   
 residual 240     7.80   
      

Beak overhang length bird 22 219.46  0.895 

 radiograph 3   12.26   
 repeat 2     8.69   
 residual 188     5.83   
      

Premaxillary bone landmarks bird 22 0.0031 0.64 0.575 

 radiograph 3 0.0010 0.03  
 repeat 2 0.0012 0.02  
 residual 50 0.0002 0.31  

1Degrees of freedom. 
2Mean square value. 
3R-squared value (coefficient of determination); only calculated for premaxillary bone 
landmarks as part of Procrustes ANOVA. 
4Intraclass correlation coefficient (i.e., repeatability). 
5MSbird /(MSbird + MSradiograph + MSrepeat + MSresidual). 
 

3.3.2 Premaxillary bone landmark placement 

The ICC of landmark placement on the premaxillary bone was 0.57. Table 

3.1 shows that most variation (MS value) comes from the bird. This is also 

supported by the R-squared (coefficient of determination) value, which showed 

that 64 percent of the shape variation could be predicted by the bird (Table 

3.1). The PCA plot showed that for each radiograph, the repeat landmark bouts 

were clustered together (i.e., small polygons located in the same areas of 

plots) for most birds (Figure 3.2), indicating that the landmarks on each 
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radiograph were placed in approximately the same locations between 

radiographs (for example, bird 7). 

 

Figure 3. 2. Principal components analysis plots comparing principal component 1 

(PC1) along the x-axis and principal component 2 (PC2) along the y-axis for the four 

radiographs taken per hen (radiograph number is in brackets). The plots show the 

clustering of the three repeat landmarking bouts for each bird, with each coloured 

polygon representing one bird. 
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3.4 Discussion 

This pilot study aimed to generate data on using radiography to analyse 

premaxillary bone morphology in live laying hens. It has been suggested that 

beak shape data could be incorporated into selection indices to help reduce 

the damage inflicted by severe feather pecking (Icken et al., 2017; Baker et al., 

2022); however, it is first important to understand the individual variation 

between birds and whether the process of collecting and analysing phenotype 

data is repeatable and reliable. If the largest source of variation comes from 

operator effects rather than individual birds, then the phenotype collection and 

analysis method is not useful for genetic selection (Wilson et al., 2022). This 

is because the variation between individual birds sets the upper limit for 

heritability estimates (Falconer, 1989).  

Heritability is the genetic contribution to phenotypic variation, and Knief et 

al. (2012) reported heritability estimates for beak morphological traits in finches 

ranging from 0.47 to 0.74. These estimates are higher than previously reported 

in warblers and finches (Keller et al., 2001; Åkesson et al., 2008; Tschirren and 

Postma, 2010). However, in chickens, only one study has reported heritability 

estimates for beak shape traits, and they were lower than those reported in 

wild birds (h2 = 0.13 to 0.26) (Icken et al., 2017). Since the proportion of 

variance due to the bird sets the upper limit, the ICC value is expected to be 

larger than the estimate of heritability. For example, if the ICC is 0.80, then 

heritability estimates can range from 0.00 to 0.79, allowing the genetic 

contribution to be very large. On the other hand, if the ICC is only 0.40, then 

heritability can only range from 0.00 to 0.39, which does not allow for a large 

genetic contribution. Therefore, using heritability estimates from the literature 

(Knief et al., 2012), it was determined that an ICC value below 0.40 would not 

help demonstrate a genetic component to premaxillary bone shape (and other 

beak and bone shape traits) in the present study.  

The ICC values calculated in the present study for all the traits measured 

(length measurements and premaxillary bone landmarking) exceeded the set 
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minimum value, demonstrating that the process of imaging live hens over time 

and landmarking those images could be used to define genetic parameters of 

beak and bone shape in laying hens. The beak overhang length ICC is based 

on only 69 total radiographs, compared to 87 and 84 for the bone to nare and 

beak to nare lengths, respectively, and therefore, may be overestimated. 

However, a similar measurement taken at different time points by Icken et al. 

(2017) showed good phenotypic correlation between time points suggesting 

the measurement was repeatable. The variation due to individual birds 

exceeded that due to the operator (repeat MS value) and the imaging method 

(radiograph MS value). Within the variation not attributable to the bird, most of 

the variation came from taking multiple radiographs of the same bird rather 

than the operator taking multiple measurements from the radiographs. This 

suggests that this variation came from subtle differences during image 

acquisition (e.g., hen position), similar to what was found by Wilson et al. 

(2022).  

This pilot study also developed the novel capability of using radiography 

to apply GMM in live, non-sedated laying hens. For beak shape phenotypes to 

be included in selection indices, the data must be collected in live animals for 

real-time use. Radiography offers the advantage of allowing analysis of the 

beak and its underlying bone. It also allows for avoiding landmark placement 

on soft tissues, which are prone to distortion during restraint or obfuscation by 

plumage or skin. However, there are technical challenges, as birds require 

restraint during image acquisition to limit bird and human radiation exposure. 

Furthermore, given the increased regulation of X-ray equipment and 

equipment costs, using radiography to analyse beak shape may also not be 

feasible to implement commercially. However, the results of the present study 

showed that meaningful phenotype data can be collected using the methods 

described, and these methods could be adapted for other forms of image 

acquisition. For example, landmark-based GMM was previously applied to 

photographs to analyse turkey beak shape (Dalton et al., 2017) but has not 

been used for chickens.  
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3.5 Conclusion 

This pilot study helped develop a methodology that can be used to 

measure beak shape in live laying hens to define the morphological breadth 

and the injurious potential of different beak shapes to enable selection for beak 

shapes that reduce the likelihood of pecking damage and cannibalism in laying 

hens. This pilot study’s results are a starting platform for the subsequent 

studies undertaken in this project. 
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Chapter 4. Determining the variation in 

premaxillary and dentary morphology that may 

underlie beak shape between two pure layer 

lines  

This chapter has been published in Poultry Science (see Publications).  

4.1 Introduction 

Animal welfare and how food production animals are raised and managed 

are becoming more important to consumers and society in general (Napolitano 

et al., 2010; Spooner et al., 2014; Dunne and Siettou, 2020). This concern for 

animal welfare has led to widespread legislation regarding how animals are 

housed (Centner, 2010). In the egg production industry, the use of alternative 

housing systems such as free-range or whole-barn housing has increased, 

largely in response to the shift away from and/or ban on cages (either 

conventional or furnished) in many countries. For example, 56 percent of the 

11 billion eggs produced in the United Kingdom (UK) in 2019 came from free-

range systems (British Egg Industry Council, 2019). In the United States, over 

29 percent of laying hens are housed in cage-free systems, marking a 15 

percent increase since 2016 (United Egg Producers, 2021). These alternative 

systems allow birds more space and the ability to express their full behavioural 

repertoire (Muir et al., 2014). However, the large group sizes and unstable 

social hierarchies in these systems can contribute to outbreaks of severe 

feather pecking (Bilčík and Keeling, 2000; Lay et al., 2011; Muir et al., 2014). 

Severe feather pecking is the pecking at, pulling, and removal of feathers 

which can cause damage to the integument of the birds, often resulting in 

wounds and cannibalism (Savory, 1995). The behaviour is a serious welfare 

and economic concern as the loss of feathers can result not only in pain and 

mortality but in increased feed costs and poor feed efficiency (Leeson and 

Walsh, 2004).  
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The most effective method to control severe feather pecking is beak 

treatment, which both blunts and shortens beak length. Whether by hot-blade 

trimming or infrared methods, beak treatment raises its own welfare concerns. 

Hot-blade trimming results in acute pain and may cause neuroma formation 

and chronic pain, depending on the age of the bird at trimming and the severity 

of the trim (Lunam et al., 1996; Gentle et al., 1997). Infrared beak treatment 

has much less of a negative impact on bird welfare than hot-blade trimming 

(Gentle and McKeegan, 2007; Dennis et al., 2009; Struthers et al., 2019a) but 

concern regarding any form of beak manipulation has led to many national 

governments banning these treatments or, such as in the UK, allowing them 

only until better severe feather pecking prevention methods are found 

(Department for Environment Food and Rural Affairs, 2010; Scottish 

Executive, 2010). 

Alternative management practices to beak treatment have been studied 

and led to some successes in reducing the incidence of severe feather 

pecking; however, the behaviour remains unpredictable and difficult to control 

(Jendral and Robinson, 2004). More recently, there has been an increased 

focus on selective breeding against severe feather pecking (Rodenburg et al., 

2003; Bennewitz et al., 2014; Grams et al., 2015a). The incorporation of 

meaningful behavioural data into a breeding program can be challenging; 

therefore, quantifiable outcomes such as plumage cover, liveability, and beak 

shape are measured (Ellen et al., 2019). Plumage cover has been reported to 

have a moderate heritability and selection for the trait has reduced the 

incidence of severe feather pecking (Brinker et al., 2014; Icken et al., 2017). 

However, a disadvantage is that only the victims of feather pecking can be 

detected and it is time consuming to measure (Brinker et al., 2014). A hen’s 

liveability in relation to feather pecking depends both on her ability to avoid 

being feather pecked and the tendency of her flock mates to feather peck 

(Ellen and Bijma, 2019). Group selection for liveability reduced beak-related 

injuries and mortality in non-beak treated laying hens (Kuo et al., 1991; Craig 

and Muir, 1993; Rodenburg et al., 2010; Ellen and Bijma, 2019) but continual 
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selection caused heritability to decrease over time meaning that further 

improvement becomes more and more difficult (Ellen and Bijma, 2019).  

Beak shape differs between bird species because each species has 

evolved a specific shape to fit both their diet and environmental niche (Grant 

and Grant, 1993). The beak is a highly specialized and complex organ that 

serves many important functions including feeding, drinking, grooming, 

parasite removal, and defence (Lunam, 2005). In chickens, the natural shape 

of the beak resembles that of a hook, with the sharp tip of the top beak 

extending over the bottom beak. The internal structure of the top and bottom 

beak are provided by the premaxillary and dentary bones, respectively 

(Lunam, 2005). To what extent beak shape can contribute towards reducing 

the incidence of severe feather pecking is still not fully understood. It is also 

not well understood if phenotypic variation in beak shape is due primarily to 

genetics, environmental factors, or a combination of both. Substantial variation 

in beak shape exists within non-beak treated layer flocks and beak shape 

appears to be heritable (Icken et al., 2017). Using a device that measured the 

difference in length between the top and bottom beak (i.e., top beak overhang), 

Icken et al. (2017) found that when hens had naturally shorter (blunter) top 

beaks, mortality was reduced and plumage cover improved. This suggests that 

there is the potential to use this pre-existing variation and selectively breed 

hens whose beak shapes are less apt to cause damage during severe feather 

pecking. 

Beak morphology in poultry has previously been described using linear 

measurements such as length, width, and depth (Marchant-Forde et al., 2008; 

Carruthers et al., 2012; McKeegan and Philbey, 2012). However, these 

measurements help highlight differences in size rather than true shape 

differences. Interpretation of these measurements is also difficult when the 

study specimen occupies three-dimensional space. Geometric morphometrics 

is the analysis of morphological shape using landmark coordinates rather than 

linear measurements (Zelditch et al., 2012). Geometric morphometrics is 

typically applied to dead specimens (museum specimens, field collections 
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preserved in fixative) or if done using live animals, the method of image 

acquisition for two-dimensional (2D) analysis is often photography.  

Dalton et al. (2017) investigated the effects of age, sex, and beak size on 

beak shape variation in domestic turkeys using photography and geometric 

morphometrics. The authors reported a wide range of phenotypic variation in 

turkey beak shape with sex and beak size having a much greater effect on 

shape than age. The shape patterns reported by Dalton et al. (2017) are similar 

to those found in other bird species (Foster et al., 2008; Kulemeyer et al., 2009; 

Shao et al., 2016). Although they did not look at the beak specifically, Stange 

et al. (2018) compared skull morphology between domesticated chicken 

breeds and wild fowl using geometric morphometrics analysis of microscribe-

acquired landmark coordinates. Domesticated chickens occupied a greater 

portion of morphospace (shape space) and therefore had greater variation in 

skull shape compared to their wild fowl ancestors (Stange et al., 2018). 

The objective of this study was to radiograph breeding stock consisting of 

two different pure lines of White Leghorn hens to 1) generate bone 

morphometric data and 2) describe the phenotypic variation in premaxillary 

(within the top beak) and dentary (within the bottom beak) bone shape that 

exists within these two populations. The collection of these phenotypes will 

allow for the calculation of genetic parameters (heritability, QTL, and estimated 

breeding values) in future studies. As mentioned, geometric morphometrics is 

typically applied to dead specimens or if using live specimens, applied to 

photographs. To our knowledge, geometric morphometrics has not been 

applied to radiographs for the assessment and characterisation of beak 

morphology in poultry. Radiography offers the advantage of being able to 

analyse the bones, which may contribute to overall beak shape and size. This 

study helped develop the novel capability of using radiography for the 

application of geometric morphometrics in live, non-sedated laying hens.  
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4.2 Materials and Methods 

This study was reviewed and approved by the Animal Welfare and Ethical 

Review Body at the Roslin Institute (University of Edinburgh). This study was 

conducted in the UK under a Home Office project license (P61FA9171) and 

complied with UK regulations regarding the treatment of experimental animals 

(Home Office (UK), 2014). 

4.2.1 Animals and housing 

Birds (n = 825) used for this study were from two pure line populations 

(Line A and B) of White Leghorn laying hens. Both Line A (n = 387) and Line 

B (n=432) hens contribute to the four-line breeding scheme of Lohmann 

Selected Leghorn (LSL) hybrid layers (Lohmann Breeders GmbH). Hens from 

both populations were housed in conventional cages (n = 200) in family groups 

(full-siblings and/or half-siblings) with a maximum of five birds per cage.   

4.2.2 Radiographic examination 

Equipment. The radiograph device used was a Cuattro Slate 6 DR X-ray 

system with a Wireless 12 x 14” AED VW Caesium Wireless Flat Panel 

Detector (Figure 4.1a). The generator was suspended over the radiograph 

plate and a 2-metre controlled radiation zone was demarcated using plastic 

chain-link barriers. A lead curtain separated the controlled radiation zone from 

the bird handling zone. 

To reduce handlers’ exposure to radiation, custom restraint devices were 

developed to hold the hens in place. The restraint was performed using 

methods adapted for veterinary radiograph examination. A restraint jacket was 

made of cotton denim. Birds were wrapped in the cotton jacket, which was then 

secured by an attached strap of hook and loop tape (Figure 4.1b). A separate 

strap of hook and loop tape was used to secure the legs together. For 

immobilising the head, a cotton hood was custom designed (Figure 4.1c). The 
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hood could be placed over the head and the beak would show through a small 

opening at one corner. The hood was secured underneath the head by small 

hook and loop fasteners. These could be adjusted to accommodate different 

sized heads and combs. Once the hen was placed in right lateral recumbence 

on the radiograph plate, the cloth hood was secured to a strap of hook and 

loop tape running along the radiograph plate. For optimal positioning, a small 

piece of radiolucent foam was placed underneath the beak for the duration of 

the radiograph.  

Procedure. All hens from two cages were removed from their home cage, 

loaded into an enclosed transport trolley, and transported to the radiation zone 

(up to 10 hens per transport trolley). Each side of the trolley had five smaller 

cages in which one hen was placed and each home cage took up one side of 

the trolley. Hens were removed from the trolley one a time, had their wing band 

recorded, and then were restrained as described above. The handlers left the 

radiation zone and a lateral radiograph was taken. The hen remained 

conscious and non-sedated for the entire procedure. The radiograph was 

checked for image quality (e.g., blurriness). If the radiograph was not usable, 

another was taken. After verification of a usable radiograph, the hen was lifted 

off the radiograph plate, the fabric hood and jacket were removed, and the hen 

was immediately returned to the trolley where it remained until the procedure 

was complete for all hens in the trolley. When returning the hens to their home 

cage, the wing band numbers belonging to each cage were verified by 

matching them to a sticker on the front of the cage. Following catching and 

placement in the transport trolley, the entire procedure lasted approximately 

120 s for each hen, beginning with removal from the trolley, restraint, 

radiograph acquisition, and return to the trolley. A total of 825 radiographs (one 

per hen) were collected over nine days. 
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Figure 4. 1. (a) Set-up of the portable radiograph device on the laying hen farm. Arrow 

indicates radiograph plate. (b) Body and (c) head restraint devices used during 

radiograph acquisition. 

4.2.3 Radiograph analysis 

Formatting. Left lateral radiographs (DICOM format) were cropped to 600 

x 600 pixels and uniformly sharpened (Sharpen feature) using ImageJ analysis 

software (v.1.53g; National Institutes of Health, Bethesda, MD, USA). 

Radiographs were cropped to show the entire head and the C1 vertebra. 

Radiographs were excluded from landmarking if the image was blurry or if the 

landmarks could not be properly placed on their locations. This resulted in 819 

and 710 lateral radiographs being available for premaxillary and dentary 

landmarking, respectively. The difference in the number of radiographs 

available for premaxillary vs. dentary landmarking was primarily due to 

blurriness from the hen moving her lower mandible during radiograph 

acquisition.  
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Placement of landmark coordinates. The radiographs were landmarked 

in ImageJ using the Multi-Point Tool. The anatomical terms of location used to 

describe the placement of the landmarks and the shape of both bones are 

provided in Figure 4.2. Thirteen landmarks and semilandmarks (LMs) were 

chosen for the premaxillary and dentary bones (Figure 4.3). LMs 1 to 3 were 

placed on locations that had the same relative position (homology) between 

specimens (Zelditch et al., 2012). LMs 4 to 13 consisted of sliding 

semilandmarks and slid along the curves of the bones until their positions were 

optimised to minimise shape differences (Gunz and Mitteroecker, 2013). The 

2D landmark coordinates were copied from the results table in ImageJ into a 

Microsoft Excel spreadsheet. The spreadsheet (.xlsx format) was imported into 

R (v.3.6.1) and then R-based scripting and data visualisation were done using 

the integrated development environment RStudio (v.1.2.5001) (R Core Team, 

2019).  

 

Figure 4. 2. Schematic demonstrating the anatomical terms of location used to 

describe the premaxillary (within the maxillary beak) and dentary (within the 

mandibular beak) bone shape. The anatomical terms of location are in relation to the 

white shaded areas on each bone. 
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Figure 4. 3. The landmarks (LMs) and semilandmarks used for the analyses of the 

left lateral radiographs. (a) premaxillary bone (LM 1, tip of premaxillary bone; LM 2, 

rostral end of the nares; LM 3, base of skull where spinal cord enters; LMs 4-13, 

semilandmarks) and (b) dentary bone (LM 1, rostral tip of dentary bone; LM 2, caudal-

most end of dentary bone; LM 3, caudal-most end of angular bone; LMs 4-13, 

semilandmarks). 

Geometric morphometric analysis. Multivariate shape analysis was 

done using the R package geomorph (v.4.0.0) (Adams et al., 2021) . Outliers 

in the upper quartile as shown by Procrustes distance to the mean (square 

root of the sum of squared distances between the individual shape 

measurement and the consensus shape) were removed from analysis; this 

reduced the dataset of 2D landmark coordinates to 806 premaxillary and 684 

dentary lateral radiographs. Using Procrustes superimposition, the 2D 

landmark coordinates for all the radiographs (each bone separately) were 

standardised such that landmarks were superimposed, uniformly re-scaled, 
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and rotated to a common orientation. The resulting transformed landmarks are 

termed Procrustes coordinates. A distance matrix of individuals was calculated 

from the Procrustes coordinates. The covariation described by the matrix was 

decomposed by principal components analysis (PCA), and eigenvectors and 

their corresponding eigenvalues were found. The eigenvector with the highest 

eigenvalue was the first principal component (PC) and explained the most 

covariation in shape. Each sequential PC (eigenvector) described continuously 

smaller covariation (eigenvalues). The PCs with the largest eigenvalues (e.g., 

PC1 and PC2) were then plotted to establish the shape space of the birds. 

The Procrustes superimposition also created a consensus bone shape by 

identifying the centroid (centre point) of all the landmarks and semilandmarks 

in each radiograph. The centroid size was then calculated as the square root 

of the sum of squared distances of landmarks from the centroid (Zelditch et al., 

2012). In the present study, centroid size served as a proxy for relative bone 

size. 

4.2.4 Statistical analyses 

To test for allometry (the influence of size on shape) for each bone, a 

multivariate regression of the Procrustes shape coordinates onto log centroid 

size for the entire dataset was performed. A Procrustes ANOVA was 

performed to determine if bone shape variation and allometry differed between 

the two pure lines. Data were analysed using the procD.lm function within 

geomorph. Significance was evaluated with a residual randomisation 

permutation procedure with 1000 iterations. A Spearman correlation using the 

cor.test function in the R Stats package was performed to test the relationship 

between 1) PC1 scores of the premaxillary and dentary bones (i.e., the 

relationship between the two bone shapes) and 2) log centroid sizes of the 

premaxillary and dentary bones (i.e., the relationship between the two bone 

sizes). Differences were considered significant when P ≤ 0.05. 
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4.3 Results 

 

4.3.1 Premaxillary bone 

For the premaxillary bone, there were three principal components that 

explained the majority of the total variation in premaxillary bone shape in the 

two populations of pure line hens. PC1 accounted for 56% of the total variation. 

Though the two lines overlapped in morphospace, there was noticeable 

separation between them. In contrast to Line A (PC1 max), Line B tended 

towards premaxillary shapes with more pronounced downward curvature (PC1 

min). Also, the caudal end of the premaxillary bone tended to be deeper in Line 

B (Figure 4). PC2 accounted for 18% of the total shape variation and describes 

a rostral (PC2 min) vs. caudal (PC2 max) shift in the dorsal and ventral margins 

of the bone and a corresponding caudal (PC2 min) vs. rostral (PC2 max) shift 

of the bone tip (Figure 4.4). PC3 explained 11% of the total shape variation 

and described a rostral (PC3 min) vs. caudal (PC3 max) shift in the 

dorsal/ventral beak margins as well as a slight narrowing (PC3 min) vs. 

widening (PC3 max) of the caudal-most ventral margins of the premaxillary 

bone (Figure 4.5).  

To test whether there was a relationship between bone size and its shape 

(static allometry), the Procrustes shape coordinates for the entire dataset were 

regressed on log centroid size. The regression revealed that the shape 

coordinates were significantly associated with bone size (Z-score = 10, P < 

0.01) and that bone size accounted for 42% of the total shape variation. Based 

on Procrustes ANOVA, premaxillary bone shape also differed significantly 

between the two lines (Z-score = 8, P < 0.01). Allometry was also unique 

between the lines as the interaction between log centroid size and line was 

significant (P = 0.04). Line A hens had larger log centroid sizes (mean = 6.11 

± 0.002) compared to Line B (mean = 6.04 ± 0.003). Because this interaction 

was significant, no attempt was made to correct for allometry. 
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Figure 4. 4. The premaxillary bone shape variation explained by PC1 and PC2 for 

Line A (black) and B (grey) pure line hens. The point figures at each end of the x and 

y axes are visual representations of the premaxillary bone shape. The blue lines 

represent the mean shape of the premaxillary bone for the two lines. The orange lines 

represent the premaxillary bone shape at the minimum and maximum values along 

the axes of PC1 and PC2. 

 

 



 

83 

 

 

Figure 4. 5. The premaxillary bone shape variation explained by PC1 and PC3 for 

Line A (black) and B (grey) pure line hens. The point figures at each end of the x and 

y axes are visual representations of the premaxillary bone shape. The blue lines 

represent the mean shape of the premaxillary bone for the two lines. The orange lines 

represent the premaxillary bone shape at the minimum and maximum values along 

the axes of PC1 and PC3. 
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4.3.2 Dentary bone 

The PCA of the dentary bone revealed two principal components that 

explained 81% of the total shape variation in the two lines. PC1 accounted for 

62% of the shape variation and described a widening and lengthening (PC1 

min) vs. a narrowing and shortening (PC1 max) of the bone (Figure 6). As 

observed with the premaxillary bone, PC1 appeared to separate the lines, with 

a longer and deeper dentary bone being more characteristic of Line B. PC2 

accounted for 19% of the total variation and described the angle between the 

dentary bone and its articular process associated with an inferior (PC2 min) 

vs. superior (PC2 max) shift of the caudal end of the dentary bone and a 

superior (PC2 min) vs. inferior (PC2 max) shift of the bone tip (Figure 4.6).  

Multivariate regression of the Procrustes shape coordinates on log 

centroid size for the entire dataset showed that dentary bone shape was 

significantly associated with its size (Z-score = 8, P < 0.01) and that bone size 

accounted for 42% of the total dentary shape variation. Like the premaxillary 

bone, dentary bone shape differed significantly between lines (Z-score = 7, P 

< 0.01) as did allometry (P < 0.01). Line A had larger log centroid sizes (mean 

= 5.81 ± 0.005) compared to Line B (mean = 5.68 ± 0.007). As with the 

premaxillary bone, the interaction between log centroid size and line was 

significant for the dentary bone (P < 0.01) so no attempt to correct for allometry 

was made. 
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Figure 4. 6. The dentary bone shape variation explained by PC1 and PC2 for Line A 

(black) and B (grey) pure line hens. The point figures at each end of the x and y axes 

are visual representations of the dentary bone shape. The blue lines represent the 

mean shape of the dentary bone for the two lines. The orange lines represent the 

dentary bone shape at the minimum and maximum values along the axes of PC1 and 

PC2. 

4.3.3 Spearman correlations 

Correlation between the PC1 scores of the premaxillary and dentary bones 

found that there was a strong, positive relationship (rs = 0.69; P < 0.01) 

between the shapes of the premaxillary and dentary bones. Using log centroid 

size as a proxy for bone size, a strong, positive relationship between the sizes 

of the premaxillary and dentary bones was also found (rs = 0.96, P < 0.01). 
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4.4 Discussion 

Many previous studies examining skull and beak morphology in different 

avian species have done so from an evolutionary and developmental 

perspective (Foster et al., 2008; Bright et al., 2016, 2019; Shao et al., 2016; 

Cheng et al., 2017), focusing on how the beak and skull have morphologically 

evolved in response to each species’ particular ecological niche. This differs 

from the present study whose aim is to understand the underlying shape of the 

bones within the beak so that it potentially can be used as a tool to help 

improve management of non-beak treated laying hen flocks. To our 

knowledge, this is the first study to analyse and describe the morphology of 

the bones within chicken beaks using radiography and landmark-based 

geometric morphometrics. As mentioned previously, geometric morphometric 

techniques are typically used on dead specimens. A challenge to collecting 

beak morphology data (phenotypes) for use in further genomic and 

behavioural studies is collecting it in live animals. Geometric morphometrics 

has been applied to photographs in live turkeys (Dalton et al., 2017); however, 

photography does not allow for the analysis of bone shape. Radiography offers 

the advantage of being able to analyse both beak and bone shape but there 

are technical challenges with collecting radiograph data from live, non-sedated 

birds as birds need to be restrained during x-ray capture to limit bird and 

human exposure to radiation. This study showed that meaningful phenotype 

data can be collected from live laying hens using the methods described. 

The present study found that premaxillary bone shape variability explained 

by PC1 and PC2 ranged from long, narrow bones with pointed tips to short, 

wide bones with more curved tips. Variability in dentary bone shape explained 

by PC1 and PC2 ranged from short and narrow to long and wide with 

corresponding superior vs. inferior shifts of the bone tip. The closest related 

study to the present one would be that of Dalton et al. (2017) who examined 

the external beak shape of domestic turkeys. The authors found that top beak 

shape in domestic turkeys ranged from short, narrow beaks with short, pointed 
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beak tips to long, wide beaks with long, curved beak tips. Bottom beak shape 

in turkeys ranged from wide and round to narrow and thin with corresponding 

shifts in the beak tip (Dalton et al., 2017).  

The axes described by both PC1 and PC2 for premaxillary bone shape 

variation in this study are similar to top beak shapes reported previously in 

other avian species: long and narrow vs. short and wide (Foster et al., 2008; 

Kulemeyer et al., 2009; Shao et al., 2016; Dalton et al., 2017). Although it is 

presumed that beak shape reflects the underlying structures of the 

premaxillary and dentary bones, we are unaware of any study that has formally 

tested this. Thus, caution is required when comparing our results to those 

whose analyses are based on beak shape. Regarding the curvature of the 

premaxillary bone tip, the present study found that hens with long and narrow 

premaxillary bones had more pointed (less curved) bone tips while hens with 

short and wide premaxillary bones had more curved (less pointed) bone tips. 

In the present study it is difficult to determine which bone tip shape (pointed 

vs. more curved) results in a sharper external beak, particularly since there is 

often keratin growth extending beyond the tip of the premaxillary bone which 

could affect the curvature. The two lines were partially separated by PC1 for 

the premaxillary bone, which suggests that there are distinct bone phenotypes 

(particularly regarding the curvature and allometry) within each genetic line. 

This information is important as the incorporation of multivariate shape data 

into selection indices could help guide the selection of hens whose beak 

shapes are less apt to cause damage during severe feather pecking.  

There were also mild similarities in the dentary bone shapes described in 

the present study and the bottom beak shapes reported by Dalton et al. (2017). 

In both studies, shape variability described by PC1 and PC2 could be 

interpreted as a widening vs. narrowing of the bone or beak with corresponding 

superior vs. inferior shifts of the bone or beak tip. However, once again these 

comparisons should be made with caution. Here, bone size accounted for 

approximately 42% of both the premaxillary and dentary bone shape. This is 

similar to what has been reported in raptors (Bright et al., 2016) and for the 
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bottom beak of domestic turkeys (Dalton et al., 2017) and suggests that bone 

shape is strongly influenced by bone size. However, more research 

investigating the relationship between bone shape and size and the influence 

of body size is needed. Further studies could also incorporate lateral 

landmarks on different locations of the skull to determine the relationship 

between skull and beak shape and size. Beak and skull shape in avian species 

are highly integrated, meaning that change in one correlates to change in the 

other (Bright et al., 2016; Stange et al., 2018). It is still not fully understood to 

what magnitude skull shape impacts beak shape and how size factors in, 

although Stange et al. (2018) reported a weak effect of skull size on shape in 

domestic chicken breeds.  

The positive correlations for both the PC1 scores and the log centroid sizes 

across both lines suggest a coordination of the growth and subsequent shape 

between the bones (i.e., the dentary bone grows and is shaped in relation to 

the premaxillary). This coordination may be explained by the developmental 

origins of beak morphology. Cranial neural crest cells contain the patterning 

information responsible for beak morphology variation between different avian 

species and both the premaxillary and dentary bone are derived from these 

cells (Schneider and Helms, 2003). Cranial neural crest cells may regulate the 

development and growth of the dentary bone such that it always fits inside the 

premaxillary and in fact, the top beak does contain a groove that the bottom 

beak fits in to (also known as the bearing horn) (Lucas and Stettenheim, 1972). 

However, to our knowledge, this has yet to be formally verified and because of 

this, caution should be used when interpreting the significant correlations as 

biologically important. 

4.5 Conclusion 

The results of this study demonstrate significant phenotypic variation in the 

shape of both the premaxillary and dentary bone within two populations of pure 

line White Leghorn laying hens. The present study is the first in a series that 

will investigate the impact of beak shape on feather pecking-related damage 
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in laying hens. The aim of this study was to identify various bone phenotypes 

as an initial step rather than to associate a certain phenotype with damage. 

Research into why hens feather peck and other methods of mitigating the 

behaviour is ongoing and the present study helps contribute to that knowledge 

by laying the foundation to investigate if the beak itself can be used as a 

mitigation tool. Subsequent morphometric analyses of these two hen 

populations will analyse the external shape of the beak and help elucidate the 

relationship between bone and beak shape and its impact on severe feather 

pecking behaviour, plumage cover, and mortality. These bone and beak 

phenotypes will also be used in quantitative genetic analyses for the 

calculation of beak and bone shape heritability and to identify QTL underlying 

beak morphology. 
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Chapter 5. An analysis of the maxillary beak 

shape variation between two pure layer lines and 

its relationship to the underlying premaxillary 

bone, feather cover, and mortality  

This chapter has been published in Poultry Science (see Publications).  

5.1 Introduction 

Chickens use their beaks for important functions, including feeding, 

drinking, plumage maintenance, and establishing social order; however, 

beyond these functions, birds can develop maladaptive beak-related 

behaviours such as severe feather pecking (SFP). SFP is the pecking at, 

pulling, and removal of feathers by perpetrator birds, which can cause damage 

to the integument of the recipient birds, often resulting in wounds and 

cannibalism (Savory, 1995). The behaviour is a serious welfare and economic 

concern as the loss of feathers can result in pain, mortality, increased feed 

costs, and poor feed efficiency (McAdie and Keeling, 2000; Su et al., 2006). 

Beak treatment, the practice of shortening and blunting beak length via hot-

blade or infrared methods, is used to pre-emptively limit SFP damage, but it 

does not address the cause of the behaviour itself. Evidence that there are 

nociceptors in the beak and pain-related behaviours after the earliest beak 

treatment methods (Gentle et al., 1991; Gentle and McKeegan, 2007) has led 

to increasing demand to ban all forms of beak treatment and research 

investigating alternative methods of preventing and controlling SFP. The 

behaviour has a low to moderate heritability (Su et al., 2005; Bennewitz et al., 

2014; Lutz et al., 2016), so selective breeding against it is possible; however, 

incorporating behavioural data into breeding programs can be challenging. 

Traits related to SFP but easier to measure, such as plumage cover, liveability, 

and beak shape, have also been studied to reduce SFP incidence and severity 

(Ellen et al., 2019).  
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Beak shape has been a marker of how genetic variability underlies the 

adaptation to environments and may partly lead to avian speciation (Grant and 

Grant, 1993; Lamichhaney et al., 2015; Tokita et al., 2016), so there is little 

doubt that beak shape is genetically determined. As a result, it is not surprising 

that the natural shape of the beak varies considerably within and between 

laying hen lines. Aspects of beak shape, such as the beak overhang 

(difference between maxillary and mandibular beak lengths), appear to be 

heritable (Knief et al., 2012; Icken et al., 2017). Hens with naturally shorter and 

blunter maxillary beaks showed improved feather cover and reduced mortality 

(Icken et al., 2017). This poses the question of whether poultry breeding 

companies can take advantage of this pre-existing variation in beak shape and 

genetically select hens whose beak shapes are less damaging during SFP 

behaviour. To do so, the beak shape phenotypes must first be identified. Beak 

shape in poultry is mostly described using linear measurements such as 

length, width, and depth (Carruthers et al., 2012; Morrissey et al., 2016); 

however, more recent studies have described beak shape using geometric 

morphometrics (analysis of shape using landmark coordinates) (Dalton et al., 

2017; Struthers et al., 2021).  

Using two-dimensional geometric morphometrics (image-based), Dalton 

et al. (2017) found significant variation in turkey beak shape and reported that 

sex and beak size strongly influenced shape. The beak shapes identified were 

similar to other avian species (Foster et al., 2008; Kulemeyer et al., 2009; Shao 

et al., 2016). Stange et al. (2018) used three-dimensional geometric 

morphometrics to compare domesticated chicken breeds and wildfowl skull 

morphologies. The domesticated breeds occupied a much larger area of shape 

space and showed much higher variation in skull shape. Struthers et al. (2021) 

developed the novel capability of using radiography to apply geometric 

morphometrics in live, non-sedated laying hens. They identified premaxillary 

and dentary bone phenotypes within two White Leghorn pure layer lines. They 

found that the shape and size of the premaxillary bone differed significantly 

between the two genetic lines. This suggests that distinct bone, and possibly 



 

93 

 

beak, shape phenotypes could be selected to help reduce the damage inflicted 

by SFP. 

The current study used photographs of two pure White Leghorn laying hen 

lines obtained from data previously described (Struthers et al., 2021) to 

achieve the following objectives: 1) generate maxillary beak morphometric 

data, 2) characterize the within phenotypic variation in maxillary beak shape 

between these two populations, 3) examine the genetic and phenotypic 

relationship between the shape of the maxillary beak and the underlying 

premaxillary bone, and 4) examine the genetic and phenotypic relationship 

between maxillary beak shape, feather cover, and mortality during the laying 

cycle.  

5.2 Materials and Methods 

This study was reviewed and approved by the Animal Welfare and 

Ethical Review Body at the Roslin Institute (University of Edinburgh). This 

study was conducted in the UK under a Home Office project license 

(P61FA9171) and complied with UK regulations regarding the treatment of 

experimental animals (Home Office (UK), 2014). 

5.2.1 Animals and housing 

Birds (n = 710) used for this study were from two pure line populations 

(Line A and B) of White Leghorn laying hens. Both Line A (n = 458) and Line 

B (n=252) hens contributed to the four-line breeding scheme of Lohmann 

Selected Leghorn (LSL) hybrid layers (Lohmann Breeders GmbH). All birds 

were 40 weeks of age at the time of digital image and radiograph acquisition 

(Struthers et al., 2021). Hens from both populations were housed in 

conventional cages (n = 200) in family groups (full and/or half-siblings) with 

five hens per cage. All hens from both lines were housed in the same room 

within the same building and received the same feed. Hens were housed until 

100 weeks of age under challenge conditions (i.e., lower feed nutritional 
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content (energy 10.9 – 11.1 MJ/kg; crude protein 15 – 15.5%)) set by the 

breeding company.  

5.2.2 Prior radiographic acquisition and analysis 

To investigate the relationship between the shape of the beak and its 

underlying bones, left lateral head radiographs were previously collected from 

the same birds and analysed using the methods described by Struthers et al. 

(2021) (Chapter 4). To summarise, the premaxillary bone (within the maxillary 

beak) in each radiograph was landmarked in ImageJ (v.1.53g; National 

Institutes of Health, Bethesda, MD, USA) using 13 landmarks. The 2D 

landmark coordinates were imported into R (v.3.6.1) and then R-based 

scripting and data visualisation were done using the integrated development 

environment RStudio (v.1.4.1717) (R Core Team, 2019). Multivariate shape 

analysis was done using the R package geomorph (v.4.0.1) (Adams et al., 

2021). Within geomorph, Procrustes superimposition was used to standardise 

all the landmarks in each radiograph by superimposing, uniformly re-scaling, 

and rotating them all to a common orientation. The covariation of the 

transformed landmarks was analysed using principal components analysis and 

multivariate regression. 

5.2.3 Image acquisition 

Immediately following radiograph acquisition (Chapter 4; Struthers et al., 

2021), each hen was placed laterally against a plastic container secured to the 

wall, and a digital image was taken. A 0.8-cm diameter green dot sticker was 

placed on the container to be used as a size standard during analyses. Images 

were captured using a Nikon COOLPIX B700 digital camera (Nikon Corp., 

Tokyo, Japan) mounted to an adjustable camera tripod. After verification of a 

useable image (e.g., no blurriness detected from the camera’s LCD 

viewscreen), the hens were placed into a transport trolley and returned to their 

home cages. A total of 710 images (one per hen) were collected.  
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5.2.4 Image analysis 

Post hoc formatting. During image acquisition, the bird’s mouth was not 

open, causing the mandibular beak to be partially obscured by the maxillary 

beak in most images. As a result, it could not be landmarked reliably; therefore, 

it was decided to forego landmarking and analysis of the mandibular beak. For 

the maxillary beak, left lateral images (JPEG format) were excluded from 

landmarking if, despite checking during image acquisition, the image was 

blurry or if the landmarks could not be properly placed on their locations (e.g., 

the comb was obstructing landmark placement). This resulted in 637 lateral 

images being available for maxillary beak landmarking. 

Placement of landmark coordinates. The images were landmarked in 

ImageJ using the Multi-Point Tool. The anatomical terms of the location used 

to describe the placement of the landmarks and the shape of the maxillary 

beak are provided in Figure 2.5. Twenty landmarks and semilandmarks (LMs) 

were chosen for the maxillary beak (Figure 2.7). Five discrete LMs, i.e., those 

with the same relative position (homology) between specimens, were placed 

first (Zelditch et al., 2012). LMs 6 to 20 consisted of sliding semilandmarks 

(Gunz and Mitteroecker, 2013). These LMs slid along the curves of the beak 

to minimise shape differences (Bookstein, 1991; Gunz and Mitteroecker, 

2013). The 2D landmark coordinates from ImageJ were visualised using the 

integrated development environment RStudio (v.1.4.1717) (R Core Team, 

2019). 

Geometric morphometric analysis. Multivariate shape analysis was 

done using the geomorph package in R (v.4.0.1) (Adams et al., 2021). Outliers 

in the upper quartile, as shown by Procrustes distance to the mean (square 

root of the sum of squared distances between the individual shape 

measurement and the consensus shape), were removed from analysis; this 

reduced the dataset of 2D landmark coordinates to 617 lateral maxillary beak 

images. Using Procrustes superimposition, the 2D landmark coordinates for 

all images were standardised such that landmarks were superimposed across 
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a common origin (centroid), uniformly re-scaled, and rotated around the origin 

to a common orientation. The resulting transformed landmarks are termed 

Procrustes coordinates. A distance matrix of individuals was calculated from 

the Procrustes coordinates. The covariation described by the matrix was 

decomposed by principal components analysis (PCA), and eigenvectors and 

their corresponding eigenvalues were found. The eigenvector with the highest 

eigenvalue was the first principal component (PC) and explained the most 

covariation in shape. Each sequential PC (eigenvector) described continuously 

smaller covariation (eigenvalues). The PCs with the largest eigenvalues (e.g., 

PC1 and PC2) were then plotted to establish the shape space of the birds.  

The Procrustes superimposition also created a consensus beak shape by 

identifying the centroid (centre point) of each photo’s landmarks and 

semilandmarks. The centroid size was then calculated as the square root of 

the sum of squared distances of landmarks from the centroid (Zelditch et al., 

2012). In the present study, centroid size was a proxy for relative maxillary 

beak size independent of shape. 

5.2.5 Feather cover 

All hens from both lines were individually feather scored at 40, 70, and 100 

weeks of age. The same two trained observers did feather scoring at 40 and 

70 weeks. Inter-observer reliability, calculated using Spearman’s coefficient, 

was 0.87. Intra-observer reliability could not be calculated as only one 

measurement per observer was taken at each age with subsequent 

measurements being taken 30 weeks apart. At 100 weeks, due to COVID-19 

restrictions, only one trained observer feather scored all the hens. The back, 

breast, wings, and tail were assessed (but not individually scored) and then an 

overall whole body feather cover was scored on a scale of 1 to 9, with 1 

indicating no feather cover and 9 indicating full, intact plumage (scoring scale 

provided by Lohmann Breeders). It was assumed that a hen’s beak shape 

would not influence its feather cover; therefore, a mean score per cage was 

calculated to determine the correlation between beak shape and feather cover.  
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5.2.6 Mortality 

Birds were monitored daily for mortality and morbidity throughout the 100-

week production cycle by the breeding company farm staff. All mortalities were 

classified as either cannibalism-related or non-cannibalism related. Specific 

causes of mortality could not be identified unless they were obvious (e.g., 

cannibalism) as birds were not sent for post-mortem analysis.  

5.2.7 Statistical analyses 

Geometric morphometric analysis. A multivariate regression of all the 

Procrustes shape coordinates versus log centroid size was performed to test 

for allometry (the relationship between size and shape). A Procrustes ANOVA 

was performed to determine if beak shape variation and allometry were unique 

between the two lines. Data were analysed using the procD.lm function within 

geomorph (Adams et al., 2021). Significance was evaluated with a residual 

randomisation permutation procedure with 1000 iterations. Differences were 

considered significant when P ≤ 0.05. 

Feather cover and mortality. Data were analysed as a one-way ANOVA 

in a completely randomised design with bird (n = 710) as the replicate unit for 

feather cover and cage (n = 200) for mortality. Data were analysed using the 

R stats package (v.4.1.0) (R Core Team, 2019). Mortality percentage data 

were checked for normality and log transformed (data log + 1). Differences 

were considered significant when P ≤ 0.05 and a trend was noted when 0.05 

< P ≤ 0.10. 
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Heritability and genetic correlations. To estimate heritabilities and 

genetic and phenotypic correlations between maxillary beak shape PC scores 

and premaxillary bone shape PC scores, a bivariate model was fitted in 

ASReml (v.4.1.1068; VSN International): 

y = X + Zu + e  

where y is a vector containing the phenotypic values for each trait for all 

birds,  is a vector of fixed effects, and u is a vector of random genetic effects. 

X and Z are the known design matrices for  and u, respectively, and e is a 

vector of residual errors.  

Narrow-sense heritability was calculated as follows: 

 h2a = 2a/2p 

where 2a is the additive genetic variance and 2p is the phenotypic 

variance.  

Spearman correlations. Spearman correlations using the cor.test 

function in the R stats package (v.4.1.0) (R Core Team, 2019) were performed 

to test the relationships between maxillary beak shape and size, mortality (total 

and cannibalism-related), and feather cover. The degrees of correlation were 

defined as: 0.00 – 0.20, indicating a negligible correlation; 0.21 – 0.40, 

indicating a weak correlation; 0.41 – 0.60, indicating a moderate correlation; 

0.61 – 0.80, indicating a strong correlation; and 0.81 – 1.00, indicating a very 

strong correlation.  

5.3 Results 

 

5.3.1 Maxillary beak 

The first three PCs were chosen for the maxillary beak, as each accounted 

for more than 10 percent of the proportion of variance (Table 5.1). The three 
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PCs explained 83 percent of the total shape variation in the two pure line laying 

hen populations. It is important to note that the minimum (i.e., negative) and 

maximum (i.e., positive) values of the PCs do not necessarily correspond to 

short, pointed beaks or long, curved beaks, respectively. Depending on the PC 

scores, the maximum values on the PCA plot could describe beak shapes that 

oppose the terminology (e.g., for the PC describing beak curvature, the 

maximum value may describe pointed or straight beaks rather than curved). 

PC1 accounted for 46 percent of the total variation and partially separated 

the two lines. Line A hens tended towards longer maxillary beak shapes, while 

Line B tended towards shorter (Figure 5.1). PC2 accounted for 26 percent of 

the maxillary beak shape variation and describes an inferior (downwards; PC2 

min) versus superior (upwards; PC2 max) shift of the landmarks that 

corresponds to the curvature of the beak tip (Figure 5.1). PC3 explained 11 

percent of the shape variation and describes a widening (PC3 min) versus 

narrowing (PC3 max) of the dorsal/ventral margins of the maxillary beak that 

corresponds to beak depth (Figure 5.2). 

Table 5. 1. Proportion of premaxillary beak shape variance explained by the 

first ten principal components. 

Principal 
component 

Eigenvalue 
Proportion of 

variance  
Standard 
deviation1 

1 0.00149 0.46 0.039 
2 0.00084 0.26 0.029 
3 0.00034 0.11 0.018 
4 0.00014 0.04 0.012 
5 0.00011 0.03 0.011 
6 0.00009 0.03 0.009 
7 0.00005 0.01 0.007 
8 0.00004 0.01 0.006 
9 0.00002 0.01 0.005 
10 0.00002 0.01 0.004 

1Standard deviation of the principal components, calculated as the square root of the 
eigenvalues. 
 

The multivariate regression revealed that the shape coordinates were 

significantly associated with beak size (Z-score = 7, P < 0.01) and that beak 
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size accounted for 14 percent of the total shape variation. Based on the 

Procrustes ANOVA, maxillary beak shape differed significantly between the 

two lines (Z-score = 7, P < 0.01). Allometry also differed between the lines as 

the interaction between log centroid size and line was significant (P = 0.02). 

Line A hens had larger log centroid sizes (mean = 7.11 ± 0.08) than Line B 

(mean = 6.85 ± 0.05). Because this interaction was significant, no attempt was 

made to explore allometry-corrected shape. 

 

Figure 5. 1. The maxillary beak shape variation explained by PC1 and PC2 for Line 

A (black) and B (grey) pure line hens. The point figures at each end of the x and y 

axes are visual representations of the maxillary beak shape. The blue lines represent 

the mean shape of the maxillary beak for the two lines. The orange lines represent 

the maxillary beak shape at the minimum and maximum values along the axes of PC1 

and PC2.  
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Figure 5. 2. The maxillary beak shape variation explained by PC1 and PC3 for Line 

A (black) and B (grey) pure line hens. The point figures at each end of the x and y 

axes are visual representations of the maxillary beak shape. The blue lines represent 

the mean shape of the maxillary beak for the two lines. The orange lines represent 

the maxillary beak shape at the minimum and maximum values along the axes of PC1 

and PC3. 

5.3.2 Feather cover 

Throughout the production cycle, feather scores for all birds remained high 

(>7), indicating good feather cover. However, Line A hens had better scores 

at all three ages than Line B (Table 5.2).  

Table 5. 2. Mean feather cover scores (out of 9)1,2 between two pure line 

populations of White Leghorn laying hens at 40, 70, and 100 weeks of age. 

Age (wk) 
Line 

SEM3 
A B P-value 

40 9.0 8.8 <0.01 0.01 
70 8.1 7.7 <0.01 0.21 

100 7.7 7.3 <0.01 0.04 
Differences considered significant when P ≤ 0.05. 
1Score of 1 = no feather cover and 9 = full, intact feather plumage. 
2Based on individual bird feather cover score. 
3Standard error of the mean. 
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5.3.3 Mortality 

Mortality differed significantly between the two genetic lines throughout the 

100-week production cycle. Line A hens had less overall mortality and 

cannibalism-related mortality than Line B (Table 5.3). There was also a trend 

for Line A hens to have less non-cannibalism-related mortality. 

Table 5. 3. Total mortality and mortality by cause (as a percent of birds 

housed) between two pure line populations of White Leghorn laying hens over 

a 100-week production cycle1. 

Mortality type 
Line 

SEM3 
A B P-value 

Total  10.7 16.7 0.03 1.29 
Non-cannibalism related2  10.3 14.3 0.07 1.11 
Cannibalism-related   0.4   2.4 0.02 0.45 

Differences considered significant when P ≤ 0.05 and a trend noted when 0.05 < P ≤ 
0.10. 
1Hens were housed under challenge conditions (lower feed nutritional content). 
2Unless obvious (e.g., cannibalism), specific causes of mortality could not be 
determined. 
3Standard error of the mean. 
 

5.3.4 Heritability and genetic correlations 

Premaxillary bone. Estimates of heritability for premaxillary bone shape 

traits were low to moderate (0.10 to 0.57) for both genetic lines (Tables 5.4 

and 5.5). A positive genetic correlation was found between premaxillary bone 

curvature (PC1 score) and premaxillary bone size for both lines. Both lines 

also had a positive phenotypic correlation between premaxillary bone 

curvature (PC1 score) and bone size. In Line A, significant positive phenotypic 

correlation estimates were found between premaxillary bone curvature (PC1 

score) and bone depth (PC3 score), premaxillary bone curvature (PC1 score) 

and bone size, and premaxillary bone depth (PC3 score) and bone size (Table 

5.4). In both lines, negative phenotypic correlation estimates were found 

between premaxillary bone curvature (PC1 score) and bone length (PC2 
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score), as well as premaxillary bone length (PC2 score) and bone size (Tables 

5.4 and 5.5).  

Maxillary beak. Heritability estimates for maxillary beak shape traits were 

moderate to high (0.19 to 0.74) for Line A hens (Table 5.4) and low to moderate 

(0.07 to 0.55) for Line B (Table 5.5). In both lines, a negative phenotypic 

correlation estimate was found between beak length (PC1 score) and beak 

depth (PC3 score). Line B hens also had a negative phenotypic correlation 

between beak curvature (PC2 score) and beak depth (PC3 score).  

Premaxillary bone vs maxillary beak. In Line A, maxillary beak depth 

(PC3 score) showed a negative genetic correlation with premaxillary bone size 

but positive phenotypic correlations with premaxillary bone curvature (PC1 

score) and premaxillary bone depth (PC3 score) (Table 5.4). In both lines, 

premaxillary bone length (PC2 score) was negatively phenotypically correlated 

with maxillary beak curvature (PC2 score) (Tables 5.4 and 5.5). 

Due to low estimates of heritability for maxillary beak shape traits in Line 

B, the estimates of genetic correlation between maxillary beak length (PC1 

score), maxillary beak curvature (PC2 score), maxillary beak depth (PC3 

score), and premaxillary bone curvature (PC1 score) could not be done. In 

addition, for both lines, heritability and correlations were not estimable for 

maxillary beak size due to low sample size and phenotypic variance within the 

lines.  







 

106 

 

5.3.5  Spearman correlations 

No significant correlations were found between the maxillary beak shape 

traits (PC scores) and mortality (total and cannibalism-related). Significant 

correlations were found between maxillary beak length (PC1 scores) and 

mean feather cover at 40, 70, and 100 weeks of age (Table 5.6); however, 

these correlations were weak to negligible. 

Table 5. 6. Spearman correlation coefficients1 of maxillary beak shape and 

size traits (principal component (PC) scores)2,3 with mortality and feather 

cover4. 

Maxillary beak 
Mortality  Feather cover 

Total Cannibalism  40 wk 70 wk 100 wk 

PC1 -0.01 0.01  0.23 0.24 0.20 
PC2 -0.05 0.03  0.06 0.00 0.00 
PC3 0.07 0.07  0.00 0.03 0.00 
Size -0.05 0.06  0.32 0.29 0.10 

Values in bold are considered significant (P ≤ 0.05). 
1Correlation degree (+/-): 0.00-0.20 = negligible; 0.21-0.40 = weak; 0.41-0.60 = 
moderate; 0.61-0.80 = strong; 0.81-1.00 = very strong (no correlations exceeded 
‘weak). 
2Using combined data from both lines A and B. 
3Maxillary beak shape traits: PC1 = beak length; PC2 = beak tip curvature; PC3 = 
beak depth. 
4Based on mean feather cover score for the entire cage. 
 

5.4 Discussion 

Avian beaks exhibit considerable variation in shape and size; however, the 

structures that form them follow similar patterns (Lucas and Stettenheim, 

1972). All beaks comprise two bony projections or jaws, the maxillary and 

mandibular beak. The internal bone is covered by a layer of keratin known as 

the rhamphotheca, which thickens considerably as it approaches the beak tip 

(Lunam, 2005). This study aimed to characterise the maxillary beak shape of 

pure line laying hens using multivariate shape analysis. In laying hens, beak 

“shape” has previously been described using linear measurements such as 
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length and width (Carruthers et al., 2012; Morrissey et al., 2016); however, 

these measurements do not reflect true shape differences.  

The shapes of the maxillary beak described by the main axes of variation 

in the present study range from long and narrow with a more pointed beak tip 

to short and wide with a more curved beak tip. These shape patterns are 

similar to those found in commercial turkeys, tits, corvids, and finches (Foster 

et al., 2008; Kulemeyer et al., 2009; Shao et al., 2016; Dalton et al., 2017). The 

partial separation of the two lines across the axis of PC1 suggests that distinct 

maxillary beak phenotypes within each genetic line could be selected for 

(Figure 5.3). Incorporating multivariate shape data into selection indices could 

help breeding companies select hens whose beak shapes are less apt to 

cause damage when they engage in severe feather pecking behaviour.  

 

Figure 5. 3. The maxillary beak shape variation at the minimum, mean, and maximum 

values of PC1, PC2, and PC3, representing beak length, curvature, and depth, 

respectively. 
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The beak shapes described in the present study are similar to the 

underlying premaxillary bone phenotypes that Struthers et al. (2021) identified. 

This is expected, given that there is a moderate correlation between the shape 

of the premaxillary bone and the maxillary beak in the present study. However, 

beak shape does not appear to simply reflect the underlying bone (Badikova 

and Dzerzhynsky, 2015; Urano et al., 2018). This is further supported by 

keratinous beak disorders such as cross-beaks in birds, including chickens, 

which only appear to affect the rhamphotheca and not the bone (Handel et al., 

2010; van Hemert et al., 2012; Joller et al., 2018). In chickens, the premaxillary 

bone and the maxillary beak are similar in length and curvature, moving 

rostrally (towards the tip) until a certain point, after which they differ 

significantly (Urano et al., 2018). The reasons for this difference between the 

maxillary beak and the premaxillary bone are not yet fully understood. Urano 

et al. (2019) found that the portion of the rhamphotheca that covers the 

maxillary beak (also known as the rhinotheca) was comprised of three layers 

(outer, intermediate, and inner). The authors proposed that the outer and inner 

layers play a role in covering the dorsal and palatal surfaces of the rhinotheca, 

whereas the intermediate layer plays a role in the extension and thickening of 

the rhinotheca away from the premaxillary bone. This function of the 

intermediate layer may explain the differences in curvature and length between 

the maxillary beak and premaxillary bone (Urano et al., 2018, 2019).  

In the present study, maxillary beak size accounted for less than 15 

percent of the maxillary beak shape variation, similar to what has been 

reported in domestic turkeys (Dalton et al., 2017). Size accounted for less 

shape variation in the maxillary beak than in the underlying premaxillary bone 

(Struthers et al., 2021). This suggests that other external factors influence 

beak shape, independent of size. Genetic variation that affects craniofacial 

morphogenesis are obvious candidates, as are those associated with beak 

shape differences in other avian populations (Abzhanov et al., 2004; 

Lamichhaney et al., 2015; Boer et al., 2021). In red junglefowl, their beaks 

frequently contact hard substances in the environment as part of their search 
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for food, allowing for natural abrasion of the beak (Banks, 1956). Non-beak 

treated hens have been found to have fluctuations in beak length (albeit minor), 

suggesting that, like red junglefowl, they experience some degree of natural 

beak abrasion within their environment (Gabrush, 2011). Alteration of the beak 

shape by beak blunting (use of abrasive materials or enrichment devices to 

naturally blunt and shorten beak length) has also been studied. However, while 

some studies report beak length reductions with blunting devices (Grün et al., 

2021; Baker et al., 2022), others do not (Morrissey et al., 2016; Iqbal et al., 

2020; Struthers et al., 2022). More importantly, none of these studies found 

that beak blunting devices helped reduce feather damage or mortality. 

The heritability estimates for bone and beak shape traits in both genetic 

lines were similar to what was reported in Lohmann LSL pure lines by Icken et 

al. (2017). This shows the potential to reduce feather pecking damage by 

selecting specific beak shape phenotypes. The heritability and correlation 

estimates in the present study varied between the two genetic lines; however, 

both lines showed strong, positive genetic and phenotypic correlations 

between premaxillary bone curvature (PC1) and bone size. This is 

unsurprising, given that premaxillary bone size accounts for nearly half of the 

total premaxillary bone shape variation (Struthers et al., 2021). Furthermore, 

pronounced allometry is a common theme between the genetic lines and 

appears to be driving the premaxillary bone curvature phenotype. Given the 

multifactorial nature of severe feather pecking, the results of the present study 

are not meant to act as a replacement for the current management and genetic 

practices already used to reduce the incidence and severity of the behaviour 

(e.g., family selection for feather cover and liveability). Rather, they help 

contribute to the array of resources already in place and provide yet another 

“tool” for helping improve the welfare of non-beak treated laying hens 

worldwide. Further research could focus on determining the genetic 

correlations between the bone and beak shape traits characterised in the 

present study and other behavioural and production traits.  
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It is most likely that the beak, and not the bone, shape contributes to a 

bird’s ability to remove feathers from conspecifics. Alteration of beak shape 

through beak treatment reduces feather damage (Marchant-Forde et al., 2008; 

Riber and Hinrichsen, 2017; Struthers et al., 2019a). It is not yet fully 

understood if this can be directly related to naturally-occurring beak shapes. 

Feather cover is an important component of hen health and welfare. Poor 

feather cover increases the risk of further pecking, which can trigger 

cannibalism and cause heat loss, increased feed consumption, and poor feed 

efficiency (McAdie and Keeling, 2000; Su et al., 2006). It is hypothesised that 

hens with blunt maxillary beaks are less able to grasp and pull feathers and 

body tissue. Icken et al. (2017) found that hens with naturally shorter maxillary 

beaks tended to have better feather cover. However, caution should be used 

when comparing their results to the present study as Icken et al. (2017) 

measured beak overhang length (i.e., the difference between the maxillary and 

mandibular beak lengths), a univariate or linear measurement. In contrast, the 

present study used multivariate measures of shape. The present study 

suggests a relationship between feather cover and beak shape. The 

correlation between maxillary beak length (PC1 scores) and mean feather 

cover suggests that as PC1 scores increase (i.e., move towards the right-hand 

side of the PC1 axis), so does feather cover. The fact that Line A hens, whose 

beaks were larger and longer (i.e., beak shapes skewed towards the right of 

the PC1 axis) had better feather cover compared to Line B hens supports this 

observation (Figure 5.1). 

Icken et al. (2017) also reported that hens with naturally shorter maxillary 

beaks tended to have lower mortality. The genetic correlations between 

mortality and beak overhang length for the different lines were mostly positive, 

indicating that selection for blunter beaks could reduce mortality (Icken et al., 

2017). Although differences in feather cover and mortality were observed 

between the lines, the cause of these differences is unclear. What was not 

measured was whether one line engaged in more severe feather pecking 

behaviour than the other, causing more feather loss and mortality. The pecking 
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behaviour of hens with different beak shapes characterized using geometric 

morphometrics has never been quantified. It is possible that non-behavioural 

factors contributed to the differences in feather cover and mortality; however, 

cannibalism-related mortality was six times higher in Line B. This strongly 

suggests that SFP or some other form of injurious pecking (e.g., vent pecking) 

played a role. Previous studies have found that beak-treated laying flocks 

perform less SFP than flocks with intact beaks (Lambton et al., 2010; Gilani et 

al., 2013; Hartcher et al., 2015a); however, its occurrence is often measured 

by feather damage and not direct behavioural observations (Gilani et al., 

2013). It is possible that the frequency of SFP does not differ between beak-

treated versus intact-beak laying hens (Blokhuis and Van Der Haar, 1989), but 

rather, the reduction in feather damage seen in beak-treated birds is because 

their beaks are less effective at causing damage. Severe feather pecking is a 

complex, multifactorial problem, so it was likely a combination of beak shape, 

behaviour, and possibly other unknown factors (e.g., docility, pecking 

frequency). Future research could control for severe feather pecking behaviour 

by recording occurrences within a group and choosing the birds that perform 

the highest levels of feather pecking as test subjects, for example.  

5.5 Conclusion 

The results demonstrate that specific maxillary beak phenotypes could be 

selected for within genetic lines; however, to confidently incorporate 

multivariate shape data into selection indices, research investigating the 

physical damage these beak shapes can cause is needed. Future research 

could also investigate if these distinct beak phenotypes influence other beak-

related behaviours such as feeding and preening. The present study is one in 

a series characterising the shape of the beak and its underlying bones in laying 

hens. Subsequent studies will use this shape data to associate certain 

phenotypes with feather pecking-related damage. 
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Chapter 6. Determining the optimal beak 

morphology for reducing damage related to 

feather pecking. Part 1: a study using live hens 

6.1 Introduction 

Despite nearly a century of extensive research, severe feather pecking 

behaviour remains one of the laying hen industry’s most serious welfare and 

economic concerns (Cronin and Glatz, 2021). Due to its multifactorial nature, 

it remains difficult to prevent and control. Severe feather pecking and 

cannibalism are socially transmitted in poultry, and once outbreaks occur 

within laying hen flocks, they are difficult to control (Zeltner et al., 2000; Cloutier 

et al., 2002). Outbreaks of severe feather pecking can result in cannibalism 

and death, with flock mortality reaching 50 percent or more in extreme cases 

(Guesdon et al., 2006).  

Beak treatment, whether by hot-blade or infrared technology, effectively 

controls the damage caused by severe feather pecking (Guesdon et al., 2006; 

Struthers et al., 2019a). However, the practice is controversial due to its impact 

on bird welfare. This concern has led many (primarily European) governments 

to ban all forms of beak treatment or, such as in the UK, allow beak treatment 

to continue only until prevention methods that are as reliable and effective are 

found. There is also concern that in the process of banning beak treatment, 

outbreaks of severe feather pecking could occur within flocks with intact beaks, 

thereby negatively impacting welfare as much as, if not more than, beak 

treatment would have. This leads to the question of whether commercial laying 

hens with intact beaks can be successfully housed and managed without their 

welfare being compromised by severe feather pecking and associated injury 

(Nicol, 2019).  
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Genetic selection of specific beak shapes could be used as an alternative 

to beak treatment. Considerable variation in beak shape exists between non-

beak treated laying flocks, and aspects of beak shape, such as beak overhang, 

appear to be heritable (Icken et al., 2017). Pecks made by intact beaks may 

be more efficient, and it has been shown that feather pulling and removal 

results in pain in the recipient bird (Gentle and Hunter, 1990; Guesdon et al., 

2006). Some previous research has found that infrared beak treated hens have 

better feather cover and lower mortality than hens with intact beaks, 

suggesting that beak-treated birds were less successful at removing feathers 

and damaging tissue (Lambton et al., 2010; Sepeur et al., 2015; Morrissey et 

al., 2016; Riber and Hinrichsen, 2017; Struthers et al., 2019a). This has also 

been observed in non-beak treated laying hens with naturally blunter beaks 

(Icken et al., 2017). However, when methods to blunt the beak using abrasive 

materials or enrichment devices are used, their effectiveness in reducing 

pecking damage is less consistent. The majority of studies investigating 

methods of beak blunting have found no effect on feather pecking behaviour, 

feather damage, or mortality (ADAS UK, 2005; Morrissey et al., 2016; Iqbal et 

al., 2020; Grün et al., 2021; Struthers et al., 2022; Baker et al., 2022), despite 

some reporting reductions in beak length (van de Weerd et al., 2006; Grün et 

al., 2021; Baker et al., 2022). By selecting naturally shorter or blunter beaks, 

birds may be less apt to cause damage when they engage in severe feather 

pecking behaviour (Icken et al., 2017); however, the relationship between beak 

shape and the ability to cause damage needs to be explored further. 

It is obvious that there is some relationship between beak shape and the 

ability to cause damage; however, there is a gap in the scientific literature 

regarding the extent to which these beak shapes contribute towards reducing 

the severity of feather pecking damage. In addition, the amount of physical 

damage that different naturally-occurring beak shapes can cause has rarely 

been quantified in commercial poultry. However, in one study, Bestman et al. 

(2017) found that as many as 40 percent of commercial organic flocks were 

reported as showing feather or skin damage in more than half of the flock. This 
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makes understanding how the genetic selection of naturally blunter beak 

shapes can potentially help control damage from severe feather pecking and 

improve bird welfare important.  

Although little is known regarding which beak shape is optimal for reducing 

damage related to severe feather pecking, the propensity to perform the 

behaviour may differ between birds with different beak shapes. It has been 

hypothesised that birds with naturally blunter beaks may be less able to grasp 

and remove feathers. This may make them less inclined to perform the 

behaviour since there is no “reward” (i.e., feather) as a result of it (Kjaer and 

Sørensen, 1997; Harlander-Matauschek et al., 2008; Icken et al., 2017). 

Pettersson et al. (2017) investigated the effect of a resource package (two 

enrichment devices intended to attract pecking (pecking pans and wind 

chimes) and shelters intended to increase bird range distribution) on the 

occurrence of severe feather pecking. The authors found that the resource 

package successfully reduced severe feather pecking; however, the individual 

contribution of the pecking pans to this reduction is unknown.  

Zepp et al. (2018) found that non-beak treated layer chicks that pecked 

more at enrichment materials (pecking stones, blocks, and lucerne bales) 

performed less severe feather pecking behaviour; however, no positive effect 

of enrichment was found for feather condition or body injury prevalence 

(Liebers et al., 2019). These studies also did not measure any beak shape 

traits. Birds with blunter beak shapes created by beak treatment (hot-blade or 

infrared beak treatment) also perform less severe feather pecking compared 

to non-beak treated control birds (Gilani et al., 2013; Hartcher et al., 2015b). 

McKeegan and Savory (2001) found that beak-treated birds with a high 

propensity to feather peck interacted more with feathers (eating, picking up, 

and manipulating) than non-feather peckers. This relationship between beak 

shape and the propensity to perform severe feather pecking warrants further 

investigation.  
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The purpose of this study was to investigate the relationship between 

naturally-occurring beak shapes, pecking behaviour, and pecking damage in 

commercial laying hens. To avoid unnecessary harm, this study utilised 

“chicken” models (foam blocks covered with feathered chicken skin) for 

pecking to be directed at rather than live birds. It was hypothesised that hens 

with naturally-occurring blunter beaks would cause less damage to the 

“chicken” models (i.e., less removal of block material, skin tissue, and feathers) 

than those with sharper beaks. It was also hypothesised that hens with 

naturally blunter beaks would perform fewer overall pecks at the model and 

have fewer pecks at the model that resulted in feather or tissue loss (i.e., be 

less successful at removing feathers or tissue).  

6.2 Materials and Methods 

This study was reviewed and approved by the Animal Experiments 

Committee (POU 12-2022) at Scotland’s Rural College (SRUC). This study 

was conducted in the UK under a Home Office project license (PP4328577) 

and complied with UK regulations regarding the treatment of experimental 

animals (Home Office (UK), 2014). 

6.2.1 Animals and housing 

Twenty-four 33-week-old Lohmann Brown laying hens were selected from 

a commercial organic layer flock. Approximately 100 hens were caught and 

assessed for beak shapes. Hens were sorted into two groups based on pre-

determined beak criteria: those classified as having sharp beaks (i.e., a 

minimum of 3.5 mm top beak overhang) and those classified as having blunt 

beaks (i.e., a maximum of 1.5 mm overhang). Most hens were returned to the 

flock, but 12 in each group were identified as meeting the criteria. Hens were 

transported to SRUC’s poultry unit and housed in six floor pens (four hens per 

pen) for five weeks. Hens were assigned to their home pens based on having 

two sharp and two blunt beak birds per pen. Hens had ad libitum access to 

commercial layer feed (CP 16%, energy 11.5 MJ/kg, Farmgate layers mash, 
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ForFarmers, Brydekirk, UK) and water via nipple drinkers. Hens were given a 

one-week acclimatisation period to their home pens before habituation and 

testing.  

6.2.2 Test pen  

The test pen (0.5 m x 0.5 m) consisted of a “chicken” model (foam block 

covered with feathered chicken skin; 1 model per hen) and a high-speed 

camera (GoPro HERO7, San Mateo, USA) (Figure 6.1). Following 

acclimatisation to the home pen, hens were given a five-day habituation period 

to the test pen. During habituation, a foam block (without skin) and the camera 

were present in the pen. Birds did not have access to feed or water during 

habituation, but they had visual and audio contact with the other hens in the 

home pens. On day one, hens were placed into the test pen in pairs for 30 

minutes. On days two to five, hens were placed individually into the test pen 

for 15 minutes each day.  

Following habituation, each hen was placed in the test pen and video 

recorded for 15 minutes twice a week for three weeks (six sessions per hen 

total). Videos were recorded in real-time at 240 fps. Recording at this high 

speed enabled videos to be played back in slow motion (frame by frame), 

accurately analyse pecking behaviour, and determine if feather and tissue loss 

occurred. Pecking at the model was encouraged using crushed meal worms, 

red food colouring (to imitate blood), and feed deprivation (feed removed three 

hours before testing).  
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Figure 6. 1. Test pen set-up. The black arrow indicates “chicken” model (foam block 

with feathered skin attached). The red arrow indicates the high-speed video camera. 

6.2.3 Data collection 

Feather cover. Hens were scored for feather cover in their home pens 

once a week for four weeks to monitor indirectly for feather pecking behaviour. 

The wings, back, tail, neck, and breast of each hen were visually assessed (no 

handling) on a scale of 0 (no damage) to 5 (extensive damage resulting in 

culling), and then a whole-body feather cover score was given by adding up 

each of the five body-part scores and taking an average (Table 6.1). Individual 

whole-body bird scores were then averaged per pen.   

Block and skin weight change. Before and after each test session, the 

foam block and skin were weighed to determine weight change (since pecking 

resulted in block material and skin tissue removal, the changes in block and 

skin weight were used as a proxy for tissue damage potential).  
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Feather removal. Before and after each test session, the number of 

feathers on the skin was counted to determine feather removal.  

Pecking behaviour. Very few birds pecked at the model during test 

sessions one (n = 6) and six (n = 4), so these two sessions were removed from 

statistical analysis. For the remaining four test sessions (2-5), videos for each 

hen were watched for their entire duration, and the number of successful pecks 

(pecks directed at the model resulting in feather or tissue removal) and non-

successful pecks (pecks directed at the feathers and skin without removal) 

were recorded. These two values were then summed to get a total number of 

pecks per bird per session. The high frame rate (240 fps) allowed videos to be 

watched in slow motion and made it easy to distinguish when feathers and 

tissue were removed from the skin. The percent of successful and non-

successful pecks during each 15-minute session was then calculated per bird.  

6.2.4 Statistical analyses 

The change in block and skin weights and the number of feathers removed 

over the six test sessions were summed for each hen. Data (summed values 

for each response variable) were analysed using Welch’s two-sample t-test 

with 12 replicates per beak shape group (bird as the replicate unit). For the 

video data, a two-way repeated measures ANOVA was performed to compare 

the effect of beak shape and test session on the mean number of pecks and 

the percent of successful and non-successful pecks. Mean separation was 

performed using the Student-Newman-Keuls (SNK) method, as it only controls 

for comparisons under consideration. All data were analysed using the R stats 

package (v.4.1.0) (R Core Team, 2019). All data were checked for normality, 

and log-transformed if necessary. Differences were considered significant 

when P ≤ 0.05. 
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Table 6. 1. Feather cover scoring scale1 used for commercial laying hens. 

Score Description 

0 No damage to feathers 

  

1 

Slight feather damage/loss, some feathers have a scruffy 

appearance, no bare skin, with primary feathers none apparently 

missing but the feather vanes are exposed 

  

2 

Some feather damage, with up to 1 cm2 bare skin. With primary 

feathers, 50 percent or more are missing, or feather vanes are 

bare 

  

3 

Feather damage, with up to 5 x 5 cm2 bare skin, or up to 1 cm2 

bare skin with minor haemorrhage. With primary feathers, all 

feathers are missing 

  
4 

Feather damage, with more than 5 x 5 cm2 bare skin with up to 1 

cm2 haemorrhage 

  
5 

1 to 2 cm2 haemorrhage, or more than 5 x 5 cm2 bare skin with up 

to 1 cm2 haemorrhage 
1Adapted from Savory and Mann (1999). 
 
 

6.3 Results 

 

6.3.1 Feather cover 

Apart from one pen, the mean feather cover for hens in the home pens did 

not exceed a score of 1 (± 0.10 SEM) over the five-week study (Table 6.2). 

The other pen was given a score of greater than one as one hen arrived from 

the commercial farm with a small, bare patch of skin on her back (score of 

two), but the mean pen score did not change over time; therefore, no statistical 

analysis was done on this data. The feather scores did not indicate that feather 

pecking occurred in the home pens. 
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Table 6. 2. Mean feather cover score (on a pen basis)1 for Lohmann Brown 

hens from 34 to 38 weeks of age. 

Pen 
Feather cover score 

34 weeks 35 weeks 37 weeks 38 weeks 

1 0 1.25 1.25 1.25 
2 1 1 1 1 
3 0 1 1 1 
4 1 1 1 1 
5 1 1 1 1 
6 1 1 1 1 

1Score of 0 = no damage to feathers, 1 = slight feather damage/loss, 2 = some feather 
damage/loss with areas of bare skin (adapted from Savory and Mann, 1999). 

 

6.3.2 Block material and skin weight change 

The two beak shape groups did not differ in the amount of foam block 

material removed when averaged over the six test sessions per hen (Table 

6.3). However, skin weight did differ between the groups, with sharp beak birds 

having a larger weight change than blunt beak birds when averaged over the 

six test sessions per hen (Table 6.3). 

6.3.3 Feather removal 

Similar to skin weight, the total number of feathers removed from the skin 

differed between the two groups. The sharp beak group removed more 

feathers from the skin when averaged over the six test sessions per hen 

compared to the blunt beak group (Table 6.3). 

Table 6. 3. The effect of beak shape on the mean change in block and skin 

weight and the number of feathers removed averaged over four test sessions 

in Lohmann Brown hens. 

 Beak shape 
SEM1 

 Blunt Sharp P-value 

Block weight change (g) 9.3 8.6 0.59 0.55 
Skin weight change (g) 3.0 4.4 0.05 0.37 
Feathers removed (n) 31 59 0.03 6.56 

1Standard error of the mean. 
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6.3.4 Pecking behaviour and success 

The mean number of pecks at the model per 15-minute test session did 

not differ between the beak shape groups (17 ± 2.3 vs 20 ± 2.3 for blunt and 

sharp groups, respectively, P = 0.52) or the test sessions (13 ± 3.1 vs 16 ± 3.1 

vs 23 ± 3.6 vs 22 ± 3.1 for session 2, 3, 4, and 5, respectively, P = 0.27) (Figure 

6.2a, b). However, pecking success did differ between the beak shape groups, 

with sharp beak birds performing a greater mean percentage of successful 

pecks than the blunt beak group (46% ± 3.8 vs 33% ± 3.6, respectively, P = 

0.02) (Figure 6.2a). There was also a difference between test sessions, with 

hens performing a greater percentage of successful pecks in test sessions four 

and five than in test session two (48% ± 4.5 and 46% ± 5.2 vs 27% ± 5.2 for 

sessions four, five, and two, respectively, P = 0.04) (Figure 6.2b). Conversely, 

the blunt beak group had a greater mean percentage of non-successful pecks 

than the sharp beak group (67% ± 3.6 vs 54% ± 3.8, respectively, P = 0.02) 

(Figure 6.2a). There was also an effect of test session with hens performing 

more non-successful pecks in test session two than in test sessions four and 

five (73% ± 5.2 vs 54% ± 5.2 and 52% ± 4.5 for sessions two, four, and five, 

respectively, P = 0.04) (Figure 6.2b). No interactions between beak shape and 

test session were observed for any response variables. 
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Figure 6. 2. The effects of (a) beak shape and (b) test session (2-5) on the mean 

number of pecks made at the model and the mean percentage of successful (resulting 

in feather or tissue removal) and non-successful pecks (resulting in no feather or 

tissue removal). *Significantly different (P ≤ 0.05). Error bars are ± SEM. 
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6.4 Discussion 

This study examined the relationship between naturally-occurring beak 

shapes, pecking behaviour (in terms of successful feather and tissue removal), 

and pecking damage. To the author’s knowledge, this is one of the first studies 

to analyse and describe this relationship. Feather cover and mortality data are 

often used as measures of pecking damage in studies comparing beak and 

non-beak treated birds. However, with the move away from beak treatment, 

studies comparing non-beak treated birds with differing beak shapes are 

needed. Some previous research has hypothesised that laying hens with blunt 

beaks (naturally-occurring or created using beak blunting or beak treatment) 

are less able to grasp and remove feathers (Icken et al., 2017; Riber and 

Hinrichsen, 2017; Struthers et al., 2019a). 

Dennis and Cheng (2012) investigated the effect of multiple beak 

treatment protocols on their potential to prevent feather damage. The authors 

found that certain infrared beak treatment protocols did result in lower damage 

scores; however, their study lacked a non-beak treated control group, so it 

cannot be assumed that these results contrast with birds with intact beaks. 

However, their results support the idea that beak shape (although not 

necessarily sharp versus blunt) may be related to the ability to cause damage 

(Dennis and Cheng, 2012). Quails given access to pumice stones showed 

significant beak abrasion and reduced feather pecking damage and 

cannibalism-related injuries (Taskin and Camci, 2017). Laying hens with intact 

beaks have been shown to cause more damage to enrichment materials (mats 

and ropes) than infrared beak-treated hens (Morrissey et al., 2016). Morrissey 

et al. (2016) also found that hens with intact beaks perform more bird-to-bird 

pecking, have poorer feather cover, and have higher mortality.  

While beak treatment is known to consistently reduce beak length, feather 

damage, and mortality from cannibalism (Hughes and Duncan, 1972; Guesdon 

et al., 2006; Riber and Hinrichsen, 2017; Struthers et al., 2019a), blunting the 

beak via abrasive enrichment materials does not always result in enough 
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abrasion to impact feather damage and injuries significantly. For example, 

Baker et al. (2022) and Grün et al. (2021) reported reductions in beak length 

in hens and turkeys given access to pecking pans with no corresponding 

positive effect on feather pecking or cover. This agrees with many other studies 

that have found no effect of beak blunting materials on feather damage 

(Morrissey et al., 2016; Iqbal et al., 2020; Struthers et al., 2022). In addition, 

the effect of beak bunting materials on laying hen mortality is also not 

consistent, with one study reporting a positive effect (Farkas et al., 2021) while 

others have found none (Morrissey et al., 2016; Iqbal et al., 2020; Struthers et 

al., 2022).  

It has been reported that beak-treated laying hen flocks perform less 

severe feather pecking than non-beak treated ones (Lambton et al., 2010; 

Gilani et al., 2013; Hartcher et al., 2015b). However, the occurrence of severe 

feather pecking is often measured by feather damage and not direct 

behavioural observations (Gilani et al., 2013). Therefore, it is possible that the 

frequency of the behaviour does not differ, as shown by Blokhuis and van der 

Haar (1989), but rather, the lower levels of feather damage seen in beak 

treated birds are due to their beaks being less effective at causing damage 

(Gilani et al., 2013). Studies investigating the incidence of severe feather 

pecking have primarily compared beak versus non-beak treated birds. It is still 

not fully understood if the frequency of the behaviour differs between non-beak 

treated birds with different beak shapes. In the present study, the mean 

number of pecks at the chicken models did not differ between the beak shape 

groups; however, the percentage of pecks that resulted in successful feather 

removal was higher in the sharp beak group. Within the sharp beak group, 

almost 50 percent of the total pecks directed at the model resulted in feather 

or tissue removal. The present results agree with those found by Icken et al. 

(2017) and, with the feather removal data, lend support to the hypothesis that 

blunter shaped beaks are less capable at removing feathers and damaging 

tissue. However, given the inconsistent findings of the beak blunting studies 

mentioned previously, more research is needed to examine the naturally-
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occurring variation in laying hen beak shape and its impact on feather damage, 

feather pecking, and mortality.  

Pecking success rate increased with test session, suggesting that as birds 

gained experience with pecking at the model, they became more successful at 

removing feathers and tissue (to a lesser extent). Although the mean number 

of pecks at the model did not differ statistically between test sessions, overall, 

the mean number of pecks numerically increased with test session. No 

interaction between beak shape and test session was observed; however, 

sharp beak hens did perform a numerically larger percentage of successful 

pecks during each test session than blunt beak hens did. Like many other 

animal species, it has been suggested that chickens have episodic memories 

(the ability to remember specific past events) (reviewed by Marino, 2017). This 

suggests that they perceive time intervals and can use their past experiences 

to anticipate future events (Zimmerman et al., 2011; Marino, 2017). In the 

present study, it appears that the hens used their experience with pecking at 

the model to realise that the more pecks at the model, the higher the chance 

of a reward. 

Feather pecking is a complex, multifactorial behaviour with many risk 

factors (Rodenburg et al., 2013; de Haas et al., 2014). Furthermore, the 

behaviour can occur in any flock, regardless of beak shape. Although the 

results of the present and previous studies suggest that feather damage or 

loss resulting from the behaviour is lessened with altered beak shape, feather 

loss may still occur. Blunter beaks seem less effective at grasping and pulling 

feathers and may have more difficulty tearing and damaging body tissue. 

Lower mortality due to cannibalism has been observed in beak-treated laying 

hens (Weeks et al., 2016; Riber and Hinrichsen, 2017; Struthers et al., 2019a) 

and non-beak treated laying hens with naturally blunter beak shapes (Icken et 

al., 2017).  

The skin weight change data from the present study reflects what has been 

found in previous research. The weight-change difference between the beak 
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shape groups in the present study suggests that birds with blunter beak shapes 

are less able to tear and remove skin tissue. Although most of the change in 

skin weight in the present study is likely due to feather loss, birds in the sharp 

beak group were observed tearing and consuming pieces of skin tissue. Block 

weight change did not differ between the beak shape groups, suggesting that 

other beak shape characteristics beyond beak sharpness (i.e., curvature) also 

contribute to feather and tissue removal and damage. Conversely, the foam 

blocks were very friable; therefore, it is possible that non-beak related damage 

(such as hens stepping on the blocks and removing material with their claws) 

contributed to the lack of difference.  

Individual birds’ propensity to feather peck should also be considered 

(Cuthbertson, 1980; Jones et al., 1995; McKeegan and Savory, 2001). For 

example, when severe feather pecking occurs in a flock, a small number of 

birds (feather peckers) are often responsible (Daigle et al., 2015; Piepho et al., 

2017). This contrasts with an earlier study that found that the behaviour is not 

limited to a few individuals, but rather there are birds within a group that 

become “specialists” and perform the behaviour at higher frequencies than 

their flock mates and were more likely to cause feather damage (Wechsler et 

al., 1998). In addition, McKeegan and Savory (2001) found that feather 

peckers were more likely to eat, pick up, and manipulate feathers than non-

feather peckers. Interestingly, the number of pecks at feathers did not differ 

between feather peckers and non-feather peckers in that study, similar to what 

was found in the present study. However, the present study compared different 

beak shapes rather than the propensity to eat feathers.  

Future research could examine the relationship between naturally-

occurring beak shapes and a bird’s predisposition to be a feather pecker. Both 

beak shape (Chapter 5; Icken et al., 2017) and the propensity to feather peck 

(Cuthbertson, 1980; Kjaer et al., 2001; Su et al., 2005; Bennewitz et al., 2014; 

Lutz et al., 2016) are heritable, and it would be of interest to determine whether 

genetic correlations exist between the two. It is possible that birds with beak 

shapes that are more effective at causing damage perform more severe 
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feather pecking behaviour because it results in a positive experience for the 

pecker (i.e., they obtain a reward from the action (feather, tissue, blood)) (Kjaer 

and Sørensen, 1997; Harlander-Matauschek et al., 2008; Daigle et al., 2015; 

de Haas and van der Eijk, 2018).  

6.5 Conclusion 

This study helps contribute to the knowledge of how best to prevent severe 

feather pecking-related damage and improve welfare in non-beak treated 

laying hens. The results of this study demonstrate that birds with a sharp beak 

shape (i.e., one where the maxillary beak extends far out over the mandibular 

beak) may be more capable of removing feathers and tissue than those with a 

blunter beak shape. However, the results also suggest that factors beyond the 

maxillary beak curvature (i.e., sharpness), such as other beak shape 

characteristics or the motivation to perform the behaviour, may contribute to 

feather removal and the potential to cause tissue damage.  

Notably, the beak shapes tested in this study are less extreme (i.e., they 

differed less between the two groups) than those characterised in pure line 

breeding flocks (Chapter 5). Despite the large body of research examining 

beak length, severe feather pecking, feather cover, and mortality, there still 

needs to be more data characterising beak shape and size within commercial 

laying hens. Beak shape varies considerably within and between pure laying 

hen lines (Chapter 5). It is assumed that this variation also exists within 

commercial layer lines; however, whether beak shape variation is greater in 

pure lines versus commercial lines warrants further investigation. 
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Chapter 7. Determining the optimal beak 

morphology for reducing damage related to 

feather pecking. Part 2: a study using a robotic 

pecking device 

7.1 Introduction 

The beak is a highly complex organ that serves many important functions, 

such as feeding, drinking, grooming, exploration, and even navigation 

(Falkenberg et al., 2010). Many of these functions are achieved by pecking 

(directing the beak towards a stimulus and performing jaw movements 

corresponding to the stimulus and the animal’s motivational state) (Zeigler, 

1997). The functional morphology and biomechanics of certain pecking 

behaviours (e.g., feeding, drinking) have been well-documented in avian 

species, including chickens (Zweers, 1982; Heidweiller and Zweers, 1992; 

Berkhoudt and Van Den Heuvel, 1997; Zeigler, 1997; Mehdizadeh et al., 2015; 

Seber et al., 2021). For example, feeding behaviour is characterised by a 

sequence of coordinated actions beginning with fixation of the head, followed 

by movement of the head towards the feed particle (the peck), grasping 

(opening) of the beak to initiate contact with the particle, mandibulation (rapid 

movement of the beak and head to position and transport particle to the buccal 

cavity), and finally swallowing of the particle (Zweers, 1982; Bermejo et al., 

1989; Berkhoudt and Van Den Heuvel, 1997; Zeigler, 1997). Drinking follows 

a similar pattern to feeding; however, the beak only opens once in contact with 

the water (Klein et al., 1983).  

Chickens also use their beaks to perform maladaptive behaviours such as 

severe feather pecking (a form of injurious pecking). Dixon et al. (2008) 

compared the motor patterns of different pecks in laying hens. They found 

severe feather pecks were morphologically similar to foraging pecks but 

different from gentle feather, dustbathing, novel object, and water pecks. 
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Although Dixon et al. (2008) quantified the motor pattern of severe feather 

pecking (duration of head fixation before the peck, duration from fixation to 

contact with stimulus, and duration of the whole peck), they did not examine 

how exactly the severe feather peck (and by extension the beak) results in 

feather and tissue removal and damage.  

Despite being one of the most significant welfare concerns in commercial 

laying hens due to its high prevalence and the pain and stress it causes in 

recipient birds (Gilani et al., 2013), the biomechanics of severe feather pecking 

and how feathers and body tissues are grasped and damaged are still not well 

understood. However, it is known that removing feathers is painful for the 

recipient bird (Gentle and Hunter, 1990). Beak treatment, whether by hot-blade 

or infrared technology, effectively lessens the damage caused by severe 

feather pecking (Lambton et al., 2010; Sepeur et al., 2015; Morrissey et al., 

2016; Riber and Hinrichsen, 2017); however, the practice does raise its own 

welfare concerns. Evidence of acute and chronic pain following both methods 

of beak treatment (primarily hot-blade trimming) has been found in some 

studies (Gentle et al., 1990, 1997; Glatz and Lunam, 1994; Marchant-Forde et 

al., 2008) but not in others (Sandilands and Savory, 2002; Gentle and 

McKeegan, 2007; Freire et al., 2008; McKeegan and Philbey, 2012; Struthers 

et al., 2019a). Although beak treatment reduces feather damage and the 

frequency of severe feather pecking (Lambton et al., 2010; Gilani et al., 2013; 

Hartcher et al., 2015b), opposition has led to banning the practice in many 

(primarily European) countries.  

As an alternative to beak treatment, altering the beak shape through beak 

blunting (using abrasive materials or enrichment devices to naturally blunt and 

shorten beak length) has been suggested. However, the practice shows 

inconsistent results in preventing pecking damage and reducing mortality. 

Baker et al. (2022) found that pecking pans containing hard blocks (mixture of 

sand, cement, and oyster shell) reduced beak length in non-beak treated 

pullets but did not affect feather pecking behaviour or feather cover. Grün et 

al. (2021) found similar results in turkeys given access to grinding wheels 
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(blunting disks), whereas Farkas et al. (2021) reported a significant reduction 

in mortality in laying hens with access to abrasive pecking blocks. Conversely, 

Morrissey et al. (2016) investigated the effectiveness of several enrichment 

devices and reported that none were effective at reducing beak length or 

sharpness. Birds with access to the enrichment devices did perform less bird-

to-bird pecking, but this did not result in better feather cover or less mortality 

(Morrissey et al., 2016). A similar lack of effect on beak length, feather cover, 

and mortality was found in laying hens given access to pecking stones (Iqbal 

et al., 2020) and pullets provided with abrasive feeding pans (Struthers et al., 

2022).  

Another possible alternative is the genetic modification of the beak itself 

as a tool to reduce damage related to severe feather pecking. Recently, Icken 

et al. (2017) explored whether naturally-occurring variation in beak shape 

within pure breeding lines correlated to feather cover and mortality. They found 

significant heritable variation in beak length and reported that hens with 

naturally shorter maxillary beaks tended to have better feather cover and lower 

mortality (Icken et al., 2017). In addition, Chapter 5 found that maxillary beak 

shape varies between pure laying hen lines, and so does feather cover and 

cannibalism-related mortality, suggesting a relationship between the three. 

When taken in conjunction with data from the beak treatment and beak blunting 

studies mentioned previously, it would appear that blunt beaks are less 

successful at grasping, removing, and damaging feathers and body tissue, 

thereby reducing the risk of cannibalism and mortality. However, this is not 

always the case, as seen in some beak blunting studies (Grün et al., 2021; 

Baker et al., 2022) and has never been examined using multivariate analyses 

of beak shape (i.e., geometric morphometrics).  

To make non-beak treatment of hens a greater possibility, understanding 

how intact beaks cause damage during severe feather pecking and whether 

certain beak shapes are more likely to cause damage than others is important. 

Therefore, this study aimed to quantify the physical damage different beak 

shapes can cause using a robotic pecking device. It was hypothesised that the 
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amount of physical damage caused would differ between different beak 

shapes (in terms of length and curvature). It was also hypothesised that 

physical damage (indentation size) would be greater at higher pecking forces 

than at low ones. 

7.2 Materials and Methods 

This study was reviewed and approved by the Animal Welfare and Ethical 

Review Body at the Roslin Institute (University of Edinburgh). This study was 

conducted in the UK under a Home Office project license (70/7909) and 

complied with UK regulations regarding the treatment of experimental animals 

(Home Office (UK), 2014). 

7.2.1 Animals and housing 

Birds (n = 952) used for this study were from a pure line population of 

White Leghorn laying hens. These hens contribute to the four-line breeding 

scheme of Lohmann Selected Leghorn (LSL) hybrid layers (Lohmann 

Breeders GmbH). Hens were housed in individual cages over the 100-week 

production cycle.  

At the end of the production cycle, all hens were weighed (kg) and then 

culled using an overdose of intravenous Pentobarbital (200 mg/ml) and 

exsanguinated for subsequent bone dissection for a study unrelated to this 

project. At this time, the heads of these hens were also collected for further 

analyses (geometric morphometric shape analysis and pecking damage trials), 

bagged along with the hen’s corresponding wingband, and frozen for later use.  

7.2.2 Geometric morphometric analysis 

Image acquisition. Digital images were captured using a Nikon D90 SLR 

with an AF NIKKOR 50mm ƒ1.4D lens (Nikon Corp., Tokyo, Japan). Raw 

images were collected at 4288 x 2848 (12 megapixels). Each head was 

removed from its plastic bag, had the wingband recorded, and was 
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photographed individually. A total of 952 digital images were taken over two 

days. 

Post hoc formatting. During photography, the bird’s mouth was not open, 

causing the mandibular beak to be partially obscured by the maxillary beak in 

most images. As a result, it could not be landmarked reliably; therefore, it was 

decided to forego landmarking and analysis of the mandibular beak. For the 

maxillary beak, left lateral beak images (JPEG format) were cropped to 1904 

x 1760 pixels using ImageJ analysis software (v.1.53g; National Institutes of 

Health, Bethesda, MD, USA) (Figure 7.1). Images were excluded from 

landmarking if, despite checking during acquisition, the image was blurry, if the 

landmarks could not be reliably placed on their locations (e.g., the comb was 

obstructing landmark placement), or if birds had incomplete data (e.g., 

wingband number). This resulted in 813 images being available for maxillary 

beak landmarking.  

 

Figure 7. 1. Example of a left lateral digital image taken for maxillary beak shape 

analysis. 
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Placement of landmark coordinates. Digital images were landmarked 

using the methods described in section 2.5.1.  

Geometric morphometric analysis. Geometric morphometric analysis 

was performed using the methods described in section 2.5.2. The removal of 

outliers reduced the dataset of 2D landmark coordinates to 783 maxillary beak 

digital images. Regression of the Procrustes coordinates onto log centroid size 

revealed that maxillary beak shape was significantly influenced by its size, so 

before the selection of the maxillary beak shapes, allometry-corrected shape 

analysis was performed (see section 7.2.5). 

Selection of maxillary beak shapes. From the allometry-corrected 

principal components analysis (PCA), birds with maxillary beak shapes that fell 

within the top (maximum) and bottom (minimum) five percent of the first two 

principal components (PC1 and PC2) distributions were selected for the 

pecking damage trial (n = 40 birds per beak shape group; PC1max, PC1min, 

PC2max, PC2min).  

7.2.3 Robotic pecking device  

Design. A robotic device was designed in collaboration with colleagues at 

the University of Edinburgh’s School of Engineering to imitate a laying hen’s 

natural pecking motion (Figure 7.2). The robot was connected to a computer 

containing a graphical user interface where the test parameters (trial number, 

wingband number, pecking force, head mass, and the number of pecks) could 

be inputted (Figure 7.3).  
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Figure 7. 2. The robotic pecking device with hen’s head attached, used to test the 

effects of beak shape and pecking force on physical damage.  

 

Figure 7. 3. The graphical user interface used on the robotic device’s computer where 

different test parameters could be inputted. 
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Experimental set-up. To examine the relationship between beak shape, 

pecking force, and damage, three pecking forces were tested (10, 15, and 20 

newtons (N)). These forces were chosen based on previous studies examining 

pecking force in live laying hens (Morrissey, 2017; Struthers et al., 2019a). 

Heads were weighed and then attached to the robotic device and the beak 

“pecked” 10 times per pecking force into rectangular pieces of agarose gel 

(Invitrogen Ultrapure Agarose; 7.0 cm long x 3.2 cm wide x 0.7 cm deep). 

Agarose gel was used as it is a good imitation of muscle in human studies 

(McGarry et al., 2020). Each gel (one per bird) was sectioned into three using 

black ink to test all three pecking forces on one gel. The indentations in the gel 

were measured using a Williams periodontal probe (R&S Dental Products, 

France) which had markings on the head at 1, 2, 3, 5, 6, 7, 8, and 10 mm.  

7.2.4 Pecking damage  

 

7.2.4.1 Repeatability of damage measurements 

To ensure the process of measuring the gel indentations was accurate, 

heads from 34 hens were randomly selected and pecked into agarose gel at 

each of the three pecking forces tested (one gel per bird). The depths of the 

three indentations in each gel were then measured three times (repeat) each 

using a periodontal probe to confirm that the proportion of variance explained 

by the bird was greater than that explained by the repeat measurement. Depth 

measurements at 10 and 15 N were unable to be taken for one bird as the gel 

had broken. 

The ICC was calculated using a one-way ANOVA in the R stats package 

(v.4.1.0) (R Core Team, 2019). For calculating the ICC, the pecking force was 

excluded from the model since the repeatability of measuring the indentation 

depths was more important than the depths themselves. The random model 

used was: 

variable ~ bird + repeat + bird.repeat 
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where the variable is the indentation depth, bird is the variance attributed 

to the bird, repeat is the variance attributed to the repeat measurements, and 

bird.repeat is the residual term. From the resulting ANOVA table (Table 7.2), 

the mean square (MS) values were used in the following formula to calculate 

the ICC: 

R = MSbird / (MSbird + MSrepeat+ MSresidual) 

where R is the repeatability (ICC) value, MSbird is the among-individuals 

variance component (i.e., variance attributable to birds), and MSrepeat is the 

within-individuals variance component (i.e., variance attributed to the repeat 

measurement).  

7.2.4.2 Pecking damage trial  

Upon confirmation that measuring the gel indentations using a periodontal 

probe was reliable and accurate, the 40 heads per beak shape group (section 

7.2.2) were tested using the robotic pecking device described in section 7.2.3. 

Following pecking, each indentation’s depth, width, length, and volume were 

measured to quantify the damage. Volume was calculated as:  

V = πr2 h

3
 

where V is the volume of the indentation, π is the value of pi, r is the radius 

of the indentation (calculated as half of the indentation diameter (length)), and 

h is the depth of the indentation. 

7.2.5 Statistical analyses 

Geometric morphometric analysis. A multivariate regression of the 

Procrustes shape coordinates versus log centroid size for the maxillary beak 

was performed to test for allometry (relationship between size and shape). 

Data were analysed using methods described in section 2.5.2. The multivariate 

regression revealed that the shape of the maxillary beak was significantly 
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influenced by its size (P = 0.001), so allometry-corrected shape analysis was 

performed. For the allometry-corrected analysis, residuals from the regression 

underwent PCA to explore covariance among landmarks (Klingenberg et al., 

2002). A Spearman correlation (rs) using the cor.test function in the R stats 

package was performed to test the relationship between beak shape 

characteristics (allometry-corrected PC scores), beak size, and body weight. 

The degrees of correlation were defined as: 0.00 – 0.20, indicating a negligible 

correlation; 0.21 – 0.40, indicating a weak correlation; 0.41 – 0.60, indicating 

a moderate correlation; 0.61 – 0.80, indicating a strong correlation; and 0.81 – 

1.00, indicating a very strong correlation. Differences were considered 

significant when P ≤ 0.05. 

Pecking damage. Data were analysed using a mixed model variance 

components analysis with beak shape, pecking force, and their interaction as 

fixed effects. Bird was fitted as a random effect, which allowed for correlations 

in observations on the same bird. Prior to analysis, data were checked for 

normality and log-transformed. Data were then analysed using the lme4, nlme, 

and stats packages within R (v.4.1.0) (R Core Team, 2019). Treatment 

differences were determined using least-square means. Differences were 

considered significant when P ≤ 0.05. 

7.3 Results 

 

7.3.1 Body weight 

Body weight ranged from 1.23 to 2.21 kg with a mean body weight of 1.67 

± 0.12 kg.  

7.3.2 Maxillary beak shape 

Three PCs explained most of the total shape variation for the maxillary 

beak. It is important to note that the minimum (i.e., negative) and maximum 

(i.e., positive) values of the PCs do not necessarily correspond to short, 
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pointed beaks or long, curved beaks, respectively. Depending on the PC 

scores, the maximum values on the PCA plot could describe beak shapes that 

oppose the terminology (e.g., for the PC describing beak curvature, the 

maximum value may describe pointed or straight beaks rather than curved). 

PC1 accounted for 37 percent of shape variation and describes a 

shortening (PC1 max) versus lengthening (PC1 min) of the dorsal/ventral beak 

margins that corresponds to beak length (Figure 7.4). PC2 accounted for 25 

percent of shape variation and describes an inferior (PC2 max) versus superior 

(PC2 min) shift of the landmarks at the beak tip corresponding to curvature 

(Figure 7.4). After correcting for allometry, PC1 accounted for five percent of 

shape variation and PC2 for four percent (Figure 7.5). PC3 explained 16 

percent of the shape variation and describes a widening (PC3 max) versus 

narrowing (PC3 min) of the dorsal/ventral beak margins that corresponds to 

beak depth (Figure 7.6). After correcting for allometry, PC3 accounted for three 

percent (Figure 7.7). Multivariate regression of the Procrustes shape 

coordinates on log centroid size showed that maxillary beak size accounted 

for seven percent of the maxillary beak shape variation.  
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Figure 7. 4. The maxillary beak shape variation explained by PC1 and PC2 for pure 

line hens. The point figures at each end of the x and y axes are visual representations 

of the maxillary beak shape. The blue lines represent the mean shape of the maxillary 

beak. The orange lines represent the maxillary beak shape at the minimum and 

maximum values along the axes of PC1 and PC2. Each circle in the main figure 

represents one hen.  
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Figure 7. 5. The maxillary beak shape variation explained by PC1 and PC2 

(allometry-corrected) for pure line hens. The point figures at each end of the x and y 

axes are visual representations of the maxillary beak shape. The blue lines represent 

the mean shape of the maxillary beak. The orange lines represent the maxillary beak 

shape at the minimum and maximum values along the axes of PC1 and PC2. Each 

circle in the main figure represents one hen.  
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Figure 7. 6. The maxillary beak shape variation explained by PC1 and PC3 for pure 

line hens. The point figures at each end of the x and y axes are visual representations 

of the maxillary beak shape. The blue lines represent the mean shape of the maxillary 

beak. The orange lines represent the maxillary beak shape at the minimum and 

maximum values along the axes of PC1 and PC3. Each circle in the main figure 

represents one hen.  
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Figure 7. 7. The maxillary beak shape variation explained by PC1 and PC3 

(allometry-corrected) for pure line hens. The point figures at each end of the x and y 

axes are visual representations of the maxillary beak shape. The blue lines represent 

the mean shape of the maxillary beak. The orange lines represent the maxillary beak 

shape at the minimum and maximum values along the axes of PC1 and PC3. Each 

circle in the main figure represents one hen.  
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7.3.3 Spearman correlation 

Correlations between the allometry-corrected beak shape traits (PC 

scores), beak size, and body weight are shown in Table 7.1. Despite identifying 

significant correlations, the degree of correlation for most of them was 

negligible. A moderate negative correlation was found between maxillary beak 

tip curvature (PC2 score) and size (rs = -0.45).  

Table 7. 1. Spearman correlation coefficients1 between allometry-corrected 

maxillary beak shape traits (principal component (PC) scores)2, beak size, and 

body weight (kg). 

 
Maxillary beak 

PC1 PC2 PC3 Size 

Maxillary beak PC2 0.01    
 PC3 0.01 0.00   
 Size -0.11 -0.45 -0.16  

Body weight  0.00 0.03 0.05 0.10 
Values in bold are considered significant (P ≤ 0.05). 
1Correlation degree (+/-): 0.00-0.20 = negligible; 0.21-0.40 = weak; 0.41-0.60 = 
moderate; 0.61-0.80 = strong; 0.81-1.00 = very strong. 
2Maxillary beak shape traits: PC1 = beak length; PC2 = beak tip curvature; PC3 = 
beak depth. 
 

7.3.4 Repeatability of damage measurements 

The repeatability of measuring gel indentation depths with a periodontal 

probe was very high. The variation attributable to the bird ranged from 95 to 

98 percent (Table 7.2). The high ICC values show that the process of 

measuring the gel indentations is repeatable and reliable; therefore, 

measurements for the entire dataset could be taken.  
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Table 7. 2. Analysis of variance components of depth measurements at each 

pecking force made from the beaks of 34 hens (bird) with three measurements 

(repeat) taken for each pecking force. 

  Df1 MS2 ICC3,4 

Indentation depth (10 N) bird 32 3.83 0.98 
 repeat 2 0.04  
 residual 64 0.05  
     

Indentation depth (15 N) bird 32 3.51 0.95 
 repeat 2 0.09  
 residual 64 0.10  
     

Indentation depth (20 N) bird 33 3.28 0.97 
 repeat 2 0.07  
 residual 66 0.04  

1Degrees of freedom. 
2Mean square value. 
3Intraclass correlation coefficient (i.e., repeatability). 
4MSbird / (MSbird + MSrepeat + MSresidual). 
 

7.3.5 Pecking damage 

Damage parameters did not differ between the beak shape groups (Table 

7.3). Pecking force affected all damage parameters measured (Table 7.3). 

Indentation depth was greater at 10 N than at 15 N. Indentation length and 

volume were greatest at 10 and 20 N than at 15 N. Indentation width was 

greater at 10 N than at 15 and 20 N. No interactions between beak shape and 

pecking force were observed. 
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Table 7. 3. The effects of beak shape1 and pecking force (N) on the physical damage caused to agarose gel quantified by 

measuring the depth, width, length, and volume of gel indentations. 

Damage 
parameter 

Beak shape (B)  Pecking force (PF)  B x PF  SEM2 

 PC1max PC1min PC2max PC2min P-value  10 15 20 P-value  P-value  

Depth (mm)   3.4   3.4   3.6   3.5 0.65    3.6a   3.4b   3.5ab 0.05  0.14  0.05 
Width (mm)   3.2   3.1   3.4   3.2 0.39    3.4a   3.1b   3.1b <0.01  0.96  0.04 
Length (mm)   3.6   3.6   4.0   3.7 0.61    3.9a   3.4b   3.9a <0.01  0.56  0.08 

Volume (mm3) 17.7 14.6 20.6 17.7 0.58  19.6a 14.2b 19.0a <0.01  0.54  0.90 
a,bMeans within a main effect with different superscripts are significantly different. 
1Beak shapes were selected using allometry-corrected principal component scores. 
2Standard error of the mean.
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7.4 Discussion 

The maxillary beak phenotypes described by the main axes of variation 

(PC1, PC2, and PC3) in the present study match those found previously 

(Chapter 5). This is unsurprising as the birds used in the present study come 

from one of the same pure lines used previously (Line B). In addition, similar 

beak shapes have been described in poultry (Dalton et al., 2017; Dahloum et 

al., 2022) and wild birds (Foster et al., 2008; Kulemeyer et al., 2009; Shao et 

al., 2016). The variation in beak shape across avian species reflects an 

adaptive evolution to different feeding strategies and environments (Grant and 

Grant, 1993; Herrel et al., 2005a; Lamichhaney et al., 2015; Tokita et al., 

2016); however, other non-dietary factors such as behaviour, evolutionary 

history (phylogeny), and developmental origin may also influence this variation 

(Clayton et al., 2005; Bright et al., 2016; Young et al., 2017; Felice and 

Goswami, 2018). Dalton et al. (2017) suggested that the beak shape variation 

observed in domestic turkeys reflects a combination of selection for combat in 

male turkeys and differences in feeding behaviour between male and female 

turkeys.  

Specific maxillary beak shape traits such as beak length (PC1 score) and 

depth (PC3 score) appear to be less constrained by size than beak tip 

curvature (PC2 score). This is demonstrated by the moderate negative 

correlation between maxillary beak tip curvature and size (rs = -0.45). 

Significant negative correlations were also observed between beak length, 

depth, and size; however, the correlations were negligible. Dalton et al. (2017) 

also found that in commercial turkeys, certain beak shape elements were more 

constrained by size differences than others. The allometry-corrected PCA plots 

for the beak show a high concentration of birds clustered around the 

consensus shape, including some birds within the top and bottom five percent 

of the PC1 and PC2 distribution curves selected for use with the robotic device. 

In conjunction with the pecking damage data, this suggests that the differences 

in beak shape phenotypes in the birds selected from the opposite ends of the 
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PC1 and PC2 distributions may have been too subtle to discern differences in 

damage (Figure 7.8). For example, PC2 described the curvature of the beak 

tip; however, birds at the minimum end of PC2 did not have phenotypically 

blunt beaks where the maxillary and mandibular beaks were approximately the 

same length resulting in minimal maxillary beak overhang.  

A confounding factor in comparing real severe feather pecking behaviour 

versus simulated pecking using a robotic device is that the robotic device only 

accounted for one aspect of the pecking motion, the piercing/stabbing motion 

of the peck. The robotic device was designed using high-speed videos of a 

hen pecking; however, it did not account for rotation of the head during pecking 

or the plucking/grasping motion in which the beak opens, grasps, and pulls 

feathers and tissue. This is supported by the pecking damage data showing 

only a significant effect of pecking force, not beak shape. The behaviour 

replicated by the robotic device more closely resembled skin pecking and 

assessed the damage caused when the beak first contacts the skin. Future 

research could examine the impact of different naturally-occurring beak 

shapes on the pressure or force applied by pecking in live hens. The present 

study tested all birds at the same pecking forces regardless of beak shape. 

However, in wild birds, force measures have been shown to differ between 

birds with different beak shapes. For example, finches with longer, wider, and 

deeper beaks were shown to have higher bite forces than those with shorter 

and narrower beaks (Herrel et al., 2005a; b; Soons et al., 2010); however, beak 

width and depth were more highly correlated with bite force than beak length.  

Morrissey (2017) hypothesised that birds with shorter maxillary beaks 

would use less force when pecking. This has been seen in hot-blade trimmed 

hens, although the effects on pecking force were transient (Dennis and Cheng, 

2010). The reduction in force was likely due to pain from the beak trimming; 

however, changes in beak morphology (e.g., natural beak deformities or 

blunting/shortening of the beak tip by beak treatment) have been shown to 

cause alterations in pecking style (Pomeroy, 1962; Prescott and Bonser, 

2004). Therefore, hens with naturally blunter beaks may adapt their pecking 



 

149 

 

style, resulting in less force during pecking and less risk of damage. However, 

Morrissey (2017) found that pecking force did not differ between hens given 

access to different enrichment devices designed to blunt the beak. The 

enrichment devices did not impact the beak shape enough to cause 

differences in pecking force. This is similar to what was seen in the present 

study, where the differences in the beak shapes tested were too subtle to 

discern differences in pecking damage, even when the pecking force was 

constant for all beak shapes.  

In contrast to these studies, Rico-Guevara and Araya-Salas (2015) found 

that beak sharpness and curvature were correlated with variations in pecking 

force in hummingbirds. Male hummingbirds with sharper, more curved beaks 

could perforate a membrane using less pecking force than blunter-shaped 

beaks. Most pecking force studies have been done using wild birds or domestic 

poultry that have been beak treated; therefore, a better understanding of how 

pecking force varies between hens with different naturally-occurring beak 

shapes is needed.  

As found in Chapter 6, live laying hens with varying beak shapes appear 

to differ in their ability to remove feathers and tissue (to a lesser extent). The 

differing results between that study and the present one suggest it may be a 

combination of motions (e.g., grasping/pinching, pulling, lifting, piercing), beak 

shape characteristics (e.g., beak curvature and overhang length), and other 

factors (e.g., motivation to perform the behaviour, pecking force) that result in 

feather and tissue damage. Severe feather pecks are morphologically similar 

to foraging pecks (Dixon et al., 2008); however, the patterns of beak movement 

during severe feather pecks and even tissue pecking are still unclear. The 

coordinated sequence of motions the beak makes during severe feather 

pecking and its relationship to beak shape warrants further investigation.  
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Figure 7. 8. The maxillary beak shape variation at the minimum, mean, and maximum 

values of PC1 and PC2 (allometry-corrected), representing beak length and 

curvature, respectively. 

It is also unclear what the relationship between the maxillary beak shape, 

mandibular beak shape, and the capacity to cause damage is. Although the 

present study did not analyse mandibular beak shape, the mandibular beak 

likely plays a role in the ability to successfully grasp, pull, and remove feathers 

and pierce and tear body tissue. In turkeys, for example, fighting between birds 

appears to involve more grabbing and tearing motions rather than birds using 
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their maxillary beak tip as a “weapon” directly (Dr Esther van der Heide, 

Aviagen Turkeys, personal communication, February 22, 2023). This supports 

the hypothesis that a coordination of multiple factors or, at the very least, a 

coordination between the two beaks determines the amount or degree of 

damage inflicted. 

7.5 Conclusion 

The results of this study demonstrate that while beak shape appears to 

vary significantly between hens within a genetic line, the phenotypic 

differences in form (i.e., beak shape) may not be great enough to discern 

differences in function (i.e., physical damage). It was hypothesised that the 

amount of physical damage would differ between hens with different beak 

shapes and that it would be greatest at higher pecking forces than at low ones. 

Measures of physical damage did not differ between hens with different beak 

shapes but were affected by pecking force, although not linearly as expected. 

This study helps show that the relationship between beak shape traits and 

severe feather pecking is complex and multifactorial, much like the behaviour 

itself. The results also suggest that using or measuring one factor (e.g., a 

single beak shape trait or pecking force) may not be accurate enough to 

quantify pecking damage capability. The use of GMM helps address this by 

offering a more comprehensive, complex analysis of beak shape; however, 

more promising results would be expected if the use of GMM to test 

phenotypes and examine physical damage was done with live hens. 
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Chapter 8. General Discussion 

Severe feather pecking continues to be one of the commercial poultry 

industry’s most significant welfare concerns, particularly in laying hens and 

turkeys. This is largely due to its high frequency of occurrence and the damage 

it causes to recipient birds (Gilani et al., 2013). The prevalence of severe 

feather pecking has been reported to be as high as 80 percent in non-cage 

systems (Blokhuis et al., 2007; Lambton et al., 2010; Gilani et al., 2013) and 

considering there are an estimated eight billion laying hens used for global egg 

production each year, this means that the behaviour impacts a large number 

of birds (Fernyhough et al., 2020). Furthermore, feather removal and wounds 

due to severe feather pecking cause pain, fear, and stress, and if the pecking 

is severe enough, can lead to cannibalism and death (Lambton et al., 2015). 

Cannibalism has been reported to affect as much as 40 percent of flocks, and 

mortality can be as high as 50 percent (Blokhuis et al., 2007; Ellen and Bijma, 

2019). 

Severe feather pecking also has serious economic consequences, 

although it is difficult to calculate an exact amount as many factors contribute 

to economic losses. Feather loss alters the bird’s ability to regulate and 

maintain its body temperature leading to higher feed intake (as much as a 40 

percent increase), poor feed efficiency, and reduced egg production (due to 

mortality) (Blokhuis et al., 2007; Rodenburg et al., 2013). Glatz (2001) 

estimated that feather damage associated with severe feather pecking results 

in a 7 to 12 percent increase in egg production costs. The cost of managing 

laying hen flocks with intact beaks has also been estimated to be as high as 

£313 per 1,000 birds (Beak Trimming Action Group, 2015). 

For nearly a century, beak treatment has been used to contend with severe 

feather pecking and its negative impacts on laying hen production and welfare 

(Kennard, 1937). There is clear evidence that beak treatment, regardless of 

method, reduces mortality and improves feather cover in all types of housing 
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systems (Guesdon et al., 2006; Sepeur et al., 2015; Weeks et al., 2016; Riber 

and Hinrichsen, 2017; Struthers et al., 2019a). Beak treatment has also been 

shown to reduce the prevalence of severe feather pecking behaviour (Lambton 

et al., 2010; Gilani et al., 2013; Hartcher et al., 2015b). It is often tightly 

regulated in countries where beak treatment is still permitted. Despite 

significant advancements in the methods of beak treatment used in recent 

decades and the strict regulations imposed upon it, the practice remains 

controversial. It may cause pain, affect beak-related behaviours, and is viewed 

as modifying the bird to suit its environment rather than the other way around 

(Nicol, 2018).          

In light of this, alternatives as reliable and effective as beak treatment are 

needed. One alternative has been selecting against the behaviour (i.e., 

selecting and breeding hens who show a reduced tendency to perform the 

behaviour). Numerous studies have demonstrated that there is a genetic 

component to severe feather pecking (Kjaer and Sørensen, 1997; Rodenburg 

et al., 2003; Su et al., 2005; Bennewitz et al., 2014; Lutz et al., 2016); however, 

there are challenges to incorporating it into a breeding programme. Phenotype 

collection and analysis are time-consuming and require large amounts of data 

from many birds (Ellen et al., 2019). Feather pecking may also have been 

unintentionally selected alongside production traits such as the early onset of 

lay and eggshell quality (Su et al., 2006; Buitenhuis and Kjaer, 2008). To avoid 

these challenges, traits that are highly correlated to severe feather pecking but 

are easier to quantify (e.g., plumage cover, liveability, and beak shape) could 

be selected instead (Grams et al., 2015a).  

Numerous risk factors influence severe feather pecking, such as genetics, 

housing system, nutrition (feed composition and form), light, and stocking 

density (reviewed by Rodenburg et al., 2013). It has been suggested that all of 

these risk factors are connected to the bird’s desire to forage (Hughes and 

Duncan, 1972; Huber-Eicher and Wechsler, 1998). However, more recent 

research has proposed a modified hypothesis: severe feather pecking is 

redirected exploratory behaviour (motivation to gain information about the 
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environment) rather than foraging (motivation to search for food) (Rudkin, 

2022). Much of the previous research that has been conducted on severe 

feather pecking has focused on management practices that can help prevent 

or limit the severity of its negative welfare and productivity impacts (Nicol et 

al., 2013). However, many of these practices do not necessarily address the 

birds’ underlying motivation to perform the behaviour. Regardless, they are still 

important to study and understand, as addressing the cause of severe feather 

pecking directly is difficult. Selection of production traits may have 

inadvertently resulted in the selection for severe feather pecking (Su et al., 

2006; Buitenhuis and Kjaer, 2008; Bennewitz et al., 2014). Therefore, it may 

prove difficult to “breed” out the behaviour without negatively impacting 

production traits, something that breeding companies would not accept.  

This project also did not seek to address the underlying motivation for why 

laying hens display severe feather pecking; however, the results of this project 

help contribute to the ever-growing body of knowledge on how best to mitigate 

or prevent the consequences of the behaviour. This thesis endeavoured to 

determine the feasibility of characterising the naturally-occurring variation in 

beak shape that occurs in laying hens and, second, using that variation to 

identify the least-damaging beak shapes. By understanding the damage that 

different beak shapes can cause, we can help guide the selection of hens with 

naturally blunter beaks and make the non-beak treatment of laying hens a 

greater possibility. Given the high prevalence of severe feather pecking 

discussed above, even small reductions in its severity (i.e., the damage 

inflicted) could lead to significant downstream benefits regarding welfare and 

economic impact. This project tested the hypotheses that GMM can be used 

to determine the variation of naturally-occurring beak shapes in domestic 

chickens and that pecking damage differs with various beak shapes. The 

specific objectives were to 1) characterise different naturally-occurring beak 

shapes using GMM analysis, 2) analyse beak shape’s genetic and phenotypic 

relationship to the underlying bone, feather cover, and mortality, 3) determine 

which beak shapes are optimal for reducing injuries from severe feather 
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pecking, and 4) investigate if differences in feather pecking damage exist 

between hens with different beak shapes. 

8.1 Characterising beak and bone shape phenotypes in 

two pure laying hen lines 

Geometric morphometric analysis has primarily been used to study 

variation in beak shape between bird species resulting from adaptation to 

different feeding strategies and environments (Foster et al., 2008; Bright et al., 

2016; Shao et al., 2016; Cheng et al., 2017); however, given the advantages 

of GMM analysis over univariate (or linear) measurements (discussed in 

section 1.4), there is the potential to use GMM to examine the phenotypic 

variation that exists within and between commercial laying hen lines and use 

this information to further understand beak shapes’ relationship to severe 

feather pecking, feather cover, and mortality. The potential also exists to use 

this data to aid in the genetic selection of laying hens whose beak shapes are 

less apt to cause damage during severe feather pecking.  

Geometric morphometric techniques are often applied to dead specimens; 

however, breeders require data from live birds for selection. Only two other 

published studies have investigated beak shape variation in poultry (Dalton et 

al., 2017; Dahloum et al., 2022), with both studies using photography as their 

image acquisition method. This project developed a novel method of beak 

bone shape phenotype collection by using radiography for the application of 

GMM in live, non-sedated laying hens (Chapter 3). Premaxillary and dentary 

bone shapes in laying hens have never been described previously. The 

findings of Chapter 3 demonstrate that precision phenotyping of beak bone 

shape using GMM to analyse radiographs and digital images is possible.  

After verifying that landmarking the bone and beak tissue was repeatable 

and reliable, it was applied to data collected from a commercial layer breeder 

farm. Significant variation was found within and between the pure lines used 

(Chapters 4 and 5). This variation manifested as pointedness (i.e., curvature, 
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sharpness), angle, and overall size. The beak and bone phenotypes described 

by the main axes of variation in this project are similar to what has been 

described in other poultry species (Dalton et al., 2017; Dahloum et al., 2022) 

as well as wild birds (Foster et al., 2008; Kulemeyer et al., 2009; Shao et al., 

2016). Beak shape variation appears to follow a common pattern between bird 

species with the largest sources of variation often describing aspects of length 

and curvature. Chapters 4 and 5 indicate that distinct, heritable beak and bone 

phenotypes were found within each genetic line, suggesting that incorporating 

multivariate shape data into selection indices is possible.  

8.2 Relationship between beak shape phenotypes, bone 

shape phenotypes, and other easy-to-measure traits 

The phenotypic correlations between the premaxillary bone, dentary bone, 

and maxillary beak shapes and sizes characterised in Chapters 4 and 5 are 

summarised in Table 8.1. Premaxillary bone tip curvature (PC1 score) was 

highly correlated with premaxillary bone size, dentary bone length (PC1 score), 

and dentary bone size. Similarly, premaxillary bone size was highly correlated 

with dentary bone length (PC1 score) and dentary bone size. These strong 

correlations are not surprising given that the growth of the bones appears to 

be coordinated (i.e., the dentary bone grows in relation to the premaxillary 

bone) as discussed in Chapter 4; however, this has yet to be verified 

experimentally so while the correlations are significant, their biological 

importance may be limited. The correlation (albeit moderate) between dentary 

bone size and maxillary beak size also lends evidence to the hypothesis that 

the growth of the mandibular beak/dentary bone is regulated by the maxillary 

beak/premaxillary bone.  

Most correlations between premaxillary bone and maxillary beak shape 

traits were weak to negligible. Only one moderate correlation was found 

between premaxillary bone curvature (PC1 score) and maxillary beak length 

(rs = 0.44). This suggests that the shape of the premaxillary bone may not 
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strongly influence the shape of the maxillary beak during development. 

Previous analyses of the maxillary beak and its underlying bone in avian 

species, including chickens, have found that the growth of both the 

premaxillary bone and the maxillary beak (as measured by length and 

curvature) are correlated until a certain point (Urano et al., 2018, 2019).  

Aspects of premaxillary and dentary bone shape appear to be more closely 

controlled by their size than the maxillary beak (Table 8.1). This is further 

supported by the fact that premaxillary and dentary bone size accounted for 

42 percent of their respective variation in shape while maxillary beak size only 

accounted for 14 percent of beak shape variation (Chapters 4 and 5). 

Significant correlations were found between maxillary beak size and all of the 

maxillary beak shape traits; however, only beak length was moderately 

correlated with beak size, while beak tip curvature and depth were weakly 

correlated. This agrees with Dalton et al. (2017), who found that certain beak 

shape traits were more constrained by beak size.  

The effect of blunting or shortening the beak tip on other easy-to-measure 

traits such as feather cover and mortality is well studied in beak treated versus 

non-beak treated birds (Lambton et al., 2010; Sepeur et al., 2015; Morrissey 

et al., 2016; Riber and Hinrichsen, 2017; Struthers et al., 2019a). Methods 

aimed at blunting the beak through abrasive materials in the feeders or 

enrichment devices like pecking stones have less consistent results in regard 

to their impact on feather cover and mortality (Morrissey et al., 2016; Iqbal et 

al., 2020; Grün et al., 2021; Struthers et al., 2022; Baker et al., 2022) when 

compared to beak treatment. Prior to the present work, only one published 

study examined the correlation between naturally-occurring variation in beak 

shape (using beak overhang length) and easy-to-measure traits (Icken et al., 

2017). The genetic correlation between beak overhang length and feather 

cover was mostly negative. On the other hand, the correlation between beak 

overhang length and mortality was mostly positive, suggesting that laying hens 

with naturally shorter maxillary beaks may have better feather cover and lower 

mortality (Icken et al., 2017). However, the genetic correlations Icken et al. 
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(2017) estimated were quite low with high standard errors, so the link between 

beak shape, feather cover, and mortality may not be as clear-cut as it appears. 

This has also been observed in pure line hens from other breeds, where 

significant correlations did exist. However, they were low and sometimes 

counterintuitive, with longer beaked lines generally having better feather cover 

and birds with the worst feather score not having the longest beaks (Dr Teun 

van de Braak, Hendrix Genetics, personal communication, May 24, 2022). The 

genetic parameters above have been estimated from beak measurements 

using a special measuring device (Icken et al., 2017) or callipers (Hendrix 

Genetics). Both are subjective measurement methods and this may impact 

accuracy. 

Although the causes of the differences in feather cover and mortality (both 

total and cannibalism-related) observed between the two genetic pure lines 

used in Chapter 5 are not yet fully understood, the results do appear to lend 

support to Icken et al.'s (2017) hypothesis that hens with naturally blunter 

beaks are less successful at pulling feathers from conspecifics. However, 

many other potential factors, such as other beak shape traits, behavioural 

motivation and frequency, and docility, could influence this relationship. The 

correlations between maxillary beak length (PC1 scores) and feather cover 

found in Chapter 5 differ from the correlations reported by Icken et al. (2017) 

and seem to suggest that as beak length increases, so does feather cover. 

However, two important differences exist between the findings described in 

Chapter 5 and those from Icken et al. (2017). First, maxillary beak length in 

this thesis is defined as the length between the beak tip and the rostral end of 

the nare, while Icken et al. (2017) only measured the difference in length 

between the maxillary and mandibular beaks (beak overhang). Second, the 

correlations calculated in Chapter 5 were Spearman rank correlation 

coefficients, while Icken et al. (2017) calculated the genetic correlation 

between the two traits.  

The heritability estimates for different beak shape traits found in the 

present work (Chapter 5) and other studies done in chickens and wild birds 
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(Keller et al., 2001; Åkesson et al., 2008; Knief et al., 2012; Icken et al., 2017) 

strongly suggest that beak shape variability is amenable to genetic selection. 

However, more studies are needed to explore the feasibility of selecting for 

beak shape. Selection experiments to improve feather cover and liveability 

have shown promising results, particularly when both direct and indirect 

genetic effects are considered (Ellen et al., 2008; Brinker et al., 2014; Ellen 

and Bijma, 2019). The search to find genetic solutions to the problem of severe 

feather pecking has resulted in active engagement between industry (layer 

breeding companies) and academia (Ellen et al., 2014; Alemu et al., 2016; 

Struthers et al., 2021); however, whether these solutions can be easily 

implemented into commercial production and breeding programmes remains 

unclear (see section 8.4).  
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Table 8. 1. Summary of Spearman correlation coefficients1 of premaxillary bone shape and size traits (principal components 

(PC) scores)2, with dentary bone shape and size traits (PC scores)3 and maxillary beak shape and size traits (PC scores)4 from 

Chapters 4 and 5. 

 Premaxillary bone  Dentary bone  Maxillary beak 

PC1 PC2 PC3 Size  PC1 PC2 Size  PC1 PC2 PC3 

Premaxillary bone PC2 0.00            
PC3 0.02 -0.02           
Size 0.86 -0.10 0.01          

Dentary bone PC1 0.69 -0.21 -0.08 0.74         
PC2 -0.24 0.26 -0.41 -0.23  0.01       
Size 0.85 -0.17 -0.02 0.96  0.80 -0.25      

Maxillary beak PC1 0.44 0.21 -0.10 0.37  0.32 0.16 0.29     
PC2 0.08 -0.22 -0.05 0.09  0.18 -0.07 0.11  0.00   
PC3 0.24 0.07 0.03 0.09  0.07 -0.01 0.09  -0.00 -0.00  

Size 0.58 0.22 -0.13 0.52  0.44 0.19 0.44  0.46 0.20 0.26 
Values in bold are considered significant (P ≤ 0.05). 
1Correlation degree (+/-): 0.00-0.20 = negligible; 0.21-0.40 = weak; 0.41-0.60 = moderate; 0.61-0.80 = strong; 0.81-1.00 = very strong. 
2Premaxillary bone shape traits: PC1 = bone tip curvature (curved (min) vs pointed (max)); PC2 = bone length (short (min) vs long (max)); 
PC3 = ventral margin depth (narrow (min) vs wide (max)). 
3Dentary bone shape traits: PC1 = bone length and depth (long and wide (min) vs short and narrow (max)); PC2 = angle of bone tip and 
caudal end (superior (min) vs inferior (max)). 
4Maxillary beak shape traits: PC1 = beak length (short (min) vs long (max)); PC2 = beak tip curvature (curved (min) vs pointed (max)); PC3 
= beak depth (wide (min) vs narrow (max)). 
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8.3 Relationship between beak shape phenotypes and 

pecking damage 

The majority of studies looking at damage from severe feather pecking 

have compared beak treated versus non-beak treated laying hens and have 

used feather cover and mortality rate as measures of damage (Guesdon et al., 

2006; Sepeur et al., 2015; Riber and Hinrichsen, 2017; Struthers et al., 2019a). 

Infrared beak treated hens have also been reported to cause less damage to 

enrichment materials such as rope than non-beak treated hens (Morrissey et 

al., 2016). The positive effects of beak treatment on reducing feather loss and 

mortality have led to the hypothesis that birds with blunter maxillary beaks are 

less able to grasp and remove feathers and pierce and tear skin and other 

body tissues. Therefore, abrasive materials and enrichment devices aimed at 

blunting the beak “naturally” have been studied. Unfortunately, the majority of 

beak blunting studies have found that, even if there is some reduction in beak 

length or sharpness, there is no corresponding improvement in feather cover 

or liveability (Morrissey et al., 2016; Iqbal et al., 2020; Grün et al., 2021; 

Struthers et al., 2022; Baker et al., 2022), suggesting that beak length or 

sharpness is not being reduced enough to prevent damage. With the move 

away from beak treatment and the inconsistent results of beak blunting, there 

is an opportunity to use genetic selection of the beak itself to reduce the 

damage inflicted by severe feather pecking.  

The findings of Chapter 5 hint at a relationship between naturally-occurring 

beak shapes, feather cover, and mortality; however, there is still a gap in the 

scientific literature regarding whether or not these different beak shapes cause 

more or less damage. Additionally, determining whether certain naturally-

occurring beak shapes are more or less successful at grasping and removing 

feathers is important. The results found in Chapter 6 support the hypothesis 

that birds with sharper beaks (i.e., one where the maxillary beak extends far 

out over the mandibular beak) are more capable of removing feathers and 
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tissue (to a lesser extent) than those with blunter beak shapes. Birds with 

blunter beak shapes (whether naturally or by beak treatment or beak blunting) 

may be less motivated to peck at the feathers of other birds because there is 

less positive reinforcement when performing the behaviour (Kjaer and 

Sørensen, 1997; Harlander-Matauschek et al., 2008; Icken et al., 2017). In 

Chapter 6, the mean number of pecks between hens with different beak 

shapes did not differ, which suggests that even though blunt beaked hens were 

not as successful at removing feathers, this did not deter them from continuing 

to peck at the model. 

It is possible that the use of an inanimate model versus a live bird as the 

pecking “recipient” may help partly explain the results. Despite being less 

successful at removing feathers, perhaps blunt beak hens pecked at the model 

as much as sharp beak hens simply because the model was stationary and 

constantly present whereas a live bird could react and move away from being 

pecked. In a commercial setting, if a blunt beaked hen severely pecks at 

another bird and does not receive any positive feedback from the action, it 

could be less inclined to repeat the behaviour, particularly since the recipient 

hen can retaliate. In contrast, if a sharp beaked hen pecks at another bird and 

successfully removes feathers or tissue, it could be motivated to continue 

performing the behaviour despite the risk of retaliation (Cronin and Glatz, 

2021). However, why positive feedback from pecking at the feathers occurs in 

some birds and not others, and whether this is correlated to beak shape, needs 

further investigation. 

Pecking force differs when pecks are directed at familiar versus novel 

objects, which may play a role in the severity of the damage. Pecking force is 

hypothesised to decrease in birds with blunter beaks; however, Morrissey 

(2017) concluded that differences in beak shape needed to be quite extreme 

in order to see differences in pecking force. This agrees with the results of the 

pecking robot study (Chapter 7), which showed that the differences in beak 

shape found within the genetic pure line were too subtle to equate one beak 

shape as more or less capable of causing damage. The contrast between 
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Chapter 7’s results to those found in Chapter 6 helps highlight the complex 

relationship between pecking damage and beak shape. The capability to 

cause damage likely involves many factors (some of which are not beak shape 

related). Further research investigating the relationship between beak shape 

traits and these other factors will help determine what (if any) beak shape traits 

are feasible and realistic to include in selection indices. 

8.4 Future Work 

An initial aim of the project was to investigate the genetic underpinnings of 

beak morphology and its variation in laying hens. However, due to challenges 

with the GMM analysis, this aim could not be pursued within the timeline of this 

project. Therefore, exploration of the QTLs that underlie beak morphology and 

identifying positional candidate genes responsible for beak shape diversity 

among chickens is needed. The expression patterns of these positional 

candidate genes during embryogenesis could then be evaluated to validate 

their relevance to beak development. As discussed in Chapter 1, the genetic 

mechanisms that give rise to beak shape and its variation are complex. Beak 

shape variation is likely regulated by multiple genes and signalling pathways 

(Abzhanov et al., 2004; Cheng et al., 2017; Qanbari et al., 2019; Huang et al., 

2022); therefore, the expression patterns of chicken genes whose orthologs 

have roles in craniofacial development and variation in other species, such as 

ALX1 and BMP4 (Abzhanov et al., 2004; Lamichhaney et al., 2015) could also 

be evaluated. Genetic modification of beak shape directly through the genomic 

selection of alleles discovered through genome-wide association studies 

(GWAS), or indirectly through genetic selection, could be viable approaches 

towards reducing the damage inflicted by severe feather pecking (Buitenhuis 

and Kjaer, 2008).  

An ongoing challenge in studying severe feather pecking and how best to 

control and prevent it is that the behaviour is multifactorial. Therefore, many 

previous studies have focused on finding management practices that help 

control or prevent the behaviour. However, this predominant focus on applied 
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research means that basic research conducted on the behaviour is lacking 

(Fijn et al., 2020). For example, Fijn et al. (2020) suggest that basic research 

on the mechanisms and brain structures underlying severe feather pecking 

and laying hens’ behavioural needs and affective states could help fill the gaps 

in our scientific knowledge as to why laying hens perform the behaviour. 

The results of this thesis demonstrate that selecting specific beak 

phenotypes could help reduce the damage inflicted by severe feather pecking. 

However, a detailed understanding of the genetic, molecular, and cellular 

determinants of beak shape is required to avoid compromising beak function 

and other pleiotropic effects. Presently, it is not fully understood how the distal 

beak tip (rhinotheca) develops and if the cells that make up the rhinotheca are 

specialised with respect to cellular fate, molecular identity, and protein 

composition. Therefore, there is the potential to use basic research to study 

beak development and how the rhamphotheca emerges as a three-

dimensional form in ovo. The maxillary beak is derived from four facial 

prominences, and cranial neural crest cells generate the facial bones, 

cartilage, and connective tissues while surface ectoderm gives rise to 

epidermal tissues (including keratinocytes which make up the rhinotheca) 

(Yasui and Hayashia, 1967; Noden, 1978; Schneider and Helms, 2003). 

Previous fate map analyses (used to study the embryonic origins of tissues) 

have not distinguished between cranial neural crest and ectoderm (McGonnell 

et al., 1998; Hu et al., 2003).  

Developmental biology experiments could revisit and extend the existing 

fate maps, especially as the methodologies now exist to deliver more facile 

and precise labelling of tissues. For example, changes in cell differentiation 

that precede rhinotheca keratinisation in embryos could be examined using 

histology and in situ hybridisation. To better understand the cellular diversity 

within the developing beak, single nucleotide transcriptomics could be used to 

define cell subpopulations within the frontonasal prominence and identify gene 

markers of these subpopulations. This would allow for exploring differential 

expression and changes to cell subpopulations between embryos. Cell 
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subpopulation definition would be aided by the expression of FGF8, SHH, 

FGFR1/2, GLI1, MSX1, and TFAP2A (Hu et al., 2003).  

Experiments with embryos could also be used to study the growth pattern 

and orientation of the rhinotheca (Urano et al., 2019). The rhinotheca is 

comprised of three micro-layers (inner, intermediate, outer), with the distal 

growth (away from the head) of the intermediate layer appearing to play a 

significant role in the extension of the maxillary beak tip from the premaxillary 

bone (Urano et al., 2019). The maxillary beak tip is constantly being worn down 

and replaced, and its material properties are defined by its protein composition 

(Rice et al., 2013). Keratinocytes underpin both the replacement and 

composition of the rhinotheca. Manipulating keratinocytes through genetic 

selection or gene editing could help address severe feather pecking by 

mimicking beak treatment effects (e.g., reduction in beak tip length). Before 

this can be done, an in vitro model of beak development through the 

propagation and manipulation of keratinocyte-like cells derived from chicken 

primordial germ cells needs to be established and validated. Chicken 

embryonic stem cells and primordial germ cells have demonstrated long-term 

sustainability in culture, and established protocols for their isolation and culture 

exist (Intarapat and Stern, 2013; Whyte et al., 2015; Long et al., 2019). These 

embryonic stem cells and primordial germ cells can be used to produce 

keratinocyte-like cells (Couteaudier et al., 2015). The in vitro model could then 

explore how perturbations, genetic and delivered, alter these specialised cells’ 

protein production. 

A recent review by Iqbal and Moss (2021) highlighted the need for more 

research examining the beak morphology of poultry and its relationship to 

behavioural functions, particularly severe feather pecking. The beak is a highly 

versatile organ which serves many important functions. Before beak shape 

phenotypes can be included in selection indices, a better understanding of the 

relationship between beak shape and different beak-related behaviours 

(including severe feather pecking) is required. Beak shapes’ genetic 

correlation with other important production traits must also be considered. 
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Icken et al. (2017) found that in brown-feathered pure lines, beak shape was 

negatively correlated with egg production (meaning hens with shorter maxillary 

beaks laid more eggs). In contrast, it was positively correlated in white-

feathered lines. However, most of the genetic correlations found were 

insignificant (Icken et al., 2017). In that study, beak shape was measured as 

the difference in length between the maxillary and mandibular beaks (i.e., beak 

overhang length, a univariate measurement) (Icken et al., 2017); however, 

genetic correlations between multivariate measures of beak shape (such as in 

the present project) and production traits have yet to be determined.  

The studies conducted in Chapters 6 and 7 show that it is possible to 

discern differences in pecking damage between different beak shape 

phenotypes. However, these studies must be replicated using larger sample 

sizes and more distinct beak shapes. Additionally, a confounding factor in 

trying to understand the impact of beak shape on severe feather pecking 

behaviour is that it can be difficult to isolate it from the other variables that 

influence the behaviour. One way to control for this could be to analyse the 

beak shape variation in a group of birds, choose birds with the most 

phenotypically opposing beak shapes, observe the birds to identify the birds 

performing the most feather pecking, and then use those birds as test subjects 

(similar to what was done by Dixon et al., 2008). Another potential method of 

assessing beak shapes’ capacity to cause damage would be to measure the 

pecking force required to puncture a thin membrane. This has been done in 

hummingbirds, and the authors found that more curved, pointier beaks 

required less force to puncture a membrane (Rico-Guevara and Araya-Salas, 

2015). 

Finally, future research should consider the ease of implementation in 

commercial poultry production. An advantage of beak shape is that it is easier 

to measure than behaviour and can be applied to many birds, particularly in 

non-cage environments. However, univariate shape measures such as length, 

width, and depth reflect differences in size rather than true shape differences. 

In addition, and as demonstrated in Chapters 6 and 7, using only one 
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measurement (e.g., beak overhang length) may not fully encapsulate the 

potential of a specific beak shape to cause damage. In Chapter 6, beak 

overhang length was used instead of GMM to differentiate hens into the beak 

shape groups. This is because it was not feasible to photograph the hens on 

the commercial farm, analyse the images, and then find the specific hens from 

the larger flock at a later date. It does, however, raise the question of which 

approach is most likely to relate to the potential of the beak to cause damage. 

It is possible that the approaches (GMM and univariate measurements) are 

correlated to some degree. This would make the method of beak phenotyping 

easier to implement for breeding companies; however, more research is 

needed examining how different aspects of beak shape contribute to pecking 

damage. Filling this knowledge gap will give breeding companies a better 

understanding as to which beak phenotypes should be included in the 

selection indices and which approach allows for the collection of those 

phenotypes, while still considering realistic implementation. 

Non-invasive imaging methods to predict production and welfare traits are 

already used in poultry (Fleming et al., 2004; Hester et al., 2004; Donkó et al., 

2018; Baur et al., 2020). For example, the broiler breeder company Aviagen 

uses CT scans to assess body condition in their parent flocks (Aviagen, 2018). 

Likewise, the results of this project (Chapters 3 to 5) demonstrated that useful 

beak shape phenotypes can be collected from live laying hens using 

radiography, photography, and GMM. However, the imaging and GMM 

analysis of potentially thousands of birds is labour-intensive and time-

consuming. To address this, deep learning approaches using convolutional 

neural networks (CNNs) could be developed to automatically analyse and 

classify beak shapes from images of live hens. Machine-learning based 

systems allow for the extraction of morphological features such as shape and 

size and have successfully been applied to detect disease in broilers (Okinda 

et al., 2019, 2020). An advantage of these systems is rapid, automated feature 

detection and classification; however, they require a large number of images 

to create training datasets needed to enhance classification accuracy. Image 
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augmentation and pre-trained CNN architecture have been used to alleviate 

this and have achieved accurate results despite small training set sizes 

(Okinda et al., 2020). Implementation into commercial production could see 

breeding companies using these CNNs to identify and select birds with 

desirable beak shapes in real time.  

8.5 Conclusion 

This thesis aimed to elucidate whether naturally-occurring variations in 

laying hen beak shape could be capitalised on to reduce the damage inflicted 

by severe feather pecking. The data and results outlined in this thesis provide 

a better understanding of the variation in naturally-occurring beak shapes 

within and between laying hen lines and how that variation equates to pecking 

damage. This is important because it gives a better basic understanding of the 

beak and allows this variation to be utilised to reduce the severity of severe 

feather pecking damage. In addition, this thesis developed the novel capability 

of using radiography for the application of GMM to analyse the shape of the 

premaxillary and dentary bones within the beak, something that has not been 

done previously.  

Analysis of the maxillary beak and its underlying bones revealed that 

distinct, heritable phenotypes exist within and between laying hen lines and 

suggests that incorporating multivariate shape data into breeding programmes 

is possible. This thesis demonstrated that when laying hens have sharper beak 

shapes and engage in severe feather pecking (to a model chicken), they are 

more capable of removing feathers and tearing body tissue, which could result 

in pain, fear, and stress for live recipient birds. Further work investigating the 

relationship between beak shape, severe feather pecking, pecking damage, 

and other beak-related behaviours may provide new insights into how the 

poultry industry can move away from beak treatment without compromising 

bird welfare or productivity. 
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