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ABSTRACT 

HYPOTHALAMIC-PITUITARY-ADRENAL AXIS ACTIVITY AND ROBUSTNESS: 

WORKING TOWARDS BETTER BREEDING OF CANADIAN TURKEYS 

Emily Leishman 

University of Guelph, 2021

Advisor(s): 

Dr. Christine Baes 

Dr. Ben Wood 

Animal robustness is essential in the poultry industry because of its consequences for animal 

health, wellbeing, and industry profitability. Strategies to improve animal robustness can include 

quantifying environmental sensitivity or direct selection for robustness-related traits, however, 

these have come with limited success. An alternative approach is to investigate the genetics of the 

hypothalamic-pituitary-adrenal (HPA) axis as intense selection for production traits is believed to 

result in a reduced HPA axis response and ability to respond to perturbations leading to 

physiological and behavioural problems. The glucocorticoid hormone corticosterone (CORT) is 

one of the main end-products of the HPA axis. Quantifying CORT in feathers (FCORT) provides 

an opportunity for a less invasive measure that represents average circulating level of CORT over 

time compared to traditional methods. Robustness-related issues are prevalent on commercial 



 

 

turkey farms and perturbations can impact meat quality through HPA axis activity. Therefore, the 

objective of this thesis was to investigate novel phenotypes (e.g., FCORT) related to HPA axis 

activity that could act as indicators of robustness in domestic turkeys. We developed a reliable 

method for quantifying FCORT in turkey feathers and characterized feather growth patterns to 

provide context to these measurements. Changes in energy balance are reflected in FCORT 

measurements which provides validation for its use as a marker of HPA axis activity. Most 

importantly, our findings suggest that HPA axis activity, measured via FCORT, is a heritable trait 

in domestic turkeys and is negatively correlated with production traits (e.g., breast yield) but 

positively correlated with livability traits (e.g., walking ability). Although further investigation 

into the relationship between FCORT and other robustness traits is required, this thesis provides 

exciting avenues for improving robustness, health, and wellbeing in domestic turkeys through 

genetic selection.  
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 375 

1 General Introduction 376 

1.1 Turkey Industry 377 

Turkey production is an integral Canadian industry with a farmgate value of 367 million CAD 378 

annually (Turkey Farmers of Canada, 2020). In 2020, approximately 500 turkey farmers produced 379 

158 million kg of turkey meat (Turkey Farmers of Canada, 2020). To maintain this high level of 380 

productivity, and meet different market needs, a carefully constructed breeding program is 381 

required. The turkey breeding pyramid involves primary breeders selecting and maintaining 382 

purebred genetic lines that have specific objectives for traits such as growth rate, meat yield, egg 383 

production, fertility, and hatchability (Wood, 2009). The genetic improvements made in the 384 

purebred lines are translated to the commercial level through a series of multiplying generations 385 

where the pure lines are crossed to create parent stock (great-grandparent, grandparent, parent) and 386 

ultimately crossbred commercial products (Neeteson et al., 2016). This type of breeding pyramid 387 

structure is used to benefit from heterosis, or the increase in desired traits in hybrid offspring 388 

compared to the pure line parents (Falconer and Mackay, 1996). Genetic improvement and changes 389 

in the pure lines at the top of the pyramid will therefore result in changes at the commercial level; 390 

a process that takes approximately four years (Neeteson et al., 2016).  391 

1.2 Important Health and Welfare Issues in Turkey Production 392 

In all livestock species, breeding companies are putting an increased focus on integrating animal 393 

health and welfare in their selection strategies (Flock et al., 2005; Rodenburg and Turner, 2012). 394 

Although selection strategies and breeding decisions are mainly employed at the top of the 395 

pyramid, it is also important to evaluate the performance of the commercial product to help inform 396 

selection strategies. If certain problems are occurring at the commercial level, it may be possible 397 

to reduce these problems by changing selection pressures or utilizing novel traits in the pure lines, 398 

assuming there is a heritable genetic component to the problem.  399 

Issues of particular importance in turkey production are injurious pecking and footpad dermatitis 400 

(FPD), not only because of their implications for animal health and wellbeing, but also negative 401 

effects on profitability (Erasmus, 2018). Injurious pecking is a term for a problematic group of 402 
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behaviours that can occur in domestic poultry operations and includes aggressive pecking, feather 403 

pecking and tissue pecking/cannibalism (Dalton et al., 2013; van Staaveren and Harlander, 2020). 404 

Footpad dermatitis is an ulcerative condition of the footpad which can result in painful lesions, 405 

difficulty walking, and subsequent consequences for growth and body weight (Shepherd and 406 

Fairchild, 2010; Sinclair et al., 2015).  407 

While it is important to evaluate these issues directly, they can be linked with a common thread 408 

related to robustness. Robustness refers to the ability of an animal to maintain high production 409 

while being resilient to perturbations which allows the expression of high production in many 410 

different environments (Knap, 2005). Physiological responses to perturbations are not typically 411 

considered in poultry selection schemes as these traits are hard to measure and lack sufficient 412 

validation. Moreover, key players in the response to perturbations are also heavily involved in 413 

basal energy balance which is directly linked to growth. Due to the challenges associated with 414 

looking at these issues directly as phenotypes, we wanted to take a more global approach and try 415 

to investigate a phenotype that plays a role in the development of these problems. This led us to 416 

the idea of robustness which is an emerging problem in the poultry industry.  417 

Breeding for increased production (e.g., breast yield) is believed to compromise robustness and 418 

result in the increased occurrence of behavioural, physiological, and immunological disorders (Star 419 

et al., 2008). The farm animal of the future has been described as robust, adapted, and healthy 420 

(Fabre Technology, 2006). There are many evolving factors that make robustness a trait of key 421 

importance in sustainable breeding. Production environments are diversifying (e.g., greater 422 

outdoor access/free-range) which may increase disease and parasite challenges (Mormède et al., 423 

2011). Furthermore, the use of antibiotics in poultry production is being increasingly limited which 424 

may make the implications of reduced robustness (e.g., resilience to disease) more significant 425 

(Huff et al., 2005).   426 

Various techniques have been used to quantify robustness for animal breeding. For example, one 427 

can perform a reaction norm analysis which compares the performance of animals with identical 428 

genotypes in different environments (Knap and Su, 2008). Alternatively, direct selection for traits 429 

related to robustness can occur, for example, selection for leg health (Neeteson et al., 2016) or 430 

disease resistance (Jie and Liu, 2011).  431 
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Lastly, a more recent strategy to incorporate robustness into animal breeding is to investigate the 432 

genetics of the hypothalamic-pituitary-adrenal (HPA) axis (Mormède et al., 2011; Mormède and 433 

Terenina, 2012). The HPA axis is closely related to robustness (Mormède et al., 2011; Mormède 434 

and Terenina, 2012) and the main end-product of the HPA axis are glucocorticoid hormones, 435 

specifically corticosterone (CORT) in birds (Sapolsky et al., 2000). Additionally, we felt that 436 

pursuing CORT as a novel phenotype was especially relevant since ‘stress’ is now considered to 437 

be one of the main factors threatening the poultry industry (Lara and Rostagno, 2013; Calefi et al., 438 

2017). This belief is mainly due to the negative consequences that stress has on production 439 

performance (e.g., growth, feed conversion) as well as societal acceptance of the industry (St-440 

Pierre et al., 2003; Lara and Rostagno, 2013). Moreover, reduced robustness makes birds more 441 

susceptible to disease, lameness, and stress (Mormède and Terenina, 2012). 442 

1.3 The HPA axis 443 

The HPA axis plays a major role in the neuroendocrine response to stress as well as energy balance 444 

and metabolism. During the neuroendocrine stress response, the HPA axis works in concert with 445 

the sympathetic-adrenal-medullary (SAM) axis (Siegel, 1980; Koolhaas et al., 2011). The SAM 446 

axis is responsible for the “fight or flight response” and results in the production of catecholamines 447 

(e.g., epinephrine, norepinephrine). The HPA axis is activated by incoming neural or blood-borne 448 

stimuli which increase the hypothalamic production of corticotropin-releasing factor (CRF) via 449 

the paraventricular nucleus (PVN) (Boonstra, 2004). CRF stimulates the anterior pituitary gland 450 

to increase the synthesis of adrenocorticotropin (ACTH). ACTH is moved via the blood to 451 

stimulate the proliferation of adrenal cortical tissue cells and increase the release of steroid 452 

hormones such as glucocorticoids. Glucocorticoids act on multiple sites to maintain homeostasis 453 

via mobilizing energy to muscles (hepatic gluconeogenesis), shunting energy away from systems 454 

non-essential for immediate survival, increasing cardiovascular tone, suppressing the 455 

inflammatory response, blunting pain perception, inhibiting reproduction, and decreasing feeding 456 

and appetite (Boonstra, 2004).  457 

Aside from these functions, the main role of glucocorticoids is for normal body functions and 458 

normal regulation of energy balance, physiology, morphology, and behaviour under non-stress 459 

conditions (Blas, 2015). In fact, the HPA axis is stimulated to produce glucocorticoids on a 460 
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circadian and ultradian rhythm to regulate these processes (Hess, 2002; De Kloet and 461 

Sarabdjitsingh, 2008).  462 

1.4 Feather Corticosterone 463 

Corticosterone (CORT) is the primary avian adrenal glucocorticoid (Ramenofsky, 2011). 464 

Traditionally glucocorticoids (or glucocorticoid metabolites) have been assessed in plasma or 465 

feces, however, these techniques come with limitations or difficulties. For example, some species 466 

may not be suited for plasma sampling because they are difficult to catch, difficult to bleed, or 467 

wild/endangered species (Romero and Fairhurst, 2016). Moreover, levels in the blood and feces 468 

are influenced by circadian rhythms (Hess, 2002; Möstl et al., 2005; Touma and Palme, 2005). 469 

These challenges lead to an interest in non/minimally-invasive ways to assess glucocorticoids 470 

(Romero and Fairhurst, 2016). Due to the potential for measuring glucocorticoids from keratin 471 

structures (e.g., hair, baleen, claws), bird feathers were also investigated since they are a major 472 

keratinized tissue (Romero and Fairhurst, 2016).  473 

Measuring corticosterone in feathers (FCORT) was pioneered by Bortolotti et al. (2008, 2009) 474 

who established that CORT is present and measurable in feathers and that the amount of CORT 475 

deposited in feathers is correlated with stressors experienced by the bird during growth. FCORT 476 

is a retrospective, long-term, integrated measure of corticosterone physiology which is a different 477 

perspective from what is possible from blood sampling, although both views can be valuable 478 

(Romero and Fairhurst, 2016).  479 

Corticosterone appears to be deposited in feathers within the blood quill during the cell 480 

differentiation phase of feather growth, which is when cells are becoming keratinized and pigment 481 

incorporated (Jenni-Eiermann et al., 2015). Once feather growth is complete (mature feather), 482 

feathers are dead tissue (Romero and Fairhurst, 2016). The blood supply to the feather recedes and 483 

isolates the feather. This is relevant information when considering FCORT because it means that 484 

the CORT circulating in the blood can only access the feather during the period of growth. So, 485 

FCORT from a whole feather represents an isolated period when the feather was actively growing 486 

(Romero and Fairhurst, 2016). It is believed that FCORT measurements continually include the 487 
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hormone at baseline levels but also register the amplitude and frequency of responses to 488 

perturbations.  489 

1.5 Relevance of Corticosterone for Turkey Production 490 

Turkeys are heavily selected to increase body weight and meat yield to efficiently meet demands 491 

which has resulted in altered morphology and development rates (Velleman et al., 2003; 492 

Havenstein et al., 2007; Hocking, 2014). Growth and maintenance of large body size and muscles 493 

is energetically expensive and supporting this growth may divert resources away from important 494 

traits related to robustness (Tickle et al., 2018).  495 

Glucocorticoids, like CORT, are one of the main drivers of energy mobilization. The overall action 496 

of glucocorticoids is to maintain adequate circulating levels of glucose since the HPA axis is part 497 

of a larger system regulating energy flow and partitioning and has consequences for protein, 498 

carbohydrate, and lipid metabolism (Carsia, 2015). Therefore, intense selection pressure on 499 

energetically demanding traits (e.g., muscle growth) may influence glucocorticoid levels such that 500 

the HPA axis response is blunted to reduce the catabolic actions of glucocorticoids on muscles 501 

(Mormède and Terenina, 2012; Zaytsoff et al., 2019). This is important to assess since there may 502 

be implications of HPA axis activity on robustness or resilience to environmental perturbations or 503 

immune challenges (e.g., parasites, disease) (Star et al., 2008; Siegel et al., 2009; Mormède and 504 

Terenina, 2012). In fact, Mormede and Terenina (2012) posit that the HPA axis is a major 505 

contributor to many important phenotypes in selection such as adaptation, robustness, feed 506 

efficiency, and product quality.  507 

1.6 Feather Corticosterone as a Phenotype for Selection 508 

Since CORT plays a key role in basal energy balance, the response to perturbations, and has 509 

implications for health and wellbeing issues related to robustness like injurious pecking and FPD 510 

(Chapters 2 & 3), incorporating a trait like FCORT into turkey breeding strategies may be 511 

beneficial. However, before this can be considered, several investigations needed to occur. Firstly, 512 

we determined a reliable method for measuring FCORT (Chapter 4) and evaluated feather growth 513 

to provide a longitudinal context to measurements (Chapter 5). Secondly, we determined if 514 

changes in energy demand or perturbations were reflected in changing FCORT (Chapter 6). This 515 
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provided the foundation for the methodology and interpretation of FCORT measurements (Chapter 516 

4-6). In Chapter 7, we took a step back to systematically analyze if perturbations that are reflected 517 

in FCORT (i.e., temperature stress) also are associated with production traits for further biological 518 

validation. After providing this methodological and biological validation for FCORT, we 519 

investigated if FCORT is heritable, as well as its relationships with other relevant production traits, 520 

namely meat quantity and quality (Chapter 8).  521 

1.7 Objectives 522 

This thesis aimed to investigate HPA axis activity as a novel phenotype for domestic turkey 523 

selection. For this purpose, the following objectives were addressed in several experimental studies 524 

with methodologies ranging from surveys, observational studies, cohort studies, meta-analysis, 525 

and genetic analysis.  526 

This thesis first aimed to evaluate the prevalence of issues related to robustness on commercial 527 

Canadian turkey farms (Chapters 2 & 3). This would indicate if robustness is an important issue 528 

for turkey farmers from a broader perspective suggesting a need for a novel phenotype in breeding 529 

programs.  530 

1) Evaluate the prevalence and risk factors for injurious pecking and footpad dermatitis at 531 

the commercial level [Chapters 2 & 3] 532 

The results of the above chapters demonstrated that issues potentially related to robustness (FPD 533 

and injurious pecking, respectively) can be highly prevalent on commercial farms. Since these 534 

issues have implications for health, wellbeing, and profitability this underlined that improving 535 

robustness should be an important consideration for breeding companies. FCORT as a product of 536 

HPA axis activity which is related to robustness was investigated as a potential novel phenotype. 537 

In the subsequent three chapters, this thesis investigated the methodological (Chapter 4) and 538 

biological (Chapter 5 & 6) basis of FCORT needed to contextualize the phenotype.  539 

2) Develop a reliable methodology for measuring feather corticosterone [Chapter 4] 540 

3) Describe turkey wing feather growth to add context to feather corticosterone 541 

measurements [Chapter 5] 542 
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4) Determine how changes in energy investment affect feather corticosterone [Chapter 6] 543 

After finding a reliable method for measuring FCORT and providing biological context to the 544 

measurements, we aimed to understand its relationships with other important traits in turkey 545 

breeding. As only limited information is available on FCORT itself, we investigated how a typical 546 

stressor that influences HPA axis activity (and presumably FCORT) may affect important traits 547 

such as meat quality through a meta-analysis to synthesize current literature (Chapter 7). Finally, 548 

the thesis culminates in the estimation of genetic parameters for the novel FCORT trait (Chapter 549 

8). This included estimation of heritability, genetic and phenotypic correlations to other important 550 

traits including meat quality traits previously identified.  551 

5) Review the effects of a typical stressor (temperature) on poultry meat quality [Chapter 7] 552 

6) Estimate genetic parameters for FCORT and describe the relationship with relevant meat 553 

quantity and quality traits [Chapter 8] 554 

All in all, these results lay the foundation for FCORT, indicative of HPA axis activity, as a novel 555 

phenotype to be included in breeding programs to potentially improve robustness in future turkey 556 

populations. 557 

  558 
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 575 

2.1 Abstract 576 

Footpad dermatitis (FPD) can be a prevalent issue in commercial turkey production. This study 577 

aimed to identify the bird, housing, and management-related factors associated with the prevalence 578 

of FPD in Canadian turkey flocks. A questionnaire and flock health scoring system were developed 579 

and disseminated to approximately 500 commercial turkey farmers across Canada. Farmers were 580 

asked to score FPD on a subset of 30 birds within their flock using a 0-2 scoring scale based on 581 

severity. Prevalence of FPD in the flock was calculated as the percentage of affected birds (score 582 

1 or 2). Multivariate linear regression modelling was used to identify factors associated with the 583 

prevalence of FPD. Four variables were included in the final model and accounted for 26.7% of 584 

the variation in FPD prevalence between flocks. FPD prevalence was higher with increasing bird 585 

weight (3.6±1.13), higher in flocks bedded with straw (12.1±7.9), higher in flocks where birds 586 

were picked up less frequently during daily inspections (11.6±8.10), and higher in flocks that used 587 

feed/water additives to reduce litter moisture (20.5±10.59). These findings are a preliminary 588 

exploratory assessment of risk factors related to FPD prevalence on Canadian turkey farms. While 589 

these findings emphasize the importance of litter management and the stockperson, estimates and 590 

P-values from this study should be interpreted with caution. Further longitudinal studies with the 591 

identified variables are required to better determine their influence on FPD. 592 

 593 

2.2 Introduction 594 

Galliformes are bipedal and when bipedal animals walk, one foot supports the body stance, while 595 

the other foot facilitates the forward movement (Muir et al., 1996). This movement pattern stresses 596 

the importance of foot health during locomotion. When normal standing and walking are disrupted 597 

by a foot health problem, such as a disease (acute or chronic), disorder, trauma or injury, body 598 

function will suffer (Hawke and Burns, 2009).  599 

Footpad health can decline in conventional (Erasmus, 2017) and organic (Freihold et al., 2019) 600 

turkey production systems. Lesions on the plantar area and the metatarsal footpads start as broken 601 

epidermis/skin (Shepherd and Fairchild, 2010). These issues can start in the first days of life and 602 
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serve as a starting point for local inflammation (dermatitis), which can develop into ulcers, and 603 

potentially secondary bacterial infections and lameness (Clark et al., 2002; Erasmus, 2018) 604 

throughout the growing period in male and female turkeys (e.g., approximately 11-17 weeks of 605 

age in Canada).  606 

A foot health issue of particular importance in turkey production is footpad dermatitis (FPD). The 607 

footpads become swollen, discolored, and hard (Sinclair et al., 2015). As early as 6 weeks of age, 608 

diagnosable FPD can be common in a flock (Mitterer-Istyagin et al., 2011). At slaughter, it can be 609 

common for birds in commercial (Ekstrand and Algers, 1997; Krautwald-Junghanns et al., 2011; 610 

Allain et al., 2013; Da Costa et al., 2014) and organic (Hocking and Wu, 2013) flocks to have 611 

varying degrees of FPD. As bipedal turkeys need both feet to stand and walk, and FPD tends to 612 

affect both feet with the same severity (Ekstrand and Algers, 1997), it is likely not easy to favour 613 

one limb to avoid potential discomfort and pain due to inflammation or alleviate impaired function 614 

(Martland, 1984; Ekstrand and Algers, 1997; Hocking and Wu, 2013; Weber Wyneken et al., 615 

2015).  616 

Given the evidence that FPD is painful (Martland, 1984; Hocking and Wu, 2013; Sinclair et al., 617 

2015; Weber Wyneken et al., 2015), it is used as an animal welfare indicator in research, on farms, 618 

and in slaughterhouses (Watanabe et al., 2013). To illustrate the importance of FPD, United 619 

Kingdom supermarkets have identified FPD as a Key Welfare Indicator in turkeys (Clark et al., 620 

2002) and most animal welfare audits in Europe and the USA consider FPD an indicator of 621 

impaired welfare (Berg, 2004; Berg and Algers, 2004). In Canada, producers are provided with 622 

background information about FPD as it relates to litter quality and stock density, but there is no 623 

formal assessment or auditing of FPD at this time (Turkey Farmers of Canada, 2018). In addition 624 

to implications for animal wellbeing, FPD is a key issue for food safety, farm productivity, and 625 

financial profitability (Shepherd and Fairchild, 2010). Moreover, to reduce pain, turkeys affected 626 

by FPD are less active and exhibit less variation in their behaviour patterns (Martland, 1984; 627 

Hocking and Wu, 2013; Weber Wyneken et al., 2015). This may result in a lower feed intake, 628 

which ultimately reduces growth rate and body weight and increases contact time with the litter, 629 

which has implications for further contact dermatitis and increased mortality (Martland, 1984; 630 

Mayne et al., 2007).  631 
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The etiology of FPD is known to be multifactorial (Shepherd and Fairchild, 2010).  Predisposing 632 

factors such as genetics, bird age and body weight, diet and excreta composition, bedding material 633 

and management have been identified as main contributing factors as birds stand, rest and walk in 634 

floor barns at stocking densities that allow the floor (and any bedding on it) to quickly accrue with 635 

feathers, waste feed, and excreta (Monckton et al., 2020).  However,  reported on-farm FPD 636 

assessments of turkeys are typically from Europe, where genetic line,  housing, and management 637 

practices can differ compared to North America (Martrenchar et al., 2002; Krautwald-Junghanns 638 

et al., 2013). Currently, investigations of risk factors associated with the prevalence of FPD in 639 

North American turkey production systems are lacking. Therefore, the objective of this study was 640 

to identify bird, housing, and management characteristics associated with the prevalence and 641 

severity of FPD on Canadian turkey farms.  642 

2.3 Materials and Methods 643 

This study was part of a larger cross-sectional study to describe housing and management practices 644 

of commercial turkeys in Canada (van Staaveren et al., 2020a), and identify housing and 645 

management risk factors for FPD and pecking injuries. In brief, farmers were asked to 1) complete 646 

a questionnaire about their housing and management practices for a turkey flock on their farm and 647 

2) perform simplified health scoring on a random subset of 30 turkeys in their flock. The data from 648 

both the questionnaire and health scoring were then used to identify practices associated with FPD 649 

using regression modelling. The present paper reports the prevalence of FPD and related risk 650 

factors on Canadian farms. 651 

2.3.1 Survey Design 652 

The survey to identify risk factors for FPD contained two main components: a questionnaire and 653 

a FPD scoring guide. The questionnaire consisted mainly of (semi-) closed questions and covered 654 

sections on general farm information and experience, housing (i.e., lighting, air quality), litter 655 

management, feed and water management, flock health and biosecurity, and farmer perceptions. 656 

Farmers were asked to fill in the questionnaire for a flock of birds currently on their farm. A more 657 

detailed breakdown of the questionnaire sections and subsections can be found in Table 2.1. The 658 

questionnaire was tested by industry collaborators and was estimated to take approximately 1.0 – 659 

1.5 hr to complete. The questionnaire was further reviewed by members of the national 660 
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organization representing Canada’s turkey farmers, the Turkey Farmers of Canada (TFC), poultry 661 

veterinarians, feed sales representatives, and turkey farmers to ensure the questions and wording 662 

were understandable and accurately reflected commercial settings. 663 

The FPD scoring guide was designed in collaboration with industry stakeholders to ensure it was 664 

feasible to complete in a commercial turkey production setting. The scoring guide was used by 665 

farmers to assess FPD in the flock corresponding with the information from the questionnaire. 666 

FPD was scored by each farmer on a random subset of 30 birds in their flock on a three-point scale 667 

according to the severity of the condition based on visual (Figure 2.1) and written (Table 2.2) 668 

descriptions, adapted from Knierem et al. (2016).  The proportion of the footpad affected by FPD 669 

was used to differentiate between lesion scores (i.e., in the most severe category, more than half 670 

of the footpad is affected) (Knierim et al., 2016). The footpad images used in the visual aid were 671 

obtained from cleaned turkey feet at slaughter. To try and account for cleanliness of the scoring 672 

images, farmers were asked to lightly brush any loose litter that might obscure FPD lesions from 673 

the footpad before scoring. If the two footpads of a bird differed in severity, the farmers were 674 

instructed to record the more severe of the two scores. Farmers did not receive any formal training 675 

on the scoring system, but they were given visual and written instructions for selecting a random 676 

sample of birds and conducting the scoring of the footpads. 677 

2.3.2 Survey Distribution 678 

Turkey farmers across Canada were invited to participate in the survey through the Turkey Farmers 679 

of Canada in April 2019. Each farmer received a package containing a cover letter, questionnaire, 680 

health scoring guide with instructions, and return envelope with a unique code to collect all 681 

responses anonymously. All documents were made available in English and French. Additionally, 682 

farmers were provided the opportunity to fill in the questionnaire online via Qualtrics® (Qualtrics, 683 

Provo, UT). Reminders were sent out through the Turkey Farmers of Canada until the end of data 684 

collection in December 2019. As an incentive and thanks for participating, farmers received a $10 685 

CAD gift card for a popular Canadian coffee franchise. This study was approved by the University 686 

of Guelph Research Ethics Board (REB 19-02-015) and the University of Guelph Animal Care 687 

Committee (AUP 3782). 688 
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2.3.3 Statistical Methods 689 

Due to the lower number of birds with an FPD score of 2 (most severe) (Table 2.3), the flock-690 

level prevalence of FPD for analysis was estimated as the percentage of birds in a flock with a 691 

score greater than 0. Data obtained from the questionnaires were used to determine potential 692 

factors associated with FPD prevalence in a flock. Statistical analyses were performed in RStudio 693 

(version 3.5.3., R Core Team, 2019).  694 

2.3.4 Model Building 695 

Data collected from the questionnaire were entered into Excel using manual double entry and 696 

checked for errors. Variables with many missing values or insufficient variation (e.g., a binary 697 

variable with a proportion of responses approximately >0.85 in one category) were excluded from 698 

further investigation (Decina et al., 2019). Some variables underwent retrospective collapsing of 699 

categories to remove unused or infrequent categories. After this screening, a total of 19 variables 700 

remained and progressed to the univariate analysis.   701 

In the univariate analysis, variables that had a P ≤ 0.25 or were considered biologically relevant 702 

were retained for further analysis. This P value was chosen based on similar poultry risk factor 703 

analysis for feather damage (Decina et al., 2019) and footpad dermatitis (Martrenchar et al., 2002). 704 

Variables were tested for collinearity using Pearson correlations. Strong correlations (r > 0.5) were 705 

considered to indicate redundant variables, and only one of these variables was retained in the 706 

multivariate analysis. To illustrate, flock age was highly correlated with flock weight, stocking 707 

density, and target temperature. We chose flock weight to be retained in the multivariate analysis 708 

because bird weight has important biological implications for FPD development (Tullo et al., 709 

2017). After assessing collinearity, 16 predictor variables were included in the multivariate 710 

analysis using a mixed linear regression model with a forward selection approach. Variables that 711 

were significant (P ≤ 0.05) and/or contributed to a higher adjusted R2 were included in the final 712 

model. Relevant interactions between included predictor variables were also tested. 713 

Model diagnostics to assess normality of the residuals were conducted using a QQ-plot. The 714 

homogeneity of variance was graphically evaluated using a scatterplot of the studentized residuals 715 

against the predicted values. Collinearity was assessed using the variance inflation factor (VIF). 716 



 

14 

 

Outliers were identified using a boxplot of the model residuals, and Cook’s Distance was used to 717 

investigate influential data points.  718 

2.4 Results 719 

2.4.1 Response Rate 720 

Five hundred surveys were sent to turkey farmers across the country. The response rate was 721 

approximately 20% (101 responses). Of the 101 responses, 66 were completed surveys with 722 

scoring (13.2%), and 35 were incomplete (7.0%) where the respondents indicated that they are not 723 

currently producing turkeys or did not complete the scoring portion of the survey. Three surveys 724 

were excluded from the analysis due to incorrect interpretation of the instructions, which left 63 725 

surveys to be used in the risk factor analysis. 726 

2.4.2 General Flock Information 727 

Of the flocks included in the risk factor analysis, 39 were hen flocks (61.9%), and 24 flocks were 728 

tom flocks (38.1%). The FPD prevalence (score >0) for the surveyed flocks is shown in Figure 729 

2.2. 730 

Information on flock age, bird weight, flock size, and FPD prevalence can be found in Table 2.3. 731 

A detailed description of the flocks included in this study and their housing and management 732 

practices can be found in van Staaveren et al. (2020).  733 

2.4.3 Univariate Analysis of Factors Associated with FPD 734 

Variables associated at a liberal significance level (α=0.25), or biologically relevant to FPD, at the 735 

univariate analysis level are presented in Table 2.4. These variables were related to bird 736 

characteristics such as sex, physical alterations, age, and weight. There were also a number of 737 

variables related to litter and litter management (e.g., litter type, litter tilling, adding dry bedding) 738 

and housing (e.g., housing system, drinker type).  739 

2.4.4 Multivariate Analysis of Factors Associated with FPD 740 

Average bird weight, litter type, picking up birds during inspections, and feed/water additives were 741 

included in the final model and accounted for 26.7% of the variation in FPD prevalence between 742 
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flocks (Table 2.5). Increasing average weight was associated with an increased prevalence of FPD. 743 

Additionally, the use of straw (versus wood shavings) and not picking up birds during routine 744 

inspections tended to be associated with an higher prevalence of FPD. Interestingly, in flocks 745 

where feed/water additives were used to reduce litter moisture, the prevalence of FPD tended to 746 

be higher than those that did not use additives. 747 

2.5 Discussion 748 

Footpad dermatitis (FPD) is a well-known turkey health and welfare issue (Shepherd and Fairchild, 749 

2010). When not treated by appropriate management, FPD can lead up to almost 100% of the birds 750 

affected to some degree on one or both feet (Allain et al., 2013; Krautwald-Junghanns et al., 2013; 751 

Da Costa et al., 2014), making movement potentially uncomfortable, irritating, or even painful 752 

(Sinclair et al., 2015; Weber Wyneken et al., 2015). However, there is relatively little published 753 

information on the severity and prevalence of FPD in turkeys in North America (Da Costa et al., 754 

2014; Erasmus, 2018) even though North America is a major contributor to the global turkey 755 

industry (Windhorst, 2006). To add information to North American prevalence of FPD in turkeys, 756 

we conducted a survey on housing and management factors associated with FPD in turkey flocks 757 

in Canada using farmer self-reported FPD scores. 758 

The median prevalence of FPD across both tom and hen flocks was 27% (IQR: 10 – 67%) across 759 

63 flocks. This is lower than prevalence of FPD reported in other studies, however, this could be 760 

due to these studies typically being conducted at slaughter (Ekstrand et al., 1997; Krautwald-761 

Junghanns et al., 2011; Allain et al., 2013; Da Costa et al., 2014). Factors most strongly associated 762 

with FPD were increasing bird weight, using straw litter, infrequently picking up birds during 763 

inspections, and using feed or water additives to reduce litter moisture.  764 

The current study involved both hen and tom flocks reared for different median target weights 765 

(hens: 6.5 kg, toms: 16.0 kg, van Staaveren et al., 2020). It is well established that the prevalence 766 

and severity of FPD increases with both bird age and weight. This is understandable as birds gain 767 

weight as they get older (r = 0.92 in the current study), and so to avoid issues with collinearity, 768 

weight was included in the model as a biological consequence of both flock sex and age. Using 769 

bird weight instead of age also improved the adjusted R2 of the model, which reinforced our choice.  770 
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Flock sex passed the univariate stage (P=0.15) but was not included in the final multivariate model. 771 

At the univariate level, tom flocks were found to have a higher FPD prevalence than hen flocks 772 

(estimate: +12.5±8.66%). This can be expected in North America since toms are grown at a higher 773 

per weight density (National Farm Animal Care Council, 2016), and so these larger birds consume 774 

more feed and water. This results in more excreta (and more watery) potentially leading to worse 775 

litter quality which is a factor in the development of FPD (Youssef et al., 2011). It is also possible 776 

that we found a higher prevalence in tom flocks due to the cross-sectional nature of our study and 777 

the lack of restriction placed on flock age to make the study as inclusive as possible. Surveyed hen 778 

flocks had a younger median age (9 weeks) as well as a lighter median weight (5 kg) than tom 779 

flocks (12 weeks and 9 kg, respectively). Heavier birds place more pressure on the footpads which 780 

increases contact with excreta-soiled litter (Shepherd and Fairchild, 2010). Since our surveyed tom 781 

flocks were older and heavier, this may have contributed to the higher observed prevalence.  782 

In poultry studies, the influence of sex on FPD is largely inconclusive because of inconsistent 783 

results which may suggest that sex is not an important contributor to FPD prevalence (Shepherd 784 

and Fairchild, 2010). Several European studies of turkey FPD prevalence demonstrate that hens 785 

are typically more severely affected than toms (Martrenchar et al., 2002; Krautwald-Junghanns et 786 

al., 2011; Bergmann et al., 2013). However, the rearing conditions (e.g., mixed sex flocks) and 787 

other management decisions (e.g., diet, strain) are different in European systems compared to 788 

North America.  For example, wheat-based diets are more commonly used in Europe compared to 789 

North America which is dominated by corn-soybean based diets (Wood and Willems, 2014). 790 

Wheat-based diets have a larger non-starch polysaccharide component which decreases 791 

digestibility and increases water intake, and consequently excretion which may influence the 792 

development of FPD (Patterson et al., 1989; Wood and Willems, 2014). So, there may be other 793 

underlying factors which make comparisons difficult between North America and Europe.  794 

In tom flocks, a positive correlation (0.22) between body weight gain and severity of FPD has been 795 

reported (Da Costa et al., 2014). Similarly, we found that a 1 kg increase in average bodyweight 796 

was associated with a 3.6% higher prevalence of FPD, regardless of sex of the flock. Heavier birds 797 

are typically older in age and have spent more time on the litter which can play a large role in the 798 

development of FPD (Tullo et al., 2017). However, FPD lesions can heal over time in the 799 
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appropriate environmental conditions (15 days for complete healing, Mayne et al., 2007), which 800 

may lead to a reduced prevalence/severity of FPD in birds with longer growing periods. Toms 801 

have a longer growing periods than hens so they may have more time for lesions to heal which 802 

may explain why some of the inconsistencies with regards to the effect of sex on FPD as it is 803 

confounded with other productions factors. The interconnections between flock sex, age, and 804 

weight are difficult to disentangle and have further connections to important management aspects 805 

such as growing period, feed composition, geographic area, and litter quality.  806 

The quality of stockmanship has an undeniable connection with animal welfare (Rushen and 807 

Passillé, 1992), but this aspect has received little attention in poultry farming. We found that 808 

farmers who picked up their birds more frequently during inspections have a lower prevalence of 809 

FPD compared to farmers who pick up birds less frequently. The effort put into picking up birds 810 

during most or all inspections can speak to the stockmanship of the farmer and indicate a conscious 811 

effort on the farmer’s part to address FPD issues. Good stockmanship has been shown to be crucial 812 

for broiler welfare and can be even more influential than factors like stocking density (Dawkins et 813 

al., 2004). This could explain why de Jong et al. (2012) found that farmers had a relatively 814 

significant contribution in explaining FPD in broilers compared to e.g., hatchery, veterinary 815 

practice, or feed manufacturer. Furthermore, it is essential to realize that farmers as primary 816 

caretakers are responsible for the main decisions that influence aspects of production such as 817 

stocking density, litter management, nutrition etc. which all can influence FPD. This is especially 818 

important because of the seasonal changes in North America. Drying out the litter is more difficult 819 

during the winter seasons because of reduced ventilation but this problem can be reduced with 820 

good management. Further research should identify and quantify which specific attributes of 821 

stockmanship can positively impact turkey welfare to improve conditions for both farm staff and 822 

birds. 823 

Management of litter quality is one of the most frequently mentioned aspects to control FPD 824 

(Shepherd and Fairchild, 2010). Due to the nature of the study, it was not possible to take detailed 825 

litter quality measures; however, it should be noted that the majority of farmers indicated that, at 826 

the time of the survey, the litter was in good condition (i.e., not very dry/dusty nor damp/wet). 827 

There have also been many investigations into different litter types and textures and how they 828 
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influence the development of FPD (Mayne, 2005; Shepherd and Fairchild, 2010). We found that 829 

flocks housed in barns that were bedded with straw had a higher prevalence of FPD compared to 830 

those that did not use straw. In the literature, straw bedding is associated with more severe footpad 831 

dermatitis than wood shavings (Ekstrand and Algers, 1997; Mayne et al., 2007; Terčič et al., 2015). 832 

As suggested by Mayne et al. (2007), straw may perform worse than materials such as wood 833 

shavings due to its higher moisture content. This effect was also demonstrated by Terčič et al. 834 

(2015) who found that straw litter had the highest moisture content (22%) compared to wood 835 

shavings (8%) and shredded paper (9%). It should be noted that litter materials will vary between 836 

regions depending on cost and availability. In North America, straw bedding is still popular 837 

because it is more cost effective than wood shavings and is typically readily available, depending 838 

on the region (Hybrid Turkeys, 2020). The most common litter material reported in this study was 839 

wood shavings (54%), which also is the most commonly used litter substrate in the United States, 840 

but can be subject to shortages, is more expensive, and produces more dust compared to some 841 

bedding types (Grimes et al., 2002; Hybrid Turkeys, 2020). 842 

It is also worth considering the textural difference between straw and wood shavings. Particle size 843 

has been implicated as a contributing factor for FPD (Grimes et al., 2002). Large particle sizes 844 

make the litter more susceptible to caking, which can be a contributing factor for poultry dermatitis 845 

conditions (Grimes et al., 2002). Straw is typically a coarser material compared to wood shavings 846 

(Ward et al., 2000). Adding further evidence to the particle size argument, studies of broiler 847 

chickens have found that chopped straw results in significantly better leg health and footpad 848 

dermatitis severity compared to unchopped straw (Ðuki et al., 2016). We included a variety of 849 

questions related to litter management in the survey, but aspects such as adding dry litter, adding 850 

heat, or tilling the litter did not contribute to the final model. We should note that these factors can 851 

still play a role in the prevalence of FPD and warrant further investigation.  852 

One factor that did, however, contribute to the final model was the use of feed or water additives 853 

to reduce litter moisture. This question in the survey asked farmers specifically if they used 854 

additives to reduce litter moisture, as opposed to using additives for e.g., performance, growth, or 855 

gut health which was covered in a separate question. Surprisingly, using feed or water additives to 856 

reduce litter moisture tended to be associated with increased FPD prevalence. Using additives was 857 
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associated with a 20% higher FPD prevalence compared to flocks where additives were not used. 858 

This finding is contrary to previously reported effects where feed or water additives reduce litter 859 

moisture in poultry production, and so reduce the development of FPD (Mayne et al., 2007). Some 860 

limitations within our study could potentially explain this contradictory finding. First, we were 861 

unable to analyze the effect of specific additives or additives delivery methods (e.g., via feed or 862 

water) due to the low number of respondents who supplied this information (N=11). The most 863 

frequently mentioned products included betaine, copper, citric acid, and essential oils (van 864 

Staaveren et al., 2020a). Products like betaine and copper have been shown to impact birds’ water 865 

and ion balance (Saeed et al., 2017) or tissue integrity (Rucker et al., 1998). Consequently, these 866 

products can reduce litter moisture (Ferket, 1995) and positively impact FPD scores when 867 

supplemented to poultry (Zhao et al., 2010; Manangi et al., 2012). Therefore, it was expected that 868 

farmers who used these products in their flock would have lower levels of FPD due to benefits for 869 

litter quality and integument health. However, due to the study's cross-sectional nature, we were 870 

unable to determine at what point the additives were introduced to the flock. It is possible that 871 

additives to reduce litter moisture were applied to the flock as a response to FPD instead of a 872 

preventative technique – which also positively illustrates that the farmers are aware of the 873 

relationship between litter quality and footpad health. Furthermore, it may be that farms that have 874 

regular issues with FPD use these products, and so there may be other underlying characteristics 875 

of these farms influencing the prevalence that were not captured in this study.  Additionally, the 876 

level of variation for this variable was close to our cutoff value (84% of respondents indicated they 877 

do not use additives) and so we may also be lacking some variation to make a proper assessment 878 

about this relationship.  879 

This study was the first attempt to assess factors associated with FPD on Canadian turkey farms. 880 

A main limitation that should be acknowledged is that, due to the exploratory nature of this study 881 

and the desire to include farms from the entire country, we relied on self-reported FPD scores from 882 

individual farmers. While the scoring system was simplified and based on previous literature 883 

(Knierim et al., 2016), it was developed, and pilot tested with industry stakeholders. Each farmer 884 

received the same informational packet and scoring instructions; we cannot, however, completely 885 

rule out that there may have been differences between farmers in how they scored their birds. 886 

Considering the variety in prevalence reported by the farmers, we believe the instructions allowed 887 
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farmers to capture the extent of FPD in their flocks. However, with the cross-sectional study 888 

design, this can only be considered a snapshot of that specific flock in time, and the estimates and 889 

P-values presented in this study are exploratory. To truly determine the impact of the factors 890 

identified here, further longitudinal studies are required. This would also allow further 891 

investigation on FPD development over time and potential management strategies in the future.   892 

2.6 Conclusion 893 

This study provided an exploratory assessment of FPD prevalence and risk factors using a survey 894 

of Canadian turkey flocks. The majority of FPD cases in the surveyed flocks were mild (score 1, 895 

mean flock prevalence = 29%), with a lesser percentage of birds severely affected (score 2, mean 896 

flock prevalence = 9%). The age of the flocks ranged from 10-14 weeks for toms and 7-12 weeks 897 

for hens. Overall, a median FPD prevalence (score >0) of 48% and 20% for tom and hen flocks, 898 

respectively. However, the range in prevalence was large for both tom (IQR: 10-72%) and hen 899 

(IQR: 7-53%) flocks suggesting a need for FPD management strategies to mitigate FPD. The 900 

analysis of factors related to FPD indicates that good stockmanship (picking up birds during 901 

inspections) and using wood shavings over straw bedding is associated with lower levels of FPD. 902 

The use of feed/water additives to reduce litter moisture, as well as birds with heavier body 903 

weights, was associated with higher prevalence of FPD. However, in the case of cross-sectional 904 

studies, it is not possible to determine cause and effect, and associations can be difficult to 905 

disentangle, so the results presented here should be interpreted with caution. The variables 906 

identified in this study would benefit from further longitudinal studies to investigate their impact 907 

on FPD in turkeys in more detail and develop management strategies to reduce FPD from an 908 

economic, societal, and animal welfare point of view.  909 
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2.8 Tables and Figures 923 

 924 

Figure 2.1. Photographs of foot lesions from turkeys at slaughter used as visual descriptions in 925 
the footpad dermatitis (FPD) scoring system.  926 
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 927 

Figure 2.2. Percentage of birds affected with footpad dermatitis (FPD; score>0) in the scored 928 
subsets of the surveyed flocks (NFlocks=63).929 
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Table 2.1. A summary of the housing and management information on Canadian turkey flocks 930 
obtained from the survey questionnaire. 931 

Background information 

Farmer demographics 

Farmer experience 

Farm size and production 

Veterinary relationship 

Flock characteristics 

Flock sex, strain, age, average weight 

Physical alterations 

Stocking density 

Flock certifications (i.e., RWA1) 

Flock housing 

Housing system 

Flooring 

Enrichment 

Lighting Lighting type, intensity, evenness 

Dark period (length, intermittent lighting) 

Air quality 

Ventilation type 

Ventilation rate 

Target temperature and humidity 

Ammonia and dust 

Litter management 

Litter type, depth, condition 

Practices for maintaining litter quality 

Reuse of litter 

Litter products 
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Feeding 

Feed structure 

Diet changes 

Feed source 

Feed supplements 

Animal by-products 

Watering 

Drinker type 

Water source 

Water sanitizing products 

Water supplements 

Water quality 

Flock water consumption 

Flock health 

Barn cleaning 

Biosecurity practices 

Flock inspections 

Vaccines and medications 

Flock diseases 

Mortality and culling 

1Raised Without Antibiotics 932 

 933 

  934 
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Table 2.2. Simplified scoring system for farmers to score footpad dermatitis (FPD) on a subset 935 
of 30 turkeys in their flock. 936 

 937 

 938 

  939 

Score Footpad condition 

0 

No signs of footpad dermatitis 

Intact, soft skin without swelling or necrotic areas 

Litter can be brushed off footpad easily 

1 

Hard or dense skin 

Small necrotic areas on less than 25% of the footpad 

Litter cannot be removed easily from footpad 

2 
Large necrotic areas and/or swelling on >25% of the footpad 

Litter adhered to footpad and cannot be removed easily 
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Table 2.3. Descriptive characteristics of 63 commercial turkey flocks used in this analysis. Data 940 
is presented as the mean ± standard deviation (SD) and the median with associated inter-quartile 941 
range (IQR). 942 

 N1 Mean (SD) Median (IQR) 

Flock age (wks)2 63   

Toms 24 11 (3) 12 (IQR: 10 – 14) 

Hens 39 11 (7) 9 (IQR: 7 – 12) 

Average bird weight (kg)3 
63   

Toms 24 9 (3) 9 (IQR: 7 – 11) 

Hens 39 6 (3) 5 (IQR: 4 – 8) 

Flock size4 63   

Toms 24 5,885 (4,282) 4350 (IQR: 2,198 – 10,450) 

Hens 39 8,030 (5,063) 7,380 (IQR: 4,560 – 11,284) 

FPD prevalence (%)5    

Score 0 1,175 62 (34) 73 (IQR: 33 – 90) 

Score 1 539 29 (25) 20 (IQR: 7 – 47)  

Score 2 176 9 (20) 0 (IQR: 0 – 10) 

Score 1 + Score 2 715 38 (34) 27 (IQR: 10 – 67) 
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1Number of flocks (age, weight, flock size) or number of birds (footpad dermatitis [FPD] 943 
prevalence only). 944 

2Age of the flock in weeks at the time of survey completion. 945 

3Average weight of an individual bird in the flock in kg at the time of survey completion. 946 

4Size of the flock in number of birds at the time of survey completion. 947 

5Flock level prevalence of the different FPD severity scores from the 63 surveyed flocks.  948 

 949 

  950 
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Table 2.4. Explanatory variables (P≤0.25 or biologically relevant) associated with footpad 951 
dermatitis in turkeys at the univariate analysis level. N represents the number of flocks where a 952 
response was provided. 953 

Variable N (%) Estimate (SE) P-value 

Flock sex   0.1548 

Hens 39 (61.9) Referent   

Toms 24 (38.1) 12.479 (8.662)  

Toe Trimming   0.09163 

No 29 (47.5) Referent  

Yes 32 (52.5) -14.705 (8.576)  

Dew claw removal   0.02859 

No 47 (76.7) Referent  

Yes 14 (23.3) -22.477 (10.016)  

Growing system   0.6214 

Brood and move 45 (75.0) Referent  

Brood to finish 15 (25.0) 5.037 (10.145)  

Flock age (weeks) 63 (100.0) 1.1271 (0.7706) 0.1487 

Stocking density (kg/m2) 63 (100.0) 0.7585 (0.2855) 0.01011 

Flock weight (kg) 63 (100.0) 3.680 (1.136) 0.001941 

Housing system   0.2796 

Power 41 (66.1) Referent  

Natural 21 (33.9) -9.752 (8.938)  

Target temperature (°C) 63 (100.0) -1.9320 (0.7705) 0.01493 

Litter type   0.1717 

Wood shavings 34 (54.0) Referent  
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Straw 29 (46.0) 11.687 (8.451)  

Number of methods to check litter quality 63 (100.0) -7.444 (4.834) 0.1288 

Adding dry bedding   0.1641 

No 10 (16.4) Referent  

Yes 51 (83.6) 16.33 (11.590)  

Adding heat   0.7888 

No 40 (65.0) Referent  

Yes 21 (35.0) -2.468 (9.173)  

Litter tilling   0.2945 

No 52 (85.2) Referent  

Yes 9 (14.8) -12.885 (12.182)  

Feed/water additives to reduce litter moisture   0.02585 

Yes 10 (16.4) Referent  

No 51 (83.6) -25.82 (11.300)  

Feed supplements (e.g., vitamins, grit)   0.1988 

Yes 30 (52.6) Referent  

No 27 (47.4) -11.64 (8.95)  

Drinker type   0.9130 

Closed 44 (71.0) Referent  

Open 18 (29.0) 1.044 (9.510)  

Picking up birds during inspections   0.1075 

Half the time or more 28 (45.2) Referent  

Never/sometimes 34 (54.8) 13.936 (8.528)  

Cumulative mortality rate (%) 63 (100.0) 3.836 (1.574) 0.01795 
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 954 

Table 2.5. Final multivariate linear regression model for footpad dermatitis prevalence (FPD) in 955 
turkey flocks in Canada (alpha = 0.05, adjusted R2 = 0.2148, P = 0.003347, NFlock = 60). 956 

Variable Estimate Standard Error P-value 

Intercept 18.881 14.839 0.20851 

Flock weight (kg) 3.584 1.133 0.002239 

Litter type   0.075398 

Wood shavings Referent   

Straw 12.136 7.924  

Picking up birds during inspection   0.082570 

Half the time or more Referent   

Never/sometimes 11.590 8.099  

Feed/water additives to reduce litter moisture   0.058101 

Yes Referent   

No -20.488 10.591  

  957 
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 973 

3.1 Abstract 974 

Injurious pecking can cause a wide range of damage and is an important welfare and economic 975 

issue in turkey production. Aggressive pecking typically targets the head/neck (HN) area, and 976 

feather pecking typically targets the back/tail (BT) area; injuries in these separate areas could be 977 

used as a proxy for the level of aggressive and feather pecking in a flock. The objective of this 978 

study was to identify risk factors for integument injuries in Canadian turkey flocks. A survey 979 

containing a questionnaire about housing and management practices and a scoring guide was 980 

distributed to 500 turkey farmers across Canada. The farmer scored pecking injuries in two 981 

different body areas (HN and BT) on a 0-2 scale on a subset of birds within each flock. 982 

Multivariable logistic regression modelling was used to identify factors associated with the 983 

presence of HN and BT injuries. The prevalence of birds with integument injuries ranged widely 984 

between the flock subsets (HN=0-40%, BT=0-97%), however the mean prevalence was low 985 

(HN=6%, BT=10%). The presence of injuries for logistic regression was defined as flocks with an 986 

injury prevalence greater than the median level of injury prevalence in the dataset (3.3% HN and 987 

6.6% BT). The final logistic regression model for HN injuries contained five variables: flock sex, 988 

flock age, number of daily inspections, number of different people during inspections, and picking 989 

up birds during inspections (N=62, pR2=0.23, α=0.05). The final logistic regression model for BT 990 

injuries contained six variables: flock sex, flock age, litter depth, litter condition, inspection 991 

duration, and use of hospital pens for sick/injured birds (N=59, pR2=0.29, α=0.05). Flock age, and 992 

to a lesser extent, sex was associated with both types of injuries. From a management perspective, 993 

aggressive pecking injuries appear to be influenced by variables related to human interaction, 994 

namely during inspections. On the other hand, the presence of feather pecking injuries, was 995 

associated with litter condition and other management factors like separating sick birds. Future 996 

research on injurious pecking in turkeys should focus on these aspects of housing and management 997 

to better describe the relationship between the identified variables and the prevalence and severity 998 

of these conditions.  999 

 1000 



 

34 

 

3.2 Introduction 1001 

Both wild and domestic birds peck as part of their natural behaviour for many reasons. For 1002 

example, they use their beaks to feed, communicate, or fight for control or dominance (van 1003 

Staaveren and Harlander, 2020). In domestic birds kept in free-range and commercial housing 1004 

systems, such as laying hens, broiler breeders, ducks, and turkeys, injurious pecking is often 1005 

reported (van Staaveren and Harlander, 2020). Injurious pecking is an umbrella term for a 1006 

problematic group of bird-to-bird behaviors in poultry flocks, including turkeys (Dalton et al., 1007 

2013; van Staaveren and Harlander, 2020). This term is named after the consequences (injuries) 1008 

to the feathers, skin, or outgrowths (van Staaveren and Harlander, 2020).  1009 

First described by Savory (1995), injurious pecking can be broken down into three main types of 1010 

pecking: aggressive pecking, tissue pecking (or cannibalistic pecking), and severe feather pecking. 1011 

Aggressive pecking targets the head, neck, and snood areas in turkeys (Savory, 1995; Dalton et 1012 

al., 2018; Bartels et al., 2020) and tends to be related to establishing/maintaining social hierarchy 1013 

(Sherwin et al., 1999a; b), although it can escalate into violence with no apparent function (Bartels 1014 

et al., 2020). Severe feather pecking is suggested to be a redirected foraging behaviour, possibly 1015 

from frustration due to a lack of environmental enrichment ("ethological view": 1,7) or, 1016 

alternatively, a result of changes in brain structure similar to neuropsychiatric disorders 1017 

("dysfunctional view": 1,8). Typically, this behaviour targets the wings, back, and/or tail, and 1018 

pecking bouts can cause substantial feather loss (Savory, 1995; Dalton et al., 2013). These denuded 1019 

areas can then become targets for tissue pecking, which can result in tissue damage and bleeding 1020 

(van Staaveren and Harlander, 2020). Overall, injurious pecking can cause injuries and feather loss 1021 

to certain body areas, which can be scored as indicators of aggressive and severe feather pecking 1022 

behaviours (Lambton et al., 2013).  1023 

Injurious pecking has been identified as a key welfare problem in turkeys (Erasmus, 2018) and a 1024 

source of economic losses (Leeson and Walsh, 2004). Duggan et al. (2014) reported that 58% of 1025 

dead or culled birds in eight studied flocks (approx. 50,000 birds) had evidence of severe pecking 1026 

injuries. Cannibalism has been reported as one of the leading causes of on-farm mortality by 1027 

Canadian turkey farmers, and skin conditions were reported as one of the main reasons for 1028 

condemnations at the processing plant (van Staaveren et al., 2020b). If feathers are pecked (dead 1029 
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structure), it does not cause harm per se, but it impairs the structure/function of the feathers (van 1030 

Staaveren and Harlander, 2020). Feathers are necessary for thermoregulation. Birds that display 1031 

damage to their feather cover lose more heat and increase their feed intake to increase their 1032 

metabolic heat production, resulting in yet another source of economic loss in the form of reduced 1033 

feed efficiency (Leeson and Walsh, 2004).   1034 

The exact etiology of injurious pecking in domestic turkeys is unknown. It is generally described 1035 

as a multifactorial problem that makes prevention and control challenging, especially considering 1036 

the involvement of genetic and management components (Dalton et al., 2013; van Staaveren and 1037 

Harlander, 2020). Kanis et al. (2004) identified two promising strategies for improving farm 1038 

animal welfare: selective breeding for desired traits and improving housing and management 1039 

conditions. While farmers tend to have little control of genetic breeding programs and decisions, 1040 

they can make changes to their housing and management practices more easily.  Injurious pecking 1041 

in turkeys is known to be influenced by a variety of environmental parameters such as housing 1042 

system (Duggan et al., 2014), floor space (Buchwalder and Huber-Eicher, 2004), group size 1043 

(Buchwalder and Huber-Eicher, 2005), or lighting (Moinard and Sherwin, 1999; Sherwin and 1044 

Devereux, 1999). For example, turkeys in natural sided (curtain) barn environments exhibit more 1045 

aggressive pecking than flocks housed in fully enclosed barns, possibly due to more frequent or 1046 

substantial fluctuations in lighting, temperature, and humidity (Duggan et al., 2014). Aggressive 1047 

interactions have also been more frequent with less floor space (Buchwalder and Huber-Eicher, 1048 

2004) and smaller group sizes (Buchwalder and Huber-Eicher, 2005). Other management 1049 

decisions like lighting type (i.e., incandescent, fluorescent), may distort turkeys’ perception of 1050 

ultraviolet markings on the feathers of their flock mates and make these areas targets for severe 1051 

feather pecking (Moinard and Sherwin, 1999; Sherwin and Devereux, 1999; Moinard et al., 2001; 1052 

Bartels et al., 2017).  1053 

Several studies have investigated injurious pecking behaviour in North American turkey flocks 1054 

(Duggan et al., 2014; Dalton et al., 2016, 2018). However, there is a lack of risk factor assessments 1055 

to identify variables associated with pecking injuries in turkeys in Canada. To improve housing 1056 

and management conditions and improve turkey welfare, we first need to determine which 1057 

conditions influence the prevalence of relevant traits or behaviours. Since it is not always feasible 1058 
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to conduct behavioural assessments of pecking behaviour on a large scale, looking at the aftermath 1059 

of the behaviour (injuries) can be used as a proxy for the level of injurious pecking in a flock. 1060 

Therefore, the objective of this study was to investigate the factors influencing the prevalence of 1061 

injurious pecking-related injuries in domestic turkey flocks in Canada.  1062 

3.3 Materials and Methods 1063 

3.3.1 Questionnaire 1064 

A two-part survey was disseminated to turkey farmers in Canada to identify factors associated 1065 

with the prevalence of pecking injuries. The first component included a questionnaire comprised 1066 

of mainly closed questions about a variety of production aspects such as bird characteristics (i.e., 1067 

sex, age, weight), housing (i.e., lighting, air quality), management (i.e., litter, feed, water), and 1068 

health (i.e., vaccinations, diseases, biosecurity). The questionnaire topics can be found in 1069 

Supplementary Material 1 and a descriptive analysis of these data is included in van Staaveren et 1070 

al. (van Staaveren et al., 2020a). Pilot testing of the questionnaire was conducted with collaborators 1071 

in the turkey industry (farmers, veterinarians, genetic and feed company representatives) to test 1072 

completion time and verify that the questions were meaningful for the Canadian turkey production 1073 

sector and easy for farmers to understand. The final questionnaire was estimated to take 1.0 – 1.5 1074 

hr to complete.  1075 

3.3.2 Scoring Guide for Pecking Injuries 1076 

The second component of the survey was a scoring guide for pecking injuries. Since injuries to the 1077 

head/neck (HN) area and back/tail (BT) area can reflect different behavioural motivations 1078 

(aggressive and feather pecking, respectively), farmers were asked to score these areas separately 1079 

(Linares et al., 2018). In this case, injuries are defined as damage to the skin as well as feather 1080 

damage or denuded areas; in other words, any disturbance to the structure or function of a body 1081 

area (van Staaveren and Harlander, 2020).  1082 

Detailed visual and written instructions were provided to describe the scoring methodology, 1083 

including the types of injuries, selection of birds, and recording of data. Injuries to the HN and BT 1084 

areas were scored on a three-point scale according to severity (Figure 3.1, adapted from Knierim 1085 

et al., 2016) by each farmer on a subset of 30 birds in their flock spread throughout the barn. The 1086 
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sample size of 30 birds was chosen after discussion with industry stakeholders and it was 1087 

determined that any larger number could not be completed within the scope of a normal daily 1088 

inspection and would therefore result in a substantially lower response rate. Instructions were 1089 

provided within the scoring guide for choosing a proportional sample of birds from different areas 1090 

of the barn. In particular, farmers were asked to score 10 randomly selected birds in the front, 1091 

middle, and back of the barn in an attempt to get a clear overview of the flock. Farmers were asked 1092 

to consider both older (scabbed) and newer/fresh injuries when scoring their birds. If farmers 1093 

encountered multiple injuries on the same body area of a bird, they were asked to pick the most 1094 

severe injury to score. Although clear instructions were given, it should be acknowledged that it 1095 

was impossible to check and ensure all farmers followed the instructions correctly. However, 1096 

farmer-reported data is a valid tool in animal welfare research and has been relied on in similar 1097 

studies (Green et al., 2000; Decina et al., 2019). 1098 

3.3.3 Survey Distribution 1099 

The survey (questionnaire + scoring guide) was distributed via the Turkey Farmers of Canada to 1100 

farmers in all turkey producing provinces in April 2019. Survey components were available in 1101 

English and French and hard copy or online formats (Qualtrics, Provo, UT), depending on the 1102 

farmer’s preference. Each survey package contained a cover letter explaining the purpose of the 1103 

study, questionnaire, scoring guide, and pre-paid return envelope with a unique code to ensure the 1104 

anonymity of responses. Data collection ended in December 2019. This study was approved by 1105 

the University of Guelph Research Ethics Board (REB 19-02-015) and the University of Guelph 1106 

Animal Care Committee (AUP 3782). 1107 

Out of 500 surveys distributed, 101 responses were received (approx. 20% response rate). 1108 

Responses were collected from all producing provinces including British Columbia, Alberta, 1109 

Saskatchewan, Manitoba, Ontario, Quebec, New Brunswick, and Nova Scotia (van Staaveren et 1110 

al., 2020a). Thirty-eight responses were excluded because they did not complete the entire survey 1111 

due to no longer producing turkeys, failure to complete the scoring portion, or incorrect 1112 

interpretation of the instructions. These exclusions left a total of 63 surveys to be included in the 1113 

analysis (Table 3.1). All flocks were commercial birds raised for meat production with the 1114 

exception of four hen flocks (20-39 weeks of age) that were indicated to be breeder flocks.  1115 
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3.3.4 Statistical Analysis 1116 

The prevalence of HN and BT injuries was estimated as the number of birds in the scored subset 1117 

with an injury score greater than 0 (i.e., score 1 or 2) (Table 3.1). Bird, housing, management, and 1118 

health characteristics obtained from the questionnaire were used to determine variables associated 1119 

with the prevalence of HN and BT injuries. Univariable and multivariable models testing the 1120 

association of the variables with injuries were performed using RStudio (version 3.5.3).  1121 

3.3.5 Data Cleaning 1122 

Data collected from the questionnaire (97 variables) were entered into Excel using manual double 1123 

entry to check and correct potential errors. Variables were excluded from further evaluation if they 1124 

were missing many responses or did not have enough variation in responses (i.e., a binary variable 1125 

with >85% of responses in one category). In some cases, variable categories were collapsed 1126 

retrospectively to remove unused categories. After this step, 53 remained for univariable analyses 1127 

for HN and BT injuries.  1128 

3.3.6 Univariable Analysis 1129 

Due to the low prevalence of HN and BT injuries, flocks were classified as having an issue with 1130 

the respective pecking injury (1) or not (0), based on a median cut-off value (HN=3.33%, 1131 

BT=6.66%). Univariable logistic regression was then performed to determine which factors were 1132 

associated with having a prevalence >3.33% of HN injuries or >6.66% of BT injuries.  1133 

For the univariable analysis, the variables which were kept for further analysis were required to 1134 

have a P ≤ 0.25. Pearson correlations were determined between the retained variables to test for 1135 

redundancy. If the correlation between a pair of variables was strong (R>0.5), only one variable 1136 

(more relevant or better distribution of responses) was used in the multivariable analysis. After 1137 

this assessment, 15 variables progressed to the multivariable analysis for HN injuries, and 14 1138 

variables progressed for BT injuries.  1139 

3.3.7 Multivariable Analysis 1140 

For the multivariable analyses, logistic regression modelling with a backward selection approach 1141 

based on variable P-values was performed for HN and BT injuries. In an iterative process, the 1142 
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variable with the highest P-value was removed at each stage until the P-values of the model 1143 

variables were less than 0.1 (tendencies) and/or contributed to a higher McFadden’s pseudo-R2 1144 

(McFadden, 1974). Due to the cross-sectional nature of the study which encompassed tom and hen 1145 

flocks of varying ages, age and sex were retained in the multivariable model for both traits. 1146 

Additionally, age and sex positively contributed to the McFadden’s pseudo-R2 of the models. 1147 

McFadden’s pseudo-R2 ranges between 0 and 1 with a value of 1 meaning that the model can 1148 

predict the outcome with 100% accuracy. A McFadden’s pseudo-R2 value between 0.20 – 0.40 1149 

indicates excellent model fit (McFadden, 1978).  Results are presented as odds ratio (OR) where 1150 

an OR > 1 indicates that a flock with the response category had higher odds of having a prevalence 1151 

above the median for the respective injury (i.e., >3.33% HN injuries or >6.66% BT injuries) 1152 

compared to flocks in the reference category. 1153 

3.4 Results 1154 

3.4.1 Flock Information 1155 

Of the 63 flocks, 62% were hen flocks (N=39) and 38% were tom flocks (N=24) (Table 3.1). The 1156 

hen and tom flocks included in the analysis both had a mean age of 11 weeks (SDhens: 7 weeks, 1157 

SDtoms= 3 weeks), although toms were heavier on average (9 ± 3.5 kg) than hens (6 ± 3.0 kg). The 1158 

mean flock size was 8,030 ± 5,833 and 5,885 ± 4,597 birds for hen and tom flocks, respectively. 1159 

3.4.2 Univariable Analysis 1160 

Variables associated at the univariable level (P≤0.25) with the presence of HN injuries and BT 1161 

injuries in turkey flocks are presented in Tables 3.2 and 3.3, respectively.  1162 

3.4.3 Multivariable Analysis 1163 

The final logistic regression model for the presence of HN injuries included five variables and 1164 

accounted for approximately 23% of the variation in the presence of HN injuries (N=62, pR2=0.23, 1165 

α=0.05, Table 3.4). The variables included in the final model were flock sex, flock age, number 1166 

of daily inspections, number of people inspecting the flock, and picking up birds during 1167 

inspections. Flock sex was retained in the final model because of its biological relevance and 1168 

contribution to the McFadden’s pseudo-R2, although there was no difference in the presence of 1169 

HN injuries between tom and hen flocks (OR=2.02, 95%CI: 0.59 – 7.08, P=0.15). The odds of 1170 
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having a prevalence of HN injuries above the median (>3.33%) within a flock increased as flocks 1171 

got older (OR=1.11, 95%CI: 0.99 – 1.29, P=0.02). Interestingly, the remaining variables retained 1172 

in the final model relate to different aspects of the daily inspections of the flock. Flocks that were 1173 

inspected more frequently (more than twice daily) tended to decrease the likelihood of having HN 1174 

injuries compared to flocks inspected two times or less per day (OR=0.22, 95%CI: 0.05 – 0.79, 1175 

P=0.08). However, flocks that were inspected daily by more than one person were 4x more likely 1176 

to have HN injuries compared to flocks which were only inspected by one person (OR=4.05, 1177 

95%CI: 1.07 – 18.52, P=0.05). Lastly, picking up birds during the inspections tended to increase 1178 

the odds of having HN injuries (OR=3.30, 95%CI: 0.984 – 12.400, P=0.05).  1179 

The final logistic regression model for the presence of BT injuries explained approximately 29% 1180 

of the variation in the presence of BT injuries (N=59, pR2=0.29, α=0.05, Table 3.5) and included 1181 

flock sex, flock age, litter depth, litter condition, duration of inspections, and the use of hospital 1182 

pens. In this case, the odds of having BT injuries were different between the sexes. Tom flocks 1183 

were 4x more likely to have BT injuries than hen flocks (OR=4.03, 95%CI: 1.14 – 15.96, P=0.02). 1184 

As flocks got older, the odds of having BT injuries tended to increase (OR=1.06, 95%CI=0.93 – 1185 

1.23, P=0.05) which is similar to HN injuries. Flocks that had poor litter condition (dusty or damp) 1186 

tended to have more BT injuries compared to flocks that had good litter condition (OR=3.49, 1187 

95%CI=0.94-14.60, P=0.09). Finally, using hospital pens tended to increase the odds of having 1188 

BT injuries (OR=3.86, 95%CI=0.97 – 17.72, P=0.05).  1189 

3.5 Discussion 1190 

This study aimed to identify factors associated with the prevalence of injuries in the HN and BT 1191 

area in turkey flocks as they may reflect different behavioural motivations. A questionnaire and 1192 

flock injury scoring were completed by turkey farmers across Canada to gather information about 1193 

housing and management characteristics and the presence of injuries in commercial flocks. For the 1194 

logistic regression analysis, the prevalence of HN and BT injuries in each flock was classified into 1195 

a binary variable based on the median prevalence of the injuries in the different areas (HN=3.3%, 1196 

BT=6.7%). Variables related to flock characteristics, housing, and management were obtained 1197 

from the questionnaire and tested for their association with pecking injuries to both body areas.  1198 
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The median prevalence of HN injuries was 3.33% (mean: 6.1%, range: 0.0 – 40.0%), and the 1199 

median prevalence of BT injuries was 6.7% (mean: 9.7%, range: 0.0 – 96.7%) which indicates that 1200 

on average one or two birds were affected out of the 30 sampled. While the median prevalence for 1201 

these conditions was relatively low, there was a large range between flocks. Typically, HN injuries 1202 

are recorded less frequently than BT injuries  (Sherwin et al., 1999b; Allain et al., 2013; Dalton et 1203 

al., 2016). In a study of 60 turkey flocks in France (100-300 samples per flock), Allain et al. (2013) 1204 

reported an average of 6.6% of birds within a flock with feather pecking injuries at the processing 1205 

plant, and the average prevalence of head injuries was much lower (0.1%). The present study 1206 

reports a higher average prevalence of HN injuries (6.1%), but this could be attributed to the 1207 

varying flock ages and cross-sectional study design or differences in scoring scales. This finding 1208 

could also be the result of the small subset of birds scored in this study since the minimum 1209 

prevalence that could be reported by a farmer was 3.33% (1 bird affected). However, other studies 1210 

have reported the mean prevalence of general skin injuries in turkeys as high as 31.0%, although 1211 

there was no differentiation between body areas (Olschewsky et al., 2021). The large range in 1212 

prevalence found in this study also points to environmental conditions and/or management having 1213 

a large influence on prevalence.  1214 

The variables identified from this study require further longitudinal research to truly determine 1215 

their influence on pecking injuries. However, this is an important starting point for exploring 1216 

contributing factors to injurious pecking in North American turkey production systems. 1217 

3.5.1 Risk Factors Associated with HN Injuries 1218 

The variables in the final model for HN injuries relate to how the flock was inspected, including 1219 

the number of daily inspections, number of people inspecting, and picking up birds during 1220 

inspections. Good stockmanship and flock inspections are critical components of animal welfare 1221 

and productivity (Boivin et al., 2003; Waiblinger et al., 2006; Hemsworth and Coleman, 2010). 1222 

The Canadian Code of Practice describes inspections as the process of routinely checking flocks 1223 

and/or barns for parameters surrounding bird health, wellbeing and access to feed and water 1224 

(National Farm Animal Care Council, 2016).   1225 
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Interestingly, flocks which were inspected by multiple people within the same day were 4x more 1226 

likely to have HN injuries compared to flocks that were only inspected by one person. Assigning 1227 

one person to a flock may be beneficial by creating a sense of ownership in that flock’s 1228 

performance and this person may feel more responsible for ensuring bird welfare. This could result 1229 

in that one person being very diligent in the barn biosecurity, maintenance, and flock inspection 1230 

as they are solely responsible whereas with multiple people there is less accountability. Moreover, 1231 

the presence of familiar humans has been linked to lower levels of distress and risk of injury to 1232 

both animals and humans (reviewed in Waiblinger et al., 2006; Hemsworth and Coleman, 2010). 1233 

However, studies of human-avian interactions in poultry, especially turkeys, are lacking. Chicks 1234 

are well known for imprinting and can recognize familiar objects and have a demonstrated 1235 

preference for face-like stimuli over featureless stimuli (Rosa-Salva et al., 2010; Rugani et al., 1236 

2020). Moreover, wild bird species are capable of recognizing individual humans (Lee et al., 2011, 1237 

2016; Davidson et al., 2015; Vincze et al., 2015). It is possible that having the same person inspect 1238 

the turkey flock allows birds to become familiar with that stockperson, and thus be less likely to 1239 

be distressed during inspections. Injurious pecking has been observed to be initiated after a 1240 

‘general arousal’ in a turkey flock without any other noticeable cause (Bartels et al., 2020).  1241 

Additionally, in flocks where birds were picked up more frequently (half the time or more), the 1242 

odds of having HN injuries tended to be higher. While regularly handling animals during 1243 

inspections has been demonstrated to have beneficial effects in turkeys (e.g., reduction in 1244 

prevalence of footpad dermatitis,41), there may be negative consequences for aggressive pecking. 1245 

It has been demonstrated that reactivity to manual restraint has a relationship with severe feather 1246 

pecking behaviours in laying hens (Kjaer and Guémené, 2009; Van Der Eijk et al., 2019). While 1247 

this variable was not included in the final model for BT injuries, at the univariable level a similar 1248 

relationship was found where handling the birds less decreased the odds of BT injuries. Therefore, 1249 

it is possible that frequent handling can also have negative consequences for injurious pecking if 1250 

the birds perceive it as a source of stress. Based on the inclusion of several human-related traits in 1251 

the final model for HN injuries, clarifying how human presence influences aggression and injuries 1252 

may assist in reducing these problems.  1253 
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Finally, flocks must be inspected at least twice daily, but it is recommended to increase the 1254 

frequency for better health monitoring (National Farm Animal Care Council, 2016). Flocks that 1255 

were inspected more frequently tended to have lower odds of having HN injuries. This potentially 1256 

indicates the importance of the stockperson in reducing aggressive pecking and injuries by 1257 

acclimating animals to human exposure, which reduces stress and aggressive behaviours (Grandin 1258 

and Shivley, 2015). Increased inspection frequency may also be a sign that the farmer is more 1259 

concerned with the flock’s wellbeing and this is reflected in better management practices for other 1260 

husbandry aspects (e.g., veterinary care, litter management, air quality). On the other hand, it is 1261 

possible that with more frequent inspections, birds with injuries may be culled more often, 1262 

reducing the number of birds with injuries in the flock. The presence of injuries or bleeding can 1263 

escalate pecking into cannibalism (Dalton et al., 2013), and potentially propagate the problem 1264 

through the flock (Sherwin and Kelland, 1998).  Pecking injuries and cannibalism were reported 1265 

as a reason for culling and mortality by nearly 40% of the farmers in this study (van Staaveren et 1266 

al., 2020b). Less frequent inspections may leave injured birds in the flock longer, potentially being 1267 

the reason for the higher prevalence of HN injuries observed. However, the decision to cull birds 1268 

in a timely manner is dependent on cull plans, clearly defined end-points, training and farmer 1269 

perception (Turner and Doonan, 2010). 1270 

 1271 

3.5.2 Risk Factors Associated with BT Injuries 1272 

Factors related to litter management and general flock care were included in the final model for 1273 

BT injuries, including litter condition, litter depth, duration of inspections, and use of hospital 1274 

pens.  1275 

Some poultry farmers use hospital pens to segregate injured or ill birds for easier inspection and 1276 

monitoring (Linares et al., 2018). These pens provide opportunities for birds to recuperate in semi-1277 

isolation before being returned to the flock or euthanized if recuperation is not possible (Linares 1278 

et al., 2018). The opportunity for recovery in the absence of flock mates may be especially 1279 

beneficial in the case of injurious pecking. This allows the victim a chance to escape the 1280 

aggressor(s) and recover from injuries before it escalates to cannibalism. We expected farmers 1281 

who used these pens to have lower odds of having BT injuries; however, we found when these 1282 
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pens were used birds tended to be 3.9x more likely to have BT injuries. It could be that the removal, 1283 

isolation, and then reintroduction of birds from the flock actually results in more frequent 1284 

disruptions of the social hierarchy. Social mixing is considered stressful for poultry which could 1285 

increase the frequency of pecking behaviours which may explain why we saw greater injuries in 1286 

the group using hospital pens (Birkl et al., 2019). It is important to note that this association was 1287 

only a tendency and may be a response to a pecking outbreak or farmers who habitually have 1288 

problems with feather pecking in their flocks. Similarly, it could be that farmers spent more time 1289 

during inspections when problems in flocks are already present, hence explaining the equal trend 1290 

for more BT injuries in flocks where inspections lasted longer. Due to the nature of the survey, we 1291 

cannot know if the farmer always used hospital pens/took more time for inspections or if they 1292 

implemented these practices in response to a problem. If it is in response to a problem, it is a 1293 

positive sign that farmers recognize the potential negative effects of leaving injured birds in the 1294 

flock and segregating birds accordingly. 1295 

Proper litter management can positively influence bird health and behaviour by contributing to 1296 

excreta breakdown, aiding in moisture evaporation, and maintaining friable litter that birds can 1297 

“work” (Pepper and Dunlop, 2021). Subjective assessment of the litter condition indicated that 1298 

litter that was too dusty or conversely too damp pointed toward issues with BT injuries, though 1299 

this relationship was not significant in this study. Similarly, litter depth was included in the final 1300 

model but did not significantly affect the odds of having BT injuries similar to previous work in 1301 

chickens (Nicol et al., 2003; Hartcher et al., 2015). Loose friable litter of adequate depth is 1302 

recommended (National Farm Animal Care Council, 2016), increases opportunities for foraging 1303 

and exploratory behaviours (Hartcher et al., 2015), and good litter management is thought to be 1304 

one of the main factors in preventing or reducing feather pecking (Lambton et al., 2010, 2013). 1305 

Due to conflicting results in the literature, further research is needed in this area to properly define 1306 

the characteristics of good litter quality and how to maintain it to assess its impact on injurious 1307 

pecking in turkeys.  1308 

3.5.3 Effect of Age on HN and BT Injuries 1309 

Aggressive behavior and injuries from aggression are commonly reported to increase with age 1310 

(Sherwin et al., 1999b; Dalton et al., 2016). As shown in Table 4, with every one-week increase in 1311 
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age, flocks were 1.11x more likely to have HN injuries. While this is a small increase in likelihood, 1312 

it is important to note that aggressive pecking can appear quite early in life for toms (20-30 days), 1313 

so the cumulative effect over the production period of the bird may be substantial (Sherwin and 1314 

Kelland, 1998; Sherwin et al., 1999a). In wild turkey populations, aggressive pecking to form 1315 

stable hierarchies does not result in serious injuries because there is sufficient space for birds to 1316 

avoid each other (Bartels et al., 2020). In the case of domestic turkey flocks, there is less 1317 

opportunity to effectively escape aggressors, and individual identification is more difficult, which 1318 

can prevent the formation of a stable hierarchy, leading to continued aggressive interactions 1319 

(Bartels et al., 2020). Martrenchar et al. (2001) found that aggressive pecking increased between 1320 

5 and 10 weeks of age for both toms and hens, although the increase was more substantial in toms. 1321 

In line with this increase in aggressive behaviour, there was also a corresponding increase in the 1322 

incidence of head injuries (Martrenchar et al., 2001). 1323 

Furthermore, pecking behaviour (both aggressive and feather pecking) is socially transmissible, 1324 

meaning that birds can learn the behaviour from their flock mates (Sherwin and Kelland, 1998). 1325 

This implies a potential exponential increase in pecking behaviour as more and more birds in the 1326 

flock are exposed to, and learn, this behaviour over time. Bartels et al. (2020) noted anecdotally 1327 

that fighting between birds attracted the attention of the other birds in the flock such that defeated 1328 

turkeys would be pecked by the original aggressor and by bystanders. Although the frequency of 1329 

injurious pecking behaviour increases as birds age, the duration of the actual pecking bouts, that 1330 

result in serious injury, decreases (Bartels et al., 2020). This may mean that pecks are more forceful 1331 

when birds are older, leading to a higher likelihood of serious injury resulting in mortality or 1332 

culling (Bartels et al., 2020).   1333 

Like aggressive pecking, severe feather pecking behaviour (which typically targets the BT area) 1334 

increases with age (Busayi et al., 2006). Accompanying the behaviour, feather damage and injuries 1335 

from feather pecking also increase as birds get older (Dalton et al., 2016). However, due to the 1336 

study's cross-sectional nature, we cannot determine how injuries develop in a turkey flock over 1337 

time. Conversely, Busayi et al. (2006) found that general pecking behaviour in turkeys decreases 1338 

from three to nine weeks of age. Unfortunately, the study of Busayi et al. (2006) ended at nine 1339 

weeks of age and commercial turkeys are typically slaughtered between 9-20 weeks depending on 1340 
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the sex and desired market weight. Duggan et al. (2014) assessed feather and skin damage in 1341 

turkeys from 6-15 weeks of age in different housing situations. They found that the damage score 1342 

worsened over time in curtain-sided barns, but the damage score actually improved in 1343 

mechanically-controlled housing (Duggan et al., 2014). These findings emphasize the importance 1344 

of the environment in controlling injurious pecking.  1345 

Aside from environmental and social factors, it is also possible that the probability of getting 1346 

pecked simply increases over time. Further longitudinal studies in this area are needed for 1347 

Canadian turkey flocks to properly determine how feather pecking develops and spreads over time, 1348 

especially considering different types of housing and management conditions.  1349 

3.5.4 Effect of Sex on HN and BT Injuries 1350 

Aggressive pecking with resulting head injuries is typically more common in toms as this 1351 

behaviour relates to dominance and establishing social hierarchy (Denbow et al., 1983; Leighton 1352 

et al., 1984; Martrenchar et al., 2001; Buchwalder and Huber-Eicher, 2003; Busayi et al., 2006). 1353 

However, we found no difference in the odds of having HN injuries between tom and hen flocks. 1354 

It is possible that we did not find a difference between the sexes due to the cross-sectional nature 1355 

of our study and variety of ages, flock sizes etc. between the two sexes. Furthermore, 30 birds were 1356 

chosen as a scoring sample because it was determined to be feasible for the farmer to complete in 1357 

a reasonable time frame. We cannot exclude the possibility that tom flocks may have been more 1358 

aggressive than hen flocks, but there might not have been an observable difference in the 1359 

prevalence of the injury within the sample of birds scored. Birds with clearly observable head 1360 

wounds (expected more in tom flocks) may be culled more frequently or sequestered away from 1361 

the rest of the flock and may not have been chosen for scoring despite instructions to select birds 1362 

randomly.   1363 

We found that toms flocks were more likely to have BT injuries compared to hen flocks. 1364 

Martrenchar et al. (2001) found that toms removed 2-3x more feathers than hens at 10 weeks of 1365 

age, despite hens performing 2x more pecking behaviour than toms. Busayi et al. (2006) also 1366 

reported that toms exhibit stronger feather pecks and pulls at 3 weeks of age compared to hens. 1367 

These results indicate that tom pecks may be more forceful and more likely to cause damage, 1368 



 

47 

 

which might be why there tends to be greater pecking injuries in tom flocks, even if hens express 1369 

the behaviour more. However, there is no clear consensus in the literature whether feather pecking 1370 

is more common in toms or hens, and this should be explored further, especially under commercial 1371 

conditions.  1372 

This study was an initial, exploratory assessment of factors associated with integument injuries in 1373 

Canadian turkey flocks, as such the goal was to include as many farms as possible across the entire 1374 

country. Due to the large distance between farms, it was not feasible for the research team to 1375 

perform the flock scoring and so this analysis relied on self-reported injury scores from individual 1376 

farmers. We can, therefore, not discount the possibility that the interpretation of the scoring system 1377 

was different between farmers. To minimize this possibility, the scoring system was pilot tested 1378 

by industry stakeholders and based on previous assessment protocols for turkeys (Knierim et al., 1379 

2016). As this is a cross-sectional study, the associations and P-values presented here are 1380 

exploratory. More work is needed to design longitudinal studies to better understand and validate 1381 

the associations identified here.  1382 

3.6 Conclusion 1383 

We observed HN and BT injuries, respectively, in approximately 41% and 43% of surveyed 1384 

Canadian turkey flocks. Injury presence was defined as a flock level prevalence greater than the 1385 

median prevalence of HN (3.3%) and BT (6.7%) injuries. This indicates that injurious pecking is 1386 

still a persistent problem on turkey farms, especially considering the relatively young flock ages. 1387 

The variation in the presence of HN and BT injuries, approximately 23% and 29%, respectively, 1388 

were explained by models including different farm management factors and flock sex and age. The 1389 

odds of BT injuries were greater in tom flocks and the odds of both HN and BT injuries increased 1390 

with flock age. The final model for HN injuries included the explanatory management variables 1391 

of number of daily inspections, number of people inspecting, and picking up birds during 1392 

inspections. The final model for BT injuries included management variables related to litter 1393 

condition and use of hospital pens. The results from this study indicate that human-animal 1394 

interaction (e.g., flock inspections and handling) may play a role in the development of HN 1395 

injuries.  In contrast, management factors and foraging opportunities (e.g., hospital pens and litter 1396 

condition) may influence BT injuries. The associations identified in this study lay the foundation 1397 
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for further research to elucidate causative factors which can help inform housing and management 1398 

to reduce pecking-related injuries in turkeys.  1399 
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3.8 Tables and Figures 1413 

 1414 

 1415 

Figure 3.1. Simplified scoring system for farmers to score head/neck (HN, left images) and 1416 
back/tail (BT, right images) on a subset of turkeys in their flock. 1417 
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Table 3.1. Prevalence of pecking injuries from 63 commercial turkey flocks used in this 1418 
analysis. 1419 

 N Mean (SD) Minimum Maximum 

Head and neck injuries1 63    

Toms 24 7.78 (9.10) 0 40.00 

Hens 39 5.04 (7.79) 0 36.67 

Back and tail injuries2 63    

Toms 24 13.61 (19.58) 0 96.67 

Hens 39 7.26 (8.98) 0 33.33 

1Any injury (old or new) found on the head, neck, wattle, or snood.  1420 

2Any injury (old or new) found on the back and tail area1421 
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Table 3.2. Explanatory variables associated (P≤0.25) with the presence of head/neck (HN) 1422 
injuries at the univariable level. 1423 

Variable N (%) OR1 95% CI2 P-value 

Flock sex    0.10 

Hens 39 (61.9) Referent Referent  

Toms 24 (38.1) 2.36  0.84 – 6.86  

Flock breed    0.25 

Other 14 (23.3) Referent Referent  

Hybrid Converter 46 (76.7) 2.10 0.61 – 8.56  

Snood removal    0.11 

No 44 (72.1) Referent Referent  

Yes 17 (27.9) 2.71 0.81 – 10.82  

Growing system    0.04 

Brood to finish 15 (25.0) Referent Referent  

Brood and move 45 (75.0) 3.83 1.05 – 18.48  

Flock age (wks)3 63 (100.0) 1.15 1.03 – 1.32 0.01 

Bird weight (kg)4 63 (100.0) 1.20 1.03 – 1.42 0.02 

Stocking density (kg/m2) 62 (100.0) 1.05 1.01 – 1.10 0.01 

Flooring type     

Dirt 7 (11.7) Referent Referent 0.19 

Concrete 41 (68.3) 1.04 0.21 – 5.86  

Combination 12 (20.0) 0.27 0.03 – 2.19  

Light intensity    0.18 

≤ 20 lux 33 (66.0) Referent Referent  

> 20 lux 17 (34.0) 2.25 0.68 – 7.65  
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Intermittent lighting    0.14 

Yes 12 (19.7) Referent Referent  

No 49 (80.3) 0.38 0.10 – 1.36  

Ventilation type    0.05 

Power 39 (61.9) Referent Referent  

Natural 8 (12.7) 6.75 1.34 – 50.89  

Mixed 16 (25.4) 2.25 0.68 – 7.58  

Feed/water additives    0.15 

Yes 10 (16.4) Referent Referent  

No 51 (83.6) 0.36 0.08 – 1.44  

Number of daily inspections    0.06 

2 times or less 35 (55.6) Referent Referent  

More than 2 times 28 (44.4) 0.38 0.13 – 1.06  

Number of people inspecting    0.06 

1 person 23 (36.5) Referent Referent  

More than 1 person 40 (63.5) 2.83 0.96 – 9.23  

Duration of inspections    0.19 

≤ 30 minutes 51 (81.0) Referent Referent  

> 30 minutes 12 (19.0) 2.36 0.66 – 8.98  

Picking up birds during inspections    0.05 

Never/sometimes 28 (45.2) Referent Referent  

Half of the time or more 34 (54.8) 0.361 0.12 – 1.01  

1Odds ratio (OR) 1424 

295% confidence interval (CI) 1425 
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3Continuous variable. OR represents increase in odds with every unit (wk) increase in bird age. 1426 

4Continuous variable. OR represents increase in odds with every unit (kg) increase in bird 1427 
weight. 1428 
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Table 3.3. Explanatory variables (P<0.25) with the presence of back/tail (BT) injuries at the 1429 
univariable level. 1430 

Variable N (%) OR1 95% CI2 P-value 

Flock sex    0.05 

Hens 39 (61.9) Referent Referent  

Toms 24 (38.1) 2.80 0.99 – 8.23  

Toe trimming    0.02 

No 29 (47.5) Referent Referent  

Yes 32 (52.5) 0.276 0.09 – 0.079  

 Claw trimming    0.22 

No 47 (77.0) Referent Referent  

Yes 14 (23.0) 0.45 0.11 – 1.57  

Snood removal    0.03 

No 44 (72.1) Referent Referent  

Yes 17 (27.9) 3.54 1.13 – 12.12  

Growing system    0.04 

Brood to finish 15 (25.0) Referent Referent  

Brood and move 45 (75.0) 3.83 1.05 – 18.48  

Flock age (wks)3 63 (100.0) 1.12 1.01 – 1.30 0.05 

Bird weight (kg)4 63 (100.0) 1.14 0.98 – 1.33 0.09 

Stocking density (kg/m2) 62 (100.0) 1.03 0.99 – 1.07 0.17 

Litter depth (cm)5 61 (100.0) 1.33 0.89 – 2.05 0.18 

Litter tilling     

No 52 (85.2) Referent Referent 0.12 

Yes 9 (14.8) 3.20 0.76 – 16.54  
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Feed Structure    0.16 

Mash or crumbs 12 (19.7) Referent Referent  

Pellets 49 (80.3) 2.65 0.70 – 13.05  

Drinker type    0.17 

Closed 44 (71.0) Referent Referent  

Open 18 (29.0) 2.19 0.72 – 6.85  

Inspection duration    0.06 

≤ 30 minutes 51 (81.0) Referent Referent  

> 30 minutes 12 (19.0) 3.37 0.93 – 14.06  

Picking up birds    0.24 

Never or sometimes 28 (45.2) Referent Referent  

Half of the time or 

more 

34 (54.8) 0.55 0.19 – 1.51  

Use hospital pens    0.21 

Yes 23 (37.1) Referent Referent  

No 39 (62.9) 0.51 0.18 – 1.46  

1Odds ratio (OR) 1431 

295% confidence interval (CI) 1432 

3Continuous variable. OR represents increase in odds with every unit (wk) increase in bird age. 1433 

4Continuous variable. OR represents increase in odds with every unit (kg) increase in bird 1434 
weight. 1435 

5Continuous variable. OR represents increase in odds with every unit (cm) increase in litter depth. 1436 
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Table 3.4. Final logistic regression model for the presence of head/neck (HN) injuries (N=62, 1437 
pR2=0.23, alpha=0.05). 1438 

Variable OR1 95% CI2 P-value 

Flock sex   0.15 

Hens Referent Referent  

Toms 2.02 0.59 – 7.08  

Flock age3 1.11 0.99 – 1.29 0.02 

Number of daily inspections   0.08 

Two times or less Referent Referent  

More than two times 0.22 0.05 – 0.79  

Number of people inspecting   0.05 

One person Referent Referent  

More than one person 4.05 1.07 – 18.52  

Picking up birds   0.05 

Never or sometimes Referent Referent  

Half the time or more 3.30 0.98 – 12.40  

1Odds ratio (OR) 1439 

295% confidence interval (CI) 1440 

3Continuous variable. OR represents increase in odds with every unit (wk) increase in bird age. 1441 
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Table 3.5. Final logistic regression model for the presence of back/tail (BT) injuries (N=59, 1442 
pR2=0.29, alpha=0.05). 1443 

Variable OR1 95% CI2 P-value 

Flock sex   0.01 

Hens Referent Referent  

Toms 4.03 1.14 – 15.96  

Flock age3 1.06 0.93 – 1.23 0.05 

Litter depth (cm)4 1.71 0.97 – 3.18 0.19 

Litter condition   0.09 

Good condition Referent Referent  

Dusty/damp litter 3.49 0.94 – 14.60  

Duration of inspections   0.12 

≤ 30 minutes Referent Referent  

> 30 minutes 3.70 0.75 – 23.27  

Use hospital pens   0.05 

No Referent Referent  

Yes 3.86 0.97 – 17.72  

1Odds ratio (OR) 1444 

295% confidence interval (CI) 1445 

3Continuous variable. OR represents increase in odds with every unit (wk) increase in bird age. 1446 

4Continuous variable. OR represents increase in odds with every unit (cm) increase in litter depth. 1447 
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4.1 Abstract 1466 

The measurement of corticosterone in feathers is an appealing tool for assessing glucocorticoids 1467 

in wild and domestic bird species. Feather corticosterone measurements can be performed non-1468 

invasively and can provide a means for comparing glucocorticoid secretion between individual 1469 

birds; thus, such measurements can be used to assess the welfare of domestic poultry. The focus 1470 

of this study was to assess the validity of detecting corticosterone in turkey (Meleagris gallopavo) 1471 

feathers using an ELISA and investigate differences between genetic lines. Primary feather nine 1472 

was obtained at a processing plant from 123 individuals from three different purebred turkey lines 1473 

(line A (N=46), line B (N=24), and line C (N=53)). Assay validation tests were performed using a 1474 

commercially available ELISA kit (Cayman Chemicals, Cedarlane Labs, Canada). Indicators of 1475 

accuracy, recovery, precision, and sensitivity were sufficient. Significant differences in feather 1476 

corticosterone concentration between the three lines were observed. Line C had significantly 1477 

higher feather corticosterone than line A (P<0.0001) and line B (P=0.036). These results indicate 1478 

that the quantification of feather corticosterone using an ELISA is a valid method for assessing 1479 

glucocorticoid levels in turkeys. This is the first report of differences in feather corticosterone 1480 

between different purebred turkey lines. Differences observed between purebred lines provide an 1481 

intriguing basis for further investigation into the genetic parameters of glucocorticoid levels in 1482 

turkeys. 1483 

 1484 

4.2 Introduction 1485 

The release of glucocorticoids can be acutely adaptive, allowing an animal to overcome 1486 

disturbances and re-establish homeostasis; however, chronic elevation of glucocorticoids can have 1487 

a detrimental effect on fitness (Sapolsky et al., 2000). Quantification of corticosterone, the primary 1488 

avian glucocorticoid, in feathers may be less sensitive to acute disturbances and less invasive than 1489 

blood sampling (Bortolotti et al., 2008). Corticosterone is integrated into the feather during its 1490 

growth over a long period of time (i.e., over months) and so can provide insight into past 1491 

hypothalamic pituitary adrenal (HPA) axis activity (Bortolotti et al., 2008).  1492 
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In a variety of bird species, feather corticosterone has been used to make connections between 1493 

glucocorticoid levels and factors like laying performance (Shini et al., 2009) and individual fitness 1494 

(Harris et al., 2017). However, the investigation of feather corticosterone in domestic bird species, 1495 

especially turkeys, is limited. In wild turkeys, feather corticosterone has been measured using the 1496 

traditional RIA method (Freeman and Newman, 2018), however this method is associated with 1497 

health hazards, license requirements, and limited stability. The use of ELISA for the measurement 1498 

of feather corticosterone in turkeys could reduce these issues but has not been evaluated. Therefore, 1499 

this study aimed to validate the measurement of corticosterone in turkey feathers using an ELISA. 1500 

Furthermore, we investigated if differences in feather corticosterone levels can be observed 1501 

between different purebred turkey lines as part of a larger project aimed at improving turkey 1502 

welfare and productivity through genomic selection. 1503 

4.3 Materials and Methods 1504 

4.3.1 Subjects 1505 

Adult male turkeys (Meleagris gallopavo) from three purebred lines (line A (N=46), line B (N=24), 1506 

and line C (N=53)) were sampled between 18-21 weeks of age (NTotal=123). All birds were reared 1507 

under standard commercial conditions and fed a standard commercial diet. Each line was selected 1508 

for various breeding goals; lines A and B were focused on reproductive traits (i.e., egg production) 1509 

and Line C was focused on production traits (i.e., body weight). Each genetic line was marked 1510 

with a unique food dye colour diluted in water prior to shipping to a commercial poultry processing 1511 

plant. The ninth primary feather from the right wing was collected using shears post-mortem and 1512 

before defeathering. Feathers were rinsed with water and left to dry overnight before being stored 1513 

in paper envelopes until analysis. All protocols complied with the guidelines of the Canadian 1514 

Council on Animal Care and were approved by the University of Guelph Animal Care Committee 1515 

(AUP 3782). 1516 

4.3.2 Feather Corticosterone Extraction and Assay 1517 

The feather corticosterone extraction protocol is based on methods described by Freeman and 1518 

Newman (2018) and Bortolotti et al. (2008). The calamus was removed using shears at the time of 1519 

sample collection. The inner vane was minced into pieces <5 mm2 and further ground using a bead 1520 
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mill with ceramic beads (Bead Blaster: Benchmark Scientific, Edison, New Jersey, USA). The 1521 

ground feather was weighed using an analytical balance (15 ± 0.1 mg, model accu-124D Dual 1522 

Range, accuracy to 0.1 mg: Fisher Scientific, Toronto, Canada) into a test tube and suspended in 1523 

5 ml of methanol (HPLC grade, Fisher Scientific). The tubes were placed in a sonicating water 1524 

bath for 30 min and moved to a shaking incubator at 50°C for 12 hr. Vacuum filtration with #4 1525 

Whatman filter paper was used to separate feather particles from methanol and the empty test tube 1526 

was rinsed with 1 ml of additional methanol twice. The additional methanol was then added to the 1527 

vial containing the extracted methanol for a total of 7 ml of methanol. The methanol was 1528 

evaporated under nitrogen gas using an evaporation plate at 40°C. Extract residues were 1529 

reconstituted with 500 µl of assay buffer immediately before the assay. Samples were run across 1530 

five ELISA plates (mouse anti-rabbit IgG, Corticosterone ELISA kit, number 501320, Cayman 1531 

Chemicals, Cedarlane Labs, Canada) in duplicate. 1532 

4.3.3 Assay Validation 1533 

The assay was validated by testing accuracy, steroid recovery, precision, and sensitivity. Testing 1534 

for parallelism between the slopes of the standard curve and serial dilutions indicates assay 1535 

accuracy (Chard, 1995). If parallelism is not found between the standard curve and serial dilution, 1536 

it may point to assay interference (Freeman and Newman, 2018). Serial dilutions were performed 1537 

using a pool of pulverized feathers. Some feathers were covered with dye, so two pools of feathers 1538 

were created to determine if there was an effect of dye on feather corticosterone concentrations. 1539 

One pool was created using feathers with dye visible (N=10), and the other pool did not contain 1540 

any visible dye (N=7). Each feather pool was created by mincing feathers using scissors and 1541 

mixing thoroughly to control for intra- and inter-individual variation in feather corticosterone 1542 

concentrations. Corticosterone was extracted from the pool, and then extracts were diluted two-1543 

fold, ranging from 2.5 mg – 80 mg. The serial dilution was also performed to determine the optimal 1544 

mass of the feather sample required to quantify corticosterone within the quantitative range of the 1545 

assay. Steroid recovery was determined by spiking a pool of pulverized feather with a known 1546 

quantity of corticosterone. Precision was measured through intra- and inter-assay variability. 1547 

Sensitivity was defined as the smallest amount of hormone measured within the range of the assay. 1548 

All validations were run on the same ELISA plate except for spike recovery. 1549 
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4.3.4 Statistical Methods 1550 

 For all analyses, R Studio version 3.5.3 (2019) was used. P values < 0.05 were considered 1551 

significant. Parallelism between the slopes of the standard curve and serial dilutions was 1552 

determined using an ANCOVA. Parallelism was considered to be achieved if there was a non-1553 

significant interaction between the percent binding of the standard curve and serial dilution. To 1554 

ensure that the presence of dye did not affect the binding of the assay, a post-hoc t-test was 1555 

performed using a Bonferroni correction to compare the binding of the dyed and non-dyed feather 1556 

pools. To test for differences in feather corticosterone concentration between genetic lines, a one-1557 

factor ANOVA was used with a post-hoc Tukey HSD test for pairwise comparisons between lines. 1558 

4.4 Results 1559 

4.4.1 Assay Validation 1560 

While previous work has validated using ELISA for other poultry species (Carbajal et al., 2014) 1561 

and other methods in wild turkeys have been used (Freeman and Newman, 2018), this is the first 1562 

time an ELISA has been validated for domestic turkeys. The optimal feather mass for analyzing a 1563 

single sample (~50% binding) was 15 mg (Fig. 4.1), showing that a relatively small amount of 1564 

feather is needed. The serial dilutions for corticosterone extracted from turkey feathers with and 1565 

without dye were parallel to the standard curve (ANCOVA: F=1.5116, P=0.2669, Fig. 4.1), 1566 

indicating assay accuracy (Chard, 1995). Furthermore, the presence of dye on the feathers did not 1567 

significantly impact the binding of the assay (P>0.05). Intra- and inter-assay CV of the ELISAs 1568 

were 1.4 ± 2.48% and 12.1 ± 0.02%, respectively. The average recovery was 65 ± 2.5% suggesting 1569 

that that other steroids (e.g., 11-Deoxycorticosterone 15.8% cross-reactivity) or unidentified 1570 

substances in the sample matrix might be interacting with the assay as shown in the ELISA kit 1571 

cross-reactivity table (Corticosterone ELISA kit, number 501320, Cayman Chemicals, Cedarlane 1572 

Labs, Canada). Finally, corticosterone was detected within the range of the assay to 2.5 mg. These 1573 

findings show that an ELISA method is suitable for detecting corticosterone in turkey feathers. 1574 

4.4.2 Line Differences 1575 

Mean feather corticosterone concentrations for line A, line B, and line C were 1.16 ± 0.08 pg/mg, 1576 

1.38 ± 0.07 pg/mg, and 1.73 ± 0.09 pg/mg, respectively. The differences in corticosterone level 1577 
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observed between our three lines (ANOVA: F(2,120) = 12.71, P<0.001, Fig.2) merits further 1578 

investigation. Line C had significantly higher feather corticosterone than line A (Tukey HSD: 95% 1579 

CI [0.29, 0.83], P<0.0001) and line B (Tukey HSD: 95% CI [0.02, 0.67], P=0.036), while no 1580 

difference was observed between line A and line B (Tukey HSD: 95% CI [-0.11, 0.55], P=0.366). 1581 

Brown and Nestor (1973) previously showed that corticosterone levels in turkey lines can be 1582 

manipulated through direct selection and is associated with changes in growth and reproductive 1583 

performance. The commercial purebred lines in the current study were kept under identical 1584 

conditions but were selected for different breeding objectives (e.g., reproductive (A and B) and 1585 

growth traits (C)), which could have led to associated changes in feather corticosterone. For 1586 

example, there is a known negative relationship between corticosterone levels and reproduction in 1587 

poultry. Birds with elevated corticosterone levels have been shown to have a delayed onset of 1588 

laying (Salvante and Williams, 2003) and decreased egg production (Shini et al., 2009). There may 1589 

also be an underlying relationship between corticosterone deposition in the feather and body size 1590 

or growth rate. A positive relationship between plasma corticosterone and growth rate has been 1591 

found in turkeys (Hocking et al., 1999). Due to these relationships, purebred lines of turkeys 1592 

selected for improved reproductive or growth traits might result in lower corticosterone levels 1593 

compared to lines that are not as intensely selected for these traits. However, the relationship 1594 

between these traits and feather corticosterone is not yet established, and further work is needed 1595 

to explain the differences between the lines. The fact that differences are observed show promise 1596 

to develop feather corticosterone as a potential phenotypic trait for genomic selection in turkeys. 1597 

4.5 Conclusion 1598 

In conclusion, this study showed that an ELISA can be used to measure feather corticosterone in 1599 

turkey. It must be acknowledged that further biological and pharmacological validations (i.e. 1600 

chromatography of feather extracts, radiolabeled corticosterone during feather growth (Lattin et 1601 

al., 2011)) must be completed to confirm that the ELISA using feather samples is indeed detecting 1602 

levels of corticosterone from the turkey adrenal gland. Differences in feather corticosterone 1603 

between turkey lines were observed in this study, opening the door for future studies on the genetic 1604 

basis of feather corticosterone in domestic turkeys and the phenotypic consequences of varying 1605 

levels of feather corticosterone. The potential for using genetic selection to select for a more 1606 



 

64 

 

favorable level of corticosterone in domestic turkeys has the potential to improve their health, 1607 

welfare, and productivity. 1608 
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4.7 Tables and Figures 1623 

 1624 

 1625 

Figure 4.1. Serial dilutions of corticosterone in pooled turkey feather from dyed (N=10) and 1626 
undyed feathers (N=7) demonstrated parallelism with the standard curve.  1627 
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 1628 

Figure 4.2. Corticosterone concentrations (pg/mg) of turkey primary feathers from three 1629 
different purebred lines: line A (N=46), line B (N=24), and line C (N=53). Each boxplot reflects 1630 
the 25th, 50th, and 75th percentiles. Box whiskers represent the 10th and 90th percentiles.   1631 
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 1650 

5.1 Abstract 1651 

The use of feathers as non-invasive physiological measurements of biomarkers in poultry research 1652 

is expanding. Feather molting pattern and growth rates, however, are not well described in 1653 

domestic poultry. These parameters could influence the measurement of these biomarkers. 1654 

Therefore, the objective of this study was to describe the juvenile primary feather molting pattern 1655 

and feather growth rates for domestic turkeys. The ten primary wing feathers of 48 female turkeys 1656 

were measured weekly from week 1 (0 days of age) to week 20. Feathers were manually measured, 1657 

and the presence or absence of each primary feather recorded weekly. Generalized linear mixed 1658 

models were used to investigate if feather growth differed between the primary feathers. The 1659 

molting of the juvenile primary feathers followed a typical descending pattern starting with P1 (5 1660 

weeks of age) while P9 and P10 had not molted by the end of the study (20 weeks of age). Average 1661 

feather growth rate was 2.4 cm/week, although there was a significant difference between the ten 1662 

primary feathers (P<0.0001, 2.1 – 2.8 cm/week). Over time, feather growth followed a pattern 1663 

where growth rate reaches a peak and then declines until the feather is molted. The results of this 1664 

study provide a critical update of patterns of molting and feather growth in primary wing feathers 1665 

of modern turkeys. This can have implications for the interpretation of physiological biomarkers, 1666 

such as the longitudinal deposition of corticosterone, in the feathers of domestic turkeys. 1667 

5.2 Introduction 1668 

Feathers are critical derivatives of the avian integument, which are made primarily of keratin with 1669 

a central shaft (rachis) and rows of parallel branches (barbs) rooted in a follicle (Dawson, 2015). 1670 

Some feather types provide insulation, waterproofing, or are a means for communication, whereas 1671 

others, the flight feathers of the wing, provide aerodynamic lift for flight (Lucas and Stettenheim, 1672 

1972; Saino et al., 2013; Dawson, 2015). Feathers are a vital and defining part of a birds’ biology, 1673 

but they naturally become damaged or worn during the life of a bird (Saino et al., 2013). 1674 

Maintaining feather quality and performance comes at a high metabolic cost in the growth, 1675 

maintenance and replacement of feathers (Rubinstein and Lightfoot, 2014). Molting, the periodic 1676 

replacement of feathers, is an essential process for birds but relatively little is documented about 1677 

molting patterns and feather growth in domesticated poultry. Feather molting patterns in domestic 1678 
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chickens (Lucas and Stettenheim, 1972; Fisher, 2016), domestic turkeys and wild turkeys has been 1679 

documented but in older literature (Leopold, 1943; Williams, 1961; Williams and McGuire, 1971). 1680 

In the interim, intensive breeding may have influenced these patterns. In addition, there are no 1681 

studies which have provided information on the feather growth rate.  1682 

It is worth revisiting this area of research given the rise in popularity of using feathers as part of 1683 

non-invasive techniques as indicators of nutritional (Strochlic and Romero, 2008; DesRochers et 1684 

al., 2009) or physiological status (Greene et al., 2019). Nutritionally, feather growth requires a 1685 

considerable protein investment; consequently, diet plays a significant role in feather maintenance. 1686 

Diets low in protein have been demonstrated to reduce feather growth (Van Emous et al., 2014) 1687 

and have the potential to affect molting pattern (Murphy and King, 1991). Physiologically, chronic 1688 

challenges can also affect feather cover and quality. This will then affect the deposition of 1689 

hormones and metabolites into the growing feather. For example, the circulating stress hormone, 1690 

corticosterone, is believed to be deposited into growing feathers via the blood quill in a time-1691 

dependent manner (Harris et al., 2016).  However, it is important to examine how feathers grow 1692 

and how they are replaced so that inferences can be made about when the substance of interest was 1693 

likely deposited and relate that to the growth pattern of the feather (e.g., potential stressors). 1694 

The objective of this study was to describe the molting pattern and feather growth rate of the 1695 

juvenile primary wing feathers in domestic turkeys. Wing feathers were chosen as they are easily 1696 

identifiable making repeated sampling within and between individuals consistent. This was done 1697 

as part of a larger project aimed at developing novel welfare phenotypes in domestic turkey 1698 

breeding (Malchiodi et al., 2019), where we are particularly interested in using feather 1699 

corticosterone as a non-invasive measurement (Leishman et al., 2020a). 1700 

5.3 Materials and Methods 1701 

This study was approved by the University of Guelph Animal Care Committee (Animal Utilization 1702 

Protocol 4105). 1703 
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5.3.1 Subjects 1704 

Forty-eight one day old female turkey poults were available as part of another study (van Staaveren 1705 

et al., in preparation). Birds were individually wing tagged and housed at the Research Station of 1706 

the University of Guelph, Ontario, Canada. For the first two weeks, poults were housed in two 1707 

floor pens (111 L x 140 W cm) with one dark brooder (35 cm x 42 cm x 35 cm) in each pen. At 1708 

three weeks of age, poults were divided across 12 pens for a final group size of 3-4 poults per pen. 1709 

Each pen was bedded with wood shavings and was equipped with two drinkers and one feed pan. 1710 

Feed and water were available ad libitum. Standard commercial lighting and temperature protocols 1711 

were applied. It should be noted that as part of the main study, poults were assigned to either a low 1712 

(15-26% protein depending on the production phase, N = 23) or high (17-29% protein depending 1713 

on the production phase, N = 25) isocaloric diet treatment. For more details regarding the dietary 1714 

treatments, please refer to van Staaveren et al. (2020, in preparation). Diets were mixed by the 1715 

Research Station, University of Guelph, Guelph, Ontario, Canada, to meet the nutrient 1716 

recommendations by Hybrid Turkeys. Diets were randomly assigned to the birds in week 1 and 1717 

maintained until the birds were euthanized at week 20. All birds were weighed on day 1 to 1718 

determine their initial body weight and were weighed weekly throughout the experiment. 1719 

5.3.2 Feather Measurements 1720 

Beginning at week 1 (1 day of age), the right wing of each bird was extended to visually inspect 1721 

and measure the length of the primary feathers. The ten primary feathers were numbered from 1-1722 

10 starting from the innermost feather to the tip of the wing as shown in Fig. 5.1. The length of 1723 

each primary feather was measured by placing a graduated rule at the base of the feather shaft, at 1724 

the level of the skin, and measuring to the tip of the rachis (Wylie et al., 2003). A marking was 1725 

made on the rachis of each primary at the level of the skin using a permanent marker at each weekly 1726 

inspection. If the marking had not moved by the time of the next week’s inspection, it was recorded 1727 

that the feather had stopped growing. The markings were rechecked at every inspection until molt, 1728 

and the interval length between the weekly markings was recorded and summed to calculate total 1729 

feather length. This method avoided any damage at the tips of the feathers influencing the final 1730 

feather length and growth calculation. The presence or absence of each primary feather was 1731 
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recorded weekly to track molting patterns. This process was repeated weekly until birds were 1732 

euthanized in week 20 at the end of the experiment.  1733 

5.3.3 Statistical Analysis 1734 

Average feather growth rate (cm/week) was calculated as the final feather length divided by the 1735 

total weeks of growth. Descriptive statistics (mean, SEM) of the growth and molting pattern of the 1736 

ten primary feathers were computed in SAS v9.4 (SAS Inst. Inc., Cary, NC). To determine if 1737 

average growth rate differed between the primary feathers (1 – 10) generalized linear mixed 1738 

models were used in SAS, while accounting for the different diet treatments (high or low protein). 1739 

Bird identification was included as a random effect in the model. Average feather growth rate is 1740 

presented as the LSMean ± SEM. Significance was determined as P<0.05, and tendencies are 1741 

reported at 0.05<P<0.10. To visualize how feather growth changes over time, average weekly 1742 

feather length ± SEM (cm) was plotted against time (weeks). 1743 

5.4 Results 1744 

5.4.1 Feather Development and Molting Pattern 1745 

The first six juvenile primary feathers were observable at one day of age, indicating growth in-ovo 1746 

prior to hatch (Fig. 5.1A). Primaries 8 and 9 were observable by week 3, and primary 10 was 1747 

observable by week 4 as shown in Table 5.1. The first juvenile primary was molted in week 5 and 1748 

continued distally with the next respective primary molted approximately every week until the 1749 

molt of primary 5 (Table 5.1). After the fifth primary molted, the rate of replacement slowed, and 1750 

subsequent primaries were molted in two to three-week intervals, except for primary nine and ten, 1751 

which were not observed to molt during our study.  1752 

5.4.2 Growth Rate 1753 

The overall average feather growth rate was 2.43±0.068 cm/week; however, the average feather 1754 

growth rate was different between the ten primary feathers (P<0.0001, Fig. 5.2). Primary 7 and 8 1755 

had the highest average feather growth rate, whereas primary 10 had the lowest feather growth 1756 

rate. The remaining primary feathers 1-6 and 9 were intermediate, with minor differences among 1757 

each other. When visualizing feather growth, we found that initial feather growth is rapid, reaches 1758 

a peak, and then gradually declines before the feather is molted (Fig. 5.3). Although not 1759 
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statistically significant, there was a tendency for the feather growth rate in the low protein 1760 

treatment to be lower (2.40 ± 0.0298 cm/week) than birds in the high protein treatment (2.47 ± 1761 

0.0318 cm/week, P=0.0985).  1762 

5.5 Discussion 1763 

5.5.1 Feather Development and Molting Pattern 1764 

While (Leopold, 1943) reports the first seven primaries being observable on a day-old female 1765 

poult, we generally only observed primaries 1-6 at one day of age. Only one poult in our study had 1766 

an observable seventh primary at one day old; however, it was observable on all other individuals 1767 

by week two (7 days of age). Six primaries at hatch are also in line with reported characteristics of 1768 

domestic chickens, although there is variation between breeds (Lucas and Stettenheim, 1972). All 1769 

juvenile primary feathers were observable by four weeks of age, demonstrating that the juvenile 1770 

primary feathers are all present within one month. In the wild, turkeys nest on the ground and have 1771 

precocial young, meaning that feather growth is typically rapid and completed sooner than altricial 1772 

species such as songbirds (Chen et al., 2019). This rapid feather development could be important 1773 

from a biological perspective for the various functions mentioned previously, in particular, the use 1774 

of space. For example, it is shown that chickens kept for egg-laying start moving vertically (i.e. 1775 

perches, ramps) at two weeks of age and rely on their wing feathers for this purpose (Kozak et al., 1776 

2016; Leblanc et al., 2016; LeBlanc et al., 2018). These behaviours are likely not as essential for 1777 

turkeys in commercial conditions, however, turkeys are known to perch, particularly at younger 1778 

ages (1-5 weeks of age) (Martrenchar et al., 2001).  1779 

Our results in the current domestic turkey show a descending molting pattern, in which feathers 1780 

are replaced sequentially from proximal (primary 1) to distal (primary 10). The distinct sequential 1781 

molting pattern of the primary feathers serves to sustain the natural function of feathers for 1782 

protection and flight (Dawson, 2015). For this reason, wing feathers are typically not replaced all 1783 

at once but are regrown in a symmetrical pattern. This is different compared to, e.g., waterbirds, 1784 

whose flight feathers are less critical and may molt simultaneously since they can still obtain food 1785 

and protection from predators on the water (Dawson, 2015). All juvenile primary feathers, except 1786 

for primary 9 and 10, had molted by the time our study ended at 20 weeks of age. In wild turkeys, 1787 
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primary 9 and 10 are reported to be retained throughout the winter season, which indicates that 1788 

they molt much later than primaries 1-8 (Leopold, 1943; Williams, 1961). 1789 

The development and molting pattern of the juvenile primary feathers in turkeys appear relatively 1790 

similar to older reports (Leopold, 1943; Lucas and Stettenheim, 1972). This suggests that 1791 

domestication and almost 80 years of genetic selection for growth and reproductive traits in turkeys 1792 

have not drastically altered the timing, development, and molt of feathers, reinforcing the fact that 1793 

maintaining adequate feather cover and quality is important for domestic turkeys. 1794 

5.5.2 Growth Rate 1795 

The average feather growth rate was relatively consistent between the ten primary feathers (2.08-1796 

2.82 cm/week); however, differences between the feathers were observed. These differences were 1797 

only minor and could be expected since the time to completion of the feather increases from 1798 

primaries 1 – 10, while all feathers grew to a similar size (Lucas and Stettenheim, 1972). For 1799 

example, the final length of primary 10 is similar to primary 5 but has a much longer period in 1800 

which feather growth is completed. Therefore, its overall growth rate must be lower (Lucas and 1801 

Stettenheim, 1972). Interestingly, Wylie et al. (2003) recorded the length of domestic turkey poult 1802 

secondary wing feathers at the end of a six-week experimental period and estimated an average 1803 

growth rate of approximately 3.05 cm/week. This is close to the average growth rate calculated 1804 

across primary feathers (2.4 cm/week) in the current study.  1805 

This is the first longitudinal description of feather growth reported for domestic turkeys. Our study 1806 

is unique in that the length of the primary feathers is measured over time on the same individuals, 1807 

which allows us to describe how feather growth changes as the birds age. The rate of feather growth 1808 

was not constant each week. Instead, we found that feather growth rate was the highest soon after 1809 

the feather’s emergence; it reached a peak, and then the growth rate gradually decreased until 1810 

growth was complete. Very few other studies describe feather growth in domesticated poultry. 1811 

Relevant work was completed by Gous et al. (1999, 2019) who modelled the growth of feathers in 1812 

broilers; however, this is presented as total feather weight per pound of body weight and not as a 1813 

length rate. That said, the pattern of growth is similar to that found in our study, though within a 1814 

different age range and species.  1815 
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Finally, while not the main aim of the current study, we had to account for dietary differences as 1816 

part of another study (van Staaveren et al., in preparation), as it’s known that nutrition can impact 1817 

feather growth and feather quality (Urdaneta-Rincon and Leeson, 2004; Van Emous et al., 2014). 1818 

We only observed a tendency for birds in the low protein treatment to have a slightly slower feather 1819 

growth compared to birds on the high protein diet. This could possibly be a consequence of feather 1820 

growth being very costly in terms of protein utilization and energy (Strochlic and Romero, 2008). 1821 

Apart from this limited difference in feather growth, turkeys on the low or high protein diets in the 1822 

current study, did not differ in production performance parameters such as body weight, average 1823 

daily feed intake, average daily gain, and feed conversion ratio (van Staaveren et al., in 1824 

preparation). Wylie et al. (2003) suggested that modern turkeys preferentially partition dietary 1825 

protein to feather growth over muscle growth when dietary protein is limited, compared to 1826 

traditional turkeys whose feather growth was affected more by low protein diets. This suggests 1827 

that feather growth is still a priority in modern turkeys and may not be as affected by low protein 1828 

diets compared to wild or traditional breeds.  1829 

Feathers can act as a longitudinal record of chronic challenges through the development of a bird 1830 

(e.g., disease, food shortage, high stocking density, heat stress), as highlighted by the recent 1831 

interest in assessing welfare in poultry through feather hormones and metabolites such as feather 1832 

corticosterone (Von Eugen et al., 2019; Nordquist et al., 2020). However, oftentimes the period of 1833 

feather growth is unknown, so the relative time in the bird’s life that the measured feather 1834 

corticosterone reported in these studies reflects is unclear. Our findings can assist in identifying 1835 

the most probable time periods when the metabolites of interest were deposited. For example, if a 1836 

metabolite is measured from the complete length of turkey juvenal primary 1, this should reflect 1837 

the average circulating level during the first five weeks of life. However, if a metabolite is 1838 

measured in juvenal primary 9, this should reflect the average circulating level during weeks 3 – 1839 

14 of life. This pattern may be an important factor when deciding which feather to use for 1840 

measurement depending on the experimental design and to make inferences about certain stressors 1841 

(Leishman et al., 2020a). Furthermore, our findings reinforce the need to use the same primary 1842 

consistently across individuals when measuring feather metabolites to ensure it reflects the 1843 

deposition over the same period. Alternatively, as suggested by Kennedy et al. (2013), studies 1844 



 

75 

 

could homogenize multiple feathers from an individual to capture some of the variation between 1845 

feathers. 1846 

One limitation of the study is that due to our weekly measurements, we cannot be specific about 1847 

when feathers molted within a certain week, and the molting pattern described may not necessarily 1848 

capture all the individual variation in molting pattern. Furthermore, the manual measurement of 1849 

feathers in the same individuals is time consuming (Saino et al., 2013). Ptilochronology was 1850 

suggested as an alternative technique for estimating feather growth rate whereby a pair of 1851 

alternating light and dark bands on feathers are thought to represent feather growth over a 24-hour 1852 

period (Saino et al., 2013). However, we were unable to differentiate growth bars on the primary 1853 

feathers of domestic turkey due to a lack of pigmentation that is required to distinguish growth 1854 

bars. This could explain why ptilochronology has not been reportedly used for domestic poultry 1855 

and confirms that feather growth measurements for domestic poultry with white feathers will likely 1856 

continue to be performed manually. It would be interesting to determine if the technique would 1857 

work in domestic birds with pigmented feathers, such as bronze-feathered or heritage turkey 1858 

breeds. 1859 

5.6 Conclusion 1860 

This study provides an updated account of the molting patterns of the primary wing feathers and 1861 

is the first to report the feather growth rate of juvenile primary feathers in domestic turkeys. The 1862 

primary feathers followed a typical descending molting pattern with feathers molting as early as 5 1863 

weeks of age (primary 1) or later than 20 weeks of age (primary 9 and 10). The pattern of molting 1864 

was well conserved over years of genetic selection in modern turkeys, possibly due to the crucial 1865 

role of wing feathers in bird physiology. Weekly feather growth varied slightly between the ten 1866 

primary feathers but was, on average 2.4 cm of growth per week. Interestingly, the pattern of 1867 

feather growth had initial rapid growth, which reached a climax, and then slowed down until the 1868 

feather is molted. This information provides an important perspective on new non-invasive welfare 1869 

indicators in poultry, such as longitudinal deposited feather corticosterone during the feather 1870 

growth period. 1871 
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 1885 

5.8 Tables and Figures 1886 

 1887 

 1888 

Figure 5.1. Image of a turkey hen right wing at 1 day of age (A), 7 weeks of age (B), 12 weeks 1889 
of age (C), and 20 weeks of age (D) showing the primary feathers measured in this study. 1890 
Primaries are labelled 1-10 from proximal to distal. 1891 

 1892 

  1893 
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Table 5.1. Age in weeks (wks) when the primary wing feathers (1-10) of turkeys (N=48) were 1894 
first observed, finished growing, or were molted, as well as the average growth rate (cm/week) 1895 
and final feather length. Data are displayed as mean ± SEM. 1896 

1Total calculated length of the feather when growth was completed. 1897 

2Minimum – maximum total feather length, 1898 

3Primary feathers 9 and 10 had not molted yet by the end of the experiment at 20 weeks of age. 1899 

  1900 

Feather Age observed 

(wks) 

Age completed 

(wks) 

Age molted 

(wks) 

Total feather 

length (cm)1 

Total feather length 

range (cm)2 

1 1±0.0  5 ± 0.14  5 ± 0.00  9.3 ± 0.22   6.4 – 10.7 

2 1±0.0  6 ± 0.22  6 ± 0.07 12.4 ± 0.28   9.0 – 19.8 

3 1±0.0  7 ± 0.27  8 ± 0.06 15.5 ± 0.18 13.1 – 18.9 

4 1±0.0  8 ± 0.27  9 ± 0.04 18.1 ± 0.25 14.0 – 22.2 

5 1±0.0  9 ± 0.31 10 ± 0.08 20.8 ± 0.26 18.1 – 26.0 

6 1±0.02 10 ± 0.34 12 ± 0.07 23.2 ± 0.35 15.6 – 27.3 

7 2±0.05 11 ± 0.41 14 ± 0.07 26.5 ± 0.35 19.3 – 30.4 

8 3±0.07 12 ± 0.49 17 ± 0.09 27.3 ± 0.28 20.7 – 29.6 

9 3±0.09 14 ± 0.57 20+3 26.9 ± 0.28 22.0 – 30.4 

10 4±0.12 14 ± 0.60 20+3 20.4 ± 0.32 15.3 – 26.4 
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 1901 

Figure 5.2. Least square means (LSM) ± SEM for feather growth (cm/week) in primary wing 1902 
feathers (1-10) in turkeys. Columns which do not share a letter are significantly different from 1903 
each other (P<0.05).  1904 
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 1905 

Figure 5.3. Average turkey hen primary feather (1-10) length ± SEM (cm) plotted against time 1906 
(week) (N=48). Feather length is plotted until the completion of feather growth. Shaded bands 1907 
represent mean length ± SEM for each week. 1908 

  1909 
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6.1 Abstract 1928 

Phenological differences in energy demand (i.e., reproductive status) might influence the 1929 

measurement of corticosterone. The objective of this study was to compare corticosterone 1930 

concentrations in feathers (FCORT) and plasma (PCORT) for turkey hens before and during egg 1931 

laying. Secondary feathers 1 and 3, and a plasma sample were collected from 50 hens at 30 weeks 1932 

(before egg laying) from two purebred lines. The hens were reexamined during lay (45 weeks) to 1933 

collect regrown feathers and plasma samples. Corticosterone concentrations were measured using 1934 

an ELISA. Linear mixed models were used to assess the effect of genetic line (A vs. B) and period 1935 

(pre-lay vs. lay) on FCORT and PCORT levels. An increase in FCORT during lay was detected 1936 

for line B (p < 0.0001), but not line A (p = 0.3076). An increase in FCORT during lay was 1937 

detectable in both feather types, but there was a difference between secondary 1 and 3 in FCORT 1938 

concentration within each line studied. Conversely, PCORT decreased between the pre-lay and lay 1939 

periods for both lines, although the decrease was more substantial for line A (p < 0.0001). 1940 

Differences in metabolic investment in egg production between the two genetic lines may explain 1941 

the different FCORT response during lay. The results from this study provide insight into how 1942 

periods of high energy demand may influence corticosterone which should be considered when 1943 

interpreting results. 1944 

6.2 Introduction 1945 

Corticosterone is the predominant avian glucocorticoid hormone which is an end-product of the 1946 

hypothalamic-pituitary-adrenal (HPA) axis (Boonstra, 2004). Corticosterone is often thought of in 1947 

relation to its role in the adrenocortical response to perturbations where elevated levels act to 1948 

mobilize energy, increase cardiovascular output, and shunt resources away from processes that are 1949 

not critical for immediate survival (i.e., digestion, growth, reproduction) as part of a complex 1950 

neural and endocrine response (Boonstra, 2004; Blas, 2015; MacDougall-Shackleton et al., 2019). 1951 

Aside from the role in the stress response, the primary role of glucocorticoids (like corticosterone) 1952 

is the regulation of normal body functions and energy balance (Blas, 2015; MacDougall-1953 

Shackleton et al., 2019). 1954 

Glucocorticoid hormones, namely corticosterone, have been co-opted as indicators of stress or 1955 

welfare in domestic birds (Scanes, 2016). Although measured differences in corticosterone may 1956 
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reflect HPA axis activity in response to perturbations, it is often not considered, or known, how 1957 

underlying factors might influence these measurements before we can make inferences about 1958 

welfare (MacDougall-Shackleton et al., 2019). Studies of physical or environmental perturbations 1959 

often have a variable effect on corticosterone measurements which could possibly be attributed to 1960 

differences in phenology, specifically underlying metabolic requirements which might influence 1961 

glucocorticoid secretion (Dickens and Romero, 2013; Scanes, 2016; MacDougall-Shackleton et 1962 

al., 2019). To truly determine whether corticosterone provides an insight into animal welfare or 1963 

stress, we need to determine how underlying metabolic demands might influence these processes. 1964 

A notable example of high metabolic demand is puberty and reproduction (Welcker et al., 2015). 1965 

Since glucocorticoids play a key role in energy mobilization, we can expect elevated corticosterone 1966 

levels during these times (Carsia, 2015). Corticosterone (measured in different tissue types) has 1967 

been shown to be influenced by reproductive status in several species of domestic birds (Hazard 1968 

et al., 2005; Nordquist et al., 2020). Corticosterone production is influenced by many aspects of 1969 

the reproductive process such as sexual maturity and gonadal development (Hazard et al., 2005) 1970 

and egg laying (Nordquist et al., 2020). Laying hen feathers that were collected at 28 weeks of 1971 

age, after the onset of lay, contained significantly higher corticosterone concentrations compared 1972 

to feathers collected at 16 weeks of age, before egg laying began (Nordquist et al., 2020). 1973 

Interestingly, several bird species have demonstrated the ability to dampen the adrenocortical 1974 

response to acute stressors (i.e., restraint) when they are nesting or producing eggs (Holberton and 1975 

Wingfield, 2003; Lendvai et al., 2007; Schmid et al., 2013). Elevated corticosterone levels over 1976 

the normal demands of reproduction typically have negative implications, so dampening the acute 1977 

stress response may serve to maximize reproductive success ‘parental care hypothesis’, (Wingfield 1978 

et al., 1995). These findings may provide insight into the differing roles of corticosterone as part 1979 

of energy balance (increasing during periods of high demand) and the stress response (dampened 1980 

response during energetically demanding periods to prevent detrimental effects of elevated 1981 

glucocorticoids on reproductive success). 1982 

These different roles of corticosterone (metabolic hormone vs. stress response) can potentially be 1983 

captured by extracting hormones from tissues that offer different longitudinal perspectives on HPA 1984 

axis activity such as plasma (PCORT, minutes-hours) and feathers (FCORT, days-weeks). In more 1985 
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recent years, FCORT has been desirable because it is relatively non-invasive, retrospective, and a 1986 

longitudinal record of corticosterone secretion (Bortolotti et al., 2008). The predominate route of 1987 

corticosterone integration into feathers is believed to be during feather growth via diffusion from 1988 

the blood quill (Jenni-Eiermann et al., 2015). This means that, when feather growth is complete, 1989 

and the blood supply recedes, corticosterone is no longer internally deposited into the feather, 1990 

although there may still be contributions from surface deposition of corticosterone (e.g., via preen 1991 

oils) (Jenni-Eiermann et al., 2015; Aharon-Rotman et al., 2021). Since feather growth can take 1992 

days–weeks depending on the species and/or feather type, this technique offers a different 1993 

perspective compared to more acute measures. Although, during FCORT analysis, it is still worth 1994 

considering concurrent plasma corticosterone (PCORT) levels. The relationship between FCORT 1995 

and PCORT has been studied and, in general, basal measurements of PCORT are not correlated 1996 

with FCORT (Fairhurst et al., 2013; Romero and Fairhurst, 2016; Harris et al., 2017). However, 1997 

PCORT measures after an acute perturbation (e.g., restraint) have been significantly correlated 1998 

with FCORT from concurrently grown feathers (Fusani, 2008; Lattin et al., 2011; Romero and 1999 

Fairhurst, 2016). Due to the difference in time representation between FCORT and PCORT, the 2000 

measurement of one should not be used to infer the other, but both measures can provide insight 2001 

into HPA axis activity (Romero and Fairhurst, 2016). The relationship between PCORT and 2002 

FCORT is unknown in domestic turkeys. Moreover, it is not well described how phenological 2003 

differences, such as reproductive status, might influence these measurements, which is crucial to 2004 

consider before they can be used as welfare indicators in poultry selection (Leishman et al., 2020a). 2005 

Although FCORT is now a widely used technique to study how poultry respond to their 2006 

environment, there is an important methodological concern associated with its quantification. 2007 

Specifically, there are demonstrated differences in the concentration of FCORT between different 2008 

feathers collected from the same individual. In some cases, the intra-individual difference in 2009 

FCORT can be significantly larger than the difference between individuals (Häffelin et al., 2021). 2010 

Significant differences between feathers can be found when the feathers are chosen from different 2011 

body areas (i.e., back vs. tail feathers) (Häffelin et al., 2020, 2021). Studies which assessed 2012 

different feathers from the same area (i.e., primary feather 2 vs. primary feather 8) did not find a 2013 

significant effect of feather type on FCORT levels (Lattin et al., 2011; Nordquist et al., 2020). This 2014 
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variability has not been well investigated in turkeys and is another important factor to consider 2015 

when interpreting FCORT results. 2016 

The present study’s main objective was to assess the impact of egg laying on FCORT and PCORT 2017 

in domestic turkeys in two purebred lines. It was hypothesized that, given the increased energetic 2018 

demands of egg production, we would observe an increase in FCORT and PCORT in samples 2019 

collected during the egg laying period. Secondary objectives were to examine the possible 2020 

differences in FCORT levels from different feathers and examine the relationship between FCORT 2021 

and PCORT. 2022 

6.3 Materials and Methods 2023 

6.3.1 Subjects and Experimental Design 2024 

Adult female turkeys (Meleagris gallopavo) from two different purebred lines (A and B) were 2025 

randomly sampled from their respective flocks (housed within the same barn) for feathers and 2026 

blood before egg laying at 30 weeks of age (hereafter ‘pre-lay’, A: 50 hens and B: 50 hens). 2027 

Secondary 1 and 3 were plucked from the right wing of each hen by the same person (Figure 6.1). 2028 

Plucking of secondary 1 and 3 allowed for easy identification and resampling of the regrown 2029 

feathers when revisiting the flock 15 weeks later. 2030 

The two flocks (line A and B, respectively) were then reexamined at 45 weeks of age during the 2031 

laying period (hereafter ‘lay’) to perform the second sampling on the same individuals. All birds 2032 

were housed under standard conditions for parent stock hens, which were identical between the 2033 

two genetic lines (Hybrid Turkeys, 2020). At week 30 (after the initial sampling), hens were 2034 

transported from the rearing farm to the laying farm. In both the rearing and laying farm, wood 2035 

shavings were used as bedding. Stocking density on the rearing and laying farms was 2036 

approximately 3.5 sqft/bird and 6.0 sqft/bird, respectively. Diets and lighting regime were 2037 

gradually changed based on the Hybrid Turkeys guidelines for parent stock hens (Hybrid Turkeys, 2038 

2015, 2016). Both genetic lines, on both the rearing and laying farm, were housed within the same 2039 

barn and experienced the same changes in environmental and management conditions. 2040 
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The genetic lines used in this study were selected for different breeding goals; the selection of line 2041 

A is focused on production traits (i.e., body weight), and line B is focused on reproductive traits 2042 

(i.e., egg production). All protocols complied with the guidelines of the Canadian Council on 2043 

Animal Care and were approved by the University of Guelph Animal Care Committee (AUP 2044 

3782). 2045 

6.3.2 FCORT extraction 2046 

The FCORT extraction protocol is based on methods described by Leishman et al. (2020a). The 2047 

whole feather was rinsed with water after collection to remove any dust/debris. Feathers were 2048 

allowed to dry overnight and then stored in paper envelopes until extraction. During the extraction 2049 

process, the whole feather (excluding rachis and calamus) was minced into pieces < 5 mm2 and 2050 

then ground using a bead mill with ceramic beads (Bead Blaster: Benchmark Scientific, Edison, 2051 

NJ, USA). The resulting feather powder was weighed using an analytical balance (15 ± 0.1 mg, 2052 

model accu-124D Dual Range, accuracy to 0.1 mg: Fisher Scientific, Toronto, ON, Canada) into 2053 

a test tube. Methanol (5 mL, HPLC grade, Fisher Scientific) was added to each tube before placing 2054 

in a sonicating water bath for 30 min. After sonicating, the tubes were moved to a shaking 2055 

incubator at 50 °C for 12 hr. Vacuum filtration with #4 Whatman filter paper was used to separate 2056 

feather powder from methanol. During this process, the empty test tube was rinsed twice with 1 2057 

mL of additional methanol which was added to the extracted methanol (7 mL total). The methanol 2058 

extract was evaporated at 40 °C under nitrogen gas using an evaporation plate. Extract residues 2059 

were reconstituted with 500 µL of assay buffer immediately before the assay. 2060 

6.3.3 PCORT Extraction 2061 

On each occasion, blood samples were collected from approximately 10:00 a.m.–1:00 p.m. To 2062 

confirm that time of day did not influence the PCORT concentrations, Pearson correlation 2063 

coefficients were calculated for time of day and PCORT for each measurement period. For both 2064 

periods, there was no significant correlation between time and PCORT (p > 0.05). The plasma 2065 

processing and extraction protocol are based on kit manufacturer’s recommendations (mouse anti-2066 

rabbit IgG, Corticosterone ELISA kit, number 501,320, Cayman Chemicals, Cedarlane Labs, 2067 

Burlington, ON, Canada). Blood samples were taken from the left brachial vein of each individual 2068 

at each sampling period by the same trained person. Blood samples were taken within 2 min after 2069 
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restraint. Whole blood samples were centrifuged (Sorvall Legend RT centrifuge) at 1500× g for 2070 

20 min. Plasma was then separated and frozen at −20 °C until processing. 2071 

At processing, 125 μL of plasma was added to a clean test tube. Methylene chloride was added at 2072 

4× sample volume (500 μL, Fisher Scientific) and swirled to mix. Layers were allowed to separate, 2073 

and then the upper methylene chloride layer was transferred to a clean vial. The washing with 2074 

methylene chloride was repeated 4× for a total of 2 mL. The methylene chloride extracts from each 2075 

sample were evaporated under nitrogen gas using an evaporation plate at 40 °C. Extract residues 2076 

were reconstituted with 500 μL of assay buffer immediately before the assay. 2077 

6.3.4 Assay Evaluation and Procedure 2078 

A species pool for plasma (n = 10) and secondary feathers (n = 8) was created to determine the 2079 

optimal sample mass for corticosterone extraction. Corticosterone was extracted from each pool 2080 

and serial dilutions were created for the plasma (1500–11.7 μL) and secondary feathers (80–0.75 2081 

mg). Optimal sample mass was determined as the volume (μL) or mass (mg) that resulted in 50% 2082 

binding for plasma (125 μL) and feathers (15.0 mg), respectively. 2083 

Samples were run across 16 ELISA plates (same as used for PCORT analysis) in duplicate. This 2084 

assay kit has been previously validated for use with domestic turkey primary feathers (Leishman 2085 

et al., 2020a). Intra- and inter-assay coefficients of variation were 4.1% and 3.2%, respectively. 2086 

6.3.5 Statistical Methods 2087 

Linear mixed models were used to compare FCORT concentrations (response variable) between 2088 

periods, genetic lines, and feathers. Fixed effects included in the FCORT model were period (pre-2089 

lay or lay), genetic line (A or B), and feather (secondary 1 or secondary 3), and included all 2090 

interactions. The repeated effect of period within the bird was included using the compound 2091 

symmetry (cs) covariance structure. A logarithmic transformation was applied to the FCORT data 2092 

to meet the assumption of normality and back-transformed with least-square means (LSmeans) 2093 

presented. PCORT concentrations (response variable) were compared between periods and genetic 2094 

lines using the same method but without the fixed effect of feather type. For both models, p-values 2095 

for comparisons were adjusted using Tukey’s HSD. Pearson correlations between the FCORT 2096 
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values of secondary 1 and secondary 3, and PCORT, were calculated for each period (pre-lay and 2097 

lay) separately. 2098 

To describe intra- and inter-individual variation in FCORT, standard deviation (SD, pg/mg) and 2099 

coefficients of variation (CV, %) were calculated. Intra-individual variation was calculated as the 2100 

difference between secondary 1 and 3 of each individual for both periods. The covariance 2101 

parameter estimate of the FCORT model residuals was tested to determine if the variance is 2102 

statistically different from zero (p < 0.05), indicating intra-individual variation after accounting 2103 

for the model variables. Inter-individual variation was calculated for secondary 1 and 3 separately 2104 

as the difference in FCORT concentration between individuals for the different feather types. 2105 

The α level for determination of significance was 0.05, and tendencies are reported between 0.05 2106 

and 0.10. All analyses were performed using SAS Studio (version 9.4., SAS Institute Inc., Cary, NC, 2107 

USA). 2108 

6.4 Results 2109 

During the second sampling, it was not possible to locate all originally sampled individuals in the 2110 

flocks. Additionally, both secondary 1 and secondary 3 did not regrow for some individuals, or 2111 

were visibly damaged/broken, so only one feather may have been analyzed. Therefore, a final 73 2112 

birds were sampled for secondary 1, and 72 birds were sampled for secondary 3 (Table 6.1) during 2113 

the laying period. 2114 

6.4.1 The Effect of Egg Laying on FCORT is Dependent on Genetic Line 2115 

The hens from the two genetic lines showed different responses in FCORT concentrations between 2116 

the pre-lay and lay periods (Figure 6.2, p < 0.0001). For line A, there was no difference in FCORT 2117 

between the pre-lay and lay periods (p = 0.3155). In contrast, birds in line B showed a 45% increase 2118 

in FCORT from pre-lay to lay (p < 0.001). 2119 

6.4.2 Differences in FCORT between Feathers 2120 

There was a significant interaction between feather (secondary 1 vs. secondary 3) and genetic line 2121 

(A vs. B) (Figure 6.3 A, B, p < 0.0001). During the pre-lay period, FCORT levels of secondary 1 2122 

and secondary 3 differed in line A (p = 0.0001) and line B (p < 0.0001). During the laying period, 2123 
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there was no difference in the FCORT levels of the feathers for line A (p = 0.2832); however, there 2124 

was a difference for line B (p < 0.0001). For both lines and periods, secondary 3 had higher FCORT 2125 

levels than secondary 1. Still, the magnitude of the difference was greater for line B (pre-lay = 2126 

0.20 pg/mg; lay = 0.17 pg/mg) than line A (pre-lay = 0.07 pg/mg; lay = 0.02 pg/mg). 2127 

There was a significant interaction between feather (secondary 1 vs. secondary 3) and period (PRE 2128 

vs. LAY) (Figure 6.4, p = 0.0011). For both feathers, the FCORT levels during lay were higher 2129 

than pre-lay; however, the magnitude of the difference was greater for secondary 1 (36% increase, 2130 

p < 0.0001) than secondary 3 (10% increase, p = 0.0281). 2131 

6.4.3 Intra- and Inter-individual Variation in FCORT 2132 

Within an individual, the SD of FCORT concentration between the two secondary feathers ranged 2133 

from 0–0.94 pg/mg across both periods, with an average SD of 0.12 pg/mg (Table 6.2). The CV 2134 

ranged from 0–76% across both periods with an average of 29%. The results of the covtest 2135 

indicated that the differences within an individual (variance of model residuals) were significantly 2136 

different from zero (0.07 ± 0.007, 95%CI: 0.059–0.0879, p < 0.0001). 2137 

Between individuals, the average SD of FCORT concentration for secondary 1 was 0.17 pg/mg 2138 

and 0.25 pg/mg for secondary 3 (Table 6.2). The average inter-individual CV was considerably 2139 

higher (53–56%) than the intra-individual CV (29%) across both periods. However, there was 2140 

much more variation between individuals during the lay period compared to the pre-lay period. 2141 

6.4.4 PCORT Decreases During Egg Laying 2142 

An interaction between period and line was found (p < 0.0001) for PCORT. Conversely to the 2143 

FCORT results, there was a decrease in PCORT for both line A (82% decrease, p < 0.0001) and 2144 

line B (72% decrease, p < 0.0001) from the pre-lay to the lay period (Figure 6.5). 2145 

6.4.5 Correlations between FCORT and PCORT 2146 

The FCORT levels for secondary 1, secondary 3, and PCORT were not significantly correlated 2147 

during the pre-lay period (Table 6.3). However, during the lay period, FCORT levels of secondary 2148 

1 and secondary 3 were positively correlated (p < 0.0001). Similarly, FCORT of both feathers was 2149 
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positively correlated with PCORT (p < 0.001), although the magnitude of the correlation with 2150 

PCORT was smaller. 2151 

6.5 Discussion 2152 

This study aimed to investigate differences in FCORT and PCORT in two genetic lines (lines A 2153 

and B) of domestic turkey hens before and during egg laying. A secondary objective was to 2154 

compare the FCORT levels between different feathers (secondary 1 and secondary 3). We found 2155 

that the effect of egg laying on FCORT was different for the two genetic lines, with an increase in 2156 

FCORT during lay being found only for line B. We also found that the FCORT values for 2157 

secondary 1 and secondary 3 were significantly different within each line. However, for both 2158 

secondary 1 and secondary 3, there was a detectable increase in FCORT during the laying period. 2159 

For PCORT, the magnitude of the effect of period was different for the two genetic lines. For both 2160 

lines, PCORT decreased during lay, but the change was more substantial for line A. 2161 

The FCORT concentrations found for domestic turkey secondary feathers in this study (range = 2162 

0.15–2.04 pg/mg) are slightly lower than those reported in wild turkey secondary feathers (approx. 2163 

2.0–3.5 pg/mg); however, this may be due to differences in methodology (RIA vs. ELISA) as well 2164 

as differences between wild and domestic birds (Freeman and Newman, 2018). Furthermore, 2165 

Freeman and Newman (2018) evaluated FCORT concentrations over a range of sample masses 2166 

from 1–8 mg, whereas 15 mg was used in the present study, so these results may not be directly 2167 

comparable. The same ELISA kit was also used by von Eugen et al. (2019) and Nordquist et al. 2168 

(2020), who reported mean FCORT concentrations ranging from approximately 0.5–5.0 pg/mg 2169 

and 1.5–3.0 pg/mg, respectively, for laying hen primary feathers. The FCORT values reported in 2170 

our study are on the lower end of these reported ranges, but there is still some overlap. It is possible 2171 

that the concentrations reported by these studies are higher because they were using primary 2172 

feathers which have a larger blood supply compared to secondary feathers; therefore, greater 2173 

internal deposition of FCORT can be expected (Jenni-Eiermann et al., 2015). Additionally, 2174 

species-specific differences could have played a role as both of these studies used chickens (laying 2175 

hens). 2176 

 2177 
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6.5.1 Effect of Egg Laying on FCORT and PCORT 2178 

For birds, the process of egg laying is energetically demanding (Welcker et al., 2015). Since 2179 

glucocorticoids, like corticosterone, play a key role in energy mobilization (Sapolsky et al., 2000), 2180 

we expected to find higher levels of FCORT and PCORT in samples taken during the laying 2181 

period. 2182 

In particular, for the feather samples, FCORT concentrations during the lay period would represent 2183 

time-deposited corticosterone from the 14-week period in which the feather was regrowing. We 2184 

found an increase in FCORT for the female-line B (stronger selection for reproduction), but no 2185 

difference between the pre-lay and lay periods was detected for male-line A (stronger selection for 2186 

growth traits). A previous study indicated that male-line and female-line turkey hens differ in 2187 

reproductive development; female-line birds showed, e.g., earlier oviduct development 2188 

(Melnychuk et al., 1997). The female-line (line B) produces more eggs than the male-line (line A) 2189 

(Jeff Mohr, pers. comm.), suggesting that line B invests more resources in egg production 2190 

compared to line A, which could explain why differences in FCORT were only observed in line 2191 

B. Greater resource investment in egg production likely requires increased levels of 2192 

glucocorticoids due to their role in energy mobilization (Wang et al., 2017b). This effect was seen 2193 

in the study by Bortolotti et al. (2008), who found that FCORT concentrations in primary wing 2194 

feathers from red-legged partridges were highly and positively correlated to the number of eggs 2195 

laid. Similarly, bird species with longer breeding seasons have lower baseline corticosterone levels 2196 

compared to species with shorter breeding seasons likely because the intensity of reproductive 2197 

effort is higher during shorter seasons thus requiring greater energy mobilization (Hau et al., 2010). 2198 

Unfortunately, we do not have individual production records for the birds involved in this study to 2199 

corroborate these hypotheses, but it provides an interesting avenue for future research. It must be 2200 

acknowledged that birds were transported from the rearing to the laying farm after the pre-lay 2201 

measurement. Therefore, during egg laying, birds were also subject to changes in husbandry 2202 

conditions, which may have influenced FCORT levels in addition to the demands of egg laying. 2203 

However, these changes in husbandry conditions were identical for both lines. Given that there 2204 

was no difference in FCORT detected for line A between the two periods while there was an 2205 

increase in line B, this supports the hypothesis that some other factor besides housing and 2206 

management influenced FCORT concentrations. Regardless, we cannot completely rule out that 2207 
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the genetic lines responded differently to the effects of housing and management factors given the 2208 

experimental design. For example, both lines were fed the same diets with the same nutrient profile 2209 

throughout the duration of the experiment (Hybrid Turkeys, 2016). Since we did not observe an 2210 

increase in FCORT during the laying period for line A, this may indicate that the energy derived 2211 

from the diet was sufficient to support the reproductive demand due to this line producing less 2212 

eggs. Line B, due to its high rate of production, may require additional energy mobilization (i.e., 2213 

elevated glucocorticoids) than what is provided in the diet which may explain the elevation in 2214 

FCORT for line B only. In addition to further studies of FCORT and reproductive success, 2215 

manipulation of the energy content of the diet should be considered as a potential driver of 2216 

glucocorticoid levels during egg laying. 2217 

Glucocorticoids have been linked to the onset of sexual maturity in many species, including laying 2218 

hens that showed increases in FCORT during egg production (Nordquist et al., 2020). The 2219 

elevations in glucocorticoids during egg laying are necessary to ensure sufficient energy to support 2220 

high energetic demands during this time. However, if the animal is already in a negative energy 2221 

balance or if it is exposed to other unpredictable stressors, corticosterone levels may be elevated 2222 

over the normal demands of reproduction (Romero et al., 2009). In these situations, the level of 2223 

corticosterone can become detrimental to fitness by divesting resources away from “non-essential” 2224 

functions such as growth, immunity, and reproduction (Boonstra, 2004; Romero et al., 2009; Blas, 2225 

2015). This could explain why experimental treatment of birds with corticosterone delays the onset 2226 

of lay and decreases egg production (Sahin and Forbes, 1999; Shini et al., 2009). In our study, we 2227 

did not use experimental manipulations of corticosterone concentrations to test how subjecting 2228 

laying birds to additional perturbations influences corticosterone measurements. Although we did 2229 

observe an increase in FCORT during lay in line B, it is likely that this is part of the predictable 2230 

energetic demands of reproduction, as line B continued to have superior egg production results 2231 

(Jeff Mohr, pers. comm.). It is possible that applying a perturbation to line B will further elevate 2232 

corticosterone levels and have negative consequences for egg production. Future research is 2233 

needed to elucidate which aspects of differences in investment in reproductive traits (e.g., oviduct 2234 

development, egg number, age at first egg) are underlying the observed differences in FCORT 2235 

between the female-line (B) and male-line (A) hens. 2236 
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The relationship between egg laying and PCORT levels is less clear. A study of Japanese quail 2237 

demonstrated that, in females, PCORT is significantly increased between 4 to 6 weeks of age (the 2238 

period of gonadal development); however, the PCORT level dropped by nine weeks of age, and 2239 

then even lower at 12 weeks of age (Hazard et al., 2005). This suggests that PCORT may be 2240 

elevated during acute sexual maturity (gonadal development); however, PCORT continues to 2241 

decrease after this time. This may explain why we saw a significant decrease in PCORT levels 2242 

between our two time periods in both genetic lines. Since our plasma sample taken during lay was 2243 

collected at 45 weeks of age, well into the egg production period, it is possible PCORT had already 2244 

decreased. Moreover, since we took our first plasma sample at 30 weeks of age, soon before the 2245 

onset of egg production, it may be more likely that we actually found elevated levels of PCORT 2246 

as this may still be in the stage of gonadal maturation. Significant increases (>200%) in ovary and 2247 

oviduct weight have been observed in female turkeys between 224–227 days of age (32 weeks of 2248 

age) (Melnychuk et al., 1997). Assuming the reproductive development in our study (roughly 20 2249 

years later) is similar to this trajectory, our plasma sample during the pre-lay period would be 2250 

closer to the time of gonadal development (and potentially elevated corticosterone), compared to 2251 

our sample during the laying period. Acute increases in PCORT may also be suppressed during 2252 

the breeding season to avoid the detrimental effects of perturbation-induced corticosterone levels 2253 

on reproductive performance (Holberton and Wingfield, 2003; Wingfield and Sapolsky, 2003). 2254 

Adrenocortical modulation of the acute stress response has been demonstrated in a variety of 2255 

species (albeit not well described in poultry) in birds with larger clutch sizes (Lendvai et al., 2007), 2256 

greater rearing success (Schmid et al., 2013), and nesting birds (Pereyra and Wingfield, 2003). In 2257 

flycatchers, Pereyra and Wingfield (Pereyra and Wingfield, 2003) found that the adrenal response 2258 

to stress (measured via serial PCORT samples) was higher in birds before nesting compared to 2259 

after the clutch had been laid. It is possible that, during egg production, the turkeys in the present 2260 

study were modulating their adrenocortical response to acute stimuli (e.g., handling) in order to 2261 

optimize their reproductive success which resulted in lower PCORT measurements. However, 2262 

serial PCORT measurements during the pre-lay and lay periods, as well as measures of 2263 

reproductive success, would be needed to test this hypothesis. Lastly, although blood samples for 2264 

PCORT determination were taken within two min of restraint (to decrease the likelihood of 2265 

restraint-induced increases in PCORT), it is possible that, over time, the turkeys became more 2266 
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habituated to human interaction and handling, resulting in lower PCORT. It may be beneficial for 2267 

future studies to increase the frequency of the plasma samples to have a better idea of how 2268 

circulating PCORT levels change with age as turkeys progress through sexual maturity and into 2269 

egg production. 2270 

It should also be mentioned that the concentrations of PCORT measured in our study are lower 2271 

than concentrations typically reported in the literature for turkeys. PCORT levels have been 2272 

previously measured in ovariectomized turkey hens during the first laying season between 1.82 2273 

ng/mL and 7.14 ng/mL, depending on the time of day (Proudman, 1991). Between the two lines 2274 

in our study, the mean PCORT concentration ranged from approx. 0.418–2.284 ng/mL, depending 2275 

on the period. The lower PCORT measured in our study compared to Proudman (1991) is 2276 

potentially a reflection of the differences between ELISA and RIA, differences between housing 2277 

or management in the different studies, or differences between genetic lines. 2278 

 2279 

6.5.2 FCORT Variability 2280 

We found that FCORT levels were significantly different between secondary 1 and secondary 3 2281 

during each sampling period, with the exception of feathers from line A during the laying period. 2282 

Differences between feathers and feather types in terms of FCORT have been reported previously 2283 

(Häffelin et al., 2021); however, this is not always the case. Others found that feathers of the same 2284 

type tend to have similar FCORT levels (i.e., secondary 1 and secondary 2) (Lattin et al., 2011; 2285 

Nordquist et al., 2020), whereas feathers from different body areas (i.e., back feathers and wing 2286 

feathers) tend to show differences (Harris et al., 2016; Häffelin et al., 2021). This is potentially 2287 

because FCORT deposition in feathers can be affected by the feather’s size, shape, colour, 2288 

structure, and growth rate (Grunst et al., 2015; Harris et al., 2016; Romero and Fairhurst, 2016). 2289 

Feathers of a similar location are likely morphologically more similar and should have less 2290 

variation in CORT deposition than a different feather type (Jenni-Eiermann et al., 2015; Harris et 2291 

al., 2016). This is in contrast to our finding that secondary 3 typically had higher FCORT 2292 

concentrations than secondary 1. However, since FCORT is deposited only during the period of 2293 

feather growth, it is only valid to compare FCORT levels between feathers that have grown 2294 
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concurrently (Harris et al., 2016; Leishman et al., 2020b). The natural growth pattern and molt of 2295 

the wing feathers is staggered (Leopold, 1943; Leishman et al., 2020b), and so secondary 1 and 2296 

secondary 3 would not likely start and stop growing at the exact same time which may explain 2297 

why we saw differences between the feathers during the pre-lay period. Based on an early 2298 

description of turkey feather growth, post-juvenal secondary 1 grows between 20–25 weeks of 2299 

age, whereas secondary 3 grows from 7–12 weeks of age and so the timing of growth of these two 2300 

feathers before the first sampling (30 weeks) is quite different although the duration of growth is 2301 

the same (5 weeks) (Leopold, 1943). However, when we performed our sampling, we plucked 2302 

both feathers at the same time and initiated simultaneous regrowth, meaning that the period of 2303 

hormone deposition during the lay period should be more closely aligned compared to the pre-lay 2304 

period. Based on our observations, at 45 weeks, both feathers were mature to the point of no blood 2305 

supply indicating their growing period was likely between 30–35 weeks. This hypothesis is 2306 

supported by finding no difference in the FCORT concentrations of the two feathers for line A 2307 

during egg laying. Moreover, this could explain why we did not find a correlation between 2308 

secondary 1 and secondary 3 grown in the pre-lay period, but we did find a positive correlation 2309 

between the two feathers in the lay period. However, contrary to this hypothesis, there was still a 2310 

difference between the feathers of line B during the laying period. The FCORT levels of line B 2311 

were more affected by egg laying than line A. Additionally, as suggested by Jenni-Eiermann et al. 2312 

(2015), this feather may have a larger blood supply that allows for more deposition of FCORT, 2313 

especially during periods of elevated concentrations. This combination may explain the differences 2314 

between the feathers for line B during egg laying. There is also some debate about the contributions 2315 

of externally deposited corticosterone to FCORT measurements. Since corticosterone, a steroid 2316 

hormone, is lipophilic, it was initially suggested by Bortolotti et al. (2008) that it may be 2317 

transferred onto feathers via preen oils. There is some evidence to support this hypothesis such as 2318 

a reduction in FCORT when feathers are washed with detergent prior to analysis (Jenni-Eiermann 2319 

et al., 2015) or an increase in FCORT concentrations in mature feathers (Nordquist et al., 2020; 2320 

Aharon-Rotman et al., 2021). However, other studies have found no difference in FCORT 2321 

concentrations after washing feathers (Bortolotti et al., 2008) or were unable to find evidence of 2322 

corticosterone in preen oils (Lattin et al., 2011). If corticosterone is transferred in preen oils by 2323 

preening behavior, it is possible that this may explain some of the variation in FCORT 2324 
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concentrations observed between feathers as all feathers are likely not preened equally. As we did 2325 

not wash feathers with a detergent (water only) prior to extraction, there may be the potential for 2326 

external deposition of corticosterone to influence some of the variability between and within 2327 

individuals observed in this study. Further work should concentrate on this hypothesis and the 2328 

relative importance of internal versus external FCORT deposition. Additionally, it should be 2329 

investigated how differences in feather preparation before extraction (washing with water vs. 2330 

detergent) may influence results (Romero and Fairhurst, 2016). 2331 

Aside from the quantitative differences in FCORT concentrations between the feathers, we could 2332 

still discern an increase in FCORT during the laying period in both secondary 1 and secondary 3. 2333 

While the current study only used secondary feathers, and did not sample other feathers (e.g., back 2334 

or tail feathers), we cannot state for certain that differences in FCORT during lay would be found 2335 

in all feather types. The differences in FCORT value between the feathers, even of a similar type, 2336 

emphasize the need for consistency in sampling. 2337 

Even though the FCORT concentrations of secondary 1 and 3 were significantly different within 2338 

the studied lines, we found that the inter-individual variation in FCORT was larger than the intra-2339 

individual variation when looking at both periods (53–56% vs. 29%). This is contrary to what was 2340 

found in chickens by Häffelin et al. (2021), who found that intra-individual variation was higher 2341 

than the variation between birds. However, they analyzed many more feather types (scapular, tail, 2342 

wing, e.tc.) than the present study. Furthermore, the feathers were collected at the end of the rearing 2343 

period (before egg production) so the values from their study may better represent the “pre-lay” 2344 

variation in FCORT. This may explain why, in the present study, the intra-individual variation 2345 

(32%) is slightly greater than the variation between individuals (25–30%) during the pre-lay period 2346 

since this is supposed to reflect levels of FCORT before egg production. Inter-individual variation 2347 

is an important consideration when assessing how individuals respond to the same situation 2348 

(Häffelin et al., 2021). Our results indicate more variability in the FCORT response between birds 2349 

than within birds during energetically demanding periods, which may relate to differences found 2350 

between genetic lines. Aside from genetic lines, some of this variability may also be explained by 2351 

individual differences in feather wear (e.g., abrasions or barbule breakage), which is expected to 2352 

influence FCORT concentrations due to potential loss of feather material, and thus corticosterone 2353 
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(Romero and Fairhurst, 2016). This can introduce some variation as all individuals or all feathers 2354 

within an individual are likely not affected equally. Feather damage is an issue of particular 2355 

relevance for domestic poultry because of problematic behaviors like injurious pecking (Dalton et 2356 

al., 2013) or the development of feather deformities such as fault bars (Arrazola, 2018). While we 2357 

chose not to analyze samples which were visibly damaged/broken, it is possible that variation in 2358 

feather wear influenced the variability in FCORT seen between the studied variables. The 2359 

prevalence and impact of feather quality and fault bars on FCORT concentrations in turkeys has 2360 

yet to be assessed but is an important consideration to better understand FCORT variability. Still, 2361 

the present results provide an important benchmark for FCORT variability within and between 2362 

individual turkeys, which is not well described in the literature. 2363 

6.5.3 Relationship Between FCORT and PCORT 2364 

Several studies have demonstrated strong correlations between experimentally elevated plasma 2365 

CORT and concentration of CORT in feathers (Lattin et al., 2011; Romero and Fairhurst, 2016). 2366 

These studies include the use of corticosterone-filled silastic implants (Lattin et al., 2011), 2367 

corticosterone time-release pellets (Fusani, 2008), or dexamethasone, an inhibitor of 2368 

corticosterone deposition (Hõrak et al., 2013). However, plasma CORT measures are typically in 2369 

the nanogram range, whereas FCORT is typically in the picogram range, which indicates that the 2370 

relationship is not one-to-one (Romero and Fairhurst, 2016). We did not find a significant 2371 

correlation between PCORT and FCORT from secondary 1 and secondary 3 during pre-lay; 2372 

however, there was a significant correlation between PCORT and FCORT during egg laying. This 2373 

is similar to the findings of Bortolotti et al. (2008), who did not find a significant correlation 2374 

between FCORT and PCORT during the control period, but did find a significant correlation 2375 

during a stress-induced treatment period. However, it should not be expected that PCORT 2376 

correlates highly to FCORT (Fairhurst et al., 2013; Romero and Fairhurst, 2016; Harris et al., 2377 

2017). Plasma titers represent a brief snapshot of CORT (minutes to hours), sensitive to circadian 2378 

rhythm, which may not align relevantly with a long-term integrated measure obtained from 2379 

feathers (days-weeks) (Romero and Fairhurst, 2016). Due to these differences, FCORT should not 2380 

be used to infer plasma levels but be used as a complementary measure (Romero and Fairhurst, 2381 

2016). 2382 
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6.6 Conclusion 2383 

The aim of this study was to compare the FCORT concentrations from domestic turkey hens before 2384 

and during egg laying using two different genetic lines and two different feathers. The effect of 2385 

egg laying on FCORT was significantly influenced by genetic line, with increases in FCORT 2386 

during egg laying only being observed in the line selected for reproductive traits. The results of 2387 

this study demonstrate that understanding individual variation in life-history investment may help 2388 

explain the large amount of variability seen in studies of FCORT and PCORT. Furthermore, an 2389 

increase in FCORT during egg production was detectable for both secondary feathers, though 2390 

differences between the feathers for both genetic lines existed. These results emphasize the 2391 

importance of consistency in feather sampling when assessing biomarkers such as corticosterone. 2392 

Conversely to the FCORT results, we found a significant decrease in PCORT levels during egg 2393 

production, potentially due to the pre-lay sampling reflecting elevated levels from reproductive 2394 

development or modulation of acute HPA axis activity during egg laying. Future studies should 2395 

focus on collecting detailed reproduction parameters and FCORT measurements to determine 2396 

which differences in reproductive investment between the genetic lines contributed to the observed 2397 

FCORT differences. This study also highlights that, for FCORT to be used as a biomarker energy 2398 

balance, or to make inferences about chronic stress, there is a need for clear understanding of 2399 

physiological processes that can influence the measured concentrations. 2400 
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6.8 Tables and Figures 2412 

 2413 

Figure 6.1. Schematic representation of the turkey wing feathers with numbering of the primary 2414 
(P1-10) and secondary (S1-18) feathers. For FCORT analysis, secondary 1 (S1) and 3 (S3) were 2415 
pulled at weeks 30 and 45. Illustration by Renée Garant.  2416 
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Table 6.1. Number of birds (Nbirds) with secondary 1, secondary 3, and plasma samples collected 2417 
during the pre-lay (30 weeks of age) and laying periods (45 weeks of age). Birds which could not 2418 
be relocated during egg laying were excluded from the analysis. 2419 

 2420 

 2421 

  2422 

Sample type Total Line A Line B 

Secondary 1 73 37 36 

Secondary 3 72 34 38 

Plasma 73 37 36 



 

101 

 

 2423 

Figure 6.2. Back transformed LSMeans ± SEM for FCORT (pg/mg) for turkey hens from two 2424 
different genetic lines (A and B) sampled before (PRE, 30 wk) and during (LAY, 45 wk) egg 2425 
laying (N=73). P-values for simple effects denoted by ns = P > 0.05, * = P ≤ 0.05, ** = P ≤ 0.01, 2426 
*** = P ≤ 0.001 and **** = P ≤ 0.0001.  2427 
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 2428 

 2429 

Figure 6.3. Back transformed LSMeans ± SEM for FCORT (pg/mg) from secondary feather 1 2430 
(S1) and 3 (S3) for turkey hens from two different genetic lines during the pre-lay (A) and lay 2431 
(B) periods (N=73). P-values for simple effects denoted by ns = P > 0.05, * = P ≤ 0.01, *** = P ≤ 2432 
0.001 and **** = P ≤ 0.0001. 2433 

  2434 
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 2435 

 2436 

 2437 

Figure 6.4. Back transformed LSMeans ± SEM for FCORT (pg/mg) from secondary feather 1 2438 
(S1) and 3 (S3) sampled before (PRE, 30 wk) and during (LAY, 45 wk) egg laying (N=73). P-2439 
values for simple effects denoted by ns = P > 0.05, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 2440 
and **** = P ≤ 0.0001. 2441 

  2442 
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Table 6.2. Intra- and inter-individual standard deviation (SD, pg/mg) and coefficient of variation 2443 
(CV, %) in FCORT concentration during the pre-lay period (PRE, 30 weeks of age), laying 2444 
period (LAY; 45 weeks of age), and both periods combined (BOTH). 2445 

 Period Intra-Individual1 Inter-Individual (S1)2 Inter-Individual (S3)2 

 SD CV SD CV SD CV 

PRE 0.11 32.58 0.07 25.41 0.12 29.96 

LAY 0.14 26.15 0.22 55.22 0.33 64.91 

BOTH 0.12 29.37 0.17 53.48 0.25 55.75 

1 Intra-individual variation represents difference in FCORT between secondary 1 (S1) and 3 (S3) 2446 
from the same individual. 2447 

2 Inter-individual variation represents difference in S1 and S3 FCORT between individuals. 2448 

  2449 
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 2450 

 2451 

Figure 6.5. LSMeans ± SEM for PCORT (pg/mL) from two genetic lines (A and B) sampled 2452 
before (PRE, 30 wk) and during (LAY, 45 wk) egg laying (N=73). P-values for simple effects 2453 
denoted by ns = P > 0.05, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 and **** = P ≤ 0.0001. 2454 

  2455 
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Table 6.3. Pearson correlation coefficients between secondary 1 FCORT (FCORT_S1), 2456 
secondary 3 FCORT (FCORT_S3), and PCORT during the pre-lay period (above diagonal) and 2457 
laying period (below diagonal) (n = 73). 2458 

 2459 

 2460 

  2461 

Variable FCORT_S1 FCORT_S3 PCORT 

FCORT_S1  0.15 0.13 

FCORT_S3 0.57 1  −0.15 

PCORT 0.50 1 0.43 2  
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 2481 

7.1 Abstract 2482 

Temperature stress (TS) is a significant issue in poultry production, which has implications for 2483 

animal health and welfare, productivity, and industry profitability. Temperature stress, including 2484 

both hot (heat stress) and cold conditions (cold stress), is associated with increased incidence of 2485 

meat quality defects such as pale, soft, and exudative (PSE) and dark, firm, and dry (DFD) meat 2486 

costing poultry industries millions of dollars annually. A meta-analysis was conducted to 2487 

determine the effect of ambient TS on meat quality parameters of poultry. Forty-eight publications 2488 

which met specific criteria for inclusion were identified through a systematic literature review. 2489 

Temperature stress was defined by extracting two descriptors for each treatment mean from the 2490 

chosen studies: (1) temperature imposed for the experimental treatments (°C) and duration of 2491 

temperature exposure. Treatment duration was categorized for analysis into acute (≤ 24 hours) or 2492 

chronic (> 24 hours) treatments. Meat quality parameters considered were color (L*-a*-b* 2493 

scheme), pH (initial and ultimate), drip loss, cooking loss, and shear force. Linear mixed model 2494 

analysis, including study as a random effect, was used to determine the effect of treatment 2495 

temperature and duration on meat quality. Model evaluation was conducted by performing a k-2496 

fold cross-validation to estimate test error, and via assessment of the root mean square prediction 2497 

error (RMSPE), and concordance correlation coefficient (CCC). Across both acute and chronic 2498 

durations, treatment temperature was found to have a significant effect on all studied meat quality 2499 

parameters. As treatment temperature increased, meat demonstrated characteristics of PSE meat 2500 

and, as temperature decreased, meat demonstrated characteristics of DFD meat. The interaction 2501 

between treatment temperature and duration was significant for most traits, however, the relative 2502 

impact of treatment duration on the studied traits was inconsistent. Acute TS had a larger effect 2503 

than chronic TS on ultimate pH, and chronic stress had a more considerable impact on color traits 2504 

(L* and a*).  This meta-analysis quantifies the effect of ambient TS on poultry meat quality. 2505 

However, quantitative effects were generally small, and therefore may or may not be of practical 2506 

significance from a processing perspective.  2507 

 2508 
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7.2 Introduction 2509 

When ambient temperature deviates from an animal’s thermoneutral zone, it forces the animal to 2510 

employ additional heat-saving or heat-dissipating measures (Silva, 2006). Exposure to temperature 2511 

stress (TS) is an important issue in poultry production since poultry are inefficient at regulating 2512 

body temperature. In particular, poultry are at high risk in hot environments because they do not 2513 

possess functional sweat glands, have a high core body temperature, and a rapid metabolism 2514 

(Jahejo et al., 2016). However, both heat and cold can negatively impact poultry growth and 2515 

production performance (Zhang et al., 2011b; Lara and Rostagno, 2013; Zhao et al., 2013; 2516 

Habibian et al., 2014; Tawfeek et al., 2014).  2517 

Heat and cold stress have also been implicated in the development of meat quality defects in 2518 

poultry, such as pale, soft, and exudative (PSE), and dark, firm, and dry (DFD) meat (Barbut et 2519 

al., 2005). In susceptible birds, heat stress can accelerate the post-mortem (PM) degradation of 2520 

muscle glycogen to lactic acid, which causes muscle pH to decrease rapidly after slaughter (Owens 2521 

et al., 2009; Barbut, 2015a). This rapid drop in pH, combined with the warm muscle, denatures the 2522 

muscle proteins, causing the meat to have a low water holding capacity, pale color, and exude 2523 

moisture (Pietrzak et al., 1997; King and Whyte, 2006; Carvalho et al., 2014). The rise in consumer 2524 

demand for deboned smaller cuts and further processed products has increased focus on the 2525 

presentation of skinless portions.  This means meat color and water-holding capacity (WHC), 2526 

which are highly related to consumer acceptance, are more important (Min and Ahn, 2012; Barbut, 2527 

2015a). As such, PSE meat has been estimated to cost both the US turkey and broiler industry 2528 

$200 million annually (Lubritz, 2007; Owens et al., 2009).  2529 

While heat stress is more likely to cause PSE meat, cold stress is implicated more often in DFD 2530 

meat development. Several studies have found correlations between cold exposure during rearing 2531 

and transportation and the incidence of DFD meat in poultry (Froning et al., 1978; Babji et al., 2532 

1982; Holm and Fletcher, 1997; Bianchi et al., 2006). The increased metabolic demand to maintain 2533 

core body temperature during cold conditions results in the use of muscle glycogen as an energy 2534 

source (Lee et al., 1976; Haman et al., 2002, 2005; Dadgar et al., 2011, 2012a). The depletion of 2535 

muscle glycogen, prior to slaughter, decreases the PM potential lactate formation in the meat and 2536 

results in higher pH of the muscle (Berri et al., 2005; Dadgar et al., 2011). Eventually, this results 2537 
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in a darker product that is unappealing from a consumer perspective and as such, can result in 2538 

economic loss to the industry. 2539 

Poultry production is year-round, occurring during many types of inclement weather, so TS can 2540 

be a concern during all phases of production. Typically, studies use chronic exposure (>24 hr) to 2541 

simulate the long-term or seasonal effects of TS during production, whereas acute exposure (<24 2542 

hr) is typically used to simulate short-term or daily fluctuations in ambient temperature soon before 2543 

slaughter (i.e., during transit). Both chronic and acute TS affect poultry meat quality parameters; 2544 

however, acute stress, as opposed to chronic, is typically implicated in the development of PSE 2545 

meat since the exposure to extreme temperatures soon before slaughter has a more substantial 2546 

effect on meat quality (Barbut et al., 2008; Gonzalez-Rivas et al., 2020). However, this effect may 2547 

be related to genetic susceptibility in certain birds, meaning that not all animals are prone to the 2548 

malignant hyperthermia associated with heat stress-induced PSE meat (Barbut, 2015a). 2549 

Interestingly, studies of swine and ruminants report that chronic stress can lead to the development 2550 

of DFD meat in these species (Gregory, 2010; Adzitey and Nurul, 2011). In poultry, the 2551 

relationship between acute and chronic exposure is not clear. Studies of TS in poultry use widely 2552 

different stress durations leading to a substantial source of variation in the results. Few studies 2553 

include both short-term and long-term stress durations within the same experiment, so it is difficult 2554 

to elucidate which treatment has a larger effect on meat quality.  2555 

There have been several reviews detailing the effect of TS on meat quality in poultry, ruminants, 2556 

and swine (Ali et al., 2008; Xing et al., 2019; Gonzalez-Rivas et al., 2020) as well as describing 2557 

meat quality defects in poultry (Lesiow and Kijowski, 2003; Barbut, 2009; Owens et al., 2009; 2558 

Petracci et al., 2009; Mir et al., 2017). However, to our knowledge, a quantitative meta-analysis 2559 

focusing on the effect of TS on poultry meat quality has not yet been conducted. Meta-analyses 2560 

are useful for accounting for variability between studies and can overcome the limitations of small 2561 

sample sizes in individual studies. Meta-analysis can also overcome the subjective nature of 2562 

qualitative reviews and help interpret conflicting results in the literature.  2563 

The objective of the present study was therefore to synthesize the results of the numerous empirical 2564 

studies in this area and quantify the effect of TS on various parameters of poultry meat quality. An 2565 
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additional objective was to investigate whether the studied meat quality traits are affected 2566 

differently by acute and chronic exposure to TS. 2567 

7.3 Materials and Methods 2568 

7.3.1 Dataset Development 2569 

A systematic literature search was conducted in February 2020 using the Web of Science database 2570 

and hand-searching the Poultry Science journal. No temporal or language restrictions were applied 2571 

to the searches. Keyword combinations were used to identify papers that included poultry, stress, 2572 

and meat quality which formed the initial dataset for this study (N=1389 studies). Exclusion 2573 

criteria were then applied to this dataset to determine the studies that will be included in the meta-2574 

analysis (Figure 7.1). 2575 

Papers were excluded from further analysis if they did not include poultry, stress, or meat quality 2576 

in the title, abstract, or keywords or were not primary research articles (i.e., reviews or conference 2577 

abstracts). Poultry species considered for this meta-analysis were broiler chickens and turkeys.  2578 

Full-length papers were reviewed to determine if they included the effect of TS (i.e., heat and cold 2579 

stress) on typical meat quality parameters. All studies included in the analysis were required to 2580 

have TS as an experimental treatment. This means that the objective of the studies included needed 2581 

to focus on the impact of temperature stress on meat quality outcomes, and comparable to a control 2582 

(non-stress conditions). Meat quality parameters of interest included color traits of lightness (L*), 2583 

redness (a*), yellowness (b*), pH traits (initial, ultimate), drip loss (%), cooking loss (%), and 2584 

shear force (N). Color was recorded in all selected studies based on the Commission Internationale 2585 

de l’Eclairage dimensions (CIE, 1976). Meat color was recorded between 0.25 – 48 hr PM in the 2586 

final database, with the mean recording time of 24 hr PM. Initial pH was defined as the first pH 2587 

measurement taken after slaughter. In the final database, initial pH measurements were taken from 2588 

0 – 240 min PM. The average measurement time was approximately 45 min PM. Ultimate pH was 2589 

defined as the pH measurement recorded at 24 hr PM. Of the initial 1,389 search results, 48 studies 2590 

met the criteria for inclusion in the meta-analysis and are summarized in Table 7.1.  2591 
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Additional parameters extracted included species (broiler or turkey), experimental treatment 2592 

temperature, experimental treatment duration, slaughter age, and muscle (breast vs thigh). 2593 

Typically, each study has multiple experimental treatments (e.g., a control treatment and a heat 2594 

stress treatment) which were extracted separately from the study with the corresponding treatment 2595 

means for the meat quality traits. Each treatment represented a separate row of data in the 2596 

developed database. To collapse variation in study design for analysis, the duration of TS was 2597 

categorized for each treatment mean as either control (no TS applied), acute (≤24 hr) or chronic 2598 

(>24 hr). Treatment means for cyclic TS (stress applied for <24 hr for more than two consecutive 2599 

days) were reclassified as chronic stress.  2600 

Descriptive statistics (mean, median, min, max, and standard deviation) for the dependent and 2601 

independent variables in the final database (before model development) are shown in Table 7.2. 2602 

7.3.2 Model Development 2603 

Prior to full model development, a correlation analysis was performed on the dependent variables 2604 

using PROC CORR in SAS to identify key potential drivers of meat quality outcomes, as well as 2605 

redundant and collinear variables within the database (Table 7.3). Due to the high number of 2606 

variable correlations, r > 0.4 was used as an arbitrary cut-off value for discussion. All correlations, 2607 

regardless of correlation coefficient, are reported in Table 7.3.  2608 

To model the effect of TS on meat quality, a linear mixed model analysis was performed with 2609 

study modelled as a random effect (St-Pierre, 2001) and treatment temperature as the main fixed 2610 

effect. The general model used was: 2611 

                                               2612 

   𝑌𝑖𝑗 = 𝑋𝑖𝑎𝑖 + 𝑏𝑖 + 𝑋𝑎𝑖𝑏𝑖 + 𝑚 + 𝜀𝑖𝑗𝑘     [1] 2613 

Where i=1, …, 48 studies, j=1, …, ni treatment means, 𝑋𝑖= treatment temperature in Celcius, 𝑎𝑖 2614 

=slope term for temperature, 𝑏𝑖 =treatment duration (control, acute, or chronic), 𝑎𝑖𝑏𝑖 =interaction 2615 

between temperature and duration, 𝑚=additional variables examined (species, slaughter age, 2616 

muscle type, measurements time),  and 𝜀𝑖𝑗𝑘 =residual error of the model. The fixed effect 2617 
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component of the model was expanded as additional variables were considered. The Y variables 2618 

considered for analysis were L*, a*, b*, initial pH, ultimate pH, drip loss, cooking loss, and shear 2619 

force.  2620 

Models were developed and tested using PROC MIXED in SAS (SAS version 9.4, SAS/STAT, 2621 

SAS Institute Inc). Fixed effects were tested against a P-value of 0.05 for inclusion in the model. 2622 

A backward stepping modeling approach was taken by first creating a ‘full’ model (Eq.1), with 2623 

temperature, species, slaughter age, muscle type, measurement time, and stress duration as x-2624 

variables (depending on the trait), and then sequentially removing the least significant term at each 2625 

step and evaluating the change in the significance in the remaining variables. At each step, the 2626 

residuals were assessed for normality, and the Akaike Information Criterion (AICc) value was 2627 

evaluated for model improvement/worsening. Since color and pH measurements were not always 2628 

taken at the same time PM in the different studies, the ‘measurement time’ variable was included 2629 

in the analysis for these traits to account for some of the resulting variation. 2630 

To account for the heterogeneity in sample size and error between treatment means across 2631 

experiments, the WEIGHT statement in PROC MIXED was used to weight the observations by 2632 

the inverse of their variance. To do so, the inverse of the squared standard error of the mean (SEM) 2633 

of each observation was determined. This value was then divided by the average squared SEM 2634 

inverse of all observations, which centers the value around 1, and is the metric used to weight 2635 

observations (St-Pierre, 2001).  2636 

To identify individual observations with a significant influence on the parameter estimates 2637 

(outliers), the Cook’s distance statistic was computed for each observation for each of the trait 2638 

models in PROC MIXED. Cook’s distance represents the change in fitted response values of the 2639 

regression after the removal of an observation (Cook, 1977). Influential observations with a Cook’s 2640 

distance >4/n, where n represents the total number of treatment mean observations, were removed 2641 

from the data set in a stepwise sequential manner. 2642 

7.3.3 Model Evaluation 2643 

After the final models were developed, a k-fold cross-validation approach was taken to determine 2644 

the best model for each meat quality trait based on the calculated test error. The developmental 2645 
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dataset was divided into five folds, and each model was re-fitted on four of the five folds in turn, 2646 

keeping one fold for evaluation. Test error (CVK, Eq. 2), root mean square prediction error (the 2647 

root of the MSPE, Eq.3), and concordance correlation coefficient (CCC, Eq. 7) were then 2648 

calculated for the re-fitted model on each of the remaining folds (not used for model development), 2649 

and can be summarized as: 2650 

                                             𝐶𝑉𝐾 = ∑
𝑛𝐾

𝑛
𝑀𝑆𝐸𝐾

𝐾
𝑘=1                                                       [2] 2651 

Where K represents each fold (1-5), 𝑛𝐾 = number of observations in the kth fold, n =the total 2652 

number of observations, and 𝑀𝑆𝐸𝐾 = mean squared error of the kth fold.  2653 

                                      𝑀𝑆𝑃𝐸 =  
∑ (𝑌𝑃𝑟𝑒𝑑−𝑌𝑂𝑏𝑠)2𝑛

𝑖=1

𝑛
                                               [3] 2654 

where n = total number of treatment mean observations, YPred = predicted value, and YObs = 2655 

observed value. Root mean square prediction error (RMSPE) was calculated by taking the square 2656 

root of the MSPE and is expressed as a percentage of the observed mean. RMSPE provides an 2657 

estimate of the overall prediction error for the equation.  2658 

The RMSPE was decomposed into error due to bias (ECT, Eq. 4), error due to deviation of the 2659 

regression slope from unity (ER, Eq. 5), and error due to random disturbance (ED, Eq. 6) (Bibby 2660 

and Toutenburg, 1977).  2661 

                                             𝐸𝐶𝑇 = (�̅� − �̅�)2                                                            [4] 2662 

                                         𝐸𝑅 = (𝑆𝑃 − 𝑅 × 𝑆𝑂)2                                                        [5] 2663 

                                       𝐸𝐷 = (1 − 𝑅2) × (𝑆𝑂)2                                                       [6] 2664 

where �̅� = observed mean, �̅� = predicted mean, 𝑆𝑂 and 𝑆𝑃 =observed and predicted standard 2665 

deviations, and R = Pearson correlation coefficient.  2666 
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The CCC, or reproducibility index, simultaneously assess a model’s precision and accuracy (Lin, 2667 

1989; Tedeschi, 2006). The CCC ranges from -1 to 1, with -1 indicating that the observed and 2668 

predicted values are perfectly unrelated, 0 indicating no relationship, and 1 indicating they are 2669 

perfectly related (Lin, 1989). The CCC was calculated as: 2670 

                                                  𝐶𝐶𝐶 = 𝑅 × 𝐶𝑏                                                         [7] 2671 

where R is the Pearson correlation coefficient which indicates the equation’s precision, and Cb is 2672 

a bias correction factor which indicates the equation’s accuracy (Eq. 8). Cb ranges from 0 to 1 2673 

where 1 indicates there is no deviation of the regression line from the line of unity (Tedeschi, 2674 

2006). Cb is calculated as:  2675 

                                               𝐶𝑏 =
2

[𝑣+1/𝑣+𝜇2]′
                                                         [8]                                                                             2676 

Where: 2677 

                                                            𝑣 =
𝑆𝑂

𝑆𝑃
                                                              [9] 2678 

                                             µ =  
�̅�−�̅�

(𝑆𝑂×𝑆𝑃)−1/2′
                                                   [10] 2679 

and where v is an indicator of change in standard deviation, or scale shift, between predicted and 2680 

observed values. The parameter µ is an indicator of location shift whereby a positive µ value 2681 

indicates equation under-prediction and a negative µ value indicates over-prediction. 2682 

The model which yielded the lowest test error (CVK) for each trait was chosen as the best 2683 

developed model. Models reported are then those developed on the full dataset. The MSPE and 2684 

CCC represent the average ± SEM values across the 5 k-folds.  2685 

To test for slope and mean bias, an analysis of the residuals was performed using PROC REG. The 2686 

conditional residuals were regressed on the predicted values to obtain slope/intercept parameter 2687 
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estimates which were tested for significance against zero. A visual assessment of predicted values 2688 

vs observed and predicted values vs residuals was also performed for color traits, pH traits, and 2689 

cooking loss, drip loss, and shear force traits using PROC SGPLOT.  2690 

7.3.4 Sub-Analysis: Heat vs. Cold stress 2691 

For the general equations, heat and cold stress studies were grouped together, however, a sub-2692 

analysis was also conducted to compare the effect of heat stress versus cold stress on meat quality 2693 

attributes in poultry. This attribute of the TS variable was not included in the main model 2694 

development section due to the imbalanced nature of the database with respect to the number of 2695 

heat stress (N=131) and cold stress (N=36) treatment means. Within the sub-analysis, treatment 2696 

means from each study were classified as either control (standard commercial temperature, no TS 2697 

applied), heat stress, or cold stress. Stress type was included as a categorical fixed effect in the 2698 

best prediction model for each meat quality trait in place of the temperature variable. Other 2699 

significant fixed effects included in the best prediction model for each trait (i.e., muscle type or 2700 

slaughter age) were kept in the model. Models were run in PROC MIXED of SAS to derive least-2701 

squared means for the heat stress and cold stress treatments for each meat quality trait. P-values 2702 

from pairwise comparisons were adjusted using the Tukey HSD method to account for the effect 2703 

of multiple comparisons.  2704 

7.4 Results 2705 

Preliminary analysis in PROC CORR of the continuous X and Y variables are presented in Table 2706 

7.3. For the color traits, correlations where R>0.4 included the correlation between L* and ultimate 2707 

pH (R=-0.482, P<0.0001), and L* and drip loss (R=0.452, P<0.05). For the pH traits, correlations 2708 

where R>0.4 included the correlation between initial pH and cooking loss (R=-0.559, P<0.0001), 2709 

as well as between ultimate pH and drip loss (R=-0.439, P<0.05). For drip loss, cooking loss, and 2710 

shear force traits, correlations where R>0.4 included drip loss and cooking loss (R=0.606, 2711 

P<0.0001), as well as drip loss and shear force (R=0.440, P<0.05). Temperature was significantly 2712 

correlated with all studied traits, except for a* and shear force (P<0.05). Slaughter age was 2713 

significantly correlated with b*, initial pH, ultimate pH, drip loss, cooking loss, and shear force 2714 

(P<0.05). 2715 
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Models developed using the mixed model approach are presented in Tables 7.4-7.6, and model 2716 

evaluation statistics in Table 7.7. In Tables 7.4-7.6, one model may be documented across multiple 2717 

rows if it contained categorical x continuous variable interactions (e.g., a separate equation was 2718 

developed for turkeys vs. broilers, TS type, or muscle type).  2719 

7.4.1 Colour Traits (L*, a*, b*) 2720 

7.4.1.1 Lightness (L*) 2721 

The best prediction model included the fixed effects of slaughter age within species (P<0.0001), 2722 

the interaction between stress duration (control vs acute vs chronic) and temperature (P<0.0001), 2723 

as well as PM measurement time (P<0.05) (Model 1, Tables 7.4 and 7.7). Model evaluation (Table 2724 

7.7) shows a low RMSPE (2.47%) with the majority of error coming from random sources (ED, 2725 

93.4%), a high CCC (0.92), and a CVk of 1.9%, indicating good overall fit of the data and 2726 

homogenous residual error distribution (Figure 7.2). The model developed indicates that the effect 2727 

of temperature on L* differed between stress durations. With each degree increase in temperature 2728 

under chronic stress conditions (>24 hr), the L* value increases by 0.07 ± 0.021 (L3 and L6, Table 2729 

7.4), compared to a slope of 0.02 ± 0.015 under acute stress conditions (L2 and L5, Table 7.4) and 2730 

a slope of 0.03 ± 0.015 under control conditions. In general, it was found that as slaughter age 2731 

increases, L* is lower (darker meat) compared to younger broilers (L1-3, Table 7.4) and turkeys 2732 

(L4-6, Table 7.4). There was also a significant influence of PM color measurement time on L* 2733 

(Model 1, Table 7.4), with increased L* values over time indicating lighter meat as measurements 2734 

were taken later. 2735 

7.4.1.2 Redness (a*) 2736 

The best prediction model included the fixed effects of muscle type (breast vs thigh; P<0.0001) 2737 

and temperature (P<0.05) (Model 2, Tables 7.4 and 7.7). Model evaluation (Table 7.7) shows a 2738 

low RMSPE (2.30%) with the majority of error coming from random sources (ED, 81.2%), a high 2739 

CCC (0.86), and a CVk of 1.3%, indicating good overall fit of the data and homogenous residual 2740 

error distribution (Figure 7.2). In general, thigh meat is more red (higher a*, R2, Table 7.4) than 2741 

breast meat (R1, Table 7.4). It was found that as treatment temperature increases, a* decreases by 2742 

0.02 ± 0.007 (Model 2, Table 7.4). Although the duration of TS was not included in the best 2743 

prediction model, it was still shown to have a significant effect on a* (P<0.05) with the largest 2744 
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effect observed under chronic stress conditions. Species was also found to have a significant effect 2745 

on a* (P<0.05), however, this effect was not included in the best prediction model for this trait. In 2746 

general, though, broiler meat tends to have higher a* values than turkey meat. 2747 

7.4.1.3 Yellowness (b*) 2748 

The best prediction model included only the fixed effect of temperature (P<0.05) (Model 3, Tables 2749 

7.4 and 7.7). Model evaluation (Table 7.7) shows a low RMSPE (0.81%) with the majority of error 2750 

coming from random sources (ED, 99.9%), a high CCC (0.97), and CVk of 0.8%, indicating good 2751 

overall fit of the data with a homogenous residual error distribution and no detected slope bias 2752 

(Figure 7.2).  An increase in treatment temperature was associated with a higher b* value (Model 2753 

3, Table 7.4). There was a significant effect of species on b* (P<0.05), however, this was not 2754 

included in the best prediction model for this trait. In general, broiler meat tended to have higher 2755 

b* values than turkey meat. Temperature stress duration, muscle, and slaughter age did not 2756 

significantly affect b* (P>0.05). 2757 

7.4.2 pH Traits (Initial, Ultimate) 2758 

7.4.2.1 Initial pH 2759 

The best prediction model included the fixed effects of slaughter age within species (P<0.05), the 2760 

effect of treatment temperature (P<0.05), and the effect of PM measurement time (P<0.0001) 2761 

(Model 4, Tables 7.5 and 7.7). Model evaluation (Table 7.7) shows a low RMSPE (0.09%) with 2762 

the majority of error coming from random sources (ED, 90.2%), a high CCC (0.92), and a CVk of 2763 

0.005%, indicating good overall fit of the data and homogenous residual error distribution (Figure 2764 

7.3). A lower initial pH was observed when treatment temperature was higher (Model 4, Table 2765 

7.5). A significant effect of stress duration (acute vs. chronic) or muscle type (breast vs. thigh) was 2766 

not found for initial pH (P>0.05). In general, as slaughter age increased within broilers (PI1, Table 2767 

7.5) or turkeys (PI2, Table 7.5), the initial meat pH was lower. Additionally, the initial pH 2768 

decreased by 0.002 ± 0.0001 units/min when the measurement time is delayed (Model 4, Table 2769 

7.5).  2770 
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7.4.2.2 Ultimate pH 2771 

The best prediction model included the fixed effect of muscle type (breast vs thigh; 2772 

P<0.0001) and treatment temperature (P<0.0001) (Model 5, Tables 7.5 and 7.7). Model evaluation 2773 

(Table 7.7) shows a low RMSPE (0.14%) with the majority of error coming from random sources 2774 

(ED, 81.8%), a moderate CCC (0.76), and a CVk of 0.009%, indicating good overall fit of the data 2775 

and homogenous residual error distribution (Figure 7.3). In general, breast meat (PU1, Table 7.6) 2776 

had a lower ultimate pH than thigh meat (PU2, Table 7.6). In terms of TS, it was found that as 2777 

treatment temperature increased, ultimate pH decreased (Model 5, Table 7.5). The duration of TS 2778 

was found to have a significant effect on ultimate pH (P<0.05) but was not included in the best 2779 

prediction model for this trait. Increasing the temperature under acute stress conditions lowered 2780 

ultimate pH at a faster rate compared to chronic stress conditions. Species and slaughter age were 2781 

not found to significantly affect ultimate pH (P>0.05). 2782 

7.4.3 Drip Loss, Cooking Loss, and Shear Force 2783 

7.4.3.1 Drip Loss 2784 

The best prediction model included the interaction between stress duration and treatment 2785 

temperature (P<0.0001) (Model 6, Tables 7.6 and 7.7). Model evaluation (Table 7.7) shows a low 2786 

RMSPE (0.20%) with the majority of error coming from random sources (ED, 92.3%), a high CCC 2787 

(0.98), and a CVk of 0.01%, indicating good overall fit of the data with homogenous residual error 2788 

distribution and no detected slope bias (Figure 7.4). As temperature increased, meat drip loss 2789 

increased under all conditions. A higher increase was observed under chronic stress conditions 2790 

(D3, Table 7.6), followed by acute stress conditions (D2, Table 7.6), whereas the smallest increase 2791 

was observed in the control group (D1, Table 7.6). Species, slaughter age, and muscle were not 2792 

found to have significant effects on meat drip loss (P>0.05). 2793 

7.4.3.2 Cooking Loss 2794 

The best prediction model included the fixed effects of muscle (P<0.0001) and treatment 2795 

temperature (P<0.05) (Model 7, Tables 7.6 and 7.7). Model evaluation (Table 7.7) shows a low 2796 

RMSPE (1.21%) with the majority of error coming from random sources (ED, 94.5%), a high CCC 2797 

(0.99), and a CVk of 1.5%, indicating good overall fit of the data and homogenous residual error 2798 
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distribution (Figure 7.4). In general, breast meat (C1, Table 7.6) tended to have a lower percent 2799 

cooking loss than thigh meat (C2, Table 7.6). As treatment temperature increased by one degree, 2800 

percent cooking loss increased by 0.045 ± 0.0176% (Model 7, Table 7.6). Temperature stress 2801 

duration and slaughter age were found to have significant effects on cooking loss (P< 0.05) but 2802 

were not included in the best prediction model for this trait. The effect of increasing temperature 2803 

on cooking loss was larger under acute stress conditions (0.032 ± 0.0258%) compared to chronic 2804 

stress (0.025 ± 0.0221%). Regarding slaughter age, birds that were older at slaughter had meat 2805 

with increased cooking loss (0.033 ± 0.0111%).  2806 

7.4.3.3 Shear Force 2807 

The best prediction model included the fixed effects of muscle (P<0.0001) and treatment 2808 

temperature (P<0.05) (Model 8, Tables 7.6 and 7.7). Model evaluation (Table 7.7) shows a low 2809 

RMSPE (3.90%) with the majority of error coming from random sources (ED, 98.9%), a high CCC 2810 

(0.94), and a CVk of 13.2, indicating good overall fit of the data and homogenous residual error 2811 

distribution (Figure 7.4). Thigh meat had a higher shear force than breast meat (S2 vs. S1, Table 2812 

7.6). Like drip loss and cooking loss, higher shear force was observed with increasing treatment 2813 

temperature (Model 8, Table 7.6). Temperature stress duration (acute vs. chronic) and species 2814 

(broiler vs turkey) were found to have a significant effect on shear force (P<0.05) but were not 2815 

included in the best prediction model based on this database. Slaughter age did not have a 2816 

significant effect on meat shear force (P>0.05). 2817 

7.4.4 Separation of Heat and Cold Stress 2818 

Based on the results of the meta-analysis, a sub-analysis was conducted to examine and consider 2819 

heat stress vs cold stress. Overall, they were found to differently affect the quality of poultry meat 2820 

(Table 7.8). Treatment temperature for the cold stress and heat stress studies ranged from -18 to 2821 

24°C and 18 to 42°C, respectively. Meat lightness (L*) was significantly different between heat-2822 

stressed and cold-stressed birds (P=0.0001). The average meat L* for heat-stressed birds was 52.14 2823 

± 0.750, whereas the average L* for cold-stressed birds was 50.55 ± 0.810. Meat redness (a*) was 2824 

also found to be significantly different between the temperature treatments (5.49 ± 0.557 (heat) vs. 2825 

6.19 ± 0.574 (cold), P=0.0003). However, there was no significant difference found in meat 2826 

yellowness (b*) between the groups (P>0.05).  2827 
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No significant difference was found in the initial pH between heat-stressed and cold-stressed birds 2828 

(P>0.05), although it was found that the initial pH of meat from heat-stressed birds was 2829 

significantly lower than that of birds raised at control temperatures (data not shown, P=0.0018). 2830 

However, a significant difference was found in meat ultimate pH between heat-stressed and cold-2831 

stressed birds (P=0.001). Birds from cold-stress treatments had a significantly higher ultimate pH 2832 

(6.015 ± 0.0263) than birds from heat-stress treatments (5.95 ± 0.0226).  2833 

A significant difference in mean drip loss was found between heat-stressed and cold-stressed birds 2834 

(P=0.0003). Birds in heat-stress treatments had a higher average drip loss (2.39 ± 0.252%) 2835 

compared to birds in cold-stress treatments (2.14 ± 0.256). However, no similar relationship was 2836 

found for cooking loss between the groups (P>0.05). Additionally, there was no significant 2837 

difference in shear force values (P>0.05), however, there was a trend for heat-stressed birds to 2838 

have a significantly higher shear force than birds raised at control temperatures (P=0.08).  2839 

7.5 Discussion 2840 

7.5.1 Temperature and Meat Quality 2841 

Across a large database of published literature, ambient temperature had an effect on all studied 2842 

meat quality traits. As treatment temperature increased (heat stress), meat tended to be lighter (L*), 2843 

less red (a*), and more yellow (b*), as well as having a lower initial and ultimate pH, and increased 2844 

drip loss, cooking loss, and shear force. These results are in line with knowledge on the 2845 

development of PSE-like meat under heat stress conditions and DFD-like meat under cold stress 2846 

conditions but quantifies the effect across the body of literature available.  2847 

An increase in temperature has previously been shown to increase glycogen breakdown and 2848 

subsequent acidification and degradation of muscle protein (Pietrzak et al., 1997; King and Whyte, 2849 

2006; Owens et al., 2009; Carvalho et al., 2014), while lower temperatures have been shown to 2850 

counter this effect by causing depletion of glycogen stores prior to slaughter (Lee et al., 1976; 2851 

Haman et al., 2002, 2005; Dadgar et al., 2011, 2012b). The fast acidification of PSE meat and 2852 

degradation of muscle protein and pigments can explain the lower initial and ultimate pH as well 2853 

as the color fading (higher L*, higher b*, lower a*), and decreased water-holding capacity 2854 

(increased drip and cooking loss) at higher temperatures.   2855 
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Overall, the prediction equations developed fit the data well based on the model evaluation 2856 

measures. The RMSPE% was low and for all equations most of the error could be attributed to 2857 

random disturbance. The CCC values ranged between 0.76 – 0.99 which indicate that the observed 2858 

and predicted values are closely related. The model test error (CVK) was less than 2% for most 2859 

models which indicate that the developed models are robust. The model for shear force had the 2860 

highest CVK (13.2%) which can likely be attributed to the smaller sample size for this trait (N=90). 2861 

The plots of predicted vs. observed values indicate good overall fit for most models, except for 2862 

ultimate pH, which is reflected in the lowest calculated CCC (0.76). A significant slope bias 2863 

(P<0.05) was detected for all models except for b* and drip loss. After examination of the predicted 2864 

vs residual plots, this bias is potentially due to outlier studies and the fact that the random effect 2865 

of study is not considered in the regression (PROC REG) analysis used to compare overall 2866 

predicted vs residual plots. To be as comprehensive as possible, we did not apply a temporal 2867 

restriction to our search strategy, however, it may be advisable for future meta-analyses to consider 2868 

applying a restriction (e.g., last 10 years) to potentially avoid studies which are outliers because of 2869 

changes in techniques or genetic selection.  2870 

7.5.2 Indicator Traits for Meat Quality Defects 2871 

To classify poultry meat quality defects, traits such as meat color and pH are used due to their 2872 

relative ease of measurement and close relationship with each other, as well as to other relevant 2873 

traits such as water-holding capacity and texture (Barbut, 1998; Owens et al., 2000a; Garcia et al., 2874 

2010; Dadgar et al., 2012b). The results of this meta-analysis support the use of both color and pH 2875 

as indicators for meat quality parameters. In terms of color, we found that L*, and to a lesser extent 2876 

a* and b*, were significantly correlated with meat quality traits such as pH, drip loss, and cooking 2877 

loss (Table 3). Furthermore, we found a significant correlation between L* and a* and b* (Table 2878 

3). This could explain why a* and b* are not often used to classify PSE meat, as some say that 2879 

they are largely redundant, and differences in L* tend to be larger. In any case, measuring L* alone 2880 

has been shown to be reliable at identifying PSE meat (Barbut, 1993; Petracci et al., 2004) and the 2881 

relationship between a* or b* and other indicator traits (e.g., ultimate pH) are not always as well 2882 

established in the literature. This could suggest that recording a single value for L* (which today 2883 

can be done inline at high speed) might be more efficient than additionally assessing a* and b* 2884 

values. In terms of pH to classify PSE meat in poultry, ultimate pH appears to be a more valid 2885 
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indicator of meat quality defects than initial pH (Garcia et al., 2010; Eadmusik et al., 2011). This 2886 

could be supported by the results of this meta-analysis, as ultimate pH was correlated with more 2887 

of the relevant meat quality parameters (i.e., L*, drip loss, and cooking loss) compared to initial 2888 

pH which was only correlated to cooking loss (Table 3). 2889 

7.5.3 Implications for Consumer Acceptance 2890 

Our analysis showed that birds exposed to higher temperatures are more likely to produce meat 2891 

with PSE-like characteristics, whereas birds exposed to colder temperatures are more likely to 2892 

produce meat with DFD-like characteristics. These characteristics are unappealing to consumers 2893 

and could have negative implications for the profitability of the industry. We were able to show 2894 

that ambient TS can significantly affect meat color. Although there may be no classifiable defect, 2895 

meat color is highly related to consumer acceptance, and is considered one of the most important 2896 

characteristics at the point of purchase (West et al., 2001; Banović et al., 2009). Meat color is 2897 

particularly relevant today, as most cut-up poultry is sold in trays covered with clear plastic film 2898 

(Min and Ahn, 2012; Font-i-Furnols and Guerrero, 2014). Western consumers have been shown 2899 

to react negatively when chicken meat has a yellow color, and were more likely to act favorably 2900 

when the yellow color was disguised (Kennedy et al., 2005). Our analyses showed that increasing 2901 

temperature was more likely to result in paler and more yellow meat. Additionally, with increasing 2902 

temperature, drip loss, cooking loss, and shear force all showed higher values. Drip and cooking 2903 

losses are important indicators of water-holding capacity (WHC). Poor WHC detracts from the 2904 

product’s appearance, reduces the weight of fresh meat, and can impact the juiciness of the meat 2905 

once it is cooked. Meat that loses a significant amount of moisture while cooking may result in a 2906 

cooked product that is dry, less tender and is less preferred by consumers (Warriss, 2000).  2907 

7.5.4 Separation of Heat versus Cold Stress 2908 

The results of the sub-analysis are similar to the regression equations developed for TS and indicate 2909 

that hot and cold conditions may differently affect some poultry meat quality traits. Birds 2910 

undergoing heat stress treatments tended to have meat that was lighter and less red, with a lower 2911 

ultimate pH and higher drip loss compared to cold stress. This is similar to the findings of many 2912 

published studies and reviews which attribute PSE meat to heat stress conditions and DFD meat 2913 

to cold stress conditions (Bianchi et al., 2006; Barbut et al., 2008; Gonzalez-Rivas et al., 2020). 2914 
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However, these results should be interpreted with some caution given the relative imbalance 2915 

between heat and cold studies included, as well as the unequal distribution of studies assessing 2916 

cold stress between species (NBroiler=9, NTurkey=3). It is possible that with more cold stress studies 2917 

considered, the results of this analysis could change.  2918 

7.5.5 Acute versus Chronic Stress 2919 

Acute TS is typically designed to mimic the effect of temperature during short-term or daily 2920 

fluctuations soon before slaughter (i.e., during transportation or lairage), whereas chronic TS 2921 

simulates the effect of temperature during long-term or seasonal changes that can occur during 2922 

production. The interaction between treatment temperature and duration of TS (acute vs. chronic) 2923 

was only included in the best prediction model for two traits (L* and drip loss) but was also found 2924 

to be significant (P < 0.05) for all other traits except for yellowness and initial pH.  2925 

Based on our analysis, there was no clear consensus as to whether acute or chronic TS has a larger 2926 

effect on meat quality traits in poultry. Acute stress had a larger effect on ultimate pH, cooking 2927 

loss, and shear force, compared to chronic stress which had a larger effect on color (L* and a*) 2928 

and drip loss. From this, we could suggest that acute exposure to extreme temperatures soon before 2929 

slaughter is more likely to have larger impact on pH traits, whereas chronic exposure to TS is more 2930 

likely to have a larger impact on meat color.  2931 

It is possible that the inconsistent effect magnitude between acute and chronic stress on the studied 2932 

meat quality traits is due to the varying range of temperatures within the acute and chronic 2933 

categories used here. The ranges in treatment temperatures for the acute and chronic categories 2934 

(within this meta-analysis) were -18 to 42°C and 15 to 36°C, respectively, with medians of 34°C 2935 

and 34°C, respectively. Overall, more extreme temperatures are represented within the acute 2936 

category, whereas more moderate temperatures are in the control and chronic categories. To be as 2937 

comprehensive as possible, studies were not excluded from the meta-analysis based on their 2938 

treatment temperature. Future studies may discern the effects of acute and chronic temperature 2939 

exposure when temperature ranges are more similar. Additionally, the range of TS exposure time 2940 

varied considerably within the acute and chronic categories. Within acute stress (≤24 hr), the actual 2941 

duration of exposure in the various studies ranged from 20 min – 24 hr before slaughter. Within 2942 
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chronic stress (>24 hr), the actual duration of exposure in the various studies ranged from 3 – 70 2943 

days. It is possible that the large range of exposure times within these categories contributed to the 2944 

differing relative effect magnitude of acute and chronic stress on meat quality traits, though they 2945 

could be representative of what occurs in practice. Recategorization of the treatment duration or 2946 

using treatment duration as a continuous variable may help clarify this relationship in future 2947 

studies.  2948 

Of importance, not all birds are PSE-susceptible under heat stress conditions. Stress-susceptibility 2949 

is well documented in pigs, and it has been shown that susceptible pigs are more likely to develop 2950 

PSE meat than non-susceptible animals (Offer, 1991). In pigs, a point mutation in the RYR1 gene 2951 

(ryanodine receptor) has been determined as the genetic cause of malignant hyperthermia resulting 2952 

in PSE meat (Fujii et al., 1991; Paiao et al., 2013). In chickens and turkeys, RYR1 polymorphisms 2953 

and variants in RYR1 transcripts have been discovered but were not related to the development of 2954 

PSE meat, so the genetic cause for this myopathy in poultry remains unknown (Chiang et al., 2004; 2955 

Droval et al., 2012). Although the cause has not been identified, it is possible that some birds 2956 

within a given study treatment are susceptible to PSE meat and others are not, which could result 2957 

in variation in effect magnitude between studies.  2958 

7.5.6 Practical Significance 2959 

Although TS was demonstrated to have a significant effect on meat quality parameters, it must be 2960 

discussed whether these effects are practically significant from a meat production perspective. In 2961 

general, with increasing or decreasing temperature, the parameter estimates for the effect of 2962 

temperature on meat quality traits were low.  To illustrate, reported L* cut-offs for PSE meat can 2963 

range between 49 – 56 depending on the study (Petracci et al., 2009), or poultry meat having an 2964 

ultimate pH of <5.8 has also been used in practice (Garcia et al., 2010). If we assume an L* cut-2965 

off of 53, in the middle of the range, a broiler slaughtered at 42 days of age would have to be 2966 

chronically exposed to 30°C or greater, or acutely exposed to 75°C or greater to have an L* value 2967 

greater than 53, based on (linear) extrapolation of the prediction equations. For ultimate pH, a bird 2968 

would need to be exposed to temperatures over 50°C for ultimate pH to drop below 5.8. While 2969 

chronic exposure to 30°C may be plausible, exposure to temperatures greater than 50°C are 2970 

unlikely in most production systems. It is, however, possible that these temperatures could be 2971 
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reached acutely during transportation or heat waves in poultry operations in hot climates or when 2972 

the apparent temperature (i.e., combination of high air temperature with low air velocity, high 2973 

humidity, and high stocking density) is considered. Humidity is especially important to consider 2974 

for poultry, which are especially poor at dissipating heat and panting is less effective under high 2975 

humidity conditions (Jahejo et al., 2016; van Dyk et al., 2019). Unfortunately, only 19 of the 48 2976 

studies reported relative humidity so we did not include this variable in the analysis, although it 2977 

undoubtedly influences heat stress. Including aspects of ‘apparent’ temperature should be the focus 2978 

of future studies or meta-analyses. 2979 

 Heat stress impairs the performance of poultry by reducing feed intake and increasing the feed 2980 

conversion ratio, with ultimately slower growth (Lara and Rostagno, 2013; Habibian et al., 2014; 2981 

Tawfeek et al., 2014). An estimate from 2003 indicates that economic losses from heat stress in 2982 

the US poultry industry can amount to $128 million annually (St-Pierre et al., 2003). This could 2983 

indicate that the greatest impact of TS may be its effect on body weight gain/efficiency and not its 2984 

impact on meat quality, since it appears to take extreme temperature conditions to result in a 2985 

classifiable defect based on the results of this meta-analysis. However, since body and muscle 2986 

growth is undoubtedly connected to meat quality (Dransfield and Sosnicki, 1999), these effects are 2987 

not necessarily independent, especially in the case of chronic exposure over the growing period 2988 

(i.e. seasonal heat stress). Furthermore, the extrapolation of our prediction equations assumes a 2989 

continuous linear relationship between temperature and meat quality traits. The relationship may 2990 

be non-linear, and so extrapolations of these equations beyond the breadth of the developmental 2991 

database (temp range: -8 to 42°C) may not be accurate. Regardless, even if the effects of 2992 

temperature on meat quality do not result in classifiable defects, they may still negatively affect 2993 

consumer acceptance of the product and are certainly relevant for welfare.  2994 

7.6 Conclusion 2995 

The results of this meta-analysis demonstrate that TS significantly affects each of the studied meat 2996 

quality traits. Furthermore, we also show that these effects can be numerically quantified across a 2997 

large database of published studies. In brief, it was found that as overall treatment temperature 2998 

increases, poultry meat has a tendency to be lighter (L*), less red (a*), and more yellow (b*), as 2999 

well as having a lower initial and ultimate pH, and increased drip loss, cooking loss, and shear 3000 



 

127 

 

force. Conversely, birds exposed to colder temperatures are more likely to produce meat that is 3001 

darker, redder, and less yellow, as well as having a higher initial and ultimate pH, and decreased 3002 

drip loss, cooking loss, and shear force. This meta-analysis quantifies previously published 3003 

research describing heat stress induced PSE meat and cold stress induced DFD meat in poultry. 3004 

Significant effects of temperature were found for all examined traits; however, the effect 3005 

magnitude is generally small. Future studies should perform a separate analysis of heat stress and 3006 

cold stress to better examine the effect of duration or analyze the impact of effective temperature 3007 

(incl. air velocity, humidity, stocking density, etc.).  3008 
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7.8 Tables and Figures 3024 

 3025 

 3026 

Figure 7.1. Literature funnel (Preferred Reporting Items for Systematic reviews and Meta-3027 
analyses (PRISMA) diagram adapted from (Moher et al., 2009).  3028 
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 3029 

Figure 7.2. Predicted vs Observed and Predicted vs Residual plots for the best prediction models 3030 
for lightness (L*) (A,B), redness (a*) (C,D), and yellowness (b*) (E,F). Symbols that share the 3031 
same shape and color are treatment means from the same study.  3032 
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 3033 

Figure 7.3. Predicted vs Observed and Predicted vs Residual plots for the best prediction models 3034 
for initial pH (A,B) and ultimate (C,D). Symbols that share the same shape and color are 3035 
treatment means from the same study.  3036 
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 3037 

Figure 7.4. Predicted vs Observed and Predicted vs Residual plots for the best prediction models 3038 
for drip loss (%) (A,B), cooking loss (%) (C,D), and shear force (N) (E,F). Symbols that share 3039 
the same shape and color are treatment means from the same study. 3040 

 3041 
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Table 7.1. Summary of studies used to assess the effect of TS on meat quality of poultry. 3042 

Reference Country Species 

Temp. 

Type1  

Stress 

Type2 

Control 

Temperature3 Treatment 

Temperature3 

Aksit et al. (2006) Turkey broiler CON, HS Chronic* 22 31 

Babji et al. (1982) USA turkey 

CON, HS, 

CS Acute 

21 

5 & 38 

Bautista et al. (2016) Mexico broiler CON, HS Acute 24 40 

Bianchi et al. (2006) Italy broiler 

CON, HS, 

CS Acute 

15 

12 & 18 

Brossi et al. (2018) Brazil broiler CON, HS Acute 22 35 

Cheng et al. (2018) China broiler CON, HS Chronic 20 32.5 

Chiang et al. (2008) USA turkey CON, HS Chronic 23 35 

Cramer et al. (2018) USA broiler CON, HS Chronic 22 32 

Dadgar et al. (2011) Canada broiler CON, CS Acute 21 -8.5 

Dadgar et al. (2012b) Canada broiler CON, CS Acute 22 -8.25 

Dai et al. (2009) China broiler CON, HS Chronic 23 28 

Debut et al. (2003) France broiler CON, HS Acute 21 35 

Feng et al. (2008) China broiler CON, HS Chronic 22 31 

Fernandes et al. (2016) Brazil broiler HS Acute NA 33 

Ferreira et al. (2015) Brazil broiler 

CON, HS, 

CS Chronic 

27.5 

23 & 32 

Froning et al. (1997) USA turkey HS, CS Acute NA 4 & 42 

Goo et al. (2019) 

South 

Korea broiler CON, HS Chronic 

20 

27.8 

Gu et al. (2008) China broiler 

CON, HS, 

CS Chronic 

22 

15 & 33 

Hadad et al. (2014) Israel broiler CON, HS Chronic 26 32 

Hashizawa et al. (2013) Japan broiler CON, HS Chronic 24 30 

Henrikson et al. (2018) Canada turkey CON, CS Acute 20 -18 
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Holm and Fletcher 

(1997) Sweden broiler 

CON, HS, 

CS Acute 

18 

7 & 29 

Kanani et al. (2017) Iran broiler CON, HS Chronic 22 32 

Liu et al. (2019) China broiler CON, HS Chronic 26 32 

Lu et al. (2007) China broiler CON, HS Chronic 21 34 

Lu et al. (2017) China broiler CON, HS Chronic 22 32 

Mazur-Kusnirek et al. 

(2019) Poland broiler CON, HS Chronic 

20.5 

34 

N’dri et al. (2007) France broiler CON, HS Chronic 20 30 

Owens et al. (2000b) USA turkey CON, HS Chronic 17 34 

Petracci et al. (2001) Italy broiler 

CON, HS, 

CS Acute 

29.5 

24 & 34 

Sandercock et al. 

(2001) UK broiler CON, HS Acute 

21 

32 

Schneider et al. (2012) Canada broiler 

CON, HS, 

CS Acute 

21 

7 & 30 

Shao et al. (2019) China broiler CON, HS Chronic 23 35 

Sifa et al. (2018) China broiler CON, HS Acute 23 34 

Skomorucha et al. 

(2010) Poland broiler CON, HS Chronic 

21 

35 

Tang et al. (2013) China broiler CON, HS Acute 22 37 

Tavaniello et al. (2020) Italy broiler HS Chronic NA 30 

Toplu et al. (2014) Turkey broiler CON, HS Chronic* 24 35 

Vermette et al. (2017) Canada turkey CON, HS Acute 20 35 

Wan et al. (2018) China broiler CON, HS Chronic 22 34 

Wang et al. (2017) China broiler CON, HS Acute 25 36 

Wen et al. (2019) China broiler CON, HS Chronic 22 34 

Zahoor et al. (2016) Pakistan broiler CON, CS Chronic 21 17 

Zeferino et al. (2016) Brazil broiler CON, HS Chronic 24 32 

Zhang et al. (2012) China broiler CON, HS Chronic* 23 35 
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Zhang et al. (2017) China broiler CON, HS Chronic 22 33 

Zhang et al. (2019) China broiler CON, HS Acute 25 38 

Zhao et al. (2019) China broiler CON, HS Chronic 22 34 

1CON=control treatment, HS=heat stress treatment, CS=cold stress treatment 3043 

2Acute=stress treatments applied for ≤24 hr, Chronic=stress treatments applied for >24 hr 3044 

3Average control or treatment temp. in °C, NA=control temp. not specified 3045 

*Study contains cyclic stress treatments which have been reclassified as chronic 3046 

 3047 

 3048 

 3049 

 3050 

 3051 

 3052 

 3053 

 3054 

 3055 

 3056 

 3057 

 3058 

 3059 

 3060 

 3061 
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Table 7.2. Descriptive statistics for X variables and meat quality traits included in the meta-3062 
analysis. 3063 

Variable Mean SD Min Max Median N 

Lightness (L*) 51.19 5.947 36.600 71.100 51.270 195 

Yellowness (b*)   7.02 5.029 -3.800 18.480   6.320 167 

Redness (a*)   6.82 5.499   0.002 27.400   4.800 169 

Initial pH   6.18 0.284  5.570   6.840   6.170 129 

Ultimate pH   6.28 4.292  5.300   7.070   5.920 161 

Cooking Loss (%) 21.78 9.657 3.700 49.400 49.400 108 

Drip Loss (%)   1.96 1.442 0.320   5.720   1.560 77 

Shear Force (N) 31.12   16.551    11.470 77.960 27.670 90 

 3064 

 3065 

 3066 

 3067 

 3068 

 3069 

 3070 
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Table 7.3. Pearson correlation coefficients between meat quality outcome variables in the database. 3071 

1P<0.05 3072 

2P<0.0001 3073 

3Average treatment temperature (°C) 3074 

4Age in days when birds were slaughtered 3075 

 3076 

Trait L* a* b* pH initial pH ultimate Drip loss Cooking loss Shear 

force 

Temperature3 Age4 

Lightness (L*) 1          

Redness (a*) -0.2101 1         

Yellowness (b*) 0.2541 0.0297 1        

Initial pH 0.0288 -0.0271 -0.3251 1       

Ultimate pH -0.4822 0.0264 -0.2011 0.2921 1      

Drip loss (%) 0.4521 -0.111 0.2921 0.173 -0.4391 1     

Cooking loss (%) 0.2411 -0.2851 -0.105 -0.5592 -0.3972 0.6062 1    

Shear force (N) -0.107 -0.0343 -0.0343 0.0330 -0.0824 0.4401 0.2991 1   

Temperature 0.3852 0.0589 0.4592 -0.3412 -0.4942 0.4151 0.4412 0.159 1  

Age 0.123 0.154 -0.2751 -0.2761 -0.2021 -0.2861 0.2411 0.4842 0.0842 1 
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Table 7.4. Estimated parameters of linear mixed models for meat lightness (L*), redness (a*), and yellowness (b*) obtained for 3077 
broilers or turkeys undergoing TS.1 3078 

1Empty boxes, denoted with (-), indicate that the effect is not included in the best prediction model. Parameter estimates for 3079 
temperature represent the interaction between stress and temperature when stress type is specified. If stress type is not specified (-), 3080 
then the interaction was not included in the best prediction model. 3081 

2Equations with the same model ID were parameterized within the same statistical model 3082 

3Control=no treatment applied, Acute=TS for ≤24 hr, Chronic=TS for >24 hr  3083 

4Average treatment temperature (°C) 3084 

5 Interaction between Species and Age in days when birds were slaughtered 3085 

6Time in hr PM that the color measurement was taken  3086 

 3087 

 3088 

 3089 

Trait Model2 Equation Species Muscle Intercept Stress3  Temperature4 Species x Age5 Time6 

 L* 1 L1 Broiler - 56.19 ± 2.703 Control  0.03 ± 0.015 -0.16 ± 0.065 0.06±0.026 

 L* 1 L2 Broiler - 56.19 ± 2.703 Acute  0.02 ± 0.015 -0.16 ± 0.065 0.06±0.026 

 L* 1 L3 Broiler - 56.19 ± 2.703 Chronic  0.07 ± 0.021 -0.16 ± 0.065 0.06±0.026 

 L* 1 L4 Turkey - 56.19 ± 2.703 Control  0.03 ± 0.015 -0.07 ± 0.013 0.06±0.026 

 L* 1 L5 Turkey - 56.19 ± 2.703 Acute  0.02 ± 0.015 -0.07 ± 0.013 0.06±0.026 

 L* 1 L6 Turkey - 56.19 ± 2.703 Chronic  0.07 ± 0.021 -0.07 ± 0.013 0.06±0.026 

 a* 2 R1 - Breast   5.27 ± 0.405 - -0.02 ± 0.007 - - 

 a* 2 R2 - Thigh   7.06 ± 0.606 - -0.02 ± 0.007 - - 

 b* 3 Y1 - -   7.06 ± 0.821 -  0.02 ± 0.010 - - 
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Table 7.5. Estimated parameters of linear mixed models for meat initial pH (pHi) and ultimate pH (pHu) obtained for broilers or 3090 
turkeys undergoing TS.1 3091 

Trait Model2 Equation Species Muscle Intercept Stress3 Temperature4 Species x Age5 Time6 

pHi 4 PI1 Broiler - 6.939 ± 0.1822 - -0.002 ± 0.0011 -0.013 ± 0.0043 -0.002 ± 0.0001 

pHi 4 PI2 Turkey - 6.939 ± 0.1822 - -0.002 ± 0.0011 -0.005 ± 0.0014 -0.002 ± 0.0001 

pHu 5 PU1 - Breast 5.906 ± 0.0091 - -0.002 ± 0.0004 - - 

pHu 5 PU2 - Thigh 6.119 ± 0.0304 - -0.002 ± 0.0004 - - 

1Empty boxes, denoted with (-), indicate that the effect is not included in the best prediction model. Parameter estimates for 3092 
temperature represent the interaction between stress and temperature when stress type is specified. If stress type is not specified (-), 3093 
then the interaction was not included in the best prediction model. 3094 

2Equations with the same model ID were parameterized within the same statistical model 3095 

3Control=no treatment applied, Acute=TS for ≤24 hr, Chronic=TS for >24 hr; 3096 

4Average treatment temperature (°C) 3097 

5 Interaction between Species and Age in days when birds were slaughtered 3098 

6Time in min PM that the pH measurement was taken. 3099 

 3100 

 3101 

 3102 
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Table 7.6. Estimated parameters of linear mixed models for meat drip loss (%), cooking loss (%) and shear force (N) for broilers or 3103 
turkeys undergoing TS.1 3104 

1Empty boxes, denoted with (-), indicate that the effect is not included in the best prediction model. Parameter estimates for 3105 
temperature represent the interaction between stress and temperature when stress type is specified. If stress type is not specified (-), 3106 
then the interaction was not included in the best prediction model. 3107 

2Equations with the same model ID were parameterized within the same statistical model 3108 

3Control=no treatment applied, Acute=TS for ≤24 hr, Chronic=TS for >24 hr 3109 

4Average treatment temperature 3110 

5 Interaction between Species and Age in days when birds were slaughtered 3111 

6Time in hr PM that the measurement was taken 3112 

 3113 

Trait Model2 Equation Species Muscle Intercept Stress3 Temperature4 Species x Age5 Time6 

Drip loss 6 D1 - -   2.129 ± 0.2715 Control 0.003 ± 0.0027 - - 

Drip loss  6 D2 - -   2.129 ± 0.2715 Acute 0.004 ± 0.0022 - - 

Drip loss  6 D3 - -   2.129 ± 0.2715 Chronic 0.010 ± 0.0022 - - 

Cooking loss  7 C1 - Breast 21.664 ± 1.3298 - 0.045 ± 0.0176 - - 

Cooking loss  7 C2 - Thigh 24.831 ± 1.7958 - 0.045 ± 0.0176 - - 

Shear force  8 S1 - Breast 25.917 ± 2.4483 - 0.136 ± 0.0533 - - 

Shear force  8 S2 - Thigh 30.175 ± 3.4533 - 0.136 ± 0.0533 - - 
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Table 7.7. Evaluation statistics for the best prediction equation determined by meta-analysis. 3114 

 Lightness 

(L*) 

Redness  

(a*) 

Yellowness  

(b*) 

Initial pH Ultimate pH Drip loss  

(%) 

Cooking loss  

(%) 

Shear force  

(N) 

Model ID 1 2 3 4 5 6 7 8 

         

Observed         

  Mean 51.12 6.25 7.07 6.17 5.92 1.56 21.78 28.98 

  SD 5.190 5.212 4.916 0.281 0.203 1.145 9.783 15.301 

         

Predicted         

  Mean 51.30 5.63 7.08 6.19 5.89 1.53 21.87 28.67 

  SD 4.606 4.008 4.824 0.247 0.105 1.082 9.440 14.548 

         

RMSE (%)1 2.47 ± 0.173 2.30 ± 0.242 0.81 ± 0.131 0.09 ± 0.011 0.14 ± 0.006 0.20 ± 0.025 1.21 ± 0.1827 3.90 ± 0.375 

  ECT (%)2 1.4 7.4 0.01 3.1 3.3 2.2 0.5 0.7 

  ER (%)3 5.1 11.4 0.01 6.7 14.9 5.4 5.03 0.4 

  ED (%)4 93.4 81.2 99.9 90.2 81.8 92.3 94.5 98.9 

         

CCC5 0.92 ± 0.007 0.86 ± 0.014 0.97 ± 0.005 0.92 ± 0.007 0.76 ± 0.005 0.98 ± 0.008 0.99 ± 0.002 0.94 ± 0.006 

  R6 0.956 0.918 0.983 0.957 0.783 0.986 0.993 0.967 

  Cb
7 0.962 0.936 0.985 0.963 0.806 0.994 0.992 0.971 

         

CVK
8 1.900 1.299 0.750 0.00484 0.00850 0.0128 1.455 13.195 

         

Plots         

  Intercept9 7.93 ± 1.065* 1.21 ± 0.201* 0.26 ± 0.128* 1.01 ± 0.156* 3.50 ± 0.158* 0.08 ± 0.039* 1.00 ± 0.276* 2.01 ± 0.926* 

  Slope10 0.08 ± 0.026* 0.19 ± 0.042* 0.002 ± 0.015 0.09 ± 0.033* 0.51 ± 0.100* 0.04 ± 0.023 0.03 ± 0.012±* 0.02 ± 0.031* 

1Root mean square prediction error expressed as a percentage of the observed mean ± SD for all five k-folds 3115 

2Error due to bias expressed as a percentage of MSPE  3116 

3Error due to regression slope deviation expressed as a percentage of MSPE 3117 
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4Error due to disturbance expressed as a percentage of MSPE 3118 

5 Mean concordance correlation coefficient. ± SD for all five K-folds 3119 

6Pearson correlation coefficient 3120 

7Bias correction factor 3121 

8Test error based on the K-fold cross validation approach 3122 

9Intercept of predicted versus observed regression. Values are presented as estimate ± SE and * indicates a significant difference from 3123 
zero 3124 

10Slope of residual versus predicted regression. Values are presented as estimate ± SE and * indicates a significant difference from 3125 
zero 3126 
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Table 7.8. Results of heat stress (HS) vs cold stress (CS) sub-analysis: LSMeans ± SD for the 3127 
meat quality traits of birds exposed to either heat stress (HS) or cold stress (CS) as reported in 3128 
the studies included in the meta-analysis database. 3129 

  3130 

Trait HS N CS N P-value 

Lightness (L*) 52.14 ± 0.750 86 50.55 ± 0.810 36 0.0001 

Redness (a*)   5.49 ± 0.557 67   6.19 ± 0.574 36 0.0003 

Yellowness (b*)   7.63 ± 0.784 66   7.58 ± 0.796 36 0.9723 

Initial pH   6.19 ± 0.058 76   6.23 ± 0.071 8 0.6834 

Ultimate pH   5.95 ± 0.023 65   6.02 ± 0.026 28 0.0010 

Drip loss (%)   2.39 ± 0.252 38   2.14 ± 0.256 13 0.0003 

Cooking loss (%) 24.57 ± 1.737 49 24.28 ± 1.783 22 0.8397 

Shear force (N) 32.35 ± 3.072 43 32.67 ± 3.698 14 0.9902 
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 3145 

8.1 Abstract 3146 

Intense selection for production traits in livestock has resulted in reduced robustness which has 3147 

negative implications for livability as well as production. There is increasing emphasis being 3148 

placed on improving robustness through poultry breeding which may involve identifying novel 3149 

phenotypes that could be used in selection strategies. The hypothalamic-pituitary-adrenal (HPA) 3150 

axis and associated hormones (e.g., corticosterone) participate in many metabolic processes and 3151 

are related to robustness. Corticosterone can be measured non-invasively in feathers (FCORT) 3152 

and reflects the average HPA axis activity over the feather growing period. Fault bars (FB) are 3153 

visible feather deformities that are related to HPA axis activity and may be a more feasible 3154 

indicator trait. In this study, we estimated variance components for FCORT and FB in a population 3155 

of domestic turkeys as well as their genetic and partial phenotypic correlations with other 3156 

economically relevant traits including growth and efficiency, carcass yield, and meat quality. The 3157 

heritability estimate for FCORT was 0.21 ± 0.07 and for the FB traits (presence, incidence, 3158 

severity, and index) the estimates ranged from 0.09-0.24. The genetic correlation of FCORT with 3159 

breast weight, breast meat yield, fillet weight, and pHultimate were estimated at -0.34 ± 0.21, -0.45 3160 

± 0.23, -0.33 ± 0.24, and 0.32 ± 0.24, respectively. The phenotypic correlations of FCORT with 3161 

breast weight, BMY, fillet weight, drum weight, and walking ability were -0.16, -0.23, -0.18, 0.17, 3162 

and 0.21, respectively. Some FB traits showed similar genetic correlations with breast weight, 3163 

BMY, and WS20 but the magnitude was lower than those with FCORT. This study indicates that 3164 

selection for increased production (e.g., breast weight) is associated with reduced HPA axis 3165 

activity. Although the results from this study should be interpreted cautiously because of the small 3166 

sample size, this is an important first step in identifying novel traits related to HPA axis activity 3167 

and robustness that could be used in turkey breeding.  3168 

8.2 Introduction 3169 

Corticosterone is the predominant glucocorticoid hormone in birds which plays a key role in 3170 

energy balance and the neuroendocrine stress response (Boonstra, 2004). Measuring corticosterone 3171 

in poultry is a useful tool to study hypothalamic-pituitary-adrenal (HPA) axis activity; in 3172 

particular, how birds invest energy (Leishman et al., 2021a) or respond to perturbations (Boonstra, 3173 
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2004; Blas, 2015; MacDougall-Shackleton et al., 2019). There is a desire to incorporate novel 3174 

phenotypes related to robustness into domestic poultry breeding strategies to improve resilience to 3175 

perturbations without sacrificing production potential (Star et al., 2008; Mormède et al., 2011). 3176 

Glucocorticoids, like corticosterone, have many effects on metabolic, inflammatory, and immune 3177 

processes and therefore may be an important indicator of robustness (Mormède et al., 2011).  3178 

Domestication and intense selection for production traits have been shown to result in reduced 3179 

HPA axis activity meaning lower levels of glucocorticoids are produced and animals are less 3180 

robust (i.e., increased disease susceptibility, lameness, mortality; Mormede and Terenina, 2012). 3181 

This trade-off between robustness and production is called resource allocation theory which states 3182 

that the resources of an individual are limited and allocation of these resources should optimize 3183 

the individual’s fitness in its environment (Beilharz, 1998). Intense selection for production traits 3184 

has resulted in downregulation of the HPA axis potentially as an adaptation to living in a 3185 

domesticated environment and to reduce the catabolic effect of glucocorticoids on skeletal muscle 3186 

(Mormède and Terenina, 2012). The main role of glucocorticoids is basal energy balance by 3187 

increasing circulating levels of glucose (Sapolsky et al., 2000). Glucocorticoids can accomplish 3188 

this action by stimulating glycogenolysis in skeletal muscle which breaks down muscle glycogen 3189 

into circulating glucose (Carsia, 2015). Since this is occurring in large skeletal muscles (e.g., 3190 

breasts), elevated glucocorticoids tend to result in lower body weight and meat yield in poultry 3191 

(Carsia, 2015). On the other hand, higher HPA axis activity has been demonstrated in poultry lines 3192 

that are more resistant to disease/parasites (Siegel et al., 2009) and more resilient to environmental 3193 

challenges (Soleimani et al., 2011). Therefore, HPA axis activity may have the potential to be 3194 

included as a novel robustness phenotype, however, there is considerable evidence that 3195 

corticosterone has implications for many economically important traits in turkey production which 3196 

should be considered.  3197 

The activity of the HPA axis is often measured by its end products, specifically corticosterone, the 3198 

main glucocorticoid in birds (Blas, 2015). Corticosterone is often measured in plasma which offers 3199 

an acute perspective (in the range of minutes or hours) on the circulating level of corticosterone. 3200 

A more longitudinal and retrospective measure of HPA axis activity is feather corticosterone 3201 

(FCORT) (Bortolotti et al., 2008). During the period of feather growth, corticosterone is deposited 3202 
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in feathers via the blood quill (Jenni-Eiermann et al., 2015). From a practical perspective for a 3203 

phenotype, feathers offer several advantages over plasma. Feathers can be collected non-invasively 3204 

(no effect of capture/restraint), do not require specialized storage, and represent a very long period 3205 

of time (weeks) with only one sample (Romero and Fairhurst, 2016; Leishman et al., 2020b). This 3206 

may give a better picture of the overall HPA axis activity compared to plasma which is snapshot 3207 

of the circulating levels in the minutes prior to sampling.  3208 

However, FCORT also has its limitations that may hinder its use as a selection phenotype. 3209 

Processing the feather samples and quantifying the FCORT can be time-consuming and costly and 3210 

requires sophisticated laboratory training. A more accessible and cost-effective proxy for FCORT 3211 

might be the use of feather fault bars. Fault bars are visible feather deformities that run 3212 

perpendicular and are thought to be related to perturbations such as predators or nutritional 3213 

deficiencies (Sarasola and Jovani, 2006). Although the development of these fault bars is typically 3214 

attributed to acute (< 24 hr) perturbations, the incidence of fault bars has been shown to be 3215 

positively correlated with FCORT (Bortolotti et al., 2009; Arrazola and Torrey, 2019). It has also 3216 

been demonstrated that there may be a genetic component that dictates the propensity for certain 3217 

individuals to develop fault bars (De Ayala et al., 2006). Considering that phenotypes used in 3218 

selection strategies should be feasible and cost-effective, it may also be valuable to investigate 3219 

more easily scored fault bars as potential indicators of FCORT (Naim et al., in prep; Leishman et 3220 

al., in prep). 3221 

Corticosterone levels differ between different genetic lines of turkeys during energetically 3222 

demanding periods such as egg-laying (Leishman et al., 2021a). This may indicate underlying 3223 

genetic differences in corticosterone production or phenological differences (e.g., reproductive 3224 

status), which require different levels of energy mobilization. Heritability of FCORT or fault bars 3225 

has yet to be estimated, however several estimates exist for plasma corticosterone in various 3226 

domestic and wild bird species. In turkeys selected for their corticosterone response to cold stress, 3227 

the heritability estimate for plasma corticosterone was 0.14-0.25 (Brown and Nestor, 1973). This 3228 

study indicates that corticosterone levels may be heritable in turkeys, but this has not been tested 3229 

in feather samples. Moreover, the study of Brown and Nestor (1973) was conducted almost 50 3230 

years ago and so heritability may have changed after many years of selection. Apart from turkeys, 3231 
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heritability of plasma corticosterone has been estimated for bird species including laying hens 3232 

(h2=0.05, Buitenhuis et al., 2004), quails (h2 = 0.05-0.30, Odeh et al., 2003), zebra finches (h2 = 3233 

0.04-0.27, Evans et al., 2006), and owls (h2 = 0.19-0.33, Béziers et al., 2019). Selection for 3234 

corticosterone response when faced with perturbations has been achieved in several experimental 3235 

turkey lines (cold stress, Brown and Nestor, 1973), as well as other poultry species like quail 3236 

(immbolization, Satterlee and Johnson, 1988) and chickens (social stress, Gross and Colmano, 3237 

1971). There are no available estimates for fault bars in any species, however, given the hypothesis 3238 

that fault bars are caused by the corticosterone response to acute perturbations, we might expect 3239 

that the heritability of this trait is similar to plasma corticosterone from “reactive” or high-stress 3240 

lines because elevated plasma corticosterone levels are believed to align better with FCORT 3241 

measurements (Romero and Fairhurst, 2016). In the studies mentioned above, the h2 estimates for 3242 

the high-stress lines range from 0.24-0.33, depending on the species (Brown and Nestor, 1973; 3243 

Odeh et al., 2003; Evans et al., 2006).  3244 

The objective of the present study was to estimate heritability of FCORT in purebred turkey lines 3245 

as well as the genetic and phenotypic correlations economically important traits in turkey 3246 

production related to growth and efficiency, carcass yield, and meat quality. This study was 3247 

conducted as part of a larger project aimed at developing novel welfare phenotypes in domestic 3248 

turkey breeding (Malchiodi et al., 2019). 3249 

8.3 Materials and Methods 3250 

8.3.1 Animals 3251 

Data were collected from male turkeys from three genetic lines (A, B, and C) between May and 3252 

November 2019. The turkeys were raised under identical housing and management conditions and 3253 

processed at a commercial poultry processing facility in Ontario, Canada. Line A was a dam-line 3254 

selected for body weight and reproductive traits. Line B was a dam line selected for reproductive 3255 

traits. Line C was a sire line selected for growth, yield, and feed efficiency. During processing, 3256 

birds were electrically stunned and exsanguinated. Birds were then scalded, defeathered, and 3257 

eviscerated before moving to a water chiller (2 hr) and kept refrigerated for 24 hr. After this, birds 3258 

were deboned, and further meat quality measurements were taken. 3259 
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8.3.2 Feather Sampling and Measurements 3260 

At the processing plant, a feather (primary 9) was taken from each bird to measure FCORT. 3261 

Primary 9 was chosen since we have previously validated the use of this feather to measure 3262 

domestic turkey FCORT using an ELISA kit (Leishman et al., 2020a). Bird ID was recorded during 3263 

feather collection to connect the feather with the other trait measurements. Feathers were rinsed 3264 

briefly with ultrapure water to remove any debris that may obscure fault bars and/or influence 3265 

FCORT allowed to dry overnight before being stored in paper envelopes until fault bar scoring 3266 

and extraction.  3267 

Before being processed for FCORT quantification, fault bars were scored on each feather. First, it 3268 

was recorded if fault bars were present on the feather (yes/no, FB presence). If fault bars were 3269 

present, then fault bar incidence and severity were also recorded. Fault bar incidence was recorded 3270 

as the number of fault bars present on each feather (count, FB incidence). Each fault bar was then 3271 

scored on a 0-3 scale adapted from Sarasola and Jovani (2006) where 1 = no fault bars present, 2 3272 

= mild, 3 = moderate, 4 = severe. Mild fault bars are discernable by a visible discontinuity to the 3273 

feather structure with no loss of keratin or translucency. Moderate fault bars are identified by a 3274 

translucent band. Severe fault bars are identified by a translucent band accompanied by breakage 3275 

of the barbules along the band. If multiple fault bar types were present on the same feather, then 3276 

the highest score was recorded as fault bar severity (score 1-4, FB severity). Lastly, to capture both 3277 

incidence and severity in one variable, fault bar index represents was calculated as: 3278 

𝐹𝐵 𝑖𝑛𝑑𝑒𝑥 = (𝑋1 × 1) + (𝑋2 × 2) + (𝑋3 × 3) 3279 

Where 𝑋1, 𝑋2, and 𝑋3 represent the number of fault bars recorded as score 1, 2, and 3, respectively, 3280 

for each feather. For more details see Naim et al. (in prep). 3281 

Feather samples were processed and analyzed using an ELISA (mouse anti-rabbit IgG, 3282 

Corticosterone ELISA kit, number 501320, Cayman Chemicals, Cedarlane Labs, Canada) as 3283 

described in (Leishman et al., 2020a). In brief, feather samples were minced with dissecting 3284 

scissors and mechanically homogenized using a bead mill (Bead Blaster, Benchmark Scientific, 3285 

Edison, NJ, USA). Feather powder was weighed using an analytical balance (15 ± 0.1 mg, model 3286 
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accu-124D Dual Range, accuracy to 0.1 mg, Fisher Scientific, Toronto, Ontario, Canada). The 3287 

powder was weighed into a test tube and 5 ml of methanol was added and sonicated in a water 3288 

bath for 30 minutes. Samples were then moved to a shaking incubator at 50°C for 12 hr. After 3289 

incubation, samples were vacuum filtered using Whatman #4 filter paper to separate the feather 3290 

powder and methanol extract. During this process, the test tubes were rinsed with an additional 2 3291 

ml of methanol which was added to the extracted methanol (total = 7 ml). The methanol extract 3292 

was evaporated using an evaporation plate under nitrogen gas at 40°. The extract residues were 3293 

reconstituted in 0.5 ml of assay buffer immediately before being assayed. Samples were run in 3294 

duplicate across 36 ELISA plates. The intra- and inter-assay coefficients of variation (CV) were 3295 

5.6% and 8.0%, respectively. 3296 

8.3.3 Growth and Efficiency Traits 3297 

Body weight was measured at 12 weeks of age (BW12) and two days before slaughter (20-24 3298 

weeks of age, BW20). Walking score (WS20) was evaluated by trained observers at 20 weeks of 3299 

age on a 1-6 scale where a higher score indicates better walking ability and leg conformation 3300 

(Abdalla et al., 2019). Feed conversion ratio (FCR) was calculated as total feed intake divided by 3301 

weight gain (Abdalla et al., 2019) using a real-time automated system for recording individual feed 3302 

intake (Tu et al., 2011).  3303 

8.3.4 Carcass and Meat Quality Traits 3304 

Carcass component weights were recorded using a scale at 24 hr post-mortem. The carcass was 3305 

broken down into the following components: breast (both fillet and tender, kg), fillet (pectoralis 3306 

major, kg), tender (pectoralis minor, kg), thigh (kg), and drum (kg). Breast meat yield (BMY) was 3307 

calculated as breast meat weight divided by the slaughter weight (BW20).  3308 

Meat quality measurements included pH, color, and physiochemical characteristics. At 24 hr 3309 

postmortem, a pH measurement was taken from the cranial portion of the breast (pHultimate Portable 3310 

pH meter, Hanna Instruments, Woonsocket, RI, USA). Trichromatic coordinates (L*, a*, and b*, 3311 

CIE, 1976) were measured on the breast fillet using a colorimeter with D50 illumination (Nix Pro 3312 

Colorimeter, Hamilton, ON, CA). 3313 
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At 24 hr post-mortem, two samples were taken from the breast fillet: a 13 ± 1 g sample of breast 3314 

fillet was taken to measure drip loss (DL) and a 200 g sample for measuring cooking loss (CL) 3315 

and shear force (SF). Drip loss was calculated as the percent difference between the initial weight 3316 

of the sample and final weight of the raw sample after refrigeration at 4°C for 72 hrs. Cooking loss 3317 

was calculated as the percent difference between the initial weight of the raw sample and final 3318 

weight after cooking at 350°C until an internal temperature of 72°C was reached. The cooked 3319 

samples were then refrigerated for 24 hr. After allowing the samples to reach room temperature, 3320 

SF (units: N) was evaluated at six locations on the sample using the Meullenet-Owens Razor Shear 3321 

(MORS) blade method (Lee et al., 2008) texture analyser (TA-XT2, Texture Technologies Corp., 3322 

Hamilton, MA, USA).  3323 

8.3.5 Statistical Analysis 3324 

A bivariate linear animal model was fitted for each two-trait combination to estimate variance 3325 

components and respective parameters as follows:  3326 

𝐲 = 𝐗𝐛 + 𝐙𝐮 + 𝐞, 3327 

where y is the vector of observations for two traits being analyzed, b is a vector including the fixed 3328 

effects of hatch week-year, age at slaughter, and genetic line (3 levels: line A, B, and C). The 3329 

models for DL and CL included an additional fixed effect of initial sample weight (g). u is a vector 3330 

of additive genetic effects (breeding values), distributed as u ~ N(0, A⨂R), where A is the 3331 

numerator relationship matrix including the inbreeding coefficients and R is the additive genetic 3332 

variance-covariance matrix between traits. e is the vector of residual effects which has a 3333 

distribution of 𝐞 ∼ 𝑵(𝟎, ∑ 𝐄𝒊𝒚)+
𝒊  Eiy indicates a mixmi matrix corresponding to the traits that were 3334 

present for animal i, and mi is the number of traits present for animal i. X and Z are incidence 3335 

matrices for the fixed and random effects, respectively. The parameters of interest were estimated 3336 

using restricted maximum likelihood (REML) in the BLUPF90 family of programs (Misztal et al., 3337 

2014).  3338 



 

151 

 

Heritability was estimated as the amount of phenotypic variance explained by the additive genetic 3339 

variance. The phenotypic variance represents the sum of the additive genetic variance and the 3340 

residual variance. Genetic correlations (rg) were calculated as: 3341 

𝒓𝒈 =
𝝈𝒙𝒚

√𝝈𝒙
𝟐𝝈𝒚

𝟐

 3342 

where σ𝑥𝑦 is the additive genetic covariance of traits x and y, and σ𝑥
2 and σ𝑦

2  are the additive 3343 

genetic variances for traits x and y, respectively. 3344 

The partial phenotypic correlation (rP) coefficients were calculated using SAS (version 9.4, SAS 3345 

Institute Inc., Cary, NC, USA) to account for the fixed effects included in the (co)variance 3346 

estimates (hatch week-year, age, line). Significant partial phenotypic correlations were determined 3347 

based on the P-value (<0.05). 3348 

8.4 Results 3349 

8.4.1 Description of Feather Traits 3350 

Feather corticosterone (FCORT) ranged from 0.14-4.16 pg/mg (N=1131). The average ± standard 3351 

deviation (SD) for FCORT across all individuals was 1.24 ± 0.55 pg/mg. The percentage of birds 3352 

exhibiting fault bars (fault bar presence) was approximately 48% (N=522) and the remaining 52% 3353 

of birds did not exhibit fault bars (N=563). The incidence of fault bars (FB incidence) ranged from 3354 

1-12 (mean ± SD = 1.9 ± 1.3). For FB severity, the majority of birds affected with fault bars (score 3355 

>1, N=522), were score 2 (light bar, 25%, N=267), followed by score 4 (severe bar, 15%, N=163), 3356 

and lastly score 3 (moderate bar, 8%, N=93).  3357 

8.4.2 Heritability Estimates 3358 

Heritability estimates for the feather traits are presented in Table 1. Heritability estimates for the 3359 

studied growth and efficiency, carcass, and meat quality traits can be found in Vanderhout et al. 3360 

(in prep). The reported heritability estimates in this study represent the mean of all estimated h2 3361 

from the bivariate models for a given trait.  3362 
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8.4.3 Correlations 3363 

Partial phenotypic and additive genetic correlations among the feather traits, growth and efficiency 3364 

traits, carcass traits, and meat quality traits can be found in Tables 1-4, respectively.  3365 

Among the feather traits, FCORT had a significant partial phenotypic correlation with FB index 3366 

(0.16, Table 1). FCORT had low and insignificant partial phenotypic correlations with the 3367 

remaining fault bar traits (rp = -0.11 to -0.14). Genetic correlations between FCORT and the fault 3368 

bar traits varied from -0.07 to 0.39 but the standard errors were large. Among the fault bar traits, 3369 

there were moderate to high partial phenotypic and genetic correlations between the different traits. 3370 

The phenotypic correlations ranged from 0.48 – 0.87 and the genetic correlations ranged from 0.68 3371 

– 1.00 (SE range: 0.02-0.05).  3372 

Both FCORT and FB traits had low and insignificant partial phenotypic correlations with BW12, 3373 

BW20, WS20 and FCR except for two significant partial phenotypic correlations for WS20 with 3374 

FCORT (0.21) and FB incidence (0.17) (Table 2). Genetic correlations among FCORT and FB 3375 

traits with BW12, BW20, WS20 and FCR ranged from zero to 0.83, but the SE were generally 3376 

high.   3377 

In general, FCORT showed low-moderate partial phenotypic correlations with the carcass traits. 3378 

In particular, there were significant partial phenotypic correlations with breast weight (-0.16), 3379 

BMY (-0.23), fillet weight (-0.18), and drum weight (0.17). There were no significant partial 3380 

phenotypic correlations of any fault bar trait with the carcass traits. Genetic correlation estimates 3381 

between FCORT or FB traits with carcass traits (breast weigh, BMY, fillet, tender, thigh, and 3382 

drum) fluctuated from low to high; however, SE were also high for most estimates (Table 3). The 3383 

results showed that FCORT was not genetically correlated with tender, thigh, and drums, but it 3384 

was moderately-negatively genetically correlated with breast weight (-0.34 ± 0.21), BMY (-0.45 3385 

± 0.23) and fillet weight (-0.33 ± 0.24). FB incidence was genetically correlated with breast weight 3386 

(-0.23 ± 0.18) and BMY ( -0.26 ± 0.21). FB index was also genetically correlated with breast 3387 

weight (-0.20 ± 0.18).  3388 

FCORT and the fault bar traits demonstrated low partial phenotypic correlations with the meat 3389 

quality traits, although none of these correlations were significant (rp: -0.11 – 0.02; Table 4). 3390 
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Genetic correlation estimates between FCORT and the meat quality traits were low to moderate, 3391 

but the standard errors of the estimates were high. The results showed that FCORT was moderately 3392 

genetically correlated with pHultimate (0.32 ± 0.24). For the fault bar traits, there was a moderate 3393 

genetic correlation between FB index and a* (-0.31 ± 0.24).  3394 

8.5 Discussion 3395 

In the present study, we estimated the variance components for novel feather traits associated with 3396 

stress and energy balance in domestic turkeys. The genetic and phenotypic relationships among 3397 

these novel traits, production traits, carcass traits, and meat quality traits were also evaluated.  3398 

8.5.1 Heritability 3399 

Although there are no published studies of heritability estimates for FCORT, the results for this 3400 

trait were relatively in line with estimates from plasma corticosterone traits measured in bird 3401 

species after a restraint stressor was applied (quail: Odeh et al., 2003; laying hens: Buitenhuis et 3402 

al., 2004; zebrafinches: Evans et al., 2006).  These estimates ranged from 0.05 – 0.30 depending 3403 

on the species and genetic line. In turkey lines selected for their corticosterone response to cold 3404 

stress (high vs. low response), the heritability was estimated to be between 0.14 ± 0.09 and 0.25 ± 3405 

0.48 (Brown and Nestor, 1973). These values are comparable to our estimate from the present 3406 

study (0.21 ± 0.07). This moderate heritability estimate is consistent with expectations based on 3407 

our previous finding that FCORT concentrations were different between purebred turkey lines 3408 

housed under identical conditions, indicating that there is some contribution of genetics to this trait 3409 

(Leishman et al., 2020a). FCORT is believed to represent the average circulating level of 3410 

corticosterone in the plasma over the period of feather growth, which could explain the similarity 3411 

in heritability estimates between other studies for plasma corticosterone and FCORT in the present 3412 

study (Brown and Nestor, 1973; Odeh et al., 2003; Buitenhuis et al., 2004; Evans et al., 2006). In 3413 

general, it is found that stress-induced plasma corticosterone levels align better with FCORT 3414 

compared to basal plasma corticosterone levels (Bortolotti et al., 2008; Romero and Fairhurst, 3415 

2016). Since the mentioned heritability estimates for plasma corticosterone were based on stress-3416 

induced levels (restraint or temperature), this may explain why they aligned fairly closely with the 3417 

heritability estimate for FCORT in the present study.  3418 
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The development of feather fault bars is believed to be linked to acute perturbations which affect 3419 

keratin deposition in growing feathers (Jovani and Rohwer, 2017). Although published heritability 3420 

estimates for fault bars are lacking, it has been suggested that the propensity for developing feather 3421 

fault bars has a genetic component. A cross-fostering experiment of barn swallows revealed that 3422 

the likelihood of nestlings developing fault bars was not influenced by the experimental treatments 3423 

(vitamin E supplementation and brood size manipulation), however, there was a significant 3424 

influence of the nest of origin (De Ayala et al., 2006). Since these nestlings were cross-fostered 3425 

and not raised by their biological parents, it provides preliminary evidence that there is a heritable 3426 

genetic component to fault bar presence. This hypothesis is somewhat supported by our findings 3427 

as the heritability estimates for the fault bar traits were greater than zero, although the standard 3428 

errors associated with these heritability estimates are relatively high. To be more confident in the 3429 

heritability estimates for these traits it would be beneficial to replicate the analysis with a larger 3430 

sample size.  3431 

8.5.2 Correlations 3432 

Before applying selection for novel traits in breeding programs, it is important to describe possible 3433 

correlated responses (Emamgholi Begli et al., 2019; Abdalla et al., 2021). In particular, it is 3434 

important to determine the magnitude and direction that a pair of traits are genetically associated 3435 

(Oliveira Junior et al., 2021). Estimating genetic correlations is important because traits may be 3436 

phenotypically correlated but not share any genetic component, and so selection for one trait will 3437 

not affect the response of the other (Walsh and Lynch, 2018; Abdalla et al., 2021).  3438 

Since fault bars are believed to be caused by acute perturbations (resulting in stimulation of the 3439 

HPA axis), we would expect that the incidence and severity of these bars would be positively 3440 

phenotypically and genetically correlated to the FCORT concentration in the feather. Although 3441 

this relationship is not well established with turkey feathers, other studies of different bird species 3442 

have demonstrated that FCORT is elevated in feathers that contain fault bars compared to those 3443 

that do not (bald eagle, Bortolotti et al., 2009) and that exposure to stressors increases the number 3444 

of fault bars (broiler chickens, Arrazola and Torrey, 2019). Phenotypically, the strongest 3445 

correlations among FCORT and the fault bar traits were with FB index and FB severity, although 3446 

these correlations are still weak (-0.16 to -0.14). It is also interesting to note that these correlations 3447 
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were negative (higher FCORT = less likely/fewer fault bars) which is contrary to expectations. 3448 

Other studies have found no correlation between feather corticosterone and fault bars (Aharon-3449 

Rotman et al., 2017; Ganz et al., 2018).  3450 

At this stage, we were unable to find genetic correlations among FCORT and the FB traits (Table 3451 

1). The most promising genetic correlation exists between FCORT and FB presence (0.39 ± 0.74), 3452 

but the large standard error reduces the confidence in this estimate. The sample size in this study 3453 

was relatively small (~1,000 birds) and it may be beneficial to reevaluate this relationship with a 3454 

larger data size. Evaluating the presence versus absence of feather fault bars would be the most 3455 

reliable and feasible of the fault bar traits since it does not require distinguishing between 3456 

categories or spending time counting many fault bars on each feather. These benefits would make 3457 

FB presence the most logical proxy for FCORT but further validation in this area would be 3458 

required.  3459 

Moderate negative genetic correlations were found between FCORT and breast weight, fillet 3460 

weight, and BMY (-0.33 to -0.45). This relationship may be due to the high selection pressure to 3461 

increase meat yield in domestic turkeys and the integral role that the HPA axis plays in growth and 3462 

metabolism. Modern poultry lines (which are more productive) tend to have lower HPA axis 3463 

activity compared to traditional lines or wild relatives (e.g., red jungle fowl, Soleimani et al., 2011). 3464 

This makes the traditional lines more robust or resilient than genetically selected lines; meaning 3465 

that production potential is not/minimally compromised by perturbations (e.g., environmental 3466 

changes, disease challenge) (Star et al., 2008; Knap, 2009). This relationship has been 3467 

demonstrated in European turkey lines by Kowalski et al. (2002). They found that the heavy faster-3468 

growing line was more sensitive to perturbations (transport stress) compared to a medium-weight 3469 

line. Additionally, Huff et al. (2005) found that fast-growing turkeys were more susceptible to an 3470 

E. coli challenge, had greater mortality and BW losses compared to a smaller, slower-growing 3471 

line. The trade-off between productivity and robustness is explained by resource allocation theory 3472 

(Beilharz, 1998). In brief, the energetic resources of an individual are limited, and selection for 3473 

increased production allocates more resources for production traits (e.g., muscle growth), which 3474 

leaves fewer resources for functional traits related to robustness or resilience (Rauw et al., 1998). 3475 

This theory could be reflected in the negative genetic relationship observed between FCORT and 3476 



 

156 

 

breast yield traits. Selection for increased breast yield may have resulted in decreased FCORT 3477 

since more resources are allocated for breast muscle growth instead of supporting a more robust 3478 

HPA axis response. Moreover, the primary role of glucocorticoids like corticosterone is to 3479 

mobilize energy through protein catabolism (Carsia, 2015). Since high levels of protein catabolism 3480 

would be detrimental to muscle growth and meat yield, selection for production will favor protein 3481 

anabolism (Korte et al., 2005). Therefore, it is logical that higher meat yields would be negatively 3482 

genetically associated with FCORT. This relationship has been demonstrated in several 3483 

experimental studies of corticosterone and poultry meat yield where elevated corticosterone levels 3484 

result in decreased yield (Gao et al., 2008; Zhang et al., 2011a). To illustrate this further, negative 3485 

phenotypic correlations were also observed between FCORT and breast yield traits (-0.23 – 0.16). 3486 

Interestingly, there were significant positive partial phenotypic correlations between FCORT and 3487 

drum weight and WS20 (higher score = better). This indicates that birds with higher FCORT have 3488 

better walking ability and leg conformation (perhaps due to more proportioned/heavier drums), 3489 

compared to birds with low FCORT. This may relate to selection for rapid growth and heavier 3490 

breast weights resulting in structural problems in the legs and poor posture not suited for walking 3491 

or standing (Siegel et al., 2009). The genetic correlation between FCORT and WS20 was also 3492 

positive (0.11 ± 0.25), which provides further support to the resource allocation theory in that birds 3493 

with higher HPA axis activity are more robust and less likely to exhibit lameness (Mormède and 3494 

Terenina, 2012). However, due to the relatively large standard error associated with this 3495 

correlation, there is a need for further research with a larger sample size to provide solid evidence 3496 

for this hypothesis.  3497 

There was also a positive genetic correlation between FCORT and pHultimate which indicates that 3498 

selection for higher pHultimate
 may result in higher FCORT. This correlation is likely due to the 3499 

negative relationship between FCORT and breast yield. Larger breast yield is associated with 3500 

decreased pH and water-holding capacity and consequently, a higher likelihood of quality defects 3501 

such as pale, soft, and exudative (PSE) meat (Dransfield and Sosnicki, 1999; Updike et al., 2005; 3502 

Petracci and Cavani, 2012). It is therefore logical that selection for higher FCORT (which would 3503 

reduce breast yield) would increase pHultimate. However, it is also interesting to note that pHultimate 3504 

may be influenced by the amount of muscle glycogen (Barbut, 2015b). Post mortem, glycogen in 3505 
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the muscle is broken down into lactic acid which decreases the muscle pH (Honikel, 2014; Barbut, 3506 

2015b). Glucocorticoids, like corticosterone, can mobilize energy by glycogenolysis i.e., breaking 3507 

down muscle glycogen into glucose (Sapolsky et al., 2000). With high glucocorticoid levels and 3508 

thus more glycogenolysis, there would be lower levels of glycogen available in the muscle before 3509 

slaughter to be broken down into lactic acid. Consequently, meat pH would not decrease as much 3510 

(Barbut, 2015b) explaining the positive correlation between FCORT and pHultimate. This 3511 

relationship could be a desirable consequence of selection for higher FCORT as it may help reduce 3512 

the prevalence of issues associated with low meat pH. Moreover, we found that there was a 3513 

negative genetic correlation between FCORT and L* (-0.18 ± 0.20). High L* values are another 3514 

characteristic of PSE meat which is connected to rapid declines in meat pH after slaughter (Barbut, 3515 

1993). Although the standard error for this correlation is high and should be interpreted with 3516 

caution, it illustrates that there may be some benefit of selecting for increased FCORT at the 3517 

expense of yield.  3518 

Similar to FCORT, some of the fault bar traits had moderate negative genetic correlations with 3519 

breast weight (FB incidence and FB index) and BMY (FB incidence). Some fault bar traits were 3520 

also positively genetically correlated to WS20 (FB severity and FB index), which aligns with what 3521 

was found for FCORT. This is important because even though the genetic correlations between 3522 

FCORT and the FB traits were low (-0.16 to -0.10), the direction of the relationship between fault 3523 

bars and breast yield and WS20 is the same, albeit at a slightly lower magnitude.  3524 

Overall, this study presents initial heritability estimates and genetic and phenotypic correlation 3525 

estimates for novel feather traits related to HPA axis activity. It should be reiterated that the sample 3526 

size for this type of analysis was relatively small (~1,000 birds) and so the results presented should 3527 

be interpreted with caution. Moreover, the studied population included data from three purebred 3528 

lines. While it would have been desirable to analyze each line separately, this was not possible 3529 

with our sample size and we opted to include all the lines together and add line as a model effect 3530 

to have more confidence in our estimates.  In addition, analyzing this data using a structural 3531 

equation model to capture cause-and-effect mechanisms among the genetically correlated traits 3532 

reported in this study may improve our estimates and provide insights into how these estimates 3533 

could be efficiently included in a turkey breeding program (Abdalla et al., 2021). Nevertheless, 3534 
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the results from this study represent an important first step to identifying novel traits related to 3535 

HPA axis activity that could potentially be used in turkey breeding strategy to improve robustness. 3536 

Future research should evaluate these estimates and correlations using individual genetic lines and 3537 

consider incorporating other measures of robustness to further validate these traits. 3538 

8.6 Conclusion 3539 

The aim of this study was to estimate the heritability of FCORT and fault bars and the genetic and 3540 

phenotypic correlations of these novel feather traits with relevant production traits in turkeys. The 3541 

heritability estimate for FCORT was 0.21 ± 0.07 and the heritability estimates for the fault bar 3542 

traits (presence, incidence, severity, and index) ranged from 0.09-0.24. There were no genetic 3543 

correlations between FCORT and the fault bar traits and phenotypically FCORT was only 3544 

correlated with FB index. This indicates that fault bars may not be an effective proxy phenotype 3545 

for FCORT concentrations, although this relationship should be revaluated with a larger sample 3546 

size. FCORT was genetically correlated with breast weight (-0.34), BMY (-0.45), fillet weight (-3547 

0.33), and pHultimate (0.32) and phenotypically correlated with breast weight (-0.16), BMY (-0.23), 3548 

fillet weight (-0.18), drum weight (0.17), and WS20 (0.21). These results align with the resource 3549 

allocation theory where selection for increased production (e.g., breast weight) is associated with 3550 

reduced HPA axis activity and, consequently, robustness (e.g., poorer walking ability). Similar 3551 

correlations with the production traits were observed for some of the fault bar traits. In particular, 3552 

there were genetic correlations between FB index and breast weight (-0.20) and WS20 (0.38). This 3553 

study represents a first attempt to investigate FCORT and fault bars as novel robustness 3554 

phenotypes in domestic turkeys. Although the sample size in this study is relatively small and 3555 

results should be interpreted with caution, there is evidence that FCORT and fault bars are heritable 3556 

and are genetically correlated with important production traits. Future research should evaluate 3557 

these relationships with a larger data set or on individual lines, as well as incorporate other 3558 

measures of robustness (i.e., immune response) to better validate these traits as indicators of 3559 

robustness.  3560 
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  3576 

8.8 Tables and Figures 3577 

 3578 

Table 8.1. Heritability (diagonal), partial phenotypic (above diagonal), and genetic (below 3579 
diagonal) correlations among the feather traits. Significant partial phenotypic correlations are 3580 
denoted by letter superscripts where a=P<0.05 and b=P<0.0001.  3581 

  3582 

 FCORT FB presence FB incidence FB severity FB index 

FCORT  0.21 ± 0.07 -0.11 -0.10 -0.14 -0.16a 

FB presence  0.39 ± 0.74 0.09 ± 0.06   0.60b   0.83b  0.67b 

FB incidence -0.07 ± 0.34 0.86 ± 0.63 0.24 ± 0.09   0.48b  0.87b 

FB severity  0.14 ± 0.66 1.00 ± 0.38 0.68 ± 0.43 0.11 ± 0.07  0.76b 

FB index -0.01 ± 0.60 1.00 ± 0.19 0.98 ± 0.17 0.87 ± 0.29 0.21 ± 0.08 
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Table 8.2. Genetic and partial phenotypic correlations of feather traits with growth and efficiency 3583 
traits in turkeys. Growth and efficiency traits include body weight at 12 weeks of age (BW12, kg), 3584 
body weight at slaughter (BW20, kg), and feed conversion ratio (FCR). Significant phenotypic 3585 
correlations are denoted by letter superscripts where a=P<0.05 and b=P<0.0001. 3586 

Trait BW12 BW20 WS20 FCR 

Partial phenotypic correlation     

FCORT  0.02 -0.01 0.21a -0.05 

FB presence  0.05 -0.07 0.07  0.02 

FB incidence -0.02 -0.08 0.17a -0.02 

FB severity  0.11 -0.01 0.07  0.03 

FB index  0.04 -0.04 0.13  0.00 

Additive genetic correlation     

FCORT -0.03 ± 0.17  0.00 ± 0.18 0.11 ± 0.25 0.29 ± 0.25 

FB presence  0.12 ± 0.33  0.10 ± 0.52 0.83 ± 1.00 0.71 ± 1.00 

FB incidence  0.08 ± 0.17 -0.06 ± 0.17 0.23 ± 0.25 0.03 ± 0.24 

FB severity -0.01 ± 0.27 -0.01 ± 0.27 0.59 ± 0.52 0.36 ± 0.53 

FB index  0.03 ± 0.18 -0.09 ± 0.19 0.38 ± 0.28 0.10 ± 0.36 

3587 
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 3588 

Table 8.3. Genetic and partial phenotypic correlations of feather traits with carcass traits in turkeys. Carcass traits include breast weight 3589 
(kg), breast meat yield (BMY, %), fillet weight (kg), tender weight (kg), thigh weight (kg), and drum weight (kg). Significant phenotypic 3590 
correlations are denoted by letter superscripts where a=P<0.05 and b=P<0.0001. 3591 

Trait Breast BMY Fillet Tender Thigh Drum 

Partial phenotypic correlation       

FCORT -0.16a -0.23a -0.18a  0.00  0.04  0.17a 

FB presence -0.09 -0.07 -0.09 -0.02 -0.07 -0.13 

FB incidence -0.13 -0.13 -0.13 -0.06 -0.08 -0.08 

FB severity  0.00  0.01 -0.02  0.09 -0.04 -0.09 

FB index  0.08 -0.09 -0.10  0.03 -0.07 -0.07 

Additive genetic correlation       

FCORT -0.34 ± 0.21 -0.45 ± 0.23 -0.33 ± 0.24  0.01 ± 0.21 0.05 ± 0.24 0.11 ± 0.38 

FB presence -0.07 ± 1.00 -0.15 ± 0.39 -0.23 ± 0.51  0.65 ± 0.97 0.04 ± 0.42 0.14 ± 0.57 

FB incidence -0.23 ± 0.18 -0.26 ± 0.21 -0.11 ± 0.23 -0.12 ± 0.20 0.11 ± 0.22 0.05 ± 0.20 

FB severity -0.02 ± 0.27 -0.02 ± 0.32 -0.07 ± 0.37  0.55 ± 0.70 0.18 ± 0.47 0.13 ± 0.34 

FB index -0.20 ± 0.18 -0.20 ± 0.27 -0.10 ± 0.23  0.02 ± 0.25 0.17 ± 0.39 0.09 ± 0.23 

 3592 
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 3593 

Table 8.4. Genetic and partial phenotypic correlations of feather traits with meat quality traits in turkeys. Meat quality traits include 3594 
lightness (L*), redness (a*), yellowness (b*), pHultimate, drip loss (DL, %), cooking loss (CL, %), and shear force (SF, N). Significant 3595 
phenotypic correlations are denoted by letter superscripts where a=P<0.05 and b=P<0.0001. 3596 

3597 
Trait L* a* b* pHultimate DL CL SF 

Partial phenotypic correlation        

FCORT -0.07 -0.02 -0.02  0.06 -0.17a -0.11 0.08 

FB presence -0.03  0.00 -0.02 -0.08 -0.04  0.15a 0.09 

FB incidence -0.05 -0.05 -0.13  0.02  0.01  0.02 0.08 

FB severity -0.04  0.04 -0.01 -0.11 -0.01  0.16a 0.07 

FB index -0.05 -0.03 -0.10 -0.04  0.03  0.11 0.07 

Additive genetic correlation        

FCORT -0.18 ± 0.20 -0.07 ± 0.22  0.19 ± 0.21 0.32 ± 0.24 -0.07 ± 0.80 -0.70 ± 1.00  0.14 ± 0.60 

FB presence  0.05 ± 0.48 -0.40 ± 0.48 -0.06 ± 0.50 0.51 ± 0.63 -0.15 ± 1.00 -0.99 ± 0.13 -0.21 ± 1.00 

FB incidence  0.00 ± 0.20 -0.30 ± 0.22 -0.15 ± 0.20 0.32 ± 0.38 -0.76 ± 1.00 -0.77 ± 1.00 -0.30 ± 0.46 

FB severity  0.19 ± 0.42 -0.20 ± 0.33 -0.03 ± 0.34 0.35 ± 0.54  0.32 ± 1.00 -0.63 ± 1.00 -0.32 ± 0.74 

FB index  0.15 ± 0.21 -0.31 ± 0.24 -0.08 ± 0.22 0.29 ± 0.42 -0.16 ± 1.00 -0.58 ± 0.96  0.29 ± 0.42 
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 3598 

9 General Discussion 3599 

Animal health and welfare has been established as a priority concern for poultry breeding 3600 

companies as well as modern consumers. Robustness of farm animals has been reduced by intense 3601 

selection for production traits which has negative consequences for health and welfare. To this 3602 

end, there is an increasing desire/need to implement novel phenotypes into selection strategies to 3603 

try and improve bird robustness. Investigating and implementing methods to improve robustness 3604 

should be of considerable interest to primary poultry breeders because being able to claim 3605 

improved livability is socially and economically desirable and will result in a competitive 3606 

advantage (Flock et al., 2005). This is especially relevant in turkey breeding as there are only two 3607 

primary breeding companies worldwide and so any change in market share is of substantial value.  3608 

In this thesis, we identified several health and welfare issues in turkey production which may be 3609 

associated with robustness (Chapters 2 & 3). The activity of the HPA axis may have consequences 3610 

for robustness. Since the main product of this response is CORT in birds, the remaining chapters 3611 

of the thesis sought to investigate a particular method of measuring corticosterone (FCORT) as a 3612 

novel phenotype for the selection of domestic turkeys (Chapters 4, 5, 6, and 8). Chapter 4 provides 3613 

documentation and methodological validation of the process used to quantify FCORT in turkey 3614 

feathers. Chapters 5 & 6 in combination provide important biological context to the FCORT 3615 

measurements such as the period and rate of feather growth and evidence that elevations in 3616 

glucocorticoids can be detected in feather samples. Chapter 7 is a meta-analysis that reviews and 3617 

analyzes the effects of a particular stressor (temperature) on several important poultry meat quality 3618 

traits. This chapter lays the groundwork for the potential implications of glucocorticoids and the 3619 

stress response on economically important traits. In Chapter 8 we estimated the genetic parameters 3620 

and genetic and phenotypic correlations of production, carcass, and meat quality traits with novel 3621 

FCORT traits. In this final chapter, I will review the most significant findings from the studies 3622 

within this thesis and discuss the potential implications of the results. Finally, I will suggest 3623 

avenues for future research.  3624 
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9.1 The Commercial Level 3625 

In domestic turkey breeding, commercial products are the results of crosses between purebred lines 3626 

which are combined to produce generations of great-grandparent, grandparent and parent stock 3627 

lines (Neeteson et al., 2016). This means that changes in the pure lines at the top of the breeding 3628 

pyramid will result in changes in the commercial products although this process may take several 3629 

years (Neeteson et al., 2016). Since these lines might be selected under very different husbandry 3630 

conditions than the birds at the commercial level will be reared in, this can create some disconnect 3631 

when identifying issues. In other words, the prevalence of certain issues at the level of the pure 3632 

lines may not reflect how these issues are expressed in commercial birds. Therefore, it is also 3633 

important to evaluate potential phenotypes at the commercial level because ultimately that is the 3634 

end-product that is being sold to farmers and consumers.  3635 

In Chapters 2 & 3, we investigated FPD and injurious pecking in commercial turkey flocks and 3636 

found that both issues are still prevalent, even in small flock subsamples. Moreover, when 3637 

attempting to associate typical housing and management factors with these issues, we were only 3638 

able to explain between 23-29% of the variation in prevalence. Although there may be other 3639 

environmental factors influencing prevalence that were not included in our questionnaire, this 3640 

suggests that there may also be factors aside from the environment influencing the development 3641 

of these problems (e.g., genetics).  3642 

FPD is a trait that is already being incorporated in turkey selection strategies (Neeteson et al., 3643 

2016) and several studies have estimated genetic parameters for this trait in turkeys (h2≤0.02: 3644 

Quinton et al., 2011; h2=0.10-0.15: Kapell et al., 2017). For injurious pecking, it is possible to 3645 

select against feather pecking in chickens (Kjaer et al., 2001; Rodenburg and Turner, 2012), 3646 

although this has yet to be determined in turkeys (Dalton et al., 2013). Practically speaking, 3647 

including injurious or aggressive behaviour as a phenotype has logistical challenges as it hinges 3648 

on behaviour observations of many selection candidates. Moreover, selection against undesirable 3649 

behaviours was achieved when all available selection pressure was placed on this trait (Kjaer et 3650 

al., 2001), but this approach is not appropriate for commercial breeding which requires selection 3651 

pressure on traits with direct economic importance (e.g., breast yield) (Rodenburg and Turner, 3652 
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2012). This could explain why issues such as FPD and injurious pecking are still prevalent at the 3653 

commercial level with limited success in the selection of these traits. 3654 

9.2  Robustness 3655 

Robustness is a critical issue in poultry breeding because of its implications for profitability and 3656 

health and wellbeing (lameness, disease, mortality). Although the traditional method of trying to 3657 

reduce these problems is through housing and management changes (Star et al., 2008), we have 3658 

demonstrated that only a small proportion of the variation in the prevalence of some of these issues 3659 

is explained by housing and management factors (FPD and injurious pecking, Chapters 2 & 3).  3660 

Instead of looking at these issues directly, we wanted to take a different approach suggested by 3661 

Mormède et al. (2011) which was to examine the genetics of the HPA axis as a way to breed for 3662 

better robustness. Previous work had indicated that there is a genetic component to CORT levels 3663 

in turkey plasma (Brown and Nestor, 1973) and CORT levels have been associated with elements 3664 

of robustness in a variety of species (i.e., early survival, heat tolerance, disease resistance) (Gross, 3665 

1976; Leenhouwers et al., 2002; Michel et al., 2007). Therefore, the remaining chapters of this 3666 

thesis focused on developing the use of FCORT as a novel phenotype of HPA axis activity in 3667 

turkeys which could potentially be used as an indicator of robustness. 3668 

9.3 Measuring FCORT 3669 

Due to the potential role of CORT as an indicator for robustness (including different traits such as 3670 

those described in Chapters 2 & 3), the primary goal of this thesis was to investigate FCORT as a 3671 

novel phenotype for selection. We chose to measure CORT in feathers because this method offers 3672 

several advantages over plasma. Feathers can be collected non/minimally invasively and do not 3673 

require the level of capture and restraint for blood draws which could affect hormone measures. 3674 

Plasma CORT is also a more acute measurement of the circulating level of CORT which can be 3675 

desirable in some experiments, but FCORT integrates circulating CORT levels over weeks of 3676 

feather growth. In this way, it provides a more stable, chronic assessment of HPA axis activity. 3677 

However, before conducting parameter estimates and estimating genetic and phenotypic 3678 

correlations with other traits (Chapter 8), we first needed to determine a reliable method for 3679 

measuring FCORT (Chapter 4).  3680 
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9.3.1 Methodological validation 3681 

Although many methods exist for quantifying glucocorticoids in biological samples, the 3682 

measurement of CORT in feathers has been more recently developed compared to other methods. 3683 

Although the seminal paper for this field was published more than 10 years ago by Bortolotti et al. 3684 

in 2008, its application in domestic species is more recent. We found that processing samples by 3685 

the methods of Freeman and Newman (2018) and Bortolotti et al. (2008) and quantifying CORT 3686 

using an ELISA kit was reliable for our use (Chapter 4). Another important result within Chapter 3687 

4 was that we were able to see preliminary differences in the FCORT concentrations between our 3688 

three purebred lines of interest. Since these lines were raised and processed the same way, this 3689 

provided an early sign that there may be a genetic component to FCORT and so we pursued further 3690 

validations of this phenotype (Chapters 5 & 6).  3691 

9.3.2 Context of FCORT concentrations 3692 

Corticosterone is believed to be deposited in feathers during the period of feather growth as it 3693 

becomes integrated into the feather structure at the level of the blood quill (Jenni-Eiermann et al., 3694 

2015). Therefore, the CORT concentrations being measured in complete feather samples reflect 3695 

the average circulating level throughout feather growth. This makes knowing the timing of feather 3696 

molt and growth critically important to interpreting results from FCORT analyses. However, there 3697 

are few published or publicly available records of turkey feather growth. Leopold (1943) describes 3698 

turkey wing feather growth in a cross-sectional study but due to the almost 80 years of genetic 3699 

selection and progress in turkey breeding, we decided it would be prudent to provide an updated 3700 

account of turkey primary wing feather growth to inform our analyses (Chapter 5). We decided to 3701 

use primary wing feathers for the FCORT analysis because they are easily identifiable meaning 3702 

that the same feather can be reliably sampled from each individual even when sampling on the 3703 

moving processing line. It became clear that choosing the same feather from each bird is an 3704 

important part of the analysis because of the growth and molting pattern of the wing feathers. As 3705 

detailed in Chapter 5, the primary feathers of the domestic turkey wing do not emerge and cease 3706 

growing at the same time. Our chosen FCORT feather (primary 9) emerges at 3 weeks of age and 3707 

ceases growing at approximately 14 weeks of age. Therefore, the FCORT concentrations measured 3708 

in chapters of this thesis (Chapters 4 & 8) represent the average circulating concentration of CORT 3709 
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during the 12-week period from 3-14 weeks of age. However, if we had chosen a different primary 3710 

feather (or sections of feathers), this period could have been very different. For example, primary 3711 

1 is observable at hatch (week 1) and ceases growth at approximately 5 weeks of age. As done in 3712 

Chapter 5, providing a detailed record of feather growth patterns can be an important tool when 3713 

designing future studies involving turkey feather biomarkers. Although the chosen feather should 3714 

be kept consistent between individuals, deciding which feather to sample can be informed by the 3715 

period you wish to capture with the study. If you are interested in circulating biomarkers for the 3716 

first few weeks of life, you would likely be more inclined to choose a lower-numbered primary 3717 

(e.g., primary 1), whereas if you are interested in a more longitudinal record then a later numbered 3718 

primary (e.g., primary 9) may better suit your needs. This update on feather growth and molt allows 3719 

us to provide context to the FCORT measurements which provides an important foundation when 3720 

considering including FCORT in selection programs. 3721 

9.3.3 Biological validation 3722 

In addition to approximating the timing of FCORT deposition, it is also important to ensure that 3723 

changes in energy mobilization or “stress” result in appreciable changes to turkey FCORT 3724 

concentrations. This is especially important if we want to use FCORT as a phenotype for selection 3725 

as it is important to determine that the hypothesized relationship between energy demand and 3726 

CORT secretion is reflected in feather samples. This relationship was tested in Chapter 6 where 3727 

we compared FCORT in turkey hens before and during egg laying. Since egg laying is 3728 

energetically expensive (Welcker et al., 2015), and glucocorticoids are a key player in energy 3729 

mobilization (Carsia, 2015), we hypothesized that feathers grown during egg laying would have 3730 

higher FCORT concentrations than feathers grown before egg laying. One of the most interesting 3731 

results from this chapter was the increase in FCORT during egg laying for one genetic line but not 3732 

the other. As discussed in Chapter 6, the two lines used in this study are raised under identical 3733 

circumstances within the same barn. Interestingly, the line which had higher FCORT during laying 3734 

produces more eggs (greater reproductive investment) compared to the line where FCORT 3735 

remained low. This provides evidence that changes in energy metabolism related to phenological 3736 

changes (i.e., life history stage) are reflected in FCORT. Moreover, the birds from the genetic line 3737 

that maintained low FCORT levels during egg laying are from a sire line which is selected mainly 3738 

for body weight and breast yield. This is especially interesting because selection for production 3739 
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traits tends to reduce HPA axis activity to avoid the catabolic effects of glucocorticoids on protein 3740 

(Siegel et al., 2009; Mormède and Terenina, 2012). Since the other line used in this study is not 3741 

selected for production traits (selected for reproduction), they may have greater HPA axis activity 3742 

which allows them to have a high level of energy mobilization to support greater egg production. 3743 

The results from this chapter provided an interesting perspective and avenues for the future 3744 

regarding interpreting FCORT and how it could potentially be incorporated into a selection 3745 

strategy as an indicator for robustness (Chapter 8).  3746 

It should be acknowledged that in Chapter 6, we assessed secondary feathers (S1 and S3) instead 3747 

of primary feathers. We began the study intending to use primary feathers, but this was not feasible. 3748 

Plucking the feathers was necessary to stimulate feather regrowth which ensured that the feathers 3749 

were growing during the egg laying period which is critical for CORT deposition in the feathers. 3750 

Since the primary feathers are much larger, and deeply rooted under the skin, plucking them in 3751 

this manner was not doable from a logistical and ethical point of view. This why we opted to use 3752 

secondary wing feathers which can be plucked much less invasively. In the other studies measuring 3753 

FCORT in primary 9 (Chapters 4 & 8), we removed the feathers by cutting them at the level of the 3754 

skin for easier sampling since this has been shown not to affect FCORT measurements (Voit et al., 3755 

2020). Although we were unable to show that primary 9, which we used in the other FCORT 3756 

analyses, was affected by egg laying, we still demonstrate that related wing feathers (secondary 1 3757 

and 3) can be used to detect changes in energy mobilization in certain lines. Similar changes can 3758 

likely be observed in primary feathers; however, feather selection might depend on practical and 3759 

ethical considerations.   3760 

9.4 FCORT as a phenotype 3761 

After evaluating the methodology for measuring FCORT (Chapters 4 – 6), the next step was to 3762 

estimate genetic parameters for FCORT and evaluate correlations between growth and efficiency, 3763 

carcass, and meat quality traits (Chapter 8). Since we recognized early that measuring FCORT 3764 

may not be the most feasible or cost-effective method, we also evaluated feather fault bars as a 3765 

proxy phenotype for FCORT. Fault bars may act as external indicators of FCORT concentrations 3766 

that can be easily scored without taking and processing samples. In Chapter 8, we demonstrate that 3767 

both FCORT (h2=0.21) and fault bars traits (h2=0.09 – 0.24) are heritable. This was an important 3768 
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step because plasma CORT levels have been shown to be heritable in turkeys (Brown and Nestor, 3769 

1973), but to the best of our knowledge, this has not been attempted for FCORT, in any species. It 3770 

was hypothesized by De Ayala et al. (2006) that fault bars had a heritable genetic component since 3771 

their development was influenced by the nest of origin in barn swallows, however, there have been 3772 

no published heritability estimates for this trait. De Ayala et al. (2006) suggested that pedigree 3773 

studies with an animal model approach are needed to further explore this trait. These heritability 3774 

estimates opened the door for being able to select for FCORT and/or fault bars, however, it is 3775 

important to consider the effect this would have on other important traits in turkey production.  3776 

As predicted by the resource allocation theory (Beilharz, 1998), FCORT (an indicator of HPA axis 3777 

activity) was negatively correlated with production traits like breast weight and BMY, and 3778 

positively correlated with livability traits like walking score (WS20) and drum weight. Similarly, 3779 

some of the fault bar traits were negatively correlated with breast weight (e.g., FB index, FB 3780 

incidence) and BMY (e.g., FB incidence) but the magnitude of these correlations was lower than 3781 

what was found for FCORT. Interestingly, there were no genetic correlations between FCORT and 3782 

any of the fault bar traits, although there were some phenotypic correlations. Although other 3783 

studies have indicated that fault bars could potentially be used to predict fitness in some species 3784 

(Bortolotti et al., 2002; Griesser et al., 2006; Pap et al., 2007; Møller et al., 2009; Eggers and Low, 3785 

2014), the relationship with FCORT and the HPA axis in turkeys is not clear at this stage and needs 3786 

further investigation.  3787 

Moreover, the relationship between fault bars and FCORT is still not agreed upon in the literature. 3788 

There are some studies that were unable to find an association between FCORT and fault bars 3789 

(Aharon-Rotman et al., 2017; Ganz et al., 2018). It was posited by Ganz et al. (2018) that finding 3790 

an association between fault bars and FCORT may depend on the severity of the fault bars and 3791 

they stated that overall there is a lack of information about the relationship between FCORT and 3792 

fault bar severity. This is why we included several different ways of measuring fault bars in 3793 

Chapter 8. Including this variety was beneficial from a novel phenotype perspective because the 3794 

different fault bar traits represent varying levels of difficulty/reliability in scoring. For example, 3795 

identifying whether fault bars are present on a feather or not (FB presence) could be considered as 3796 

easier, or more reliable, than counting the number of fault bars on a feather (FB incidence) and 3797 
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scoring the severity of the fault bars (FB severity). To determine if there was any added value in 3798 

looking at the incidence and severity of fault bars together (as proposed by Ganz et al., 2018) we 3799 

created a combined variable (FB index) which represents a summation of the fault bars on a 3800 

feather, weighted by their severity. Interestingly, it was the FB index variable that was significantly 3801 

phenotypically correlated with FCORT. However, this correlation was still low (-0.16) and there 3802 

was no genetic correlation between the two variables (-0.01). Considering the feasibility of 3803 

measuring the traits, and the relationships between the traits demonstrated in Chapter 8, the most 3804 

promising fault bar trait is FB incidence. Although the partial phenotypic correlation between 3805 

FCORT and FB incidence was low (-0.10), this trait had the highest heritability of the fault bar 3806 

traits (h2=0.24) and demonstrated similar genetic correlations to FCORT with the carcass traits 3807 

(breast weight and BMY). Although counting the number of fault bars is more difficult than 3808 

identifying their presence, it may be more reliable than trying to assign severity to each fault bar. 3809 

This is not to say that is not valuable to evaluate the severity of fault bars, especially because FB 3810 

severity and FB index were the only fault bar traits to demonstrate a positive relationship with 3811 

walking score. This indicates that some elements of the HPA axis and robustness may be captured 3812 

by assessing severity, but the lower feasibility of this trait may outweigh the positives. Going 3813 

forward, I think it would be beneficial to reevaluate the relationships between FCORT, fault bars, 3814 

and production traits on a larger dataset to confirm the trends that were observed in Chapter 8.  3815 

A strategy to improve turkey robustness might be to select for higher HPA axis activity (Mormède 3816 

et al., 2011). As demonstrated in this thesis (Chapter 8), there is initial evidence that this may be 3817 

possible by selecting for increased FCORT. However, there is the caveat that this may reduce the 3818 

positive genetic progress in traits such as breast weight and BMY. This is an area that needs further 3819 

work in turkeys, but HPA axis activity tends to be quite variable, even in genetically homogenous 3820 

populations, and this variation is greater than many production traits. To illustrate, we found a 3821 

significant partial phenotypic correlation between FCORT and BMY (-0.23, Chapter 8). This 3822 

means that 5.3% (-0.232) of the variation in BMY is explained by variation in FCORT (r2). Because 3823 

of the relatively large variation in FCORT which explains a small proportion of the variation in 3824 

traits like BMY, it may, therefore, be possible to select for increased FCORT without 3825 

compromising yield greatly and benefit from greater robustness. Similar relationships between 3826 

CORT and growth/carcass traits have been found in other species like pigs and beef cattle (Foury 3827 
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et al., 2009). Several studies of pigs have demonstrated negative genetic correlations between 3828 

CORT and lean carcass content (-0.27 ± 0.10: Larzul et al., 2018) and negative phenotypic 3829 

correlations between CORT and growth rate (-0.27: Foury et al., 2009). In beef cattle, the genetic 3830 

correlation between plasma CORT and hot carcass weight was -0.34 ± 0.17 (Bates et al., 2014). 3831 

This means that although the effects of selection for production traits on HPA axis activity are not 3832 

as well described in turkeys, the trends that are observed in other livestock species are consistent 3833 

with what has been presented in this thesis. Moreover, we observed similar trends using FCORT 3834 

which provides further support that these techniques could be used to indicate HPA axis activity 3835 

without the potential drawbacks of invasive sampling like PCORT.   3836 

Interestingly, we were found very few genetic or phenotypic correlations of FCORT with the meat 3837 

quality traits (Chapter 8). To gain a better understanding of the relationship between environmental 3838 

perturbations that result in HPA axis activation and meat quality, Chapter 7 involved a meta-3839 

analysis of the effect of temperature stress on poultry meat quality. Temperature stress was chosen 3840 

as a treatment over more physiologically relevant treatments (e.g., plasma corticosterone) to 3841 

include a larger number of studies in the analysis. It is also well-established that temperature stress 3842 

influences corticosterone levels in poultry blood titers (El-Halawani et al., 1973; Soleimani et al., 3843 

2011; Quinteiro-Filho et al., 2012; Farghly et al., 2018). Across almost 50 studies, it was 3844 

determined that temperature stress significantly affects common meat quality attributes: in 3845 

particular, colour, pH, and physiochemical characteristics. We found that increasing temperature 3846 

results in poultry meat that is lighter, less red, and has a lower pH and WHC.  There could be 3847 

several reasons why we did not observe similar correlations among FCORT and the meat quality 3848 

traits in Chapter 8. The meta-analysis did not include any measures of HPA axis activity so even 3849 

though we found significant relationships among ambient temperature and meat quality, this 3850 

doesn’t necessarily mean the same relationships will be reflected between FCORT and meat 3851 

quality. Moreover, to be as wide-reaching as possible, studies from both broiler chickens and 3852 

turkeys and measurements on breast and thigh meat were included. However, there was a 3853 

significant genetic correlation between FCORT and pHultimate (Chapter 8), but this correlation was 3854 

positive (0.32 ± 0.24), and the partial phenotypic correlation was very low (0.06). In contrast, in 3855 

the meta-analysis (Chapter 7) the Pearson correlation coefficient between our stress treatment 3856 

(temperature) and pHultimate was -0.49. This indicates that basal activation of the HPA axis over a 3857 
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long time, like what would be incorporated into FCORT, may have different effects on turkey meat 3858 

quality compared to activation of the HPA axis from environmental perturbations (e.g., 3859 

temperature stress). It is possible that with these kinds of external stressors, the level of CORT 3860 

increases much more drastically which has larger consequences for meat quality, especially since 3861 

many of the studies included in the meta-analysis applied the stressors soon before slaughter. It 3862 

would be beneficial to conduct a separate meta-analysis looking specifically at the association of 3863 

CORT levels with meat quality traits. This was not possible at the time we conducted this thesis 3864 

due to the limited studies evaluating experimental CORT treatments on meat quality in turkeys. 3865 

Furthermore, the correlations presented in Chapter 8 may change if the analysis is conducted using 3866 

a larger dataset and/or on individual genetic lines. Currently, data from the genetic lines had to be 3867 

combined to have a reasonable sample size (N = total collected over 44 wks + 80 wks needed for 3868 

lab work) to investigate genetic parameters and correlations. This highlights the importance but 3869 

also the challenge in creating large reference populations when phenotyping for novel traits.  3870 

Although it is possible that selecting for higher FCORT may hinder the genetic progress in 3871 

important yield traits, there may be a benefit for robustness which has positive economic and 3872 

welfare implications. These benefits of improved robustness may outweigh the cons of reduced 3873 

production, especially if livability is improved through increased resistance to disease/parasites or 3874 

environmental perturbations. In Chapter 8, there were initial indicators that increased FCORT may 3875 

benefit some aspects of robustness resulting in an improved walking score (WS20) and larger 3876 

drums. Walking ability is considered an important indicator of welfare (Mench, 2004) and 3877 

economically important because of the benefits for feed efficiency, skeletal health, reduced 3878 

cannibalism, and improved quality at processing (Oviedo-Rondón, 2007).  3879 

Understandably, there may be concerns that selection for increased FCORT would mean selecting 3880 

for animals that are more “stressed” or exhibit detrimental behaviours. However, corticosterone 3881 

and psycho-behavioural stress are not necessarily synonymous as corticosterone plays 3882 

fundamental roles in many body functions (MacDougall-Shackleton et al., 2019).  In fact, there 3883 

may be benefits for temperament by selecting for increased HPA axis activity. In laying hens, 3884 

Buitenhuis et al. (2004) demonstrated that plasma CORT was negatively genetically correlated 3885 

with severe feather pecking behaviour (-0.21), although this correlation was not significant. 3886 
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Similarly, Cheng and Muir (2007) found that baseline corticosterone levels tended to be higher in 3887 

chickens from the “Kind Gentle Bird (KGB)” line compared to the “Mean Bad Bird (MBB)” line. 3888 

They posit that this basal upregulation of the adrenal response may underpin their superior ability 3889 

to handle environmental perturbations, better survivability, and more passive demeanor. In mice, 3890 

it was shown that strains selected for their low CORT response displayed a “depressed” 3891 

behavioural phenotype and were more likely to display aggression (Touma et al., 2008). However, 3892 

we did not include any traits related to temperament in our analysis so we cannot be sure that 3893 

similar relationships exist for turkeys.  3894 

Measuring glucocorticoid hormones like CORT is only one aspect of the HPA axis but there could 3895 

be variation and opportunity at other aspects of the system. Brown and Nestor (1973) selected 3896 

turkeys based on their CORT response to ACTH injection to quantify the sensitivity of the adrenal 3897 

cortex to ACTH. While it is likely there is variability among individuals in the sensitivity of the 3898 

adrenal cortex and this trait was demonstrated to be moderately heritable in turkeys (h2=0.28), this 3899 

would be a difficult and cumbersome phenotype to quantify since it involves the injection of 3900 

ACTH and the blood collection including lab analysis. Another interesting aspect of the HPA axis 3901 

is the bioavailability of hormones like CORT in the body. CORT is synthesized from cholesterol 3902 

which makes it insoluble in water (lipophilic) and needs specialized carrier proteins to carry it 3903 

through the circulation to the target tissues (Hess, 2002; Malisch and Breuner, 2010). However, 3904 

due to the physical size of the carrier proteins they cannot exit circulation and CORT must become 3905 

unbound to enter the interstitial space and carry out its effects (Siegel, 1980; Malisch and Breuner, 3906 

2010). This means that the biologically active form of CORT is the free fraction, which is unbound, 3907 

and the number and affinity of these carrier proteins can be a key determinant of CORT effects. 3908 

Although this adds complexity to the CORT story as there are many different levels of regulation, 3909 

it may indicate an additional advantage of using FCORT instead of plasma measures. To be 3910 

incorporated in the feather structure, CORT must exit the circulation in the blood quill and become 3911 

integrated in the growing feather. This means that the CORT that we measure in feathers is likely 3912 

free CORT which would be the biologically active portion. If you measure CORT in plasma, it is 3913 

unclear (without additional measures) how much of that CORT is bound versus unbound.  3914 
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Although the ELISA performed reliably (Chapter 4), this may not be the most cost-effective 3915 

method, especially when the goal is to phenotype many thousands of animals. To illustrate, one 3916 

ELISA plate can analyze 36 samples run in duplicate. Although kit prices may vary depending on 3917 

the company, quantity purchased, etc. one plate typically costs approximately $350 meaning it 3918 

costs roughly $10 per bird for the assay alone. Factoring in the labor involvement for sample 3919 

collection and processing, and the cost of consumables required to prepare the samples, the true 3920 

cost of this process is likely closer to $15 per bird. Although there are several strategies to try and 3921 

reduce this cost (e.g., running samples in singlet, in-house assays), it may be valuable to investigate 3922 

more easily measured proxies for FCORT which could be implemented at a lower cost and with 3923 

less labor involved. This led us to investigate fault bars as a proxy for FCORT (Chapter 8). Fault 3924 

bars are visible feather deformities that are hypothesized to be related to elevations in 3925 

glucocorticoid levels that disrupt the formation of the feather during growth (Jovani and Rohwer, 3926 

2017). Although we found very few/no genetic or phenotypic relationships between the fault bar 3927 

traits and FCORT, the magnitude and direction of the correlations with the other production traits 3928 

were similar. This indicates that it may be possible to use fault bars as an alternative phenotype 3929 

but the connection with FCORT and the HPA axis is not as clear at this stage. Something that 3930 

should be considered is that we only evaluated fault bars on one feather from the entire bird 3931 

(primary 9). However, fault bars in different feathers or feather types are typically not correlated 3932 

(Boonekamp et al., 2017). Wing feathers, in particular, are less likely to develop fault bars 3933 

compared to feathers from other areas like the tail because of the evolutionary importance of the 3934 

wing feathers for flight (Fault bar allocation hypothesis, Jovani and Blas, 2004). We might be able 3935 

to see a clearer relationship between fault bars and FCORT if we looked at tail feathers since they 3936 

have a higher propensity to develop these defects (Jovani and Rohwer, 2017; Arrazola and Torrey, 3937 

2019).  3938 

9.5 Future Directions 3939 

As mentioned throughout this discussion, the research included in this thesis has illuminated many 3940 

ideas and avenues for future research. While the genetic parameter estimates presented in Chapter 3941 

8 are novel and exciting, it should be understood that this analysis was conducted on a relatively 3942 

small dataset that included multiple genetic lines. Although we accounted for the effect of genetic 3943 
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line in the model, it is possible that there are different relationships among the novel feather traits 3944 

and the production traits in the different genetic lines since they are selected for different breeding 3945 

goals. First, I think it would be beneficial to rerun the analysis in Chapter 8 using a larger dataset 3946 

which enables us to look at the genetic lines separately. This will allow us to be more confident in 3947 

the heritability estimates for the novel traits and the genetic and phenotypic relationships among 3948 

the traits. Related to this direction, it might be worth exploring different laboratory methods to 3949 

quantify FCORT to reduce cost. ELISA kits were used because of the convenience of having all 3950 

the assay materials included but this comes at a premium. The costs of the ELISA kits along with 3951 

the required consumables was one of the reasons why we had a relatively low sample size for this 3952 

phenotype in Chapter 8. The ELISA or EIA approach is still effective, but it might be worth 3953 

transitioning into an in-house assay. The reduction in costs through this approach may allow for a 3954 

larger sample size.  3955 

Second, to better understand the implications of selecting for FCORT on robustness, future 3956 

analysis should include more robustness phenotypes. For example, immunological parameters, 3957 

behaviour, or disease resistance. In particular, it would be interesting to include traits related to 3958 

FPD and injurious pecking since they are still prevalent issues at the commercial level (Chapters 3959 

2 & 3). Due to the logistics and difficulty of measuring behaviour in large groups of animals, we 3960 

were unable to measure and link these traits with the FCORT measured directly in the purebred 3961 

lines. When possible, future investigations could help to understand the connection between the 3962 

HPA axis response and these traits. The inclusion of more robustness-related traits would provide 3963 

further evidence that selecting for FCORT could have positive implications for robustness. This is 3964 

especially important to determine from an industry perspective to quantify the potential economic 3965 

benefit of incorporating these traits.  3966 

Third, given the difficulty and/or cost of quantifying FCORT or scoring fault bars, it would be 3967 

logical to conduct a genome-wide association study (GWAS) to identify the effects of single-3968 

nucleotide polymorphisms (SNPs) on these traits. Although obtaining accurate estimates of the 3969 

SNP effects may require a large number of animals, once this is complete, phenotypic records are 3970 

not required (Mormède et al., 2011).  3971 

 3972 
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10 Conclusion 3973 

This thesis provides insights into turkey robustness and potential ways forward to consider this in 3974 

breeding programs. As robustness-related issues such as footpad dermatitis and injurious pecking 3975 

remain high and environmental perturbations are capable of impacting not only welfare but also 3976 

meat quality in commercial turkeys, changes in turkey breeding program may provide solutions 3977 

toward sustainable turkey production. This thesis advances the research on FCORT as a biological 3978 

marker of HPA axis activity providing methodology and context to interpreting FCORT 3979 

measurements in turkey feathers. For the first time, we estimated genetic parameters for novel 3980 

traits related to HPA axis activity showing that FCORT is a heritable trait that could potentially be 3981 

used to improve robustness in turkeys. While further work is needed to validate FCORT, 3982 

investigate proxies, and better understand the relationships between the FCORT and economically 3983 

important traits, we highlighted relationships between FCORT and production and livability traits 3984 

that should be taken into consideration when making breeding decisions. Taken together, these 3985 

insights provide the foundation to include novel phenotypes related to animal robustness in turkey 3986 

breeding for a more sustainable turkey industry. 3987 

 3988 

 3989 

 3990 
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