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Injurious pecking (IP) represents a serious concern for the welfare of laying hens (Gallus gallus domesticus). The risk of IP among hens with intact beaks in cage-free housing prompts a need for solutions based on an understanding of underlying mechanisms. In this review, we explore how behavioural programming via prenatal and early postnatal environmental conditions could influence the development of IP in laying hens. The possible roles of early life adversity and mismatch between early life programming and subsequent environmental conditions are considered. We review the role of maternal stress, egg conditions, incubation settings (temperature, light, sound, odour) and chick brooding conditions on behavioural programming that could be linked to IP. Brain and behavioural development can be programmed by prenatal and postnatal environmental conditions, which if suboptimal could lead to a tendency to develop IP later in life, as we illustrate with a Jenga tower that could fall over if not built solidly. If so, steps taken to optimise the environmental conditions of previous generations and incubation conditions, reduce stress around hatching, and guide the early learning of chicks will aid in prevention of IP in commercial laying hen flocks.
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THE PROBLEM OF INJURIOUS PECKING IN LAYING HEN CHICKENS

Ethical concerns among consumers in many countries have prompted a move toward housing systems that take the behavioural needs of farm animals into account. This has led to a ban on conventional battery cages for laying hens in Europe (1). In other parts of the world, a similar transition is happening where battery cages are replaced by furnished cages or cage-free systems with or without outdoor access. In cage-free systems, hens have greater behavioural opportunities and freedom of movement but, when management is not tuned to behavioural programming in these systems, there is greater risk that injurious pecking (IP) will develop as compared to cages (2).

IP refers to damaging bird-to-bird pecking whereby pecks to the feathers or tissue of another bird cause plumage damage, skin wounds, or tissue damage. IP includes severe feather pecking (SFP), vent (i.e., cloacal) pecking, toe pecking, and aggressive pecking toward the comb, head, and neck of the recipient (3) (Figure 1). Severe injuries can lead to cannibalism and death of the victim. Collectively, these different forms of IP represent an important welfare and economic problem, especially in chickens selected for high egg production. For example, SFP (whereby feathers are damaged or removed) has been reported to affect more than 50% of layer flocks in various European countries (4–8).


[image: Figure 1]
FIGURE 1. Injurious pecking in laying hens, showing different types of pecking in relation to target areas on the victim.


Beak treatment (the removal of the sharp tip of the beak) is the most common method to reduce the impact of IP. Infrared or hot blade treatment is typically performed at hatch or before day 10 of age. Both treatments cause pain (9, 10) and can impair beak-related activities (11), such as eating, drinking, and removal of ectoparasites (12). For these reasons, several EU countries have banned or omitted beak treatment. In hens without beak treatment living in cage-free housing systems, IP can potentially result in thousands of victims being damaged and result in many casualties both during rearing and in adulthood, thus compromising hen welfare (13). Therefore, the egg industry is urgently seeking solutions that prevent and control IP. To avoid poor hen welfare due to IP, preventive solutions are preferable over curative solutions.

There is a wealth of published literature on risk factors for the development of IP during rearing and the laying phase, revealing that IP is a complex and multifactorial problem (14, 15). However, the involvement of prehatch and early post-hatch factors on the development of IP has been far less studied. In both mammals and birds, the embryonic environment can exert strong and long-lasting effects on offspring behaviour. Hormonal and epigenetic mechanisms that prepare the developing embryo for its future environment can be maladaptive when postnatal conditions differ from the parental conditions (i.e., a mismatch) (16–18). Here, we review how behavioural programming via prenatal and early postnatal conditions could influence the development of IP in laying hens.


Description of IP in Relation to Behavioural Programming Effects

A distinction is made between pecking arising from aggressive and non-aggressive motivation, as the body targets and post-hatch risk factors differ (19). Non-aggressive IP is considered a redirected form of foraging behaviour, as both pecking during feeding and IP show similar motor patterns (20). Preferences for pecking at feed particles in substrates are established early in life (21). Innate sensory and motivational mechanisms prompt newly hatched chicks to peck at or avoid certain objects, forms, colours, and shapes (22). In natural settings, the mother hen's behaviour supplements this individual learning with more explicit information about what to peck, thereby increasing the valence of desirable pecking targets (23–25). Under commercial conditions where chicks are reared in the absence of their mother's guidance, direction of foraging pecks toward flock mates could result from a chick's failure to learn to direct these pecks toward appropriate substrates and feed items. In addition, absence of suitable manipulable foraging material can lead to IP in chicks (26–29).

SFP can, nevertheless, co-occur with pecking in the litter (28, 29). An association has been found between a high occurrence of litter-directed pecks by individuals when young and a high level of SFP and litter-directed pecks when adult (13). This suggests that SFP is not a direct substitute for foraging when a substrate is available, but that some individuals have a high pecking motivation overall and are thereby more prone to develop IP (30). For example, in a genetic line selected for high levels of SFP and non-damaging allo-pecking such as gentle feather pecking (GFP), neurological changes were associated with hyperactivity (31, 32). Specifically, these laying hen lines showed dysregulation of the serotonergic and dopaminergic systems (33). These findings are significant because dopamine and serotonin (5-HT) are important modulators involved in the regulation and motivation of feeding behaviour, aggression, impulsiveness, and reward systems [see de Haas and van der Eijk (33) for the role of 5-HT in IP] and dopaminergic and serotonergic activity can be influenced by prenatal environmental conditions. Environmental conditions leading to maternal stress in mammals have been linked to altered brain function in offspring, including perturbations in neurotransmission, an overactive hypothalamus–pituitary–adrenal (HPA) axis, and increased susceptibility to impulsivity and anxiety (34). Anxiety (sustained fear in the absence of acute danger) is a state linked to alterations in serotonergic activity (35). In laying pullets, high anxiety levels and high levels of activity in a fear-evoking test situation have been related to IP as an adult (36, 37). We explain below how the aforementioned findings could be related to prenatal behavioural programming.




HYPOTHESES ABOUT HOW PRENATAL BEHAVIOURAL PROGRAMMING COULD INFLUENCE IP

Effects of the prenatal environment on the postnatal behaviour of animals have mostly been studied in the framework of embryonic programming. The term “embryonic programming” refers to the process by which exposure to certain stimuli during sensitive periods of embryonic development results in physiological, metabolic, and epigenetic changes with long-term implications (38). In birds, these sensitive periods occur during egg formation in the mother and, further, in the shelled egg where the embryo develops, and in early post-hatch life (Figure 2).


[image: Figure 2]
FIGURE 2. Periods where (embryonic) programming in the commercially-raised laying hen can occur [adapted from (39)]. This figure is amended from Buyse et al. (40) and Geurrero-Bosagna et al. (41).


Various hypotheses about the biological significance of embryonic programming have been proposed. According to the “silver spoon” hypothesis, flavorable early life conditions result in individuals that grow better, with higher survival and reproductive success than those developing in a harsh environment (42). However, the benefits of “being born with a silver spoon in one's mouth” may depend on the environmental conditions subsequently encountered, and the animal's genetic predisposition. Based largely on human studies, the “Barker hypothesis” (43) proposed that exposure to adverse early life environments leads to metabolic and physiological changes that increase the risk of developing a disease when exposed to affluent living conditions during adulthood (44). While this hypothesis originated from observations based on the early postnatal period, it soon became evident that the embryonic environment could also play a role in determining the risk for disease during adult life. According to the “environmental matching” or “predictive adaptive response” hypothesis, responses to environmental conditions during embryonic development prepare the embryo to cope with the same conditions postnatally (45). Thus, the prenatal developmental responses would be adaptive if the environment remains stable following birth, but maladaptive in situations where there is a mismatch between the predicted and actual postnatal environment (46, 47).

Controlled experimental studies in sheep, guinea pigs, and rats have provided support for the idea that an adverse embryonic environment can induce postnatal physiological and metabolic alterations that increase the risk of developing metabolic disease. These include alterations in stress sensitivity via the HPA axis, hypertension, and obesity (48, 49). For example, rat offspring from mothers that were undernourished as opposed to well-nourished during pregnancy exhibited higher feed intake, obesity, hypertension, and reduced voluntary locomotor activity as adults (50). These effects were exacerbated when a high-fat diet was provided postnatally, heightening the mismatch between embryonic low and postnatal high nutrient availability (50). The resulting “thrifty” phenotype stores and conserves energy through hyperphagia, increased fat deposition and sedentary behaviour. This is thought to be advantageous in environments with low or irregular feed availability, but at the expense of increasing the risk of metabolic diseases in environments with high nutrient availability (50). There could be profound implications of these mechanisms for farmed animals such as laying hens, where discrepancies exist between the breeding and rearing environmental conditions that may predispose offspring toward IP.


Maternal Effects in Relation to Behavioural Programming in Chickens

Several studies have investigated embryonic programming of behaviour in chickens in response to maternal stress (Table 1). These studies have manipulated environmental conditions experienced by mothers during hatching egg production and evaluated outcomes in their chicks. For example, in broiler chickens, mothers feed-restricted around conception (4 weeks before to 1 week after conception) had offspring that were smaller at hatch than offspring from mothers that were fed ad libitum around conception, although they caught up in weight by 6 weeks of age (woa) (51). Interestingly, the female offspring of feed-restricted mothers had a greater accumulation of abdominal fat at 6 woa, but only when fed ad libitum, supporting an effect of mismatch between the maternal and offspring environments. Maternal nutritional stress has also been manipulated in studies on laying hens. A higher ratio of omega-3 to omega-6 polyunsaturated fatty acids in the maternal diet was associated with increased faecal corticosterone metabolites (FCMs) in the hens and elevated fear of a novel object in their chicks (52). Thwarting hens' access to feed for 6 h daily at unpredictable times was also associated with elevated FCM in the hens and more fearful, less competitive adult female offspring (53).


Table 1. Examples of environmental effects on parents, their eggs, and their offspring in chickens.
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The influence of maternal stress on laying hen offspring is further supported by findings from studies imposing unpredictable lighting, which probably also affects the hen's nutritional status. Unpredictable lighting impaired spatial learning in both parents and their offspring and increased early growth rate and competitiveness of the offspring (54). While these effects were found only in offspring of a commercial hybrid [White Leghorn (WL)] and not the Red Junglefowl, the latter's chicks were heavier at hatch. In another study imposing an unpredictable light–dark rhythm (55), the offspring of stressed hens had faster growth and were more likely to select freely available feed over preferred feed that was harder to find. The offspring were also more competitive over feed as adults and had higher long-term survival.

Other environmental manipulations have indicated effects of the maternal environment on offspring development. For example, high ambient temperature in the hen's environment resulted in chicks that were less likely to vocalise when presented with novel feed and showed reduced preferences for high-energy feed and sucrose solutions compared to chicks of non–heat-stressed hens (56). Hens exposed to negative (vs. positive) human behaviour (unannounced arrival, moving fast with waving arms, carrying hens upside down) had chicks that were less likely to distinguish between familiar and unfamiliar conspecifics (57). Furthermore, the chicks of hens exposed to different acute stressors vocalised less when socially isolated, although only in one of five strains studied, namely, a specific White hybrid (63).

Implants that artificially increase the plasma corticosterone (CORT) levels of laying hens have been used to manipulate maternal physiological stress. CORT (vs. placebo) implants resulted in lower offspring fear and competitiveness and less lateralisation in visual inspection of a novel object (58). These effects were accompanied by lower egg mass and smaller chicks, suggesting that the behavioural effects could have been caused by prenatal undernutrition (58, 59).

To date, only one on-farm study has related maternal physiology in breeding flocks to offspring IP in rearing flocks (28, 60). A subset of hens from parental flocks was sampled for plasma CORT, whole-blood 5-HT, and feather damage. The average levels of fearfulness and SFP were related to average levels of behaviours assessed in their rearing flocks. Average levels of maternal CORT, 5-HT, and feather damage were positively related to the average SFP levels of the offspring at 1 woa. Maternal 5-HT levels and feather damage were also positively associated with distress calls of the chicks in a social isolation test at 1 woa. Moreover, maternal flock average CORT was negatively correlated with flock average egg mass (60). No maternal effects were found at 10 or 15 woa, and offspring could not be further assessed in adulthood. Interestingly, the link between physiology of the hens and behaviour of the chicks was seen only in a commercial WL hybrid and not in a Rhode Island Red (brown) hybrid (28). This strain difference is consistent with the strain differences reported in other studies (54, 63), as well as the finding of a higher proportion of methylated genes in response to an unpredictable light schedule in the brains of a WL commercial hybrid than in Red Junglefowl brains (65). Thus, the prenatal environment can have different effects depending on genotype.

Some of the above studies applied treatments only during lay. These studies provide evidence that environmental conditions experienced by the mother during the laying period can affect embryo development, leading to postnatal differences in behaviour and physiology. These effects may be mediated by conditions in the egg (18). In studies where treatments commenced before maturation of the hens, early life maternal stress could have programmed the hens' stress susceptibility or had a direct effect on their gametes. Such long-term effects are of interest also because chicks kept for hatching egg production are exposed to a variety of stressful procedures in early life [e.g., handling at the hatchery to determine sex, transport from hatcher to conveyer belt to transport baskets, beak treatment (still practised in many countries), transport to the rearing farm, exposure to novel environments and often multiple vaccinations during early life; Figure 3]. In a study on newly hatched chicks, stress induced by hatchery processing practises was linked to IP in later life (66), raising the possibility that stress in young chickens could also affect their offspring via epigenetic mechanisms on their gametes.


[image: Figure 3]
FIGURE 3. Set-up of the commercial egg-industry, and sources of variation in environmental conditions within and across generations that could lead to differential embryonic programming of behavioural phenotypes and subsequent risk for development of injurious pecking behaviour. 1Rearing of pullets occurs from arrival from the hatchery (referred to as 1 day of age) until ~17–18 weeks of age. 2The point-of-lay hens are then transported to the laying house (typically at a different farm), where they are kept until the egg production rate and egg quality drop toward economically non-viable levels (typically 80–100 weeks of age). Although egg farmers would prefer pullets reared in a similar housing type (e.g., aviary vs. cage) with similar equipment set-up (e.g., feeder, drinker and perch types, and locations) to that at the laying farm, some variation is almost inevitable. Management of the rearing and laying flocks needs to coordinated (e.g., similar dietary ingredients and lighting schedule at the point of transition to the laying house) for a smooth, relatively low-stress transition. Risk factors for development of injurious pecking have separate as well as interacting effects across the rearing and laying phases (7, 8, 14, 28).


Goerlich et al. (61) exposed parents of chickens to a chronic stress treatment at 4–26 days of life (Table 1). When subsequently tested, the females had enhanced cognitive behaviour in an associative learning task and a dampened stress response to restraint compared to controls. The early stressed hens and their chicks had some similar gene expression patterns in the thalamus/hypothalamus in response to restraint. In parents, corticotrophin-releasing hormone receptor 1 (males) and early growth response 1 were upregulated only after restraint and not at baseline. The authors suggested that via such stress-specific genes, the parental early life environment prepared the offspring for coping with stressful conditions. Ericsson et al. (62) applied multiple stressors to parents in different age periods (2, 8, and 17 woa). Different short- and long-term effects were found on the parents and their offspring, depending on the age period when stress was applied, with no particular sensitive period for all effects. However, stressors applied to parents at 8 woa showed the strongest effect on CORT responses of their chicks. These results provide support for transgenerational behavioural programming effects in chickens (39, 41, 67).




MECHANISMS INVOLVED IN PRENATAL PROGRAMMING IN CHICKENS


Epigenetic Modifications and Inheritance

IP shows erratic variation; population-wise, the average level of IP varies from hatch to hatch, and on an individual basis, phenotypes cover a broad scale (68, 69). This degree of variation suggests that non-additive genetic effects, such as dominance (one allele of the gene dominates the other allele), epistasis (one gene interacts with one or more other genes), and epigenetic programming (changes in the “epigenome” due to environmental influences), may play a role in IP. The epigenome responds to environmental inputs with a range of mechanisms that influence gene expression, including DNA methylation, histone modification, and nucleosome positioning (70, 71). A growing body of research on human diseases points to epigenetic factors being key players in the differentiation of cells during development and changes in gene expression pattern. Most epigenetic “mutations” (epialleles) are either neutral or deleterious, but in some cases, their responses to environmental challenges are adaptive (71). Usually, the epigenome is reset following fertilisation, removing the epigenetic signatures acquired during development or imposed by the environment. But some epigenetic changes persist across generations, with major implications for heredity, breeding, and evolution (67, 71).

In laying hens, early life stress was found to alter the expression of stress-related genes such as tryptophan 5-hydroxylase 2 and dopamine receptor D1A in the parents and their chicks (62). Treatment differences in gene expression were also correlated across generations in this study. These epigenetic modifications could either have been inherited (passed on from their parents via the germ cells forming the zygote) or acquired in the egg environment (41) (Figure 2). To date, studies are lacking on behaviour of the F3 progeny of stressed hens, which would support transgenerational inheritance of environmentally induced epigenetic changes in behaviour.



The Egg: The Chick's Embryonic Environment

To understand when the embryo could be affected by maternal conditions, here we explain the development of a chick from gamete to oocyte and to embryo. A female chick hatches with all her gametes (3,000–4,000) in her ovary. At reproductive age, under the influence of high ovarian hormone activity (mostly estrogens), these oocytes begin to store layers of yolk in their cytoplasm. This process is called vitellogenesis and takes 7–10 days. Yolk nutrients for the oocyte come from the hen's diet via the digestive tract, metabolism in the liver, and passage through the blood. Yolk is the nutrient base for the embryo, containing mostly lipids, cholesterol, and vitamins A, B, and D, but also including gonadal steroid hormones. Only some cells become mature oocytes, whereas others fade away. Once an oocyte contains enough yolk to support embryo development, it is released from the ovary (i.e., ovulation) and undergoes meiosis. Ovulation causes contraction in the oviduct, which enables sperm stored in crypts in the lower oviduct to move to the upper oviduct where fertilisation takes place. Regardless of fertilisation, the oocyte continues down the oviduct, nurtured via capillaries of the thecal and follicular cells surrounding the oocyte. Over 24–28 h, albumin is added in layers followed by formation of the eggshell. Following oviposition, the shelled egg provides the embryonic environment. The chick develops in ~21 days during incubation by a broody hen or in an artificial incubator.


Egg Mass and Egg Composition as Affected by Maternal Conditions

The mass and composition of the egg (yolk and albumen mass, yolk hormones, and other constituents) varies between strains and is influenced by age, diet, and maternal stress (Table 1), thereby affecting embryo development. The hen's nutritional status (72) and diet (52) can influence egg mass, which is strongly correlated with chick mass. When a hen is stressed by (over)activation of her HPA axis, this could influence offspring development at the stage of gamete, follicle, or embryo, depending on when the stressor occurs and for how long it lasts, as well as how the hen adapts (Figure 2). As CORT is a metabolic and stress hormone involved in protein and lipid metabolism (18), elevated maternal CORT levels can impair egg formation. For example, heat-stressed hens kept at high ambient temperature had reduced egg mass compared to controls (48.2 vs. 50.7 g) (56), and de Haas et al. (52) observed reduced egg and yolk mass in nutritionally stressed hens. Artificial elevation of CORT with a CORT implant in hens led to higher plasma CORT in the hens and reduced egg mass, which resulted in smaller chicks (58, 59). Furthermore, commercial hens in parental flocks with higher basal levels of plasma CORT had eggs with lower weight both at peak and end of lay (60). These results suggest that (chronic) stress can have a detrimental effect on the egg nutrient supplies laid down for the embryo. In contrast, maternal stress prior to puberty tended to be associated with higher rather than lower egg mass (61, 65).



Yolk Hormones as Affected by Maternal Conditions

Variation in yolk hormones, especially testosterone (T), influences the behaviour of chicks (73). Within a clutch, egg yolk T varies per egg, which can result in chicks performing varying levels of begging and aggression (74). It is hypothesised that maternal androgens in avian eggs allow the hen to manipulate sibling competition within the clutch (74). In precocial species such as the chicken and quail, maternal conditions affect yolk progesterone (P: precursor of CORT), yolk androstenedione (precursor of T), yolk T [precursor of estradiol (E2)], and yolk E2. These maternal hormones are derived from cholesterol and can be subdivided into androgens (androstenedione, T, E2) and progestogens (P, CORT, aldosterone).

Environmental conditions can influence these yolk hormone concentrations in laying hens (75). Maternal heat stress was associated with higher yolk P, T, and E2 (56) and lack of habituation to humans with lowered yolk P and E2 (57) (Table 1). A high percentage of lipids in the maternal diet elevated yolk androstenedione, P and E2 (52). This dietary treatment also increased CORT metabolites in the faeces compared to control hens (52). Yolk androstenedione and E2 were also higher in floor housed hens compared to caged hens (75). Unpredictable light increased yolk E2 (55), and early life stress increased yolk T and E2 (61). However, elevating CORT in hens by an implant lowered yolk P and T, although not E2 (58). Yolk E2 is often elevated as compared to control conditions when hens are exposed to acute and chronic stressors. It has been argued that yolk E2 facilitates epigenetic modifications in chickens (65) and could thus be a driving force behind parental effects. Several studies report a lack of association between maternal stress and yolk CORT (53, 54, 56, 63), but artificially elevating egg CORT can have a negative effect on hatchability (64).





INCUBATION EFFECTS ON BEHAVIOURAL PROGRAMMING IN CHICKENS

The ability of an embryo to respond to its environment during incubation and adjust its development is fundamental for its subsequent welfare and fitness (76). Developing chicken embryos sense photoperiodic, olfactory, and auditory cues in their environment and respond to them (77). Figure 4 illustrates the development of the visual, auditory, olfactory, and tactile systems during incubation.


[image: Figure 4]
FIGURE 4. Timeline for sensory development of chicken embryos during incubation [based on (78)].



Effects of Light During Incubation

Naturally brooded chick embryos receive short light pulses when the mother hen stands up or leaves the nest for feeding or drinking, or turns the eggs (79, 80). The undifferentiated neurons in the visual system of a chick embryo start to differentiate into neurons of optic vesicles on embryonic day (ED) 2, and axons from retinal ganglion cells reach the optic chiasma by ED4 (78) (Figure 5). The ocular compartments can be identified at ED4 (81). Eye formation is completed, and long-wavelength photo pigments are expressed, at ED14. The visual system is functional on ED18, but matures further post-hatch. From ED16, retinal photoreceptors respond to light/dark cycles through melatonin production (82). However, light-detecting photoreceptor cells are located not only in the retina, but also in the pineal and hypothalamus, and responses to light may start as early as ED3 via gene activation (83).


[image: Figure 5]
FIGURE 5. Timeline for development of the visual system.


Chicken eggs are commonly incubated in darkness [24-h darkness (24D)]. Light during incubation (LDI) has been shown to modify the embryo's physiology and lead to changes in chicks' physiology and behaviour. A single pulse of 2 h of LDI at ED19 and ED20 led to higher GFP between 7- and 21-day-old chicks as compared to non-LDI chicks (84). This GFP was a form of social exploratory pecking whereby both familiar and unfamiliar chicks were targeted (84). Broiler chicks incubated with 16-h LDI and 8-h darkness (16L:8D) throughout the 21 days of incubation also performed more GFP, ground pecking, and preening at 5, 7, and 24 days of age compared to 0L:24D broiler chicks (85). However, in (male) layer chicks assessed at 3–7 days of age, GFP was unaffected by exposure of eggs to white fluorescent light from ED17–21 (86).

The wavelength of LDI appears to affect behaviour, physiology, and social pecking tendencies. A 16L:8D schedule from ED0–21 with green (520 nm) or white LED reduced fear at 3 woa in broiler chicks (85). Fear as assessed by vigilance was also reduced in layer chicks incubated in white light (87). White light increased GFP in line with the study by Riedstra and Groothuis (84) whereas green light reduced SFP and aggressive pecking in layer chicks (86).

LDI may have a positive effect on stress coping in chickens via early entrainment of a melatonin circadian rhythm (82). Focusing on behavioural effects, a clear day and night rhythm reduced fear at 3–6 woa in broiler chickens (88). Exposure to LDI in the last 3 days before hatching also improved discriminative learning (89) and spatial learning in feed-related tasks (90) in young layer chicks. These effects may originate from increased hemispheric lateralisation due to LDI. During incubation, the chick's left eye faces the yolk by ED18 and from ED18 is occluded by the body, whereas the right eye is always facing out and thus exposed to any light penetrating the egg shell (90). Exposure to LDI stimulates hemispheric lateralisation with positive effects on behaviour and welfare (91).

Lateralisation due to LDI improves cognition (92) and ability to perform the dual task of feed searching and predator detection (87), which increases foraging activity in nature (93). For example, chicks exposed to LDI used spatial and object-specific cues, whereas dark-incubated chickens used only object-specific cues (94). An increase in visual asymmetry via LDI can thus result in increased foraging efficiency. Chiandetti et al. (83) further suggested beneficial effects of LDI before development of the visual system, possibly due to changes in expression of genes related to photoreception. They incubated WL eggs in darkness or exposed to light either during the first 3 days or the last 3 days before hatching. Both groups of light-exposed chicks preferred the left side when attending to scattered feed grains and showed better spatial abilities. The relevance to development of IP lies in the possibility that LDI can improve feed discrimination in chickens. Given the link between foraging and IP, improved feed discrimination may lower the risk for development for IP.



Effects of Temperature During Incubation

Eggs are incubated via skin conductance of the hen's broody patch (95). Development of a broody patch closely follows the onset of nesting behaviour (96). For domestic laying hens, a wide range of egg temperatures has been reported during natural incubation, with a minimum of 23.3°C and a maximum of 40.3°C (at air temperatures between 18.8 and 25.6°C) (96). Layer and broiler chicks used for production are incubated in large commercial incubators in which, for 18 days of incubation, ambient temperature is set within the narrow range of 37.5–37.8°C, and relative humidity (RH) to 55–60%. On ED18, eggs are transferred to a hatcher set at a temperature of 37.0°C with 65–75% RH. Temperature and RH are linked, thereby determining the effective temperature. Deviations from the optimal conditions of temperature and humidity may exert thermal stress on the embryos and consequently influence development and behaviour. Bertin et al. (97) exposed WL embryos daily to an ambient temperature of 27°C for 1 h twice per day during ED12 to ED19. This treatment resulted in higher fear in the chicks in a novel feed test and an open field test at days 8 and 14–15 of life, respectively. This increase in fear level was supported by an increased expression of corticotrophin-releasing factor (as assessed by fluorescent corticotrophin-releasing factor–positive cells) in the amygdala of treatment chicks vs. control chicks, a brain structure involved in the regulation of fear-related behaviour (35). No differences were found between treatment and control chicks in fear of novel objects or in social reinstatement behaviour (97).

Lay and Wilson (76) found that pullets exposed to 40.6°C for 24 h on ED16 had heavier adrenal glands at 11 woa when compared to controls, but did not differ from controls in basal or stress-induced CORT. In broilers, exposure to a continuous (24 h/d) or intermittent (12 h/d) temperature of 39.5°C from ED7 to ED16 resulted in higher plasma CORT at hatch compared to controls (98). Long-term adaptive effects were found when these birds were heat stressed at 35–36 days of life by exposing them to 35°C for 5 h. Birds incubated at the higher temperature had lower plasma CORT and mortality than controls (99). In wood ducks, incubation temperature had the opposite effect (100). Eggs were incubated at 35.0, 35.9, or 37.0°C, within the natural incubation temperature range. At 2 and 9 days of life, the ducklings incubated at the lowest temperature had higher baseline and stress-induced CORT compared to the ducklings incubated at the two higher temperatures. These findings show that manipulating temperature during incubation can affect postnatal HPA axis and stress responses in birds. Whether this stress coping strategy via temperature programming is linked to development of IP in laying hens is unknown.



Auditory Imprinting During Incubation

Development of the auditory system begins around ED11 (101), and from ED16, the cochlea has developed the capacity of detecting and encoding sound (102) (Figure 4). Communication between the mother and developing chicks, and among chicks, starts the day before hatching (103). Vocalisations heard while still inside the egg are thought to help birds recognise their mother after hatching (103). During natural incubation, the embryos are also exposed to the range of sounds in their environment. In contrast, incubation in commercial incubators provides an acoustic environment different from that to which chickens are exposed to post-hatch. For example, during incubation, there is a constant background noise stemming from the motor and ventilation system. Tong et al. (104) reported this background noise to be 70 dB. Exposure to specific sounds has been shown to affect post-hatch social and cognitive behaviour of chicks. Sanyal et al. (105) tested one-day-old WL chicks in a T-maze, with a mirror at the junction to stimulate social reinstatement with companions in a brooder at the end of one arm. Exposure to arrhythmic noise of 110 dB from ED10 to hatch delayed latency to leave the start box and reach the brooder area (105). Furthermore, repeated testing did not improve spatial learning in these chicks. Kauser et al. (106) and Chaudhury et al. (107) subjected WL embryos to either no sound, species-specific sounds, or sitar music at 65 dB for 15 min/h on ED10 until hatch. All groups showed a decreased latency to reach the brooder over three trials (at 1, 2, and 4 days after hatch), but sound-exposed chicks were faster than non-exposed chicks. Music-exposed chicks were faster at day 1 of life, likely indicating reduced fearfulness. These studies indicate that sound during incubation can influence social behaviour, fearfulness, and cognition.

Naturally incubated layer chicks of a Swedish bantam were more likely than artificially incubated chicks to approach the clucking of a familiar hen (108). Similarly, one-day-old WL chicks exposed to sitar music (65 dB for 15 min/h) from ED10 until hatching responded more to species-specific maternal sounds than control chicks that received no auditory stimulation during incubation (109). Finally, the HPA axis, which plays a central role in controlling reactions to stress, was also affected by sounds during incubation. Sanyal et al. (105) found an increased concentration of plasma noradrenaline in day-old chicks that had been noise-stimulated as embryos compared to non-stimulated control chicks, with music-stimulated chicks being intermediate. No effects of treatment were found on the level of plasma CORT. In contrast, at 24 h post-hatch, Kauser et al. (106) found lower plasma CORT concentrations in chicks exposed to either species-specific sounds or sitar music during incubation compared to control chicks. At 72 h post-hatch, the plasma CORT concentration was higher in the species-specific sound-stimulated chicks. At 120 h of age, no difference in plasma CORT concentration was found between treatments. Rodenburg et al. (110) showed that exposure to noise during incubation delayed hatching and reduced vocalisation, but did not affect fearfulness at 5 woa in brown layer chicks. In summary, studies have shown that excessive noise during incubation influences fearfulness, cognitive abilities, social preferences, and the HPA axis in chickens, which could add to the risk of developing IP.



Olfactory Conditioning During Incubation

Under natural conditions, chicken embryos develop inside a porous egg, which remains in close contact with the body of the brooding hen via the brooding patch. The egg is a porous matrix where gas exchange with the surrounding environment is possible. This environment entails the nest and nest material (i.e., bedding material, feathers, manure from the broody hen, feed particles). Odours from this environment can pass (to some extent) through the porous eggshell, exposing the developing chick to cues from its future environment. Scent or odours are chemical components that function as olfactory cues providing information about the environment. These odours can modify the receivers' behaviour (111). Chickens use odour cues to find their nest (112), avoid predators, and find food (113). Preen oil from the preen gland of chickens may have a specific odour or taste that is attractive to hens, as shown by ingesting specific feathers (114) and targeting IP to specific areas (115).

The chick's olfactory bulb evolves rapidly from the second day of incubation and is fully matured at hatch (78) (Figure 4). Developing chicks are able to discriminate different olfactory cues from ED10 of incubation (116). Chicks are more attracted to odours they have encountered during incubation than to unfamiliar odours. Porter and Picard (117) found that chicks exposed to the odour of oranges during the last 2 days of incubation (by placing eggs on odorised paper in the incubator) were faster to approach a container with the same odour 12 to 36 h post-hatch. Furthermore, olfactory cues during incubation can be used to influence feed preferences post-hatching; 4-day-old chicks that had received an olfactory cue at the end of incubation ate more feed with the same odour compared with control chicks (118). Thus, familiar odours to which chicks have been exposed during incubation can stimulate feeding. Sneddon et al. (119) exposed eggs to strawberry oil via different means during incubation (i.e., on the eggshell, in the air, or near the egg). Exposure to strawberry oil on the eggshell led to increased intake of strawberry-flavoured water, and more entries into a strawberry-scented environment, in the first days after hatching. This attraction to familiar odours is maintained throughout life (120).

As a practical strategy to avoid removal of familiar odours, disinfection of hatching eggs in the hatchery should be avoided. If eggs are disinfected, specific odours could be added during incubation, and exposure could be continued on the rearing farm. For example, Madec et al. (121–123) showed that broilers kept in an environment where an analogue of maternal hen's odour was provided had lower stress responses and enhanced growth and body weight up to 80 days of age, compared with unexposed broilers. It remains unknown whether odours have long-term effects on the development of IP. In the hatchery, eggs of different parental sources are often put together in the incubator. This practise could also lead to disease risks by contamination from one farm to another. Another practical strategy is to limit this contamination and reduce the need for disinfection by keeping the familiar odours from one farm and avoiding mixing eggs from different parental flocks during incubation.




EARLY POST-HATCH CONDITIONS AND BEHAVIOURAL PROGRAMMING OF CHICKENS IN RELATION TO IP

Soon after hatching, chicks are able to react to different environmental stimuli with physiological and behavioural changes, often leading to long-lasting modifications in brain development referred to as developmental plasticity (124). Maturation of the brain via specialisation of brain circuits continues up to 10 woa (125). There are sensitive periods in which chickens learn certain behaviours, such as imprinting, when they develop strong preferences (25). Learned behaviour patterns can be programmed by early life conditions and prenatal modulations, resulting in a higher tendency to perform certain behaviours such as IP.

Feeding is one of the most important behaviours chicks need to learn to survive, along with learning to drink, find warmth, and hide from predators. As the chicken is a precocial species, the chick is not actively fed by the parents as in altricial species. However, under natural conditions, the mother hen guides the feeding behaviour of her chicks, with specific vocalisations to distinguish edible from inedible particles (25). Under commercial conditions, in the absence of a mother hen or older chicks, the newly hatched chicks need to find feed on their own, with the help of management practises. Chicks are strongly socially oriented and learn from each other what is edible. Thus, if IP occurs, the behaviour can spread rapidly through social learning (126, 127).

Housing and handling practises in the first few weeks post-hatch can have immediate as well as long-lasting consequences for IP (128). Hatching procedures (handling, sexing, conveying, transport) influence IP and stress sensitivity in later life (66). Rearing in cages or aviaries without a floor substrate to peck at is a risk factor for IP on rearing farms (28), an effect that persists in adults (129, 130) and is associated with epigenetic markers in red blood cells (i.e., 115 genomic changes in red blood cells from rearing in cages vs. in aviary) (131). Under natural conditions, the broody hen is a source of warmth and protection from predators, a function partly replaced by artificial brooders. Provision of dark brooders has been found to reduce the risk of IP as well as fearfulness in hens (132) and chicks (133).



DISCUSSION

As we have outlined, a myriad of prenatal and early postnatal factors can influence the behavioural development of poultry at different points in development, including prehatch and post-hatch housing and nutritional condition of the parental birds, the incubation environment, and egg and chick handling procedures. While there are clear indications that early post-hatch conditions play a role in the development of IP in poultry [e.g., see Hedlund et al. (66)], the influence of prehatch conditions on IP is currently unclear. Behavioural differences that could be associated with an elevated risk of IP (e.g., increased fear-related behaviour and competitiveness) have been detected, although in an inconsistent pattern across studies (Table 1). Differences in genetic strain and stress dose received by the embryo have likely contributed to these varied results. Whereas high levels of prenatal stress and exogenous CORT can be expected to impair embryo survival, as well as early chick competitiveness and growth, less extreme stress may program chicks with elevated early competitiveness and growth as a coping mechanism, although potentially at a cost of reduced longer-term health. Only one correlational study to date has specifically investigated associations between prenatal conditions and postnatal IP, indicating a positive association between elevated CORT and early postnatal SFP (60). There is thus good reason to pursue studies into the influence of embryonic stress on IP. Furthermore, the role of early (prepubertal) parental stress, and the possibility of transgenerational effects including those derived from the male lineage, should be pursued.

A better understanding of mechanisms involved in the development of IP is needed to improve our ability to predict and prevent its occurrence, especially under conditions or systems in which beak treatment is not carried out. While learning can be involved in the emergence of IP post-hatch [e.g., see Cloutier et al. (126)], the roles of neurogenesis and epigenetic changes are currently uncertain. These could operate in opposite directions whereby epigenetic marks induced by maternal stress increase the risk of IP whereas neurogenesis serves to enhance stress resilience (134), potentially reducing the risk of IP. Alas, investigating neurogenesis and epigenetic changes in behaviour-relevant brain regions requires sacrificing the animal. Finding relevant epigenetic biomarkers for IP risk factors in tissues that can be sampled repeatedly [e.g., red blood cells (131)] would aid longitudinal studies on the development of IP. In addition, the role of the gut microbiota in programming behaviour is an emerging topic, given its potential for influencing IP (135). There is evidence of microbial transfer from mother to offspring in chickens (136), raising questions about how maternal stress, egg handling practises, motherless chick rearing, and mismatch between the parental and offspring microbial environment affect establishment of a well-adapted microbiota in chicks and how these factors, in turn, alter the risk of IP.

The extent to which early life effects can be detected later is likely to be influenced by the degree of environmental adversity subsequently experienced. For example, nutritional imbalance, heat stress, pathogens, poor air and litter quality, lack of opportunities to engage in natural behaviours, and inability to avoid pecks by flock mates may override the effects of early life risk factors for IP. In contrast, early life conditions predisposing chicks to IP may be buffered and thus masked by flavorable environmental conditions experienced when older. For example, whereas placing newly hatched chicks in a cage with no substrate increased the risk for IP (28), environmental enrichment of the subsequent adult housing reduced the risk (129). Other possible buffering effects may be derived from the social support provided by the mother hen (137) and housing in a complex environment (138). These predicted effects raise a fundamental question about the role of a mismatch in environmental adversity. If the risk of IP is promoted by maternal stress resulting in programming of offspring to be thrifty, competitive, and anxious (i.e., prepared to survive adverse conditions in the most vulnerable early post-hatch period), IP may be exacerbated in a matching stressful post-hatch environment. If a mismatched, more flavorable post-hatch environment buffers this early programming, hens may be more prone to metabolic disorders such as fatty liver disease (139) as predicted by both the “Barker” and predictive adaptive response hypotheses. However, it is questionable whether the development of metabolic diseases in laying hens is associated with an elevated risk of IP. Likewise, it is unclear whether the predicted sociable, calm, adaptable offspring of parents reared in relatively flavorable conditions (i.e., prepared to live long in a bountiful environment) would be more prone to develop IP if subsequently finding themselves in a mismatched stressful environment.

Besides masking of early effects by later ones, identifying early life risk factors for IP is challenging for several additional reasons. Globally, most commercial flocks are beak treated, which reduces damage due to IP. Furthermore, a commercial flock may be derived from multiple parental flocks, and ready-to-lay pullets may be sourced from more than one rearing flock. Unless flock history is known, prehatch contributors to flock IP rates will remain hidden. Most but not all (60, 129, 130) studies into behavioural programming have therefore been based on randomised controlled experiments. However, the behavioural outcomes assessed have typically not included IP because it is often relatively rare and unpredictable under experimental conditions and involves harm that one is ethically bound to minimise. Long-term experiments are also expensive and labour-intensive. It is not surprising that studies done to date have typically involved relatively low sample sizes and have rarely extended from the parent generation to adulthood of the offspring or to subsequent generations. Studies focused on outcomes in young birds will fail to detect possible early organisational effects of yolk-derived gonadal steroids on IP that would only be activated at puberty.

A further challenge arises from our incomplete understanding of relationships between different forms of IP. Different forms of IP may obscure differential effects if they are pooled. For instance, cloacal cannibalism appearing following the onset of egg production is not clearly related to other forms of IP (140). Also, elevated aggressive pecking at the head may be negatively correlated with non-aggressive pecks at other body parts (19), but it is not always easy to distinguish between aggressive and non-aggressive, even playful, intent. It is recommended that future reports include data on the frequencies of different forms of IP, body region targeted, and the contexts in which pecks occur. Even if rates of IP are too low for statistical evaluation, these data could be subjected to meta-analysis in the future. Future studies might also explore the possibility that some aspects of aggressive and non-aggressive pecking, such as the frequency and force of pecks and thus risk of injury, are influenced by common epigenetic mechanisms.

Finally, group-level reporting of outcomes is a limitation of previous studies into early effects on IP because hens vary in personality and stress coping ability (141). Hens better able to command limited resources will be less affected by environmental adversity than those less able to maintain a place at the feeder, access a nest space in a timely manner prior to oviposition, avoid unwanted mating, or secure a nightly roosting spot in a preferred location. On the other hand, in a rich environment, highly competitive, anxious individuals may experience more stress than more tolerant, relaxed individuals. Within a flock, variation in the relative frequency of birds adhering to proactive and reactive stress coping styles could perhaps explain variation in results from different studies. This is relevant because IP depends not only on the behaviour of those that deliver potentially damaging pecks, but also on the responses of targeted receivers of pecks (140, 142). In addition, individual differences in maternal stress can be predicted to reduce flock uniformity in egg mass, hormone deposition in eggs, and growth of the offspring. The resulting stress could lead to asymmetric growth resulting in fluctuating asymmetry of bilateral morphological traits that increase the risk of receiving IP (143). Future use of computer imaging algorithms for individual tracking and automated behavioural analysis will facilitate evaluation of the contribution of different stress coping styles to the development of IP. The ability to track the behaviour, hormone status, and physical condition of different hens and their progeny within commercial production environments would greatly extend current knowledge about predictors of IP in laying hens.



CONCLUSIONS

With this review, we have shown that prehatch and early post-hatch conditions can influence behavioural programming, with the potential to alter the likelihood of IP. IP is a multifactorial problem that appears more likely to occur when commercial incubation and rearing conditions deviate from the optimal, leading to long-lasting changes in the developing embryo/newly hatched bird. Assessing the risk for development of IP on a farm can be seen as a Jenga® tower (Figure 6), where blocks are built on top of each other. When the base of the tower is unstable, for example, due to adverse prenatal conditions, only minor perturbations in early or later life may be needed for the tower to fall and IP to occur. We conclude that matching positive environmental conditions of previous generations to the current generation, optimising incubation conditions, reducing stress at hatch, providing features such as dark brooders that compensate for absence of some functions of the maternal hen, ensuring ample foraging opportunities, and guiding appropriate learning for chicks (e.g., from older birds) are strategies likely to aid in preventing IP in commercial laying hen flocks.


[image: Figure 6]
FIGURE 6. Jenga tower of risks for development of injurious pecking in laying hens, based on aspects in the production chain where possibilities for behavioural programming could occur and sensitive periods in early life could prime pecking preferences.




AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This article was based upon work in the COST Action CA15134—Synergy for preventing damaging behaviour in group housed pigs and chickens (GroupHouseNet), supported by COST (European Cooperation in Science and Technology www.cost.eu).



ABBREVIATIONS

5-HT, serotonin; CORT, corticosterone; E2, estradiol; ED, embryonic day; FCM, fecal corticosterone metabolites; GFP, gentle feather pecking; HPA, hypothalamus–pituitary–adrenal; IP, injurious pecking; LDI, light during incubation; P, progesterone; RH, relative humidity; SFP, severe feather pecking; T, testosterone; woa, weeks of age; WL, White Leghorn.



REFERENCES

 1. European Union. Council Directive 1999/74/EC of 19 July 1999 laying down minimum standards for the protection of laying hens. Off J Eur Comm. (1999) L203:53–7.

 2. Lay DC, Fulton RM, Hester PY, Karcher DM, Kjaer JB, Mench JA, et al. Hen welfare in different housing systems. Poult Sci. (2011) 90:278–94. doi: 10.3382/ps.2010-00962

 3. Savory CJ, Mann JS. Feather pecking in groups of growing bantams in relation to floor substrate and plumage colour. Br Poult Sci. (2010) 40:5. doi: 10.1080/00071669986918

 4. Green LE, Lewis K, Kimpton A, Nicol CJ. Cross-sectional study of the prevalence of feather pecking in laying hens in alternative systems and its associations with management and disease. Vet Rec. (2000) 147:233–8. doi: 10.1136/vr.147.9.233

 5. Bestman MWP, Wagenaar JP. Farm level factors associated with feather pecking in organic laying hens. Livst Prod Sci. (2003) 80:133–40. doi: 10.1016/S0301-6226(02)00314-7

 6. de Haas EN, Bolhuis E, de Jong IC, Kemp B, Janczak AM, Rodenburg TB. Predicting feather damage in laying hens during the laying period. Is it the past or is it the present? AABS. (2014) 160:75–85. doi: 10.1016/j.applanim.2014.08.009

 7. Gilani AM, Knowles TG, Nicol CJ. The effect of rearing environment on feather pecking in young and adult laying hens. AABS. (2013) 148:54–63. doi: 10.1016/j.applanim.2013.07.014

 8. Lambton SL, Nicol CJ, Friel M, Main DCJ, McKinstry JL, Sherwin CM, et al. A bespoke management package can reduce levels of injurious pecking in loose-housed laying hen flocks. Vet Rec. (2013) 172:423. doi: 10.1136/vr.101067

 9. Gentle MJ. Pain issues in poultry. AABS. (2011) 135:252–8. doi: 10.1016/j.applanim.2011.10.023

 10. Glatz PC, Murphy LB, Preston AP. Analgesic therapy of beak-trimmed chickens. Aust Vet J. (1992) 69:18. doi: 10.1111/j.1751-0813.1992.tb09859.x

 11. Marchant-Forde RM, Fahey AG, Cheng HW. Comparative effects of infrared and one-third hot-blade trimming on beak topography, behavior, and growth. Poult Sci. (2008) 87:1474–83. doi: 10.3382/ps.2006-00360

 12. Mullens BA, Chen BL, Owen JP. Beak condition and cage density determine abundance and spatial distribution of northern fowl mites, Ornithonyssus sylviarum, and chicken body lice, Menacanthus stramineus, on caged laying hens. Poult Sci. (2010) 89:2565–72. doi: 10.3382/ps.2010-00955

 13. Newberry RC, Keeling L, Estevez I, Bilcik B. Behaviour when young as a predictor of severe feather pecking in adult laying hens: the redirected foraging hypothesis revisited. AABS. (2007) 107:262–74. doi: 10.1016/j.applanim.2006.10.010

 14. Nicol CJ, Bestman M, Gilani AM, De Haas EN, De Jong IC, Lambton S, et al. The prevention and control of feather pecking: application to commercial systems. World's Poult Sci J. (2013) 69:775–88. doi: 10.1017/S0043933913000809

 15. Rodenburg TB, van Krimpen MM, de Jong IC, de Haas EN, Kops MS, Riedstra BJ, et al. The prevention and control of feather pecking in laying hens: identifying the underlying principles. World's Poult Sci J. (2013) 69:361–73. doi: 10.1017/S0043933913000354

 16. Gluckman PD, Hanson MA. The developmental origins of the metabolic syndrome. Trends Endocrinol Metab. (2004) 15:183–7. doi: 10.1016/j.tem.2004.03.002

 17. Gluckman PD, Hanson MA. Living with the past: evolution, development, and patterns of disease. Science. (2004) 305:1733–6. doi: 10.1126/science.1095292

 18. Henriksen R, Rettenbacher S, Groothuis TGG. Prenatal stress in birds: pathways, effects, function and perspectives. Neurosci Biobeh Rev. (2011) 35:1484–501. doi: 10.1016/j.neubiorev.2011.04.010

 19. Cloutier S, Newberry RC. A note on aggression and cannibalism in laying hens following re-housing and re-grouping. AABS. (2002) 76:157–63. doi: 10.1016/S0168-1591(02)00004-7

 20. Dixon LM, Duncan IJH, Mason G. What's in a peck? Using fixed action pattern morphology to identify the motivational basis of abnormal feather-pecking behaviour. Anim Behav. (2008) 76:1035–42. doi: 10.1016/j.anbehav.2008.06.001

 21. Sanotra GS, Vestergaard KS, Agger JF, Lawson LG. The relative preferences for feathers, straw, wood-shavings and sand for dustbathing, pecking and scratching in domestic chicks. AABS. (1995) 43:263–77. doi: 10.1016/0168-1591(95)00562-7

 22. Kjaer JB. Neonate pecking preferences and feather pecking in domestic chickens: investigating the ‘changed template' hypothesis. Arch Geflügelk. (2011) 75:273–8.

 23. Wauters AM, Richard-Yris MA, Talec N. Maternal Influences on feeding and general activity in domestic chicks. Ethology. (2002) 108:529–40. doi: 10.1046/j.1439-0310.2002.00793.x

 24. Riber AB, Wichman A, Braastad BO, Forkman B. Effects of broody hens on perch use, ground pecking, feather pecking and cannibalism in domestic fowl (Gallus gallus domesticus). AABS. (2007) 106:39–51. doi: 10.1016/j.applanim.2006.07.012

 25. Edgar JL, Held S, Jones C, Troisi CA. Influences of maternal care on chicken welfare. Animals. (2016) 6:2. doi: 10.3390/ani6010002

 26. Rodenburg TB, Komen H, Ellen ED, Uitdehaag KA, van Arendonk JAM. Selection method and early-life history affect behavioural development, feather pecking and cannibalism in laying hens: a review. AABS. (2008) 110:217–28. doi: 10.1016/j.applanim.2007.09.009

 27. Riber AB, Forkman B. A note on the behaviour of the chicken that receives feather pecks. AABS. (2007) 108:337–41. doi: 10.1016/j.applanim.2006.12.008

 28. de Haas EN, Bolhuis E, Kemp B, Groothuis TGG, Rodenburg TB. Parents and early life environment affect behavioral development of laying hen chickens. PLoS ONE. (2014) 9:e90577. doi: 10.1371/journal.pone.0090577

 29. Huber-Eicher B, Wechsler B. The effects of quality and availability of foraging materials on feather pecking in laying hens. Anim Behav. (1998) 55:861–73. doi: 10.1006/anbe.1997.0715

 30. de Haas EN, Nielsen BL, Buitenhuis AJ, Rodenburg TB. Selection on feather pecking affects response to novelty and foraging behaviour in laying hens. AABS. (2010) 124:90–6. doi: 10.1016/j.applanim.2010.02.009

 31. Kjaer JB. Feather pecking in domestic fowl is genetically related to locomotor activity levels: implications for a hyperactivity disorder model of feather pecking. Behav Genet. (2009) 39:564–70. doi: 10.1007/s10519-009-9280-1

 32. Kjaer JB, Wurbel H, Schrader L. Perseveration in a guessing task by laying hens selected for high or low levels of feather pecking does not support classification of feather pecking as a stereotypy. AABS. (2015) 168:56–60. doi: 10.1016/j.applanim.2015.04.014

 33. De Haas EN, van der Eijk JAJ. Where in the serotonergic system does it go wrong? Unravelling the route by which the serotonergic system affects feather pecking in chickens. Neurosci Biobeh Rev. (2018) 95:170–88. doi: 10.1016/j.neubiorev.2018.07.007

 34. Huo R, Zeng B, Zeng L, Cheng K, Li B, Luo Y, et al. Microbiota modulate anxiety-like behavior and endocrine abnormalities in hypothalamic-pituitary-adrenal axis. Front Cell Infect Microbiol. (2017) 7:489. doi: 10.3389/fcimb.2017.00489

 35. Korte SM. Corticosteroids in relation to fear, anxiety and psychopathology. Neurosci Biobehav Rev. (2001) 25:117–42 doi: 10.1016/S0149-7634(01)00002-1

 36. Rodenburg TB, Buitenhuis AJ, Ask B, Uitdehaag KA, Koene P, van der Poel JJ, et al. Genetic and phenotypic correlations between feather pecking and open-field response in laying hens at two different ages. Behav Gen. (2004) 34:407–15. doi: 10.1023/B:BEGE.0000023646.46940.2d

 37. Vander Eijk JAJ, LAmmer A, Li P, Kjaer JB, Rodenburg TB. Feather pecking genotype and phenotype affect behavioural responses of laying hens. AABS. (2018) 205:141–50. doi: 10.1016/j.applanim.2018.05.027

 38. Lucas A. Role of nutritional programming in determining adult morbidity. Arch Dis Child. (1994) 71:288–90. doi: 10.1136/adc.71.4.288

 39. Rodenburg TB, de Haas EN. Of nature and nurture: the role of genetics and environment in behavioural development of laying hens. Curr Opin Behav Sci. (2016) 7:91–4. doi: 10.1016/j.cobeha.2015.12.007

 40. Buyse J, Colin A, Coustham V, de Haas EN, Pitel F. Chapter 20: the use of epigenetics in poultry breeding. In: Advances in Poultry Genetics and Genomics. Sawston: Livestock Physiology (2020).

 41. Guerrero-Bosagna C, Morisson M, Liaubet L, Rodenburg TB, de Haas EN, Koštál L, et al. Transgenerational epigenetic inheritance in birds. Environ Epigenetics. (2018) 4:dvy008. doi: 10.1093/eep/dvy008

 42. Pigeon G, Loe LE, Bischof R, Bonenfant C, Forchhammer M, Irvine RJ, et al. Silver spoon effects are constrained under extreme adult environmental conditions. Ecology. (2019) 100:e02886. doi: 10.1002/ecy.2886

 43. Barker DJ, Osmond C. Infant mortality, childhood nutrition, and ischaemic heart disease in England and Wales. Lancet. (1986) 1:1077–81. doi: 10.1016/S0140-6736(86)91340-1

 44. de Boo HA, Harding JE. The developmental origins of adult disease (Barker) hypothesis. Aust NZ J Obstet Gynaecol. (2006) 46:4–14. doi: 10.1111/j.1479-828X.2006.00506.x

 45. Gluckman PD, Hanson MA, Spencer HG. Predictive adaptive responses and human evolution. Trends Ecol Evol. (2005) 2:527–33. doi: 10.1016/j.tree.2005.08.001

 46. Gluckman PD, Hanson MA. The Fetal Matrix: Evolution, Development and Disease. 1st ed. Cambridge: Cambridge University Press (2005).

 47. Armitage JA, Khan IY, Taylor PD, Nathanielsz PW, Poston L. Developmental programming of the metabolic syndrome by maternal nutritional imbalance: how strong is the evidence from experimental models in mammals? J Physiol. (2004) 561:355–77. doi: 10.1113/jphysiol.2004.072009

 48. Symonds ME, Gardner DS. Experimental evidence for early nutritional programming of later health in animals. Curr Opinion Clin Nutr Metabol Care. (2006) 9:278–83. doi: 10.1097/01.mco.0000222112.46042.19

 49. Vickers MH, Breier BH, Cutfield WS, Hofman PL, Gluckman PD. Fetal origins of hyperphagia, obesity, and hypertension and postnatal amplification by hypercaloric nutrition. Am J Physiol Endocrinol Metab. (2000) 279:E83–7. doi: 10.1152/ajpendo.2000.279.1.E83

 50. Vickers MH, Breier BH, McCarthy D, Gluckman PD. Sedentary behavior during postnatal life is determined by the prenatal environment and exacerbated by postnatal hypercaloric nutrition. Am J Physiol Regul Integr Comp Physiol. (2003) 285:R271–3. doi: 10.1152/ajpregu.00051.2003

 51. van der Waaij EH, van den Brand H, van Arendonk JAM, Kemp B. Effect of match or mismatch of maternal-offspring nutritional environment on the development of offspring in broiler chickens. Animal. (2011) 5:741–8. doi: 10.1017/S1751731110002387

 52. de Haas EN, Calandreau L, Baéza E, Chartrin P, Palme R, Darmaillacq AS, et al. Lipids in maternal diet influence yolk hormone levels and post-hatch neophobia in the domestic chick. Devel Psychobiol. (2017) 59:400–9. doi: 10.1002/dev.21504

 53. Janczak AM, Torjesen P, Palme R, Bakken M. Effects of stress in hens on the behaviour of their offspring. AABS. (2007) 107:66–77. doi: 10.1016/j.applanim.2006.09.016

 54. Lindqvist C, Janczak AM, Nätt D, Baranowska I, Lindqvist N, Wichman A, et al. Transmission of stress-induced learning impairment and associated brain gene expression from parents to offspring in chickens. PLoS ONE. (2007) 2:e364. doi: 10.1371/journal.pone.0000364

 55. Nätt D, Lindqvist N, Stranneheim H, Lundeberg J, Torjesen PA, Jensen P. Inheritance of acquired behaviour adaptations and brain gene expression in chickens. PLoS ONE. (2009) 4:e6405. doi: 10.1371/journal.pone.0006405

 56. Bertin A, Chanson M, Delaveau J, Mercerand F, Möstl E, Calandreau L, et al. Moderate heat challenge increased yolk steroid hormones and shaped offspring growth and behavior in chickens. PLoS ONE. (2013) 8:e57670. doi: 10.1371/journal.pone.0057670

 57. Bertin A, Mocz F, Calandreau L, Palme R, Lumineau S, Darmaillacq AS, et al. Human behaviour at the origin of maternal effects on offspring behaviour in laying hens (Gallus gallus domesticus). Physiol Behav. (2019) 201:175–83. doi: 10.1016/j.physbeh.2019.01.012

 58. Henriksen R, Groothuis TG, Rettenbacher S. Elevated plasma corticosterone decreases yolk testosterone and progesterone in chickens: linking maternal stress and hormone-mediated maternal effects. PLoS ONE. (2011) 6:e23824. doi: 10.1371/journal.pone.0023824

 59. Henriksen R, Rettenbacher S, Groothuis TGG. Maternal corticosterone elevation during egg formation in chickens (Gallus gallus domesticus) influences offspring traits, partly via prenatal undernutrition. Gen Comp Endocrinol. (2013) 191:83–91. doi: 10.1016/j.ygcen.2013.05.028

 60. de Haas EN, Kemp B, Bolhuis JE, Groothuis T, Rodenburg TB. Fear, stress, and feather pecking in commercial white and brown laying hen parent-stock flocks and their relationships with production parameters. Poult Sci. (2013) 92:2259–69. doi: 10.3382/ps.2012-02996

 61. Goerlich VC, Nätt D, Elfwing M, Macdonald B, Jensen P. Transgenerational effects of early experience on behavioral, hormonal and gene expression responses to acute stress in the precocial chicken. Horm Behav. (2012) 61:711–8. doi: 10.1016/j.yhbeh.2012.03.006

 62. Ericsson M, Henriksen R, Bélteky J, Sundman A-S, Shionoya K, Jensen P. Long-term and transgenerational effects of stress experienced during different life phases in chickens (Gallus gallus). PLoS ONE. (2016) 11:e0153879. doi: 10.1371/journal.pone.0153879

 63. Peixoto MRLV, Karrow NA, Newman A, Widowski TM. Effects of maternal stress on measures of anxiety and fearfulness in different strains of laying hens. Front Vet Sci. (2020) 7:128. doi: 10.3389/fvets.2020.00128

 64. Peixoto MRLV, Karrow NA, Widowski TM. Effects of prenatal stress and genetics on embryonic survival and offspring growth of laying hens. Poult Sci. (2020) 99:1618–27. doi: 10.1016/j.psj.2019.10.018

 65. Nätt D, Rubin C, Wright D, Johnsson M, Beltéky J, Andersson L, et al. Heritable genome-wide variation of gene expression and promoter methylation between wild and domesticated chickens. BMC Genomics. (2012) 13:59. doi: 10.1186/1471-2164-13-59

 66. Hedlund L, Whittle R, Jensen P. Effects of commercial hatchery processing on short- and long-term stress responses in laying hens. Sci Rep. (2019) 9:2367. doi: 10.1038/s41598-019-38817-y

 67. Jensen P. Adding ‘epi-' to behaviour genetics: implications for animal domestication. J Exp Biol. (2015) 218:32. doi: 10.1242/jeb.106799

 68. Labouriau R, Kjaer JB, Abreu GCG, Hedegaard J, Buitenhuis AJ. Analysis of severe feather pecking behavior in a high feather pecking selection line. Poult Sci. (2009) 88:2052–62. doi: 10.3382/ps.2009-00113

 69. Piepho HP, Lutz V, Kjaer JB, Grashorn M, Bennewitz J, Bessei W. The presence of extreme feather peckers in groups of laying hens. Animal. (2016) 11:500–6. doi: 10.1017/S1751731116001579

 70. Saavedra K, Molina-Márquez AM, Saavedra N, Zambrano T, Salazar LA. Epigenetic modifications of major depressive disorder. Int J Molec Sci. (2016) 17:1279. doi: 10.3390/ijms17081279

 71. Heard E, Martienssen RA. Transgenerational epigenetic inheritance: myths and mechanisms. Cell. (2014) 157:95–109. doi: 10.1016/j.cell.2014.02.045

 72. Lacin E, Yildiz A, Esenbuga N, Macit M. Effects of differences in the initial body weight of groups on laying performance and egg quality parameters of Lohmann laying hens. Czech J Anim Sci. (2008) 11:466–71. doi: 10.17221/341-CJAS

 73. Pfannkuche KA, Bouma A, Groothuis TGG. Does testosterone affect lateralization of brain and behaviour? A meta-analysis in humans and other animal species. Royal Soc B. (2009) 364:1519. doi: 10.1098/rstb.2008.0282

 74. von Engelhardt N, Henriksen R, Groothuis TGG. Steroids in chicken egg yolk: metabolism and uptake during early embryonic development. Gen Comp Endocrinol. (2009) 163:175–83. doi: 10.1016/j.ygcen.2009.04.004

 75. Janczak AM, Torjesen P, Rettenbacher S. Environmental effects on steroid hormone concentrations in laying hens' eggs. Acta Agric Scand A. (2009) 59:80–4. doi: 10.1080/09064700903023348

 76. Lay DC, Wilson ME. Development of the chicken as a model of prenatal stress. J Anim Sci. (2002) 80:1954–61. doi: 10.2527/2002.8071954x

 77. Reed WL, Clark ME. Beyond maternal effects in birds: responses of the embryo to the environment. Int Comp Biol. (2011) 51:73–80. doi: 10.1093/icb/icr032

 78. Rogers LJ. The Development of Brain and Behaviour in the Chicken. Oxon: CABI Publishing (1995).

 79. Rogers LJ. Light input and the reversal of functional lateralization in the chicken brain. Behav Brain Res. (1990) 38:211–21. doi: 10.1016/0166-4328(90)90176-F

 80. Archer GS, Mench JA. Natural incubation patterns and the effects of exposing eggs to light at various times during incubation on post-hatch fear and stress responses in broiler (meat) chickens. AABS. (2014) 152:44–51. doi: 10.1016/j.applanim.2013.12.010

 81. Klose R, Streckenbach F, Hadlich S, Stahnke T, Guthoff R, Wree A, et al. Ultra-high-field MRI in the chicken embryo in ovo—a model for experimental ophthalmology. Klin Monatsbl Augenheilk. (2017) 234:1458–62. doi: 10.1055/s-0043-120675

 82. Zeman M, Pavlik P, Lamosová D, Herichová I, Gwinner E. Entrainment of rhythmic melatonin production by light and temperature in the chick embryo. Avian Poult Biol Rev. (2004) 15:197–204. doi: 10.3184/147020604783638155

 83. Chiandetti C, Galliussi J, Andrew RJ, Vallortigara G. Early-light embryonic stimulation suggests a second route, via gene activation, to cerebral lateralization in vertebrates. Sci Rep. (2013) 3:2701. doi: 10.1038/srep02701

 84. Riedstra B, Groothuis TGG. Prenatal light exposure affects early feather-pecking behaviour in the domestic chick. Anim Beh. (2004) 67:1037–42. doi: 10.1016/j.anbehav.2003.10.009

 85. Dayioglu M, Özkan S. The effect of lighted incubation on growth and pecking behavior in broiler chickens. In: Proceedings of 46th Congress of the International Society for Applied Ethology, 31 July-4 August. Vienna (2012). p. 109.

 86. Dayioglu M, Özkan S. The effect of lighted incubation on fear responses in layer chicks at early ages and feather pecking in pullets. In: WPSA 10th European Symposium on Poultry Welfare. Ploufragan (2017). p. 51–2.

 87. Wichman A, Freire R, Rogers LJ. Light exposure during incubation and social and vigilance behaviour of domestic chicks. Laterality. (2009) 12:381–94. doi: 10.1080/13576500802440616

 88. Archer GS, Mench JA. Exposing avian embryos to light affects post-hatch anti-predator fear responses. AABS. (2017) 186:80–4. doi: 10.1016/j.applanim.2016.10.014

 89. Rogers LJ, Andrew RJ, Johnston ANB. Light experience and the development of behavioural lateralization in chicks—III. Learning to distinguish pebbles from grains. Behav Brain Res. (2007) 177:61–9. doi: 10.1016/j.bbr.2006.11.002

 90. Rogers LJ. Development and function of lateralization in the avian brain. Brain Res Bull. (2008) 76:235–44. doi: 10.1016/j.brainresbull.2008.02.001

 91. Rogers LJ. Relevance of brain and behavioural lateralization to animal welfare. AABS. (2010) 127:1–11. doi: 10.1016/j.applanim.2010.06.008

 92. Vallortigara G, Chiandetti C, Sovrano VA. Brain asymmetry (animal). WIREs Cogni Sci. (2011) 2:146–57. doi: 10.1002/wcs.100

 93. Rogers LJ, Zucca P, Vallortigara G. Advantages of having a lateralized brain. Proc Royal Soc B. (2004) 271:S420–2. doi: 10.1098/rsbl.2004.0200

 94. Rogers LJ. The two hemispheres of the avian brain: their differing roles in perceptual processing and the expression of behavior. J Ornithol. (2012) 153:S61–74. doi: 10.1007/s10336-011-0769-z

 95. Huggins RA. Egg temperatures of wild birds under natural conditions. Ecology. (1941) 22:148–57. doi: 10.2307/1932209

 96. Lea RW, Dods ASM, Sharp PJ, Chadwick A. The possible role of prolactin in the regulation of nesting behaviour and the secretion of luteinizing hormone in broody bantams. J Endocrinol. (1981) 91:89–97. doi: 10.1677/joe.0.0910089

 97. Bertin A, Calandreau L, Meurisse M, Georgelin M, Palme R, Lumineau S, et al. Incubation temperature affects the expression of young precocial birds' fear-related behaviours and neuroendocrine correlates. Sci Rep. (2018) 8:1857. doi: 10.1038/s41598-018-20319-y

 98. Piestun Y, Halevy O, Yahav S. Thermal manipulations of broiler embryos—the effect on thermoregulation and development during embryogenesis. Poult Sci. (2009) 88:2677–88. doi: 10.3382/ps.2009-00231

 99. Piestun Y, Shinder D, Ruzal M, Halevy O, Brake J, Yahav S. Thermal manipulations during broiler embryogenesis: effect on the acquisition of thermotolerance. Poult Sci. (2008) 87:1516–25. doi: 10.3382/ps.2008-00030

 100. Durant SE Hepp GR Moore IT Hopkins BC Hopkins WA. Slight differences in incubation temperature affect early growth and stress endocrinology of Wood duck (Aix sponsa) ducklings. J Exp Biol. (2010) 213:45–51. doi: 10.1242/jeb.034488

 101. Saunders JC, Coles RB, Gates GR. Development of auditory evoked-responses in cochlea and cochlear nuclei of chick. Brain Res. (1973) 63:59–74 doi: 10.1016/0006-8993(73)90076-0

 102. Jones TA, Jones SM, Paggett KC. Emergence of hearing in the chicken embryo. J Neurophysiol. (2006) 96:128–41. doi: 10.1152/jn.00599.2005

 103. Tuculescu RA, Griswold JG. Prehatching interactions in domestic chickens. Anim Behav. (1983) 31:1–10. doi: 10.1016/S0003-3472(83)80168-7

 104. Tong Q, McGonnell IM, Romanini CE, Bergoug H, Roulston N, Exadaktylos V, et al. Effect of species-specific sound stimulation on the development and hatching of broiler chicks. Br Poult Sci. (2015) 56:143–8. doi: 10.1080/00071668.2014.1000822

 105. Sanyal T, Kumar V, Nag TC, Jain S, Sreenivas V, Wadhwa S. Prenatal loud music and noise: differential impact on physiological arousal, hippocampal synaptogenesis and spatial behavior in one-day-old chicks. PLoS ONE. (2013) 8:e67347. doi: 10.1371/journal.pone.0067347

 106. Kauser H, Roy S, Pal A, Sreenivas V, Mathur R, Wadhwa S, et al. Prenatal complex rhythmic music sound stimulation facilitates postnatal spatial learning, but transiently impairs memory in the domestic chick. Dev Neurosci. (2011) 33:48–56. doi: 10.1159/000322449

 107. Chaudhury S, Jain S, Wadhwa S. Expression of synaptic proteins in the hippocampus and spatial learning in chicks following prenatal auditory stimulation. Dev Neurosci. (2010) 32:114–24. doi: 10.1159/000279758

 108. Fält B. Development of responsiveness to the individual maternal “clucking” by domestic chicks (Gallus gallus domesticus). Behav Proc. (1981) 6:303–17. doi: 10.1016/0376-6357(81)90048-6

 109. Roy S, Nag TC, Upadhyay AD, Mathur R, Jain S. Prenatal music stimulation facilitates the postnatal functional development of the auditory as well as visual system in chicks (Gallus domesticus). J Biosci. (2014) 39:107–−17. doi: 10.1007/s12038-013-9401-0

 110. Rodenburg TB, Scholten NJT, de Haas EN. Light during incubation and noise around hatching affect cognitive bias in laying hens. In: Proc Int Soc Appl Ethol. Wageningen: Academic Publishers (2017). p. 165.

 111. Krause ET, Schrader L, Caspers BA. Olfaction in chicken (Gallus gallus): a neglected mode of social communication? Front Ecol Evol. (2016) 4:94. doi: 10.3389/fevo.2016.00094

 112. Burne THJ, Rogers LJ. Odors, volatiles and approach-avoidance behavior of the domestic chick (Gallus gallus domesticus). Int J Comp Psychol. (1995) 8:99–114.

 113. Jones RB, Roper TJ. Olfaction in the domestic fowl: a critical review. Physiol Behav. (1997) 62:1009–18. doi: 10.1016/S0031-9384(97)00207-2

 114. McKeegan DE, Savory CJ. Feather eating in individually caged hens which differ in their propensity to feather peck. AABS. (2001) 73:131–40. doi: 10.1016/S0168-1591(01)00124-1

 115. Sandilands V, Powell K, Keeling L, Savory CJ. Preen gland function in layer fowls: factors affecting preen oil fatty acid composition. Br Poult Sci. (2004) 45:1. doi: 10.1080/00071660410001668932

 116. Lalloue FL, Ayer-Le Lievre CS. Experimental study of early olfactory neuron differentiation and nerve formation using quail-chick chimeras. Int J Dev Biol. (2005) 49:193–200. doi: 10.1387/ijdb.041933fl

 117. Porter RH, Picard M. Effects of early odor exposure in domestic chicks. Reprod Nutr Dev. (1998) 38:441–8. doi: 10.1051/rnd:19980408

 118. Bertin A, Calandreau L, Arnould C, Levy F. The developmental stage of chicken embryos modulates the impact of in ovo olfactory stimulation on food preferences. Chem Sens. (2012) 37:253–61. doi: 10.1093/chemse/bjr101

 119. Sneddon H, Hadden R, Hepper PG. Chemosensory learning in the chicken embryo. Physiol Beh. (1998) 64:133–9. doi: 10.1016/S0031-9384(98)00037-7

 120. Jones RB, Gentle MJ. Olfaction and behavioral modification in domestic chicks (Gallus domesticus). Physiol Behav. (1985) 34:917–24. doi: 10.1016/0031-9384(85)90014-9

 121. Madec I, Gabarrou JF, Saffray D, Pageat P. Broilers (Gallus gallus) are less stressed if they can smell a mother odorant. S Afr J Anim Sci. (2008) 38:201–6. doi: 10.4314/sajas.v38i3.4126

 122. Madec I, Gabarrou JF, Theodorou V, Eutamen H, Pageat P. Using a mother-hen odorant reduces stress and moderates the immune system in chickens (Gallus gallus)—preliminary results. World's Poult Sci J. (2008) 74(Suppl. 2):269.

 123. Madec I, Pageat P, Bougrat L, Saffray D, Falewee C, Gervasoni MA, et al. Influence of a semiochemical analogue on growing performances and meat quality of broilers. Poult Sci. (2006) 85:2112–6. doi: 10.1093/ps/85.12.2112

 124. West-Eberhard MJ. Developmental Plasticity and Evolution. New York, NY: Oxford University Press (2003).

 125. Atkinson R, Migues P, Cammarota M, Kavanagh JM, Hunter M, Rostas JAP. Biochemical, behavioural and electrophysiological investigations of brain maturation in chickens. Brain Res Bull. (2008) 76:217–23. doi: 10.1016/j.brainresbull.2008.02.036

 126. Cloutier S, Newberry RC, Honda K, Alldredge JR. Cannibalistic behaviour spread by social learning. Anim Behav. (2002) 63:1153–62. doi: 10.1006/anbe.2002.3017

 127. Zeltner E, Klein T, Huber-Eicher B. Is there social transmission of feather pecking in groups of laying hen chicks? Anim Behav. (2000) 60:211–6. doi: 10.1006/anbe.2000.1453

 128. Janczak AM, Riber AB. Review of rearing-related factors affecting the welfare of laying hens. Poult Sci. (2015) 94:1454–69. doi: 10.3382/ps/pev123

 129. Tahamtani FM, Brantsæter M, Nordgreen J, Sandberg E, Hansen TB, Nødtvedt A, et al. Effects of litter provision during early rearing and environmental enrichment during the production phase on feather pecking and feather damage in laying hens. Poult Sci. (2016) 95:2747–56. doi: 10.3382/ps/pew265

 130. Brantsæter M, Nordgreen J, Moe RO, Janczak AM, Tahamtani FM, Sandberg E, et al. Access to litter during rearing and environmental enrichment during production reduce fearfulness in adult laying hens. AABS. (2017) 189:49–56. doi: 10.1016/j.applanim.2017.01.008

 131. Pértille F, Brantsæter M, Nordgreen J, Coutinho LH, Janczak AM, Jensen P, et al. DNA methylation profiles in red blood cells of adult hens correlate with their rearing conditions. J Exp Biol. (2017) 220:3579–87. doi: 10.1242/jeb.157891

 132. Riber AB, Guzman DA. Effects of dark brooders on behavior and fearfulness in layers. Animals. (2016) 6:3. doi: 10.3390/ani6010003

 133. Gilani AM, Knowles TG, Nicol CJ. The effect of dark brooders on feather pecking on commercial farms. AABS. (2012) 142:42–50. doi: 10.1016/j.applanim.2012.09.006

 134. Castrén E, Hen R. Neuronal plasticity and antidepressant actions. Trends Neurosci. (2013) 36:259–67. doi: 10.1016/j.tins.2012.12.010

 135. van der Eijk JAJ, Rodenburg TB, de Vries H, Kjaer JB, Smidt H, Naguib M, et al. Early-life microbiota transplantation affects behavioural responses, serotonin and immune characteristics in chicken lines divergently selected on feather pecking. Sci Rep. (2020) 10:2750. doi: 10.1038/s41598-020-59125-w

 136. Ding J, Dai R, Yang L, He C, Xu K, Liu S, et al. Inheritance and establishment of gut microbiota in chickens. Front Microbiol. (2017) 8:1967. doi: 10.3389/fmicb.2017.01967

 137. Edgar J, Held S, Paul E, Pettersson I, I'Anson Price R, Nicol C. Social buffering in a bird. Anim Behav. (2015) 105:11–9. doi: 10.1016/j.anbehav.2015.04.007

 138. Zidar J, Campderrich I, Jansson E, Wichman A, Winberg S, Keeling L, et al. Environmental complexity buffers against stress-induced negative judgement bias in female chickens. Sci Rep. (2018) 8:5404. doi: 10.1038/s41598-018-23545-6

 139. Hu Y, Sun Q, Liu J, Jia Y, Cai D, Idriss AA, et al. In ovo injection of betaine alleviates corticosterone-induced fatty liver in chickens through epigenetic modifications. Sci Rep. (2017) 7:40251. doi: 10.1038/srep40251

 140. Newberry RC. Cannibalism. In: Perry GC, editor. Welfare of the Laying Hen. Wallingford: CAB International Publishing (2004). p. 239–58.

 141. Pusch EA, Bentz AB, Becker DJ, Navara KJ. Behavioral phenotype predicts physiological responses to chronic stress in proactive and reactive birds. Gen Comp Endocrinol. (2018) 255:71–7. doi: 10.1016/j.ygcen.2017.10.008

 142. Dennis R, Newberry RC, Cheng H-W, Estevez I. Appearance matters: artificial marking alters aggression and stress. Poult Sci. (2008) 87:1939–46. doi: 10.3382/ps.2007-00311

 143. Cloutier S, Newberry RC. Differences in skeletal and ornamental traits between laying hen cannibals, victims and bystanders. AABS. (2002) 77:115–26. doi: 10.1016/S0168-1591(02)00049-7

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 De Haas, Newberry, Edgar, Riber, Estevez, Ferrante, Hernandez, Kjaer, Ozkan, Dimitrov, Rodenburg and Janczak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-678500-g005.gif





OPS/images/fvets-08-678500-g006.gif
e e

Semioprot !
P
g e soans

ot






OPS/images/fvets-08-678500-g003.gif
S prce 10 whh € e s ks re s
Sl cbton NN S S il vkt - hanhading - gor

Specticcndtions
woncus
s
Nansgement
angresing s
g

Specticcondion
Hock o hosadsin cag s s
Hiorooses v

Maragmen g eving g

Spectccondtion
Pk s haiods, oy bens
e s harsnedap oy
Manogemert durng e & oy






OPS/images/fvets-08-678500-g004.gif
R A VS T, B L~ S = L LT L P
== a
sasscey e,

bos o it pes o gt

e
5 A —

¢ atoraton contases after hotch





OPS/images/fvets-08-678500-t001.jpg
Parental Type of bird, age Effectsonthe  Effects on Effectson  Effects on development, Epigenetic  References
treatment at treatment and parents the eggs yolk-hormone  behaviour and physiology effects
duration levels of the offspring
Food restriction  Broiler ~ Fertilty N.D. ND. ~ Hatchabilty N.D. o
breeder ¢ + Hatch window
60-65 woa 1 Hatch weight, | naval quality?
for 6 wks = BW, tibia length, % left
ventricular weight
= Ascites incidence to 6 woa
1 Abdominal fat® adibitumieed ot 6 woa
Diet high omega WL ¢ 1+ FCM | Egg mass +P 1 BW at hatch N.D. @
36 ratio vs. high  adlult ~ Food intake 1 Yol mass 1+ A4 ~ Growth rate to 1 woa
omega 6:3 ratio  for 6 wks ~BW TE2 ~ Food neophobia at 4-5 doa
~ Laying rate 1 Latency to eat, | time eating at
novel feeder at 6 doa
Unpredictable  WLga' 1+ FCM N.D. ~ CORT ~ BW at hatch N.D. ©®
accesstofood 26 woa ~BW ~ Growth rate
fort1d 1 Tiat 22 woa
1 Food competition at 23 woa
Unpredictable WL, RJF 90 | Spatial learning ~ N.D. ~ CORT 1 BW at hatch®™* Corr: Brain @
light-dark rhythm ~ 35-260 doa 1 Growth rate to 8 doa gene expr.
+ Food competition at 21 doa parents and
1 Slower spatial leaming"* at offspring
33 doa
Unpredictable WL 93" 1 Foraging pecks ~ N.D. 1E2 1 Pref. easiy-found food at 56-57  Corr: Brain ©
light-dark rhythm 26 doa - adult 1 Pref. easy-found ~ CORT doa? gene expr.
food ~Ad + Pref. high-energy food at 216 doa ~ parents and
1 Growth young® ~T 1 Food competition at 189 doa offspring
~ Food competition ~DHT ~ Food competition at 22 doa
1 BW gain 66-105 doa
+ Sunvival to 40 woa
Moderately high ~ WL ¢ 1 Body temp. | Egg mass tP 1 Chick qualty score at hatch ND. ®
ambienttemp  22-27 woa ~ CORT ~ % Yol mass +T 1 BW0-20 doa
~ Feed intake +E2 ~ Body temp. at 0 and 6 doa
~T ~ CORT ~ Feed intake to 3, 11, and 17 doa
~ Laying rate ~Ad 1 Pref. high-energy food at 10 doa
1 Pref. sucrose solution at 21-22 doa
| Distress calls - novel food at 12 doa
~ Latency to eat novel food at 12 doa
~Tlat7 doa
~ Open field behaviour at 23-24 doa
A Adult hen BW and laying rate
Unpredictable WL ¢ | Fertiity ~ Egg mass P ~ Hatchability, BW hatch N.D. (0]
human movement, Adult | Prox. tohuman  ~ Egg comp VE2 = Pref. familiar vs. unfamiliar chicks
rough handling vs. ~for 5 wks 1 Vigilance ~Ad at 20 doa
predictable human | Feeding ~T ~ Fear of human hand at 3 doa
movement, gentle | Exploring = Fear of novel food at 8-9 doa
handiing | Resting ~ Fear of NO at 8-9 doa
~FCM ~ Detour test behaviour at 10 doa
~BW ~ Open field behaviour at 15-16 doa
~ Laying rate ~ Social discrimination at 19 doa
~ Social reinst. at 20 doa
CORTimplant ~ WL¢ + CORT | Egg mass P ~ Hatchability and sex ratio N.D. ®
ISA Brown ¢ VP T E2M | Yolk mass iT | BW at hatch catch-up by 4 woa
33 woa I Layingrate™ | Alb. mass + ~E2 | Food competition at 9 doa
Egg collection for shell mass ~ Time near NO at 11 doa
20 days | Visuallat. with NO at 11 doa
A Open field behaviour at 14 doa
1 Tiat 28 doa and 24 woa
~ CORT restraint at 10 woa
+ Baseline T at 12 woa
~ Baseline T at 24 woa
1 Immune response at 12 woa
On-farm variation:  Dekalb White ¢&*  Corr. Corr: N.D. Corr* 1 CORT" 1 SFPat 1 woa®™  N.D. ©
testsand analysis ISABrown &' 1 fearNO* | BW, 1 CORT* 1 5-HT* 1 SFP at 1 woal"
conducted on 40 woa egg mass* feed | egg mass 1 F score * 1 SFP at 1 woa®
flock level/flock intake®", 1 6-HT * 1 distress calls at 1 woa
averages 1 Fear human 1 F score * 1 distress calls at 1 woa
* 1 Mortality'SA 1 F score * 1 distress calls at
5 woad
N.A. parent stock * fear offspring
N.A. parent stock * GFP offspring
N.A. parent stock * feather damage
N.A. parent stock * CORT or 5-HT
Unpredictable WL 93" 1 BW adutt? 1 Eggmass®12d 4T 1BW at 56 & 74 doa Corrt: (10)
stressors: Daily during 1 Assoc. learning® 1 E2ofd | BW? at 2 doaand 1 BW at 74 doa Thalamus
isolation, cold 4-26 doa at 50-51 doa A Open field behaviour at gene expr.
ambient | CORT restraint 33-34 doa parents and
temperature, ~T9 ~ Social reinst. at 39-40 doa offspring
feed/water ~ 22 Tl at 46-47 doa
deprivation and  Assoc. learning response at
handiing 51-52 doa
~ Correct assoc. learning at
51-52 doa
| CORT restraint®
Repeated food WL gd" | Growth rate? 1 Egg mass 2>7a74C N.D. 1 BW hatch'™s © Corr: Brain (1)
frustration, At2 woa | Vigilance NO® 1 BW at 4 woa®® 2 gene expr.
restraint and At 8 woa L TIR8 ~ BW at 11 doa and 8 woa parents28.17
socialisolation At 17 woa 4 CORT restraint ~ Open field behaviourat 11 doa  and offspring
For 6 days at 20 woa® ~Tlat 18 doa at7woa
~ Emerg. at 30 woa 1 Emerg. at 23-24 doa'™s°
~ Rec. restraint 1 CORT restraint at 7 woa®s- ¢
~ Tl at 31-32 woa
Unpredictable 5 strains adult ¢ 1 CORT (acute) ~ N.D. N.D. ~ Hatchability and sex ratio N.D. (12)
stressors: Brown 1and2,  ~ Basal CORT | Late embryonic
simulated White 1 and 2, WL mortalityBrovm 2 and Write 2
predator, air hor, ~ Daily for 8 d at 32, ~BW at0-17 woa
unfamiliar 62, and 72 woa | Distress calls at 5-10 doa"e 2
conspecific, ~Tlat9 woa
restraint, crating, ~ CORT
transport ~ Fear responses

5-HT, whole blood serotonin; Ad, androstenedione; alb, albumen; assoc, associative; BW, body weight; C, control; comp, composition; CORT, plasma corticosterons; cor, correlation;
corr+, positive correlation; DHT, 6-alpha-dihydrotestosterone; d, days; doa, days of age; DW, Dekalb White hybrid; E2, oestradiol, emerg., emergence test (latency to emerge); FCM,
Faecal CORT metaboltes; F score, feather score (feather damage); GFF gentle feather pecking; ISA, ISA Brown; lat, lateralisation; N.A., no association; N.D., not determined; NO,
novel object; P progesterone; pref, preference; prox., proximity; RJF, Red Junglefowl; rec., recovery; reinst., reinstatement; expr. (gene) expression; SFR, severe feather pecking; T,
testosterone, T, tonic immobilty duration; temp, temperature; WL, White Leghorn; woa, weeks of age.

Superscripts: effects found in a specific strain, sex, age, or treatment group.

1 Lower; 1 higher;  similar; ¢ hens; ®effect only in hens; & cockerels; < effect only in cockerels; *with (e.g., association a'b).

1: van der Waaij etal. (51); 2: De Haas etal. (52); 3: Janczak et al. (53); 4: Lindaquist et al. (54); 5: Nétt et al. (55); 6: Bertin et . (56); 7: Bertin et al. (57); 8: Henriksen et l. (58); Henriksen
etal (59); 9: de Haas et al. (60); de Haas et al. (28); 10: Goerlich et al. (61); 11: Ericsson et al. (62); 12: Peixoto et al. (63); Peixoto et al. (64).
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