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Chronic stress has a detrimental effect on sow welfare and productivity, as well as on the welfare and resilience of their piglets, mediated prenatally. Despite this, the specific risk factors for chronic stress in pregnant sows are understudied. Group-housed pregnant sows continuously face numerous challenges associated with aspects of the physical (group type and size, flooring, feeding system) and social (stocking density, mixing strategy) environment. There are many well-known potent stressors for pigs that likely contribute to chronic, physiological stress, including overcrowding, hot temperatures, feed restriction, inability to forage, uncomfortable floors, and poor handling. Some of these stressors also contribute to the development of production diseases such as lameness, which in turn are also likely causes of chronic stress because of the associated pain and difficulty accessing resources. The aim of this review is to discuss potential risk factors for chronic stress in pregnant sows such as space allowance, group size and type (stable/dynamic), feeding level, lameness, pen design, feed system, enrichment and rooting material, floor type, the quality of stockmanship, environmental conditions, and individual sow factors. The mechanisms of action of both chronic and prenatal stress, as well as the effects of the latter on offspring are also discussed. Gaps in existing research and recommendations for future work are outlined.
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INTRODUCTION

Implementation of Couuncil Directive 2001/88/EC, 2001 saw the transition from confinement of sows in individual stalls during gestation to group housing in the European Union. This is a trend mirrored in pig producing countries worldwide [e.g., Proposition 12 in the United States (1, 2)]. Group housing systems are considered more welfare-friendly as they allow sows a greater degree of freedom of movement and an opportunity for social interactions (3) compared to confinement in stalls. However, group housing comes at a price of other challenges, including sustained aggression among sows due to the competition for limited resources, social conflicts caused by continuous re-mixing, subordination/isolation of individuals, as well as suboptimal physical environments, all of which could lead to long-term (chronic) stress (4–6).

There are numerous studies investigating the types and physiological consequences of acute stressors that sows experience (7–9). One of the most commonly studied acute stressors is mixing of unfamiliar individuals, which results in fighting to establish a dominance hierarchy. This is associated with high levels of stress, manifested as elevated heart rate, plasma catecholamines (10), and cortisol levels. In fact, mixing is also a major acute stressor for weaner, grower, and finisher pigs (11, 12), with studies showing evidence of profound physiological and behavioural changes following mixing (11, 13). Overall, this confirms that mixing is a highly stressful event (11). Other examples of acute stressors include transport, social isolation, and physical restraint (7–9). For instance, Bradshaw et al. (7) and Soler et al. (9) found higher salivary cortisol levels in pigs shortly after they experienced rough transport conditions. Higher serum amyloid A and cortisol concentrations were shown in pigs isolated for short periods of time (9). In addition, increased cortisol and serum amyloid A concentrations were also recorded in pigs subjected to physical restraint (8).

While most work on stress in pigs focuses on weaner and finisher pigs, generally, there is limited knowledge on stress in pregnant sows (other than while in the farrowing crate), with even less information on chronic stress (14–17). This is despite the fact that some acute stressors could contribute to chronic stress if experienced repeatedly, such as repeated remixing of unfamiliar individuals (18), or competition for limited resources and the associated aggression (4). Therefore, it is evident that chronic stress could be experienced by sows to a greater extent, as the additive negative effects of repeated acute stressors were not previously considered as contributing factors (19–21). This is a major cause for concern as stress experienced by the mother throughout gestation has negative effects not only for the sow herself, but also on foetal development, with the potential to persist into the offspring's adulthood (22). This is known as prenatal stress, and could have negative implications for offspring resilience to disease, welfare challenges, productivity and performance.

It is possible to make inferences about levels of chronic stress experienced by animals based on performance, behavioural, and physiological parameters (23). For instance, impaired reproductive performance can be a symptom of chronic stress, as energy resources are redirected away from maintenance and developmental processes, including pregnancy (24, 25), and diverted towards processes aimed at ensuring survival (26). Likewise, stereotypic behaviours can become established in situations where animals are chronically stressed (6). Other behaviours indicative of chronic stress in pigs include abnormal levels of vocalisations, urination/defecation, and inactivity (6, 27). Chronic stress also leads to immunosuppression, which in turn results in higher disease incidence (28, 29). Other physiological indicators of chronic stress include increased levels of cortisol [e.g., in hair (30)], and altered patterns of cortisol concentrations in faeces, blood plasma, and saliva (31).

The medium in which cortisol is measured can have an effect on the resulting concentration. Hence, the choice of medium must be considered carefully, to ensure it is appropriate for the specific type of stress under investigation, i.e., acute or chronic. For instance, there is increasing focus on measurement of cortisol in hair as an indicator of chronic stress due to the long-term accumulation of cortisol within the growing hair shaft (32–34). While hair collection is a non-invasive procedure with potential to give insight into stress levels over weeks or months (30, 32), there are also many confounding factors (collection site, hair colour, age, sex, stage of gestation, cleanliness) that affect cortisol levels in hair, and which must therefore be controlled for when using this method to determine chronic stress levels (30, 32, 33). On the other hand, cortisol levels in saliva, blood plasma, urine or faeces are “point samples” strongly influenced by time of day (circadian rhythm pattern), food intake and environmental disturbances [including stress associated with the blood sampling procedure in particular; (6, 32)]. As a result, such mediums are mainly used to quantify short-term stress levels (6, 32). Saliva and blood plasma capture stress levels experienced over minutes, while urine and faeces capture slightly longer periods which might span days (6, 32, 35). However, it is still possible to use such mediums to quantify chronic stress levels, provided they are measured consistently over time [Davenport et al. (32)]. Doing so allows patterns to be identified, which in turn can reveal deviations from the norm, indicative of chronic stress (31, 32, 34).

Although there are numerous indicators that allow researchers to make inferences about levels of chronic stress, there are no confirmed risk factors within the sow's environment. Given the postulated negative effect of chronic stress on both the sow and her offspring (21, 22), there is an urgent need for additional research to identify the potential risk factors for chronic stress experienced by pregnant sows. It is also necessary to ascertain the potential for such factors to contribute to prenatal stress and associated reduced resilience in the offspring of chronically stressed sows. There are numerous aspects of the physical and social environment to which sows are continuously subjected throughout gestation, which could act as potential risk factors for chronic stress. These include space allowance (36, 37), group size and type [stable/dynamic; (38)], feeding level (39, 40), lameness (30, 41, 42), pen design (4, 43), feed system (23, 44), enrichment and rooting material (1, 45), floor type (46–48), quality of stockmanship (49, 50), environmental conditions (51), and certain individual sow factors (52, 53). The aim of this review is to discuss such factors in terms of their ability to induce chronic stress in sows. The mechanisms of action of both chronic and prenatal stress, as well as the effects of the latter on offspring are also discussed. Gaps in existing research and recommendations for future work are outlined.



CHRONIC AND PRENATAL STRESS–MECHANISMS OF ACTION


Mechanisms Underlying Chronic Stress

Stress is a phenomenon defined as a “non-specific response of the body to any demand” (54, 55). Stressors which drive this response are of variable nature, and can be both physical and psychological (54, 56). While stressors act on many different regions of the nervous system to induce appropriate responses (54), the most prominent features of the stress response involve the activation of the autonomic nervous system and the hypothalamo-pituitary-adrenocortical (HPA) axis (54, 57, 58). At its most basic, this involves the synthesis of cortisol (glucocorticoid stress hormone) by the adrenal cortex in response to adrenocorticotropic hormone (ACTH) (57). This in turn has numerous knock on effects on a range of internal processes (57, 58). Moreover, these effects differ depending on whether the stressor is acute (lasting minutes or hours), persists chronically (for days, weeks, or even months), or whether the organism is repeatedly exposed to acute stressors [chronic intermittent stress; (18)], as well as depending on the severity of the stressor (57, 58). In fact, the results from existing research on HPA axis activity are conflicting (59). Some authors argue that HPA axis activation does not always reflect stressful conditions, as it is known that it can be either upregulated or downregulated in response to chronic stress, depending on the situation and the individual involved (34, 59, 60). Others suggest that a generalised endocrine profile of a chronically stressed animal does not exist, as there is so much variation in the stress response of individual animals (61). Furthermore, while accounting for individual differences in animal biology was overlooked due to the historical focus on group as the experimental unit, many still highlight the importance of considering individual animals in the design of experiments (62, 63). Not all animals in the group respond in the same way to stressors, or indeed to their overall environment (63). This is highlighted by research investigating animal personalities and coping styles, defined as “alternative response patterns in reaction to a stressor” (63). For instance, animals that respond to a stressor with high levels of offensive, aggressive behaviour are said to adopt a proactive (active) coping style, while animals responding with low levels of offensive aggressive behaviour are said to adopt a reactive (passive) coping style (63, 64). Moreover, the resulting variation in responses could differentially impact offspring. Following on from this, Herman et al. (31) state that chronic stress-induced, protracted activation of the HPA axis takes many forms, including prolonged basal hypersecretion of glucocorticoids, sensitised stress responses, and even adrenal exhaustion, and that this can depend on the duration of the stressor, as well as its intensity, frequency and modality (31). Thus, caution must be exercised when interpreting chronic stress levels based on HPA axis activity patterns alone (59, 60).



Effects of Chronic Stress

Nonetheless, evidence exists of the negative effects of prolonged activation of the HPA axis during the experience of chronic stress. This includes immunosuppression by cortisol (predominant mediator of stress in situations whereby stressful stimuli are prolonged), resulting in increased susceptibility to disease, due to decreased numbers of lymphocytes, cytokines and immunoglobulins in the blood of chronically stressed animals (6). This can in turn mean that energy resources in stressed animals are redirected away from maintenance and developmental processes, including pregnancy (24, 25), impairing reproductive performance (28, 29). Chronic stress can also impair reproductive performance by inhibiting the release of both luteinizing hormone and progesterone (6).

Chronically stressed animals can also have an enhanced or a diminished response to acute stressors (65–69). In terms of effects on behaviour, frustration associated with an animal's inability to cope with a challenge, or having no control over its immediate environment/social situations can lead to chronic stress, which in turn can stimulate the development of stereotypic behaviours (6). Research into the functional significance of stereotypic behaviours suggests that their performance acts to reduce the stress associated with the situation which initially caused it [i.e., acting as a stress coping mechanism; (70)]. This is supported by evidence from studies demonstrating reduced heart rates in stereotyping equines (71, 72), increased plasma cortisol concentration in horses prevented from stereotyping (72, 73), and a decrease in faecal corticoids in stereotyping macaques (74). Consequently, while stereotypic behaviour is indicative of suboptimal environments and the chronic stress associated with them [either past or present; (75)], it may not be an accurate indicator of current physiological stress as measured by heart rate or glucocorticoid levels (72). On the other hand, neurotransmitters such as serotonin are implicated in the pathology underlying stereotypic behaviour, with lower basal levels found in stereotyping animals (72). Therefore, measuring serotonin levels could be a better method of assessing the pathological nature of stereotypic behaviours (72).



Prenatal Stress–Mechanism of Transfer to the Offspring

Based on research into the effects of acute prenatal stress events on offspring, it is now known that prenatal stress is mostly hormonally mediated in many mammalian species, including guinea pigs, mice, rats, and swine (14, 76). Moreover, chronic maternal stress experienced during gestation can also cause chemical changes in the mother's body, which in turn can lead to increases in cortisol levels, and associated negative consequences for the developing offspring [guinea pig (14); mouse, rat, swine (70)]. Depending on the species, there are different types of placenta, with structural differences (77). Ultimately, the placenta acts as an interface between the mother and foetus (78). While the placenta forms a barrier to many chemicals, some, including glucocorticoids, will still pass through and have an effect on the developing foetus (15). For instance, Welberg et al. (69) demonstrated that acute stress can upregulate the chemical activity of placental 11β-hydroxysteroid dehydrogenase type 2 (component of the foetal-placental barrier to maternal corticosteroids) in rats, thus protecting the foetus against elevated maternal cortisol levels. However, under chronic stress conditions, the capacity to upregulate placental 11β-hydroxysteroid dehydrogenase type 2 activity in the face of an acute stressor is reduced by 90%. Thus, maternal exposure to chronic stress diminishes the placental capacity to protect the foetus from elevated maternal cortisol levels, with negative effects on the developing offspring (69). Maternal glucocorticoids can activate the foetal HPA axis and alter its development, with consequences for offspring stress coping mechanisms later in life [demonstrated in primates, guinea pigs, sheep, cattle, goats, pigs, rats and mice (15)]. For instance, prenatal stress dysregulates functionality of the HPA axis in species of monkeys and rodents in a way that leads to decreased feedback inhibition of corticotropin releasing hormone, causing prolonged elevation of circulating glucocorticoids in response to stress in later life (79).

Besides glucocorticoids, other maternal circulating hormones and chemicals such as catecholamines, also mediate prenatal stress (80). For instance, Kapoor et al. (15) found that increased maternal catecholamine concentrations in rats resulted in constriction of placental blood vessels, causing foetal hypoxia. This in turn caused the activation and reprogramming of the foetal sympathetic system, again resulting in altered offspring physiological responses to stress later in life (15).

More recently, the maternal vaginal microbiome was proposed as another potential mediator of prenatal stress (81). Vaginal microbiota harvested and transplanted from chronically stressed mouse dams into their naïve offspring delivered by caesarean section had effects which resembled those seen in naturally prenatally stressed offspring. These effects included changes in the foetal intestinal transcriptome and in hypothalamic gene expression (81).


Prenatal Stress in Swine Offspring

The stage of gestation during which a stressor occurs is also an important factor to consider (82–86), because various systems of the developing embryo/foetus are vulnerable to stress at different times throughout prenatal development (83). For example, early gestation (day 10 to day 17) is a critical period for pig embryo establishment and development. Couret et al. (85) showed that early gestational stress in the form of a social stressor led to an increased adrenal weight, while late gestational stress resulted in an increased proliferation index of blood cells in sow offspring. Omtvedt et al. (87) demonstrated differential effects of heat stress experienced by pregnant sows in early, mid and late gestation on the prenatal development of offspring. For example, heat stress experienced in early gestation interfered with embryo development and implantation (87). Likewise, Lucy et al. (88) showed that heat stress increased embryo mortality during early gestation, but led to a higher number of stillborn piglets if experienced later in gestation. Mixing is also a major stressor for sows, and also an example of a stressor with different effects on prenatal development depending on the stage of gestation during which it occurs (89). Mixing in early gestation generates sufficient prenatal stress to increase embryonic mortality and decrease the future litter size, in contrast to mixing during the fourth week of gestation (90). Lagoda et al. (91) demonstrated that mixing in early gestation can generate stress which persists chronically, with detrimental effects on reproductive performance in subsequent parities. It is thus possible that stress associated with early mixing, acting prenatally, could have long-term, carry-over effects on the affected offspring that survive to birth. Overall, it is clear that irrespective of the type of stressor which causes the maternal stress response, experience of prenatal stress in early gestation is especially detrimental to the developing offspring.





RISK FACTORS FOR CHRONIC STRESS IN PREGNANT SOWS


Space Allowance

Space allowance encompasses the physical space which the animal occupies and needs to change posture, stand up or lie down, as well as the additional space it needs to exercise and maintain muscle tone (92). When investigating the effects of space allowance on sow stress levels, certain confounding factors must be considered. For instance, both quality and quantity of the available space are important factors that can influence the stress levels. Often, factors such as the amount of “free” shared space available to group-housed sows, or whether extra space is required by larger sows, are not considered (93). Moreover, some authors advise caution when interpreting the effects of different space allowances, as group size can act as a confounder (93), while others show few or no interactions between group size and space allowance (94).

The feeding system in use can also impact the space available to the animals (1). Individual feeding stalls take up more space than a single electronic sow feeder (ESF), and thus the stocking density of the sows must be considered in relation to the actual space allowance available to each sow (1).

Animals also require adequate space for social interactions, such as establishment of a dominance hierarchy, avoidance of aggression, and performance of natural behaviours for which they are highly motivated (92). As such, restriction of space is associated with chronic stress in all species [i.e., fish: Sundh et al. (95); birds: Selvam et al. (96); cattle: Schubach et al. (97)]. Indeed, the behavioural diversity of sows housed at lower space allowances can be curtailed (98), and inability to perform a full behavioural repertoire is a source of frustration and stress for animals (6). Following on from this, inadequate space allowance can lead to overcrowded conditions, exacerbating agonistic interactions between pen mates (99, 100), which leads to elevated cortisol levels, indicative of stress (38).

It is also possible that adequate space allowance is crucial to the animal's ability to maintain personal space. For instance, Greenwood et al. (101) demonstrated benefits of increased space allowance at mixing, especially in the case of low ranking sows. In that study, sows in the highest space allowance treatment also had the highest cortisol concentrations. The authors explain this to be a consequence of increased levels of activity within this treatment, rather than a consequence of increased aggression or stress (101). On the other hand, Hemsworth et al. (37) and Barnett et al. (36) confirmed negative effects of reduced space allowance as indicated by chronically elevated cortisol levels in sows housed at a low space allowance. Lower space allowance was also associated with a lower percentage of gilts in oestrus, suggesting an impairment of sexual behaviour and reproductive performance at lower space allowances (37). Not meeting space allowance requirements therefore exerts stress on the animals, which can potentially act as a risk factor for chronic stress.



Group Size and Type (Stable/Dynamic)

Elucidating the effects of group size on sow stress levels is difficult because of confounding factors influencing levels of aggression in a group. These include the effects of the group type (dynamic vs. static) or space allowance, given that the optimal space allowance for sows at times of high aggression is unknown (94). The effect that group type has on aggression could mask the effect of group size on stress levels in sows. For example, in dynamic groups, the addition of new individuals continuously disrupts the dominance hierarchy, resulting in an increased intensity of fighting to establish the rank order (102, 103). This is in contrast to static groups, where the dominance hierarchy is established once, after which the intensity of fighting diminishes. Therefore, dynamic groups themselves could act as a potential risk factor for chronic stress. Moreover, following on from the constant addition of new individuals into dynamic groups, the size of dynamic groups is often larger than that of static groups, resulting in more hierarchy conflicts to resolve, and leading to higher levels of aggression (104). Consequently, sows housed in dynamic groups have higher cortisol levels compared to sows in stable groups (105).

However, such conclusions warrant a degree of caution, as it is not clear whether increased aggression levels in dynamic groups result from larger group size, or from the constant disruption of the dominance hierarchy due to the addition of new individuals (104). Most likely, it is a combination of both. However, Misra et al. (106) showed lower levels of aggression in large stable groups compared to small stable groups of finisher pigs. Therefore, it is possible that levels of aggression are also lower in large compared to small groups of pregnant sows provided the groups are stable. Unfortunately, investigations of effects of group size on aggression often test the same group sizes at different space allowances. Hence, while Hemsworth et al. (94) showed that in static groups, smaller group sizes (n = 10 sows) were associated with fewer injuries than in large groups (n = 30 or n = 80 sows), Taylor et al. (107) showed no effect of group size on skin injuries. Due to differences in space allowance, such results cannot be compared, and thus the effect of group size is unclear. Nonetheless, with more hierarchy conflicts to resolve in large groups, and therefore increased aggression levels, large group size is a plausible candidate risk factor for the development of chronic stress in sows.



Feeding Level

Sows in commercial systems are feed-restricted during pregnancy to ensure optimal body condition when it comes to production of viable piglets (108, 109). The aim is to optimise reproductive performance and ensure correct timing of return to estrus after weaning (40, 110, 111). While the restricted feed ration is sufficient to meet general maintenance requirements, ensure good health and performance, and adequate maternal and embryonic tissue growth, it does not ensure satiety (112). Providing feed restricted sows with high fibre diets allows to minimise the negative effects of restrictive feeding (40, 109, 113, 114). High fibre diets including roughage materials such as straw and grass silage, or bulky materials such as beet pulp promote a feeling of satiety, and thus reduce the motivation to continue feeding, and ameliorate associated frustration and hunger (40, 112, 114).

Moreover, in the absence of roughage, feed restricted sows remain highly motivated to eat. For instance, when tested in an operant task, feed restricted pigs were highly motivated to continue feeding by accessing extra feed (112, 115). This research revealed that the restricted ration typically allocated to pigs accounted for only 60–70% of the quantity of food they were capable of eating ad libitum (112, 115). Thus, the motivation to feed persists, resulting in chronic hunger, frustration, and increased stress levels as indicated by elevated cortisol concentrations (39, 40), as well as increased stereotypic behaviour performance (109, 116). As a consequence, there is competition for feed resources among feed restricted sows, leading to high levels of and more intense aggression (40, 117). Several studies found associations between restricted feeding and stereotypic behaviours (109, 116), which signal increased stress levels of feed restricted sows (118). This, combined with the high motivation to continue feeding, makes for compelling evidence that feed restriction is a risk factor for chronic stress for pregnant sows.

Nevertheless, it is difficult to quantify the levels of chronic stress associated with restricted feeding regimes. In contrast to Amdi et al. (39) who found elevated cortisol levels in feed-restricted sows, certain studies showed no changes in cortisol concentrations, and thus in stress levels of feed restricted animals (109, 119, 120). Although measuring cortisol levels is the standard when it comes to quantifying stress in animals, it is also possible that cortisol may not be a suitable physiological indicator of stress associated with hunger (121). This is because corticosteroids are affected by metabolic rates, which in turn relate to the state of hunger, potentially acting as a confounder (121).



Lameness

Lameness in sows is a common cause of reduced welfare and economic losses to pig producers (122–124). As a consequence, lame sows are often culled prematurely, reducing their longevity (122), and increasing the need to purchase replacement gilts (122).

The presence of both injuries and claw/hoof lesions, and unhygienic environments can exacerbate the development of lameness (47, 123, 125). Lameness occurs when an animal adjusts its posture or gait to minimise the experience of pain. Indeed studies investigating pain thresholds and the use of analgesics confirm that lameness is associated with pain (47, 122, 125–127). Lameness persists chronically as it often goes unnoticed due to the difficulties associated with identification of its early stages (122). Any associated long-term pain could contribute to stress both physiologically and psychologically (30, 41, 122). Physiological stress resulting from lameness is evident in studies which measured cortisol (salivary, hair), acute phase protein levels, and various salivary stress biomarker proteins (salivary α-amylase, salivary lactate dehydrogenase), with significantly higher levels of such stress related indicators in lame than non-lame animals (30, 41, 42). In addition, lameness also reduces reproductive performance (122); lame sows displayed delays in post-weaning oestrous, and had smaller litter sizes compared to non-lame sows (128).

Lameness may also contribute to psychological stress in sows, in a similar way to that reported for human patients suffering from chronic rheumatoid arthritis (129). For example, the pain and discomfort associated with lameness could render sows less successful during aggressive encounters with unfamiliar individuals when establishing a dominance hierarchy (52). This is an important component of the social behaviour of this species (52), and not being able to defend oneself from aggressors could lead to stress (93). Thus, lameness is a good candidate for a potential chronic stressor.



Pen Design

Under commercial conditions where space is limited, pigs likely benefit from places to hide and to avoid or escape from an aggressive interaction (4, 130–132). Indeed a lack of barriers within a pen is associated with higher levels of aggression (4, 132). Barriers reduce visual contact between the aggressor and the victim (23, 133–135), reducing fear/anxiety levels in sows, as indicated by a reduction in cortisol levels (43). This suggests that the lack of barriers within a pen, particularly in the case of dynamic groups whereby dominance hierarchy is continuously disrupted, can be a risk factor for chronic stress.



Feed System

Pigs prefer to synchronise their feeding behaviour (136), and feed restricted sows are highly motivated to access feed (39, 40). Hence competition for access to feed can cause severe aggression at feeding time (40, 136). Moreover, as feeding systems differ in the level of protection they provide to the feeding animal (23), this can affect the level of aggression that sows experience at feeding, and any associated stress (23). Protection while feeding can reduce aggression and the associated injury, stress, and disruptions to feed intake (4, 132). Feeding systems with such potential include protected ESF systems and individual full length feeding stalls, followed by troughs with barriers to separate the feeding animals. However, in the case of the latter, the level of protection depends on the length of the barriers (23). Feeding systems such as troughs without barriers, as well as floor feeding, do not provide protection during feeding time, and can thus exacerbate and prolong aggression within a group (4).

Despite providing protection at feeding and the added benefit of allowing a tailored feed allowance and diet for each individual (23), there are also certain negative aspects to protected feeding systems such as that offered by ESF systems. For example, any potential break down in the ESF system can result in sows not being fed. While the technology associated with ESF systems improved over the last decade, breakdowns are still possible and could majorly disturb the group dynamics. Another risk is that of aggression occurring as sows queue up to enter the ESF (109, 117, 137). However, this can be minimised by strategically placing the ESF away from busy pen areas and resources of interest (137, 138). It can also be ameliorated to an extent as sows establish a feeding order, with dominant sows feeding first, followed by subordinate sows (23, 139). However, due to feed restriction and the resulting chronic hunger, dominant sows continue to return to the feeder despite having eaten their daily ration (117). This results in frustration which can be expressed as vulva biting by sows waiting in the queue (109), and it also disrupts the feeding order, leading to aggression being directed towards subordinate sows still in the queue (23).

In order to avoid aggression associated with queuing to gain entry to the ESF, protected individual, free-access feeding stalls could be a useful alternative, provided that all or nearly all sows have access to a feeding stall. Indeed, Bahnsen et al. (44) showed that sows housed with protected feeding stalls had lower salivary cortisol levels compared to sows housed with an ESF system. This confirms the benefit of protected feeding stalls on sow stress levels.



Enrichment and Rooting Material

Domestic pigs are a highly intelligent species, requiring an appropriate level of cognitive stimulation in order to maintain mental and physical wellbeing (140). In addition, domestic pigs retain a high motivation to perform exploratory behaviour, including rooting behaviour which evolved in their wild counterparts (141). The inability to perform this natural behaviour within a commercial setting due to the lack of suitable materials at which it could be directed results in frustration, and is linked to the development of damaging behaviours (142). Providing pigs with appropriate enrichment allows for cognitive stimulation, and depending on the type of substrate used, it allows the animals to fulfil their behavioural needs, including the performance of rooting behaviour (141).

The provision of enrichment also has the potential to reduce sustained levels of aggression by keeping sows occupied and less likely to get involved in aggressive behaviour [demonstrated for spent mushroom compost (143); peat (144)]. Indeed, it must be noted that this depends on the enrichment type provided. For instance, Horback et al. (145) demonstrated that while enrichment items such as ropes and wooden blocks could satisfy behavioural needs of individual sows, they could not reduce the overall levels of aggression in the pen. While its provision is not panacea when it comes to eliminating stress, there are nonetheless multiple positive effects of enrichment on sow behaviour which can reduce their stress levels (1). This explains the association between the provision of enrichment and a higher frequency of behaviours indicative of good welfare, i.e., sleeping (144). Moreover, sows housed with deep straw bedding had lower cortisol concentrations and reduced immune stimulation (lower total white blood cells) compared to sows housed without straw bedding (45). These studies support that lack of appropriate enrichment is a risk factor for the development of chronic stress in pregnant sows.



Floor Type

Floor type can act as a risk factor for chronic stress both directly and indirectly. Its direct effect could be associated with discomfort due to lying on concrete slatted floors without bedding (23, 123). It could also directly contribute to the fear of falling and injury in instances where smooth concrete floors are slippery because of urine and faeces (46, 48, 93, 123). Additionally, indirect effects are associated with the injuries and lameness arising from certain floor types [e.g., fully slatted concrete floors (122, 123); see Lameness].

In contrast, rubber flooring can reduce the risk of claw lesion and lameness incidence, as well as improve comfort during resting and ease of changing posture (123, 146–149). In line with this, sows with access to stalls with rubber mats had lower cortisol concentrations on day 28 of gestation than sows in standard pens with concrete-floored stalls (150). In addition, sows housed on rubber floors also had improved reproductive performance (91). This finding confirms the potential of rubber flooring to reduce stress in pregnant sows (150).

On the other hand, rubber floors can become slippery, thus providing poor foothold, which may discourage sows from engaging in aggression (46, 48). In support of this, Lagoda et al. (91) showed that sows housed on rubber floors had lower skin lesion scores following mixing compared to sows on concrete slatted floors, suggesting reduced intensity of mixing aggression. Persistent slipperiness of rubber floors could also reduce aggression in the long term, as a result of fear of slipping and the consequent reluctance to engage in fights. Clearly, while slippery rubber floors may reduce the intensity of aggression, they should not be used intentionally for that purpose. Using the fear of slipping to prevent sows from fighting has its own negative connotations for welfare. Not being able to fight in order to settle dominance conflicts, as well as the constant fear of slipping would undoubtedly contribute to chronic stress (46, 151).



Quality of Stockmanship

The quality of stockmanship is determined by the stockperson's personality, attitude, and behaviour (50, 152), and has a substantial effect on stress levels in farm animals (49, 50). Hayes et al. (153) showed the potential for positive handling to reduce fear of humans in sows, while Dokmanovic et al. (154) showed numerically lower cortisol concentrations in gently handled pigs, compared to those which were handled roughly. In contrast, Manteca and Jones (50), Hemsworth and Boivin (155) showed compromised reproductive performance resulting from rough handling and fear of humans in sows.

Despite the process of domestication and living in close proximity to humans, the initial response of farm animals to humans is still that of fear (156). This is worsened when animals are exposed to rough handling and poor quality stockmanship, and when no effort is made towards the establishment of a neutral or a positive connexion with the animals (50). This effect is exacerbated by the increasing automation of the animal production sector, which gives stock people fewer opportunities to interact with the animals in their care (50). This means that it is more difficult for animals to habituate to the presence of humans (50).

Moreover, rough handling of sows can result in a lasting aversion towards certain or all humans through classical conditioning (157). Sows handled aversively by a single stock person can learn to associate such handling with all people, thus developing a learned fear of people in general (157). Therefore, the fear of humans is not only an acute stressor which occurs at the time of handling by an abusive person. In fact, it is a lasting issue and a potential chronic stressor. This effect can be exacerbated as human handling is still inevitable at various stages of a production animal's life (50). For example, in the case of group-housed sows, handling by stock people is necessary at vaccination or when moving sows from one location to another during different stages of gestation (158). Although such handling instances are interspersed throughout gestation, for the sows with a lasting aversion and fear of humans, even intermittent handling can be extremely difficult, as well as dangerous for the stock people involved (50, 155). Fearful sows are therefore at a continuous risk of being handled adversely due to their responses to humans (158). This in turn can be associated with intense acute stress (158) occurring intermittently and contributing to chronic stress (18). Poor stockmanship is therefore a potential risk factor for chronic stress, with known detrimental consequences for sows (153).



Environmental Conditions

Dust, gases such as ammonia, and inappropriate ambient temperature levels are just some of the environmental challenges in pig farm environments (159). Although electronic management of the farm environment strives to maintain constant conditions, fluctuations in the levels of the above listed environmental variables are still inevitable at various times throughout animals' lives (160). This is particularly evident in the case of environmental temperatures. Pigs are especially sensitive to heat stress, as they lack functional sweat glands and have a thick layer of adipose tissue which acts as insulation (51). Combining this vulnerability with the prolonged periods of increased environmental temperatures which sows experience in many pork producing regions (161), heat stress has the potential to act as a true chronic stress risk factor (51). In addition, with global warming on the rise, heat stress may become a problem of an increasingly chronic nature in places where until now it acted as an intermittent stressor. Moreover, heat stress in pregnant sows is linked with markedly reduced productivity and impaired reproductive performance [irregular expression of oestrous, reduced farrowing rates, increased abortion rates, and reduced litter size (88, 162)], greater inflammatory response at farrowing, and insulin resistance during lactation, all of which are indicative of a heightened chronic stress response (88).



Individual Sow Factors

As outlined in Mechanisms underlying chronic stress, individual sows differ in personalities and coping styles and in how they adapt in response to stressors (63, 64). As different coping styles are associated with differential physiological responses to stress [e.g., higher expression of glucocorticoid receptors in proactive pigs, vs. higher oxytocin receptor expression in reactive pigs (163)], it is possible that each personality or coping style may act as a risk factor for the experience of chronic stress to a different extent (163). Indeed, personalities/coping styles exhibit temporal stability (164), and therefore those styles which are associated with a heightened stress response are an especially likely candidate to act as a chronic stress risk factor.

Little variation in body weight between sows within a group is another proposed risk factor for chronic stress, mediated by the potential to sustain high levels of aggression (52). Although the extent to which this is the case depends on the degree of body weight variation between sows, as well as other factors such as group size. Housing sows of unequal body weights together leads to reduced aggression levels at mixing (53), whereas sows of similar body weights could take longer to settle dominance conflicts, due to their evenly matched strength and fighting ability (165). Animals are able to assess the fighting ability (resource holding potential) of conspecifics, and based on the information gathered, decide whether to attack or withdraw (166). In general, smaller animals tend to avoid conflicts with larger individuals (52). It is therefore possible that a strategy of mixing sows of a range of sizes could also reduce long-term, sustained aggression levels. However, there is no research investigating the implications of sows housed with pen mates of equal or unequal body weights for cortisol concentrations.

The variation in parity of sows within a group must also be considered. Specifically, housing younger sows (parity 1 and 2) with older, multiparous sows (parity > 2) exacerbates aggression experienced by the former, generally subordinate and more vulnerable animals (167). Indeed, first parity sows housed with multiparous sows had lower farrowing rates compared to gilts housed with first parity sows only (167). This reflects the detrimental effect of housing sows of different parities on reproductive performance, mediated by the resulting increased aggression levels, and associated chronic stress.

Finally, the lack of familiarity between sows at mixing into groups may increase levels of aggression and therefore chronic stress (168). Previous studies demonstrate that improving familiarity among sows via pre-mixing (and thus sub-group establishment) prior to mixing reduces levels of aggression at mixing (168–170). For instance, no major disruption to social organisation and lower levels of aggression were observed when familiar sows were mixed together (168). This in turn could reduce levels of chronic stress (168).




PRENATAL EFFECTS OF CHRONIC STRESS IN SOWS ON THEIR OFFSPRING

Various studies show the potential effects of prenatal stress on swine offspring, whether physiological or psychological (behaviour/personality). Specific physiological effects reported to date include altered development of the HPA axis (76), and associated decreased (86), or increased levels of basal circulating cortisol (171). Increased offspring hippocampal glucocorticoid receptors, decreased serum immunoglobulin G concentrations, and decreased lymphocyte proliferation (86) are also reported. Such effects can result in reduced immunity, higher susceptibility to disease, and greater mortality among prenatally stressed piglets (17). A potential effect of prenatal stress on offspring resilience was reported as a result of repeated nose sling restraint applied to sows during gestation, which more than doubled the mortality of neonatal piglets during the sucking period (17, 172). Similarly, Kanitz et al. (86) showed a higher frequency of disease and higher mortality during lactation in prenatally stressed piglets (born to sows restrained daily for 5 min, for a period of 5 weeks in late gestation), than in non-stressed piglets.

Prenatal stress can also have profound psychological effects on offspring, manifested as altered behaviour immediately after birth and throughout adult life (173), sometimes with sex-specific differences (174). Jarvis et al. (174) showed an effect of prenatal stress (a consequence of mixing stress imposed on pregnant sows) on female offspring, which displayed abnormal maternal behaviour later in life. This included restlessness and more responsiveness towards piglets that approached the sow's head, as well as a tendency to bite more at the piglets (174). Others showed that mothers that experienced pre-natal stress in utero spent more time lying ventrally following the birth of their first piglet, more time standing, and made more postural changes (175). These mothers also spent longer visually attending to their piglets compared to non-stressed mothers (175). This is suggestive of a pro-anxiety phenotype resulting from altered brain development during foetal life, as a consequence of mixing stress being imposed on the pregnant sow (175).

Other studies found effects of prenatal stress on behaviour regardless of sex. This included a heightened behavioural response to acute pain and injury such as tail docking (176), or decreased exploratory behaviour in a novel environment shown by prenatally stressed piglets born to sows repeatedly mixed throughout gestation to impose stress (177). Brajon et al. (177) also found decreased locomotion play and fighting play in prenatally stressed piglets, indicative of compromised welfare (178). In addition, the coping behaviour of prenatally stressed offspring is similar to the coping behaviour of humans with depression, suggesting that prenatally stressed offspring may also be at risk of developing depression-like symptoms (79).

Some studies investigating the effects of prenatal stress used models that artificially induce a stress response in sows, for example, through adrenocorticotrophic injections or cortisol administration (179, 180). In addition, many studies investigate only individual acute stressors (86, 175, 180), with a lack of focus on chronic stressors. While useful in providing knowledge on prenatal stress mechanisms, such studies lack on-farm applicability, and therefore their results cannot fully represent real-life scenarios.

Investigating the potential for chronic stress to result in prenatal stress is more applicable to real life situations that sows might experience. The risk factors for chronic stress discussed above are commonly found on-farm, often in combination, and are thus likely to be a realistic risk for prenatal stress in offspring. For instance, piglets of sows housed in barren environments had higher pre-weaning mortality (45, 181), and reduced neonatal survival (182), compared to piglets of sows housed with enrichment (deep straw bedding; manipulable wood materials and straw pellets). In the study of Quesnel et al. (183), piglets born to sows housed in non-enriched environments showed reduced maturity in terms of various physiological indicators at birth, compared to piglets born to sows from enriched housing, which is likely less stressful for the mother. Likewise, Tatemoto et al. (184) showed a beneficial effect of providing enrichment to sows during gestation on offspring behaviour outcomes. In that study, offspring born to sows from enriched environments showed less aggression and less nosing behaviour (184). In addition, female offspring specifically showed more exploratory behaviour and less fear during a novel object test (184).

As discussed above, lameness in sows is another potential chronic maternal stressor. Offspring born to lame sows have altered weight gain, aggressiveness, and also vocalisation levels during open field and novel object tests compared to piglets from non-lame sows (185, 186). Likewise, the offspring of restrictively fed sows on a low fibre diet showed more aggressive behaviour prior to weaning compared to the offspring of sows fed a high fibre diet (187). Heat stress also generates sufficient chronic stress in pregnant sows to lead to developmental damage to their offspring in utero (88); this includes altered offspring thermoregulatory ability (188), carcass composition (189), as well as sex-specific effects, such as reduced numbers of functional ovarian oocytes in female offspring (189), and reduced sperm number and quality in male offspring (190). Such findings confirm that exposing sows to a range of potential chronic stressors experienced during gestation does indeed cause a level of prenatal stress that has long-term, negative effects on offspring (183).



FUTURE RESEARCH

The aim of this review was to discuss the potential for several aspects of the sow physical and social environment to act as risk factors for chronic stress. Moreover, the review considered these risk factors in terms of their potential to cause prenatal stress in offspring. With increasing focus on improving animal welfare in recent years, the study of chronic stress and its consequences for the sow and her offspring is an area warranting urgent investigation. Chronic stress in gestation not only has immediate negative consequences for the sow [e.g., immunosuppression and associated morbidity (28, 29); and reduced reproductive performance (23, 24)], but also has long-term consequences for their offspring in terms of susceptibility to disease (191). Such negative effects not only reduce sow and piglet welfare (23, 191), but also threaten the sustainability of the pig industry. This is the case due to diminished sow reproductive performance (23), reduced piglet growth efficiency, and an increased need for the use of antimicrobials to treat disease in piglets, which has consequences for antibiotic resistance (192). Nevertheless, the extent to which a number of the factors discussed in the current review contribute to chronic stress in sows is still poorly understood, with even less research into their potential to contribute to prenatal stress and their postulated consequences for the offspring.

Due to numerous confounders (i.e., group size, quality and quantity of available space, or whether extra space is required by larger sows) which must be considered when investigating the effects of different space allowances on stress levels (93), an optimal space allowance, as well as the contribution of inadequate space allowances to chronic stress are not yet established for sows (94). Future study designs should take such confounders into consideration to ensure that results are meaningful in a broad context.

The absence of high fibre diet provision can exacerbate the chronic hunger effect and stress associated with restrictive feeding (40, 193, 194). Moreover, effective “off the floor” methods of roughage material delivery should be investigated. However, caution must be exercised when adopting “off the floor” methods such as straw racks, as such structures increased aggression associated with competition for access to the racks (195).

Enrichment materials are of interest and value to sows, and if not enough of them are provided, or they are difficult to access, they are usually monopolised by dominant animals. Further research should identify a method of enrichment delivery that ensures all animals have access, and which does not induce competition and stimulate aggression (145, 195). This will help to ensure that the positive effects of enrichment provision on sow stress levels are not counteracted by the negative effects of the aggression associated with competition for it.

There is potential in housing sows of unequal body weights together to reduce sustained aggression levels and the associated consequences related to chronic stress. Specifically, physiological measures such as cortisol concentration and immune status of individuals housed in groups with varying degrees of body weight variation should be measured to ascertain this possibility.

Given the benefits of rubber flooring to sow welfare overall (123, 146–149), indications of a reluctance to interact on such flooring, possibly attributable to slipperiness and fear of slipping/falling should be elucidated.

Studies investigating the link between stress resulting from the sow's fear of humans and the prenatal stress risks for her offspring are limited (64). Research in this area is needed to further highlight the importance of good quality stockmanship, and more effort must be committed to training of stock people to ensure their knowledge of this area (50).



CONCLUSION

Chronic stress during gestation is not only detrimental to sow welfare and productivity, but also to their offspring, mediated by prenatal stress. The current review flagged a number of factors with potential to contribute to chronic stress in sows. There is an existing body of knowledge on methods to improve sow welfare during gestation, which could be used as a starting point to encourage pig industry stakeholders to adopt strategies to minimise levels of chronic stress experienced by sows. This could lead not only to positive associated effects for sow welfare and productivity, but also for the resilience and health of the offspring, and to increased societal acceptability of pig production. Nevertheless, several of the potential risk factors which can contribute to chronic stress still require additional research to determine the extent of their contribution, and also their potential to induce prenatal stress in offspring. Further investigation into these factors would also help to decide which sources of stress should be prioritised. Likewise, the impact of multiple concurrent chronic stressors also requires further investigation, as it is unlikely that any of the above reviewed chronic stress risk factors exist in isolation, with sows potentially experiencing multiple stressors at once. Although challenging, system based studies could be a potentially useful way of addressing this gap. Furthermore, such knowledge would help to determine whether to target sources of stress individually or in combination for an improved effect. Overall, novel research in the areas outlined in this review will be beneficial to sow and piglet welfare and productivity, with economically positive consequences for the pig industry.
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