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ABSTRACT 

Group gestation housing is becoming standard practice in commercial swine production. 

Although group housing promotes behavioral variability within the breeding herd, it can cause 

several management challenges for producers due to the establishment of the social hierarchy. 

Poor performance and welfare in group housed breeding stock can be attributed to the 

repercussions of aggression performed between dyads. The ability to quickly identify sows in the 

social hierarchy could be beneficial to producers for enforcing preventative actions. Precision 

livestock farming tools have proven to aid animal caretakers in monitoring animal health and 

welfare in livestock industries. 

The objective of this thesis was to investigate the use of infrared thermography, feeding 

activity obtained from an automated radiofrequency identification feeding system, and heat rate 

variability indices for detecting the social hierarchy within groups of gestating sows. 

Additionally, the relationship between observed social hierarchy, body condition scores, backfat, 

and reproductive performance was also explored.  
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1. LITERATURE REVIEW 

1.1. Introduction 

Animal welfare in commercial livestock production is an essential component of 

producing sustainable food animal products. In recent decades, consumer concerns regarding 

livestock welfare, as well as changing preferences, have led to changes in the way swine are 

handled and housed in commercial production systems and due to this increasing interest, food 

corporations have begun to require changes to traditional production practices. Additionally, 

production practices have changed in response to legislation, niche markets, certification 

programs, and auditing programs that specifically focus on animal welfare (Mench, 2008).  

One major example of those changes deals with sow housing during the gestation period. 

Traditional gestation housing utilizes individual stalls to house sows independently from other 

gestating sows within the breeding herd. Individual stall housing systems offer a way to house 

breeding females in a manner that conserves space (Hemsworth, 2018b) and provides individual 

management of individuals regarding breeding and insemination, health, and feeding (Harris et 

al., 2006; Koketsu and Iida, 2017). However, there are concerns that arise from this restrictive 

housing system; most notably, the limitations individual stalls place on sow movement (Childers 

et al., 2004). As a result, alternative forms of housing, such as group gestation housing, have 

become more prevalent in commercial swine production.  

Group gestation housing, or “group housing”, allows individual sows the ability to move 

freely within a large pen and interact with other sows, which is restricted in individual stall 

housing (Barnett et al., 2001; Harris et al., 2006). However, despite these benefits, group 

gestation housing also leads to several challenges that may negatively impact a sow’s welfare. 

For example, skin lesions and lameness, which can be due to aggression from social hierarchy 
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formation, poor body condition, and possibly impacted reproductive performance (Rhodes et al., 

2005). Therefore, strategies for monitoring individual sows are needed to effectively improve 

sow welfare within group gestation pens. 

Precision livestock farming (PLF) technologies provide a potentially useful method for 

monitoring sow welfare through continuous, real-time monitoring of individual animal health, 

welfare, reproduction, and productivity (Berckmans, 2014). Precision technologies are capable of 

providing useful knowledge about the herd and may help caretakers identify animals in need 

(Berckmans, 2017). For example, infrared thermal imaging has proven to be a useful non-contact 

precision tool in the early detection and identification of immune compromised swine (Cook et 

al., 2015), cattle (Rainwater-Lovett et al., 2009), and sheep (Perez de Diego et al., 2013), as well 

as aiding in the detection of stress (Nääs et al., 2014). Additionally, technologies like electronic 

sow feeding (ESF) systems that are commonly employed in group gestation systems utilize radio 

frequency identification (RFID) technology to identify individual animals and document 

important changes in various feeding characteristics (Vargovic et al., 2021). These technologies, 

among others, could prove to be beneficial for improving the welfare of group-housed sows, 

particularly as a method for characterizing the social hierarchy within the group and identifying 

sows at risk of poor welfare outcomes related to hierarchy formation. 

1.2. Conceptualizing Sow Welfare 

Animal welfare is defined as an animal’s state in regards to its attempt to cope with its 

environment (Broom, 1986). Traditionally, the concept of animal welfare is broken down into 

three domains: biological functioning, natural living, and affective states (Fraser et al., 1997; 

Marchant-Forde, 2015; but see Mellor, 2017 for a recent 5-domain conceptualization). Biological 

functioning refers to growth, health, and productivity of an animal (Fraser, 2003) and is likely 
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the most commonly evaluated domain by producers and veterinarians. Natural living emphasizes 

that the welfare of an animal is improved or enhanced if that animal is given the ability to 

express their natural behaviors (e.g., rooting in swine, grazing in cattle, dust bathing in chickens; 

Hemsworth et al., 2015). Finally, affective state concerns the mental wellbeing of the animal, 

including the lack of suffering and fear, and the experience of positive emotions, such as 

playfulness and satiety (Mendl et al., 2010). These three domains overlap and affect one another 

since animal coping strategies often require behavioral, physiological, and psychological 

responses to effectively cope with their environment (Broom, 2011). 

1.2.1 Biological Function 

An animal’s biological function (i.e. health, reproduction, growth) is negatively affected 

by exposure to various stressors (Broom, 1988; Broom, 1991), which is ultimately reflected in 

that animal’s welfare state (Broom, 1991; Mendl et al., 1992; Fraser, 2008; Hemsworth et al., 

2015). However, production outcomes and measures indicative of biological function are not 

necessarily sole indicators of an animal’s welfare state (McGlone, 2001; Dawkins, 2006; Mellor 

and Webster, 2014). Regardless, the biological functioning of an animal has traditionally been 

the main welfare concern for veterinarians and producers, and for some individuals, is the sole 

indicator of identifying an animal’s welfare state. For example, McGlone (1993) stated that, “an 

animal is in a poor state of welfare only when physiological systems are disturbed to the point 

that survival or reproduction are impaired.” This perspective is common, since an animal’s 

ability to grow or reproduce is often thought to rely on good health. Therefore, measures 

indicative of good health, growth, and productivity are often utilized as indicators of an animal’s 

welfare state.  
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Animal caretakers frequently utilize various indicators of biological functioning to 

identify compromises to an animal’s welfare. For instance, weight gain for animals entering the 

food chain (Hemsworth et al., 1987) or reproductive success in breeding stock (Fraser, 2003; 

Ritter et al., 2019) are relatively simple measures to observe if observations are performed 

routinely and correctly. If an animal is not gaining weight, it may be due to an inability to eat, 

injury, or illness. Other observable indicators of biological function include skin lesions and 

lameness in swine and cattle that can lead to discomfort, pain, and infection. The effects of these 

injuries can be long-lasting if not addressed and can further negatively affect an animal’s welfare 

and production output (Winckler and Willen, 2001; Nalon et al., 2013).  

Physiological stress experienced as a result of an environmental stressor affects 

biological functioning because it alters physiological homeostasis, or equilibrium (NseaAbasi et 

al., 2013). When homeostasis is challenged, a cascade of physiological processes are initiated in 

response to maintain homeostasis (Sutanto and de Kloet, 1994). These processes often involve 

changes to physiological indicators like cortisol, the cardiovascular response, and blood flow 

(Buchanan et al., 1999). Unfortunately, measures like plasma cortisol are easily affected by 

conditions outside of the user’s control (Broom, 2017) and they are impractical for producer use. 

1.2.2. Natural Living 

Natural behavior, defined as behavior that animals have a tendency to exhibit under 

natural conditions (Bracke and Hopster, 2006), is considered to be an essential component for 

evaluating an animal’s welfare. Various perspectives on the expression of natural behaviors 

exist, with some individuals believing it is essential for animals to perform all behaviors within 

their repertoire because they all serve a function (Kiley-Worthington, 1989). Additionally, not 

only do these behaviors serve a function, but their performance may also be pleasurable for the 
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animal and beneficial for an animal’s welfare (Bracke and Hopster, 2006; Hemsworth et al., 

2015; Browning, 2020). Others believe domesticated species have adapted to conditions which 

have been imposed upon them. Therefore, some innate behaviors that were once essential for 

survival may no longer serve a function (Fraser et al., 1997; Green and Mellor, 2011). However, 

regardless of an individual’s belief regarding natural living, the ability of an animal to perform 

motivated behaviors, whether innate or developed through adaptation, is critical for living within 

an environment (Fraser et al., 1997) and therefore impacts welfare. 

Certain behaviors can provide an indication of an animal’s welfare state. The ability to 

perform highly motivated behaviors such as exploration in group-housed sows (Verdon et al., 

2015), rooting and play behavior in swine (Lay Jr. et al., 2000), and grazing in dairy cattle 

(Beaver et al., 2020) may indicate that these animals have better welfare than those who do not 

perform those same behaviors. Other behaviors, such as stereotypical behaviors, which are 

“repetitive, invariant behavior patterns with no obvious goal or function,” can indicate that an 

animal’s welfare is poor, as these behaviors often result from the inability to perform motivated 

or natural behaviors entirely or to satisfaction (Forrester, 1980; Mason, 1991; Mellor, 2015). For 

instance, sows have been observed to perform bar biting when housed in individual stalls and 

tethered housing (Rushen, 1984; Vieuille-Thomas et al., 1995), which can be attributed to 

limited stimuli offered by their environment (Hemsworth, 2018b). Therefore, when evaluating 

animal welfare, it is critical to consider not only particular behaviors being performed by the 

animal, but also the possible reason for the behavioral motivation. 

1.2.3. Affective State 

Affective states are associated with animal sentience, or the nature of emotions that 

accompany pleasure and suffering (Webster, 2001). Scientists have continued to emphasize the 
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importance of understanding animal sentience in order to evaluate animal welfare (Rushen, 

2003; Mellor and Webster, 2014), with some suggesting that animal welfare relies solely on the 

cognitive needs of an animal since the animal’s health and productivity will be impaired if their 

psychological needs are not met (Duncan and Petherick, 1991). However, scientists who 

prioritize the importance of affective states recognize that affective states are closely tied to 

biological functioning and behavior. Therefore, measures related to biological functioning and 

behavior are required for understanding affective states in animals (Broom, 1988; Fraser, 2003; 

Hemsworth et al., 2015). Other scientists believe that inference to affective states from biological 

or behavioral measures is inherently flawed (Duncan and Dawkins, 1983).  

Our ability to evaluate affective states in animals, especially positive emotional states, is 

expanding. Initially, the affective state-based concept of animal welfare focused on the freedom 

from suffering (e.g. experiencing pain for extended amounts of time), fear, hunger, and other 

negative emotions (Fraser et al., 1997; Marchant-Forde, 2015). However, the concept has grown 

to also include the experience of positive affective states such as pleasure, happiness, and 

comfort (Broom, 2010; Hemsworth et al., 2015; Marchant-Forde, 2015; Mellor and Beausoleil, 

2015). To investigate affective states in farm animals, researchers have utilized behaviors 

performed by an animal in response to a stimulus to indicate positive and/or negative emotions 

(Désiré et al., 2002; Murphy et al., 2014). For instance, play behavior in mammals is easily 

detectable and is commonly linked to positive emotions (Held and Špinka, 2011; Horback, 

2014). In addition to play behavior, the behavioral response to rewarding and undesirable events 

can be used as a useful indicator of affective states in swine (Reimert et al., 2013; Reimert et al., 

2015). Preference tests have also been used to evaluate subjective or affective states to aid in 

psychological welfare assessment (Scollo et al., 2014; Horback and Parsons, 2019).  



 

7 

In addition to behavior, the physiological response to positive and negative stimuli can be 

used as an indicator of affective state. For example, research investigating the effect of music on 

rodent welfare within a laboratory setting reported lower blood pressure and increased dopamine 

levels in response to treatment, inferring that the cognitive state of animals exposed to certain 

types of music can be improved (Alworth and Buerkle, 2013). This demonstrates an animal’s 

ability to experience different subjective emotional states when encountering novel stimuli. 

Overall, these three domains (i.e. biological functioning, natural living, and affective 

states) are commonly identified by scientists as valid components of an animal’s welfare (Fraser, 

2003). However, differences in scientists’ personal values can affect which domains they 

consider to be essential (Fraser, 2003). Regardless, an effective animal welfare assessment likely 

includes aspects of all three domains since they often influence one another. 

1.3. Traditional Sow Gestation Housing 

Given the potential impact of environment on an animal’s overall welfare, it is essential 

to understand the effects of commercial sow housing systems on sow welfare. With a continued 

trend towards intensification of pork production in the United States, traditional individual stall 

gestation housing systems offer a way to house and manage multiple breeding females in a 

manner that conserves space within a production facility (Hemsworth, 2018a). These individual 

stalls vary in size (i.e., lengths ranging from 1.98 - 2.10 m and widths between 0.61 - 0.76 m; 

HSVMA, 2013), and are typically positioned directly adjacent to additional stalls housing the 

remaining sows within the gestation herd. In many cases, this type of system improves the 

management of individual animals; particularly regarding breeding, health, feeding, and 

farrowing compared to other housing systems (Karlen et al., 2007; Koketsu and Iida, 2017). For 

example, this housing type offers sows access to their entire feeding ration without having to 
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compete with other conspecifics. Some studies have also reported that sows housed in individual 

stalls exhibit fewer signs of lameness (Anil et al., 2005; Harris et al., 2006; Jang et al., 2015) and 

fewer culling instances due to lameness (Chapinal et al., 2010; Koketsu and Iida, 2017) 

compared to other sow housing types.  

While these systems are often beneficial for individual animal management, gestation 

stalls raise animal welfare concerns related to sow behavior (Hemsworth, 2018a). Most notably, 

the individual stall restricts a sow from moving freely when desired. Some sows may also be too 

large to avoid contact with the stall or feeder while lying down (Anil et al., 2005). As a result, 

skin injuries from consistent contact with the metal bars may occur. Anil et al. (2005) found that 

as sow weight increased, so did the rate of injury to the dorsal portion of the body, forelimbs, 

hind limbs, and udder in sows housed in individual stalls.  

Sows housed in individual stall systems are sometimes observed displaying atypical 

behaviors, such as stereotypical behaviors, which are performed repetitively and serve no 

function to the animal (Rushen, 1984). Stereotypical behaviors can be indicative of poor welfare, 

as these behaviors are often performed in barren environments where the animal is restrained to 

some degree and is unable to escape from fearful stimuli or frustration (Mason, 1991). Studies 

investigating the behaviors of sows housed in individual stalls reported a greater frequency of 

sham chewing compared to sows housed in group pens (Karlen et al., 2007; Chapinal et al., 

2010; Liu et al., 2021), which can be attributed to a lack of stimulation within the stall 

environment.  

Although individual gestation stalls offer many benefits to the sow herd in terms of 

individual animal health and reproductive management, the housing systems does not provide 

sows the ability to move freely outside of the limits of the individual stall. Given these concerns, 



 

9 

consumer-driven legislation (Matthews and Hemsworth, 2012), supply chain initiatives (de 

Jonge and van Trijp, 2013), niche markets (Honeyman et al., 2006), and certification programs 

have led to an increase in the use of alternative housing systems for gestating sows to allow for 

increased freedom of movement, social interaction, and performance of highly motivated 

behaviors. 

1.4. Group Gestation Housing 

In commercial swine production, group pen gestation housing is the most utilized 

alternative form of gestation housing, with approximately 33% of producers in the United States 

incorporating group pen gestation into their production systems (personal communication with 

the National Pork Producer’s Council, 2022). The group pen gestation model gives sows a 

communal space in which they are able to move freely and interact with their pen mates 

(McGlone, 2013). Pen dimensions vary in size according to stocking density. No space 

requirements exist in the United States and research investigating the effects of group-housing 

space allowances on the welfare of group-housed sows is contradictory (Salak-Johnson et al., 

2007; Remience et al., 2008; Li et al., 2018). However, countries outside of the United States 

have various minimum space requirements and recommendations that fall within 1.8 - 2.5 m2 per 

sow (Council Directive 2008/120/EC. 2009; National Farm Animal Care Council, 2014). Small 

group gestation pens can accommodate 4-5 sows (Kemp and Soede, 2012) while large group 

gestation pen research has investigated stocking rates of up to 80 sows per pen (Hemsworth, 

2018a). Pen designs often include a single large open communal area and a communal area with 

subsections created by barriers to allow opportunities for sows to escape from aggression or 

dominant pen mates (Hemsworth, 2018b). 
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1.4.1. Feeding Methods Within Group-Pen Gestation Housing 

Feeding methods within group gestation pens vary according to pen design. Free access 

stalls provide individual feeding spaces within a communal pen. As a sow enters the free access 

stall, a rear gate can close and lock behind the sow while she eats. This type of feeding design 

gives individual sows a level of protection from conspecifics during feeding times or during 

aggressive interactions (Mack et al., 2014).  

Floor feeding and trickle feeding provide the benefit of occupying only a fraction of the 

communal pen space, but these methods in group gestation housing can be challenging. Floor 

feeding is a competitive feeding method which dispenses feed evenly across a feeding area either 

by hand or automatic feeding system at a certain time each day. This type of feeding method has 

many challenges, as there can be no guarantee individuals are consuming their entire ration 

(Verdon et al., 2015). Trickle feeding is also another competitive feeding method in which an 

automated feed storage source drops feed into a trough or solid surface. The feeding area may 

have side panels to create open feeding stalls. These partial stalls offer a level of protection in 

terms of ration consumption (Iida et al., 2017; Koketsu and Iida, 2017). However, due to the 

open design of the feeding stalls, sows can be forced from their feeding space by other sows.  

Lastly, an electronic sow feeding system (ESF) has the capacity to feed large groups of 

sows using radio-frequency identification (RFID) to identify individual sows when they enter the 

feeder. An advantage of the ESF is the ability to adjust feed allocation on an individual level, 

providing feed rations according to each sow’s individual and changing needs. Specifically, 

when a sow enters the feeder, radio waves are emitted from the circuit transponder in an ear tag 

worn by the sow and are received by the RFID reader within the feeder (Benjamin and Yik, 

2019). The system then registers the sow’s identification, the total daily ration allotted to the 
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sow, how much of the daily ration has been consumed, and the remaining amount in the 

allotment. Additionally, ESF technology has the capacity to track many other useful feeding 

characteristics as well (e.g., missed rations and number of visits per day; Maselyne et al., 2015). 

Because of this technology, fewer feeders can accommodate more animals and therefore, more 

pen space is available for movement, behavioral expression, and lying. However, since fully 

enclosed ESF feeders offer individual protection during feeding bouts (i.e., a swinging gate can 

close behind the sow after it enters the ESF), the sow can remain in the feeder for long periods of 

time which can prevent other sows from entering the feeder. 

1.4.2. Comparison of Welfare, Productivity, and Reproductive Outcomes Between 

Traditional and Group-Pen Gestating Housing 

Ultimately, the goal of group-gestation housing is to improve sow welfare by providing 

more opportunities for sows to perform highly motivated behaviors and increasing social 

interaction between conspecifics. Group-housed sows exhibit more exploratory behaviors 

compared to sows housed in individual stalls (Liu et al., 2021), and spend more time resting 

compared to traditionally housed sows (Chapinal et al., 2010). This could be due to the increase 

in pen space which may provide a favorable environment for resting compared to individually-

stalled sows who may be more likely to be in a state of discomfort (Liu et al., 2021). Sows 

housed in gestation pens also exhibit reduced incidences of stereotypical behavior compared to 

sows in individual stalls (Karlen et al., 2007; Chapinal et al., 2010; Liu et al., 2021). Overall, the 

differences in behavioral expression and frequency that have been mentioned help indicate the 

group gestation housing setting allows more opportunities for different activities.  

In regard to reproductive performance, Tsuma et al. (1996) found concentrations of 

progesterone, estradiol, and prostaglandin metabolite to be similar between group-housed (i.e. 
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groups of 3 sows) and individually housed sows. Additionally, no differences in the number of 

collected embryos after slaughter were found between treatments. These results are in agreement 

with other studies which have reported similar findings (Einarsson et al., 1996). Several studies 

have found that the number of piglets born and born alive per litter do not differ between group-

housed and individually-stalled sows (Harris et al., 2006; Zhao et al., 2013; Jang et al., 2015). 

Additionally, sow farrowing rates between the two housing systems are similar, if not better in 

group housing. For example, Bates et al. (2003) found that sows housed in groups had a higher 

farrowing rate than sows housed in individual stalls (94.3% vs. 89.4%, respectively). 

1.4.3. Animal Welfare Challenges Associated with Group-Pen Gestation Housing 

Although group gestation housing improves sow welfare by increasing a sow’s ability to 

perform natural behaviors and socially interact, welfare concerns not previously encountered in 

individual stall housing systems arise (Anil et al., 2005). For example, animal caretakers, who 

are responsible for observing animals and identifying challenges that occur (e.g. disease and 

injury), may have a harder time identifying each individual and reporting individualized animal 

concerns when sows are freely moving within a group pen. This can be more difficult in large 

group housing settings, where the number of animals under one’s care is often extensive 

(Berckmans, 2017).  

The most notable concern with housing sows in groups, however, is inter-sow aggression 

(Barnett et al., 2001). Levels of aggression are increased upon the initial mixing of sows, when 

new sows are introduced to previously grouped sows (Koketsu and Iida, 2017), as well as during 

feeding times or around ESF systems (Bench et al., 2013; Hemsworth et al., 2013; Hemsworth et 

al., 2016). This aggression is a result of the social (or dominance) hierarchy that is established 

after mixing (Arey and Edwards, 1998). The social hierarchy is created to ensure one’s access to 
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important resources (Mcglone, 1986) and is created by dominance-submissive relationships that 

are formed through aggressive interactions between individuals within a group (Arey and 

Edwards, 1998; Greenwood et al., 2014). This type of social structure among animals is common 

(Meese and Ewbank, 1973) and is often seen at higher intensity in confined groups of livestock 

due to their unnatural and confined environment. Specifically in group-housed sows, lower 

ranked individuals within groups have more skin lesions (Verdon et al., 2016), gain less body 

weight throughout gestation (Pacheco and Salak-Johnson, 2016; Norring et al., 2019), and have 

less access to feeding spaces (Pacheco, 2016). The impacts of these characteristics on sow 

welfare can be significant, as they can affect reproductive success (Greenwood et al., 2014) and 

therefore, economic gain for the producer. 

In wild populations of swine, sows live in relatively small groups of familiar individuals 

where aggression typically arises when there is competition for resources (i.e., food) (Rhodes et 

al., 2005). In commercial conditions this behavior is similar. However, the combination of 

limited or restricted feeding resources (Hemsworth, 2018b) and a larger number of individuals 

per group results in heightened competition for those resources and high levels of aggression 

(Anil et al., 2005). Establishing the social rank among the group consists of individuals 

exhibiting certain aggressive behaviors such as parallel pressing, head-to-head knocking, head to 

body knocking, levering, biting, and physical displacement. Individuals who are first to withdraw 

or retreat from a threat or an aggressive interaction are considered to be less dominant (e.g., 

submissive) to the other individual (Jensen, 1980; Mount and Seabrook, 1993; Langbein and 

Puppe, 2004). The impacts of these aggressive interactions can create short term welfare 

concerns, such as skin lesions and other injuries. Additionally, long term effects related to 
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aggression, like stress, lameness, and poor body condition, can possibly affect reproductive 

success (Munsterhjelm et al., 2008; Greenwood et al., 2014) and herd longevity.  

Although aggression intensity throughout the gestation phase can decrease over time after 

the establishment of the social hierarchy (Arey and Edwards, 1998; McGlone, 2013), aggressive 

bouts can reoccur around feeding times or within feeding spaces, especially in competitive 

feeding systems (Spoolder et al., 2009; Hemsworth, 2018a). Previously published research has 

investigated methods to reduce aggression, such as boar presence (Marchant-Forde and 

Marchant-Forde, 2005), sedation (Maes et al., 2016), and enrichment (Greenwood et al., 2014), 

but these strategies only have temporary effects; the aggression between sows cannot be 

eliminated completely. Therefore, it could be beneficial for producers to distinguish individuals 

within the hierarchy in order to identify potential welfare challenges that may occur due to social 

aggression. However, without tools to aid the producer, determining the sow social hierarchy 

within groups is time consuming and impractical. 

1.5. Precision Technologies as a Strategy for Monitoring Sow Welfare in Group Housing 

Gestation Systems 

The pressure to produce more efficient animals has been a consistent challenge in 

livestock production. With advances in genetic selection and production sustainability, producers 

have been able to create more animal-based products from fewer animals in record time 

(Michalk et al., 2019). However, with expected global population growth and continuously 

changing food preferences, the livestock industry will continue to increase production output 

(Bodirsky et al., 2015). Precision livestock farming (PLF) aims to aid producers in this goal by 

incorporating the use of on-farm technology for improving animal welfare, health, production, 

and environmental sustainability through automated real-time monitoring of animals and their 
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environment (Berckmans, 2014). The development of PLF tools, or precision technologies, 

through research can help to create useful devices in production settings that can help livestock 

producers optimize their time and give real-time warnings when welfare or health concerns 

related to their animals arise (Berckmans, 2017). 

The use of precision technologies can have many practical applications in livestock 

production. Animal monitoring can be performed using many types of precision technologies, 

such as cameras and image analysis, microphone and sound analysis, and sensors (Berckmans, 

2014; Berckmans, 2017). For example, real-time image analysis of dairy cattle has been used to 

help identify early warning signs of lameness, a major welfare concern in dairy production 

(Viazzi et al., 2013). The software used in this lameness detection technology calculates a body 

movement pattern for each cow exiting the milking parlor and classifies their gait to a lameness 

category (i.e., not lame, lame, severely lame). If a cow’s gait deviates from her previous records, 

the system automatically alerts the producer. This technology can help producers optimize their 

time and implement early intervention strategies to treat before lameness in their herd becomes 

detrimental or severe. Other precision technologies, like infrared thermal imaging, can aid in 

identifying sick or stressed animals by measuring animal skin temperature (Stewart et al., 2005; 

Cook et al., 2015). Within many livestock species, infrared thermal imaging has also been 

beneficial in the early detection of febrile diseases (Cook et al., 2015; Rainwater-Lovett et al., 

2014), lameness (Amezcua et al., 2014; Alsaaod et al., 2015), as well as evaluating stress 

response from routine husbandry procedures (Stewart et al., 2005; Stewart, 2008). Additionally, 

individual identification technologies (e.g. RFID) allow producers to track animal feeding 

behaviors (Benjamin and Yik, 2019; Costa et al., 2021) and identify deviations in feed 

consumption.  
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Ultimately, precision technologies give producers an opportunity to monitor animal 

welfare on an individual-animal level. These technologies also offer limited contact with the 

animal to prevent disruption of their natural behavior and reduce animal stress commonly 

associated with routine examinations of animal health (e.g., blood collections, weighing, etc.). 

Therefore, precision tools which have been used in animal welfare monitoring could be 

beneficial for characterizing the social hierarchy in groups of gestating sows. 

1.5.1. Potential Precision Tools for Detecting the Social Hierarchy Within Group-Housed 

Pen Gestation Systems 

1.5.1.1. Radio frequency identification technology 

Radio frequency identification technology can be used within a livestock production 

system to identify individual animals (Brown-Brandl et al., 2019) through the use of ear tags 

containing microchips with unique serial number identifiers. The RFID ear tag holds a 

transponder circuit that emits radio waves to an RFID reader. Once the RFID reader has received 

the radio wave, it can immediately identify individual animals and collect data that can be stored 

and viewed at a later time (Benjamin and Yik, 2019). For example, RFID technology has been 

utilized to monitor livestock behavior to detect changes or disruptions in individual behavior 

associated with welfare challenges (e.g., illness) (Brown-Brandl et al., 2019). These 

developments have resulted in improved farm management practices and animal welfare (Ruhil 

et al., 2013). 

Electronic sow feeding systems equipped with RFID technology have been used within 

group gestation housing systems since the 1980s (Remience et al., 2008). Because the goal of 

group gestation housing is to offer sows the ability to move freely and perform natural behaviors, 

an ESF system allows for sows to visit the feeder when they desire (Jensen et al., 1995). Once a 
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sow’s ear tag RFID transponder is detected, feed can be dispensed in a bowl for the sow to 

consume. The feeding spaces offered by an ESF in group housing can range from 1 - 4 spaces 

per pen. The recommendation for the number of sows per feeder differs, with some 

manufacturers recommending 10 sows per feeding station and others stating their system can 

accommodate between 60 - 120 sows (National Hog Farmer, 2011). One disadvantage to the 

ESF feeding method is that sows can access the feeder whenever desired but do not have to exit 

at any specific point. This can limit other sows’ access to the feeder and affect their ration 

consumption. Multiple sows can wait to access the feeder, but it does not guarantee their access, 

which can lead to impaired body weight gain, reproductive success, and poor welfare. 

Due to the competitiveness created through the ESF system, certain feeding 

characteristics can be used to identify attributes associated with social ranking within the 

gestation herd. Research has found that dominant sows access the feeder earlier, spend longer 

lengths of time in ESF feeding stations, and visit the feeder more frequently compared to lower 

ranking sows (Martin and Edwards, 1994; Chapinal et al., 2010; Salak-Johnson, 2017). Low 

ranking sows obtain access to the feeder last (O’Connell et al., 2003), gain less weight in 

restricted feeding systems (Brouns and Edwards, 1994; Kranendonk et al., 2007; Salak-Johnson, 

2017), and have lower feed intake (Salak-Johnson, 2017) compared to higher ranking sows. 

However, further research should investigate the relationship between social rank and feeding 

behavior to determine whether the social hierarchy can be characterized using RFID feeding 

system technology.  

1.5.1.2. Infrared thermal imaging 

Another precision tool which has been studied to aid in management of livestock health 

and welfare is infrared thermal imaging, or infrared thermography (IRT). Infrared thermal 
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technology is predicated on the fact that any object which has a temperature above absolute zero 

(0 K or -273.15 ºC) emits infrared radiation. Infrared radiation wavelengths vary from 700 nm – 

1 mm and the temperature of the object determines the wavelength emitted (Benjamin and Yik, 

2019). Thermal imaging converts radiated wavelengths (i.e. the radiant heat of an object) into a 

color image that can be viewed through computer technology (Kateb et al., 2009; Vollmer and 

Mollmann, 2017). Although IRT is affected by many environmental factors (i.e., ambient 

temperature, relative humidity, sunlight, and foreign objects on the skin surface), infrared 

thermal imaging provides a quick, non-contact method that can be used to identify physiological 

and pathological changes in the body that are reflected in changes to body temperature (Salles et 

al., 2016). 

Thermal imaging has the ability to reduce stress associated with a traditional animal 

health evaluation (e.g., animal restraint or injection) and can detect disease through automatic 

surveillance of changes to skin temperature (Soerensen and Pedersen, 2015). For example, one 

study found that growing pigs inoculated with Actinobacillus pleuropneumoniea exhibited 

increased rectal and mean body surface temperature compared to those who received no immune 

challenge (Loughmiller et al., 2001). In a similar study utilizing the same bacteria, body surface 

temperature surrounding the thoracic cavity region was higher in pigs on day 4 after inoculation, 

likely due to an increase in pulmonary inflammation (Menzel et al., 2014). In weaned piglets 

injected with a 3-way vaccination to imitate an immune challenge, infrared thermal images were 

able to identify a significant temperature difference in groups of piglets given the vaccine 

compared to both control and sham treatment groups, with vaccinated piglets having higher body 

surface temperature for 3 to 20 hours post-vaccination (Cook et al., 2015). Taken together, the 

results of these studies indicate that thermal imaging can detect febrile responses to disease and 
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immune challenges in swine. As a result, animal caretakers better identify sick animals in need 

of treatment.  

In addition to disease detection, IRT may be useful for detecting physiological stress 

experienced by pigs on farm. For example, the physiological processes that occur during 

episodes of stress may cause stressed induced hyperthermia and the release of catecholamines 

and cortisol, which can increase blood flow and lead to increased heat loss. These changes to 

core body temperature can be observed as heat loss through the skin (Stewart et al., 2005) which 

can be visualized using infrared thermal imaging. Previous studies evaluating pig handling styles 

(i.e., gentle or rough), reported pigs handled in a rough manner exhibited increased body surface 

temperature in the region behind the ear, an anatomical location shown to be reliable when 

measuring the body surface temperature in swine due to its lack of fat deposition and hair (Rocha 

et al., 2019; Farrar et al., 2020).  

Infrared thermal imaging may also be a helpful tool for evaluating the physiological 

stress response that occurs during social interactions between animals. However, little research 

involving pigs has evaluated the effect of agonistic interactions on body surface temperature 

using IRT. One study reported altered body surface temperature in response to aggressive 

interactions, but no differences were found in IRT characteristics between winners and losers of 

aggressive encounters (Boileau et al., 2019). Further research on this topic is needed to confirm 

whether IRT could be useful for the purpose of detecting social hierarchy. However, this 

technology could possibly demonstrate differences in body surface temperature between social 

ranks since changes in body temperature have been reported in response to handling stress and 

after aggressive interactions. 
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1.5.1.3. Heart rate monitors and automated heart rate detection technologies 

One potential technology that may be useful for precision livestock monitoring in the 

future is automated collection of heart rate (HR) data and measurement of heart rate variability 

(HRV). Compared to solely measuring mean HR, HRV can be used as a more informative proxy 

of autonomic nervous system (ANS) function in response to stress. The ANS is an element of the 

peripheral nervous system that regulates involuntary physiological processes, such as HR and 

blood pressure (McCorry, 2007). These involuntary changes (mediated by the sympathetic and 

parasympathetic branches of the ANS) allow the cardiovascular system to adjust to sudden 

physical and psychological challenges that interrupt homeostasis (Shaffer et al., 2014). Heart rate 

variability evaluates changes to ANS function by measuring the variation in time between 

adjacent heart beats (also known as RR intervals; Shaffer et al., 2014) and is often used as a 

measure of physiological stress in livestock species (De Jong et al., 2000; Kovács et al., 2014).  

Increased variation in time between adjacent heart beats is indicative of reduced stress as 

it reflects greater parasympathetic nervous system activity occurring within regulatory autonomic 

nervous system balance (Stauss, 2003; von Borell et al., 2007). Heart rate variability has been 

used to evaluate the stress response in pigs after exposure to a short heat episode, where growing 

pigs exposed to heat exhibited evidence of greater stress (Byrd et al., 2020). Additionally, studies 

evaluating gestating sows have shown that HRV is reduced in response to progressing gestation 

(Marchant-Forde and Marchant-Forde, 2004; Byrd et al., 2022), which indicates a shift away 

from parasympathetic activity. 

While HRV is a promising methodology, little work has been conducted to determine its 

usefulness for evaluating stress resulting from social interactions. Some previous work 

evaluating mean HR and HRV to evaluate social stress (e.g., food competition and resident-
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intruder tests) in growing pigs reported that social status based on outcomes of agonistic 

encounters during food competition tests could influence mean HR measures, but no differences 

were found in HRV indices between winners and losers of aggressive encounters (De Jong et al., 

2000). Another study found that sows’ peak mean HR value increased during aggressive 

encounters (Marchant et al., 1995). The loser of the encounter experienced the highest peak HR 

after retreating, indicating aggressive interactions do cause a physiological response with the 

response being greater in sows that lose the encounter (Marchant et al., 1995). 

Heart rate collection technologies have improved over time with the production of non-

invasive, wearable monitors that can be fitted around the chest to collect various HR data 

measures. For humans, the monitor is placed in the middle of the chest, while monitors worn by 

animals must be placed on the left side of the chest, close to the elbow (Marchant-Forde et al., 

2004; Mott et al., 2021). Although wearable monitors offer an easy-to-use tool to aid in 

quantifying physiological response to stress in animals (Mott et al., 2021), HR monitors are 

prone to error due to animal movement or animal interaction with pen mates or equipment. As a 

result, large data losses can occur if personnel are not present to monitor data collection. 

Therefore, given the challenges of wearable HR monitors in animal science research, an 

automated HR detection system is still in needed to be beneficial in evaluating the cardiac 

response to environmental stressors without worry of data loss due to equipment placement or 

removal during data collection. Recently published research exploring HR monitoring through 

video-based technology has indicated that automated HR technology may be a viable option in 

the future (Pai et al., 2021; Wang et al., 2021). 

Given the usefulness of HRV for evaluating autonomic function in response to different 

stressors, additional research is needed to evaluate the sow HRV response to social stress. 
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Specifically, research investigating how social hierarchy affects HRV may be able to determine 

whether automated HRV detection can be used for identifying sows at risk of poor welfare states 

within the group pen, or as a predictor of social rank prior to mixing groups of sows. 

1.6. Conclusion 

Animal welfare concerns regarding physiology, reproductive performance, and injuries 

due to the establishment of the social hierarchy within group gestation housing can arise and also 

impact animal productivity. The ability to identify the social hierarchy could be advantageous for 

producers and caretakers when managing gestating sows. One potential strategy for aiding 

producers in identifying the sow social hierarchy may be through the use of precision livestock 

farming tools, which can detect warning signs related to animal welfare.  

Therefore, the objective of this thesis was to investigate the use of IRT, feeding activity 

obtained from an automated RFID feeding system, and HRV indices for detecting the social 

hierarchy within groups of gestating sows. Additionally, the relationship between observed 

social hierarchy, body condition scores (BCS), backfat (BF), and reproductive performance was 

also explored. 
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2. ARE INFRARED THERMOGRAPHY, AUTOMATED FEEDING SYSTEMS, AND 

HEART RATE VARIABILITY MEASURES CAPABLE OF CHARACTERIZING 

GROUP HOUSED SOW SOCIAL HIERARCHIES?1 

2.1. Introduction 

Group gestation housing is quickly becoming standard practice in commercial swine 

production in the United States. Although this housing system is standard in the European Union, 

pork producers in the U.S are beginning to transition from housing gestating sows and gilts in 

individual stalls to placing breeding females in a group pen for a majority of their gestation 

phase. Group housing offers several benefits for sow welfare including improved behavioral 

variability and expression (Barnett et al., 2001; Elmore et al., 2011). However, the housing 

system can also lead to several management challenges for producers, such as injuries and poor 

performance, which are created after mixing and can last throughout gestation (Bench et al., 

2013). Aggressive behavior among sows and gilts is expected during and shortly after mixing, as 

sows within groups fight in order to establish a social hierarchy (Arey and Edwards, 1998; 

Kirkwood and Zanella, 2005), a common social structure among livestock species (Sapolsky, 

2004; Val-Laillet et al., 2008). 

The establishment of a social hierarchy in mammalian species results from an 

individual’s need for access to resources. For example, group gestation housing systems that 

utilize electronic sow feeding systems (ESF) often have fewer feeding spaces than traditional 

individual stall systems, which creates competition for access to feeding spaces (Liu et al., 2021). 

                                                 
1 The material in this chapter was co-authored by Dominique M. Sommer, Jennifer M. Young, Xin Sun, Giancarlo 
Lopez-Martinez, and Christopher J. Byrd. Each author contributed to the development of the study objectives and 
experimental design. Dominique M. Sommer had primary responsibility for collecting samples in the field. 
Dominique M. Sommer was the primary developer of the conclusions that are advanced here. Dominique M. 
Sommer also drafted and revised all versions of this chapter. All authors served as editors of this chapter. 
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The process of establishing the social hierarchy involves aggressive interactions that may cause 

injuries, such as lesions and lameness, as well as poor reproductive performance (Munsterhjelm 

et al., 2008; Greenwood et al., 2014). The aggressive interactions among sows and gilts in group 

housing systems can lessen over time. However, an individual sow ranked lower in the hierarchy 

may have limited access to feeder space throughout the entire gestation period due to higher 

ranked sows’ dominance over the feeder (Bench et al., 2013). This leads to unconsumed rations 

which can cause poor body condition, performance, and welfare outcomes (Spoolder et al., 2009; 

Verdon et al., 2015; Maes et al., 2016).  

Currently, determining the social hierarchy in group housed breeding females is time-

and-labor intensive. However, the ability to quickly identify sows and gilts in the social 

hierarchy could be beneficial to producers for mitigating any associated poor welfare outcomes. 

One potential option for overcoming this challenge is to introduce the use of precision livestock 

farming (PLF) technologies, which have become useful for monitoring health and animal welfare 

in livestock management (Brown-Brandl et al., 2013; Vargovic et al., 2021). Infrared thermal 

imaging and radio frequency identification (RFID) feeding system technology are capable of 

providing real time monitoring of commercially kept livestock (Halachmi and Guarino, 2016). 

Additionally, with the future development of automated heart rate imaging technologies (Pai et 

al., 2021; Wang et al., 2021), heart rate and heart rate variability (HRV) measures may be useful 

for identifying the impact of social stress on swine (De Jong et al., 2000; Marchant-Forde et al., 

2004).  

A combination of currently available and future PLF technologies could be beneficial 

animal welfare management tools for producers who utilize group gestation housing systems. 

The ability to utilize precision technologies to identify group-housed sows within the social 
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hierarchy could benefit producers in managing their breeding herd, and improving sow welfare, 

and performance. Therefore, the objective of this study was to investigate the use of IRT 

characteristics, feeding activity obtained from an automated RFID feeding system, and HRV for 

detecting the social hierarchy within group housed sows. Additionally, we determined the 

relationship between observed social hierarchy, body condition score (BCS), backfat depth (BF), 

and reproductive performance. 

2.2. Materials and Methods 

2.2.1. Animal Care and Use Statement 

All procedures and methods performed in this study were approved and carried out in 

accordance with the North Dakota State University Institutional Animal Care and Use 

Committee (IACUC #A21044).  

2.2.2. Animals and Housing 

Thirteen Yorkshire and 36 Yorkshire-crossbred sows with previous experience in group 

gestation housing were utilized in this study. Five repetitions (n = 14, n = 12, n = 15, n = 15, n = 

17) of the study were performed over a 12-month period between May 2021 and May 2022. 

Seventeen sows were observed in two repetitions. All sows were 12-36 months of age and 

ranged from 1-7 parities.  

Three group gestation pens measuring approximately 7.30 x 7.62 m (Big Dutchman, 

Holland, MI, USA) were used. Each of the pens were partially slatted and included a protecting 

wall or a “T” configuration that created two resting areas (each measuring an average of 2.30 x 

2.24 m) and a larger communal area. The communal area included two electronic sow feeders 

(ESF; Big Dutchman, Holland, MI, USA) equipped with RFID technology and a full body race 

with a rear gate. Additionally, each pen included three water bowls that provided ad libitum 
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water access. The ESF manufacturer’s recommendation for group size is 20 sows per feeder. In 

this study, group size varied between replicates, ranging from 12 to 17, but never exceeding 20 

sows per gestation pen. Each sow received 1.81 kg of a lactation diet (see below) on the morning 

of reintroduction to group gestation housing. After reintroduction, sows could consume up to 

1.81 kg of 18% as-fed crude protein gestation feed. Sows were allotted 1.81 kg of the gestation 

diet daily until they were relocated to individual farrowing stalls on d 104 of gestation.  

Three to five days after reintroduction to group gestation pens, sows were estrus or “heat” 

checked utilizing a combination of nose-to-nose contact with boars located in an adjacent heat 

detector pen and physical stimulation by a caretaker, which included applying pressure to the 

back of the sow to assess standing estrus. Sows identified to be in standing heat were artificially 

inseminated. Sows were pregnancy checked by ultrasound (Xinda 8300 Veterinary Ultrasound 

Scanner, Medical Device Co., Ltd., Zhangjing, Wuxi, China) approximately 35 d after breeding 

and remained in group gestation pens throughout the entire gestation period. 

On d 105 of gestation, sows were moved to individual farrowing stalls (1.83 m x 0.74 m; 

Big Dutchman, Holland, MI, USA) in a separate farrowing room within the facility. Once in 

farrowing stalls, sows were given 1.36 kg of an 11% as-fed crude protein lactation diet twice 

daily until farrowing. After the competition of farrowing, sows were fed to appetite with rations 

increasing by 0.91 kg each day until the total ration equaled a maximum of 7.26 kg per day. 

Sows and litters remained together in farrowing stalls for approximately 18 d. Following the 

lactation period, piglets were weaned from sows and relocated to a separate nursery room. Once 

piglets were weaned, sows were reintroduced to group gestation housing. Gestation groups 

consisted of sows who were previously acquainted and parity-one sows that were housed in a 

pen consisting of gilts prior to their relocation to farrowing stalls. 
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2.2.3. Behavioral Observation 

Behavioral observation occurred upon reintroduction to group gestation housing 

(experimental procedure d 1), until d 4 of the study. Four video cameras (Lorex LBV2531U 

Security Cameras, Lorex Technology Inc., Markham, Canada) were installed above each pen to 

ensure full coverage of the group gestation pen, including the resting areas, the side of the pen 

with ESF, and above the opposite side of the pen angled toward the ESF. Recordings were 

transmitted and stored on a digital video recorder (Lorex D441A6B-Z DVR, Lorex Technology 

Inc., Markham, Canada). After video collection, all video recordings were saved to an external 

hard drive, merged together, and converted to MP4 format (VideoProc, Digiarty Software Inc., 

hengdu, Sichuan Province, China) for behavioral coding (The Observer XT 15; Noldus 

Information Technology, Wageningen, Netherlands). 

2.2.3.1. Social hierarchy determination 

Twelve hours of video recordings (experimental d 1-2; beginning as sows entered group 

gestation housing) were used to determine the social hierarchy within groups. This length of time 

was chosen based on a preliminary observational study, where pen social hierarchy structure was 

largely unchanged between 12, 24, and 36 h. A single observer collected all behavioral data 

using a continuous recording rule to document the results of agonistic, or combative, interactions 

between pen mates during the 12-h observation period. These data were used to calculate the 

relative dominance index (DI; see description below) of each sow to determine the social 

hierarchy within groups.  

An agonistic interaction was defined as a fight or displacement with physical contact 

initiated by one individual that included aggressive behavior followed by any submissive 

behavior performed by either individual involved in the encounter (Langbein and Puppe, 2004). 
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A previously developed ethogram of social interactions between group housed sows (Jensen, 

1980) was used to categorize aggressive and submissive behaviors performed during agonistic 

interactions. Parallel pressing, inverse parallel pressing, head-to-head knock, head-to-body 

knock, levering, biting, and physical displacement were considered aggressive behaviors.  

Retreating during a fight, turning away from an attack, attempting to flee, or displacement from a 

location were considered submissive behaviors (Jensen, 1980). During an agonistic interaction, 

the animal that performed a submissive behavior was considered to be ‘defeated’ while the other 

individual was considered the ‘winner’ of the interaction.  

In order to calculate the relative social rank of each sow within each group, a DI was 

calculated using the number of wins and defeats for each sow (Bowen and Brooks, 1978; 

Stukenborg et al., 2011). To calculate the DI, the following equation was used:   

DI = 
(�������	�
��)

(����
��	�
��)
 

Dominance index values were used to rank sows from the highest (most dominant) to 

lowest (least dominant) with a DI closest to 1.00 indicating the most dominant sow and a DI 

closest to -1.00 indicating the most submissive or lowest ranking sow within the pen. Individuals 

within groups were then categorized into four rank quartiles (RQ) based on DI, where the first 

quartile (RQ1) represented the highest-ranked sows with the greatest DI and the fourth RQ 

(RQ4) represented the lowest-ranked sows (Table 1). These social rank quartiles served as the 

“Gold Standard” to which precision technologies results were compared.   
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Table 1. Number of sows allocated to each rank quartile (RQ) per replication (1-5) of the study 
based on social rank determined by dominance index value (DI). Rank quartile 1 sows ranked 
highest in the social hierarchy while sows within RQ4 were the lowest ranked sows. Rank 
quartile 2 and RQ3 sows were intermediately ranked. 

 Repetition 1 Repetition 2 Repetition 3 Repetition 4 Repetition 5 

RQ 1 3 3 4 4 4 

RQ 2 4 3 4 4 4 

RQ 3 4 4 4 4 5 

RQ 4 3 2 3 3 4 

Total 14 12 15 15 17 

 

2.2.4. Infrared Thermal Imaging 

Infrared thermal images were captured on d 3 of the experimental period and every 15 

days after reintroduction to group gestation housing using an infrared thermal imaging camera 

(FLIR E8, FLIR Systems LLC, Wilsonville, OR). Thermal images were captured behind the 

neck at the base of the left ear (Fig. 1) between 0700 and 1000h when sows were awake and 

standing. The base of the ear is an anatomical location previously reported to be reliable for 

observing body surface temperature changes in swine (Rocha et al., 2019; Farrar et al., 2020) and 

therefore, was considered the region of interest (ROI) in this study. Measurement parameters, 

such as emissivity and distance from subject, were set and remained constant throughout the 

experiment. Emissivity was set to 0.98 (Soerensen et al., 2014) and the distance from subject 

being captured remained at 1 m. Atmospheric temperature and relative humidity within the 

gestation pens were collected by data loggers (HOBO Temperature/Relative Humidity Data 

Logger, Onset Computer Corporation, Bourne, MA). Infrared thermal imaging camera parameter 

settings related to temperature and humidity were adjusted accordingly throughout the 

experiment. After IRT collection, images were downloaded and analyzed using an infrared 

imaging processing software (FLIR Thermal Studio FLIR Systems LLC, Wilsonville, OR). An 
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ellipse was fit to the ROI to identify the maximum (MaxT), mean (MeanT), and minimum 

(MinT) temperature for each thermal image taken on d 3, d 15, d 30, d 45, d 60, d 75, d 90, and d 

105 of the experiment. 

 

Figure 1. Infrared thermogram of behind the neck at the base of the left ear, or region of interest 
(ROI), of a sow housed in group gestation housing. 

2.2.5. Feed Data 

Sow identification ear tags equipped with RFID transponders were used to identify each 

sow using the ESF system (Big Dutchman, Holland, MI, USA) within group gestation. The ESF 

contained an antenna at the front that read the RFID transponder and feed was distributed in the 

back left corner of the feed trough to encourage sows to place their right ear near the antenna. 

The ESF dispensed feed until sows exited the feeder or until the daily allotted ration was 

dispensed. Various feed data were collected automatically by the ESF system. The time at 

entrance and exit of the feeder was recorded. Additionally, the amount of feed distributed during 

a visit was recorded, which allowed the software program to calculate total feed offered for the 

day and the remaining feed in each sow’s individual daily allotment. The amount of feed 

distributed is based on a calibration of how much feed is dispensed during one revolution of the 

auger. Therefore, only feed offered and not feed consumed can be evaluated. Daily feed 
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allotments were for 0000 to 2359. Feeding behavior was documented beginning on d 1 of the 

experimental procedure until approximately d 105 of gestation. Feed data were exported from the 

ESF system and used to calculate various feeding behavior traits (Table 2). Due to technical 

difficulties with the ESF system during the fourth and fifth repetitions of the study, portions of 

data were removed from the data set due to feeder failure to dispense feed (14 d worth of data 

were removed for repetitions 4 and 5). Additionally, the software program for the ESF failed to 

save the first month of data for the first repetition (40 d total were lost).  

2.2.5.1. Feeding Behavior Traits 

Feeding behavior traits were calculated using data generated from the ESF and are 

defined in Table 2. Due to the ESF system recording any time the sow’s right ear moved away 

from the antenna as separate visits, even if she did not leave the feeding space (i.e., eating from 

the right side of the trough instead of the left), feed data from a non-project sow was plotted to 

look for an obvious break in times between visits and meals (Tolkamp et al., 2011). As a result, 

ESF visits, which occurred with less than a 55 s break between end time of the first visit and start 

time of the next visit were combined and defined as one visit, while a threshold of 5 m (300 s) 

was used to define one meal. For each sow, combined feeding events were then used to construct 

feeding behavior traits per day, meal, and visit (Table 2). Because sows could enter the feeder 

even after they consumed their daily allotment, feeing behavior traits were also evaluated for 

visits/meals with feed offered and visits/meals with no feed offered. Additionally, feeding 

behavior traits were also calculated per hour over a 24-hour period, with h 0 representing 0000-

0059 and h 24 representing 2300-2359. 
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Table 2. Feeding behavior trait definitions calculated for each sow. 

Feeding behavior trait Definition 

Feed offered 
The amount of feed (kg) offered to a sow during a duration of time within the 
electronic sow feeder (ESF) 

Occupation time The amount of time (s) a sow remained within the ESF continuously  

Number of visits The number of times (count) a sow entered the ESF per day or per hour 

Number of meals 
The number of times (count) a sow entered the ESF and remained within the 
feeder per day or per hour 

With feed 
Refers to visits or meals in which a sow remained within the ESF and feed was 
dispensed into feed trough 

Without feed 
Refers to visits or meals in which a sow remained within the ESF but feed was not 
dispensed into feed trough 

 

2.2.6. Heart Rate Variability  

One week prior to relocation to group gestation housing, all sows in farrowing stalls were 

acclimated to wearing a telemetric heart rate (HR) monitor (Polar H10 Heart Rate Sensor, Polar 

Electro, Kempele, Finland) for 30 min per day for 3 d while remaining in individual farrowing 

crates. Heart rate monitor straps were placed around the sows’ chest, behind the front legs, with 

electrodes over the left side of the chest, and the monitor placed behind the elbow. Electrode gel 

(Spectra 360 Electrode Gel, Parker Laboratories Inc., Fairfield, NJ) was applied to the HR 

monitor straps prior to strap placement to better facilitate contact between skin and electrodes 

during data collections.  

After the acclimation period, 10 randomly selected sows within each farrowing group (n 

= 50; 10 per replicate) were chosen for HR data collection. One day before sows were moved 

from farrowing to gestation housing (d 0), HR straps and monitors were fit around the chest of 

each sow. Flexible bandage wrap (VetWrap; 3M, Maplewood, MN) was used to secure the HR 

straps in place to prevent movement of electrodes. Sixty minutes of instantaneous, continuous 

HR data from each selected sow were collected (baseline data) and transmitted via Bluetooth to 

an individual iPod Touch (Apple Inc., Cupertino, CA) using the Elite HRV application (Elite 
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HRV, Asheville, North Carolina). The following day (d 1), the HR data collection procedure was 

repeated for each sow as they were reintroduced to gestation penning (post-mixing data). After 

240 min of HR data collection, the HR monitors and straps were removed.  

Collected HR data were exported, reviewed, and errors were edited manually using 

previously determined methods for artifact correction (Marchant-Forde et al., 2004). No data set 

used for analysis had more than 5% corrected errors. Data with more than five consecutive 

heartbeat interval errors were not used. Three hundred seconds of continuous times between 

adjacent heart beats (RR intervals) were collected during periods of sow inactivity on d 0 and d 1 

were used to calculate linear HRV measures using a freely available HRV software package 

(Kubios HRV Standard, Kubios Oy, Kuopio, Finland). The following HRV measures, and their 

definitions, collected for this experiment were: 1) average RR interval (ms), defined as the 

average interval between adjacent heat beats over a period of time, 2) the standard deviation of 

RR intervals (SDNN; ms) defined as the standard deviation of all RR intervals over a period of 

time, and 3) the root mean square of successive differences (RMSSD; ms) defined as the root 

mean square of successive RR intervals over a period of time (Byrd, 2018).   

2.2.7. Liveweight Measurements 

One week prior to reintroduction to group gestation housing, baseline BCS as well as BF, 

measured at the 10th rib via ultrasound (Xinda 8300 Veterinary Ultrasound Scanner, Medical 

Device Co., Ltd., Zhangjing, Wuxi, China), were documented for each sow. Body condition 

scores on a 3- and 6-point scale (BCS3 and BCS6, respectively) were measured for each sow 

using a sow body condition caliper tool (Knauer and Baitinger, 2015). A BCS3 value of 1 

indicates a thin sow, a value of 2 indicates an ideal conditioned sow, while a BCS3 value of 3 

indicates an overweight sow. A BCS6 value of 1 indicates an extremely thin sow, a value of 2 or 
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3 indicates an ideal conditioned sow, and a BCS6 value of 4, 5, or 6 indicates an overweight sow. 

Throughout the study, BCS3, BCS6, and back fat depth (BF) of each sow was measured every 

15 days after reintroduction to the group gestation housing (d 15, d 30, d 45, d 60, d 75, d 90, and 

d 105). 

2.2.8. Reproductive Performance 

At approximately 105 d of gestation, sows were relocated from group gestation housing 

to individual farrowing stalls. After the completion of farrowing, all fully formed piglets were 

identified and weighed. The number of mummies was also recorded. From this data: the number 

of piglets born alive, number of piglets dead at birth, number of mummies, total number of 

piglets farrowed, farrowing survival (number born alive as a percentage of total number born), 

number of piglets born less than 1 kg, and total litter birth weight (kg) were calculated. During 

the suckling period, any piglets which died were identified and the cause of death was recorded. 

From this data, the number of piglets that died due to failure to thrive were calculated. At 18-21 

days of age, piglets were weighed, vaccinated, and relocated to the nursery. From this data, the 

number weaned, preweaning survival (number weaned as a percentage of number born alive), 

total litter weaning weight (kg), and the number of piglets with adjusted weaning weights to 18 d 

of age of less than 4.54 kg, also referred to as light weight at weaning, were calculated. 

2.2.9. Statistical Analysis 

Data were analyzed in SAS (v. 9.4; SAS Institute, Inc., Cary, NC). Correlations of DI 

with reproductive and feeding behavior traits were estimated using the CORR procedure in SAS.  

Thermal imaging characteristics (MaxT, MeanT, and MinT) were analyzed using thE 

MIXED procedure. Backfat depth was fit as a covariate and repetition as a random effect. Fixed 

effects included were day, RQ, and their interaction. A repeated measures statement with sow 
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nested with repetition was fitted to account for the multiple day measurements. Feeding behavior 

traits were analyzed using the mixed procedure. For non-hourly traits, age was included as a 

covariate, RQ as a fixed effect, and repetition as a random effect. Due to the fact some sows 

were repeated between different repetitions, sow was also fit as a random effect. A repeated 

measures statement was not used because not all sows were repeated, and using a repeated 

measures statement caused issues with model convergence. For hourly feeding behavior traits, 

the same model was used and added hour and the interaction of hour and RQ as fixed effects. For 

baseline HRV traits, the mixed procedure was used, fitting RQ as a fixed effect, age as a 

covariate, and sow and repetition as random effects. For reintroduction HRV traits, their 

respective baseline measurement was used as a covariate (i.e., baseline SDNN for reintroduction 

SDNN). Because BCS3 and BCS6 are categorical in nature, data were analyzed using the 

glimmix procedure. Day, RQ, and their interaction were fit as fixed effects while sow and 

repetition were fit as random effects. Backfat depth was analyzed using the mixed procedure, 

fitting day, RQ, and their interaction as fixed effects and repetition as a random effect. A 

repeated measures statement with sow as the subject was fit to account for the multiple day 

measurements.  

For reproductive traits, both the GLIMMIX and MIXXED procedures were utilized. 

Number born alive, number dead at birth, number of mummies, total number farrowed, and 

number of piglets less than 1 kg at birth were analyzed using the GLIMMIX procedure, fitting 

RQ as a fixed effect, parity and gestation length as covariates, and sow and repetition as random 

effects. Farrowing survival was analyzed using the mixed procedure, fitting RQ as a fixed effect, 

parity and gestation length as covariates, and sow and repetition as random effects. For total litter 

birth weight, the mixed procedure was used fitting RQ as a fixed effect, parity and gestation 
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length as covariates, and sow, boar (piglet’s sire), and repetition as random effects. Number of 

failure to thrives, number weaned, and number less than 4.5 kg adjusted weaning weight were 

analyzed using the glimmix procedure, fitting RQ as a fixed effect, parity as a covariate, and sow 

and repetition as random effects. Pre-weaning survival was analyzed using the mixed procedure, 

fitting RQ as a fixed effect, parity as a covariate, and sow and repetition as random effects. Total 

litter weaning weight was analyzed using the mixed procedure, fitting RQ as a fixed effect, 

parity and lactation length as covariates, and sow, boar, and repetition as random effects.  

For all repeated measures statements, different covariance structures were evaluated and 

the covariate structure resulting in the lowest AICC score was selected for use. The least squares 

means statement with the DIFF option was used to determine differences between RQ and 

interactions (i.e., day or hour) with RQ for all traits.  

2.3. Results 

2.3.1. Thermal Imaging 

No differences were found between RQ for any thermal imaging characteristics 

throughout the experiment (P > 0.05; Table 3). A day effect was found for all thermal imaging 

characteristics (P < 0.0001), with MeanT steadily decreasing throughout the experimental period 

(Fig. 2). The remaining imaging characteristics (MinT and MaxT) followed a similar pattern 

(data not shown). Backfat depth influenced MinT (P = 0.04; data not shown) but had no effect on 

MeanT or MaxT (P > 0.05). 
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Figure 2. Mean thermal image temperature (MeanT) organized by experimental day (3, 15, 30, 
45, 60., 75, 90, 105) (LS means ± SE). Different superscripts indicate differences (P < 0.05) 
between experimental days. 
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Table 3. Mean (MeanT), maximum (MaxT), and minimum (MinT) thermal image temperatures 
(LS means ± SE) organized by rank quartile (RQ). Rank quartile 1 sows ranked highest in the 
social hierarchy while sows within RQ4 were the lowest ranked sows. Rank quartile 2 and RQ3 
sows were intermediately ranked.  

Thermal Image 

Characteristic 
RQ 1 RQ 2 RQ 3 RQ 4 P - value 

MaxT 34.4 ± 0.6 34.7 ± 0.6 34.7 ± 0.6 34.7 ± 0.6 0.25 

MeanT 33.2 ± 0.7 33.4 ± 0.7 33.4 ± 0.7 33.4 ± 0.7 0.61 

MinT 31.4 ± 0.8 31.5 ± 0.8 31.6 ± 0.8 31.6 ± 0.8 0.41 

 

2.3.2. Feeding Behavior Traits 

Feeding behavior traits and their association with RQ are presented in Table 4. Rank 

quartile was associated with occupation time per visit (P = 0.045). Sows within RQ2 had the 

greatest occupation time, while RQ4 had the shortest occupation time (Table 4). A similar result 

was found for occupation time per visit with feed (P = 0.01; Table 4) There was also an effect of 

RQ on the number of visits per day and the number of visits per day with feed (P = 0.01 and P = 

0.02, respectively), where RQ4 had the greatest number of visits per day (Table 4). No other 

differences were found for the remaining feeding behavior traits. However, RQ tended (P = 0.08) 

to influence feed offered per visit with feed (Table 4).  
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Table 4. Feeding behavior traits (LS means ± SE) organized by rank quartile (RQ). Rank 
quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were the lowest 
ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Different superscripts 
indicate differences (P < 0.05) between RQ for each feeding behavior trait.  

Feeding Behavior Trait RQ 1 RQ 2 RQ 3 RQ 4 P - value 

Feed offered (kg) Per visit 0.71 ± 0.12 0.71 ± 0.12 0.56 ± 0.12 0.51 ± 0.12 0.20 

 Per meal 0.96 ± 0.13 0.87 ± 0.12 0.77 ± 0.13 0.84 ± 0.13 0.47 

 
Per visit 

with feed 
1.11 ± 0.09 1.6 ± 0.08 .93 ± 0.09 0.86 ± 0.09 0.08 

 
Per meal 

with feed 
1.38 ± 0.07 1.4 ± 0.06 1.3 ± 0.07 1.32 ± 0.08 0.70 

Occupation time (s) Per visit 281. 94 ± 30.80bc 296.40 ± 29.05c 239. 39 ± 30.50ab 212.19 ± 31.49a 0.0451 

 Per meal 464.10 ± 36.15 437.08 ± 33.34 396.31 ± 35.60 434.13 ± 37.32 0.48 

 Per day 909.29 ± 140.0 1072.51 ± 130.10 1154.55 ± 138.90 1087.95 ± 143.36 0.33 

 
Per visit 

with feed 
361.80 ± 30.23bc 393.70 ± 26.90c 303.16 ± 29.0ab 254.96 ±31.40a 0.0124 

 
Per meal 

with feed 
586.70 ± 49.48 604.22 ± 46.03 538.39 ± 49.0 520.23 ± 50.93 0.43 

 

Per visit 

without 

feed 

169.57 ± 25.18 182.74 ± 22.30 160.13 ± 24.0 181.0 ± 25.54 0.81 

 

Per meal 

without 

feed 

195.0 ± 34.02 222.05 ± 29.84 180.72 ± 32.17 233.20 ± 34.55 0.50 

 

Per day 

without 

feed 

486.65 ± 150.69 591.63 ± 128.62 784.55 ± 141.14 714.55 ± 157.40 0.57 

Number of visits Per day 4.48 ± 1.05a 4.67 ± 0.98a 7.0 ± 1.04b 8.05 ± 1.08b 0.0149 

 
Per day 

with feed 
2.74 ± 0.79ab 2.61 ± 0.71a 4.14 ± 0.78abc 5.78 ± 0.82c 0.0177 

 

Per day 

without 

feed 

2.94 ± 0.63 3.17 ± 0.56 4.21 ± 0.61 3.32 ± 0.70 0.37 

Number of meals Per day 3.20 ± 0.82 3.39 ± 0.77 4.85 ± 0.81 4.71 ± 0.84 0.19 

 
Per day 

with feed 
1.71 ± 0.41 1.69 ± 0.38 2.30 ± 0.4 2.63 ± 0.43 0.29 

 

Per day 

without 

feed 

2.61 ± 0.55 2.82 ± 0.5 3.72 ± 0.54 3.06 ± 0.57 0.34 

 

2.3.2.1. Hourly Feeding Behavior Traits 

All feeding behavior traits per hour over a 24-h period between RQ can be seen in 

Figures 3, 5, 7, and 9-15. The interaction between RQ and hour was associated with feed offered 
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per hour (P = 0.003), where RQ4 sows had the lowest feed offered during hours 0, 1, and 2 and 

the greatest feed offered per hour during h 8 compared to all other RQ (Fig. 4). Occupation time 

per hour and occupation time per hour with feed was also influenced by RQ (P = 0.01 and P = 

0.0007, respectively; Figures 6 and 8). No additional differences were found for the remaining 

hourly feeding behavior traits (P > 0.05).   

 
Figure 3. Feed offered per hour (kg) over a 24 h period between rank quartiles (RQ) (LS means 
± SE). Hour 0 represents 0000 h. Rank quartile 1 sows ranked highest in the social hierarchy 
while sows within RQ4 were the lowest ranked sows. Rank quartile 2 and RQ3 sows were 
intermediately ranked. Overall differences between RQ were not observed (P > 0.05).  
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Figure 4. Feed offered (kg) per hour for h 0, 1, 2, and 8 organized by rank quartile (RQ) (LS 
means ± SE). Hour 0 represents 0000 h. Rank quartile 1 sows ranked highest in the social 
hierarchy while sows within RQ4 were the lowest ranked sows. Rank quartile 2 and RQ3 sows 
were intermediately ranked. Different superscripts indicate differences (P < 0.05) between RQ 
for each hour. 

 
Figure 5. Electronic sow feeder occupation time (seconds) per hour over a 24 h period between 
rank quartiles (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank quartile 1 sows ranked 
highest in the social hierarchy while sows within RQ4 were the lowest ranked sows. Rank 
quartile 2 and RQ3 sows were intermediately ranked. Overall differences between RQ were not 
observed (P > 0.05). 
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Figure 6. Electronic sow feeder occupation time (seconds) per hour for h 0, 1, 6, 7, 8, and 12 
organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank quartile 1 
sows ranked highest in the social hierarchy while sows within RQ4 were the lowest ranked sows. 
Rank quartile 2 and RQ3 sows were intermediately ranked. Different superscripts indicate 
differences (P < 0.05) between RQ for each hour. 

 
Figure 7. Electronic sow feeder occupation time (seconds) per hour when feed was received 
over a 24 h period organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. 
Rank quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were the 
lowest ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Overall 
differences between RQ were not observed (P > 0.05). 
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Figure 8. Electronic sow feeder occupation time (seconds) per hour when sows received feed for 
h 0, 1, and 2 organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank 
quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were the lowest 
ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Different superscripts 
indicate differences (P < 0.05) between RQ for each hour. 

 
Figure 9. Electronic sow feeder occupation time (seconds) per hour when feed was not received 
over a 24 h period organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. 
Rank quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were the 
lowest ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Overall 
differences between RQ were not observed (P > 0.05). 
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Figure 10. Electronic sow feeder visits (count) per hour over a 24 h period between rank 
quartiles (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank quartile 1 sows ranked highest 
in the social hierarchy while sows within RQ4 were the lowest ranked sows. Rank quartile 2 and 
RQ3 sows were intermediately ranked. Overall differences between RQ were observed (P = 
0.0004).  

 
Figure 11. Electronic sow feeder visits per hour where feed was received (count) over a 24 h 
period organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank 
quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were the lowest 
ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Overall differences 
between RQ were observed (P = 0.0009). 
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Figure 12. Electronic sow feeder visits per hour where feed was not received (count) over a 24 h 
period organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank 
quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were the lowest 
ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Overall differences 
between RQ were observed (P = 0.003). 

 
Figure 13. Number of meals (count) per hour over a 24 h period between rank quartiles (RQ) 
(LS means ± SE). Hour 0 represents 0000 h. Rank quartile 1 sows ranked highest in the social 
hierarchy while sows within RQ4 were the lowest ranked sows. Rank quartile 2 and RQ3 sows 
were intermediately ranked. Overall differences between RQ were observed (P < 0.0001). 
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Figure 14. Number of meals per hour where feed was received (count) over a 24 h period 
organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank quartile 1 
sows ranked highest in the social hierarchy while sows within RQ4 were the lowest ranked sows. 
Rank quartile 2 and RQ3 sows were intermediately ranked. Overall differences between RQ 
were observed (P = 0.004). 

 
Figure 15. Number of meals per hour where feed was not received (count) over a 24 h period 
organized by rank quartile (RQ) (LS means ± SE). Hour 0 represents 0000 h. Rank quartile 1 
sows ranked highest in the social hierarchy while sows within RQ4 were the lowest ranked sows. 
Rank quartile 2 and RQ3 sows were intermediately ranked. Overall differences between RQ 
were observed (P = 0.0005).  
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2.3.3. Heart Rate Variability 

Rank quartile was associated with baseline RR interval (P < 0.0001; Table 5) and 

baseline SDNN (P = 0.004; Table 5). Rank quartile tended to influence baseline RMSSD (P = 

0.1; Table 5) with RQ4 exhibiting lower values compared to all other RQ. Rank quartile was not 

associated with any HRV measures during the post-mixing period (P > 0.05; Table 5).  

Table 5. Heart rate variability (HRV) measures (LS means ± SE) prior to reintroduction to group 
gestation housing (Baseline) and after reintroduction (Post-mixing) organized by rank quartile 
(RQ). Rank quartile 1 sows ranked highest in the social hierarchy while sows within RQ4 were 
the lowest ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. Different 
superscripts indicate differences (P < 0.05) between RQ for each HRV measure. 

 Measure RQ 1 RQ 2 RQ 3 RQ 4 P-value 

Baseline RR 619.56 ± 10.74c 642.32 ± 10.73d 531.58 ± 10.73a 532.11 ± 10.73b <0.0001 

 SDNN 11.84 ± 2.08ab 17.90 ± 1.91c 15.41 ± 1.56bc 11.79 ± 1.91a 0.004 

 RMSSD 9.27 ± 1.40 8.40 ± 1.28 6.60 ± 1.13 5.0 ± 1.30 0.10 

Post-Mixing RR 526.33 ± 27.3 572.38 ± 33.76 542.24 ± 25.37 527.25 ± 28.8 0.62 

 SDNN 15.51 ± 4.21 22.45 ± 4.85 15.76 ± 4.2 18.75 ± 4.48 0.62 

 RMSSD 5.77 ± 3.8 11.44 ± 4.43 8.52 ± 3.89 10.28 ± 4.15 0.76 

 

2.3.4. Liveweight Measurements 

No differences were found between RQ for BCS3 or BCS6 (P > 0.05; Table 6). Day was 

associated with both BCS3 and BCS6 (P < 0.0001; Figures 16-17). Specifically, body condition 

score decreased for both scoring systems over time. Day also influenced BF (P = 0.0004), which 

increased from baseline (d 0) to d 60 (Fig. 18). However, RQ was not associated with BF (P = 

0.57; Table 6). 
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Figure 16. Body condition score on a three-point scale organized by experimental day (0, 15, 30, 
45, 60, 75, 90, 105) (LS means ± SE). Different superscripts indicate differences (P < 0.05) 
between experimental days. 

 
Figure 17. Body condition score on a six-point scale organized by experimental day (0, 15, 30, 
45, 60, 75, 90, 105) (LS means ± SE). Different superscripts indicate differences (P < 0.05) 
between experimental days. 
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Figure 18. Backfat depth (mm) organized by experimental day (0, 15, 30, 45, 60, 75, 90, 105) 
(LS means ± SE). Different superscripts indicate differences (P < 0.05) between experimental 
days. 

Table 6. Body condition scores on a 3- and 6-point scale (BCS3 and BCS6, respectively) and 
backfat depth (BF) (LS means ± SE) organized by rank quartile (RQ). Rank quartile 1 sows 
ranked highest in the social hierarchy while sows within RQ4 were the lowest ranked sows. Rank 
quartile 2 and RQ3 sows were intermediately ranked. 

Trait  RQ 1 RQ 2 RQ 3 RQ 4  P - value 

BCS3  1.99 ± 0.14 1.91 ± 0.13 2.02 ± 0.13 1.9 ± 0.14  0.31 

BCS6  2.52 ± 0.17 2.39 ± 0.17 2.43 ± 0.17 2.39 ± 0.17  0.28 

Backfat depth (mm)  22.66 ± 1.02 21.98 ± 1.01 22.15 ± 1.01 21.78 ± 1.03  0.91 

 

2.3.5. Reproductive Performance  

Farrowing performance was not affected by RQ (P > 0.05; Table 7). However, RQ 

tended to influence the number of mummies born (P = 0.08; Table 7), with RQ4 having a greater 

number of mummies born per litter than RQ1, RQ2, and RQ 3. No RQ differences were found 

for any of the weaning performance traits that were evaluated (P > 0.05). 
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Table 7. Farrowing and weaning performance measures (LS means ± SE) organized by rank 
quartile (RQ). Rank quartile 1 sows ranked highest in the social hierarchy while sows within 
RQ4 were the lowest ranked sows. Rank quartile 2 and RQ3 sows were intermediately ranked. 

 
Reproductive 

Trait 
RQ 1 RQ 2 RQ 3 RQ 4 P-value 

Farrowing Number born 

alive 

11.11 ± 1.03 10.96 ± 0.86 8.73 ± 0.98 9.76 ± 1.21 0.22 

 Number dead 

at birth 

0.72 ± 0.52 1.33 ± 0.46 1.3 ± 0.51 1.10 ± 0.64 0.83 

 Number of 

mummies 

0.01 ± 0.12 0.09 ± 0.11 0.05 ± 0.12 0.45 ± 0.15 0.08 

 Total number 

farrowed 

11.52 ± 1.06 12.30 ± 0.87 10.42 ± 1.00 11.72 ± 1.28 0.53 

 Farrowing 

survival 

88.0 ± 4.31 89.61 ± 3.58 85.18 ± 3.98 90.86 ± 5.19 0.77 

 Number birth 

weight < 1 kg 

1.45 ± 0.7 2.26 ± 0.59 2.09 ± 0.65 3.13 ± 0.84 0.48 

 Total litter 

birth weight 

(kg) 

18.86 ± 1.69 18.38 ± 1.51 16.01 ± 1.63 16.04 ± 2.22 0.35 

 Number of 

piglets which 

failed to thrive 

0.05 ± 0.20 0.12 ± 0.18 0.18 ± 0.23 0.27 ± 0.26 0.93 

 Pre-weaning 

survival 

86.89 ± 4.25 90.03 ± 3.60 85.65 ± 4.00 90.48 ± 5.22 0.77 

Weaning Number of 

piglets with 

adjusted 

weaning weight 

< 4.5 kg 

0.78 ± .97 1.95 ± 0.66 1.69 ± 0.85 1.08 ± 0.93 0.63 

 Litter weaning 

weight (kg) 

58.06 ± 4.52 59.36 ± 3.87 50.73 ± 4.32 51.74 ± 5.44 0.39 

 

2.4. Discussion 

Precision livestock farming technology is capable of aiding livestock producers and 

researchers in detecting illness, injury, and poor welfare (Benjamin and Yik, 2019; Gómez et al., 

2021). This study sought to investigate whether IRT, RFID, and HRV technologies could be 

used to identify group housed sow social hierarchies. The establishment of the social hierarchy is 
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commonly observed in nature but could also be a welfare concern in group housing systems due 

to the occurrence of agonistic interactions and their negative impacts on sow welfare (Mcglone, 

1986). The social hierarchy determines sows’ abilities to access to limited resources and can 

leave sows at risk of poor welfare due to injury and stress (Salak-Johnson, 2017). 

2.4.1. Infrared Thermal Imaging 

In response to a stressor, the hypothalamic-pituitary axis is activated, and heat is 

generated due to increases in stress hormones (i.e., cortisol) and blood flow. The increased blood 

circulation near the skin results in increased heat radiated from the body’s surface (Stewart et al., 

2005; Stewart et al., 2007). Infrared thermography offers a non-invasive method for capturing 

infrared radiation (heat) emitted by animals, which is then converted into a computer-generated 

image to evaluate the changes that occur. This technology has been used to detect changes in 

physiological processes related to changes in body surface temperature, including illness and 

thermal stress (Brown-Brandl et al., 2013; Cook et al., 2015; Salles et al., 2016). Additionally, 

IRT has been used to evaluate painful procedures and social stress in livestock species (Stewart, 

2008; Boileau et al., 2019; Travain and Valsecchi, 2021).  

Internal body temperature has been shown to increase under stress (Balcombe et al., 

2004) and it could be assumed that animals lower in the social hierarchy would be under more 

stress (Marchant-Ford, 2010; Martínez-Miró et al., 2016). As a result, lowly-ranked animals 

would display elevated body surface temperatures. However, this has not been a consistent 

finding. For example, Boileau et al. (2019) captured thermal images of swine dyads during 

agonistic interactions and found there were no differences in body surface temperature between 

winners and losers of the encounters. Interestingly, the animals’ temperatures dropped sharply 
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after the encounter, which indicates that a thermal response does take place during aggressive 

interactions.  

In the present study, no differences were found between RQ on any days of the 

experiment. This may be due to the timeline of IRT data collection, since images were not 

captured upon sow reintroduction to group gestation housing. There was, however, a day effect 

on IRT, where IRT mean temperatures decreased as the gestation period proceeded. This could 

be due to the decline in ambient temperature observed throughout the study and 

thermoregulatory processes which occur naturally. Additionally, this could also be attributed to 

animals becoming accustomed to one another over time and the decrease in stress which occurs 

after the social hierarchy is established. Future research should evaluate IRT immediately after 

reintroduction to group gestation housing. Moreover, different ROI should be investigated for 

use in PLF tool research related to sow welfare.  

2.4.2. Feeding Behavior Traits 

Electronic sow feeding systems were developed in the 1980s as an alternative feeding 

method to reduce aggression and competition over feed within groups of gestating sows 

(Lambert et al., 1983; Edwards et al., 1984). Although feeders within an ESF system can 

accommodate numerous sows based on the manufacturer recommendations, the fewer number of 

feeding spaces can result in competition and aggression between pen mates similar to 

competitive feeding methods (Spoolder and Vermeer, 2015; Norring et al., 2019).  

Since social hierarchy is created in order to determine one’s access to limited resources 

(Meese and Ewbank, 1973; Stukenborg et al., 2011), competition to gain feeder space within an 

ESF system can be heightened and can increase aggression (Olsson et al., 2011; Jang et al., 

2015). Sows of higher rank, or dominant sows, may have easier access to feed compared to 
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lower ranking sows (Csermely and Wood-Gush, 1990), which can lead to body condition and 

weight variation within groups (Rasmussen et al., 1962).   

Previous research has explored the social hierarchy and its relation to the feeding 

behavior using different feeding methods. In the current study, occupation time per ESF visit was 

greatest in RQ2, while RQ4 exhibited the least amount of time in the ESF. Rank quartile 1 and 

RQ3 sows were intermediate to RQ 2 and RQ 4 sows. This same pattern was also seen in 

occupation time per visit where sows received feed during the visit. These results indicate that 

higher ranking sows are occupying the feeder for longer periods of time, similar to previous 

research (Martin and Edwards, 1994; Salak-Johnson, 2017). It can also be inferred that these 

higher-ranking sows have priority access to feeding space compared to other sows due to their 

dominance and are able to enter the feeder before other sows, even when there are sows waiting 

to gain access who may not have consumed their entire daily allotment (Olsson et al., 2011; 

Brajon et al., 2021).  

Rank quartile 1 and RQ2 sows made fewer ESF visits per day compared to RQ3 and RQ4 

sows. Similarly, RQ1 and RQ2 sows made fewer ESF visits with feed per day compared to RQ 4 

sows. This indicates that higher ranking sows are consuming a majority of their ration in a 

smaller number of visits but continuing to occupy feeding space for longer periods of time even 

when their ration is consumed. Lower-ranking sows may have adjusted their feeding habits to 

times when there is little pressure to access the feeder (i.e., when higher-ranked pen mates are 

resting or sleeping throughout the day; Brajon et al., 2021). This has been reported in other 

studies utilizing both ESF and ad libitum feeding systems (Brouns and Edwards, 1994; Marchant 

Ford, 2010), which indicates that lower-ranking sows are capable of adapting to their 

environment and location within the hierarchy when feeding resources are limited. Further 
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evidence of their ability to adapt has been reported in other previous studies where sow feeding 

behavior has changed throughout gestation when ESF settings have been altered (Vargovic et al., 

2021) 

Taken together, the feeding behavior results in the current study demonstrate that lower 

ranking sows may be consuming portions of the rations over numerous visits earlier in the day 

(i.e., hours 4-8), which is in agreement with other studies (Anil et al., 2006; Chapinal et al., 

2008). This could possibly be due to social pressure around the feeding spaces (Nielsen, 1999; 

Boumans et al., 2018). Although the feeders used within the current study were fully enclosed, 

sows within feeders were able to be seen by their conspecifics. As a result, the formation of a 

“feed queue” (Edwards et al., 1988; Hunter et al., 1988; Putten and Burgwal, 1990), or a line of 

sows surrounding the feeders, may create social pressure and stress for the sow inhabiting the 

ESF (Nielsen, 1999; Brajon et al., 2021). Research has found that pigs fed individually within an 

ESF system may be able to gain access to feeder space daily, however it is possible that some 

individuals may not consume their entire allotment due to intimidation from pigs waiting outside 

the feeder (Mendl et al., 1992). 

2.4.3. HRV 

Heart rate variability is a useful noninvasive measure for assessing livestock welfare (von 

Borell et al., 2007). Mean HR has been used in previous studies to determine the impacts of 

stressful stimuli on pigs and various livestock (De Jong et al., 2000; Mott et al., 2021). However, 

HRV offers more insight into the effect of various stressors on the autonomic nervous system. 

An animal’s attempts to cope with a stressor leads to functional, structural, and behavioral 

adjustments in order to survive (Moberg, 2000). Heart rate variability is one advantageous 
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measure for evaluating these adjustments since several HRV measures are capable of 

characterizing parasympathetic (and to a degree, sympathetic) activity in response to a stressor. 

Average RR interval and SDNN differed between RQ during the baseline period (while 

sows were still housed in their farrowing stalls). A higher RR value is representative of lower 

mean heart rate and reduced stress. Compared to RQ3 and RQ4, RQ1 and RQ2 had greater RR 

intervals, with RQ 2 sows exhibiting the greatest RR. The SDNN in this study represents short-

term parasympathetic activity, where greater SDNN values indicate greater parasympathetic 

activity and lower stress (Kovács et al., 2014). In the current study, RQ4 sows exhibited lower 

SDNN values compared to RQ2 and RQ3 sows. Interestingly, RQ1 sows exhibited similar 

SDNN compared to RQ4 sows. Accordingly, RQ2 sows exhibited the greatest SDNN and, 

therefore, greater levels of parasympathetic activity compared to all other RQ. These results 

could possibly be due to the impact of previous stressors on autonomic regulation (von Borell et 

al., 2007). The establishment of the social hierarchy can result in heightened stress for some 

individuals and social rank can impact physiological measures (i.e., plasma cortisol, white blood 

cell count, etc.; Otten et al., 2001; Pacheco and Salak-Johnson, 2016). Therefore, previous social 

experience and rank could impact resting HRV measures, with future high-ranking and low-

ranking sows exhibiting lower variation due to decreased parasympathetic activity.  

Although no differences were found between RQ for any HRV measures during the post-

mixing period, differences found in HRV measures prior to reintroduction to group gestation 

housing may indicate that certain HRV measures could be useful as predictors of future 

hierarchy placement. Future studies on this topic should also incorporate nonlinear measures of 

heart rate variability to investigate their effectiveness for characterizing the social hierarchy of 

group housed sows. 
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2.4.4. Liveweight Measurements 

Sow body weight and condition transitions between the lactation and gestation period. 

During the gestation phase, sows on a nutrient dense, restricted diet (Mallmann et al., 2019) and 

are fed to maintain body weight. When transitioning from late gestation to lactation, sow rations 

are increased in order to meet the new energy requirement of milk production (Einarsson and 

Rojkittikhun, 1993). Interestingly, BCS decreased from baseline to all other days of the study 

while backfat depth increased as the gestation period progressed. A pattern of changing body 

condition can be found in other studies. Chapinal et al. (2010) and Pacheco and Salak-Johnson 

(2016) found that sow body weight (BW) did not differ between d1 and d15 of the experiment. 

While we did not collect BW throughout the study, sow BCS remained unaltered during the 

same period. However, sow BCS then decreased, which is contradictory to previously published 

results (Chapinal et al., 2010). This could be due to technical difficulties which occurred during 

the experiment. During the 3rd, 4th, and 5th repetition of the study, there were periods of time 

when the ESF did not dispense feed. Sows were then floor fed at approximately 2.2 kg of feed 

per day per sow. Therefore, due to aggression and competition over feed, some sows may not 

have received their full ration, leading to a decrease in BCS. The BF reported in the current study 

did align with previous research on the topic, where sow BF begins to increase from lactation to 

approximately d 60-65 of gestation (Chapinal et al., 2010). Other studies have also reported that 

BF can continue to increase until late gestation (Pacheco, 2016; Lavery et al., 2019).  

2.4.5. Reproductive Performance 

Social behaviors within group gestation housing systems, like aggressive interactions, can 

have negative effects on reproductive performance (Lagoda et al., 2021). Pacheco and Salak-

Johnson (2016) found that dominant sows had a greater number of piglets born alive than 
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subdominant sows. This is similar to other research, which found a greater total number of 

piglets born to high-ranking individuals (Hoy et al., 2009). Previous research has also reported 

that high ranking sows had greater or equal total number of piglets born compared to other social 

ranks but wean fewer piglets due to the greater number of stillborn piglets (Nicholson et al., 

1993; Zhao et al., 2013). The current study found no differences between RQ for the total 

number of piglets farrowed or number of mummies per litter. Gestation length and parity were 

found to influence various reproductive performance measures in the current study. However, 

parity and gestation length were only included as a covariate in the reproductive statistical 

models and was not investigated at length.   

Research findings investigating litter birthweight differences between social ranks is 

inconsistent. Dominant sows may farrow heavier or lighter piglets than subdominant sows 

(Mendl et al., 1992; Zhao et al., 2013). Additional studies have reported that higher-ranking sows 

produce lighter litter weaning weights (Zhao et al., 2013), while others suggest low-ranking sows 

have the lightest litter weaning weights (Kranendonk et al., 2007). However, the results in the 

current study suggest no differences in farrowing and weaning performance between sows of 

differing social rank which aligns with other previously published research (Nowachowicz et al., 

1999; Brajon et al., 2021). Future research should investigate the impact of social rank on the 

reproductive performance of sows housed with an ESF to better clarify what, if any, influence 

social status has on reproduction.   

2.5. Conclusions 

Precision livestock farming technology has shown great promise aiding animal caretakers 

in the monitoring of animal health and welfare. Due to the welfare concerns which arise in group 

housed sows from the establishment of the social hierarchy, the objective of this study was to 
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investigate the use of IRT characteristics, feeding activity obtained from an automated RFID 

feeding system, and HRV for detecting the social hierarchy within group housed sows. The study 

also aimed to determine the relationship between observed social hierarchy, feeding behavior 

traits, BCS, BF, and reproductive performance. Sows of higher rank occupied the ESF for longer 

periods of time while the lowest ranked sows (RQ4) occupied the ESF for the least amount of 

time but had a greater number of visits overall. These lowest ranking sows also consumed their 

ration in a greater number of visits per day early in the feeding period. Rank quartile was 

associated with baseline RR and SDNN HRV measures and indicate that low ranking sows 

exhibit greater stress than their high-ranking counterparts. Therefore, ESF feeding data and HRV 

technologies should be explored further as potential PLF technologies for determining group 

housed sow social hierarchies. Additionally, more research should also investigate how these 

technologies could aid animal caretakers in mitigating negative welfare outcomes due to sow 

social rank. 
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