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ABSTRACT

An ability to describe the quality of lived experience across the course of an animal’s life is of
increasing interest in studies on wellbeing in farm animals. Integrity of physical functions is an
important aspect of the tripartite model of wellbeing: feeling, functioning and interacting
well. This review examines measures of functional integrity as potential indicators of functional
(eudaimonic) wellbeing. Copious literature shows that coping with day-to-day fluctuations in the
environment influences (1) periodicity of biorhythms, (2) allocation of resources to growth,
defence and repair, and (3) rate of biological aging. Here we review opportunities for assessing
functional integrity through analysis of (1) the dynamic status of physiological and behavioural
variables, (2) the accretion of resources in production tissues (milk, eggs, body mass, offspring)
and physical structures (fibre, hoof, bone, tooth, placoid scale, otolith, beak), and (3) biological
age. A reduction in periodicity of biorhythms, complexity of behaviours, or uniformity of trajectories
of growth and production is often associated with poorer current and future health outcomes and
shorter functional longevity. These analytical approaches are grounded in statistical measures of
stability in complex dynamic systems. Additionally, the cumulative effect of wear and tear on
biological age can be assessed via telomere length, DNA methylation, biomarkers of allostatic
load, hair cortisol, and physiological functional capacity. Timeseries of behaviour, physiology and
accretion provide a richer record of functional integrity than do cumulative indicators of biological
age. Indicators of integrity are needed for each phase of the animal’s life course including attainment
of developmental competencies, stability of mature performance, and rate of decline with advancing
age, to provide a comprehensive record across the whole of the animal’s life. The utility of measures
may differ between real-time and retrospective assessments and between application to every
individual versus sentinels. Further validation is required for interpretating measures of functional
integrity as indicators of the functional aspect of wellbeing, together with determining their
practicality and reliability before translation to commercial settings is feasible. A single type of
indicator of functional wellbeing (e.g. DNA methylation) is unlikely to have utility for all life stages,
species, production systems, and environments.

Keywords: affective state, allostasis, allostatic load, animal welfare, Apgar score, DNAmethylation,
eudaimonic wellbeing, hedonic wellbeing, homeorhesis, homeostasis, intrinsic capacity, poverty
groove, quality of life, resilience, rhinotheca, sclerochronology, striae of Retzius, telomere
length, trophic tone, wellbeing, Wilson bands.

Introduction

The capacity of the animal to cope with environmental fluctuations is an important aspect of 
its welfare (Broom 1996). Most early work on assessing the welfare status of animals relied 
on assessments taken on a subset of a population at infrequent intervals to provide a 
snapshot of the status of the group (for commentaries, see Webster 2016; Keeling et al. 
2021). A more challenging goal is to describe the quality of the lived experience of each 
animal across the whole of its life (Yeates 2011; Mellor 2016; Bateson and Poirier 2019; 
Vigors et al. 2021). A strong framework has been developed for assessing the opportunities 
provided by environmental resources as inputs that can enable animals to have positive 
experiences (Edgar et al. 2013; Rowe and Mullan 2022; Stokes et al. 2022). Nonetheless, 
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outcomes evidenced in animal-based measures are recognised 
as an important complement to resource-based inputs in 
assessment of the quality of lived experience (Main et al. 
2007; Lawrence et al. 2019; Turner 2019; Keeling et al. 
2021; Vigors et al. 2021; Stokes et al. 2022). Outcome-
based indicators are particularly attractive if they provide 
an integration over extended periods to time of the quality 
of lived experience and can be assessed near to or at the 
end of the animal’s life (Grandin 2017; Bateson and Poirier 
2019; Bradshaw 2019). Hence, the development of outcome-
based indicators of quality of life is an important challenge for 
research on animal welfare and wellbeing (see Table 1 for a 
glossary of terms written in italic font). 

The functional capacity of the animal to cope with day-to-
day variations and events in its environment may provide a 
window on the quality of its lived experience (Bateson and 
Poirier 2019; Bradshaw 2019; Turner 2019; Colditz 2023). 
Several approaches can be taken when assessing the functional 
integrity of the animal on a day-by-day basis. The first is to 
analyse the dynamic status of physiological and behavioural 
variables from high frequency or continuous records (Sun 
et al. 2021; Wagner et al. 2021). The second approach is to 
analyse the accretion of resources in production tissues 
such as muscle, milk, eggs and wool, and in physical structures 
such as bone and teeth (Neville 1967; Smolyar and Bromage 
2004). A third approach is to estimate the biological age of the 
animal (Bateson and Poirier 2019). Proposed indicators of 
biological age include DNA methylation and telomere length, 
changes in functional capacity of physiological and behavioural 
systems, and biomarkers of ‘wear and tear’. Utility of these 
approaches may differ among life stages and be influenced 
by the purpose for which assessment is undertaken. This 
narrative review begins with a brief description of the 
physiological context in which daily variation in functional 
integrity occurs. It then examines the approaches described 
above for assessing functional integrity. The potential insights 
into lifetime wellbeing provided by these measurements are 
examined. Finally, some further steps needed to refine and 
validate measurements of lifetime wellbeing are suggested. 

Physiological context for variation in
functional integrity

Resources and threats present in an animal’s internal and 
external environments vary in both predictable and unpre-
dictable ways on timescales that fluctuate from moment-to-
moment to the whole of the animal’s lifespan. Whenever 
possible, the animal seeks to minimise disturbances to its 
internal environment through prediction and control of 
perturbations (Moore-Ede 1986; Jensen and Toates 1997; 
Sterling 2012; Boissy and Erhard 2014; Colditz 2018; 
Kristiansen and Fernö 2020). So as to maintain the internal 
environment in a homeostatic state, the supply of metabolic 

substrates that are needed to support maintenance and 
growth is continually balanced against the need to provide 
resources to support defence and to repair damage caused 
by accidents and environmental threats (Ye and Medzhitov 
2019). The trophic tone of growth factors and nutrients in 
the animal’s internal environment continuously modulates 
allocation of resources among growth, defence and repair 
(Fig. 1; Schulkin and Sterling 2019). The roles of prediction 
and control are illustrated by the daily light–dark cycle 
which synchronises physiological and behavioural activities 
of the animal with the availability of resources and the risk 
of threats (Moore-Ede 1986; Plaut and Casey 2012; Spiga 
and Lightman 2020; Casey and Plaut 2022). Additional 
patterns of resource availability and physiological demand 
are predicted by seasons and by the impending development 
of physiological states such as pregnancy and lactation (Fig. 1; 
Bell and Bauman 1997; Casey and Plaut 2022). In addition to 
inherited methods of prediction such as circadian and seasonal 
clocks, learning enables the animal to associate certain internal 
and external cues with the imminent appearance of resources, 
threats and physiological demands (Deans 2021). This enables 
the animal to undertake anticipatory activities to minimise the 
disturbances these events might otherwise bring (Sterling 
2012; Kristiansen and Fernö 2020). Predictable patterns in 
the availability and utilisation of resources can be disrupted 
by threats and damage from adventitious events such as 
infections, injury and predation. These unanticipated disruptions 
can induce a facultative catabolic state in which resources are 
drawn from body reserves in support of defence and repair 
(Fig. 1; Elsasser et al. 1997; Colditz 2002; Ye and Medzhitov 
2019). The capacity of the animal to predict, control and 
accommodate environmental variations influences the dynamic 
balance between anabolism and catabolism that constitutes the 
trophic state of the animal. Sensitivity of tissues to anabolic and 
catabolic signals and activity of metabolic pathways are also 
modulated as an aspect of the trophic tone of the animal (Bell 
and Bauman 1997; Casey and Plaut 2012). 

The mediators of anabolism and catabolism can act with a 
high degree of local tissue specificity when they are released 
within target organs as autocrine or paracrine signals or from 
autonomic nerve endings. In addition, endocrine and cytokine 
mediators of anabolism and catabolism can be distributed 
systemically via blood to induce global changes in the animal’s 
metabolic economy. An important influence on trophic tone is 
associated with the affective state of the animal. Three aspects 
of affective state are described as valence, motivation to act, 
and arousal (Fraser and Duncan 1998; Mendl et al. 2010; 
Schiller et al. 2022). The state that arises from these internal 
conditions modulates behavioural activity, cognition, and 
the release of trophic signals from the autonomic nervous 
system (including the adrenal medulla), somatotropic axis 
(including adrenal cortex) and the immune system (Fig. 2; 
Schiller et al. 2022). Affective state exhibits temporal patterns 
that include short-term changes from moment-to-moment 
described as emotions, longer trends that persist for hours to 
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Table 1. Glossary of terms.

Term Meaning

Affective state The psychological state arising from a balance between positives and negatives within each of valence, motivation to act and
arousal.

Allostasis ‘Stability through change’. In the context of short-term environmental conditions that persist from moments to hours, allostasis
describes the anticipatory regulation of behavioural and physiological activities that prepare the animal for imminent threats and
impending demands that may perturb the homeostatic state from its normal range. Over longer time frames extending from days
to weeks, a sustained environmental load can lead to reactive adaptive changes in physiological and behavioural activities (plasticity)
that is also termed allostasis. Allostasis, as defined in the literature, can lead to maladaptive behavioural and physiological states
such as stereotypies and Type 2 diabetes.

Allostatic load The burden placed on regulatory processes when physiological and behavioural variables are persistently driven outside their
normal operating range due to unfavourable environmental conditions.

Biological age The location of an animal along its life course. Animals in a population can age at different rates, hence the biological age of an
individual can differ from its chronological age.

Chronological age The average rate of progression of animals in a population along their life course, measured in chronological units of time.

Functional integrity The degree to which physiological, behavioural, and immunological activities enable the animal to flourish. In a broader sense,
functional integrity includes the instrumental roles of affective state, cognition and memory in regulatory performance. This
functional role contrasts with the qualitative role of affect in subjective hedonic experience.

Homeorhesis The process whereby the sensitivity and metabolic activities of tissues to anabolic and catabolic signals is changed in anticipation of
emerging physiological demands such as ontogenetic development, pregnancy and lactation. Homeorhetic changes are driven by
genetic programs for physiological and behavioural functioning. Homeorhesis prescribes the trajectories of performance that an
animal springs back towards when environmental conditions become more favourable such as compensatory growth.

Homeostasis The continuously dynamic outcome state within the internal environment that arises from anticipatory allostatic signalling and
reactive homeostatic reflexes. Anticipatory and reactive signalling modulates activities in physiological, immunological, behavioural,
cognitive and affect systems in order to maintain homeostasis. Balance within the homeostatic state arises within the context of
somatic tissue sensitivity and metabolic activity in response to signals. These somatic tissue dynamics are pre-conditioned by
homeorhetic and allostatic processes.

Indicators of functional Statistical measures of dynamic stability in physiological, behavioural, and immunological activities, especially those evident in the
integrity face of day-to-day (quotidian) fluctuations in the environment. Theoretically, it is considered that affective state is an aspect of

regulatory performance that helps guide the animal towards homeostatic integrity and hence is an aspect of functional integrity.
From this functional perspective, the importance to the animal of the quality of the felt experience of affect may differ from its
functional role. Hence, suffering matters beyond its functional consequence. Similarly, functioning has consequences beyond its
affective experience.

Intrinsic capacity A concept developed by WHO to describe functional status in humans, intrinsic capacity is a composite of all the physical and
mental (including psychosocial) capacities that an individual can draw on at any point in time. Intrinsic capacity interacts with
characteristics of the individual’s environment to determine their functional ability. Healthy aging, in this view is the process of
developing and maintaining the functional ability that confers resilience and enables wellbeing in older age.

Positive welfare Most descriptions of positive welfare describe it as a positive state that arises when positive hedonic experiences are more
prevalent than negative experiences. In more detail, positive welfare is described in terms of positive emotions, positive affective
engagement, quality of life, and happiness. Some descriptions recognise positive physical functioning as an aspect of positive welfare,
and hence align very closely with the concept of wellbeing.

Regulatory performance How well the animal accomplishes the task of maintaining a state conducive to thriving.

Resilience The capacity to maintain or regain functional integrity in the face of environmental disturbances.

Trophic tone The balance in the systemic metabolic environment between anabolic and catabolic signals that influences the allocation of
resources to trophism (growth) or defence and repair. Principal sources of trophic signals are the autonomic nervous system, the
somatotropic axis and the immune system. The microbiome and pathogens are also sources of signals with direct and indirect
effects on trophic tone.

Welfare A tripartite concept describing the state of the animal as it attempts to cope with its environment in terms of feeling well,
functioning well and living a natural life. Welfare extends from poor to positive.

Wellbeing A tripartite concept describing the positive aspects of physical functioning, hedonic experience, and social interactions.

days described as moods, and a more persistent balancing to be an important indicator of wellbeing (Fig. 2; Colditz 
point of the three aspects of affect that is associated with 2022). 
the temperament or personality of the animal (Mendl et al. The capacity of the animal to minimise interruptions to its 
2010; Boissy and Erhard 2014; Schiller et al. 2022). The long- cyclical patterns of physiological and behavioural activity and 
term trend and cumulative balance of affect is considered to quickly re-establish these patterns in the face of disturbances 
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Fig. 1. The flow ofmetabolic resources from inside and outside the animal into biological functions is modulated by systemic trophic tone.
Metabolic resources (inputs, left column) are drawn from the diet, body stores and the microbiome. A systemic trophic balance between
anabolism and catabolism is tuned by three principal axes: autonomic, somatotropic and immunologic that generate systemic trophic tone
(centre box). The balance between anabolism and catabolism exhibits temporal dynamics that synchronise predictable availability of
resources with predictable somatic demands for those resources (right of box). Prominent cycles in supply and demand exhibit
circadian, seasonal and life-history patterns. Unpredicted disturbances to supply and demand associated with environmental stressors,
injury, disease, social isolation, etc. recruit facultative adaptations that disrupt predicted patterns. Sinks utilising resources are shown in
the right column. The balance of anabolic and catabolic activities is also influenced by tissue sensitivity to trophic signals and the
activation status of metabolic pathways. Figure style adapted from Schiller et al. (2022).

is described as resilience (Colditz and Hine 2016; Berghof et al. 
2019a; Basile et al. 2021). A consequence of the animal’s ability  
to maintain integrity in physiological and behavioural activities 
is continuity in supply of metabolic resources to support 
anabolic activities associated with growth, production and 
reproduction (Neville 1967). Daily fluctuations in homeostatic 
balance are written down in incremental patterns of growth, 
production, and accretion of resources in hard tissues of the 
body. This dynamic character of homeostatic balance underwrites 
the potential for measures of functional integrity to inform 
assessment of the wellbeing of the animal as it engages 
with day-to-day variations in its environment. 

Analysis of physiological and behavioural
variables

Individuals within a group express persistent differences 
in the homeostatic balance of their physiological and 
behavioural activities (Careau et al. 2008). These differences 
can be observed as among-animal variation in measures such 
as concentrations of metabolites and behavioural activities 
such as duration of feeding bouts (Herd and Arthur 2009). 
For many years, selective breeding for traits such as tempera-
ment, production and residual feed intake (feed efficiency) 
has drawn on these differences in homeostatic balance to 

modify the characteristics of offspring. More recently, high-
frequency monitoring of behavioural and physiological 
variables has shown that a capacity to maintain homeostasis in 
the face of short-term environmental fluctuations also differs 
among individuals (Scheibe et al. 1999; Nunes Marsiglio 
Sarout et al. 2018; Rao and Androulakis 2019). Indicators 
of homeostatic integrity include the periodicity of biorhythms 
and the dynamic complexity of system functions such as 
behaviours and affective state. The degree of synchronisation 
of behaviours and physiological variables within the 24 h 
circadian cycle is decreased when current and future health 
status and some production outcomes are poorer in free-
grazing sheep (Nunes Marsiglio Sarout et al. 2018), calves 
(Veissier et al. 1989; Sun et al. 2021; Rhodes et al. 2022) 
and cows (van Dixhoorn et al. 2018; Wagner et al. 2021). 
Many methods have been developed for analysing the 
strength of periodicity of biorhythms (e.g. Scheibe et al. 
1999; Wagner et al. 2021; Casey and Plaut 2022; Rhodes 
et al. 2022). In addition to changes in periodicity of biorhythms, 
the temporal complexity of behaviours (Asher et al. 2009) is  
decreased during periods of stress and disease in livestock 
(Burgunder et al. 2018; Herborn et al. 2020), zoo animals 
(Miller et al. 2020) and wild species (MacIntosh et al. 2011). 
For reviews of biorhythms in ruminants, see Casey et al. (2022) 
and Goh et al. (2019). 
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Fig. 2. Processing of information from inside and outside the animal generates a systemic affective state. Information flows from internal
and external environments via neural, hormonal, cytokine and small molecular messengers (e.g. microbiome and pathogen signalling
molecules) via sensory pathways of exteroception, interoception, proprioception, and humoral transport (Inputs, left column). Three
aspects of affective state are valence, motivation to act and arousal, which can independently vary from positive to negative (Schiller
et al. 2022) and together generate a dynamic systemic affective state (central box). Affective state exhibits both facultative and
predictable dynamics, which change on time scales from moment to moment (emotions), over several hours (moods), or show
circadian, and longer-term trajectories associated with wellbeing and temperament (Colditz 2022). Seasonal dynamics in affective state
seen in humans (e.g. seasonal affective disorder) may also occur in animals such as happy cows in spring time (Lindahl et al. 2012; not
shown). Affective state modulates behavioural activity, autonomic tone, somatotropic axis, immune function, cognition and
microbiome (right column) and, hence, affective state plays an overarching role as a synopsis of the ‘information context’ within which
supply and demand cycles and trophic tone operate, as depicted in Fig. 1. Figure style has been adapted from Schiller et al. (2022).

From an evolutionary perspective, a functional or 
instrumental role of affective state in guiding the animal 
towards synchrony with its environment has been frequently 
proposed (e.g. Fraser and Duncan 1998; Mendl et al. 2010; 
Trimmer et al. 2013). One aspect of the functional role of 
affect is illustrated by periodicity in affective states. 
Humans exhibit a circadian pattern of positive mood (Porto 
et al. 2006) that is closely coupled to the circadian pattern 
of glucocorticoid secretion (Kalafatakis et al. 2021). 
Environmental and pharmacological manipulations of the 
circadian glucocorticoid cycle lead to disruption of the 
pattern of positive mood in humans (Kalafatakis et al. 
2021) that, in a rat model, is associated with a decrease in 
resilience to environmental stressors (Spiga and Lightman 
2020). A second feature of affect dynamics is the daily 
diversity (complexity) in both positive and negative affective 
episodes (Quoidbach et al. 2014). Drawing inspiration from 
the contribution of complexity to resilience within ecosystems, 
studies in humans have found that greater daily diversity and 
abundance in both positive and negative affective episodes is 
favourably associated with better wellbeing (Quoidbach 
et al. 2014; Urban-Wojcik et al. 2022). In addition to the focus 
in this paper on physical functions, the circadian patterning 
of affective states raises the possibility that analysis of the 

periodicity and complexity of biophysical indicators of affect 
(Keeling et al. 2021) may provide indicators of the instru-
mental role of functional integrity of the animal’s affective 
state in achieving beneficial wellbeing outcomes. 

Accretion of resources in anatomical
structures and animal products

A downstream consequence of fluctuations in trophic balance 
is short-term variations in the rate of accretion of resources in 
production tissues such as muscle, wool and milk, and in the 
anatomical hard structures that support these tissues such as 
bone and teeth (Neville 1967). These physical products of the 
animal can therefore provide an archive of success in 
maintaining a positive trophic balance within the internal 
environment. Three of the approaches described in the 
literature for assessing variations in the rate of accumulation 
of resources in tissues are isotope analysis, tissue morphology 
and yield of animal products. These approaches are part of a 
widely used strategy in biology of studying variability in 
incremental growth patterns as an indicator of daily variation 
in internal and external environments and life-history transitions 
of the organism (Neville 1967; Smolyar and Bromage 2004; 
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Grønkjær 2016). More recently, this approach has been applied 
to analysis of variability in short-term output of production 
variables such as body mass, milk yield, egg production, 
and fibre diameter. 

Isotope analysis

The abundance of stable isotopes in living and dead tissues 
that are metabolically inert once they are laid down reflects 
the environmental and physiological conditions experienced 
at the time of tissue growth (Schwertl et al. 2003; Zazzo et al. 
2005; Zazzo et al. 2007). Mineralised tooth and bone, and 
keratinised tissues including hoof, hair, wool, claw and 
beak are especially sensitive to these effects. 

The analysis of stable isotope concentrations in tissues 
supports authentication of production systems (e.g. organic 
versus conventional), geographic and species provenance 
(e.g. is this meat from France or Australia and is it lamb or 
beef?), dietary composition, efficiency of use of available 
resources such as nitrogen, and the previous occurrence of 
physiological stressors. In cattle, tail hair and hoof can contain 
information extending up to 15 months prior to sample 
collection and both tissues can be analysed by stable isotope 
assays to a resolution of about 5-day intervals (Zazzo et al. 
2007). The growth rate of hair and hoof is influenced by 
genetics as well as nutrition, season, temperature, housing, 
physiological status, and the occurrence of internal and 
external stressors that modify metabolic status (Hahn et al. 
1986; Ruegg 2000; Greenough 2001; Schwertl et al. 2003). 
A focus of stable isotope analyses in ruminants has been on 
reconstructing the nutritional status and dietary composition 
of free-grazing animals (Schwertl et al. 2003; Li et al. 2012; 
Rysava et al. 2016), and on detecting the prior occurrence 
of major stressful events such as seasonal starvation (Rysava 
et al. 2016). More recently, stable isotope analyses of tail 
fibres have been used to assesses nitrogen-use efficiency in 
cattle (Silva et al. 2022). In this study, persistent differences 
were observed among individuals in their metabolic efficiency 
in use of nitrogen. These persistent individual differences 
highlight the need for changes in isotope concentrations to 
be assessed against each individual animal’s own baseline. 

Stable isotope analysis of bovine and ovine teeth can be 
undertaken with a spatial resolution of 10 μm; however, 
the spatio-temporal process of mineralisation is complex 
and, hence, inferring the temporal sequence from spatial 
data can be challenging (Zazzo et al. 2005). As for keratinised 
tissues, most isotope studies on teeth have used the record of 
mineralisation to reconstruct diets, husbandry practices and 
the seasonal timing of major life-history events such as birth 
and weaning in archaeological samples (e.g. Balasse et al. 
2012; Towers et al. 2014). 

Morphological analysis

Growth patterns in hard tissues leave morphological evidence 
of fluctuations in trophic tone (Neville 1967). Sequential lines 

termed striae of Retzius are laid down in teeth during 
mineralisation. Physiological stressors such as parasitism in 
sheep accentuate these marks which, when more visibly 
prominent, are termed Wilson bands (Suckling 1989; Goodman 
and Rose 1990). Again, most studies of striae and hypominer-
alisation defects such as Wilson bands have been undertaken 
on archaeological samples of wild and domesticated animals 
(e.g. Mainland et al. 2016). 

The quality of hoof epidermis is very sensitive to the 
physiological status of the animal during keratinisation 
(Tomlinson et al. 2004). Stressors, especially nutritional distur-
bances, can lead to the development of horizontal grooves 
termed poverty lines as well as deeper fissures in the hoof 
surface (Greenough 2001). Similar horizontal stress lines in 
finger nails of humans are termed Beau’s lines (Zaiac and 
Walker 2013). In a research dairy, Ruegg (2000) found that 
greater than 90% of cows without horizontal grooves on 
both hind feet had no history of either clinical disease or 
feed disturbances associated with other studies undertaken 
in the facility. Animals in which horizontal grooves were 
present were five to six times more likely to have a record 
of clinical disease or feed disturbance. Foot health is a 
prominent welfare indicator and has been proposed as an 
indicator for retrospective assessment of the welfare history 
of animals at the time of slaughter (Llonch et al. 2015; 
Grandin 2017). In an abattoir survey in northern Mexico, 
Bautista-Fernández et al. (2021) observed abnormal claw 
shape in more than 55% and fissures in more than 25% of 
cattle (n = 1040) from rangeland, feedlot and intensive dairy 
production systems. The presence of severe claw disorders 
was a significant predictor of final muscle pH of >6.0. 

During the anagen phase of fibre growth, conditions 
prevailing in the internal and external environments influence 
both the rate of wool-fibre elongation and the diameter of the 
fibre produced (Masters et al. 1998; Rogers 2006). In sheep 
breeds such as Merinos that are locked into a persistent 
anagen phase of fibre growth, wool can provide a continuous 
record of trophic tone. In most sheep production systems, 
wool is harvested annually and therefore contains a record 
of physiological status over the preceding 12 months. 
Instrumentation has been developed to measure the variation 
of fibre diameter along the wool staple (bundle of wool fibres) 
at 5 mm increments with an average diameter at each 
increment estimated for the sample of fibres (Baxter et al. 
1992). While finer measurement resolutions (1–2 mm) can 
be achieved on clean (grease-free) wool staples, providing a 
temporal resolution of 2–6 days (depending on the wool 
growth rate), measurements are more readily performed on 
greasy wool staples at 5 mm increments and are adequate 
for ranking animals for differences in longitudinal fibre-
diameter variation (Gloag and Behrendt 2002). Thus far, studies 
have examined the influence of breed, nutrition, husbandry 
practices and prevailing seasonal conditions on longitudinal 
fibre-diameter variation (Adams and Briegel 1998; Brown 
et al. 2002; Gonzalez et al. 2020). Fibre-diameter profiles 

830



www.publish.csiro.au/an Animal Production Science

differ among animals within a flock (Brown et al. 2002) and 
may therefore provide an individualised record of the 
animal’s experience over the preceding year, as seen for other 
production variables described below. Analysis of longitudinal 
fibre-diameter profiles in cattle hair does not appear to have 
been reported in the literature. 

The incremental structure of fish scales and otoliths 
provide a record of daily growth and have been used for 
many years to assess growth rates and age in fish (Smolyar 
and Bromage 2004; Grønkjær 2016). Analysis of daily 
variability in growth recorded in these structures and in the 
rhinotheca of the chicken beak (Urano et al. 2019) may 
have utility for assessing functional integrity. 

Production variables

An outcome of homeostatic regulation is the availability of 
resources for accretion in body mass, eggs, milk, wool and 
offspring. Differences occur among individuals within a 
management group in the day-to-day variability observed 
in growth rate (Berghof et al. 2019b; Mengistu et al. 2022), 
milk yield (Elgersma et al. 2018; Adriaens et al. 2020; 
Poppe et al. 2020; Poppe et al. 2021) and egg production 
(Bedere et al. 2022). The magnitude of day-to-day deviations 
from the individual animal’s performance trajectory is 
associated with health outcomes (Berghof et al. 2019a; Putz 
et al. 2019) and longevity (Adriaens et al. 2020; Poppe 
et al. 2022), and has been interpreted as an indicator of 
resilience to day-to-day fluctuations in the production environ-
ment (Colditz and Hine 2016; Friggens et al. 2017; Berghof 
et al. 2019a; Garcia-Baccino et al. 2021). Support for this 
conclusion that short-term variability in production is 
associated with ability to cope with fluctuations in environ-
mental conditions comes from several sources. Piglets 
raised in an enriched environment display less variability in 
growth rate during exposure to experimental stressors than 
do conventionally raised piglets (Parois et al. 2022). Cows 
with less variability in daily milk yield across a lactation 
exhibit a smaller drop in milk yield when exposed to a 
disturbance associated with animal management practices 
that are implemented at the herd level than do cows with 
greater daily variability in milk production (Poppe et al. 
2021). Daily variations in performance are often poorly 
synchronised within the group, which suggests that individual 
animals are often responding to their individual experience of 
their personal local environment rather than responding 
to the environmental conditions shared by the group 
(Ben Abdelkrim et al. 2021; Poppe et al. 2021). Behavioural 
studies have indicated that animals housed in a shared 
environment experience a personal ‘non-shared’ environment 
within the communal space (Freund et al. 2013). These 
observations support the conclusion that cumulative measures 
of daily variability around a performance trajectory across the 
whole of an animal’s life may provide a cumulative indicator of 
the quality of the individual animal’s day-to-day experience of 

their environment. Importantly, in these analyses it is within-
animal variation that provides an indicator of functional 
integrity rather than the absolute level of production (Colditz 
2022). Thus, these observations do not imply that higher 
production is itself an indicator of welfare. 

Biological age (wear and tear)

The life course of an animal follows a trajectory encompassing 
phases of development, maturity and senescence (Horvath 
and Raj 2018; Pyrkov et al. 2021). The pathway taken 
across the life course is influenced by inherited factors and 
is also conditioned by developmental experiences that can 
enhance (e.g. through environmental enrichment and play) 
or diminish (e.g. through trauma, deficiency and disease) 
the course of the life trajectory as it unfolds (Khan et al. 
2017). Many functions and processes of the animal exhibit 
repeated cycles on varying timescales during development, 
maturity and decline, including the molecular machinery 
of the circadian clock, the central seasonal switch, seasonal 
adaptations within peripheral tissues, oestrus cycle, pregnancy, 
lactation cycle, hair cycle, immune responses, associative 
learning, and so on. Together, these cycles of varying 
period are integrated into a whole-of-animal life trajectory 
(Kirkwood and Melov 2011; Promislow et al. 2022). The 
location of an animal along its life course is described as its 
biological age, which can deviate from the mean position of 
the group along their life courses at each calendar age, 
which is described as chronological age (Khan et al. 2017; 
Horvath and Raj 2018). The rate of life course progression 
(i.e. the rate of biological aging) differs among individuals 
(Horvath and Raj 2018; Caulton et al. 2022; Nery da Silva 
et al. 2022). The cumulative exposure to fluctuations in the 
internal and external environments, termed the exposome, 
causes wear and tear on structures and processes in the 
body (McEwen 2003). The declining phase of the life 
trajectory is thought to be influenced by inherent aging 
processes (Kirkwood and Melov 2011; Horvath and Raj 
2018; Bateson and Poirier 2019; Promislow et al. 2022). 
Many theories of aging have been developed to account for 
progression along the life course. Biological age has been 
proposed as a common currency that integrates the quality 
of the whole-of-life experience of the animal, and hence has 
attracted attention as a cumulative indicator of whole-of-
life wellbeing (Bateson and Poirier 2019; Bradshaw 2019; 
Keeling et al. 2021; Nery da Silva et al. 2022). Signatures of 
biological age and of the cumulative burden of environmental 
experiences are written down in DNA as telomere length and 
epigenetic methylation marks, in the functional capacity of 
physiological, behavioural and cognitive processes, and 
in biomarkers of aging (Jylhävä et al. 2017). Research on 
biological age in humans has focused on prediction of the 
future life course, including predicted longevity and future 
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functional capacities. A strong motivation for this research in 
humans lies in prediction of future quality of life and care 
needs. Thus, from this viewpoint, the utility of biomarkers 
of aging has been defined in terms of their (1) predictive 
power, (2) relation to aging processes rather than disease, 
(3) ease of repeated use, and (4) correlation with animal 
models of aging (Baker and Sprott 1988; Johnson 2006). 
Here, the benchmark for utility of a biomarker of aging is 
its ability to exceed the predictive power of chronological 
age. This application in humans contrasts with studies on 
animal wellbeing where a major focus in estimation of 
biological age is on the retrospective indication it provides 
of the quality of past experiences such as the cumulative 
burden of stressors as the cause of faster than expected 
progression along the life course. 

DNA methylation or epigenetic clocks

In a review of biomarkers of aging in humans it was concluded 
that DNA methylation had the highest level of validation and 
predictive ability in comparison with telomer length and 
composite biomarkers, including transcriptomic, proteomic, 
or metabolomic-based estimators (Jylhävä et al. 2017). 
Levels of DNA methylation reflect chronological age as well 
as stress-associated decline in function and are described as 
an ‘epigenetic clock’ (Hannum et al. 2013). These clocks 
can be very precise, and have the potential to provide an 
integrated measure of functional age at the level of the 
whole animal, as well as providing a measure of organ-
specific and disease-specific functional age (Bell et al. 2019). 
An epigenetic clock calibrated against chronological age has 
been developed in ruminants for retrospective estimatation of 
the date when calves were born in extensive grazing systems 
(Hayes et al. 2021). Methylation changes associated with 
chronological age are modified by the cumulative burden of 
environmental stimuli termed the exposome. Calibration of 
methylation patterns associated with specific stressors has 
commenced in pigs (Hao et al. 2016; Nery da Silva et al. 
2022), chickens (Pértille et al. 2020) and cattle (Del Corvo 
et al. 2020, 2021). In accord with other indicators of stress, 
both physical and psychological trauma influence DNA 
methylation in humans and animal models (Vinkers et al. 
2015; Sales et al. 2021). Variation among stressors in their 
effects on methylation patterns (Vetter et al. 2022) high-
lights a need for further refinement of these tools for their 
use in the retrosepctive assessment of the quality of lived 
experience in livestock. Genetic variation in DNA methylation 
patterns in cattle has been estimated to have a heritability of 
0.45 (Ribeiro et al. 2022). The heritable variation seen here 
could lie in the molecular machinery of methylation, as well 
as in susceptibility of animals to environmental conditions 
that modulate methylation. For commercial application as 
an indicator of health and longevity, an automated and cost-
effective technology is required. Utility of the technology 
might be improved by inclusion of a genomic tool for use, 

in parallel with assessment of prior wellbeing for genetic 
selection purposes (Clarke et al. 2021). Other molecular 
biomarkers of aging such as non-coding RNA (ncRNA), and 
most predominantly microRNA (miRNA), are being explored 
as indicators of the cumulative burden of environmental 
stressors, but require further validation (Jylhävä et al. 2017; 
Miretti et al. 2020; Marsh et al. 2021). 

Telomere length

Telomeres are protective nucleoprotein structures located at 
both ends of chromosomes (Blackburn 1991). Telomeric 
shortening occurs during various events including normal 
cell division and incomplete end-to-end replication and 
have been proposed as a biological clock and predictor of 
lifespan (Chatelain et al. 2020). Telomere length is not only 
a mitotic clock indicating chronological age but is also 
affected through oxidative stress and damage due to exposure 
to stressors (Lin and Epel 2022). Studies in various livestock 
species have indicated that telomere length is affected by 
physical and psychological stressors in a species-specific 
manner (Bateson 2016; Laubenthal et al. 2016; Seibt et al. 
2022). It has been questioned whether telomer length per se 
or rate of telomere attrition is the more appropriate indicator 
of the cumulative burden of exposure to stressors. As well as 
retrospective interpretation of life experiences (Bateson 2016; 
Bateson and Poirier 2019; Bradshaw 2019), telomere length 
measured in neonatal cattle has been used as a predictor of 
survival to 12 months, length of productive life and future 
health outcomes (Brown et al. 2012; Ilska-Warner et al. 
2019). Although the predictive ability of characteristics of 
telomere length requires further validation, the reliability 
of prediction and the scale of usability will depend on the 
development of a standard testing protocol that is easy and 
cost-effective to implement. 

Functional capacity

Functional capacity describes performance of body systems 
against a benchmark of performance expected for animals 
of the same chronological age. The development of functional 
competence in sensory, motor, physiological, behavioural, 
immunological and cognitive systems commences in utero 
and continues during postnatal life until attaining a plateau 
during maturity and then declining with advancing age 
(Mellor 2019; Colditz 2022). Functional performance during 
these three phases of progress across the life course can vary 
among biological systems, which may require independent 
assessment to determine their individual contributions to 
the whole-of-life wellbeing of the animal. For the first phase, 
despite copious literature on developmental biology of 
production animals (e.g. Dwyer 2003; Sangild et al. 2013; 
Andersen et al. 2016; Greenwood and Bell 2019; Špinka 
2019), milestones for functional development do not appear 
to have been consolidated into indexes such as Apgar scores 
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(Baxter et al. 2008; Probo and Veronesi 2022) that extend 
beyond the first few hours of life. Rates of acquisition of 
periodicity (Rhodes et al. 2022) and complexity (Wu et al. 
2020) in behavioural activity in the young may have roles 
as indicators of functional development in addition to more 
commonly used task-specific performances such as time to 
first ingestion of colostrum (Quesnel et al. 2023). 

Most assessments of physiological functions and uniformity 
of production variables described above have focused on 
mature animals, although some studies have addressed 
uniformity of behavioural and physiological trajectories 
during periods of developmental transition associated with 
weaning (Monk et al. 2018; Revilla et al. 2019) and puberty 
(Neave et al. 2020). Studies on aging in humans and animal 
models have shown that following maturity, the rate of 
functional decline is not uniform but differs within and 
among physiological, motor, behavioural, immunological 
and cognitive domains (Khan et al. 2017). This limits the 
capacity for a single measure of functional capacity to 
describe the rate of aging. To address the varying rates of 
senescence among functions and organs, many batteries of 
tests and clinical scores has been developed in humans and 
mice (Whitehead et al. 2014). Similar functional tests such 
as an ability to walk 100 m without rest have been used to 
assess welfare in production animals (Colditz and Le Jambre 
2008). In 2015, WHO issued its first World report on aging  and  
health in humans that drew the multiple dimensions of 
functional capacity together in a proposed integrated indicator 
of healthy aging termed intrinsic capacity. This indicator 
encapsulates all the physical and mental reserves an individual 
can draw on to help deal with life’s daily challenges (Beard 
et al. 2016). The conceptual advance provided by the report 
was to move assessments of aging away from a negative 
focus on clinical scores of the severity of disease to a positive 
focus of functional capacity and the ability of the individual 
to access environments that enable resilience (Beard et al. 
2016). Intrinsic capacity in humans has been operationalised 
through functional tests in four domains, namely, cognition, 
sensory, locomotion, psychosocial, and a fifth overarching 
domain termed vitality that enables expression of capacity in 
the first four domains (Beard et al. 2019). 

For production animals, measures of functional competence 
based on longevity (stayability) may contribute to assessments 
of the rate of biological aging (e.g. Hu et al. 2021; Friggens et al. 
2022; Vargovic et al. 2022). For example, a novel indicator of 
functional capacity during aging may be encoded in the 
persistence of production over successive years or parities. 
Units of production suitable for analysis could include 
305-day milk yield, birth weight, litter size, weaning weight 
of offspring, weaning percentage, and annual wool yield. 
Additional measures of reproductive performance that vary 
with parity in pigs include live births, still births, and the 
number of runts in a litter (Vargovic et al. 2022). The premise 
here is the same as for telomere length and DNA methylation, 
namely, that accelerated decline in performance with age or 

parity is indicative of a greater than average burden of wear 
and tear and hence indicates accelerated biological aging. 
Genetic variation between individuals in trait trajectories 
across parities would need consideration in the estimation 
of deviations from expected age-related trajectories (Williams 
et al. 2022). 

Biomarkers of allostatic load

The effort (ponos) of coping was recognised by the ancient 
Greek physician Hippocrates to accompany the suffering 
(pathos) caused by disease (cited by Moberg 1985). The 
burden of coping can lead to facultative adaptations in 
physiological, behavioural and immune functions through 
the process termed allostasis (Sterling 2012). It has been 
suggested that, over time, the cumulative burden of attempting 
to cope places an allostatic load on the animal that can 
contribute to a decline in functional capacity that is described 
as ‘wear and tear’ or ‘weathering’ (McEwen and Stellar 1993; 
Geronimus et al. 2006). Molecular and physiological signa-
tures of allostatic load have therefore attracted attention as 
indicators of functional decline in humans (Ryff and Singer 
1998). To guide clinical assessments of allostatic load in 
humans, several indexes have been developed that measure 
biomarkers in categories including cardiovascular, body 
form, inflammatory, energy metabolism, lipids and steroids. 
While the concepts of allostasis and allostatic load have 
been incorporated into studies of animal welfare (Korte et al. 
2007; Seeley et al. 2022), and assessment of physiological 
and behavioural biomarkers is the cornerstone of studies on 
chronic stress (Ralph and Tilbrook 2016), development 
and validation of standardised indexes of biomarkers for 
assessing allostatic load in production animals remains in its 
infancy (Korte et al. 2007; Seeley et al. 2022). Biomarkers of 
allostatic load used most frequently in animals have been 
analytes in the hypothalamic pituitary adrenal (HPA) axis, 
glucose, lactate, inflammatory cytokines, acute-phase proteins, 
albumin and heart function variables (Seeley et al. 2022). 
A decline in circadian periodicity of biomarkers is also recognised 
as an indicator of allostatic load (Rao and Androulakis 2019). 
Some biomarkers of allostatic load are included in the 
assessment of intrinsic capacity in humans (Beard et al. 2019). 

Beyond the conceptual framework of allostatic load, a wide 
range of molecular and behavioural biomarkers has been 
examined in the search for signatures of normal and pathological 
functioning in production animals (Moberg 1985). Molecular 
candidates include biomarkers of stress-response pathways, 
adrenal androgens, neurotransmitters from the central and 
peripheral nervous systems, pheromones, immune and inflam-
matory mediators, micro RNAs and energy metabolites (Ralph 
and Tilbrook 2016; de Almeida et al. 2019; Krogh et al. 2020; 
Miretti et al. 2020; Zachut et al. 2020). As illustrated by 
biomarkers of allostatic load, interpretation of biomarkers 
depends on the biological model underpinning the concepts 
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of welfare and wellbeing that is used to appraise the quality of 
the animal’s life. 

Corticosteroids have historically held a special place 
among biomarkers of wellbeing due to their prominence 
during stress (Moberg 1985; Ralph and Tilbrook 2016). The 
analysis of concentrations of corticosteroids in hair, feathers 
and eggs as an indicator of cumulative systemic stress has 
been comprehensively reviewed (Burnard et al. 2017; 
Heimbürge et al. 2019; Heimbürge et al. 2020; Ghassemi 
Nejad et al. 2022). In addition to the influence of systemic 
concentrations of corticosteroids, concentrations in hair are 
influenced by animal age, body site, hair colour, sex, adiposity, 
pregnancy, environmental contamination with urine and 
faeces, and UV exposure (Burnard et al. 2017; Heimbürge 
et al. 2020; Tamminen et al. 2021; Ghassemi Nejad et al. 
2022; Otten et al. 2022). Heimbürge et al. (2020) reported 
on a serial analysis of cortisol in hair of cattle and pigs with 
a resolution of 4 weeks. An important challenge to the 
interpretation of hair corticosteroids is the complexity of 
HPA axis function in chronic stress (Mormède et al. 2007). 
Tamminen et al. (2021) noted both elevated and depressed 
concentration of hair cortisol associated with animal-based 
indicators of poor welfare in calves and concluded that 
associations between coping style and HPA axis function 
during stress could be a confounding factor in interpretation 
of hair cortisol. High-frequency serial sampling has the 
potential to identify response patterns that are unique to the 
individual animal, termed idiographic analysis (Colditz 2023), 
that may help with interpretation of incremental changes in 
hair cortisol. Most authors conclude that substantial further 
work is needed to establish the technical feasibility and construct 
validity of hair cortisol as an indicator of the cumulative lived 
experience of the animal. 

Interpreting these indicators: relationships
between functional integrity and wellbeing

The integrity of physical functioning is recognised as an 
important dimension of an animal’s welfare  (Fraser et al. 1997; 
Fraser 1999; Verhoog 2000; Dawkins 2021) and wellbeing 
(Moberg 1985; Turner 2019; Williams 2021; Colditz 2023). 
Wellbeing is a tripartite construct used to describe the 
positive aspects of physical eudaimonic functioning, hedonic 
experience and social interactions that has substantial overlap 
with concepts in positive welfare (Sandöe et al. 2004; Williams 
2021; Colditz 2023). The quality of an animal’s life is deter-
mined not only by the absence of harms but also through 
realisation of opportunities for positive experiences (Boissy 
et al. 2007; Yeates and Main 2008; FAWC 2009; Yeates 
2011; Edgar et al. 2013; Mellor 2016; Vigors et al. 2021; 
Rowe and Mullan 2022). A strong focus in theoretical and 
empirical studies on positive welfare and wellbeing has 
been on developing metrics and methods for assessing the 

prevalence of pleasant hedonic experiences in the animal’s 
life (Lawrence et al. 2019; Webb et al. 2019; Keeling et al. 
2021). Nonetheless, the potential for positive physical functions 
to contribute to the quality of the animal’s life is also recognised  
(Turner 2019; Rault et al. 2020; Vigors et al. 2021; Williams 
2021; Colditz 2023). Measures of the integrity of biological 
functioning across the whole life of the animal may therefore 
be able to contribute to assessment of the quality of an 
animal’s life and its lifetime wellbeing. 

Functional integrity has some overlap with the concept of 
phenotypic fitness or adaptedness (Barker 2009). From the 
perspective of animal wellbeing, functional integrity draws 
attention to the success of day-to-day regulatory processes 
in accommodating short-term fluctuations in the environ-
ment. The degree of success in maintaining homeostasis has 
also been termed regulatory performance (Husak et al. 2009) 
and is theorised to improve fidelity of internal communication 
and the efficiency of metabolic performance (Woods and 
Wilson 2013). The internal environment is maintained in a 
dynamic state through reactive homeostatic reflexes and 
through anticipatory allostatic signals from neural and somatic 
tissues that combine to continually amend and prepare the 
animal for imminent environmental changes (Korte et al. 
2007; Schulkin and Sterling 2019; Deans 2021). The dynamic 
homeostatic outcome that arises through these processes 
occurs within the context of tissue settings that are tuned 
by homeorhetic signalling in accord with genetic drives 
(Bauman 2000; Friggens and Newbold 2007; Baumgard 
et al. 2017). Tissue settings can also be tuned in the face of 
persistent environmental loads to enable adaptive plasticity 
(Romero et al. 2009; Koolhaas et al. 2011). The longer-term 
changes in the level of performance (e.g. milk yield) due to 
homeorhesis and adaptive plasticity are indicators of phenotypic 
robustness and also contribute to phenotypic fitness and 
adaptedness (Friggens and Newbold 2007). The close 
coupling of behaviours and physiological regulation with 
circadian dynamics in the external environment lend support 
to the focus on homeostatic performance as an indicator of 
functional integrity. From this viewpoint, serial outcomes of 
short-term homeostatic performance laid down in production 
tissues, structural tissues, epigenetic marks, and telomere 
length have the potential to provide cumulative indicators 
of wellbeing, as previously concluded by others (Bateson 
2016; Bateson and Poirier 2019; Bradshaw 2019; Caulton 
et al. 2022). 

As noted in the introductory section on the physiological 
context of functional integrity, the physiological activities 
of cells and organs contribute to the animal’s affective state. 
Thus, a continuous dialogue occurs between conditions in 
the body and affective state. Metabolites and messengers 
generated by metabolic and immune functions and the gastroin-
testinal tract pass to the central nervous system via sensory 
nerves and blood. These signals constitute the sensory system 
called interoception ((Bud) Craig 2003). Central processing 
integrates these interoceptive signals with sensations and 
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perceptions from the external environment to generate 
affective state. In a reciprocal fashion, affective state continu-
ously modulates metabolic, immune and organ functions via 
autonomic and neuroendocrine signals. Thus, homeostatic 
activities occurring at the levels of cells and organs in 
peripheral tissues contribute to affective state as a whole-
of-body condition (Fig. 2). Despite these interdependencies 
between function and affect, further validation is required 
to establish the extent to which functional integrity provides 
an indicator of the quality of the lived experience. 

Two applications of indicators of functional integrity are 
retrospective assessment and real-time monitoring. Retrospective 
analyses of sensor data and records archived in tissues can 
contribute to accreditation of the functional dimension of 
the quality of lived experience, whereas real-time analyses 
of sensor data can support animal management and continuous 
assessment of welfare and wellbeing, as well as be accumulated 
over time to give a whole-of-life summary. As noted above, 
monitoring behavioural complexity and affect dynamics 
may also contribute to assessment of social and hedonic 
dimensions of wellbeing. An important issue for application 
of real-time monitoring to animal management is the need 
for thresholds as triggers for intervention (Sun et al. 2021; 
Wagner et al. 2021; Fuchs et al. 2022). Continuous monitoring 
of individuals creates the possibility of establishing individu-
alised thresholds that align with persistent differences among 
individuals in physiological, behavioural and affective 
characteristics associated with personality. While individualised 
thresholds may be feasible, it would, nonetheless, be highly 
desirable to have universal thresholds that do not require 
alignment with persistent individual differences. Studies by 
Nunes Marsiglio Sarout et al. (2018), Wagner et al. (2021) 
and Fuchs et al. (2022) showed some promise for developing 
general (universal) thresholds for describing deviations in 
circadian functions. 

Profile analysis

Analysis of integrity via the strength of biorhythms, 
complexity of networks and uniformity of trajectories draws 
on concepts of stability in complex dynamic systems in 
resilience theory (Scheffer et al. 2009; Scheffer et al. 2018; 
van Dixhoorn et al. 2018). Deviations from trajectories 
(hereafter profile analysis) is particularly relevant to assess-
ment of incremental patterns of tissue growth and production. 
The shape of trajectories expressed during development, 
during productive maturity and as performance declines with 
age is influenced by inherited and developmentally acquired 
factors and by contemporary environmental conditions such 
as feed availability. Profile analysis requires a reference 
trajectory as the basis for estimation of deviations (Doekes 
et al. 2022). Reference trajectories have been modelled on 
both individual animal data and group means and is a topic 

requiring further refinement. In the absence of high-
frequency (e.g. daily) records, lower sampling intervals may 
have utility for establishing the reference trajectory (Mattalia 
et al. 2022). The trajectory of performance over successive 
years or parities may also be suitable for profile analyses in 
studies on longevity as an indicator of functional integrity. 
In the absence of high-frequency animal-based measurements, 
there may be a role for estimation of reference curves by 
genomic prediction (Alexandre et al. 2021). A variety of 
descriptors of deviation from the reference trajectory have 
been explored as indicators of functional integrity and 
resilience (e.g. Berghof et al. 2019a; Revilla et al. 2019; 
Adriaens et al. 2020; Poppe et al. 2020; Doekes et al. 2022). 
Informative measures of variability are likely to differ 
among the species, production systems, data sources and 
the biological functions being analysed. 

Given the fine resolution of incremental change in isotope 
accumulation and growth morphology in tooth, hoof, and 
fibre, these materials may contain a historical time series that 
is suitable for profile analysis as indicators of the uniformity of 
growth trajectories (Smolyar and Bromage 2004). Important 
information about environmental conditions experienced by 
the contemporary group that is contained in the absolute 
level of growth trajectories may complement assessments of 
deviations from profiles. Incremental patterning of growth 
in otoliths and placoid scales in fish and in the rhinotheca 
in birds may also be suitable for profile analysis. 

Absolute versus relative indicators of
functional integrity and functional wellbeing

The environment can compromise functional integrity in 
many ways, such as by imposing stressors that overburden 
homeostatic and allostatic responses. Conversely, an animal 
should be able to attain functional integrity and wellbeing 
in a diversity of environments that may be suboptimal 
for maximum production. Indeed, despite a trend towards 
reducing variation among environments experienced by 
production animals through intensification and standard-
isation of management practices, such as by housing 
animals indoors and feeding total mixed rations, variation 
remains among the environmental conditions experienced by 
management groups. For example, dairy cows are sensitive to 
differences among milking-parlour workers in their attitudes 
towards animals (Maller et al. 2005). In evaluations of the 
genetic merit for performance traits such as growth rate 
and daily milk yield, the influence of local environmental 
effects on expressed phenotype is addressed through genetic 
linkages among individuals in various management groups. 
Hence, genetic merit describes the relative value of the 
individual via its ranking against other animals through 
analyses that accommodate differences in absolute performance 
among environments. 
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If functional integrity and wellbeing of an individual can be 
optimised in a diversity of environments, then animal-based 
metrics need to provide absolute values that are directly 
comparable among management groups without a need for 
correction for local environmental effects. For example, 
growth rate performance is assessed by comparison to other 
animals within a management group. In a genetic evaluation, 
progeny from a top-ranked sire may have average daily 
growth of 1.1 kg/day in one environment and 1.6 kg/day 
in a second environment. In contrast, periodicity has a 
maximum score of 1, indicating complete synchronicity, and 
uniformity assessed via deviations can have a minimum score 
of 0, indicating complete uniformity. For an evaluation of 
functional integrity, the animal topping one contemporary 
group with a score of circadian periodicity of say 0.85 would 
not be equivalent in terms of wellbeing to the animal topping 
a second contemporary group with a score of 0.95. Thus, 
integrity and wellbeing as descriptions of an absolute state 
of the animal, need, at least ideally, to be assessed by measure-
ments scored on an absolute rather than a relative scale. 

Periodicity, complexity and uniformity have promise here 
as absolute measures, as their metrics can be based on 
invariant scales that translate among environments. Nonetheless, 
a portion of the variation between individuals in functional 
integrity is likely to be due to inherited factors, as is seen in 
studies on resilience (reviewed by Berghof et al. 2019a). 
This suggests that a capacity to attain absolute functional 
integrity may differ among individuals. Similarly, a propensity 
for individuals to experience positive hedonic states is 
influenced by temperament (Boissy and Erhard 2014). This 
raises the dilemma whether individuals with an inherited 
predisposition to poorer functional integrity, poorer functional 
wellbeing and less frequent experience of positive hedonic 
states, irrespective of the environment they experience, should 
be penalised in welfare assessments and breeding programs. 

As a step towards resolving this dilemma, further under-
standing is needed of the role that a diversity among 
individuals in functional integrity and hedonic disposition 
plays in the social ecology of the group (Moreno García 
et al. 2020; Moreno García et al. 2022). Is it advantageous for 
the group for some individuals to ‘take one for the team’? For 
example, more fearful individuals may serve a benefit to the 
group through heightened awareness of the presence of 
predators at the personal cost of lower reproductive perfor-
mance, slower growth, more variable daily performance 
and more frequent experience of negative affective states 
(Colditz 2021). To cast this in more positive terms, each 
individual carves out a dynamic affective niche in the social 
landscape (Colombetti and Krueger 2015). Borrowing from 
Cannon (1939) who described homeostasis as the ‘wisdom of 
the body’, we can say that the ‘wisdom of the group’ assembles 
an affective social landscape (Colditz 2020; Nagatsu and 
Salmela 2022) echoing the ‘wisdom of the cell’ that enables 
self-assembly of complex structures during embryogenesis 
and tissue repair (Shreesha and Levin 2023). And as social 

dominance shows, not all affective niches are equal (Krahn 
et al. 2023). As a consequence, social ecological factors may 
induce variations among individuals in functional wellbeing 
irrespective of genetic factors, as seen for behavioural diversity 
among genetically identical mice housed in a shared environ-
ment (Freund et al. 2013). Such social limits to individual 
functioning and wellbeing do not diminish our responsibility 
to provide animals with the opportunity to realise their potential 
for positive affective experiences (Mellor 2015). 

Subjectivity of environmental sensibility

When animals are housed in a shared environment such as a 
cow barn, grower pen or mouse cage, many of the daily 
variations in individual performance trajectories are not 
synchronised within the group. This variation among animals 
draws attention to the subjectivity of the individual’s 
experience (Webster 2013) and has led to the concept that 
animals sharing a common space also inhabit a private non-
shared environment (Freund et al. 2013). Day-to-day fluctua-
tions in the animal’s non-shared environment have been 
termed micro-stressors (DiCorcia and Tronick 2011) and 
are not necessarily captured by objective descriptions of 
environmental variables such as climate, feed practices, and 
other management practices implemented at the group level 
(Garcia-Baccino et al. 2021; Poppe et al. 2021). Both types of 
environmental conditions can influence homeostatic integrity. 
The subjectivity of environmental perception can be captured 
in the aphorism ‘Stress, like beauty, is in the eye of the 
beholder’ and lends support to the proposition that functional 
integrity is linked with the quality of subjective experience. 
Nonetheless, substantial further investigation is required to 
establish the relationships between subjective experience 
and functional integrity as indicators of wellbeing (Vigors 
et al. 2021; Williams 2021; Colditz 2023). 

Other potential measures of functional
integrity

Biological records archived in structures and functions are 
unlikely to provide a complete account of the lived experience 
of the animal and could be complemented by clerical records 
of husbandry practices, animal medications, disease events and 
environmental conditions in accord with commonly  used proto-
cols for welfare assessment. Clinical assessments of the animal at 
slaughter (Llonch et al. 2015; Grandin 2017; Bautista-Fernández 
et al. 2021) may be an important adjunct to biological and 
clerical records for assessing cumulative wellbeing. 

Combining indicators of functional integrity

The changes in biological functions that occur across the life-
course suggest that a single indicator is unlikely to be informative 
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of functional status at each stage; hence, a combination of 
indicators may be needed to assess functional wellbeing. 
In particular, different indictors may be needed to assess 
functional competences during development, homeostatic 
integrity during maturity, and functional decline due to 
inherent aging processes and wear and tear. A substantial 
amount of work will be needed to refine measurement tech-
nologies and combine data streams so as to provide an integrated 
description of lifetime functional integrity and wellbeing. 
The finest resolution of functional integrity is likely to be 
provided by high-frequency sensor data on physiological and 
behavioural functions, whereas records archived in physical 
structures may be able to provide a coarser-grained summary 
of wellbeing. The temporal sequence of deviations embedded 
in profiles of behaviour, physiology, and accretion of 
resources in products and stable structures may be able to 
be collated with clerical records and meteorological informa-
tion to enrich the interpretation of prior experiences. In 
contrast, the cumulative summary encoded in telomere length 
and DNA methylation lacks this temporal nuance. Processing 
cost for lab analyses may limit feasibility of performing some 
types of analyses on every animal. Combining indicators of 
functional integrity with indictors of hedonic and social 
wellbeing remains an important goal for describing the quality 
of lived experience across the whole of the animal’s life.  

This review has addressed approaches to assessing the 
totality of wellbeing across the whole of an animal’s life. 
The observation that changes in methylation patterns can 
vary with different types of stressors points to a second 
application, namely, the development of diagnostic signatures 
for quantifying the impact of key events in the animal’s life  that  
are recognised as prominent causes of compromised welfare. 
These events include husbandry practices such as a marking, 
weaning, social mixing, transport, and changes in management 
environments (e.g. feedlot entry), as well as life-history 
transitions such as parturition and the cessation of lactation 
at drying off. 

Conclusions

The influence of physiological regulatory performance on the 
integrity of biological functions provides a window on the 
success of the animal in coping with day-to-day fluctuations 
in its environment. Changes in the circadian harmony, 
complexity of behaviours and the day-to-day uniformity of 
production outcomes and in incremental growth in structural 
components of the body may provide indicators of functional 
wellbeing. Real-time monitoring of these outcomes by sensor 
technologies can be complemented by records archived in 
stable structures of the body and as epigenetic marks and 
telomere length. Homeostatic performance as an indicator 
of wellbeing draws attention to the success of the animal 
in navigating the day-to-day course of its life trajectory. 

Further work is required to validate measures such of 
incremental changes in fibre diameter, and in growth patterns 
of hoof, scale, otolith and beak as indicators of homeostatic 
integrity, and to establish the reliability and feasibility for 
deploying these measures in commercial environments. 
Complexities of sample preparation and wet laboratory analysis 
may limit some indicators from application in production 
animals beyond research studies. Informative indicators of 
wellbeing are likely to differ among the species, production 
systems, environments, biological functions, and life stages 
being assessed. There is an opportunity for indexes of develop-
mental milestones to be developed as benchmarks for assess-
ment of developmental wellbeing. Important information 
about environmental conditions that is contained in the 
level of performance trajectories may complement assessment 
of deviations from profiles as indicators of functional 
integrity. Time-series records have greater potential for 
collation with the temporal sequence of events in the external 
environment than do cumulative indicators of wear and tear 
such as telomere length and DNA methylation. Further 
construct validation is required to establish the relationships 
among functional, hedonic and social indicators of wellbeing. 
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