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Abstract 

Agriculture is particularly exposed to climate change, which threatens global food 

security. To date, climate change impact assessments on future food availability have 

focussed primarily on crop production. Projections of climate change impacts on 

livestock are relatively rare, with productivity gains and losses yet to be fully 

quantified. This thesis aimed to quantify and project the impacts of climate change on 

loss of market weight broiler (meat) chickens due to poor health and welfare at 

slaughter. Focussing on the mild temperate climate of Great Britain (GB), this thesis 

considered how weather has impacted on the health and welfare of commercial broiler 

chickens in the past, and how changing weather patterns in GB might impact on broiler 

health and welfare in the future. An environmental epidemiological approach and 

methodology was applied to an extensive slaughterhouse dataset shared by the Food 

Standards Agency, UK, and to historical weather and climate projection data obtained 

via the Met Office and Centre for Environmental Data Analysis. A descriptive 

epidemiological analysis of 16 health and welfare conditions, recorded during routine 

ante- and post-mortem inspections in slaughterhouses across GB, was used to identify 

those conditions most likely to be affected by weather.  Daily counts of ascites (a 

common metabolic disorder) and abnormal colour/fever (septicaemia/toxaemia: a 

systemic bacterial infection) were examined in relation to outdoor temperature 

throughout broilers’ lifespan by means of time-series regression; a statistical approach 

rarely utilised in animal welfare science. A distributed lag non-linear model defined 

the U-shaped relationship between daily mean temperature and day-to-day changes in 

the number of broilers found dead on arrival or dead in the lairage (DOA) at slaughter. 

This information was applied to UK climate projections (UKCP18) to estimate 

temperature-related death losses of market weight broilers in Central England during 
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2040s (compared to 2010s) under two alternative climate change scenarios (RCP2.6 

and RCP8.5). Risk of abnormal colour/fever was found to increase as mean 

temperature dropped below 0℃ on the day of slaughter. Risk of ascites increased as 

mean temperature rose above 15℃, on the day of slaughter and day 9 before slaughter. 

Hot (≥16℃) and cold (≤ 2℃) temperature extremes on the day of transport to slaughter 

were associated with an increased risk of DOA, while hot temperature 2 days before 

transport appeared to protect against DOA. Temperature-attributable DOAs were 

projected to increase by mid-century, with 4.5 times greater losses projected under a 

strict global strategy to mitigate greenhouse gas (GHG) emissions (RCP2.6) than with 

minimal effort to reduce emissions (RCP8.5). Findings suggest that commercial 

broiler chickens in GB are not afforded sufficient protection from environmental 

exposures during the transport process to slaughter, with implications for animal 

welfare, farmer profit, and food security. As our climate continues to change, 

improvements to transport management and/or facilities are likely to become 

increasingly necessary to improve the welfare and survivability of broiler chickens at 

the final stage of production. This thesis concludes with recommendations for industry, 

policy, and follow-on research, and highlights the great potential for advancements in 

modelling within animal welfare science. 
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Chapter 1 

Introduction 

 
1.1 Background and aim 

Climate change is considered one of the greatest challenges of our time (Wu & 

Montgomery, 2020). Rising temperatures, extreme weather events, increased 

variability in rainfall, and ocean acidification will impact on human health (Hajat et 

al., 2014; Mitchell et al., 2016; Watts et al., 2019; Falkenberg et al., 2020; Filippelli et 

al., 2020), animal health (Burge et al., 2014; Rao et al., 2015; Lacetera, 2019; 

Harrington et al., 2020), and plant health (Anderson et al., 2004; Malhotra, 2017), 

biodiversity (Bellard et al., 2012; Malhi et al., 2020), and food security (Hoegh-

Guldberg et al., 2018; Mbow et al., 2019; Shortridge, 2019). Already, climate-related 

extremes, such as heat waves, floods, droughts, and wildfires, have altered ecosystems, 

damaged infrastructure and settlements, and disrupted food production and water 

supply (Field et al., 2014; IPCC, 2014). Indeed, climate change is likely to affect all 

aspects of life on which we rely (Wu & Montgomery, 2020). 

Agriculture is particularly exposed to the impacts of climate change (European 

Environment Agency, 2019a; Wreford & Topp, 2020), with implications for food 

security and for the livelihoods of more than one billion people globally that depend 

on this sector (Mbow et al., 2019). Already, some regions are experiencing reduced or 

stagnating crop yields due, in part, to rising temperatures and extreme weather events 

(Pinke & Lövei 2017; European Environment Agency, 2019a; Mbow et al., 2019; Ray 

et al., 2019). However, as climatic changes are not uniform across the globe (Hoegh-



2 
 

Guldberg et al., 2018), there is the potential for some regions to benefit (Ciscar et al., 

2018; European Environment Agency, 2019a; Lui et al., 2019). For example, although 

temperatures across Europe will continue to rise over coming decades, (European 

Environment Agency, 2019b), the strongest warming is expected across northern 

Europe in winter, and across southern Europe in summer (Kovats et al., 2014). 

Northern regions should also prepare for increased precipitation and extreme rainfall 

events, while southern regions prepare for longer dry spells (Kovats et al., 2014) and 

more drought (Stagge et al., 2017). As such, the impacts on agriculture are varied 

across the continent (European Environment Agency, 2019a; Mbow et al., 2019), with 

decreased crop yields projected in large areas of southern Europe, and increased crop 

yields in northern Europe (European Environment Agency, 2019a).  

Climate change impacts on livestock production have yet to be fully quantified and 

projected (European Environment Agency, 2019a). However, there is potential for 

increased mortality and susceptibility to disease, and for decreased fertility, 

productivity, health, welfare, and product quality (Rojas-Downing et al., 2017; 

Abdurehman & Ameha, 2018; Escarcha et al., 2018; Lacetera, 2019; Lourençoni et al., 

2019; Wolfenson & Roth, 2019). For example, heat stress has been shown to reduce 

the final body weight of pigs (Zumbach et al., 2008), to reduce the reproductive 

performance of lactating dairy cows (Wolfenson & Roth, 2019), and to increase the 

incidence of meat quality defects in broiler chickens (Xing et al., 2016). Heat stress is 

thought to contribute to lameness in grazing animals by changing their behaviour 

(Cook et al., 2004; Ali et al., 2020), and to suppress the immune systems of livestock, 

thereby increasing risk of infection (Lacetera, 2019). 

Like heat stress, cold stress also affects the health, welfare, and resulting productivity 

of farm animals. For example, cold stress has been identified as a risk factor for 



3 
 

neonatal mortality in beef calves (Azzam et al., 1993), fetal loss in dairy heifers 

(Chebel et al., 2007), broiler chicken mortality during transport to slaughter 

(Cockram & Dulal, 2018), reduced milk yield in dairy cattle (Angrecka & Herbut, 

2015), and meat quality defects in poultry (Mallia et al., 2000; Dadgar et al., 2010, 

2012). Therefore, as with crop production, livestock production might see some 

benefits from a warming climate. Rising temperatures might reduce mortality, and 

improve health and welfare, in regions that experience very cold winters (Lacetera, 

2019). Indeed, with winter temperatures rising faster than summer temperatures in 

Canada, temperature-attributable human mortality is projected to decline in most 

major Canadian cities over coming decades (Martin et al., 2012). Even in the United 

Kingdom, where winters (and projected warming) are relatively mild (Wreford & 

Topp, 2020), cold-related human deaths are expected to decline (Hajat et al., 2014). 

However, as with crop production (Mbow et al., 2019) and human health (IPCC, 2014), 

any gains that might be acquired through climate change on a regional scale will likely 

be outweighed by associated losses to livestock production on a global scale as we 

move through the 21st century.  

To enable planning of appropriate adaptation measures that seek to minimise the 

adverse effects of climate change and to exploit any benefits that may arise, we must 

first understand and anticipate the impacts of a changing climate on livestock 

production. This thesis focusses on the poultry industry, as the largest producer of meat 

worldwide1. Chicken, in particular, is a staple meat source for many people across the 

 
1  Based on comparison of ass, camel, horse, rabbit, sheep and goat, beef and buffalo, pig, and 

poultry meat: Production Quantity (tonnes) in World (Total), 2018. Data source: Food and 

Agriculture Organization of the United Nations, FAOSTAT, (www.fao.org/faostat/en/#data 

/QL), accessed on 08 September 2020.  
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globe. It is considered the most environmentally sustainable (Nijdam et al., 2012; 

Howell et al., 2016) and healthy meat (Charlton et al., 2008). It is also a relatively 

inexpensive meat to produce (Charlton et al., 2008; Howell et al., 2016) and global 

consumer demand is ever-rising (Revell, 2015; Reay, 2019). With over 68 billion 

individuals slaughtered for their meat in 2018 alone 2 , chickens (Gallus gallus 

domesticus) are the most common farm animal on Earth3 (Butterworth, 2010).  

Productivity-focussed genetic selection and intensification of farming practices have 

facilitated a 15-fold increase in global chicken meat production since 19614; however, 

significant losses are incurred each year due to poor health and welfare in modern 

broiler (meat) chickens (Kaoud et al., 2016; Part et al., 2016; Jones et al., 2019). 

Metabolic, cardiovascular, musculoskeletal, and skin disorders are some of the health 

and welfare problems seen in commercial broiler flocks; many of which are thought 

to be by-products of modern-day production practices (Julian, 1998; Scientific 

Committee on Animal Health and Animal Welfare [SCAHAW], 2000; Meluzzi & Sirri, 

2009; Tickle et al., 2014; Hartcher & H.K. Lum, 2019) and all of which have ethical 

and economic consequences.  

 
2 Producing animals/slaughtered for Meat, chicken (1000 head) in World (total), 2018. Data 

source: FAOSTAT (http://faostat3.fao.org/download/Q/QL/E), accessed on 13 July 2020. 
3 Comparison of chickens, rabbits and hares, cattle, ducks, sheep, pigs, goats, turkeys, geese 

and guinea fowls, buffaloes, horses, asses, pigeons and other birds, camels, other camelids, 

other rodents, mules: Stocks of Live animals in World (total), 2018. Data source: FAOSTAT 

(http://faostat3.fao.org/download/Q/QA/E), accessed on 13 July 2020. 
4 Production Quantity (tonnes) of Meat, chicken in World (Total), 2019 / Production Quantity 

(tonnes) of Meat, chicken in World (Total), 1961. Data source: Food and Agriculture 

Organization of the United Nations, FAOSTAT, (www.fao.org/faostat/en/#data/QL), accessed 

on 17 February 2021. 

http://faostat3.fao.org/download/Q/QL/E
http://faostat3.fao.org/download/Q/QA/E
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Ascites is a common metabolic disorder (Kalmar et al., 2013; Hassanzadeh et al., 2014; 

Kaoud et al., 2016; Part et al., 2016), which was estimated to affect 4.7% of broilers 

worldwide in 1996 (Maxwell & Robertson, 1997) and continues to be a major cause 

of loss for the industry (Tarrant et al., 2017). Ascites is characterised by accumulation 

of fluid in the peritoneal cavity (Pagazaurtundua & Cargill, 2010), following 

pulmonary hypertension and congestive failure of the right ventricle (Julian, 2000; 

Kalmar et al., 2013). Affected birds endure prolonged suffering and distress due to the 

progressive nature of this condition (Bessei, 2006; Afolayan et al., 2016). The primary 

cause is believed to be an imbalance between oxygen supply and the oxygen needed 

to sustain the fast growth and high feed efficiency of modern broilers (Decuypere et 

al., 2000; Baghbanzadeh & Decuypere, 2008; Hassanzadeh et al., 2014), with cold 

exposure known to trigger the condition (Julian, 2000; Akşit et al., 2008; 

Baghbanzadeh & Decuypere, 2008). 

Contact dermatitis is another common welfare problem in commercial broiler flocks 

reared under intensive farming systems (Meluzzi & Sirri, 2009). As the name suggests, 

this condition affects the epidermis (primarily of the feet, hock, and breast; SCAHAW, 

2000; Meluzzi & Sirri, 2009) and is believed to be caused by birds’ prolonged contact 

with suboptimal litter (Meluzzi et al., 2008) covering the floor of the large, artificially 

lit and ventilated barns in which the vast majority of broilers spend their short lives. 

Litter and indoor air quality have also been associated with the incidence of cellulitis 

in commercial broiler flocks. Cellulitis is a deep dermatological condition caused by 

Escherichia coli (E. coli) entering an open skin wound; typically, a scratch (SCAHAW, 

2000). The resulting inflammation of deep skin tissue is rarely detected on-farm, but 

cellulitis has been reported as a leading cause of broiler carcass condemnations at 

slaughter (Kumor et al., 1998; SCAHAW, 2000); reflecting financial and food losses. 
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As ambient temperatures rise within the barn, the incidence of cellulitis may increase 

due to broilers spreading their wings and laying on the litter to improve heat loss 

(Belintani et al., 2019).  

Skeletal, or leg, disorders are considered another important welfare problem for 

modern broilers (Weeks et al., 2000; Knowles et al., 2008). One large-scale study 

assessed the walking ability of 51,000 broilers across 176 flocks and reported poor 

locomotion in 27.6% of those assessed, with 3.3% of birds almost unable to walk at a 

mean age of 40-days (Knowles et al., 2008). Factors associated with growth rate, such 

as older age and high-density pellet feed, have been identified as primary risk factors 

for poor leg health (Knowles et al., 2008; Kuleile et al., 2020). Lameness has been 

shown to cause pain in broilers (Danbury et al., 2000) and impacts on their behaviour 

(Weeks et al., 2000); thereby affecting welfare (Danbury et al., 2000; Weeks et al., 

2000), and higher gait scores (indicating poor walking ability) have been associated 

with greater carcass condemnations at slaughter (Granquist et al. 2019); thereby, 

affecting farm profitability.    

Indeed, slaughter is arguably the best time to assess the health and welfare status of 

commercial broiler flocks. Conditions, such as cellulitis and degenerative leg disorders, 

may be difficult to detect on-farm, but are visible during post-mortem inspection 

(SCAHAW, 2000). Other conditions, such as ascites, peak in incidence during the fifth 

and sixth weeks of life (Baghbanzadeh & Decuypere, 2008); the typically age of 

slaughter for many commercial broilers (Part et al., 2016). Moreover, the mass 

transport of market-weight broilers from farm to slaughterhouse may cause 

physiological stress (Mitchell & Kettlewell, 1998), injuries, and death (Cockram & 

Dulal, 2018); the impacts of which would not be reflected in any on-farm welfare 

assessment. Further, it is during the end-of-life transport process that broilers may be 
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particularly exposed to the impacts of climate change (Knox et al., 2012; Skuce et al., 

2013). 

From an economic, environmental, or food security perspective, slaughter is the most 

crucial time to protect against avoidable losses. It is not only the chicken meat that is 

lost when broiler carcasses are condemned as unfit for human consumption, but also 

the feed, fresh water, labour, and energy that were used to rear those birds to market 

weight. Following the implementation of Council Directive 2007/43/EC, ‘Laying 

down the minimum rules for the protection of chickens kept for meat production’ 

(European Commission, 2007), all approved slaughterhouses across Great Britain 

collect data on broiler carcass condemnations due to health and/or welfare conditions 

detected during routine ante- and post-mortem inspections. The reason for partial or 

total condemnation of the affected carcass is recorded at flock-level, along with 

corresponding food chain information for each, and every, flock processed. Thus, 

slaughterhouse data provides a wealth of information from which the prevalence of 

health and welfare conditions can be assessed at population level, which would not be 

feasible on-farm.  

Focussing on the fastest growing livestock industry worldwide, in the highest 

producing country in Europe, this thesis makes use of routine slaughterhouse datato 

address the following research questions: 

1. Historically, how has weather impacted on the health and welfare of 

commercial broiler (meat) chickens? 

2. Looking to the future, how might changing weather patterns impact on the 

health and welfare of commercial broiler chickens? 
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This thesis adopts an environmental epidemiological approach and methodology to 

provide quantitative estimates and projections of climate change impacts on loss of 

market weight broiler chickens due to health and welfare conditions at slaughter. 

Environmental epidemiology is an observational science concerned with human health 

effects of environmental agents (physical, chemical, and biologic). It is the study of 

environmental exposures as risk factors for disease (Bloom, 2019). In applying 

methodologies used within this field of research at population (public health) level to 

animal slaughterhouse and meteorological data, the series of studies presented herein 

begins to address the research gap into climate change impacts on livestock. 

 

1.2 Thesis outline 

Chapter 2 reviews the different modelling approaches used in farm animal welfare 

science. It focusses on those approaches considered to be most promising in the field, 

beyond the purely statistical methods that are more commonly used. The aim is to open 

up discussions between empirical and theoretical researchers, to encourage 

interdisciplinary working across several fields, and to offer a range of research 

questions that empirical scientists can aim to answer with theoretical approaches. 

Assessment, simulation, optimisation, scenario, systems, and conceptual models are 

briefly described, with examples of their previous use in animal welfare research, and 

possible future applications of each technique. The merits and problems associated 

with each approach are highlighted. Finally, the main gaps in farm animal welfare 

modelling are discussed, with possible reasons as to why this might be, and 

suggestions as to how we might move forward. 
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Chapter 3 examines how the prevalence of sixteen health and welfare conditions, 

identified in broiler chickens at slaughter, change with weather (temperature, rainfall, 

and air frost) in a temperate climate. The main aim of this chapter is to direct future 

climate change impact and adaptation research efforts by identifying those conditions 

most likely to be affected. Therefore, a broad hypothesis is tested: Changes in weather 

are associated with changes in the prevalence of conditions. Population-level data were 

collected during routine ante- and post-mortem inspections at poultry slaughterhouses 

across Great Britain, and shared by the Food Standards Agency (FSA), UK. A 

descriptive epidemiological approach is employed to: (i) estimate annual prevalence 

rates of each condition in broiler chickens at slaughter; (ii) examine the distribution of 

conditions across time and space; and (iii) describe their associations with recent 

weather patterns. National prevalence rates and distribution mapping are based on 

batch-level (i.e. flock-level) data, collected from more than 2.4 billion individuals over 

the course of three years. Analysis of temporal distribution and associations with 

national weather are based on monthly data, collected from more than 6.8 billion 

individuals over the course of eleven years. 

Based on the findings presented in Chapter 3, Chapter 4 takes a closer look at the 

relationship between outdoor temperature and the prevalence of ascites (a common 

metabolic disorder) and abnormal colour/fever (septicaemia/toxaemia: a systemic 

bacterial infection) in commercial broiler chickens at slaughter. The aims of this 

chapter are: (i) to assess if day-to-day fluctuations in the prevalence of ascites or 

abnormal colour/fever can be explained, in part, by changes in outdoor temperature; 

and (ii) to estimate the timing of potential temperature effects. It is hypothesised that: 

(1) The prevalence of ascites and abnormal colour/fever in broiler chickens at slaughter 

is negatively associated with outdoor temperature; (2) An increased risk of ascites at 
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slaughter is associated with a decrease in outdoor temperature during weeks 1, 2 and 

4+ of life; and (3) An increased risk of abnormal colour/fever at slaughter is associated 

with a decrease in outdoor temperature on the last day of life. Daily time-series (2011 

– 2013) of ascites counts and abnormal colour/fever counts at slaughter are examined 

in relation to daily mean temperature for Central England using negative binomial 

models, adjusting for number slaughtered, season, and day-of-week. Unconstrained 

distributed lag models are developed, with a 37-day lag structure, to estimate the 

timing of potential temperature effects. 

Based on the findings of Chapter 3, Chapter 5 sets out to examine acute associations 

between outdoor temperature and day-to-day fluctuations in the number of broiler 

chickens found dead on arrival or dead in the lairage (DOA) following transport from 

farm to slaughterhouse. The secondary aim of Chapter 5 is to estimate the effects of 

flock health and welfare on DOA broilers transported at different temperatures. The 

following hypotheses are tested: (1) An increased risk of preslaughter mortality in 

market-weight broiler chickens is associated with hot and cold temperature extremes 

on the day of slaughter; (2) An increased risk of DOA is associated with higher on-

farm mortality; and (3) An increased risk of DOA is associated with an increased 

prevalence of injuries (bruising/fractures), ascites, septicaemia/toxaemia, and 

respiratory disease in slaughtered broilers. A distributed lag non-linear model was 

developed to appropriately define and quantify the relationship between temperature 

and DOA counts that will enable future projections of broiler chicken mortality under 

alternative climate change scenarios. This advanced time-series regression method is 

applied to daily mean temperature and slaughterhouse data (2011-2013), 

representative of Central England. Time-series of daily DOA counts are examined in 

relation to health and welfare indicators (on-farm mortality and daily condemnation 
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rates) using negative binomial models restricted to the hottest and coldest seasons of 

the year. 

Based on the findings of Chapter 5, Chapter 6 aims to project the impacts of climate 

change on broiler chicken mortality at the final stage of production. Specifically, this 

chapter sets out to: (i) provide quantitative future estimates of broiler chicken death 

losses during transport and lairage that are attributable to temperature change; and (ii) 

estimate the impacts of global warming on broiler death losses under two alternative 

climate change scenarios. The following hypotheses are tested: (1) Global warming 

will increase heat-attributable deaths, and reduce cold-attributable deaths, in market 

weight broiler chickens during transport to slaughter; and (2) Temperature-attributable 

excess mortality will be lesser under a strong global policy to mitigate greenhouse gas 

(GHG) emissions than with minimal mitigation of GHG emissions. The distributed lag 

non-linear model developed in Chapter 5 is used to characterise the historical 

relationship between mean outdoor temperature and daily death counts of commercial 

broiler chickens following transport to slaughter in Central England. This information 

is applied to UK climate projections (UKCP18) to estimate temperature-related death 

losses of market weight broilers during 2040s (compared to 2010s) under two 

alternative future climates (high GHG emissions scenario and low GHG emissions 

scenario). 

Chapter 7 discusses potential adaptation measures to minimise the adverse effects of 

climate change on broiler chicken health and welfare. Remaining gaps in knowledge 

are highlighted. Advantages and disadvantages of using slaughterhouse data in animal 

welfare research are discussed and evaluated, with suggested future applications of 

this data and methods for improving data validity; calling for collaboration between 

science and industry. The epidemiological (observational) approach applied 
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throughout this thesis is briefly reviewed. Chapter 7 concludes with recommendations 

for industry, policy, and future research. 
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Chapter 2 

Modelling Farm Animal Welfare 

________________________________________________________________ 

Abstract 

The use of models in the life sciences has greatly expanded in scope and advanced 

in technique over recent decades. However, the range, type, and complexity of 

models that have been developed in farm animal welfare science is comparatively 

poor, despite great potential in this field of research. This chapter aims to review 

the use of non-statistical models in farm animal welfare science; discussing the 

types of questions they have been used to answer, the merits and problems 

associated with the method, and possible future applications of each technique. 

The most frequently published types of model in farm animal welfare were found 

to be conceptual and assessment models, which are commonly (though not 

exclusively) based on expert opinion. Simulation, optimization, scenario, and 

systems modelling approaches were rarely found in animal welfare literature. 

Finally, common issues, such as a lack of quantitative data to parameterize 

models and model selection and validation, are discussed throughout the chapter, 

with possible solutions and alternative approaches suggested.  

__________________________________________________________________  
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2.1 Introduction 

The use of models has greatly advanced in many areas of the life sciences over recent 

decades. However, the range, complexity, and type of models developed for use in the 

field of animal welfare is comparatively poor. This is surprising given the similarities 

between the aims of animal welfare and those of, for example, the closely related field 

of animal health epidemiology, where there is great interest in using models 

(mathematical, statistical and assessment) to understand why, where, how, when, and 

who will be affected by disease outbreaks, and to explore potential control strategies 

(e.g. stochastic simulation modelling [Van der Gaag et al., 2000; Keeling et al., 2001; 

Backer et al., 2012]; decision tree modelling [Tomassen et al., 2002; Milne et al., 

2007]; and network modelling [Vernon & Keeling, 2009; Tinsley et al., 2012]). The 

primary aims of animal welfare science are to understand why, where, how, when, and 

who will be affected by a multitude of species-specific welfare problems, and what 

control strategies can be put in place to prevent these problems arising. Despite this, 

the same type of predictive modelling, which is so often used in disease epidemiology, 

is not often used to make predictions of welfare problems. One possible reason for this 

might be the relative lack of data. However, predictive disease models are often based 

on input data collected from various sources, of varying quality and reliability, and 

combined from multiple previously published scientific studies.   

Other related areas of academic research, which frequently utilise models, are 

agricultural economics and sustainability. Here, a range of models are being developed 

to explore, for example, the potential margins associated with different farm types and 

practices. Such models often incorporate elements of animal welfare (although, these 

elements are usually highly simplistic). Again, these large, multi-factor models are 

mostly developed using input data from a wide range of sources, of varying quality 
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and reliability. For example, the use of seven, predominantly resource-based, 

parameters to score animal welfare in a model of sustainability (Del Prado et al., 2011) 

is, perhaps, not representative of what most animal welfare academics would consider 

the most critical input data for a model of this type.  

Given the breadth of modelling techniques available, and the objectives that these 

models set out to meet, it is perhaps a misnomer to talk about “models” as if they 

represent one approach. In other fields, such as ecology, where modelling is far more 

commonly used, it is recognised that models really fall into one of three main types: 

(i) detailed (“synthetic”); (ii) “minimal” systems; and (iii) “minimal for ideas” 

(Roughgarden,, 1996).  Here, the models are defined by what they set out to do. 

Detailed, or “synthetic”, models aim to produce a detailed description of the individual 

sub-components that make a system, and their interdependence in the overall workings 

of that system. “Minimal” models aim to explain certain types of system, but tend to 

ignore many characteristics of the real life system. As such, “minimal” models are not 

designed to produce specific, detailed predictions. Finally, “minimal models for ideas” 

are used to explore concepts, without anchoring them to a particular species or type of 

system. Again, this type of model, which includes some of the most famous models in 

ecology, such as the Lotka-Volterra model, is not meant to produce testable 

predictions, or to be applied to real life situations. Examples of each of these types of 

models can be found in the farm animal welfare literature, which will be discussed in 

section 2.2.     

Modelling in farm animal welfare has mostly fallen into the frequentist statistical type. 

In other words, quantitative analyses of an experimentally derived, or longitudinally 

collected, dataset (e.g. Moe & Bakken, 1998; Turnbull et al., 2005; Smulders et al., 
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2008; Neisen et al., 2009; Reefmann et al., 2009; Zonderland et al., 2009; Drake et al., 

2010; Temple et al., 2012a,b). In such models, the main aim is to determine which 

biotic and abiotic factors in an animal’s environment are associated with the 

development of poor welfare, or change in welfare state, and which indicators can be 

used to determine welfare state reliably. There has been some use of Bayesian 

approaches (e.g. Turner et al., 2008; Roberts et al., 2012; Oberbauer et al., 2013), and 

an increasing trend to use more statistical and engineering type methods in the 

formation of welfare indicators (e.g. Rutherford et al., 2004; Asher et al., 2009; 

Dawkins et al., 2009; Collins et al., 2011a; Abeyesinghe et al., 2013). Some of these 

types of studies have been reviewed and discussed previously (e.g. Asher et al., 2009). 

This thesis employs advanced statistical techniques, typically used in the field of 

environmental epidemiology, to examine animal health and welfare in relation to 

meteorological conditions (specifically, temperature). These methods, which are not 

often used in animal welfare science, will be considered in greater detail throughout 

the rest of the thesis. Here, the focus is on other types of models being produced in the 

field of animal welfare; namely, assessment, simulation, optimisation, scenario, 

systems, and conceptual models.  

This chapter is not intended to provide an exhaustive review of all modelling 

approaches. Rather, the models reviewed herein are those considered to be most 

promising in the field of farm animal welfare science, beyond the purely statistical 

methods available. Each type of model will be briefly described, with examples of 

their previous use in animal welfare research and, importantly, of the types of 

questions that they could be used to answer. Potential drawbacks associated with each 

approach are highlighted. Finally, the main gaps in farm animal welfare modelling are 

discussed, with possible reasons as to why this might be, and suggestions as to how 
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we might move forward. The aim of this chapter is not to provide an instruction manual 

on using the different modelling approaches, but to open up discussions between 

empirical and theoretical researchers, and to forearm empirical researchers with a set 

of questions that they can aim to answer with theoretical approaches. 

 

2.2 Models in farm animal welfare   

2.2.1 Assessment models 

 
2.2.1.1 Risk assessment 

One of the most common type of model used in animal welfare research, particularly 

at the science-policy interface, is risk assessment.  Risk assessment characterises the 

probability of a negative event occurring, and quantifies the consequences of such an 

event. Ultimately, it provides a means of comparing different welfare problems, both 

at the population-level and at that of the affected individual, within and between 

species, based on a number of key factors (EFSA Panel on Animal Health and Welfare, 

2008, 2009a, 2010a,b; Collins et al., 2010). They are frequently used to produce lists 

of welfare priorities, based on scientific research, for policy makers to consider. For 

instance, the European Food Safety Authority’s (EFSA) Panel on Animal Health and 

Welfare has published risk assessments of welfare in dairy cows (EFSA Panel on 

Animal Health and Welfare, 2009b), farmed fish (EFSA Panel on Animal Health and 

Welfare, 2008, 2009a,c), fattening pigs (EFSA Panel on Animal Health and Welfare, 

2007), beef cattle and calves (EFSA Panel on Animal Health and Welfare, 2012), 

broilers (EFSA Panel on Animal Health and Welfare, 2010a), and broiler breeders 

(EFSA Panel on Animal Health and Welfare, 2010b), in which aspects of housing, 
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husbandry, management, stunning, slaughter, and genetic selection (amongst other 

factors) were assessed.  

In risk assessment terminology, welfare problems are caused by a series of “hazards”. 

The fast growth rate of standard commercial breeds of broiler chicken may be 

considered a potential welfare hazard, with possible consequences including skeletal 

disorders, sudden death syndrome, ascites, high body mass, and muscle disorders 

(Collins, 2005). In risk assessment, each identified hazard is characterized on the basis 

of three factors: (i) intensity of consequences; (ii) duration of effect (either as an 

absolute value if comparing within a breed or species, or as a proportion of lifetime if 

comparing between breeds or species; see Collins et al. [2011b] for an example); and 

(iii) prevalence (defined as the proportion of individuals affected at any one time). 

Quantification (even in its simplest form, as categorical variables with groups of 

‘mild’, ‘moderate’, and ‘severe’) allows consequences, and their impact on the animals 

experiencing them, to be compared. However, specific details of the hazards are not 

considered in this basic form of assessment. A more accurate risk estimate can be 

obtained by including information about the hazard itself in the calculation, such as 

estimates of the duration, and probability, of exposure to the hazard. In providing a 

quantitative, or even qualitative, value for each of these factors, the aim is to produce 

an objective estimate of risk for a series of potential welfare hazards. 

However, as outlined in Collins (2012), there are currently three main issues with 

welfare risk assessment procedures: Firstly, an incorrect assumption of independence 

between one hazard and its consequences and another hazard and its consequences. 

Although we can be almost certain that some combinations of hazards are truly 

independent, in most cases there is at least some degree of non-independence between 
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hazards and, indeed, some overlap in the types of consequences that emerge. Non-

independence in a risk assessment procedure results in a risk score that is either over-

estimated, or under-estimated; typically as a result of conflated prevalence 

information, but also (and less easily measurable) conflated intensity information. 

Secondly, the common use of expert opinion to quantify each of the hazard 

characteristics (in lieu of purely data-based estimates) is a potential source of bias and 

unreliability in the risk assessment process. Of course, data-based estimates may also 

be subject to bias arising from selection, collection, analysis, and/or interpretation of 

data (Tripepi et al., 2010). However, just as expert opinion is gathered from numerous 

individuals or groups, ranging in field of expertise, data-based estimates should be 

generated from a range of studies and datasets derived from numerous sources. Doing 

so would reduce the impact of isolated instances of bias. Collating scientific evidence 

by means of systematic reviews and, where possible, meta-analyses would involve 

assessing the quality of studies, whereby those at high risk of bias can be excluded or 

the impacts of different biases can be explored (Dekkers et al., 2019). Thirdly, level of 

uncertainty and variability are not often calculated in welfare risk assessments, which 

makes assessing the information that they contain very difficult (Collins, 2012). Did 

all experts agree 100% on all of the scores for all of the hazards, or was there a large 

divide in opinion? Without this information, it is difficult to assess how confident one 

can feel in the result. Such information would routinely be given in a typical statistical 

analysis in the form of standard errors, confidence intervals, and sample sizes. The 

same should be true for risk assessment procedures. However, above all, it is 

particularly true when quantifying intensity of suffering. This is essentially because 

the strength and reliability of expert opinion is dependent on the scientific research 

that has been published on a subject. There is no single welfare indicator that can 
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reliably measure welfare across different contexts and across different species. Instead, 

we are reliant on multiple indicators that often give conflicting results regarding 

affective state. Thus, a random group of experts would be expected to differ in their 

opinions on intensity more than they might on something more easily quantifiable, 

such as prevalence.   

To summarise, animal welfare risk assessment is often used as a conceptual modelling 

tool to enable comparison of different welfare problems. While useful, the approach 

could be improved to ensure that animal welfare policy and legislation are informed 

more by scientific evidence than by evidence-based opinion. Systematic literature 

reviews on various hazards and consequences will produce large volumes of peer- and 

non-peer-reviewed papers, from which information can be extracted using data mining 

tools. Meta-analyses of the extracted data (as used routinely in the field of human 

medicine) would produce a quantitative, and arguably more objective, estimate of risk 

score from which we could gage confidence.    

 

2.2.1.2 Welfare assessment 

Welfare assessment is typically the term given to the in situ appraisal of an animal’s 

affective and physical states or, most commonly, to the group assessment of welfare 

at the herd or flock level (e.g. Nyman et al., 2011), or at the system level (e.g. Bracke 

et al., 2002b). Welfare assessment systems can be categorised on the type of 

information that they collect: (i) resource-based; and (ii) animal-based assessments. 

Resource-based systems are primarily interested in the inputs provided for the animals 

(Amon et al., 2001). Input factors can often be assessed with a high degree of reliability 

(Amon et al., 2001), but are perhaps more suited to informing farmers about possible 
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prevention and solution strategies than to identifying and assessing the health and 

mental well-being of animals (Main et al., 2003). It has been shown that resource-

based parameters alone are not sufficient to assess welfare (e.g. Sandøe et al., 1997), 

and can be thought of as providing a ‘risk assessment’ (or ‘housing condition 

assessment’) as opposed to a welfare assessment (Calamari & Bertoni, 2009; Bartussek 

et al., 2000; Bartussek, 2001). This could, however, be overcome by using resource-

based parameters that have strong links with animal-based measures, and that can 

reliably predict welfare at the individual level (Waiblinger et al., 2001). Animal-based 

measures of physical condition and health, disease status, and behaviour (e.g. 

Waiblinger et al., 2001; Main et al., 2003; Whay et al., 2003; Welfare Quality, 

2009a,b,c) are also limited when used alone as they cannot conclusively identify the 

causes of poor welfare (Waiblinger et al., 2001). 

Assessment models have been developed for cattle (e.g. Bartussek et al., 2000; 

Calamari & Bertoni, 2009; Welfare Quality, 2009a; Nyman et al., 2011), pigs (e.g. 

Bracke et al., 2002b; Welfare Quality, 2009b), poultry (e.g. Bartussek, 2001; De Mol 

et al., 2006; Welfare Quality, 2009c), farmed mink and foxes (Mononen et al., 2012), 

and to evaluate enrichment materials for pigs (RICHPIG, e.g. Bracke, 2008). Other 

researchers have modified existing models for use in their studies. For example, 

Munsterhjelm et al. (2006) modified the ANI-35-L for use in commercial pig 

production systems in Finland, and Stott et al. (2012) modified the Welfare Quality® 

criteria for use in their study on extensive sheep farms.  

Some models focus on resource-based indicators (e.g. ANI-35-L [Bartussek, 1999]; 

FOWEL [Mononen et al., 2012]; SOWEL [Bracke et al., 2002b], but see Bracke 

[2007a]), others on animal-based measures (e.g. Welfare Quality® project models 
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[Blokhuis et al., 2010]), and others on both direct and indirect welfare indicators (e.g. 

Waiblinger et al., 2001; Calamari & Bertoni, 2009). Aerts et al. (2006) proposed a 

more ‘holistic’ welfare assessment framework in which the housing system 

(environment), stockholder, and “whole animal” are assessed; the former through the 

ANI-35-L (Bartussek, 1999), and the latter through Free Choice Profiling (FCP; 

Wemelsfelder et al., 2000, 2001). The proposed model does not focus on ranking 

attributes, or on the overall welfare score, but, rather, on how welfare can be practically 

improved at the farm level (Aerts et al., 2006). While clearly advantageous, this focus, 

together with the qualitative “whole animal” assessment (FCP; Wemelsfelderet al., 

2001), would probably render the model unsuitable for categorising farms for food 

labelling systems and welfare certification schemes.  

Both the quality of stockmanship and human-animal interactions influence animal 

welfare and are, therefore, important parts of an overall welfare assessment (Bartussek, 

1999; Bartussek et al., 2000; Waiblinger et al., 2001; Rushen, 2003). However, 

obtaining direct and objective measures on-farm may be difficult (Bartussek, 1999; 

Bartussek et al., 2000; Bartussek, 2001). Stockmanship has previously been measured 

indirectly through an assessment of the cleanliness, or condition, of animals, or their 

environment (e.g. scoring plumage or hoof condition, cleanliness of feeders, etc. [e.g. 

Bartussek et al., 2000; Bartussek, 2001]). The Welfare Quality® models––overall 

welfare assessment models for farms and slaughterhouses comprised primarily of 

standardized, animal-based measures of welfare criteria (Blokhuis et al., 2010)––

generally assess the human-animal relationship (HAR) through animals’ “fear of 

humans” (i.e. the assessor) on-farm (e.g. using the avoidance distance test in broilers 

and laying hens [Welfare Quality, 2009a,b,c]). Although an informative measure 

(Waiblinger et al., 2003), that quantifies a qualitative phenomenon, direct observation 
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of farmer-animal interactions may also be required to help identify the specific causes 

of animals’ fear, and to provide specific advice to farmers that might improve the HAR 

(e.g. scoring aspects of the farmers’ animal handling as in Welfare Quality’s [2009a] 

scoring of ‘coercion’, i.e. use of electric goad, stick, etc., in the handling of cattle at 

slaughter). Another approach to incorporate human-animal interactions was developed 

by Stott et al. (2012) who applied an adapted Service Quality Model (SQM; typically 

used in management science) to assess the interaction between profit and welfare on 

extensively housed sheep farms. The SQM considered the impact of farm management 

on sheep welfare, including stockperson “empathy” and “knowledge and experience” 

(Stott et al., 2012); factors that are rarely included in welfare assessment models. The 

SQM focused on the gap between expectations and observed performance, where 

animal welfare was considered to be a function of quality of service provided (Stott et 

al., 2012). The results from this were then compared with results using an adaptation 

of Keeling and Veissier’s (2005) Welfare Quality® criteria (Qualitative Welfare 

Assessment). However, although the two methods were reported to give 

‘complementary results’, this does not appear to have been explicitly tested.   

Some, if not most, welfare assessment models provide an overall welfare score (e.g. 

the Integrated Diagnostic System Welfare model [Calamari & Bertoni, 2009] and 

SOWEL [e.g. Bracke et al., 2002b]), which involves weighting the multiple input 

factors. Weighting can be based on expert opinion, but this may introduce bias 

(Krueger et al., 2012), and may not reflect the views of other stakeholders (Deen et al., 

2005). Drawing experts from a range of different fields is important in order to balance 

viewpoints (Botreau et al., 2007). However, if experts are brought together to choose 

and/or weight criteria, the group’s consensus view might actually be the view of a 

persuasive minority (Rodenburg et al., 2008). On the other hand, there can be 
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considerable variation in the weightings applied by experts (Bracke et al., 2002a), 

calling into question the value of this approach. Measuring and reporting variation in 

opinion, alongside experts’ confidence in their weighting of assessment criteria (as in 

Bracke et al., 2002a), would enable potential users to assess the validity of a model 

based on expert (or other) opinion. Conjoint analysis (frequently used in market 

research; Green et al., 2001) has been used to weight welfare parameters based on 

opinion (Den Ouden et al., 1997b; Angus et al., 2005). Here, participants evaluate 

‘welfare profiles’, rather than rank or weight individual attributes, which more closely 

resembles ‘real world’ decision-making (Den Ouden et al., 1997b).  

One approach to objective weighting of criteria is semantic modelling (SM), which 

was used in the development of the SOWEL (Bracke et al., 2002b), FOWEL (De Mol 

et al., 2006), and RICHPIG models (Bracke, 2008), and to assess the importance of 

wallowing for pig welfare (e.g. Bracke & Spoolder, 2011). Bracke et al. (2008) also 

demonstrated how animal welfare risk assessment might benefit from employing SM 

methodology. In SM, assessment criteria weightings are based on “scientific 

statements” (i.e. statements extracted from the literature denoting empirical 

observations of some aspect of welfare under particular conditions; e.g. Bracke et al., 

2002b; De Mol et al., 2006) and, in later models, include a measure of uncertainty (i.e. 

strength of each statement; Bracke, 2008). The validity of the resulting model can then 

be tested through, for example, comparison with expert opinion (e.g. Bracke et al., 

2002a, 2007a, 2007b), sensitivity analysis (Bracke, 2008), or experiments designed to 

determine the importance of assessment criteria from the animals’ perspective (e.g. 

Bracke, 2007b).   

It has been suggested that welfare assessment models and their individual criteria 

should be treated as diagnostic tests, and evaluated in terms of their sensitivity and 
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specificity in identifying an animal’s welfare status, as employed by Nyman et al. 

(2011). Of course, unlike diagnostic tests for the presence of particular pathogens (such 

as bovine tuberculosis testing in cattle), welfare assessment models are not testing an 

individual for the presence or absence of a single parasitic entity that exists within, or 

on, their being. Instead, it might be more accurate to consider welfare assessment 

models as akin to diagnostic tests for non-parasitic conditions, such as certain mental 

health disorders in humans, which require triangulation of clinical signs and symptoms 

to reach a diagnosis (World Health Organization, 1992; American Psychiatric 

Association, 2000; Freudenreich, 2008). The optimal, validated assessment model 

would include the most sensitive and specific criteria, with established cut-off points 

for ‘good’ and ‘poor’ welfare (Nyman et al., 2011). It would also be important for the 

model to highlight those animals that are close to the cut-off point so that they can be 

closely monitored to ensure timely intervention. Furthermore, as the good welfare of 

one animal cannot ethically offset the poor welfare of another animal within a herd (at 

least not from a deontological viewpoint), a measure of variation is necessary when 

scoring welfare at farm level (Botreau et al., 2007).  

Although a range of welfare assessment models have been developed, their widespread 

use in other areas of research is not apparent. Animal welfare is considered an 

important factor when assessing the social sustainability of farming systems (Van 

Calker et al., 2005). However, the assessment of animal welfare within agricultural 

sustainability research varies widely; from the use of a few limited measures (e.g. Meul 

et al., 2012), to the use of a developed model supplemented by additional criteria 

(Mollenhorst et al., 2006), to behavioural observations and physiological indicators 

(Castellini et al., 2012). Clearly, there is need for multidisciplinary work in this area, 
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and for increased collaboration between farm animal welfare scientists, economists, 

and researchers in sustainability and food security. 

 

2.2.2 Simulation modelling 

The term simulation modelling is extremely broad and, in actuality, could refer to 

many of the kinds of model that will be described in the following sub-sections. 

However, in the more selective sense, a simulation model is one that seeks to recreate 

patterns observed in real life with, often simplified, variables that are thought to be (at 

least) partially responsible for the production of real life patterns. These models are 

typically described as “stochastic” (if they include one or more parameters with 

random values drawn from identified probability distributions) or “deterministic” (if 

they include no random variables and no randomness). Simulation models can also be 

described as “dynamic” (if time is included as a variable) or “static” (if time is not 

included). Dynamic models are typically represented with differential or partial 

differential equations. Further to this, dynamic models can be described as 

“continuous” or “discrete”; depending on whether changes in time are represented with 

a continuous interval, or with discrete time steps (events), respectively (Anderson et 

al., 2007; Plà, 2007).  

When developers start with a general overview of a system (i.e. the “big picture”), but 

do not have details of the component subsystems, the resultant simulation model may 

be described as “top-down”. This type of model tends to be formulated with a large 

number of differential equations. By comparison, many modern models are “bottom-

up”, such as those used in agent-based modelling (ABM). In ABM, individual units 

(e.g. animals, although one could potentially also consider pens, houses, or farms as 
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separate units) are programmed to behave according to a set of probability-based rules, 

and can interact with other units (though ABM can also be data-based [Boero & 

Squazzoni, 2005], or use deterministic rules [Bryceson & Smith, 2008]). The resulting 

emergent patterns at the global level of the model can then be compared with patterns 

observed in real life. Bottom-up, generative models (such as ABMs) have been used 

in many different fields, including disease dynamics (e.g. Eubank et al., 2004; Yang 

et al., 2008), evolutionary and social processes (e.g. Bowles & Gintis, 2004), and to 

describe financial markets (e.g. Jefferies et al., 2001).  

In farm animal welfare, simulation modelling has been used to estimate the costs of 

welfare improvements for commercial pigs (Den Ouden et al., 1997b) and the 

economic and welfare impacts of foot disorders (Bruijnis et al., 2010, 2012), and foot 

disorder interventions (Bruijnis et al., 2013), in dairy cattle. Den Ouden et al.’s (1997b) 

model simulated all stages of the production chain (farrowing, fattening, and 

slaughtering), as well as transportation between stages and time spent in lairage. 

However, effective models need not be complicated. Waterhouse (1996) presented a 

simple model to estimate the time and effort required to supervise ewes during 

lambing, and the provision of this care, at different stocking densities. Febrer et al. 

(2006) simulated social attraction, aversion, and indifference in broiler chickens 

housed at different stocking densities. The simulations were then compared to 

observations of spatial distributions in real chickens to investigate if broilers prefer 

personal space or the closeness of other birds (Febrer et al., 2006). In another study, 

Collins and Sumpter (2007) showed that broiler chickens demonstrate a Mexican 

wave-like property in their feeding dynamics around a trough at different stocking 

densities. As with Febrer et al.’s (2006) model, Collins and Sumpter’s (2007) model 
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was based on just two parameters (in this case, numbers of birds at the trough currently 

and 5 seconds previously).  

The development of more complex models may be somewhat constrained by a lack of 

available quantitative data, which, for example, prohibited the modelling of some 

intervention measures, and interactions between foot disorders, in Bruijis et al.’s 

(2013) study. However, gaps in the literature are to be expected, and existing models 

can be updated as scientific research progresses. At the same time, we can make good 

use of current knowledge by conducting meta-analyses to produce parameter 

estimates. Doing so could prove particularly effective for studies aiming to investigate 

the welfare effects of different environmental conditions, or in different breeds, which 

have not been explicitly compared in a single experiment, but have been partially 

investigated across several studies.  

Modelling the impacts of various measures on animal welfare will have its challenges 

due to the range of factors that can interact to influence welfare, and the difficulties in 

estimating their effects (Bruijnis et al., 2013). Farmer attitude and knowledge, for 

example, are complex factors to model (Bruijnis et al., 2013). However, some types of 

welfare issue would be relatively straightforward to simulate, particularly welfare 

measures that can be reliably quantified; for instance, those relating to physical health 

and disease (where clinical signs can be observed or tested for in a group, with known 

estimates of specificity and sensitivity), social dynamics and clustering, or behavioural 

indicators that are validated and quantifiable (such as expression of abnormal 

behaviours).  

Selecting and validating the best simulation model can sometimes prove difficult. In 

an ideal world, all simulations would be tested using sensitivity analysis, and validated 
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against an independent dataset after development. In practice, this is often not 

performed before publication if the model is based on the only available, existing 

dataset for a particular problem at that time. However, even if this is the case, statistical 

methods such as cross-validation, sub-sampling. and bootstrapping could be utilised 

to create alternative datasets for model validation (Halfon, 1989; Verbyla & Litvaitis, 

1989; Bischl et al., 2012).  

Of course, a simulation is highly unlikely to make predictions with 100% accuracy. 

Where agreement between the model output and a dataset is relatively mediocre 

(measured with goodness-of-fit), one could draw conclusions from the differences 

between the conditions in the model and the dataset, rather than from model output per 

se (Berentsen et al., 1998). An alternative approach may be to improve goodness-of-

fit, which can often be done by including additional parameters in a simulation. 

However, one must be careful as the inclusion of many parameters will make model 

output difficult to interpret (Browne & Cudeck, 1993), or lead to overfitting (Mackay 

& Lee, 2005). Moreover, goodness-of-fit does not tell the developer if the model itself 

is any good—it only tells us how well (or rather, how badly) the predicted values match 

those in an independent dataset. Therefore, overall fit can be good even if there are 

some areas where the fit is very bad (Lehmann, 1975).  

There is great potential for simulation modelling to be used more widely in animal 

welfare research. For example, given the expected depletion in oil reserves (Guseo  et 

al., 2007; Aleklett et al., 2010; Owen et al., 2010; Sorrell et al., 2010), changes in fossil 

fuel (Owen et al., 2010; Shafiee & Topal, 2010) and electricity prices (European 

Commission, 2011), projected increases in demand for meat (Thornton, 2010), and the 

potential impacts of climate change over coming decades (Olesen & Bindi, 2002; 
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Thornton, 2010; Zachariadis, 2010; Bindi & Olesen, 2011), a long-term evaluation of 

the possible effects of these factors on farm animal welfare could prove extremely 

valuable for welfare scientists, policy makers and industry. Such models could also be 

used to evaluate the impacts of planned or spontaneous intervention or mitigation 

strategies. 

 

2.2.3 Optimisation models 

As the name suggests, optimisation models are developed to find the optimal solution 

to a defined problem and typically take the form of linear and dynamic programming 

in livestock science (Plà, 2007). Linear programming (LP) models reveal the optimal 

set of variables that maximises (or minimises) a particular function under specified 

constraints (Throsby, 1962; Stott et al., 2012). Dynamic programming (DP) models 

are also based on mathematical optimisation, where a larger problem can be broken 

down into multiple smaller subproblems, which can, in turn, be broken down in a 

recursive manner. Two classic examples include Dijkstra’s shortest route algorithm 

(Sniedovich, 2006) and the Tower of Hanoi recursive solution. Farm animal welfare 

research employing optimisation models have principally focussed on the economics 

of animal welfare. Unlike simulation models (which can be used to simulate the 

behaviour of a system, animal, or disorder, and to estimate the impacts of manipulating 

various input factors), optimisation models are designed to solve a specific problem 

by optimising a particular function and identifying the best possible strategy or 

outcome (Plà, 2007).  

 
Langford and Stott (2012) used DP to maximise dairy farmers’ economic gain through 

determining the optimum (financial) decision to keep or replace a heifer at each parity 
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over a 20-year cycle. Modelling different farm scenarios (high and low rates of 

infertility, mastitis, and lameness) allowed estimates of the long-term effects of 

improving cow welfare. Several other studies have also used these models to maximise 

financial return at the production level. For example, LP models have been used to 

minimise the costs of improving pig welfare (Den Ouden et al., 1997a), to determine 

the most profitable body condition at which to maintain sheep (Kingwell, 2002), and 

to estimate the maximum profit potential of individual sheep farms (Stott et al., 2012). 

Vosough Ahmadi et al. (2011) used LP to investigate trade-offs between economics 

(profit) and sow welfare under different farrowing systems, and to provide a 

framework for designing economically feasible, high welfare systems. Other studies 

have used LP to estimate the price of pork produced under high welfare farrowing 

practices (Guy et al., 2012), to compare dairy farming systems, and to estimate the 

impact of management changes on economics and animal welfare (Van Calker et al., 

2007).  

 
There appears to be great potential for the use of optimisation models in future 

research, where animal welfare science and economics combine to find win-win 

scenarios for farmer and animal (Vosough Ahmadi et al., 2011). However, future LP 

models might also be used to examine potential trade-offs between animal welfare and 

environmental impacts (e.g. Oudshoorn et al., 2011) with the aim of, for example, 

minimising GHG emissions under animal welfare constraints. One of the main 

difficulties with developing such optimisation models (as with all other models 

discussed in this chapter) is in pinpointing the welfare components for inclusion, and 

in determining the complexity of effects that proposed changes would have on 

animals’ well-being (Deen et al., 2005). Changes perceived to be beneficial by the 

public (such as banning gestation crates for sows and battery cages for laying hens) 
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may, in practice, improve some aspects of the animals’ welfare and reduce other 

aspects (Savory, 2004; Deen et al., 2005). This further emphasises the need to include 

multiple animal-based measures in models of animal welfare and, where possible, to 

base each relationship on scientific evidence rather than on opinion.  

 

2.2.4 Scenario modelling 

Scenario modelling is not really a separate type of modelling used in farm animal 

welfare research so much as a method that often overlaps with several of the 

approaches already discussed (simulation and optimisation modelling). It may offer an 

alternative approach to statistical forecasting (which is used to project broiler chicken 

mortalities during transport to slaughter under alternative climate change scenarios in 

Chapter 6); whereby, rather than trying to predict future events, it compares a variety 

of alternative futures (or potential solutions), asking the “what if…?” question (Kilsby, 

2003). The effects of different scenarios on model outcomes are estimated, and then 

compared with the basic simulation (often reflecting the current situation). For 

example, in one study, three alternative future scenarios for organic dairy farming in 

Denmark (focussing on profit, animal welfare, and environment) were modelled and 

evaluated in terms of their economic and environmental impacts. Model simulations 

and expert knowledge were used to parameterise the scenarios (Oudshoorn et al., 

2011). Alternative cow welfare and pig performance scenarios have also been 

investigated, using DP and LP, to estimate the effect on farmer income (Langford & 

Stott, 2012) and on the price of pork produced under different farrowing systems (Guy 

et al., 2012), respectively.  
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Although farm income has risen over recent years, farming is still not a highly 

profitable business (Department for Environment, Food & Rural Affairs, 2012). 

Therefore, the balance of economic viability and good animal welfare is a tight line to 

tread. Scenario modelling provides a means of comparing alternative solutions (e.g. 

increased retail price of animal products; additional Common Agricultural Policy 

(CAP) Single Farm Payments; introduction of a national tax on meat products; 

complete shift to large-scale farming) in terms of their impacts on the utility (i.e. well-

being) of all stakeholders (animals, farmers, retailers, consumers, citizens), and on the 

national economy. Scenario modelling might also be used to compare alterative future 

solutions that would enable the livestock industry—particularly in countries with 

already highly-intensive production and low welfare standards (e.g. China; Li, 

2009)—to meet the increasing demand for animal products (Thornton, 2010). 

Comparing multiple different possible futures may, however, be hampered by the fact 

that scenario modelling does not incorporate any element that could determine which 

of the futures is most likely, or most favourable. Rather, it simply outlines what the 

different possible conditions could be under each of the different scenarios. It is then 

left open to interpretation as to which of the possibilities would be optimal, or most 

probable, under current circumstances. This facet means that scenario modelling is an 

excellent choice for making value-free judgements within the model construct. 

Although, it also means that judgements must be made post-hoc; perhaps rather more 

subjectively than would be the case with other modelling methods. 

 

2.2.5 Systems modelling 

Systems modelling is the analysis of complex systems, and the investigation of how 

functionally different sub-processes integrate and interact to produce a coherent 
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system (Kitano, 2002; Koch & Schreiber, 2011). Unlike most other types of modelling 

discussed in this chapter, systems modelling is (almost by definition) interdisciplinary. 

It is based on the underlying principle that to fully understand a system, one must 

understand it at different organisational levels (Kitano, 2002). For instance, at the 

molecular, cellular, organismal, and species levels; all within one model. The field of 

systems biology is growing fast, and rightly so. A deeper understanding of biological 

systems has almost inconceivable scope and potential for medical advances and 

beyond (Voit, 2018). Research has focussed on drug discovery (Butcher, 2005); 

forecasting and diagnostics in plant, animal, and human disease (Hood et al., 2004); 

and on the design of bio-products, such as bio-fuels (Rupprecht, 2009).  

This approach has long been recognized as having major potential in contributing 

towards the development of more sustainable farming systems (Gibon et al., 1999). 

For example, the Sustainable and Integrated Management Systems for Dairy 

Production (SIMSDAIRY) model brings together existing models, equations, and 

“score matrices” that reflect economic, environmental, ecological, and social factors 

relevant to farm sustainability (including animal welfare). It involves simulation, 

optimisation, and scenario modelling at the farm-level (Del Prado et al., 2006; Del 

Prado & Scholefield, 2008). The SIMSDAIRY model has been used to compare the 

potential of improving nutrient management with that of improving plant and animal 

genetics in enhancing the overall sustainability of UK dairy farms (Del Prado & 

Scholefield, 2008). In another study, the SIMSDAIRY model was used to compare 

three simulated organic systems with two intensive systems (differing in their use of 

nitrogen fixing plants and use of fertilizers and pesticides). Simulated farms were 

compared in terms of their GHG emissions, income, biodiversity, and animal welfare 

(Del Prado et al., 2011). Neither of these studies focussed on animal welfare, but the 
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model incorporates an animal welfare score matrix (Del Prado & Scholefield, 2008). 

The factors assessed to calculate animal welfare were mainly resource-based. There is 

clearly much scope for further development of this sub-model (Del Prado et al., 2011), 

perhaps by integrating an animal-based welfare assessment model (e.g. the Welfare 

Quality® model for cattle [Welfare Quality, 2009a]).  

Systems modelling facilitates our understanding of how different parts of that system 

interact, and enables a combination of changes within different parts of the system to 

be evaluated (Del Prado & Scholefield, 2008). Systems model development can be 

very time consuming and the end-product is highly specific. Nonetheless, adopting a 

systems (or, perhaps, a network) approach could provide valuable tools to improve our 

understanding of how animal welfare interacts with other measures of sustainability. 

For example, it could be used to: (i) estimate how specific improvements in farm 

animal welfare would impact on the environmental, ecological, and societal 

sustainability of the farm; (ii) estimate how improvements in the economic, 

environmental, ecological and/or societal sustainability of the system would impact on 

animal welfare; (iii) identify specific improvements in animal welfare that, if 

implemented, would improve overall sustainability of the farming system (leading to 

win-win scenarios); and (iv) identify combinations of factors within different parts of 

the system that could be changed to optimise animal welfare and overall sustainability 

(Del Prado & Scholefield, 2008). 

 

2.2.6 Conceptual models 

Conceptual models allow consideration of the fundamental activities of a system 

without being tied to details of the physical reality of that system. Checkland (1981, 
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p.37) defined a conceptual model as “a statement of what is logically and necessarily 

implied by the [root] definition. It is not a recommendation of what ought to exist nor 

of what does exist in the real situation”. Thus, economic models exemplify this type 

of approach.  

Conceptual models identified in the farm animal welfare scientific literature are 

diverse in subject matter, including human and animal willingness-to-pay (WTP) for 

improved animal welfare (Lusk & Norwood, 2011), motivation for sucking behaviour 

in calves (de Passillé & Rushen, 1997), stereotypy development and maintenance 

under feed restriction in pigs (Lawrence & Terlouw, 1993), a quantitative genetic 

model of animal learning (Dietl et al., 2006), and a model to aid artificial selection for 

enhanced welfare in pigs (Kanis et al., 2004). Other conceptual modelling studies have 

considered the impacts of farmers’ perceptions, attitudes, and behaviour on their 

decision to implement (or not) welfare improvements (Lagerkvist et al., 2011); ––a 

matter which has generally been overlooked in other models of animal welfare. Other 

researchers have applied a conceptual socio-psychological model (the “theory of 

planned behaviour”) to understand farmers’ decisions, and underlying motivations, to 

change husbandry practices, such as group housing for pregnant sows (de Lauwere et 

al., 2012), alternatives to mulesing in sheep (Wells et al., 2011), and to identify 

interventions that might encourage farmers to implement such changes (de Lauwere et 

al., 2012).  

Lusk (2011) conceptualised the construction of a distinct market for animal welfare, 

separate from the trade of meat products: The development and trade of animal well-

being units (AWBU). Simple algorithms to calculate AWBU on a farm were proposed, 

building on existing welfare assessment models. To establish a successful market, 
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clearly AWBU need to reflect consumer preferences (Lusk, 2011) and this is where an 

assessment model of farm animal welfare based on public perceptions (e.g. 

Vanhonacker et al., 2012) could be very useful. This model may seem idealistic, and 

its realisation improbable, which was recognised by Lusk (2011) who exemplified the 

existence of such a market. While it is unlikely that this idea will overtake the drive 

for welfare labelling of animal products, it offers food for thought on additional ways 

in which animal welfare improvements could be realised in the future.  

A full discussion on economic models and their contribution to farm animal welfare 

research is beyond the scope of this chapter, but would be extremely worthwhile. 

However, McInerney’s (2004) model is noteworthy here. This conceptual model 

illustrates a theoretical relationship and, specifically, conflict between farm animal 

welfare and productivity (i.e. animal vs. human benefit). Here, improvements in 

productivity and animal welfare go hand-in-hand up to a certain point, after which 

further increases in productivity will reduce the welfare of livestock. The question is, 

where, and how, do we strike the right balance between the well-being of humans and 

that of the animals we eat? (McInerney, 2004). There is great potential for 

mathematical modelling to help us answer this question, drawing on both economics 

and animal welfare science (Vosough Ahmadi et al., 2011). Such work has already 

begun with a number of models outlined above (e.g. the optimisation models 

developed by Langford & Stott [121]; Kingwell [123]; and Vosough Ahmadi et al. 

[124]), which identified win-win scenarios for farmers and livestock at farm or systems 

level. Such interdisciplinary, bio-economic models have the potential to make 

important and practical contributions towards improving farm animal welfare.  
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Thus, conceptual models can provide a theoretical basis to help guide future research, 

propose potential solutions, collate empirical evidence, and illustrate ideas of how 

different factors might interact. There is, therefore, scope to develop conceptual 

models within all areas of animal welfare research. However, unlike the other models 

discussed in this review, conceptual models, not being rooted in physical reality, can 

often not be explicitly tested.  

 

2.3 Discussion 

The aim of this chapter was to review the use of non-statistical models in farm animal 

welfare research. Conceptual, risk assessment, and welfare assessment models were 

the most frequently reported. The use of mathematical models has been limited, despite 

their potential to assist us in: (a) predicting when and where welfare problems are 

likely to arise, and who they are most likely to affect; (b) determining how different 

components of the farming system interact to influence welfare; (c) identifying the 

best control strategies that we can apply to prevent welfare problems developing; and 

(d) bringing together large bodies of evidence from different fields to establish links 

between animal welfare, economics, environmental, and social sustainability in 

livestock farming. Here, mathematical modelling could assist us in identifying and 

tackling any existing or impending conflicts between, for example, farm animal 

welfare, farmer livelihood, food security, and environmental legislation.  

In a review of the literature, de Boer et al. (2011) identified some potential impacts of 

greenhouse gas (GHG) emission mitigation strategies on animal welfare, human 

health, emissions, land use, and other sustainability factors. The authors highlighted 

that all is far from clear. They called for an amalgamation of life cycle (sustainability) 
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assessment (LCA) and simulation models that exist across disciplines, and that reflect 

different levels of the farming system, in order to fully comprehend the consequences 

of instigating GHG emission mitigation strategies (de Boer et al., 2011). The result 

would be akin to a complex systems model, in which component interactions (i.e. 

cause-effect) would be modelled throughout the entire production chain at farm, crop, 

and animal levels (de Boer et al., 2011). Such a model could prove influential in policy 

makers’ decisions. To ensure that animal welfare science can contribute to its 

development, and that the animal welfare impacts of GHG mitigation are more fully 

understood, we need to use our existing knowledge to model the links between farm 

animal welfare and other aspects of sustainability; following on from the models that 

already exist in animal welfare literature. In doing so, gaps in knowledge will be 

highlighted, which will direct future research in this area.  

Although numerous studies reviewed herein examined the economics of farm animal 

welfare, few models incorporated consumer willingness-to-pay (WTP) for higher 

welfare standards, which would be required for a complete economic evaluation of 

welfare improvements (Den Ouden et al., 1997a,b). This may be because of the 

difficulties incurred in accurately estimating WTP (e.g. Kriström, 1997; Sichtmann et 

al., 2011), or due to a lack of available data (e.g. Den Ouden et al., 1997b). However, 

research into consumer WTP for welfare improvements is increasing (e.g. Glass et al., 

2005; Solgaard & Yang, 2011; Kehlbacher  et al., 2012; Grimsrud et al., 2013). The 

values estimated in these studies could be used in future models (and to refine existing 

models) to identify potential win-win scenarios for farmer and animal. Given that it is 

ultimately the farmer’s decision whether or not to improve the welfare of animals 

above that required by legislation, it may also be in the interests of animal welfare 

scientists to better understand farmers’ decision-making processes, and how the major 
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supermarkets influence farmers’ decisions. Here, agent-based modelling (previously 

used in agricultural [e.g. Castella et al., 2005] and consumer behaviour studies [e.g. 

Roozmand et al., 2011]) may be useful (Edwards-Jones, 2006).  

Insufficient quantitative data can cause difficulties when developing valid 

mathematical models (Van der Gaag et al., 2000) as the accuracy of model output 

depends largely on the reliability and validity of model input (Miller et al., 2006). Input 

data can be collected or estimated through direct measurement, literature reviews, and 

expert opinion. While considered the “holy grail” in medicine, meta-analysis is rarely 

employed in animal welfare science. Where possible, meta-analyses could provide 

more reliable estimates of input data, and of relationships between parameters, than 

direct measurement in a single, all-encompassing study. However, as randomly 

controlled trials tend not to be used in animal welfare research, differences between 

studies (housing conditions, breeds, management, etc.), and study limitations, must be 

identified and taken into consideration in the analysis.  

Thus, there is no need to wait for the collection of “perfect” datasets to develop a 

model, which may be one of the reasons behind the limited use of mathematical models 

in farm animal welfare research thus far. There are, already, many scientific papers 

that report experimental data on which data mining and meta-analysis techniques could 

be used to parameterise a model (including risk assessment models). Over 50 years of 

research has led to a wealth of experimental findings collected under various housing 

conditions and farming systems, with a range of species and breeds, using various 

welfare measures, and reporting different welfare statuses. Indeed, it would be a shame 

not to make the most of this data.  
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It must be noted that modelling is not a precise science and, in some ways, is quite 

subjective. Parameterising the model with “real” data will increase objectivity; 

however, if  the dataset used to parameterise the model is not valid, or contains 

erroneous values that aren’t typically observed, it will also increase the risk of error in 

model output, and reduce its applicability to other datasets (Araújo et al., 2005). 

Increasing model complexity by increasing the number of parameters may result in 

overfitting, which can reduce the model’s predictive value (Mackay & Lee, 2005). 

Thus, there is a trade-off between bias and variance:  Bias decreases, and variance 

increases, as the number of parameters grow (Yu et al., 2006). It could also be said 

that there is a trade-off between precision and manageability (Plà, 2007). As shown by 

Mackay and Lee (2005), simpler models can have the best predictive value when tested 

against other datasets.  

Model validation is vital; otherwise, the model is an untested hypothesis. Validating 

the model using an independent dataset (i.e. an entirely new dataset to the one used for 

parameterisation) is generally considered the best approach (Araújo et al., 2005). 

However, this is often not possible if all available data are required to build the model. 

In this case, techniques such as cross-validation, bootstrapping, and sub-sampling can 

be employed (Halfon, 1989; Verbyla & Litvaitis, 1989; Bischl et al., 2012).  

Assumptions are generally used to simplify the analyses (Padhye et al., 2000), and are 

typically based on real data or expert opinion (e.g. Bolin & Smith, 2011). It is 

important to consider the evidence behind model assumptions when interpreting model 

output and drawing conclusions (e.g. Bolin & Smith, 2011). Models that measure 

animal welfare using resource-based parameters assume that welfare can be improved 

through changes to the animals’ environment, or to other resources bestowed on them. 
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While this is likely true, we must also be careful not to fall into the “anthropomorphic 

trap”. For example, while high stocking density is considered a risk to welfare in 

broiler chickens (EFSA Panel on Animal Health and Welfare, 2010a), research 

suggests that stocking density per se is generally of less importance than housing 

management (Dawkins et al., 2004). This illustrates the necessity to base model 

assumptions on scientific evidence (i.e. to establish links between resource-based and 

animal-based parameters; Waiblinger et al., 2001), and to incorporate other factors that 

might interact with environmental parameters to impact on the animal’s welfare, such 

as quality of stockmanship and the human-animal relationship (Bartussek, 1999; 

Bartussek et al., 2000; Waiblinger et al., 2001; Rushen, 2003). However, where such 

evidence-based assumptions cannot be made, this should not discourage model 

development. The model can be strengthened as more data becomes available. In such 

cases, theoretical concepts can be combined with empirical data to build a model, and 

the concepts can then be used to guide future data collection to support or refine those 

assumptions.  

Future work is needed to determine the sensitivity and specificity of individual welfare 

indicators and whole assessment models, and towards the establishment of non-

arbitrary cut-off points for good and poor welfare. Alternatively, animal welfare 

scientists could adopt and adapt methods used in formulating diagnoses in human 

psychiatry (e.g. American Psychiatric Association, 2000) where criteria are grouped, 

and individuals must meet a certain number of these criteria to be diagnosed with a 

particular condition. In animal welfare, this could take the form of, for example, 

individuals being scored against sets of criteria for good welfare, compromised 

welfare, and severely compromised welfare (e.g. severe feed restriction [Mench & 

Falcone, 2000], or mobility score 3 [Bell, 2010]).  
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2.4 Conclusions  

Modelling within animal welfare research has largely focussed on the development 

and use of conceptual and assessment models. However, there is great scope for 

progressing animal welfare science through utilising our existing knowledge in the 

development of mathematical models. The development of “whole systems” models 

will require inter-disciplinary collaborations with systems biologists, economists, and 

sustainability and food security experts. In return, these large-scale models may have 

scope to influence decision-makers and, certainly, to improve our understanding of 

how, and where, animal welfare improvements fit into the wider context of 

sustainability and food security. Preliminary work towards the development of such 

complex models has already begun with the more specific simulation, optimisation, 

scenario, and assessment models that have been outlined in this chapter.  

 

This thesis adopts a primarily statistical modelling approach to understand, quantify, 

and predict associations between meteorological conditions (primarily, temperature) 

and the prevalence of health and welfare conditions in market-weight broiler (meat) 

chickens, as recorded at slaughter. Advanced time-series regression methods were 

considered more appropriate than the assessment, mathematical, or conceptual models 

discussed in this chapter, given the research questions, overall aims, and observational 

nature of the data..  

Risk and welfare assessment models are concerned with comparing different welfare 

problems and determining the welfare of an animal (or group of animals) using 

resource- or animal-based welfare indicators, respectively. Such models do not lend 

themselves to exploring and quantifying associations between environmental 
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exposures and animal health or welfare. Rather, they are based on existing evidence 

(of relationships between welfare hazards and consequences in risk assessment, and of 

the validity of welfare indicators in welfare assessment). Similarly, parameterisation 

of the mathematical models reviewed herein (simulation, optimisation, scenario, and 

systems) requires some knowledge about the relationships between variables or agents 

in the model. For example, we cannot accurately simulate a real-life pattern without 

first observing and quantifying that pattern.  

Time-series regression provides tried-and-tested means of describing and quantifying 

relationships between time-varying exposures and health outcomes (Bhaskaran et al., 

2013) and, therefore, was chosen as the primary modelling approach for the 

exploratory studies presented herein (Chapters 3-5). The findings from these studies 

lay the groundwork for parameterising future mathematical models that focus on, or 

incorporate, associations between weather variables and health/welfare conditions in 

broiler chickens at slaughter. In this thesis (Chapter 6), the information was used to 

parameterise a model that integrates statistical and mathematical (simulation) 

techniques to quantitatively project future temperature-attributable death losses of 

market-weight broilers under alternative climate change scenarios; further 

demonstrating the versatility of simulation.   

The modelling techniques described in Chapters 4 through to 6 were developed within 

the field of epidemiology to determine how environmental exposures impact on human 

health, and are rarely (if ever) utilised in farm animal welfare science. Such models 

are already established in public health research, which sits at the science-policy 

interface. Through the use of these modelling techniques, and interpretation of 

estimates based on scientific evidence, it is hoped that the research presented herein 
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will be used to inform future research aimed at developing systems models to improve 

the future sustainability of livestock production in a changing climate.  

 

2.5 References 

Abeyesinghe, S.M., Drewe, J.A., Asher, L., Wathes, C.M. & Collins, L.M. (2013). Do 

hens have friends? Applied Animal Behaviour Science, 143, 61–66. 

Aerts, S., Lips, D., Spencer, S., Decuypere, E. & De Tavernier, J. (2006). A new 

framework for the assessment of animal welfare: Integrating existing 

knowledge from a practical ethics perspective. Journal of Agricultural and 

Environmental Ethics, 19, 67–76.  

Aleklett, K., Höök, M., Jakobsson, K., Lardelli, M., Snowden, S. & Söderbergh, B. 

(2010). The peak of the oil age—Analyzing the world oil production reference 

scenario in world energy outlook 2008. Energy Policy, 38, 1398–1414.  

American Psychiatric Association (2000). Diagnostic and Statistical Manual of 

Mental Disorders: DSM-IV-TR™ (4th Ed.). Washington, DC, USA: American 

Psychiatric Association.  

Amon, T., Amon, B., Ofner, E. & Boxberger, J. (2001). Precision of assessment of 

animal welfare by the “TGI 35 L” Austrian Animal Needs Index. 

Acta Agriculturae Scandinavica, Section A, 51, 114–117.  

Anderson, L.H., Martinson, B.C., Hall, K.M. & Duncan, I.G. (2007). Critical Review 

of Stochastic Simulation Literature and Applications for Health Actuaries. 

Society of Actuaries. Accessed at 

https://www.soa.org/globalassets/assets/Files/Research/Projects/critical-

review-stoc-report.pdf on 03 September 2020.  

Angus, L.J., Bowen, H., Gill, L.A.S., Knowles, T.G. & Butterworth, A. (2005). The 

use of conjoint analysis to determine the importance of factors that affect on-

farm welfare of the dairy cow. Animal Welfare, 14, 203–213.  

https://www.soa.org/globalassets/assets/Files/Research/Projects/critical-review-stoc-report.pdf
https://www.soa.org/globalassets/assets/Files/Research/Projects/critical-review-stoc-report.pdf


56 
 

Araújo, M.B., Pearson, R.G., Thuiller, W. & Erhard, M. (2005). Validation of 

species—Climate impact models under climate change. Global Change 

Biology, 11, 1–10.  

Asher, L., Collins, L.M., Ortiz-Pelaez, A., Drewe, J.A., Nicol, C.J. & Pfeiffer, D.U. 

(2009). Recent advances in the analysis of behavioural organization and 

interpretation as indicators of animal welfare. Journal of the Royal Society 

Interface, 6, 1103–1119. 

Backer, J.A., Hagenaars, T.J., Nodelijk, G. & Van Roermund, H.J.W. (2012). 

Vaccination against foot-and-mouth disease I: epidemiological consequences. 

Preventive Veterinary Medicine, 107, 27–40. 

Bartussek, H. (1999). A review of the animal needs index (ANI) for the assessment of 

animals’ well-being in the housing systems for Austrian proprietary products 

and legislation. Livestock. Production Science, 61, 179–192.  

Bartussek, H. (2001). Animal Needs Index for Laying Hens: ANI 35-L/2001 – Laying 

Hens. Irdning, Austria: Federal Research Institute for Agriculture in Alpine 

Regions. Accessed at http://www.bartussek.at/pdf/anilayinghens.pdf on 21 

February 2013. 

Bartussek, H., Leeb, C.H. & Held, S. (2000). Animal Needs Index for Cattle: ANI35 

L/2000 – Cattle. Irdning, Austria: Federal Research Institute for Agriculture in 

Alpine Regions. Accessed at https://www.bartussek.at/pdf/anicattle.pdf on 21 

February 2013.  

Bell, N.J. (2010). No lame cows – Is it possible? Experiences from the Healthy Feet 

Project. In: Proceedings of the Cattle Lameness Conference (2010) Sutton 

Bonington. Cattle Lameness Conference, 14 April 2010, Loughborough, UK, 

pp.23–29.  

Berentsen, P.B.M., Giesen, G.W.J. & Schneiders, M.M.F.H. (1998). Conversion from 

conventional to biological dairy farming: Economic and environmental 

consequences at farm level. Biological Agriculture & Horticulture, 16, 311–

328.  

http://www.bartussek.at/pdf/anilayinghens.pdf
https://www.bartussek.at/pdf/anicattle.pdf


57 
 

Bhaskaran, K., Gasparrini, A., Hajat, S., Smeeth, L. & Armstrong, B. (2013). Time 

series regression studies in environmental epidemiology. International Journal 

of Epidemiology, 42, 1187–1195. 

Bindi, M. & Olesen, J.E. (2011). The responses of agriculture in Europe to climate 

change. Regional Environmental Change, 11, S151–S158.  

Bischl, B., Trautmann, H. & Weihs, C. (2012). Resampling methods for meta-model 

validation with recommendations for evolutionary computation. Evolutionary 

Computation, 20, 249–275.  

Blokhuis, H.J., Veissier, I., Miele, M. & Jones, B. (2010). The Welfare Quality® 

project and beyond: Safeguarding farm animal well-being. 

Acta Agriculturae Scandinavica, Section A, 60, 129–140.  

Boero, R. & Squazzoni, F. (2005). Does empirical embeddedness matter? 

Methodological issues on agent-based models for analytical social science. 

Journal of Artificial Societies and Social Simulation, 8.  

Bolin, C.A. & Smith, S. (2011). Life cycle assessment of ACQ-treated lumber with 

comparison to wood plastic composite decking. Journal of Cleaner 

Production, 19, 620–629.  

Botreau, R., Bracke, M.B.M., Perny, P., Butterworth, A., Capdeville, J., Van Reenen, 

C.G. & Veissier, I. (2007). Aggregation of measures to produce an overall 

assessment of animal welfare. Part 2: Analysis of constraints. Animal, 1, 1188–

1197.  

Bowles, S. & Gintis, H. (2004). The evolution of strong reciprocity: Cooperation in 

heterogeneous populations. Theoretical Population Biology, 65, 17–28.  

Bracke, M.B.M. (2007a). Animal-based parameters are no panacea for on-farm 

monitoring of animal welfare. Animal Welfare, 16, 229–231.  

Bracke, M.B.M. (2007b). Multifactorial testing of enrichment criteria: Pigs “demand” 

hygiene and destructibility more than sound. Applied Animal Behaviour 

Science, 107, 218–232. 



58 
 

Bracke, M.B.M. (2008). RICHPIG: A semantic model to assess enrichment materials 

for pigs. Animal Welfare, 17, 289–304.  

Bracke, M.B.M. & Spoolder, H.A.M. (2011). Review of wallowing in pigs: 

Implications for animal welfare. Animal Welfare, 20, 347–363.  

Bracke, M.B.M., Metz, J.H.M., Spruijt, B.M. & Schouten, W.G.P. (2002a). Decision 

support system for overall welfare assessment in pregnant sows B: Validation 

by expert opinion. Journal of Animal Science, 80, 1835–1845.  

Bracke, M.B.M., Spruijt, B.M., Metz, J.H.M. & Schouten, W.G.P. (2002b). Decision 

support system for overall welfare assessment in pregnant sows A: Model 

structure and weighting procedure. Journal of Animal Science, 80, 1819–1834.  

Bracke, M.B.M., Zonderland, J.J. & Bleumer, E.J.B. (2007a). Expert judgement on 

enrichment materials for pigs validates preliminary RICHPIG Model. Applied 

Animal Behaviour Science, 104, 1–13.  

Bracke, M.B.M., Zonderland, J.J. & Bleumer, E.J.B. (2007b). Expert consultation on 

weighting factors of criteria for assessing environmental enrichment materials 

for pigs. Applied Animal Behaviour Science, 104, 14–23.  

Bracke, M.B.M., Edwards, S.A., Metz, J.H.M., Noordhuizen, J.P.T.M. & Algers, B. 

(2008). Synthesis of semantic modelling and risk analysis methodology 

applied to animal welfare. Animal, 2, 1061–1072.  

Browne, M.W. & Cudeck, R. (1993). Alternative ways of assessing model fit. In: K.A. 

Bollen and J.S. Long (eds.) Testing Structural Equation Models. Beverly Hills, 

CA, USA: Sage, pp.136–162.  

Bruijnis, M.R.N., Hogeveen, H. & Stassen, E.N. (2010). Assessing economic 

consequences of foot disorders in dairy cattle using a dynamic stochastic 

simulation model. Journal of Dairy Science, 93, 2419–2432. 

Bruijnis, M., Beerda, B., Hogeveen, H. & Stassen, E. (2012). Foot disorders in dairy 

cattle: Impact on cow and dairy farmer. Animal Welfare, 21, 33–40.  

Bruijnis, M.R.N., Hogeveen, H. & Stassen, E.N. (2013). Measures to improve dairy 



59 
 

cow foot health: Consequences for farmer income and dairy cow welfare. 

Animal, 7, 167–175.  

Bryceson, K.P. & Smith, C.S. (2008). Abstraction and Modeling of Agri-Food Chains 

as Complex Decision Making Systems. Paper prepared for presentation at the 

110th EAAE Seminar ‘System Dynamics and Innovation in Food Networks’ 

in Innsbruck-Igls, Austria on February 18-22, 2008. Accessed at 

http://ageconsearch.umn.edu/bitstream/49773/2/Bryceson.pdf on 26 April 

2013.  

Butcher, E.C. (2005). Can cell systems biology rescue drug discovery? Nature Reviews 

Drug Discovery, 4, 461–467.  

Calamari, L. & Bertoni, G. (2009). Model to evaluate welfare in dairy cow farms. 

Italian Journal of Animal Science, 8, 301–323.  

Castella, J.C., Boissau, S., Trung, T.N. & Quang, D.D. (2005). Agrarian transition and 

lowland-upland interactions in mountain areas in northern Vietnam: 

Application of a multi-agent model. Agricultural Systems, 86, 312–332.  

Castellini, C., Boggia, A., Cortina, C., Dal Bosco, A., Paolotti, L., Novelli, E. & 

Mugnai, C. (2012). A multicriteria approach for measuring the sustainability 

of different poultry production systems. Journal of Cleaner Production, 37, 

192–201.  

Checkland, P.B. (1981). Systems Thinking, Systems Practice. Chichester, UK: John 

Wiley.  

Collins, L.M. (2005). Non-Intrusive Social Preference Indicators in Broiler Chickens. 

DPhil Thesis, University of Oxford. 

Collins, L.M. (2012). Welfare risk assessment: the benefits and common pitfalls. 

Animal Welfare,  21, 73–79. 

Collins, L.M. & Sumpter, D. (2007). The feeding dynamics of broiler chickens. 

Journal of the Royal Society Interface, 4, 65–72.  

 

http://ageconsearch.umn.edu/bitstream/49773/2/Bryceson.pdf


60 
 

Collins, L.M., Asher, L., Summers, J.F., Diesel, G. & McGreevy, P.D. (2010). Welfare 

epidemiology as a tool to assess the welfare impact of inherited defects on the 

pedigree dog population. Animal Welfare, 19, 67-75. 

Collins, L.M., Asher, L., Pfeiffer, D.U., Browne, W.J. & Nicol, C.J. (2011a). 

Clustering and synchrony in laying hens: The effect of environmental 

resources on social dynamics. Applied Animal Behaviour Science, 129, 43–53. 

Collins, L.M., Asher, L., Summers, J. & McGreevy, P. (2011b). Getting priorities 

straight: risk assessment and decision-making in the improvement of inherited 

disorders in pedigree dogs. The Veterinary Journal, 189, 147–154. 

Dawkins, M.S., Donnelly, C.A. & Jones, T.A. (2004). Chicken welfare is influenced 

more by housing conditions than by stocking density. Nature, 427, 342–344.  

Dawkins, M.S., Lee, H., Waitt, C.D. & Roberts, S.J. (2009). Optical flow patterns in 

broiler chicken flocks as automated measures of behaviour and gait. Applied 

Animal Behaviour Science, 119, 203–209. 

de Boer, I., Cederberg, C., Eady, S., Gollnow, S., Kristensen, T., Macleod, M., Meul, 

M., Nemecek, T., Phong, L.T., Thoma, G., van der Werf, H.M.G., Williams, 

A.G. & Zonderland-Thomassen, M.A. (2011). Greenhouse gas mitigation in 

animal production: Towards an integrated life cycle sustainability assessment. 

Current Opinion in Environmental Sustainability, 3, 423–431. 

Deen, J., Anil, S.S. & Anil, L. (2005). Sow housing: Opportunities, constraints, and 

unknowns. Journal of the American Veterinary Medical Association, 226, 

1331–1334. 

Dekkers O.M., Vandenbroucke, J.P., Cevallos, M., Renehan, A.G., Altman, D.G. & 

Egger, M. (2019). COSMOS-E: Guidance on conducting systematic reviews 

and meta-analyses of observational studies of etiology. PLoS Medicine, 16, 

e1002742. 

de Lauwere, C., van Asseldonk, M., van ’t Riet, J., de Hoop, J. & ten Pierick, E. (2012). 

Understanding farmers’ decisions with regard to animal welfare: The case of 

changing to group housing for pregnant sows. Livestock Science, 143, 151–161.  



61 
 

Del Prado, A., Scholefield, D., Chadwick, D., Misselbrook, T., Haygarth, P., Hopkins, 

A., Dewhurst, R., Jones, R., Moorby, J., Davison, P., Lord, E., Turner, M., 

Aikman, P. & Schröder, J. (2006). A modelling framework to identify new 

integrated dairy production systems. Grassland Science in Europe, 11, 766–

768.  

Del Prado, A. & Scholefield, D. (2008). Use of SIMSDAIRY modelling framework 

system to compare the scope on the sustainability of a dairy farm of animal and 

plant genetic-based improvements with management-based changes. The 

Journal of Agricultural Science, 146, 195–211.  

Del Prado, A., Misselbrook, T., Chadwick, D., Hopkins, A., Dewhurst, R.J., Davison, 

P., Butler, A., Schröder, J. & Scholefield, D. (2011). SIMSDAIRY: A modelling 

framework to identify sustainable dairy farms in the UK. Framework 

description and test for organic systems and N fertiliser optimisation. Science 

of the Total Environment, 409, 3993–4009. 

De Mol, R.M., Schouten, W.G.P., Evers, E., Drost, H., Houwers, H.W.J. & Smits, 

A.C. (2006). A computer model for welfare assessment of poultry production 

systems for laying hens. Netherlands Journal of Agricultural Science, 54, 157–

168.  

Den Ouden, M., Huirne, R.B.M., Dijkhuizen, A.A. & Van Beek, P. (1997a). Economic 

optimization of pork production-marketing chains. II. Modelling outcome. 

Livestock Production Science, 48, 39–50.  

Den Ouden, M., Nijsing, J.T., Dijkhuizen, A.A. & Huirne, R.B.M. (1997b). Economic 

optimization of pork production-marketing chains: I. Model input on animal 

welfare and costs. Livestock Production Science, 48, 23–37.  

Department for Environment, Food & Rural Affairs (2012). Total Income from 

Farming 2011 – 2nd Estimate. Accessed at 

http://www.defra.gov.uk/statistics/files/defra-statsfoodfarm-farmmanage-

agriaccount-tiffnotice-121129.pdf on 17 March 2013.  

 

http://www.defra.gov.uk/statistics/files/defra-statsfoodfarm-farmmanage-agriaccount-tiffnotice-121129.pdf
http://www.defra.gov.uk/statistics/files/defra-statsfoodfarm-farmmanage-agriaccount-tiffnotice-121129.pdf


62 
 

de Passillé, A.M. & Rushen, J. (1997). Motivational and physiological analysis of the 

causes and consequences of non-nutritive sucking by calves. Applied Animal 

Behaviour Science, 53, 15–31.  

Dietl, G., Nürnberg, G. & Reinsch, N. (2006). A note on a quantitative genetic 

approach for modelling of differentiation tasks. Applied Animal Behaviour 

Science, 100, 319–326.  

Drake, K.A., Donnelly, C.A. & Dawkins, M.S. (2010). Influence of rearing and lay 

risk factors on propensity for feather damage in laying hens. British Poultry 

Science, 51, 725–33. 

Edwards-Jones, G. (2006). Modelling farmer decision-making: Concepts, progress 

and challenges. Animal Science, 82, 783–790.  

EFSA Panel on Animal Health and Welfare (2007). Opinion of the Scientific Panel on 

Animal Health and Welfare on a request from the Commission related to 

animal health and welfare in fattening pigs in relation to housing and 

husbandry. EFSA Journal, 5, 564. 

EFSA Panel on Animal Health and Welfare (2008). Animal welfare aspects of 

husbandry systems for farmed Atlantic salmon. Scientific opinion of the Panel 

on Animal Health and Welfare. EFSA Journal, 6, 736. 

EFSA Panel on Animal Health and Welfare (2009a). Species-specific welfare aspects 

of the main systems of stunning and killing of farmed fish: Rainbow trout. 

Scientific Opinion of the Panel on Animal Health and Welfare. EFSA Journal, 

7, 1012.  

EFSA Panel on Animal Health and Welfare (2009b). Scientific opinion on welfare of 

dairy cows in relation to behaviour, fear and pain based on a risk assessment 

with special reference to the impact of housing, feeding, management and 

genetic selection. Scientific opinion of the Panel on Animal Health and Animal 

Welfare. EFSA Journal, 7, 1139. 

EFSA Panel on Animal Health and Welfare (2009c). Species‐specific welfare aspects 

of the main systems of stunning and killing of farmed seabass and seabream. 



63 
 

Scientific opinion of the Panel on Animal Health and Welfare. EFSA Journal, 

7, 1010. 

EFSA Panel on Animal Health and Welfare (2010a). Scientific opinion on the 

influence of genetic parameters on the welfare and the resistance to stress of 

commercial broilers. EFSA Journal, 8, 1666. 

EFSA Panel on Animal Health and Welfare (2010b). Scientific opinion on welfare 

aspects of the management and housing of the grand-parent and parent stocks 

raised and kept for breeding purposes. EFSA Journal, 8, 1667. 

EFSA Panel on Animal Health and Welfare (2012). Scientific opinion on the welfare 

of cattle kept for beef production and the welfare in intensive calf farming 

systems. EFSA Journal, 10, 2669. 

Eubank, S., Guclu, H., Kumar, V.S.A., Marathe, M.V., Srinivasan, A., Toroczkai, Z. 

& Wang, N. (2004). Modelling disease outbreaks in realistic urban social 

networks. Nature, 429, 180–184.  

European Commission. (2011). Communication from the Commission to the European 

Parliament, the Council, the European Economic and Social Committee and 

the Committee of the Regions: Energy Roadmap 2050. Accessed at https://eur-

lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52011DC0885 on 03 

September 2020. 

Febrer, K., Jones, T.A., Donnelly, C.A. & Dawkins, M.S. (2006). Forced to crowd or 

choosing to cluster? Spatial distribution indicates social attraction in broiler 

chickens. Animal Behaviour, 72, 1291–1300.  

Freudenreich, O. (2008). Psychotic Disorders: A Practical Guide. Philadelphia, PA, 

USA: Lippincott Williams & Wilkins.  

Gibon, A., Sibbald, A.R., Flamant, J.C., Lhoste, P., Revilla, R., Rubino, R. & 

Sørensen, J.T. (1999). Livestock farming systems research in Europe and its 

potential contribution for managing towards sustainability in livestock 

farming. Livestock Production Science, 61, 121–137.  

Glass, C.A., Hutchinson, W.G. & Beattie, V.E. (2005). Measuring the value to the 

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52011DC0885
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52011DC0885


64 
 

public of pig welfare improvements: A contingent valuation approach. Animal 

Welfare, 14, 61–69.  

Green, P.E., Krieger, A.M. & Wind, Y. (2001). Thirty years of conjoint analysis: 

Reflections and prospects. Interfaces (Providence), 31, S56–S73.  

Grimsrud, K.M., Nielsen, H.M., Navrud, S. & Olesen, I. (2013). Households’ 

willingness-to-pay for improved fish welfare in breeding programs for farmed 

Atlantic salmon. Aquaculture, 372–375, 19–27.  

Guseo, R., Dalla Valle, A. & Guidolin, M. (2007). World oil depletion models: Price 

effects compared with strategic or technological interventions. Technological 

Forecasting and Social Change, 74, 452–469.  

Guy, J., Cain, P., Seddon, Y., Baxter, E. & Edwards, S. (2012). Economic evaluation 

of high welfare indoor farrowing systems for pigs. Animal Welfare, 21, 19–24.  

Halfon, E. (1989). Probabilistic validation of computer simulations using the 

bootstrap. Ecological Modelling, 46, 213–219.  

Hood, L., Health, J.R., Phelps, M.E. & Biaoyang, L. (2004). Systems biology and new 

technologies enable predictive and preventative medicine. Science, 306, 640–

643.  

Jefferies, P., Hart, M.L., Hui, P.M. & Johnson, N.F. (2001). From market games to 

real-world markets. The European Physical Journal B, 20, 493–501.  

Kanis, E., van den Belt, H., Groen, A.F., Schakel, J. & de Greef, K.H. (2004). Breeding 

for improved welfare in pigs: A conceptual framework and its use in practice. 

Animal Science, 78, 315–329.  

Keeling, L. & Veissier, I. (2005). Developing a monitoring system to assess welfare 

quality in cattle, pigs and chickens. In: A. Butterworth (ed.) Science and 

Society Improving Animal Welfare: Welfare Quality Conference Proceedings. 

Science and Society Improving Animal Welfare, Brussels, Belguim, 17–18 

November 2005, pp.46–50. Accessed at 

https://ec.europa.eu/food/sites/food/files/animals/docs/aw_arch_hist_sum_pro

https://ec.europa.eu/food/sites/food/files/animals/docs/aw_arch_hist_sum_proceed_wq_conf_en.pdf


65 
 

ceed_wq_conf_en.pdf  on 03 September 2020.  

Keeling, M.J., Woolhouse, M.E., Shaw, D.J., Matthews, L., Chase-Topping, M., 

Haydon, D.T., Cornell, S.J., Kappey, J., Wilesmith, J. & Grenfell, B.T. (2001). 

Dynamics of the 2001 UK foot and mouth epidemic: stochastic dispersal in a 

heterogeneous landscape. Science, 294, 813–817. 

Kehlbacher, A., Bennett, R. & Balcombe, K. (2012). Measuring the consumer benefits 

of improving farm animal welfare to inform welfare labelling. Food Policy, 37, 

627–633.  

Kilsby, D. (2003). Scenario Modelling 101. Prepared for the Engineers 

Australia/UNSW Joint Seminar “Planning Sydney’s Transport” on 2 

September 2003. Accessed at http://www.kilsby.com.au/archive/p0903.pdf on 

03 September 2020.  

Kingwell, R. (2002). Sheep animal welfare in a low rainfall Mediterranean 

environment: A profitable investment? Agricultural Systems, 74, 221–240.  

Kitano, H. (2002). Computational systems biology. Nature, 420, 206–210.  

Koch, I. & Schreiber, F. (2011). Introduction. In: I. Koch, W. Reisig & F. Schreiber 

(eds.) Modeling in Systems Biology: The Petri Net Approach. London, UK: 

Springer-Verlag, pp. 3–18. 

Kriström, B. (1997). Practical problems in contingent valuation. In: R.J. Kopp, W.W. 

Pommerehne & N. Schwarz (eds.) Determining the Value of Non-Marketed 

Goods: Studies in Risk and Uncertainty. Norwell, MA, USA: Kluwer 

Academic Press, Volume 10, pp.235–272.  

Krueger, T., Page, T., Hubacek, K., Smith, L. & Hiscock, K. (2012). The role of expert 

opinion in environmental modelling. Environmental Modelling & Software, 

36, 4–18.  

Lagerkvist, C.J., Hansson, H., Hess, S. & Hoffmann, R. (2011). Provision of farm 

animal welfare: Integrating productivity and non-use values. Applied 

Economic Perspectives and Policy, 33, 484–509.  

https://ec.europa.eu/food/sites/food/files/animals/docs/aw_arch_hist_sum_proceed_wq_conf_en.pdf
http://www.kilsby.com.au/archive/p0903.pdf%20on%2003%20September%202020
http://www.kilsby.com.au/archive/p0903.pdf%20on%2003%20September%202020


66 
 

Langford, F. & Stott, A. (2012). Culled early or culled late: Economic decisions and 

risks to welfare in dairy cows. Animal Welfare, 21, 41–55.  

Lawrence, A.B. & Terlouw, E.M. (1993). A review of behavioral factors involved in 

the development and continued performance of stereotypic behaviors in pigs. 

Journal of Animal Science, 71, 2815–2825.  

Lehmann, D.R. (1975). Validity and goodness of fit in data analysis. Advances in 

Consumer Research, 2, 741–750.  

Li, P.J. (2009). Exponential growth, animal welfare, environmental and food safety 

impact: The case of China’s livestock production. Journal of Agricultural and 

Environmental Ethics, 22, 217–240.  

Lusk, J.L. (2011). The market for animal welfare. Agriculture and Human Values, 28, 

561–575.  

Lusk, J.L. & Norwood, F.B. (2011). Animal welfare economics. Applied Economic 

Perspectives and Policy, 33, 463–483.  

Mackay, M. & Lee, M. (2005). Choice of models for the analysis and forecasting of 

hospital beds. Health Care Management Science, 8, 221–230.  

Main, D.C.J., Kent, J.P., Wemelsfelder, F., Ofner, E. & Tuyttens, F.A.M. (2003). 

Applications for the methods of on-farm welfare assessment. Animal Welfare, 

12, 523–528.  

McInerney, J. (2004). Animal Welfare, Economics and Policy: Report on a Study 

Undertaken for the Farm & Animal Health Economics Division of Defra. 

Accessed at 

https://pdfs.semanticscholar.org/3ee1/06ec1b5c7e58e0ff2144a11057ab23347

486.pdf?_ga=2.16049009.612528385.1599159868-1133102401.1598838961 

on 03 September 2020. 

Mench, J.A. & Falcone, C. (2000). Welfare concerns in feed-restricted meat-type 

poultry parent stocks. In: Proceedings of the 21st World’s Poultry Congress. 

XXI World's Poultry Congress, 20–24 August 2000, Montreal, Canada.  

https://pdfs.semanticscholar.org/3ee1/06ec1b5c7e58e0ff2144a11057ab23347486.pdf?_ga=2.16049009.612528385.1599159868-1133102401.1598838961
https://pdfs.semanticscholar.org/3ee1/06ec1b5c7e58e0ff2144a11057ab23347486.pdf?_ga=2.16049009.612528385.1599159868-1133102401.1598838961


67 
 

Meul, M., Van Passel, S., Fremaut, D. & Haesaert, G. (2012). Higher sustainability 

performance of intensive grazing versus zero-grazing dairy systems. Agronomy 

for Sustainable Development, 32, 629–638.  

Miller, G.Y., McNamara, P.E. & Singer, R.S. (2006). Stakeholder position paper: 

Economist’s perspectives on antibiotic use in animals. Preventive Veterinary 

Medicine, 73, 163–168.  

Milne, C.E., Dalton, G.E. & Stott, A.W. (2007). Integrated control strategies for 

ectoparasites in Scottish sheep flocks. Livestock Science, 106, 243–253. 

Moe, R. & Bakken, M. (1998). Anxiolytic drugs inhibit hyperthermia induced by 

handling in farmed silver foxes (Vulpes vulpes). Animal Welfare, 7, 97–100. 

Mollenhorst, H., Berentsen, P.B.M. & De Boer, I.J.M. (2006). On-farm quantification 

of sustainability indicators: An application to egg production systems. British 

Poultry Science, 47, 405–417.  

Mononen, J., Møller, S., Hansen, S., Hovland, A., Koistinen, T., Lidfors, L., 

Malmkvist, J., Vinke, C. & Ahola, L. (2012). The development of on-farm 

welfare assessment protocols for foxes and mink: The WelFur project. Animal 

Welfare, 21, 363–371.  

Munsterhjelm, C., Valros, A., Heinonen, M., Hälli, O. & Peltoniemi, O.A.T. (2006). 

Welfare index and reproductive performance in the sow. Reproduction in 

Domestic Animals, 41, 494–500.  

Neisen, G., Wechsler, B. & Gygax, L. (2009). Effects of the introduction of single 

heifers or pairs of heifers into dairy-cow herds on the temporal and spatial 

associations of heifers and cows. Applied Animal Behaviour Science, 119, 127–

136. 

Nyman, A.-K., Lindberg, A. & Hallén-Sandgren, C. (2011). Can pre-collected register 

data be used to identify dairy herds with good cattle welfare? Acta Veterinaria 

Scandinavica, 53, S8–S13.  

 



68 
 

Oberbauer, A.M., Berry, S.L., Belanger, J.M., McGoldrick, R.M., Pinos-Rodriquez, 

J.M. & Famula, T.R. (2013). Determining the heritable component of dairy 

cattle foot lesions. Journal of Dairy Science, 96, 605–613. 

Olesen, J.E. & Bindi, M. (2002). Consequences of climate change for European 

agricultural productivity, land use and policy. European Journal of Agronomy, 

16, 239–262.  

Oudshoorn, F.W., Sørensen, C.A.G. & De Boer, I.J.M. (2011). Economic and 

environmental evaluation of three goal-vision based scenarios for organic dairy 

farming in Denmark. Agricultural Systems, 104, 315–325.  

Owen, N.A., Inderwildi, O.R. & King, D.A. (2010). The status of conventional world 

oil reserves—Hype or cause for concern? Energy Policy, 38, 4743–4749.  

Padhye, J., Firoiu, V., Towsley, D.F. & Kurose, J.F. (2000). Modeling TCP reno 

performance: A simple model and its empirical validation. IEEE/ACM 

Transactions on Networking, 8, 133–145.  

Plà, L.M. (2007). Review of mathematical models for sow herd management. 

Livestock Science, 106, 107–119.  

Reefmann, N., Bütikofer Kaszàs, F., Wechsler, B. & Gygax, L. (2009). Ear and tail 

postures as indicators of emotional valence in sheep. Applied Animal 

Behaviour Science, 118, 199–207. 

Roberts, S.J., Cain, R. & Dawkins, M.S. (2012). Prediction of welfare outcomes for 

broiler chickens using Bayesian regression on continuous optical flow data. 

Journal of the Royal Society Interface, 9, 3436–3443. 

Rodenburg, T.B., Tuyttens, F.A.M., de Reu, K., Herman, L., Zoons, J. & Sonck, B. 

(2008). Welfare assessment of laying hens in furnished cages and non-cage 

systems: Assimilating expert opinion. Animal Welfare, 17, 355–361.  

Roozmand, O., Ghasem-Aghaee, N., Hofstede, G.J., Nematbakhsh, M.A., Baraani, A. 

& Verwaart, T. (2011). Agent-based modeling of consumer decision making 

process based on power distance and personality. Knowledge-Based Systems, 

24, 1075–1095.  



69 
 

Roughgarden, J. (1996). Ecology. In: S.H. Schneider (ed.) Encyclopedia of Climate 

and Weather. New York, USA: Oxford University Press, pp.268–269. 

Rupprecht, J. (2009). From systems biology to fuel-Chlamydomonas reinhardtii as a 

model for a systems biology approach to improve biohydrogen production. 

Journal of Biotechnology, 142, 10–20.  

Rushen, J. (2003). Changing concepts of farm animal welfare: Bridging the gap 

between applied and basic research. Applied Animal Behaviour Science, 81, 

199–214. 

Rutherford, K.M.D., Haskell, M.J., Glasbey, C., Jones, R.B. & Lawrence, A.B. (2004). 

Fractal analysis of animal behaviour as an indicator of animal welfare. Animal 

Welfare, 13, S99-103. 

Sandøe, P., Munksgaard, L., Bådsgaard, N.P. & Jensen, K.H. (1997). How to manage 

the management factor—Assessing animal welfare at the farm level. In: J.T. 

Sørensen (ed.) Livestock Farming Systems: More than Food Production. 

Wageningen, The Netherlands: Wageningen Academic Publishers, pp.221–

230.  

Savory, C.J. (2004). Laying hen welfare standards: A classic case of “power to the 

people”. Animal Welfare, 13, S153–S158.  

Shafiee, S. & Topal, E. (2010). A long-term view of worldwide fossil fuel prices. 

Applied Energy, 87, 988–1000.  

Sichtmann, C., Wilken, R. & Diamantopoulos, A. (2011). Estimating willingness-to-

pay with choice-based conjoint analysis – Can consumer characteristics 

explain variations in accuracy? British Journal of Management, 22, 628–645.  

Smulders, D., Hautekiet, V., Verbeke, G. & Geers, R. (2008). Tail and ear biting 

lesions in pigs : an epidemiological study. Animal Welfare, 17, 61–69. 

Sniedovich, M. (2006). Dijkstra’s algorithm revisited: The dynamic programming 

connexion. Control and Cybernetics, 35, 599–620.  

 



70 
 

Solgaard, H. S. & Yang, Y. (2011). Consumers’ perception of farmed fish and 

willingness to pay for fish welfare. British Food Journal, 113, 997–1010.  

Sorrell, S., Speirs, J., Bentley, R., Brandt, A. & Miller, R. (2010). Global oil depletion: 

A review of the evidence. Energy Policy, 38, 5290–5295.  

Stott, A.W., Vosough Ahmadi, B., Dwyer, C.M., Kupiec, B., Morgan-Davies, C., 

Milne, C.E., Ringrose, S., Goddard, P., Phillips, K. & Waterhouse, A. (2012). 

Interactions between profit and welfare on extensive sheep farms. Animal 

Welfare, 21, 57–64.  

Temple, D., Courboulay, V., Manteca, X., Velarde, A. & Dalmau, A. (2012a). The 

welfare of growing pigs in five different production systems: Assessment of 

feeding and housing. Animal, 6, 656–667. 

Temple, D., Courboulay, V., Velarde, A., Dalmau, A & Manteca, X. (2012b). The 

welfare of growing pigs in five different production systems in France and 

Spain: Assessment of health. Animal Welfare, 21, 257–271. 

Thornton, P.K. (2010). Livestock production: Recent trends, future prospects. 

Philosophical Transactions of the Royal Society B, 365, 2853–2867.  

Throsby, C.D. (1962). Some notes on “dynamic” linear programming. Review of 

Marketing and Agricultural Economics, 30, 119–141.  

Tinsley, M., Lewis, F.I. & Brülisauer, F. (2012). Network modeling of BVD 

transmission. Veterinary Research, 43, 11.  

Tomassen, F.H.M., de Koeijer, A., Mourits, M.C.M., Dekker, A., Bouma, A. & 

Huirne, R.B.M. (2002). A decision-tree to optimise control measures during 

the early stage of a foot-and-mouth disease epidemic. Preventive Veterinary 

Medicine, 54, 301–324. 

Tripepi, G., Jager, K.J., Dekker, F.W. & Zoccali, C. (2010). Selection bias and 

information bias in clinical research. Nephron Clinical Practice, 115, C94–

C99.  



71 
 

Turnbull, J., Bell, A., Adams, C., Bron, J. & Huntingford, F. (2005). Stocking density 

and welfare of cage farmed Atlantic salmon: application of a multivariate 

analysis. Aquaculture, 243, 121–132. 

Turner, S.P., Roehe, R., Mekkawy, W., Farnworth, M.J., Knap, P.W. & Lawrence, 

A.B. (2008). Bayesian analysis of genetic associations of skin lesions and 

behavioural traits to identify genetic components of individual aggressiveness 

in pigs. Behavior Genetics, 38, 67-75. 

Van Calker, K.J., Berentsen, P.B.M., Giesen, G.W.J. & Huirne, R.B.M. (2005). 

Identifying and ranking attributes that determine sustainability in Dutch dairy 

farming. Agriculture and Human Values, 22, 53–63.  

Van Calker, K.J., Berentsen, P.B.M., De Boer, I.J.M., Giesen, G.W.J. & Huirne, 

R.B.M. (2007). Modelling worker physical health and societal sustainability at 

farm level: An application to conventional and organic dairy farming. 

Agricultural Systems, 94, 205–219.  

Van der Gaag, M.A., Mul, H.F. & Huirne, R.B.M. (2000). Food safety and control 

programs in the Dutch pork production chain. In: J.H. Trienekens & P.J.P. 

Zuurbier (eds.) Chain Management in Agribusiness and the Food Industry. 

Proceedings of the Fourth International Conference. Wageningen, 

Netherlands: Wageningen Pers, pp.139–145. 

Vanhonacker, F., Verbeke, W., Poucke, E., Pieniak, Z., Nijs, G. & Tuyttens, F. (2012). 

The concept of farm animal welfare: Citizen perceptions and stakeholder 

opinion in Flanders, Belgium. Journal of Agricultural and Environmental 

Ethics, 25, 79–101.  

Verbyla, D.L. & Litvaitis, J.A. (1989). Resampling methods for evaluating 

classification accuracy of wildlife habitat models. Environmental 

Management, 13, 783–787.  

Vernon, M.C. & Keeling, M.J. (2009). Representing the UK's cattle herd as static and 

dynamic networks. Proceedings of the Royal Society B: Biological Sciences, 

276, 469–476. 

http://link.springer.com/search?facet-author=%22S.+P.+Turner%22
http://link.springer.com/search?facet-author=%22R.+Roehe%22
http://link.springer.com/search?facet-author=%22W.+Mekkawy%22
http://link.springer.com/search?facet-author=%22M.+J.+Farnworth%22
http://link.springer.com/search?facet-author=%22P.+W.+Knap%22
http://link.springer.com/search?facet-author=%22A.+B.+Lawrence%22


72 
 

Voit, E.O. (2018). A First Course in Systems Biology (2nd Ed.). New York, USA: 

Garland Science, Taylor & Francis Group. 

Vosough Ahmadi, B., Stott, A.W., Baxter, E.M., Lawrence, A.B. & Edwards, S.A. 

(2011). Animal welfare and economic optimisation of farrowing systems. 

Animal Welfare, 20, 57–67.  

Waiblinger, S., Knierim, U. & Winckler, C. (2001). The development of an 

epidemiologically based on-farm welfare assessment system for use with dairy 

cows. Acta Agriculturae Scandinavica, Section A, 51, 73–77.  

Waiblinger, S., Menke, C. & Fölsch, D.W. (2003). Influences on the avoidance and 

approach behaviour of dairy cows towards humans on 35 farms. Applied 

Animal Behaviour Science, 84, 23–39.  

Waterhouse, A. (1996). Animal welfare and sustainability of production under 

extensive conditions—A European perspective. Applied Animal Behaviour 

Science, 49, 29–40.  

Welfare Quality (2009a). Welfare Quality® Assessment Protocol for Cattle. Lelystad, 

The Netherlands: Welfare Quality® Consortium. Accessed at 

http://www.welfarequality.net/media/1088/cattle_protocol_without_veal_calv

es.pdf on 03 September 2020. 

Welfare Quality (2009b). Welfare Quality® Assessment Protocol for Pigs. Lelystad, 

The Netherlands: Welfare Quality® Consortium. Accessed at 

http://www.welfarequality.net/media/1018/pig_protocol.pdf on 03 September 

2020. 

Welfare Quality (2009c). Welfare Quality® Assessment Protocol for Poultry. 

Lelystad, The Netherlands: Welfare Quality® Consortium. Accessed at 

http://www.welfarequality.net/media/1019/poultry_protocol.pdf on 03 

September 2020.  

Wells, A.E.D., Sneddon, J., Lee, J.A. & Blache, D. (2011). Farmer’s response to 

societal concerns about farm animal welfare: The case of mulesing. Journal of 

Agricultural and Environmental Ethics, 24, 645–658.  

http://www.welfarequality.net/media/1088/cattle_protocol_without_veal_calves.pdf
http://www.welfarequality.net/media/1088/cattle_protocol_without_veal_calves.pdf
http://www.welfarequality.net/media/1018/pig_protocol.pdf
http://www.welfarequality.net/media/1019/poultry_protocol.pdf


73 
 

Wemelsfelder, F., Hunter, T.E.A., Mendl, M.T. & Lawrence, A.B. (2000). The 

spontaneous qualitative assessment of behavioral expressions in pigs: First 

explorations of a novel methodology for integrative animal welfare 

measurement. Applied Animal Behaviour Science, 67, 193–215.  

Wemelsfelder, F., Hunter, T.E.A., Mendl, M.T. & Lawrence, A.B. (2001). Assessing 

the “whole animal”: A free choice profiling approach. Animal Behaviour, 62, 

209–220.  

Whay, H.R., Main, D.C.J., Greent, L.E. & Webster, A.J.F. (2003). Animal-based 

measures for the assessment of welfare state of dairy cattle, pigs and laying 

hens: Consensus of expert opinion. Animal Welfare, 12, 205–217.  

World Health Organization (1992). The ICD-10 Classification of Mental and 

Behavioural Disorders: Clinical Descriptions and Diagnostic Guidelines. 

Geneva, Switzerland: World Health Organization.  

Yang, Y., Atkinson, P. & Ettema, D. (2008). Individual spacetime activity-based 

modelling of infectious disease transmission within a city. Journal of the Royal 

Society Interface, 5, 759–772.  

Yu, L., Lai, K.K., Wang, S. & Huang, W. (2006). A bias-variance-complexity trade-

off framework for complex system modeling. In: M. Gavrilova, O. Gervasi, 

V. Kumar, C.J.K. Tan, D. Taniar, A. Laganá, Y. Mun & H. Choo (eds.) 

Computational Science and its Applications – ICCSA 2006. International 

Conference, Glasgow, UK, May 8-11, 2006. Proceedings, Part I; Berlin, 

Germany: Springer-Verlag, pp.518–527.  

Zachariadis, T. (2010). Forecast of electricity consumption in Cyprus up to the year 

2030: The potential impact of climate change. Energy Policy, 38, 744–750.  

Zonderland, J.J., Van Riel, J.W., Bracke, M.B.M., Kemp, B., Den Hartog, L.A. & 

Spoolder, H.A.M. (2009). Tail posture predicts tail damage among weaned 

piglets. Applied Animal Behaviour Science, 121, 165–170. 

 

 



74 
 

Chapter 3 

Prevalence rates of health and welfare conditions in broiler 

chickens change with weather in a temperate climate 

____________________________________________________________________ 

Abstract 

Climate change impact assessment and adaptation research in agriculture has focussed 

primarily on crop production, with less known about the potential impacts on livestock. 

This study investigated how the prevalence of health and welfare conditions in broiler 

(“meat”) chickens change with weather (temperature, rainfall, air frost) in a temperate 

climate. Cases (counts) of sixteen health and welfare conditions were recorded at 

approved slaughterhouses in Great Britain. National prevalence rates and distribution 

mapping were based on data from more than 2.4 billion individuals, collected in 111 

slaughterhouses (97 in England; 5 in Scotland; 9 in Wales) between January 2011 and 

December 2013. Analysis of temporal distribution and associations with national 

weather were based on monthly data from more than 6.8 billion individuals, collected 

in 81 slaughterhouses (65 in England; 9 in Scotland; 7 in Wales) between January 2003 

and December 2013. Ascites, bruising/fractures, hepatitis, and abnormal colour/fever 

were most common, at annual meanrates of 29.95, 28.00, 23.76, and 22.29 per 10,000, 

respectively. Ascites and abnormal colour/fever demonstrated clear annual cycles, 

with higher rates in winter than in summer. Ascites prevalence correlated strongly with 

maximum temperature at 0 and 1 month lags. Abnormal colour/fever correlated 

strongly with temperature at lag 0. Maximum temperatures of ~8°C and ~19°C marked 
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the turning points of curve in a U-shaped relationship with mortality during transport 

and lairage. Future climate change research on broilers should focus on preslaughter 

mortality. 

____________________________________________________________________ 

 

3.1 Introduction 

The earth’s climate is changing. Over the next century, we should expect temperatures 

to rise, particularly in the high latitudes of the Northern Hemisphere (Feng et al., 2014; 

Hoegh-Guldberg et al., 2018; Post et al., 2019). Europe and North America should also 

prepare for more extreme rainfall (Chen et al., 2013; Rajczak et al., 2013; Madsen et 

al., 2014; Li et al., 2019; Hosseinzadehtalaei et al., 2020) and more frequent, intense, 

and longer-lasting heat waves (Meehl & Tebaldi, 2004; Lau & Nath, 2014; Habeeb et 

al., 2015; Junk et al., 2019). Such changes are expected to impact on human health 

(Filippelli et al., 2020), with more heat-related, and less cold-related, deaths predicted 

over coming decades (Hajat et al., 2014; Vardoulakis et al., 2014; Weinberger et al., 

2017).  

Non-human animals are also likely to feel the effects (Stillman, 2019; Román-Palacios 

& Wiens, 2020), and farm animals might be particularly vulnerable due to genetic 

selection and captive living conditions. As our climate changes, the livestock industry 

could face increased mortality and susceptibility to disease, with reduced animal 

welfare, fertility, and productivity (Turnpenny et al., 2001; Nardone et al., 2010; Knox 

et al., 2012; Rojas-Downing et al. 2017; Lacetera, 2019; Wolfenson & Roth, 2019). 

However, impact assessment and adaptation research in the agricultural sector has 

focussed primarily on crop production, with livestock health and welfare considered 
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mainly in terms of climate change mitigation (Knox et al., 2012). Although there is a 

growing research interest in climate change impacts on livestock production, attempts 

to quantify the impacts are rare (Escarcha et al., 2018), and attempts to quantify the 

impacts on livestock welfare, in particular, are even more rare.  

Animal welfare is defined as “the physical and mental state of an animal” (OIE, 2019, 

Article 7.1.1) and is, therefore, critically related to the health of that animal (Linares 

et al., 2018; OIE, 2019).  But, poor health and welfare in livestock has consequences 

beyond those felt by the animals themselves. It is important from both an ethical and 

economic standpoint, with further implications for human health and future food 

security. Some health conditions are linked with bacteria, such as E.coli, and may pose 

a risk to human health if affected carcasses were to enter the food chain (James et al., 

2014; Mitchell et al., 2015). Resulting condemnation of affected carcasses at 

slaughter/processing detract from farmer profit and add to food waste, both directly 

and indirectly, through meat and feed (i.e. crop) losses, respectively.  

Globally, meat production has increased four-fold within the past five decades5. Much 

of this increase is due to a rise in poultry consumption, and this trend is expected to 

continue (Kearney, 2010; Revell, 2015). Poultry is now the second most popular 

source of meat worldwide6 and, with over 68 billion individuals slaughtered for their 

 
5 Production quantity (tonnes) of Meat (total) in World (total), 2018 / Production quantity 

(tonnes) of Meat (total) in World (total), 1968. Data source: Food and Agriculture 

Organization of the United Nations, Statistics Division (FAOSTAT), 

(http://faostat3.fao.org/download/Q/QL/E), accessed on 13 July 2020. 
6 Comparison of aquatic mammal, bovine, pig, poultry, mutton and goat, and ‘other’ meat: 

Food supply quantity (kg/capita/yr) in World (total), 2017. Data source: FAOSTAT 

(http://www.fao.org/faostat/en/#data/FBS), accessed on 31 July 2020. 

http://faostat3.fao.org/download/Q/QL/E
http://www.fao.org/faostat/en/#data/FBS
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meat in 2018 alone7, chickens (Gallus gallus domesticus) are by far the most common 

farm animal on earth8 (Butterworth, 2010). 

In today’s conventional farming systems, broiler (“meat”) chickens live out their short 

lives (less than 40 days for most) indoors: Confined to the floor of large man-made 

‘broiler houses’, specifically designed to control the birds’ environment in order to 

maximise productivity (Butterworth, 2010; Sharratt & Auvermann, 2014; Reay, 2019). 

Despite indoor climate control systems, seasonal patterns have been observed in the 

health and welfare of commercial broiler flocks. In temperate climates, the incidence 

and severity of footpad dermatitis––a skin condition linked to birds’ contact with wet 

litter and characterised by inflammation and necrotic lesions on the footpads and toes 

(Shepherd & Fairchild, 2010)––is generally greater during winter than summer months 

(Ekstrand & Carpenter, 1998; Haslam et al., 2007; Meluzzi et al., 2008; de Jong et al., 

2012; Kyvsgaard et al., 2013). Similarly, ascites––a metabolic disorder characterised 

by abnormal accumulation of fluid in the peritoneal cavity (Pagazaurtundua & Cargill, 

2010)––is reportedly more common in winter than summer  (Olkowski et al., 1996). 

On the other hand, cellulitis––a condition caused by bacteria entering an open skin 

wound, leading to inflammation of the deep subcutaneous tissues (Norton, 1997)––is 

generally more common during summer than winter months  (Belintani et al., 2019). 

In theory, animals reared on intensive indoor farms should be less vulnerable to 

weather conditions and to the direct effects of climate change than grazing animals; 

 
7 Producing animals/slaughtered for Meat, chicken (1000 head) in World (total), 2018. Data 

source: FAOSTAT (http://faostat3.fao.org/download/Q/QL/E), accessed on 13 July 2020. 
8 Comparison of chickens, rabbits and hares, cattle, ducks, sheep, pigs, goats, turkeys, geese 

and guinea fowls, buffaloes, horses, asses, pigeons and other birds, camels, other camelids, 

other rodents, mules: Stocks of Live animals in World (total), 2018. Data source: FAOSTAT 

(http://faostat3.fao.org/download/Q/QA/E), accessed on 13 July 2020. 

http://faostat3.fao.org/download/Q/QL/E
http://faostat3.fao.org/download/Q/QA/E
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however, this is wholly dependent on the capacity and efficiency of internal climate 

control systems (Knox et al., 2012; Skuce et al., 2013). Observed seasonal patterns in 

the incidence of footpad dermatitis, ascites, and cellulitis in commercial broiler flocks 

tentatively suggest that indoor systems might not provide as much protection from 

outdoor environmental conditions as initially assumed. Indeed, in northern temperate 

regions, the welfare of intensively-farmed livestock may be at greater risk from 

projected climate change than that of extensively-farmed livestock, at least in terms of 

imposed thermal challenges (Knox et al., 2012; Skuce et al., 2013).  

Given the far-reaching consequences of poor health and welfare in livestock, along 

with the current scale (and projected rapid growth) of the chicken meat industry 

(Kearney, 2010; Revell, 2015), climate change impact assessment and adaptation 

research on broilers should be prioritised. However, we must first understand the 

relationships between current weather patterns and broiler health/welfare. Using data 

collected from more than 6.8 billion individuals over the course of eleven years, this 

chapter addresses the question of how prevalence rates (PRs) of health and welfare 

conditions, identified in broiler chickens at slaughter/processing, change with weather 

(temperature, rainfall, and air frost) in a temperate climate. A broad hypothesis was 

tested, with the aim of directing future climate change impact and adaptation research 

efforts: Changes in weather are associated with changes in the prevalence of 

conditions. Taking Great Britain (GB) as broadly characteristic of the northern 

temperate climate (Skuce et al., 2013), this study set out to: (i) provide current PRs of 

sixteen health and welfare conditions in broiler chickens; (ii) examine the distribution 

of conditions across time and space; and (iii) describe their associations with recent 

weather patterns. 
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3.2 Materials and methods 

3.2.1 Datasets 

3.2.1.1 Slaughterhouse data 

Datasets were shared by the Food Standards Agency (FSA), an independent 

Government body that is responsible for food safety throughout the United Kingdom 

(UK). Data are routinely collected by FSA in slaughterhouses across England, 

Scotland, and Wales to monitor the occurrence of animal health and welfare 

conditions, and to identify situations in which animal welfare has been compromised. 

When flock incidence rates exceed set threshold levels, communicative reports are 

generated for the producer and competent authority (i.e. Animal and Plant Health 

Agency, UK), and actions are taken to resolve or rectify the issue/s, in line with 

Council Directive 2007/43/EC (European Commission, 2007). 

Data collected after transposition of Council Directive 2007/43/EC (i.e. from 01 July 

2010 onwards) were available at batch-level (see section 3.2.1.1.3) and included the 

location at which each batch had been reared (i.e. producer/farm postcode). Longer-

term data (spanning back to January 2003) were only available as monthly totals per 

slaughterhouse (number slaughtered and counts of each health/welfare condition; see 

section 3.2.1.1.2), with no corresponding food chain information. Both datasets were 

shared by FSA, and each was used for different analyses herein. National prevalence 

rates and distribution mapping were based on batch-level data from >2.4 billion 

individuals, collected between January 2011 and December 2013. Whereas, analysis 

of temporal distribution and associations with national weather were based on monthly 

data from >6.8 billion individuals, collected between January 2003 and December 

2013. 
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3.2.1.1.1 Data collection 

Cases (counts) of each condition (see table 3.1) were identified and recorded during 

ante- and post-mortem inspections at approved poultry slaughterhouses in GB. The 

purposes of these inspections are: (i) to ensure food safety and quality; (ii) to detect 

conditions of significance to public or animal health; and (iii) to identify animal 

welfare concerns (FSA, 2015). 

Ante-mortem inspections were carried out by the Official Veterinarian (OV) at each 

slaughterhouse within 24 hours of birds’ arrival time and <24 hours before slaughter. 

The OV assessed the overall health and welfare of each batch; listening to the birds 

and observing a random sample to check posture, wattle colour, and cleanliness (FSA, 

2015). Broilers found dead were removed from the lairage. Birds deemed fit for 

slaughter were moved from lairage to the slaughter line only after ante-mortem 

inspections were completed, recorded and signed by the OV.  

Post-mortem inspections were typically carried out by Meat Hygiene Inspectors 

(MHIs) and/or Plant Inspection Assistants (PIAs) working under the supervision of an 

OV. Each carcass and accompanying offal was inspected without delay after slaughter 

(FSA, 2015). Generally, slaughterhouses processing <3,600 birds/hour had one post-

evisceration inspection point; those processing 3,600 - 7,200 birds/hour had one pre- 

and one post-evisceration inspection point; and slaughterhouses processing >7,200 

birds/hour had one pre- and two post-evisceration inspection points. All inspection 

posts were positioned for optimum view of carcasses and accompanying offal (Löhren, 

2012). Post-mortem inspections of normal carcasses were restricted to visually 

examination only. Carcasses suspected of certain health/welfare (where a decision 
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could not be reached through visual inspection only) were examined more closely, 

which may have included incision or palpation of suspicious carcasses Löhren, 2012). 

Broiler carcasses with any condemnable lesions (see table 3.1) were removed from the 

slaughter line at the point of detection. Therefore, carcasses that were removed from 

the slaughter line at whole bird inspection point (due to, for example, abnormal 

colour/fever) did not progress to evisceration. Carcasses with generalised lesions that 

affect the whole animal were fully condemned (see table 3.1). Carcasses with localised 

lesions were trimmed in an adjacent room, where available, and the affected areas of 

those carcasses were condemned (Löhren, 2012). Data (counts of each condition for 

which broiler carcasses were partially or fully condemned; see table 3.1) were recorded 

by the OVs or MHIs (or PIAs in the case of post-mortem inspections; FSA, 2015). 

 

3.2.1.1.2 Monthly data 

Monthly data spanned eleven years (January 2003 - December 2013, inclusive). 

Eighty-one approved poultry meat establishments in GB (65 in England; 9 in Scotland; 

7 in Wales) contributed to this data set, reflecting a total of 6,871,486,181 broiler 

chickens inspected. The total number of birds slaughtered/processed and total number 

of cases of each condition were provided for individual slaughterhouses on a monthly 

basis. Further details are provided in table 3.1. 

Data were cleaned and formatted prior to analyses. Formatting produced ≤ 81 time-

series for each condition (i.e. one per reporting establishment). Cases of each condition 

were then totalled for all reporting establishments on a monthly basis to produce 16 

time-series (i.e. one per condition). 
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3.2.1.1.3 Batch-level data 

Batch-level data spanned three years (01 January 2011 – 31 December 2013, inclusive) 

and included every batch of broiler chickens that was processed in FSA approved 

poultry meat establishments in GB during that period. Each batch was comprised of 

birds reared on the same farm, by the same producer, and processed as a flock at the 

same establishment. Data were collected in 111 slaughterhouses, from 376,776 

batches (totalling 2,433,890,777 chickens), reared on 1,534 farms (based on producer 

postcode information) across England, Scotland and Wales.   

Counts of sixteen health and welfare conditions were provided at batch-level under the 

labels given (in bold italic text) in table 3.1. Accompanying information included: (i) 

total number slaughtered/processed in batch; (ii) date of slaughter; (iii) batch identific 

ation number (ID); (iv) slaughterhouse ID; (v) producer ID; and (vi) producer 

postcode.  

The total number of chickens slaughtered/processed in each batch ranged from 2 to 

97,696 (median = 5,534; interquartile range [IQR] = 3,914 – 6,864 birds). The median 

age at slaughter was 39 days (IQR= 35 – 45 days). Chickens reared in intensive indoor 

systems constituted the large majority (>96%) of those slaughtered, with considerably 

fewer broilers reared in extensive indoor (0.07%), free-range (2.71%), organic (0.45%) 

and ‘other’ systems (0.36%). Most broilers (61.4% of those slaughtered) had been 

produced at an on-farm stocking density of 33–39 kg/m2, with fewer (21.12%) at a 

lower stocking density (up to 33 kg/m2), and considerably fewer (0.55%) at a higher 

density (39–42 kg/m2). The stocking density was unknown for 16.93% of broilers 

slaughtered. 
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Table 3.1. Details of monthly slaughterhouse data shared by the Food Standards Agency (FSA), including the working labels under which conditions were 

recorded and the number of establishments that reported each condition (ne). 

Condition labels* Time span Definition** Resulting condemnation ne 
From To 

Abnormal smell, colour 
(bleeding, jaundice) 
       superseded by: 
Abnormal colour/fevered  
 

Jan 2003  
 
 
May 2008 

Apr 2008 
 
 
Dec 2013 
 

Virulent bacterial invasion of the bloodstream 
(Romero & Borrego, 2010). 

Total rejection of carcass and offal 
(Romero & Borrego, 2010). 

77 

Ante-mortem rejects 
(cull/runts) 

Jan 2006  Dec 2013 Birds that are significantly smaller than the flock 
average (Cargill, 2010a). 
 

Culled at hang-on point OR passed as fit 
for human consumption (Cargill, 2010a).  

48 

Ascites/oedema Jan 2003  Dec 2013 Abnormal accumulation of fluid in the abdomen 
(Pagazaurtundua & Cargill, 2010). 
 

Total rejection of carcass and offal 
(Pagazaurtundua & Cargill, 2010). 

75 

Cellulitis May 2008  Dec 2013 Inflammation of the connective tissue between the 
skin and muscle caused by infection (Hervas, 
2010a). 
 

Partial OR total rejection (latter if lesions 
are not clearly localised or accompanied by 
systemic effects; Hervas, 2010a). 

28 

Dead on arrival 
       re-labelled: 
Dead on arrival/dead in 
lairage (DOA/DIL) 
 

Jan 2003  
 
Aug 2010  

Jul 2010 
 
Dec 2013 

Broilers that are found dead at hang-on point or in 
the lairage (Pagazaurtundua, 2010). 

Total rejection of carcass and offal 
(Pagazaurtundua, 2010). 

75 

Emaciation/cachexia  
       re-labelled:  
Emaciation  

Jan 2003 
 
May 2008  

Apr 2008 
 
Dec 2013 

Birds of all sizes that have very poor muscle 
development and little or no fat deposits (Cargill, 
2010b). 

Total rejection of carcass and offal 
(Cargill, 2010b). 

77 

Table 3.1 (Continued) 
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Condition labels* Time span Definition** Resulting condemnation ne 
From To 

Hepatitis Jan 2006  Dec 2013 Inflammation of the liver, which may be toxic or 
infectious in origin (Cargill, 2010c). 

Partial OR total rejection (latter if other 
organs and/or carcass are affected; Cargill, 
2010c). 
 

56 

Joint lesions/arthritis/ 
tenosynovitis 
       superseded by: 
Joint lesions 

Jan 2003  
 
 
May 2008  

Apr 2008 
 
 
Dec 2013 

Inflammation of joint/s; shortening and thickening 
of long bones and lateral slipping of tendon/s; 
linear twisting of long bones (Pearson & Carnoky, 
2010). 

 

Partial OR total rejection (latter if signs of 
systemic infection; Pearson & Carnoky, 
2010). 

61 

Other farm (jaundice, 
Oregon, white muscle, 
congenital malformations)  

Aug 2009  Dec 2013 Jaundice: Yellow discoloration of the skin, body 
fat, mucous membranes and internal organs, 
caused by accumulation of bilirubin. Oregon: 
Green discoloration of deep breast muscle. White 
muscle: White stripes in breast muscle. Congenital 
malformations: physical defect caused by a genetic 
factor (Carnoky et al., 2010). 
 

Partial (Oregon and congenital 
malformations) OR total rejection 
(jaundice and white muscle; Carnoky et al., 
2010). 
 

25 

Pericarditis Jan 2003 Dec 2013 Inflammation of the pericardium (sac surrounding 
the heart; Cargill, 2010d). 

Partial OR total rejection (latter if 
associated secondary condition or S. 
Enteriditis/S. Thypmurium; Cargill, 
2010d). 

67 

Perihepatitis/peritonitis Jan 2003  Dec 2013 Inflammation of the liver capsule / Yellow pus or 
dry cheese-like exudates limited to the abdominal 
cavity (Romero & Hussein, 2010). 
 

Total rejection of carcase and offal 
(Romero & Hussein, 2010). 

74 

Table 3.1 (Continued) 
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Condition labels* Time span Definition** Resulting condemnation ne 
From To 

Respiratory disease (air-
sacculitis, sinusitis, rhinitis) 
       superseded by: 
Respiratory disease 
(airsacculitis) 
 

Jan 2003  
 
 
May 2008  

Apr 2008 
 
 
Dec 2013 

Inflammation of the air sacs usually with yellowish 
caseous exudates in the sacs (Romero, 2010). 

Partial (if chronic lesions can be removed 
completely) OR total rejection (if acute 
lesions or other conditions; Romero, 
2010). 

58 

Salpingitis Jan 2003  Dec 2013 Inflammation of the oviduct, which may contain 
liquid or caseous exudate (Arias & Davies, 2010). 
 

Partial (if localised lesion) OR total 
rejection (if secondary condition; Arias & 
Davies, 2010). 

51 

Skin lesions (ulceration, 
breast blisters, abscess)  
       superseded by:  
Dermatitis 

Jan 2003  
 
 
May 2008  

Apr 2008 
 
 
Dec 2013 
 

Inflammation of the skin, often associated with 
bacterial infection within the skin thickness 
(Hervas, 2010b).  
 

Partial (if localised lesions) OR total 
rejection (if generalised condition; Hervas, 
2010b). 

69 

Trauma (bruising, fractures, 
dislocations) 
       superseded by: 
Bruising/fractures 

Jan 2003  
 
 
May 2008  

Apr 2008 
 
 
Dec 2013 
 

Broken bone/s and/or accumulation of blood 
(Sagar, 2010). 

Partial (if localised) OR total rejection (if 
severe and extensive; Sagar, 2010).  

73 

Tumour (leukosis, Mareks) 
       superseded by: 
Tumours/nodules 

Jan 2003  
 
May 2008 

Apr 2008 
 
Dec 2013 

Abnormal tissue growth in which the 
multiplication of cells is uncontrolled and 
progressive. Marek’s disease: tumours of the 
feather follicles, iris, or in > one viscera (Dunn & 
Pagazaurtundua, 2010). 

Partial (if localised and benign) OR total 
rejection (in most cases and in the 
extensive cutaneous and visceral forms of 
Marek’s Disease; Dunn & 
Pagazaurtundua, 2010).  

60 

*Batch-level data labels in bold italics.     **Definitions based on batch-level data labels. 
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Data were cleaned and formatted prior to analyses. Seven hundred and fifty-three 

batches (totalling 170,026 chickens) were excluded from the original dataset of 

377,529 batches (totalling 2,434,060,803 chickens). The following were excluded: (i) 

batches that were slaughtered in GB but reared elsewhere (number of batches, nb = 25; 

number of chickens, nc = 104,863); (ii) batches with no corresponding producer 

postcode information (nb = 5; nc = 16,451); (ii) batches where number slaughtered = 1 

(likely ‘test batches’ in the system; nb = 63; nc = 63); and (iv) batches where the number 

of cases of a single condition > number slaughtered, reflecting error in recording (nb = 

660; nc = 48,649). All producer postcodes were checked against comprehensive 

datasets of UK postcodes (Bell, 2014; Ordnance Survey, 2014). Errors in the recording 

of producer postcodes were corrected, provided that: (i) corrected postcodes were not 

listed in either Ordnance Survey (2014) or Bell’s (2014) datasets; and (ii) only minor 

corrections (reflecting obvious typing/input errors) were required to match another 

producer postcode, with the same unique producer ID, contained within the same 

dataset.  

 

3.2.1.2 Weather data 

Monthly weather data were sourced from publicly available archives (Met Office, 

2014), and spanned eleven years and two months (November 2002 – December 2013, 

inclusive) to reflect the weather experienced on-farm and at slaughter. Four variables 

(mean daily maximum temperature, mean daily minimum temperature, total rainfall, 

and days of air frost) were downloaded for 29 open weather stations across mainland 

GB, providing 116 time-series (i.e. one per weather variable per station). Monthly 
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means for mainland GB were calculated, using available data from all 29 stations, to 

produce a single (national-level) time-series for each weather variable (n = 4). 

The weather data used in this Chapter were easily obtained online as monthly time-

series for each weather variable (Met Office, 2014). Data were downloaded as 

individual text files for each of the 29 open weather stations, and were transferred to 

Microsoft Excel® 2010 (Microsoft Corporation) for processing. Following 

aggregation of monthly weather data to national level (see above), and aggregation of 

monthly slaughterhouse data to national level (section 3.2.1.1.2), time-series were 

easily merged in Microsoft Excel® 2010; matched by month and year. 

 

3.2.2 Data analyses 

Unless otherwise specified, data analyses were facilitated by Microsoft Excel® 2010 

(Microsoft Corporation) and IBM® SPSS® Statistics, version 22. 

 

3.2.2.1 National annual prevalence rates (PRs) of health and welfare conditions 

National prevalence rates (PRs) of each condition in GB-reared broilers at the time of 

slaughter were calculated from batch-level data, per 10,000 processed, for years 2011, 

2012 and 2013: Annual PR = (total number of cases of [condition] identified at 

slaughter/processing between 01 January and 31 December [year] / total number of 

broilers processed between 01 January and 31 December [year])*10,000. 

For presentation purposes, the weighted mean annual prevalence rate of each condition 

was calculated: Weighted mean annual PR = ((2011 annual PR of [condition] * total 

number of broilers processed in 2011) + (2012 annual PR of [condition] * total number 
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of broilers processed in 2012) + (2013 annual PR of [condition] * total number of 

broilers processed in 2013)) / total number of broilers processed between 01 January 

2011 and 31 December 2013.  

 

3.2.2.2 Spatial distribution of conditions 

Farms (i.e. producer postcodes) were located within county boundaries (Historic 

County Borders Project, 2010; Great Britain Historical GIS Project, 2012) using 

ArcMap™ on ArcGIS® for Desktop, version 10.1 (Esri®). In order to preserve 

producers’ confidentiality, where <5 producer postcodes and producer IDs were 

located in any one county, this county was combined with the closest county, in the 

same country, where additional postcodes (<5 where possible) were located. Where 

the combination of two counties did not result in ≥5 postcodes and producer IDs, the 

next closest county was also combined. In some cases, two or three counties (with a 

small number of postcodes located in each) were combined with a central county 

where ≥5 postcodes were located (see figure 3.1 caption for county-combinations). 

Batch-level data were then reduced to county-level, and PRs calculated per 10,000 

processed: County/county-combination PR = (total number of cases of [condition] 

identified in batches from postcodes located in [county/county-combination] between 

01 January 2011 and 31 December 2013 / total number of broilers 

slaughtered/processed from postcodes located in [county/county-combination] 

between 01 January 2011 and 31 December 2013)*10,000.  

Postcodes for which geographic mapping information could not be found (i.e. 

postcodes not listed in Ordnance Survey (2014) or Bell’s (2014) datasets, n = 43) were 

excluded from county-level calculations. Thus, distribution maps were based on data 
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collected in 110 slaughterhouse establishments, from 371,891 batches 

(totalling 2,399,810,730 chickens), reared on 1,491 farms. 

 

3.2.2.3 Temporal distribution of conditions 

Temporal analyses were based on monthly slaughterhouse data, per 10,000 processed: 

Monthly PR = (total number of cases of [condition] identified at slaughter/processing 

during [month, year] / total number of broilers processed in 81 reporting 

establishments during [month, year])*10,000.  

Time-series graphs and correlograms were visually examined for evidence of long-

term and cyclical patterns in each PR series. Linear and curvilinear (polynomial of 

orders 2-6, exponential, and power) trends were estimated for each series that 

demonstrated long-term changes (where dependent variable = PR; independent 

variable = time). The best model was determined by comparing: (i) R2 values; (ii) time-

series plots with superimposed trends; and (iii) time-series plots of trend fit errors. PR 

series were then detrended by calculating residuals of the best-fitting trend. Detrending 

was carried out on each PR time-series that showed evidence of long-term trends (12 

of 16 PR time-series, excluding dead on arrival/dead in lairage, respiratory disease, 

salpingitis, and skin lesions/dermatitis) in order to highlight any cyclical/seasonal 

patterns in these series (Warner, 1998). 

Residual series were examined for normal distribution, homoscedasticity across time, 

and independence of data using the Shapiro-Wilk test, Levene test for homogeneity of 

variance (with year as levels of the independent variable), and Ljung-Box Q tests 

alongside visual examination of correlograms with 95% confidence intervals, 
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respectively. Where residual series did not fulfil the assumptions of regression 

analysis, the F ratio and corresponding P-value of the trend fit were not reported. 

Where an additional pattern to the removed trend was indicated by significant Ljung-

Box Q statistics, lagged autocorrelations among residuals were examined for evidence 

of annual cycles. The above procedures were based on the preliminary methods of 

Warner (1998). 

 

3.2.2.4 Associations between weather and health and welfare conditions 

Time-series graphs and scatterplots of monthly weather (averaged for mainland GB) 

and monthly PRs (detrended series for scatterplots) were visually examined for signs 

of linear and non-linear association. The use of national-level data was required 

because monthly slaughterhouse data could not be reduced to regional-level, but 

provided a means of analysing PR patterns over a longer time-frame than that covered 

by batch-level data.  

Relationships between each possible weather-condition combination were tested by 

Spearman’s rank order correlation (rs) (or Pearson product-moment correlation, r, in 

the small number of cases where the assumptions of this test were met). Where 

applicable, only detrended PR series were analysed in order to prevent artificial 

inflation of the correlation coefficient, which can occur if both series show similar 

long-term trends. To tentatively explore potential timing effects of weather, 

associations between each weather-condition combination were tested with weather at 

lags of 0, 1 and 2 months. 
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Using the total number of broilers slaughtered per month (i.e. monthly throughput) as 

a crude proxy for on-farm stocking density (i.e. number of birds per m2 of floor space), 

the relationship between monthly throughput and monthly PRs of ascites (detrended 

series) was also examined by the methods outlined above. 

Given the large number of statistical tests, and the very strong correlation between the 

mean daily maximum temperature and mean daily minimum temperature series (rs = 

0.97, P < 0.001), correlations between PRs and minimum temperature were not tested. 

Bonferroni correction was also applied to reduce the likelihood of type I errors, where 

the P-value of r/rs was set at: 0.05 / 145 ((16 conditions x 3 weather variables x 3 lags) 

+ ascites PR/total slaughtered correlation) = 0.0003. 

 

3.3 Results 

Due to the large number of analyses that were carried out; henceforth, only the most 

noteworthy findings (unless otherwise stated) are presented/discussed in detail.  

 

3.3.1 Annual prevalence rates (PRs) of health and welfare conditions 

Annual PRs of health and welfare conditions identified in GB-reared broilers at 

slaughter/processing are shown in table 3.2. The most prevalent conditions between 

2011 and 2013 were ascites, bruising/fractures, hepatitis and abnormal colour/fever, at 

(weighted) mean rates of 29.95, 28.00, 23.76 and 22.29 per 10,000 processed, 

respectively. On average, each of these four conditions affected between 1.8 and 2.4 

million broiler chickens per year. Tumours/nodules, dermatitis, respiratory disease and 
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salpingitis were the least prevalent conditions, at (weighted) mean rates of 2.02, 1.99, 

0.75 and 0.05 per 10,000, respectively.  

 

 

 

Table 3.2. National annual prevalence rates of health and welfare conditions in GB-reared 

broiler chickens, per 10,000 slaughtered. 

 Year 2011 2012 2013 

C
on

di
tio

n 

Ascites 26.46 30.25 33.01 
Bruising/fractures 30.36 24.54 29.14 
Hepatitis 22.81 25.12 23.32 
Abnormal colour/fevered 22.10 22.68 22.08 
Cellulitis 11.35 15.05 18.03 
Dead on arrival/dead in lairage 12.81 13.19 14.25 
Perihepatitis/peritonitis 8.06 8.32 9.35 
Ante-mortem rejects (culls/runts) 2.82 4.52 5.40 
Pericarditis 4.68 3.97 4.07 
Emaciation 4.12 3.36 3.13 
Other farm-related conditions N/A 1.46 3.79 
Joint lesions 2.16 2.77 2.92 
Tumours/nodules 1.94 1.97 2.14 
Dermatitis 2.39 1.91 1.68 
Respiratory disease 1.70 0.32 0.27 
Salpingitis 0.04 0.07 0.03 

 No. slaughtered 794,151,084 813,413,852 826,325,841 

Conditions listed in descending order of weighted mean (2011-2013) annual rates. Based on 

FSA data.  

 

 

 

 

 



93 
 

3.3.2 Spatial distribution of conditions 

This section focusses on six conditions believed to be those most likely influenced by 

the internal or external environment (i.e. ascites, dead on arrival/dead in lairage, 

dermatitis, joint lesions, bruising/fractures, and respiratory disease).  

The prevalence of ascites was generally consistent across space, at county-level rates 

of 20 – 49.99 cases per 10,000 processed (figure 3.1a). However, a relatively higher 

rate was found in broilers from farms in North Wales (particularly Caernarfonshire-

Merionethshire-Denbighshire, at 60.97 per 10,000), and a lower rate in broilers from 

farms in South West England (specifically Cornwall, at 8.67 per 10,000). Farms in 

Cornwall also produced proportionately less broilers that were found dead on arrival 

or dead in the lairage (9.33 per 10,000; figure 3.1b), and proportionately more broilers 

with dermatitis (11.01 per 10,000; figure 3.1c) and joint lesions (6.57 per 10,000; 

figure 3.1d), than farms in any other GB county. However, the range of county-level 

PRs was considerably lower for broilers found dead before slaughter (9.33 – 25.22 per 

10,000) and for broilers condemned for dermatitis (0.3 – 11.01 per 10,000) and joint 

lesions (0.23 – 6.57 per 10,000) than for ascites (8.67 – 60.97 per 10,000). 

Bruising/fractures was found to have the largest range in county-level prevalence, from 

<5 per 10,000 in clusters of counties in East Scotland and in Mid-South England to 

133.67 per 10,000 in the Northern English counties of Durham-Northumberland 

(figure 3.1e). Whereas, PRs of respiratory disease were consistently low across GB 

counties (figure 3.1f). The highest rates were found in broilers from farms in Fife (4.73 

per 10,000) in Scotland and in Nottinghamshire (3.43 per 10,000) and Lincolnshire 

(2.51 per 10,000) in East England, while all other counties had comparable rates of <1 

per 10,000 processed. 
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Figure 3.1. County-level* prevalence rates (PRs) of (a) ascites; (b) dead on arrival or dead in 

lairage; (c) dermatitis; (d) joint lesions; (e) bruising/fractures; and (f) respiratory disease in GB-

reared broilers, per 10,000 slaughtered, 2011-2013. Data source: FSA.  

Contains Ordnance Survey data © Crown copyright and database right 2014. Contains data 

provided by the Historic County Borders Project, available from http://www.county-

borders.co.uk. Contains data provided through www.VisionofBritain.org.uk and used historical 

material which is copyright of the Great Britain Historical GIS Project and the University of 

Portsmouth. Additional sources: Esri Data and Maps (2011) and Jarvis et al. (2008). This work 

made use of Royal Mail data © Royal Mail copyright and database right 2014. This work made 

use of National Statistics data © Crown copyright and database right 2014. This work made use 

of data complied by C Bell (2014), available at www.doogal.co.uk 

http://www.county-borders.co.uk/
http://www.county-borders.co.uk/
http://www.visionofbritain.org.uk/
http://www.doogal.co.uk/
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*In order to maintain producers’ confidentiality, PRs are presented for the following county 

combinations: Ayrshire and Lanarkshire; Kirkcudbrightshire and Dumfriesshire; East Lothian, 

Midlothian, West Lothian and Peeblesshire; Clackmannanshire and Stirlingshire; 

Roxburghshire and Berwickshire; Northumberland and Durham; Kent, Surrey, Sussex and 

Hampshire; Bedfordshire and Hertfordshire; Berkshire and Oxfordshire; Caernarfonshire, 

Merionethshire and Denbighshire; Brecknockshire, Glamorgan, Radnorshire and 

Pembrokeshire; Nairnshire, Moray and Banffshire; Westmorland and Yorkshire. In all other 

cases, PRs are presented at singular county-level.   

 

 

3.3.3 Temporal distribution of conditions 

Prior to detrending, the time-series of abnormal colour/fever and trauma 

(bruising/fractures) were shortened from January 2003 – December 2013 (original 

series) to January 2006 – December 2013 and September 2009 – December 2013, 

respectively. This was due to large increases in the prevalence of abnormal 

colour/fever and trauma observed during January 2006 and August/September 2009, 

respectively, with subsequent changes in long-term trends. Visual examination of 

time-series plots displaying monthly PRs and monthly weather factors (not shown) did 

not reveal any corresponding change in weather at the time of aforementioned 

increases in condition prevalence. Rather, a push by the FSA to standardise the 

identification and recording of these two conditions across GB slaughterhouses most 

likely accounts for the observed increases. Therefore, it was considered best to exclude 

earlier (pre-standardised) data from the analyses. 

As seen from figure 3.2a, the prevalence of ascites showed evidence of growth over 

time. Cellulitis also increased in prevalence, approximately linearly (figure 3.2b); 

whereas, rates of emaciation (figure 3.2c) and bruising/fractures (figure 3.2d) 
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Figure 3.2. Time-series plots showing monthly prevalence rates of (a) ascites; (b) cellulitis; 

(c) emaciation; and (d) bruising/fractures (solid blue lines) with fitted polynomial trends 

(dashed black lines). Based on FSA data. 

 

 

declined over time, with some increase in bruising/fracture cases within the last 12-16 

months. A quadratic polynomial (Xt = 14.236 - 0.018t + 0.001t2) and linear trend (Xt = 

5.637 + 0.16t) accounted for 67.7% and 68.6% of the variance in monthly PRs of 

ascites and cellulitis, respectively, and were removed from the series. A cubic curve 

(Xt = 12.217 + 0.018t - 0.002t2 + 1.197 x 10-5t3), accounting for 89.8% of the variance, 

was removed from the emaciation series. A quadratic curve (Xt = 62.308 – 1.719t + 

0.023t2), accounting for 85.9% of the variance, was removed from the bruising/fracture 

series. Other conditions did not show such prominent increases or decreases in 

prevalence (as based on the difference between observed PRs during the first and last 

months of each analysed series).   
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Figure 3.3. Correlograms showing autocorrelations among (long-term) trend residuals in the 

monthly series of: (a) ascites; (b) abnormal colour/fever; (c) emaciation; and (d) 

perihepatitis/peritonitis. Black bars represent coefficients (i.e. sign and strength of 

autocorrelation between the first data point in the series and each point thereafter). Grey lines 

represent 95% confidence intervals. Based on FSA data. 

 

 

The lagged autocorrelation function of trend residuals, shown in figures 3.3a and 3.3b, 

exhibited clear oscillation, with coefficients peaking at regular 12-month intervals; 

indicating the presence of 12-month cycles in the prevalence of ascites and abnormal 

colour/fever, respectively. Lagged autocorrelations among trend residuals in the 



98 
 

emaciation (figure 3.3c) and perihepatitis/peritonitis (figure 3.3d) series followed 

similar, but less pronounced, patterns. 

The 12-month cycles are summarised in figure 3.4, the most notable of which was 

observed in the ascites series (figure 3.4a), where PRs were consistently higher in 

winter and early-mid spring months (December – April) than in mid-late summer and 

early autumn months (July-September). Rates of abnormal colour/fever were 

consistently higher in winter months than in the summer months of July and August 

(figure 3.4b). The number of emaciated birds identified at slaughter (figure 3.4c) 

generally dipped in mid-late spring, rising again in late autumn. Overall, the 

prevalence of perihepatitis/peritonitis tended to reach a low point in September (figure 

3.4d). 

There were no clear, significant 12-month cycles in the prevalence of ante-mortem 

rejects, cellulitis, dead on arrival or dead in lairage (DOA/DIL), hepatitis, joint lesions, 

‘other farm’ conditions, salpingitis, skin lesions/dermatitis, or trauma 

(bruising/fractures). However, the PR of trauma (bruising/fractures) did tend to be 

lower in August than in other months of the year. There was some evidence of 12-

month cycles in the prevalence of pericarditis, respiratory disease, and tumours/ 

nodules, but these were somewhat less pronounced than those presented in figure 3.4.  

 

3.3.4 Associations between weather and health and welfare conditions 

Strong negative correlations were found between average maximum temperature and 

the prevalence of ascites (rs = -0.80, P < 0.0003) and abnormal colour/fever (rs = -0.75, 

P < 0.0003) in broilers (see table 3.3). The strength of relationship between maximum  
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Figure 3.4. Boxplots summarising 12-month cycles in the prevalence of (a) ascites; (b) 

abnormal colour/fever; (c) emaciation; and (d) perihepatitis/peritonitis at a national level. Plots 

were based on the residual (i.e. detrended) monthly series. Meteorological winter, spring, 

summer and autumn seasons are represented in blue, green, yellow and red, respectively. 

Based on FSA data. 

 

 

temperature and abnormal colour/fever decreased with increasing lags (1 month: rs = - 

0.61, P < 0.0003; 2 months: rs = -0.29, P = 0.004), while the relationship with ascites 

remained strong at a lag of 1 month (rs = -0.84, P < 0.0003) and decreased at a lag of 

2 months (rs = -0.66, P < 0.0003).      
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 Max. temp. (oC) 
 

Rainfall (mm) Air frost (days) 

Lag (months) 0 -1 -2 0 -1 -2 0 -1 -2 

C
on

di
tio

n 

Abnormal colour/fever -0.75 -0.61 -0.29 0.03 0.22 0.22 0.70 0.52 0.20 
Ante-mortem rejects -0.40 -0.52 -0.56 -0.23 0.03 0.26 0.39 0.51 0.53 
Ascites -0.80 -0.84 -0.66 -0.07 0.09 0.19 0.77 0.79 0.60 
Bruising/fractures -0.29 -0.33 -0.29 -0.18 -0.07 -0.09 0.25 0.24 0.31 
Cellulitis -0.10 -0.12 -0.17 0.07 0.20 0.10 0.08 0.08 0.19 
Dead on arrival/dead in lairage (DOA/DIL) -0.02 -0.13 -0.20 -0.19 -0.09 -0.07 0.17 0.18 0.17 
Emaciation -0.52 -0.48 -0.31 0.09 0.15 0.17 0.51 0.42 0.23 
Hepatitis -0.09 -0.02 0.02 0.19 0.13 0.12 0.04 0.02 0.03 
Joint lesions -0.10 -0.10 -0.07 0.03 0.13 0.11 0.08 0.03 0.04 
Other farm-related conditions 0.30 0.32 0.33 -0.20 -0.15 -0.33 -0.27 -0.33 -0.22 
Pericarditis -0.30 -0.38 -0.34 -0.03 0.13 0.09 0.23 0.26 0.25 
Perihepatitis/peritonitis -0.48 -0.56 -0.49 -0.08 0.09 0.15 0.44 0.49 0.40 
Respiratory disease -0.35 -0.34 -0.22 -0.13 -0.12 -0.05 0.30 0.29 0.21 
Salpingitis -0.04 -0.10 -0.15 -0.10 -0.11 -0.11 0.04 0.11 0.21 
Skin lesions/Dermatitis -0.06 -0.07 -0.05 -0.05 -0.02 -0.02 0.08 0.08 0.04 
Tumours/nodules -0.34 -0.38 -0.31 -0.03 0.02 0.03 0.34 0.33 0.25 

Table 3.3. Correlation coefficients between detrended monthly prevalence rates of health and welfare conditions at slaughter* and monthly 

weather data (mean daily maximum temperature, total rainfall, and days of air frost) for mainland GB, at lags of 0, 1 and 2 months. 

Coefficients in bold were significant at the 0.0003 level (0.05 level after Bonferroni correction). Dark grey shading represents a strong 

correlation (rs = 0.7 - 0.9), medium grey represents a moderate correlation (rs = 0.5 - 0.7), and light grey represents a weak correlation (rs 

= 0.3 - 0.5; Hinkle et al., 2003). Based on FSA and Met Office (2014) data. 

*Several series (i.e. dead on arrival/dead in lairage; respiratory disease; salpingitis; skin lesions/dermatitis) were not detrended. Here, 

correlation coefficients were based on the original monthly prevalence rate series, per 10,000 slaughtered. 
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The moderate negative correlation between emaciation and temperature (rs = -0.52, P 

< 0.0003) decreased marginally with temperature at a lag of 1 month (rs = -0.48, P < 

0.0003)and more so at a lag of 2 months (rs = -0.31, P = 0.0004), while the association 

between perihepatitis/peritonitis and temperature (rs = -0.48, P < 0.0003) was generally 

consistent across lags (1 month: rs = -0.56, P < 0.0003; 2 months: rs = -0.49, P < 

0.0003). Moderate relationships were also found between the number of ante-mortem 

rejects at slaughter and maximum temperature at a lag of 1 (rs = -0.52, P < 0.0003) and 

2 months (rs = -0.56, P < 0.0003), which were stronger than the relationship at zero lag 

(rs = -0.40, P < 0.0003). 

Positive correlations between days of air frost and prevalence of abnormal 

colour/fever, ascites, emaciation, perihepatitis/peritonitis and ante-mortem rejects 

largely mirrored the negative correlations between maximum temperature and these 

conditions, both in strength and lag-pattern (see table 3.3). No notable relationships 

were identified between total rainfall and monthly PRs of any health and welfare 

condition considered herein. 

Correlation analyses indicated no significant linear relationships between weather 

factors and number of broilers found DOA/DIL at slaughter (see table 3.3). However, 

the large peak in DOA/DIL rates during July 2006, and smaller peak during August 

2003, coincided with rises in maximum temperature above 20°C (24.1°C and 22.1°C, 

respectively). The peak during December 2010 coincided with the lowest minimum 

temperature in the series (-3.2°C; see figure 3.5a). Indeed, figure 3.5b potentially 

shows the beginnings of a U-shaped relationship between maximum temperature and 

number found DOA/DIL; whereby, rates remained fairly stable with temperatures 

between ~8℃ and ~19℃, which marked the points of curve for exponential increases 

in DOA/DIL rates. Here, the relationship was being driven by the extreme peaks in  
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Figure 3.5. Association between temperature in mainland GB and total number of broilers 

found DOA/DIL at all reporting GB establishments (n = 75), per 10,000 processed: (a) Time-

series plot showing monthly prevalence rates of DOA/DIL (black line), mean daily maximum 

temperature per month (green line), and mean daily minimum temperature per month (blue 

line). Red horizontal lines were plotted at 0°C and 20°C; (b) scatterplot of number found 

DOA/DIL, per 10,000 processed, and mean daily maximum temperature per month; (c) 

scatterplot of number found DOA/DIL, per 10,000 processed, and mean daily maximum 

temperature per month after removal of major outliers (n = 4). Data sources: FSA and Met 

Office (2014). Data range: January 2003 – December 2013. 
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broiler mortality during the heatwaves of 2003 and 2006, and during the cold winter 

of 2010. When these outliers were removed, however, the U-shape remained (see 

figure 3.5c); whereby, mortality rates began to rise (on average) when maximum 

temperature exceeded ~19°C or dropped below ~8°C  

No relationship was found between total number of broilers slaughtered per month and 

monthly ascites PR (rs = -0.13, P > 0.05). 

 

3.4 Discussion 

The results of this study supported the hypothesis that changes in weather (specifically, 

maximum temperature and days of air frost) are associated with changes in the 

prevalence of several health and welfare conditions identified in broiler chickens at 

slaughter/processing. In particular, ascites, which has been the cause of an increasing 

number of carcass condemnations in GB slaughterhouses since 2003 (reaching an 

annual high of 2.7 million in 2013), was considerably more prevalent in broilers that 

were produced during the coldest times of the year (winter and early spring) than those 

produced during the warmest (summer and early autumn).  

Similar seasonal patterns have been observed in national ascites-related condemnation 

rates for Canada, with higher rates in winter than in summer9 (Olkowski et al., 1996). 

 
9 Unpublished data analyses (following the procedures detailed in section 3.2.2.3) on national 

monthly slaughterhouse data for Canada, spanning January 1999 – May 2014. Data source: 

Agriculture and Agri-Food Canada (AAFC), 050P Poultry Condemnation Report by Species 

for Federally Inspected Plants: Chickens (http://aimis-simia.agr.gc.ca/rp/index-

eng.cfm?menupos=1.01.04&action=pR&pdctc =&r=133&LANG=EN), accessed on 29 July 

2014. 

 

http://aimis-simia.agr.gc.ca/rp/index-eng.cfm?menupos=1.01.04&action=pR&pdctc%20=&r=133&LANG=EN
http://aimis-simia.agr.gc.ca/rp/index-eng.cfm?menupos=1.01.04&action=pR&pdctc%20=&r=133&LANG=EN
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In the tropical climate of Midwestern Brazil, proportionately more broilers are 

condemned for ascites in both summer and winter than in spring or autumn (Belintani 

et al., 2019). However, in Southern Brazil, where the climate is temperate, strong 

negative relationships have been found between outdoor temperature and ascites 

prevalence at slaughter (Souza et al., 2018), which is highly consistent with current 

findings. Indeed, the further south the region (and cooler the climate), the stronger the 

association between outdoor temperature and ascites-related condemnations (Souza et 

al., 2018). 

Exposure to cold temperatures has long been known to increase the incidence of ascites 

in commercial broilers (e.g. Julian et al., 1989; Shlosberg et al., 1992) by increasing 

the demand for oxygen in an already demanding system (Julian, 1993; Bessei, 2006; 

Kalmar et al., 2013; Das & Deka, 2019). This suggests that weather conditions might 

be driving the seasonal patterns in ascites prevalence rates (PRs). If this hypothesis is 

true, we would be led to one of two conclusions given that the large majority of GB 

broilers were reared on intensive indoor farms: Either the internal climate control 

systems in today’s broiler houses do not have the capacity to cope with current weather 

patterns, or the systems are not being used to their full capacity in an attempt to, for 

instance, optimise productivity (e.g. see May & Lott, 2001; Olanrewaju et al., 2010) 

and/or reduce the costs of production (i.e. heating in the winter). 

Such conclusions were strengthened by agreement between previous research on the 

timing effects of indoor temperature, and current findings of strong associations 

between ascites PR and outdoor temperature at both 0 and 1 month lags (representing 

mid-late life and early-mid life in fast-growing broilers, respectively). Specifically, 

Groves’ (2002) research suggested that prolonged exposure to cold temperatures 

during the first two weeks of life increases broilers’ susceptibility to ascites, and 
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further exposure during week four (or later) may advance the clinical manifestations 

of this condition in predisposed birds. Moreover, Sato et al. (2002) showed that clinical 

and pathologic signs of ascites can disappear in affected birds when the indoor 

temperature is maintained at 20 ± 5°C during the last weeks of life.  

Given the prolonged suffering that ascites causes in broilers (Bessei, 2006; Afolayan 

et al., 2016), the large number of individuals who are affected each year, and the 

considerable amount of feed that is wasted in raising them to slaughter age, it is 

unacceptable if many ascites cases can be prevented (e.g. Groves, 2002; Özkan et al., 

2010; Rahmani et al., 2017) or reversed (Sato et al., 2002) by providing broilers with 

an appropriate thermal environment while under our care. 

Although it is widely accepted that prolonged cold exposure is a major trigger of 

ascites in broilers, cause-and-effect cannot be established within observational 

research. Therefore, other (non-climatic) factors, which may have confounded the 

associations reported herein, must not be discounted. In theory, increased consumer 

demand for chicken meat at particular times of the year might translate into higher on-

farm stocking densities, which suppresses growth rate and, consequently, the incidence 

of ascites (Julian, 2000). However, no relationship was found between ascites PR and 

number of broilers slaughtered per month.  A rise in indoor humidity, brought about 

by reducing the ventilation in broiler houses in an attempt to prevent adverse cold 

effects and limit heating costs, most likely explains the higher incidence of footpad 

dermatitis in winter (Shepherd & Fairchild, 2010). To the author’s knowledge, there 

is no evidence that house humidity affects the incidence of ascites (though it is 

theoretically probable; Julian, 2000). Although, several reports have attributed 

outbreaks of ascites to poor air quality, poor ventilation, and to the presence of 

pathogens (reviewed by Wideman et al., 2013); all of which could result from farmers 
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having reduced the ventilation in broiler houses to prevent adverse cold effects and 

limit heating costs in the winter. On the other hand, broilers reared in cold conditions 

tend to consume more feed (Howlider & Rose, 1987; Nyuiadzi et al., 2017), which 

intensifies the birds’ oxygen requirements and can lead to ascites (Julian, 2000). Thus, 

it seems likely that weather is driving the seasonal variation in ascites prevalence, 

either directly or indirectly (or both).  

Like ascites, the prevalence of abnormal colour/fever (septicaemia/toxaemia, also 

known as ‘blood poisoning’) tended to decrease as maximum temperature rose and 

days of air frost fell. Lagged associations indicated that temperature towards the end 

of life was more strongly associated with the prevalence of abnormal colour/fever at 

slaughter than temperature in early life. Higher incidence rates of sepsis (the body’s 

systemic inflammatory response to septicaemia; Odeh, 1996) have also been observed 

in humans during the coldest times of the year (Danai et al., 2007; McNevin et al., 

2018), although potential timing effects are unclear. 

The Canadian Food Inspection Agency (2015) distinguishes between 

septicaemia/toxaemia and cyanosis; however, the visual characteristics of both 

conditions appear to be very similar and, therefore, may be difficult to differentiate on 

a fast-moving slaughter line. As noted by Wideman et al. (2016), a carcass with dark-

coloured muscle (and no other lesions) may be condemned under 

septicaemia/toxaemia in the USA and under cyanosis in Canada. Thus, it is possible 

that (at least some) cases of abnormal colour/fever recorded in GB slaughterhouses 

reflect cyanosis, rather than septicaemia/toxaemia, which could explain the timing 

effects identified herein. Cold outdoor temperature towards the end of life (during 

transportation to slaughter) has been identified as a risk factor for cyanosis in turkeys 

(Mallia et al., 2000a). Moreover, chicken carcasses that were condemned for cyanosis 
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in Canadian abattoirs were found to have significantly redder breast meat than controls 

(Boulianne & King, 1998; Mallia et al., 2000b), and showed traits of dark, firm and 

dry meat (Mallia et al., 2000b); all of which have been found in broilers exposed to 

cold temperatures (≤0°C) during transportation to slaughter (Dadgar et al., 2010), and 

all of which (apart from “firm” meat) match the criteria for rejecting carcasses due to 

septicaemia/toxaemia at post-mortem inspection in GB (Romero & Borrego, 2010).  

Contrary to current findings, seasonal differences in preslaughter mortality 

(DOA/DIL) have been observed in several countries. In Canada 10 and the Czech 

Republic (Vecerek et al., 2016), the highest rates have been recorded during winter. In 

Italy (Petracci et al., 2006) and north Iran (Hosseini Aliabad et al., 2011), the highest 

rates were recorded during summer.  While, in a subtropical region of Brazil, rates 

were higher in summer and spring than in winter and autumn (Vieira et al., 2011). 

Overall, higher rates of preslaughter mortality have been found in the Netherlands (46 

per 10,000; Nijdam et al., 2004), Turkey (38.9 per 10,000; Teke, 2019), Czech 

Republic (37 per 10,000; Vecerek et al., 2016); Italy (35 per 10,000; Petracci et al., 

2006), Brazil (33 per 10,000; Vieira et al., 2011), and Canada11 (22.5 per 10,000; 

Agriculture and Agri-Food Canada, 2015), as compared to GB (mean annual 2011-

2013 rate: 13.4 per 10,000). 

 
10 Unpublished data analyses (following the procedures detailed in section 3.2.2.3) on national 

monthly slaughterhouse data for Canada, spanning January 1999 – May 2014. Data source: 

Agriculture and Agri-Food Canada (AAFC), 050P Poultry Condemnation Report by Species 

for Federally Inspected Plants: Chickens (http://aimis-simia.agr.gc.ca/rp/index-

eng.cfm?menupos=1.01.04&action=pR&pdctc =&r=133&LANG=EN), accessed on 29 July 

2014. 
11 National data for 2014. 

http://aimis-simia.agr.gc.ca/rp/index-eng.cfm?menupos=1.01.04&action=pR&pdctc%20=&r=133&LANG=EN
http://aimis-simia.agr.gc.ca/rp/index-eng.cfm?menupos=1.01.04&action=pR&pdctc%20=&r=133&LANG=EN
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Weather patterns likely contribute to within-country seasonal differences in 

preslaughter mortality (Petracci et al., 2006; Hosseini Aliabad et al., 2011; Vieira et 

al., 2011; Caffrey et al., 2017), but may also explain some between-country variation. 

Hot and humid conditions in summer are thought to increase the risk of heat-stress 

during transportation and lairage (Petracci et al., 2006). Transport under cold (Dadgar 

et al., 2010) and wet conditions (Hunter et al., 1999), on the other hand, may lead to 

cold-stress and, reducing the ventilation to protect against this, can create a 

“paradoxical heat-stress” on-board (Mitchell & Kettlewell, 1998). Thus, the harsher 

winters in Canada, warmer summers in Italy and Iran, and hotter and more humid 

spring/summers in Brazil, may contribute to the higher incidence of DOA/DIL in these 

nations as compared to GB. However, international differences in other factors, such 

as transport distance/duration (Nijdam et al., 2004; Vecerek et al., 2006; Cockram & 

Dulal, 2018; Teke, 2019) and slaughterhouse size (Petracci et al., 2006) are also likely 

to be involved. 

Although consistent seasonal patterns were not observed herein, the highest DOA/DIL 

rates coincided with both high and low temperature extremes, which is consistent with 

previous findings in the Netherlands (Nijdam et al., 2004) and Turkey (Teke, 2019). 

Warriss et al. (2005) reported that DOA rates increased exponentially as maximum 

daily temperatures rose above ~17°C, while temperatures below this threshold 

appeared to have little effect. A similar trend of increasing mortality was observed 

herein when temperatures reached ~19°C. The apparent 2°C increase in the upper 

threshold of broilers’ thermoneutral zone might be accounted for by the different study 

populations, or may reflect recent improvements in transportation aimed at combating 

heat-stress during warm weather. Such improvements would also explain the 

minimisation of summer peaks in DOA/DIL rates that were observed pre-2007 
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(Warriss et al., 2005; Haslam et al., 2008; also see figure 3.5a). That Warriss et al. 

(2005) did not detect an increase in preslaughter mortality during cold weather may 

reflect the severity of more recent winters (2009/2010 and, particularly, December 

2010; Prior & Kendon, 2011), which were not included in earlier studies. Indeed, the 

heavy snowfall during December 2010 (Prior & Kendon, 2011) may have exacerbated 

the effects of low temperatures by lengthening journey time between farm and 

slaughter (Nijdam et al., 2004; Caffrey et al., 2017). 

Of course, weather cannot explain all variation in condition PRs, as alluded to above. 

Different systems of production may prevail in certain regions and may contribute to 

within-country spatial differences in PRs. For example, free-range production 

predominated in Cornwall, where relatively low rates of ascites and DOA/DIL, and 

high rates of dermatitis and joint lesions, were evident. Growth rate is directly linked 

to pulmonary hypertension and to the incidence of ascites in broilers (Bessei, 2006; 

Kalmar et al., 2013). Therefore, the use of slower-growing strains on Cornwall farms 

might have contributed to the lower rates of DOA/DIL and ascites found here. On the 

other hand, fast-growing strains and/or inadequate pasture management can lead to 

higher rates of skin conditions and skeletal damage in free-range systems (Sossidou et 

al., 2015), which might have contributed to the relatively higher rates of dermatitis and 

joint lesions in Cornwall-reared broilers. Whereas, the large range in bruising/fracture 

cases, with spatial clustering of comparable PRs, might be explained by discrepancies 

in: (i) the skill of catching teams and/or slaughterhouse staff who work in different 

regions; (ii) the slaughter line environment of different establishments; and/or (iii) the 

maintenance of catching and/or transportation equipment used by different regional 

teams (Sagar, 2010). Considerable variation in bruising/fracture PRs was also 

observed over time (Figure 3.2d). The introduction of Council Directive 2007/43/EC, 
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re-training (or improved training) of catching teams, and/or widespread improvements 

in equipment or transportation might explain the decline in bruising/fracture 

prevalence between September 2009 and September 2011. The monthly variation 

observed in bruising/fracture PRs might partially be accounted for by changes in 

slaughterhouse or catching team staff (staff turnover), irregular failures or maintenance 

of equipment (Sagar, 2010). 

Clearly then, weather is not the only factor associated with condemnation rates. Even 

ascites PRs, which showed clear seasonal patterns and strong associations with 

weather, also demonstrated a long-term trend that could not be explained by weather. 

Detrending the monthly PR time-series was a purposeful attempt to isolate seasonal 

patterns from the potential effects of other variables, such as genetic selection or 

gradual improvements in detecting conditions on-farm or during ante- and/or post-

mortem inspections. Further work is needed to describe how factors (such as 

production system, on-farm stocking density, growth rate, and age at slaughter) might 

influence, and interact with weather to influence, broiler health/welfare at slaughter. 

The inclusion of such factors was beyond the scope of this thesis, but estimations of 

their potential impacts will further assist the development of climate change adaptation 

strategies for the livestock industry. 

Bonferroni correction was applied in this study to reduce the likelihood of type I errors 

due to the large number of statistical tests that were performed. Type 1 errors are 

defined as the incorrect rejection of a null hypothesis (Chin & Lee, 2008; Anderegg et 

al., 2014); whereby, a researcher concludes that there is an effect or association when, 

in reality, no such effect or association exists (Doan, 2005; Anderegg et al., 2014). 

Historically, scientists have prioritised avoiding this type of error. However, in doing 

so, the likelihood of a type 2 error is increased; whereby, the researcher concludes that 
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there is no effect or association when, in fact, one does exist (Doan, 2005; Anderegg 

et al., 2014). Due to the trade-off between false positive (type 1 errors) and false 

negative (type 2 errors), researchers must decide which type of error to prioritise based 

on their research questions and the potential implications of each error (Doan, 2005; 

Anderegg et al., 2014). The main disadvantage of prioritising type 1 error avoidance 

over type 2 error avoidance is overlooking potentially interesting findings (Doan, 

2005). As the current study set out to identify those health and welfare conditions most 

likely to be affected by weather, false negative results were considered more tolerable 

than false positive results. However, while the remaining chapters of this thesis focus 

on those conditions indicated herein to be most strongly associated with temperature 

(i.e. ascites, abnormal colour/fever, and DOA/DIL), future research should not 

discount the other, potentially important, associations between weather variables 

(temperature; rainfall) and health/welfare conditions in broilers at slaughter that may 

have been overlooked due to a type 2 error herein. Given the potential food safety 

and/or quality issues that may arise if conditions are missed at slaughter/processing, 

the trigger system in place that launches an investigation if flock PRs exceed a set 

threshold level, and post-mortem inspection verification checks (which are carried out 

by OVs on a sample of carcasses each day), readers can be fairly confident in the 

reliability of the batch-level FSA data analysed herein. Further, poultry condition cards 

have been specifically developed by FSA personnel (e.g. Veterinary Managers, Lead 

Veterinarians, OVs and MHIs), and external experts in the field of poultry medicine, 

to standardise identification and recording of post-mortem conditions in UK 

slaughterhouses. Photographs and clear descriptions of defective carcasses, with 

outcome (i.e. rejection) decisions, provide guidance to post-mortem inspection teams. 

However, ante- and post-mortem inspections are not diagnostic procedures (Löhren, 
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2012) and certain conditions may be more difficult to detect than others on a fast-paced 

slaughter line. For example, cellulitis is known to be difficult to detect during post-

mortem inspection (Löhren, 2012). Therefore, PRs of cellulitis at slaughter are more 

likely to be underestimated than PRs of more easily detectable conditions, such as 

DOA/DIL, ascites, or abnormal colour/fever. 

Furthermore, to the author’s knowledge, multiple conditions are not often recorded in 

a single individual. Carcasses are removed from the slaughter line at the point of 

inspection at which a condition is detected that requires total rejection of the carcass 

and offal. Once condemned, carcasses do not regularly undergo further post-mortem 

inspection. Therefore, a carcass with clear signs of ascites and respiratory disease 

would most likely be condemned due to (and recorded as a case of) ascites at whole 

bird inspection point. Respiratory disease would not be detected (or recorded) in that 

animal as the carcass would not reach the point of evisceration. As such, PRs of 

conditions that are normally detected at the second or third post-mortem inspection 

points (including respiratory disease) are more likely to be underestimated, and may 

be less reliable, than PRs of conditions that are normally detected at earlier points of 

inspection (including DOA/DIL, ascites, and abnormal colour/fever). The remaining 

chapters of this thesis focus primarily on those conditions that are relatively easy to 

detect and the data for which are considered most reliable (namely, DOA/DIL, ascites, 

and abnormal colour/fever). In terms of validity, the methods used to identify 

septicaemia/toxaemia at post-mortem inspection may warrant investigation to ensure 

that data on ‘abnormal colour/fever’ do not include cases of cyanosis or dark, firm, dry 

meat with no systemic infection. 

Even with FSA guidance in place to standardise identification and recording of health 

and welfare conditions in GB slaughterhouses, assuming equal sensitivity and 
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specificity of the inspection process across all establishments, at all times, may be a 

stretch too far, and perfect consistency should not be presumed in the recording of all 

conditions across the board. In addition, slaughterhouses vary in size and number of 

inspection points. Better detection rates of health and welfare conditions might be 

expected in slaughterhouses with more inspection points; although, increasing the 

number of inspectors on a slaughter line was found to have little impact on the efficacy 

of post-mortem inspections (Fries & Kobe, 1993; Löhren, 2012). Nonetheless, future 

research that makes use of the batch-level FSA dataset should account for (and report) 

variability between slaughterhouses, as well as variability at the farm-level.  

With regard to the monthly FSA dataset, it should be noted that all contributing 

slaughterhouses did not report cases of all conditions (as can be seen in table 3.1). For 

example, a relatively small number of establishments reported cellulitis as compared 

to the number of establishments that reported other conditions, such as ascites or 

DOA/DIL. Closer inspection of the dataset revealed that many of the smaller 

slaughterhouses did not report cases of cellulitis, which could signify inadequate 

detection and reporting of this condition by small establishments, or could be a true 

reflection of many small slaughterhouses not having received batches from farms that 

experienced problems with cellulitis. Unfortunately, the level of detail provided in the 

monthly dataset did not enable the author to determine the cause of such differences 

in reporting between establishments. However, the number of slaughterhouses that 

contributed to the PR time-series of each condition is not likely to have affected current 

findings. That is, if the PR of a condition follows seasonal patterns and/or is associated 

with weather, this should be evident regardless of whether the time-series is based on 

the entire population of GB-reared broilers, or part thereof.  
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The annual PRs in table 3.2 were calculated from nationwide data collected from the 

entire population of GB-reared broiler chickens that reached slaughter each year. 

Nonetheless, it must be noted that PRs recorded at processing stage may be 

conservative estimates given that birds manifesting health and welfare conditions on-

farm may (and should) be culled immediately in order to end pain and suffering in 

affected animals, limit economic losses, and (where applicable) prevent potential 

infection to other members of the flock.  

Using monthly, national-level, data enabled a broad characterisation of the 

relationships between condition PRs and weather; but, the use of such data may have 

masked, for example, a stronger curvilinear relationship between maximum daily 

temperature and DOA/DIL rates where extreme weather events were short-lived and 

traversed two months. Chapters 4 and 5 will focus on modelling associations between 

day-to-day fluctuations in the prevalence of conditions at slaughter (specifically, 

ascites, abnormal colour/fever, DOA/DIL) and daily mean temperature, at a more local 

level. This will facilitate forecasting of condemnation rates under alternative climate 

change scenarios, and will inform future research that aims to develop strategies to 

minimise the adverse effects of current weather cycles and future climate change on 

broiler health/welfare.     
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3.4.1 Implications 

The UK was the largest producer of broiler meat in EU-2812, and has above average 

rates of condemnation (Löhren, 2012), but the findings reported herein are not only 

significant to the UK. The broiler industry is growing across the globe, and poultry is 

now the leading source of meat in Australia, Brazil, Canada, India, Iran, Mexico, New 

Zealand, Russia, South Africa, Ukraine, the UK, and USA, amongst many other 

countries worldwide13. With future food security under threat by climate change and 

an ever-increasing human population (Hanjra & Qureshi, 2010), we need to reduce 

food waste as much as possible (Godfray, 2010), including farm animal mortalities 

and condemnations at slaughter. 

Climate change is anticipated to have the greatest, and most immediate (pre-2020s), 

impact on intensively-farmed animals when in transit (Moran et al., 2009; Knox et al., 

2012; Skuce et al., 2013). Given that DOA/DIL was the only condition that tended to 

increase with outdoor temperature (>19°C), current findings support such 

expectations, at least in terms of losses at slaughter/processing. As maximum monthly 

temperature exceeds 24°C, large (>6-fold) increases in DOA/DIL rates (relative to 

those rates observed at milder temperatures: 8–18°C) might be expected, as was 

observed in July 2006 (see also Warriss et al., 2005). Thus, while improvements in 

transportation appear to have reduced the impacts of recent summer temperatures in 

 
12 Based on 2018 data. Comparison of Production quantity (tonnes) of Meat, chicken in 28 EU 

member states, 2018. Data source: FAOSTAT (www.fao.org/faostat/en/#data/QL), accessed 

on 16 July 2020. 
13 Comparison of aquatic mammal, bovine, pig, poultry, mutton and goat, and ‘other’ meat: 

Food supply quantity (kg/capita/yr) in World (List), 2013. Data source: FAOSTAT 

(http://faostat3.fao.org/download/FB/CL/E), accessed on 16 July 2020. 

 

http://www.fao.org/faostat/en/#data/QL
http://faostat3.fao.org/download/FB/CL/E
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GB, further improvements may be required to lessen the impacts of climate change in 

the future. 

Aside from the risk of increased DOA/DIL rates and on-farm mortality (Turnpenny et 

al., 2001) due to heat-stress, the broiler industry might see some benefits from a 

warming climate through lower condemnation rates of ascites and abnormal 

colour/fever, in particular. Until then, however, the findings of this study suggest that 

changes might be required, on-farm and in-transit, to overcome broiler vulnerabilities 

to our current, colder, climate.  

 

3.4.2 Conclusions 

In conclusion, the prevalence of some of most common health and welfare conditions 

in broiler chickens changes with weather in a temperate climate. Each winter, the 

welfare of a large number of broilers is compromised, seeming due to inadequate 

thermal provision on-farm and in transit, which leads to a considerably greater number 

of condemned carcasses at slaughter and adds to food waste. It is not clear how long 

chickens may be exposed to cold temperatures on-farm or in transit. With regard to the 

sixteen conditions considered herein, climate change impact assessment and 

adaptation research should focus on broiler mortality during transport and lairage. 

However, it is also recommended that the industry takes active steps to reduce the 

welfare impact of current winter conditions in temperate climates. 
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Chapter 4 

Modelling associations between outdoor temperature and the 

prevalence of ascites and septicaemia in commercial broiler 

flocks at slaughter 

____________________________________________________________________ 

Abstract 

The poultry industry incurs significant losses each year due to poor health and welfare 

in commercial broiler (meat) chickens, including condemnation of affected carcasses 

at slaughter. Condemnations due to ascites (common metabolic disorder) and 

septicaemia (systemic bacterial infection) follow distinct seasonal patterns, with the 

highest rates consistently observed in winter months. This study set out to investigate 

if outdoor temperature might be driving these seasonal trends. Time-series of daily 

broiler carcass condemnations were examined in relation to daily mean temperature 

using negative binomial models and adjusting for number slaughtered, season, and 

day-of-week. Data (2011-2013) were representative of Central England, UK. Negative 

binomial models were supplemented with unconstrained distributed lag models to 

estimate the timing of potential temperature effects. Risk of ascites was found to 

decrease by 1.2% (95% CI -2.2% to -0.3%, p < 0.05) and by 1.5% (-2.8% to -0.2%, p 

< 0.05), with every 1℃ drop in mean temperature below 15℃, on the day of slaughter 

(lag 0) and day 9 before slaughter (lag 9), respectively. No association was found 

between outdoor temperature in early life (weeks 1 or 2) and ascites prevalence at 

slaughter. Risk of septicaemia decreased by 0.6% (-1.1% to -0.1%, p < 0.05) with 
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every 1℃ rise in mean temperature (above 0℃) on the day of transport to slaughter. 

Differences between model estimates are highlighted and discussed. Findings suggest 

that cold-induced meat quality defects (i.e. dark, firm, dry meat) are mistaken for the 

signs of septicaemia in British poultry slaughterhouses; potentially reflecting 

unnecessary losses. Colder temperatures towards the end of life might increase 

preslaughter mortality in ascitic broilers; thereby reducing associated condemnation 

rates. Further research is needed to describe the pathological lesions associated with 

septicaemia condemnations, and to investigate the effects of outdoor temperature on 

ascites-related, preslaughter mortality.   

____________________________________________________________________ 

 

4.1 Introduction 

The poultry industry is now the largest producer of meat worldwide14, and global 

demand continues to rise (Revell, 2015). Chicken meat production has increased 10-

fold in the past five decades15; reaching an annual high of 114 million tonnes in 2018 

(Food and Agriculture Organisation of the United Nations, 2020). Though 

intensification of production has largely enabled the industry to meet growing 

consumer demand (Robinson et al., 2011), significant losses are incurred each year 

 
14  Based on comparison of ass, camel, horse, rabbit, sheep and goat, beef and buffalo, pig, and 

poultry meat: Production Quantity (tonnes) in World (Total), 2018. Data source: Food and 

Agriculture Organization of the United Nations, FAOSTAT, (www.fao.org/faostat/en/#data 

/QL), accessed on 08 September 2020.  
15 Production Quantity (tonnes) of Meat, chicken in World (Total), 2018 / Production Quantity 

(tonnes) of Meat, chicken in World (Total), 1968. Data source: Food and Agriculture 

Organization of the United Nations, FAOSTAT, (www.fao.org/faostat/en/#data/QL), accessed 

on 08 September 2020.  
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due to poor health and welfare in modern broiler (meat) chicken flocks (Kaoud et al., 

2016; Part et al., 2016; Jones et al., 2019). 

One of the major causes of loss for the broiler industry is ascites syndrome (Kalmar et 

al., 2013; Hassanzadeh et al., 2014; Kaoud et al., 2016; Part et al., 2016); a metabolic 

disorder that accounts for approximately 24% of on-farm mortalities, 10% of 

mortalities during transport to slaughter (Kittelsen et al., 2015), and a further 13% of 

carcass condemnations at processing plants 16. It was estimated to affect 4.7% of 

broilers worldwide in 1996 (Maxwell & Robertson, 1997), which, all things being 

equal, would equate to more than 3 billion birds in 201817. Though recent advances in 

breeding and management have reportedly reduced the incidence of this condition 

(Tarrant et al., 2017), ascites has been the cause of an increasing number of broiler 

condemnations in Great British (GB) slaughterhouses since 2003 (Part et al., 2016) 

and continues to be a financial burden on the industry; costing the United States (US) 

industry approximately $100 million in 2015 alone (reported in Tarrant et al., 2017).  

The primary cause of this condition is believed to be an imbalance between oxygen 

supply and the oxygen needed to sustain fast growth and high feed efficiency in 

modern broilers (Decuypere et al., 2000, 2005; Baghbanzadeh & Decuypere, 2008; 

Hassanzadeh et al., 2014). Decades of productivity-focussed genetic selection has 

resulted in broiler strains with a higher basal metabolic rate (Currie, 1999; Kalmar et 

al., 2013), hence greater oxygen demand (Akşit et al., 2013; Kalmar et al., 2013), but 

 
16 Calculated from condemnation records on every flock of broiler chickens slaughtered in 

Great Britain (GB) during 2013, using 23 condemnation categories. Data source: Food 

Standards Agency, UK. 
17 68,785,221,000 chickens were slaughtered for their meat in 2018 (Food and Agriculture 

Organization of the United Nations, 2020). 4.7% of 68,785,221,000 = 3,232,905,387 chickens. 
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a relatively under-developed cardiopulmonary system that struggles to meet that 

demand (Baghbanzadeh & Decuypere, 2008; Gupta, 2011; Kalmar et al., 2013; 

Wideman et al., 2013; Dey, 2017; Rothschild, 2019). A further rise in metabolic rate 

(e.g. to regulate body temperature under cold conditions; Julian, 2000, 2005; Akşit et 

al., 2013) can tip the delicate balance between oxygen supply and demand 

(Baghbanzadeh & Decuypere, 2008; Akşit et al., 2013; Kalmar et al., 2013; 

Hassanzadeh et al., 2014; Mohammadalipour et al., 2017); inducing pulmonary 

hypertension, congestive failure of the right ventricle, increased portal pressure, 

transudation of fluid into the abdominal cavity (i.e. ascites), and death (Julian, 2000; 

Kalmar et al., 2013).  

Exposure to cold temperatures is a known trigger of ascites in modern broiler chickens 

(Julian, 2000; Akşit et al., 2008; Baghbanzadeh & Decuypere, 2008), and is the typical 

method used to induce ascites in experimental research (e.g. Varmaghany et al., 2015; 

Nemati et al., 2017; Mohebbifar et al., 2019). Cold stress in early life (0-14 days) can 

raise metabolic rate for several weeks, increasing broilers’ susceptibility to ascites 

(Julian, 2000; Baghbanzadeh & Decuypere, 2008; Afolayan et al., 2016). Further cold 

exposure during week four (or later) may then advance the clinical manifestations of 

this condition (Groves 2002).  

Though the vast majority of commercial broilers are reared indoors, and broiler 

breeding companies provide farmers with clear guidelines on optimal brooding and 

growing temperatures (e.g. Aviagen, 2018; Cobb-Vantress, 2018), ascites prevalence 

at slaughter follows distinct seasonal patterns, with the highest rates consistently 

observed during the coldest months of the year (Olkowski et al., 1996; Part et al., 2016). 

Given the widely accepted causal link between cold exposure and ascites susceptibility 

in commercial broilers (Julian, 2000; Hassanzadeh, 2010; Hassanzadeh et al., 2014), 
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it seems likely that outdoor temperature is driving these seasonal trends, as discussed 

in Chapter 3. However, the observational nature of such research makes it difficult to 

establish cause-and-effect. 

Like ascites, the prevalence of septicaemia follows seasonal patterns, with consistently 

higher rates recorded in GB slaughterhouses during winter months (December – 

February) than during summer months (July and August; see Chapter 3). However, 

unlike ascites, there is no established causal link between cold exposure and 

septicaemia. Observational studies in humans have reported higher rates of sepsis (the 

body’s systemic inflammatory response to septicaemia; Odeh, 1996) in winter (Danai 

et al., 2007; Ore & Ireland, 2015; McNevin et al., 2018), but this is largely due to a 

rise in viral respiratory infections during winter season (Danai et al., 2007). In 

commercial broilers, septicaemia is most commonly linked to a bacterial (not viral) 

infection––typically Escherichia coli (E. coli; Cummings et al., 2007; Romero & 

Borrego, 2010; Löhren, 2012)––which is more common in humans during summer 

months (Al-Hasan et al., 2009).  

There may be numerous explanations for the disparate seasonal patterns observed in 

the prevalence of E. coli septicaemia in broiler chickens and E. coli infection in 

humans. In Chapter 3, it was proposed that manifestations of cold stress in broilers 

might be mistaken for the signs of septicaemia at slaughter; thereby artificially 

inflating septicaemia condemnation rates in winter. In poultry, septicaemia is defined 

as a systemic condition caused by the presence of pathogenic bacteria in the 

bloodstream (Romero & Borrego, 2010; Russell, 2012). The bacteria proliferate and 

release toxic products into the blood (Romero & Borrego, 2010), which are circulated 
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around the body (Odeh, 1996)18. At processing, this condition manifests as a dark, red 

and/or dehydrated carcass, and is recorded as ‘abnormal colour/fever 

(septicaemia/toxaemia)’ (hereafter ACF) in GB slaughterhouses (Romero & Borrego, 

2010). However, similar outward traits are induced by exposure to cold temperatures 

(below 0℃) during transportation to slaughter; specifically, dark, firm, dry (DFD) 

meat, which is redder in colour than the meat of broilers exposed to temperatures above 

0℃ (Dadgar et al., 2010, 2012). On a fast-paced slaughter line, it might be difficult to 

distinguish between these two conditions.  

Indeed, Stayer (2018) reported that septicaemia-toxaemia is the most commonly 

misused condemnation category for poultry in the US. Broilers with dark-coloured 

breast meat, but no other lesions, are often condemned under ‘septicaemia/toxaemia’ 

in the US, or under ‘cyanosis’ in Canada (Wideman et al., 2016). However, such meat 

may be safe, suitable and, moreover, favourable for further processing (Mallia et al., 

2000a, 2000b, 2000c); reflecting unnecessary losses for the industry.  

If, as proposed, the seasonal variation in ACF can be explained by an increase in cold-

induced DFD meat, any effect of outdoor temperature should be greatest on the day of 

transport to slaughter. Earlier research was based on monthly aggregated data, which 

did not lend itself to identifying relationships between ACF condemnation rates and 

outdoor temperature on particular days of life. The use of daily data may enable a more 

informed conclusion with regards to the “septicaemia/toxaemia” or “DFD meat” 

uncertainty around ACF records in GB. Further, the use of daily data, with explicit 

control for seasonal patterns, will enable short-term associations between outdoor 

 
18 In human medicine, the term ‘septicaemia’ is considered futile and, where bacteria are 

present in the bloodstream, the term ‘bacteraemia’ is deemed more accurate (Odeh, 1996). 
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temperature and ascites condemnation rates to be estimated, which are more likely to 

reflect real causal relationships than the longer-term associations reported in Chapter 

3 (Schwartz et al., 1996; Bhaskaran et al., 2013).  

The first aim of this chapter was to assess if day-to-day fluctuations in the prevalence 

of ascites or ACF in broiler chickens at slaughter can be explained, in part, by changes 

in outdoor temperature. The second aim was to estimate the timing of potential 

temperature effects.  

The following hypotheses were tested: 

1. Day-to-day variation in the prevalence of ascites and ACF in broiler 

chickens at slaughter is negatively associated with outdoor temperature.  

2. An increased risk of ascites at slaughter is associated with a decrease in 

outdoor temperature during weeks 1, 2 and 4+ of life. 

3. An increased risk of ACF at slaughter is associated with a decrease in 

outdoor temperature on the last day of life. 

 

 

4.2 Materials and Methods 

4.2.1 Datasets 

4.2.1.1 Temperature data 

Daily mean, minimum and maximum outdoor temperatures (spanning three full years, 

2011-2013) were obtained from the Centre for Environmental Data Analysis (CEDA; 

http://www.ceda.ac.uk/) as part of the Met Office Hadley Centre Central England 

Temperature (HadCET) Series (Hadley Centre for Climate Prediction and Research, 

2006). The data series are representative of Central England in the UK, with a 

http://www.ceda.ac.uk/
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geographical extent of 54° N, 51° S, 1° E and -4° W (Hadley Centre for Climate 

Prediction and Research, 2007). Daily mean temperature was highly correlated with 

daily minimum and maximum temperature (rs = 0.95, p < 0.001; rs = 0.97, p < 0.001, 

respectively); therefore, only the mean temperature series was used in subsequent 

analyses. 

It should be noted that the daily temperature series used herein (HadCET; Hadley 

Centre for Climate Prediction and Research, 2007) was not assumed to reflect the 

ambient temperatures that broilers experienced on-farm or in-transit/lairage. This 

study set out to test for associations between outdoor temperature and the prevalence 

of ascites and ACF at slaughter. Outdoor temperature as measured in the shade is 

unlikely to reflect the minimum or maximum ambient temperatures experienced by 

broilers on an intensive indoor farm or tightly stocked vehicle. The temperatures that 

broilers were actually exposed to were likely dependent on a multitude of factors 

including (but by no means limited to) the capacity and efficiency of indoor climate 

control systems (Knox et al., 2012), transport crate stocking density (Caffrey et al., 

2017), and position on the transport vehicle (Knezacek et al., 2010). 

 

4.2.1.2 Slaughterhouse data 

Slaughterhouse data (spanning three full years) were obtained from the Food Standards 

Agency (FSA), UK. The shared dataset included every batch of broiler chickens that 

was processed in FSA-approved poultry meat establishments in Great Britain during 

2011 – 2013. Each batch was comprised of birds reared on the same farm by the same 

producer, and processed as a flock at the same establishment.  
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Post-mortem inspections were undertaken without delay after slaughter (Food 

Standards Agency, 2018). Each carcass and accompanying offal were inspected by 

fully trained staff19. Those with ascites and abnormal colour/fever (ACF) were rejected 

as fit for human consumption, and removed from the slaughter line. Cases (counts) of 

ascites and ACF were recorded at batch-level, along with the total number 

slaughtered/processed in each batch, date of slaughter, and rearing location (i.e. 

producer/farm postcode).  

After cleaning and formatting the full dataset (detailed in Chapter 3), geographical 

coordinates for each producer/farm postcode were obtained from publicly available 

archives (Bell, 2014). For the purposes of this study, only those batches that were 

reared on farms located within the geographical extent of the HadCET series were 

retained. Batch-level data were then aggregated to create three daily time-series, 

representative of Central England: (i) total number of broilers slaughtered; (ii) counts 

of ascites; and (iii) counts of ACF. Two further time-series were generated to adjust 

for day-to-day changes in population size prior to statistical modelling: (iv) daily 

prevalence of ascites (i.e. daily ascites count / daily number slaughtered); and (v) daily 

prevalence of ACF.  

The time-series comprised data collected in 90 slaughterhouse establishments, 

from 251,545 batches (totalling 1,675,218,583 chickens), reared on 798 farms. The 

total number of chickens slaughtered/processed in each batch ranged from 8 to 96,639 

(median = 5,700 birds, interquartile range [IQR] = 3,960 - 7,065). The (weighted) 

median age at slaughter was 37 days (weighted IQR = 34 - 40 days). Chickens reared 

 
19 Post-mortem inspections were typically carried out by Meat Hygiene Inspectors (MHIs), 

and/or Plant Inspection Assistants (PIAs), working under the supervision of an Official 

Veterinarian (OV). 
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in intensive indoor systems constituted the large majority (> 97.5%) of those 

slaughtered, with considerably fewer broilers reared in extensive indoor (0.03%), free-

range (1.7%), organic (0.3%) and ‘other’ systems (0.05%). Most broilers (63% of 

those processed) had been produced at an on-farm stocking density of 33-39 kg/m2, 

with fewer (17.8%) at a lower stocking density (up to 33 kg/m2), and considerably 

fewer (0.4%) at a higher density (39-42 kg/m2). The stocking density was unknown 

for 18.8% of broilers slaughtered. 

 

4.2.2 Data analyses 

The process of analysis used herein was based on that described by Bhaskaran et al. 

(2013). Unless otherwise specified, all data analyses were executed in R 3.6.1 (R Core 

Team, 2019), using RStudio®. Analyses were facilitated by the following R packages: 

‘Hmisc’ (Harrell Jr. et al., 2019); ‘ggplot2’ (Wickham, 2016); ‘extrafont’ (Chang, 

2014); ‘vcd’ (Meyer et al., 2017); ‘tsModel’ (Peng & McDermott, 2013); ‘MASS’ 

(Venables & Ripley, 2002); ‘splines’ (R Core Team, 2019); ‘Epi’ (Carstensen et al., 

2019); and ‘dlnm’ (Gasparrini, 2011).  

 

4.2.2.1 Descriptive analyses 

Time-series plots of daily mean temperature, ascites and ACF (daily counts and 

prevalence) showed the expected seasonal patterns. Crude associations between 

temperature and condition prevalence were plotted (with fitted trend lines) and 

examined; firstly, using daily data and, secondly, using data aggregated to bins of 1°C 

(where mean temperature and total count of each condition as proportion of total 
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slaughtered were calculated for each bin20, as a simple transparent smoothing method).  

Scatterplots of daily and aggregated data showed the expected linear relationships 

between outdoor temperature and the prevalence of each condition. Linear associations 

between daily mean temperature and condition prevalence were tested using 

Spearman’s rank order correlations (rs).  

Descriptive statistics (mean, median, range, first quartile, third quartile, variance) 

revealed that both the ascites and ACF count series were highly overdispersed. Ord 

plots were used to determine approximate distribution of daily ascites and ACF data 

(counts and prevalence), as well as daily mean temperature. Boxplots enabled 

examination of ascites and ACF (counts and prevalence) by day-of-week.  

 

4.2.2.2 Statistical models 

Time-series regression analyses were used to assess day-to-day fluctuations in the 

prevalence of ascites and ACF in broiler chickens at slaughter in relation to daily mean 

temperature, assuming a negative binomial (NB) distribution. NB models were used 

to allow for overdispersion (i.e. greater variability in daily ascites and ACF counts than 

would be expected under a Poisson distribution in which the variance equals the mean). 

As Poisson regression is the standard method used to analyse discrete count data 

(Bhaskaran et al., 2013), Poisson models that allow for overdispersion (i.e. quasi-

Poisson models) were fitted initially and compared against the fit of corresponding NB 

models (see Section 4.2.2.2.1).  

Separate NB regression models were developed for each condition (ascites and ACF). 

Models were fitted to daily count data, with log daily number slaughtered included as 

 
20 Executed in Microsoft Excel® 2010 (Microsoft Corporation). 
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an offset (i.e. denominator) variable. Inclusion of the offset adjusted for day-to-day 

changes in population size, and resulted in modelling of daily prevalence (i.e. the 

proportion of broilers slaughtered that were condemned because of ascites or ACF), 

rather than daily counts of each condition (Parry, 2018).  

 

4.2.2.2.1 Modelling temperature-condition associations: Immediate effect 

A NB regression model was first fitted to each count series, offset by log daily number 

slaughtered, with mean temperature on the day of slaughter as the only explanatory 

variable. A simple linear term for temperature was parameterised. In order to test 

hypothesis 1, and examine short-term associations between exposure (outdoor 

temperature) and outcome (condition prevalence at slaughter), it was necessary to 

adequately control for the seasonal patterns and long-term trends that dominated the 

raw outcome series (Bhaskaran et al., 2013). This was achieved by adding natural 

cubic splines (NCS) of time with 5 and 7 degrees of freedom (df) per year to the NB 

models of ascites and ACF, respectively. (See Appendix I for more information on 

choice of seasonal control). Finally, indicator terms were used to model day-of-week 

effects (reference day: Monday).  

From each model, the relative risk (RR) of a condition (ascites or ACF) at slaughter 

per 1℃ increase in same-day temperature was estimated. RR values greater than 1 

represented an increased risk of the condition, and values less than 1 represented a 

reduced risk. Effect sizes were presented as percentage risk increase, with 95% 

confidence interval (CI). 

As Poisson regression is the typical method used to analyse count data (Bhaskaran et 

al., 2013), Poisson models that allowed for overdispersion were fitted to compare 



142 
 

against NB models. Checks for overdispersion (i.e. residual deviance / residual df) 

strongly suggested that NB regression was optimal for modelling both ascites and ACF, 

at every stage of development21.  

Goodness-of-fit was examined using a chi-square test based on residual deviance and 

df (i.e. deviance goodness-of-fit test). Model diagnostics were undertaken via plots of 

deviance residuals: (i) over time; (ii) versus mean temperature; and (iii) versus 

predicted values. Partial autocorrelation function (PACF) plots of deviance residuals 

were also examined to assess statistical independence of errors. Sensitivity analyses 

involved re-specifying the models with different levels of seasonal control, and 

explicitly modelling high degrees of residual autocorrelation, as suggested by 

Bhaskaran et al. (2013). See Appendix I for further details.  

 

4.2.2.2.2 Modelling temperature-condition associations: Delayed effect 

Unconstrained distributed lag linear models (DLMs; see Gasparrini, 2019) were 

developed in order to test hypotheses 2 and 3, and to explore potential delayed 

(“lagged”) associations between temperature and (i) prevalence of ascites; and (ii) 

prevalence of ACF, at slaughter. That is, to determine when (i.e. on which days 

throughout life) mean outdoor temperature was associated with ascites or ACF risk at 

slaughter. Such models have previously been used in the field of environmental 

epidemiology to assess the delayed effects of air pollution (Schwartz, 2000), ambient 

ozone (Samoli et al., 2009), and temperature (Hajat et al., 2005) on human mortality.  

 
21 Note: Excess zeros were not present in ascites or ACF count data; therefore, hurdle and zero-

inflation models were not considered appropriate to account for overdispersion in the data 

series. 
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In DLMs, multiple lags of the exposure variable are simultaneously fitted and 

controlled for (Hajat et al., 2005; Bhaskaran et al., 2013). To enable this, a cross-basis 

matrix for mean temperature was generated, with an untransformed linear term and 

unconstrained lag structure. A 37-day lag period was chosen to capture the entire 

lifespan of 50% of broilers included in the dataset (i.e. using the weighted median age 

of birds at slaughter). 

NB regression models were fitted to estimate the effects of mean temperature at each 

lag (as defined by the cross-basis matrix) on counts of ascites and ACF at slaughter, 

offset by log daily number slaughtered. NCS of time, with 5 and 7 df per year, were 

used to adjust for seasonality and long-term trends in ascites and ACF time-series, 

respectively. Indicator terms were used to model day-of-week effects.  

Here, the RR (with 95% CI) per 1℃ decrease in mean temperature (below the 

reference value) was estimated for each lag, for each condition (ascites and ACF), and 

plotted. The cumulative effect of a 1℃ decrease in mean temperature over 38 days (i.e. 

the sum of all estimated effects from lag 0 to lag 37) was also estimated from each 

model, with 95% CIs. Reference values were specified at 15℃ for temperature-ascites 

predictions, and at 0℃ for temperature-ACF predictions. These values were based on 

the rearing temperature used (from day 21 of life) to experimentally induce ascites 

(Luger et al., 2001; Varmaghany et al., 2015; Abdulkarimi et al., 2017), and the 

transportation temperature below which DFD meat was experimentally induced in 

broilers (Dadgar et al., 2012). 

DLMs were checked for overdispersion by dividing residual deviance by residual df. 

Deviance goodness-of-fit tests were also applied. Diagnostic plots of deviance 

residuals (scatterplots over time, versus predicted values, and PACF plots) were 
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examined, as was sensitivity of the estimates (overall cumulative effects and RR at 

each lag) to different levels of seasonal control and to modelling of high residual 

autocorrelation (see Appendix I).  

 

4.3 Results 

4.3.1 Descriptive analyses 

Figure 4.1 shows the annual seasonal patterns observed in the daily ascites count 

(figure 4.1a), ACF count (figure 4.1b) and mean Central England temperature (figure 

4.1c) series. Overall, the number of broiler chickens with ascites or ACF at slaughter 

was higher in winter than in summer. Counts of ascites also showed an increasing trend 

over time. The same patterns were observed after adjusting for day-to-day differences 

in the number of broilers slaughtered (see Appendix I, Fig. 4.1). The negative linear 

relationships between daily mean temperature and daily prevalence of ascites and ACF 

(i.e. daily count of [condition] / daily number slaughtered) were weak, but highly sign 

ificant (rs = -0.41, p < 0.001; and rs = -0.26, p < 0.001, respectively) as illustrated in 

figure 4.2. 

Daily mean Central England temperature ranged from -3°C (recorded on 04 February 

2012) to 22.7°C (01 August 2013), with a median of 10.1°C (IQR = 6.3 – 13.9℃). 

Daily ascites counts ranged from 0 to 12,475 (median = 4,770; IQR = 1,850 - 5,995), 

and ACF counts from 0 to 9,474 (median = 4,026, IQR = 1,140 - 4,781). The minimum 

daily number of broilers slaughtered in Central England was 700 individuals, and the 

maximum was over 2.6 million (median = 1,936,220, IQR = 512,698 - 2,116,577). 

Greater variance was evident in ascites and ACF prevalence recorded at weekends 

(Saturdays and Sundays) than on weekdays (see Appendix I, Fig. 4.2). 
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Figure 4.1. Time-series plots showing (a) daily ascites counts at slaughter, (b) daily ACF 

counts at slaughter, (c) daily mean Central England temperature. Data range: 01 January 2011 

– 31 December 2013. Based on FSA and Met Office HadCET Series data (Hadley Centre for 

Climate Prediction and Research, 2007). 
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Figure 4.2. Scatterplots of daily mean Central England temperature and: (a) daily prevalence 

of ascites, (b) daily prevalence of ACF, with fitted linear trends (blue line) and 95% confidence 

interval (CI) for predictions from fitted trend (grey zone). Data range: 01 January 2011 – 31 

December 2013.  Based on FSA data and Met Office HadCET Series data (Hadley Centre for 

Climate Prediction and Research, 2007). 
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4.3.2 Temperature-condition associations: Immediate effect 

The unadjusted NB models suggested a 2.2% decrease in ascites (95% CI -2.5% to -

1.9%, p < 0.001), and 1.0% decrease in ACF (95% CI -1.3% to -0.8%, p < 0.001), with 

every 1℃ increase in mean temperature on the day of slaughter. Adjusting for 

seasonality and long-term trends (illustrated in figure 4.3), as well as day-of-week 

effects, reversed the direction of association between outdoor temperature and ascites 

prevalence at slaughter. That is, the adjusted NB model suggested a 0.6% increase 

(95% CI 0.0% to 1.2%) in ascites for every 1℃ increase in same-day temperature. 

However, the effect was not significant at the 5% level (p = 0.06). 

The association between mean temperature and ACF remained negative and 

significant after adding the required adjustments to the model, with a 0.6% risk 

decrease in ACF (95% CI -1.1% to -0.1%, p < 0.05) with every 1℃ increase in mean 

temperature. That is, cooler outdoor temperature on the day of slaughter was associated 

with an increased risk of ACF.  

Deviance goodness-of-fit tests indicated that both NB models fitted the data well (p > 

0.1), with little overdispersion in the model of temperature-ascites associations 

(residual deviance / residual df = 1.04) or temperature-ACF associations (1.05). In 

contrast, quasi-Poisson models were not a good fit for the data (p < 0.001), with high 

levels of overdispersion in the model of temperature-ascites associations (164.1) and 

temperature-ACF associations (81.1). 
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Figure 4.3. Time-series plots showing (a) daily prevalence of ascites at slaughter (grey points), 

with fitted NCS of time (df = 5 per year) used to control for seasonality and long-term trends 

in the series (black line); and (b) daily prevalence of ACF at slaughter (grey points), with fitted 

NCS of time (df = 7 per year) used to control for seasonality and long-term trend in the series 

(black line). Daily prevalence = daily count of [condition] / daily number slaughtered. Data 

range: 01 January 2011 – 31 December 2013. Based on FSA data. Note: Daily prevalence 

series were presented here for illustration purposes only. In each statistical model, NCS of 

time were fitted to the ascites and ACF count series, offset by log daily number slaughtered. 
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4.3.3 Temperature-condition associations: Delayed effect 

As seen in figure 4.4a, the DLM suggested that a drop in mean temperature on the day 

of slaughter (lag 0), and day 9 before slaughter (lag 9), was associated with a reduced 

risk of ascites-related condemnation. Every 1℃ decrease in outdoor temperature 

(below 15℃) at lag 0 was associated with a 1.2% risk reduction (95% CI -2.2% to -

0.3%, p < 0.05) in ascites-related condemnation. At lag 9, risk of ascites was reduced 

by 1.5% (95% CI -2.8% to -0.2%, p < 0.05) with every 1℃ decrease in temperature 

below 15℃. At all other lags, a change in outdoor temperature had no significant effect 

(at the 5% level) on risk of ascites at slaughter. 

Risk of ACF at slaughter decreased by 1.0% (95% CI -1.8% to -0.3%, p < 0.01) with 

every 1℃ drop in mean temperature (below 0℃) at lag 37 (see figure 4.4b). At all 

other lags, a change in outdoor temperature had no significant effect on ACF-related 

condemnation. The estimated 0.7% risk increase in ACF, with every 1℃ decrease in 

outdoor temperature on the day of slaughter (lag 0), was similar to that estimated using 

the same-day-only NB model; however, the effect was no longer statistically 

significant (95% CI -0.1% to 1.5%, p = 0.07). 

There was no significant overall cumulative effect of a 1℃ drop in mean temperature 

below 15℃, or 0℃, on risk of ascites (-1.3%, 95% CI -3.3% to 0.7%), or ACF (0.4%, 

95% CI -1.4% to 2.3%), at slaughter, respectively.  

Deviance goodness-of-fit tests indicated that neither the DLM model of temperature-

ascites associations, nor the DLM model of temperature-ACF associations, fitted the 

data particularly well (p = 0.04, and p = 0.03, respectively), with some overdispersion 

remaining (residual deviance / residual df = 1.08; and 1.09, respectively). However,  
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Figure 4.4. Relative risk (RR; black dots), with 95% confidence interval (grey bars), of (a) 

ascites and (b) ACF at slaughter per 1℃ decrease in mean temperature below 15℃ and 0℃, 

respectively, on the 37 days leading up to slaughter (plus day of slaughter: lag 0). RR values 

greater than 1 represent an increased risk of ascites or ACF at slaughter with every 1℃ 

decrease in temperature on the corresponding day (lag), and values less than 1 represent a 

reduced risk. All estimates were derived from unconstrained distributed lag models (DLMs). 
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this was largely due to the long lag structure of each DLM (i.e. 37 days). With all else 

equal, a shorter lag structure (i.e. 14 days) was a better fit for the data (p > 0.05). 

DLM deviance residuals followed the same patterns as those seen in residual plots of 

NB temperature models.  That is, little pattern and reasonable homogeneity of variance 

over time, with evidence of linearity, but also heteroscedasticity, when plotted against 

predicted values. Again, variance of deviance residuals was greater at lower predicted 

counts of both ascites and ACF. See Appendix I for further details on model 

diagnostics, and for the results of sensitivity analyses on DLM estimates. 

 

4.4 Discussion 

Time-series regression analysis was used to estimate associations between mean 

outdoor temperature and the proportion of broilers condemned at slaughter due to 

ascites or abnormal colour/fever (septicaemia/toxaemia; ACF). Two models were 

developed for each condition: A negative binomial (NB) model of immediate (i.e. 

same-day) associations with outdoor temperature, and a distributed lag model (DLM) 

of immediate and delayed associations. Results from the ACF NB model provided 

partial support for hypothesis 1 in that day-to-day variation in the prevalence of ACF 

at slaughter was negatively associated with daily mean temperature. However, results 

from the ACF DLM did not support this hypothesis. No support was found for 

hypothesis 1 in terms of a negative association between outdoor temperature and 

ascites prevalence at slaughter. Indeed, results from the ascites DLM directly 

contradicted this hypothesis.  
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The ascites DLM suggested that outdoor temperature had both an immediate and 

delayed effect on ascites prevalence at slaughter. However, unexpectedly, risk of 

ascites decreased as mean temperature dropped below 15℃, both on the day of 

slaughter (when broilers were being transported from farm to slaughterhouse) and day 

9 before slaughter (when broilers were on-farm). In other words, risk of ascites 

increased as temperature rose above 15℃ on these days. As with cold exposure, 

moderate heat increases broilers’ metabolic rate (Julian, 2000) and is sometimes 

mentioned as an exogenous causative factor for ascites (Julian, 2000; Baghbanzadeh 

& Decuypere, 2008; Gupta, 2011). However, in a study by Mendes et al. (1997), 

ascites did not account for any deaths in broilers reared under hot conditions (cycling 

diurnal temperature of 25.5℃ to 33.3℃), and accounted for 23.6% of deaths in 

broilers reared under cold conditions (constant temperature of 15.5℃), during the final 

three weeks of life. Indeed, an increase in ambient temperature during the final two 

weeks of life has been found to prevent death from cold-induced ascites (Sato et al., 

2002); whereas, exposure to cold temperatures, around the same time (week four or 

later), may advance the clinical signs of ascites in predisposed birds (Groves, 2002). 

Therefore, a likely explanation for DLM estimates is that more broilers with ascites 

survived to reach the slaughter line when outdoor temperature was warmer on the day 

of transport, and day 9 before transport; suggesting a positive association between 

mean daily temperature and ascites prevalence at slaughter. If temperature dropped on 

the day of slaughter, or day 9 before slaughter, broilers with ascites were, perhaps, 

more likely to die, on-farm or in transit, and, therefore, not be counted in ascites 

condemnation records; suggesting a protective effect of cold temperature on ascites 

prevalence at slaughter.  
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While NB model estimates did not corroborate those of the DLM in terms of a 

significant same-day temperature effect, this inconsistency is likely explainable by 

bias in NB model estimates due to residual confounding caused by the omission of 

lagged temperature variables. Ascites is a progressive condition (Kalmar et al., 2013), 

which often goes undetected in the early stages (Löhren, 2012). Symptoms might not 

be observed until approximately two weeks after initial cold exposure (Abdulkarimi et 

al., 2017). Though symptoms may develop faster in older birds, and in birds fed 

alternative diet forms (Hasani et al., 2018), it is highly unlikely that temperature on the 

day of slaughter was a root cause of ascites symptoms observed on the same day. 

Rather, exposure to moderate heat during loading/transport/lairage may have advanced 

the clinical signs of this condition in broilers who were already experiencing the early 

stages; making the condition more easily detected at slaughter. Alternatively (or 

additionally), exposure to cold temperatures during loading/ transport/lairage may 

have induced mortality in broilers who were experiencing the later stages of ascites; 

perhaps due to cold exposure in earlier life (Groves, 2002). If the immediate effect of 

outdoor temperature was, indeed, dependent on an earlier (lagged) effect, the DLM 

would offer more accurate effect estimates than the NB model as multiple lags of 

temperature were simultaneously fitted and controlled for (Hajat et al., 2005; 

Bhaskaran et al., 2013).  

Moreover, DLM predictions were centred at 15℃, which makes them arguably more 

informative than the ascites NB model predictions (with default centring at 0℃). 

Theoretically, centring predictions from linear models should be inconsequential as 

every incremental increase (or decrease) in the exposure variable should have an equal 

effect on the outcome. However, perfect linear relationships are a rare find in real-

world data; therefore, it should be common practice to centre predictions at an 
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informed level of exposure. Here, 15℃ was used as it is the typical ambient 

temperature under which broilers are reared (from day 21 of life) to experimentally 

induce ascites (e.g. Luger et al., 2001; Varmaghany et al., 2015; Abdulkarimi et al., 

2017).  

Cold stress in early life (0-14 days) is widely acknowledged to increase broilers’ 

susceptibility to ascites (Julian, 2000; Groves, 2002; Baghbanzadeh & Decuypere, 

2008; Afolayan et al., 2016). However, no association was found between ascites 

prevalence at slaughter and outdoor temperature in early life; thereby, failing to 

support hypothesis 2. From a statistical perspective, it could be argued that 

multicollinearity, due to the long lag-structure of the DLM, caused imprecise estimates 

(Majid et al., 2018). Although, there was little evidence to support this argument as the 

95% confidence intervals of lag-specific relative risks changed minimally after 

truncating the DLM to a shorter (14-day) lag structure. From a practical perspective, 

broiler farmers are likely well-aware of the detrimental effects that early cold stress 

can have on broiler health and performance (e.g. Fairchild, 2009) and, so, may ensure 

that optimal house temperatures are maintained during the first few weeks of life. 

Alternatively, broilers who developed ascites due to cold exposure in early life may 

have died (or been culled) before reaching the slaughterhouse and, therefore, not be 

included in the slaughterhouse data. Indeed, Groves’ (2002) research suggested that 

exposure to cold temperatures may result in ascites mortalities approximately 2 weeks 

later. Under this assumption, no association would be observed between ascites 

prevalence at slaughter and outdoor temperature beyond 14 days of lag, which supports 

current findings.  

Cold stress after 3 weeks of age is generally considered less critical to ascites 

development (Groves, 2002). However, more than 75% of broilers in the current study 
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were older than 3 weeks at lag 9; when a drop in outdoor temperature appeared to have 

the greatest effect on ascites condemnation rates. Broilers may experience a growth 

spurt around this time (i.e. between 3 and 4 weeks old; Talaty et al., 2009), which 

would increase oxygen demand and raise metabolic rate (Scheele, 1997). A coinciding 

rise or drop in house temperature would further increase oxygen demand (Julian, 2000) 

and may have triggered the early stages of ascites. In an experiment by Özkan et al. 

(2010), turning off the heating on day 21 (thereby, reducing ambient temperatures by 

7℃ in week 4, 5℃ in week 5, and 3℃ in week 6) increased ascites mortalities from 

13.3% to 44.2% in male broilers reared at high altitude (1720 m). Numerous other 

experiments have induced ascites by introducing cold conditions on day 21 (e.g. 

Mohammadalipour et al., 2017); further highlighting the need to maintain optimal 

house temperatures (i.e. 21°C; Turnpenny et al., 2001) after week 3 if we are to reduce 

the prevalence of this important condition in broilers.  

Regarding ACF prevalence at slaughter, the NB model suggested an immediate effect 

of outdoor temperature. Risk of ACF increased as temperature dropped below 0℃ on 

the day of slaughter. These findings supported hypothesis 3. To the author’s 

knowledge, there is no evidence to suggest that cold exposure causes an immediate 

(i.e. same-day) increase in the prevalence of septicaemia/toxaemia. Poor ventilation 

and overcrowding on-farm may increase the prevalence of E. coli in broiler chickens 

during cold weather (Abd El Tawab et al., 2015), and contribute to outbreaks of E. coli 

septicaemia that originate in the respiratory organs (Sonawane et al., 2012). Though, 

if poor farm management during cold weather accounted for the rise in ACF 

condemnation rates, one would expect a negative association with outdoor temperature 

on the days or weeks leading up to slaughter (i.e. while broilers were on-farm), which 

was not found herein.  
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There is, however, evidence to suggest that cold stress leads to immediate (i.e. same-

day) changes in meat quality characteristics (Dadgar et al., 2010, 2012), which might 

be mistaken for the signs of septicaemia/toxaemia on a fast-moving slaughter line. 

Specifically, exposure to temperatures below 0℃ during transportation to slaughter 

increases the incidence of DFD meat, which is redder in colour than the meat of 

broilers exposed to temperatures above 0℃ (Dadgar et al., 2010, 2012). Furthermore, 

cold outdoor temperature (≤ 0℃) at the time of transportation has been identified as a 

risk factor for “cyanosis” in turkeys (Mallia et al., 2000d); a category previously used 

in Canadian slaughterhouses to condemn carcasses with DFD traits and no other 

condemnable lesions (Mallia et al., 2000a). Condemnation of such carcasses under the 

‘ACF’ category in GB slaughterhouses likely explains the same-day association with 

outdoor temperature, as estimated by the NB model.  

However, contrary to the outcome of the NB model, the DLM found that ACF was not 

significantly associated with outdoor temperature during transport to slaughter (lag 0). 

This inconsistency between model estimates may not be surprising if, as proposed, the 

ACF time-series contained counts of two distinct conditions at slaughter (i.e. DFD 

meat and septicaemia/toxaemia). Unless outdoor temperature had the same effect on 

both conditions, modelling such a mixed outcome series would artificially reduce the 

strength and significance of any real association between outdoor temperature and 

either condition. Including multiple lags of temperature in the model (as in the DLM) 

might further reduce the chances of detecting a real, same-day association. Lags of the 

same exposure variable are often highly correlated (Demirhan, 2020), which widens 

the confidence interval of estimates (Majid et al., 2018) and can drastically reduce the 

statistical significance of real relationships (Colonescu, 2016). Although 
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multicollinearity did not seem to influence ascites estimates up to 14 days of lag, ACF 

estimates may be particularly sensitive due to the mixed composition of ACF records.  

Unexpectedly, the DLM suggested a delayed effect of temperature on ACF 

condemnation rates, whereby an increase in outdoor temperature 37 days before 

slaughter was associated with an increased risk of ACF. On average (based on median 

day at slaughter), lag 37 represented the day of hatch for broilers in this study. 

Therefore, findings potentially indicate an early life effect of temperature on ACF at 

slaughter. E. coli, the bacterium responsible for septicaemia in broiler chickens 

(Löhren, 2012; Romero & Borrego, 2010), may be one of the first pathogens 

encountered by newborn farm animals (Sonawane et al., 2012). However, the 

relationship between E. coli infection and temperature is unclear. In Egypt, Abd El 

Tawab et al. (2015) found a higher incidence of E. coli in the internal organs of dead 

and diseased broilers during the colder (winter) season. In Morocco, Cohen et al. 

(2007) found higher counts of E. coli in chicken meat samples during the hot season. 

While, in Pakistan, Yunus et al. (2009) found no differences in the incidence of E. coli 

infection throughout the year. Thus, th significant temperature effect at lag 37 was 

suspected to have occurred by chance, likely due to the long lag structure of the DLM 

(Schwartz et al., 1996). The need for a shorter lag structure in order to fit the data well 

further discounted the positive association between ACF and mean outdoor 

temperature at lag 37. 

The use of daily time-series data permitted a finer analysis of temperature-condition 

associations than those reported in Chapter 3. Previous findings suggested a strong 

negative relationship between ACF condemnation rates and average maximum 

outdoor temperature during the month of slaughter (Part et al., 2016). Narrowing this 

relationship down to the day of slaughter provided further support for the hypothesis 
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that ACF condemnation records include broiler carcasses with DFD meat and no other 

condemnable lesions.  

On the other hand, current findings conflicted with those of Chapter 3 with regards to 

temperature-ascites associations. While previous findings suggested a negative 

relationship between ascites prevalence at slaughter and outdoor temperature 

throughout life, current findings suggested a positive relationship between ascites 

prevalence at slaughter and outdoor temperature on the last day of life, and 9 days prior. 

Lack of seasonal control in previous analyses likely explains the contradictory findings. 

As noted in section 4.3.2, a significant negative relationship was found between ascites 

prevalence at slaughter and same-day temperature before adjusting for seasonality and 

long-term trends in the NB model. Thus, while more broilers are condemned for ascites 

in winter, once the seasonal patterns have been removed, a decrease in outdoor 

temperature (on the day of slaughter and 9 days prior) appears to protect against 

ascites-related condemnations. 

As aforementioned, condemnation records do not include broilers that died (or were 

culled) due to ascites or ACF at farm-level or during transport to slaughter. Therefore, 

current findings must not be taken as estimations of the relationship between outdoor 

temperature and condition prevalence per se, but between outdoor temperature and 

condition prevalence as recorded at slaughter. Indeed, Nijdam et al. (2006) found a 

higher prevalence of ascites in broilers who died during transport to slaughter than in 

those who survived to reach the slaughter line. Broilers with active septicaemia are 

also unlikely to survive the transport process (Russell, 2012). This may significantly 

underestimate the prevalence of each condition at slaughter, potentially mask stronger 

relationships with outdoor temperature than those reported herein, and/or (as proposed 

with ascites) reverse the direction of temperature-condition relationships when 
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considering only day-to-day associations. Additional research is clearly needed to 

determine the effects of outdoor temperature on ascites-related mortalities during 

transport.  

Of course, outdoor temperature cannot explain all variation in ascites or ACF 

condemnation rates. Conditions are multifactorial, with numerous risk factors involved 

(Mallia et al., 2000d; Baghbanzadeh & Decuypere, 2008; Hassanzadeh, 2010). The 

time-series approach and use of aggregated daily data in this study did not enable 

adjustment for batch-level variables (such as age at slaughter, growth rate, broiler 

breed, diet, or on-farm stocking density), which may interact with outdoor temperature 

to influence ascites and/or ACF condemnation rates. Multi-level (mixed) modelling 

approaches at batch-, farm-, and slaughterhouse-levels, incorporating local weather 

data, would further inform strategies that are likely needed to mitigate the effects of 

outdoor temperature on broiler health and welfare at slaughter.  

The daily temperature series used herein (HadCET; Hadley Centre for Climate 

Prediction and Research, 2007) was averaged over the region of Central England and, 

therefore, removed the extremes of temperature that were likely to be experienced at a 

local level. The mixed modelling approaches suggested above, using batch-level FSA 

data, would likely offer greater precision in same-day and lagged effect estimates by 

enabling temperature and health/welfare data to be matched at a local (farm and/or 

slaughterhouse) level. Such models would enable associations to be detected that could 

not be considered at the regional level assessed herein, such as interaction effects 

between temperature and rainfall, or moderating effects of batch-level variables (e.g. 

growth rate, production system, age at slaughter), on the prevalence of ascites and ACF 

at slaughter. Unfortunately, transport duration was not included in the slaughterhouse 

data shared by FSA and may interact with same-day temperature to affect broiler 
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health and welfare at slaughter (e.g. see Cockram et al., 2019). FSA data do, however, 

contain food chain information that would enable transport distance to be estimated 

for each batch. Incorporating transport distance as a potential moderating variable in 

the multi-level model suggested above would further assist in identifying those broilers 

most vulnerable to extremes of outdoor temperature.  

 

4.4.1 Implications 

In 2013, more than 2.7 million broiler carcasses were condemned for ascites, and more 

than 1.8 million for ACF, in GB alone; reflecting financial losses of approximately 

£9.9 million (pounds sterling; GBP)22. On an individual level, broiler chickens are the 

least economically valuable farmed poultry (Löhren, 2012). However, the vast number 

of individuals affected by these conditions reflects considerable losses to the industry 

and adds to food waste. Moreover, the implications for animal welfare are substantial, 

with ascites, in particular, causing prolonged suffering and distress (Olkowski et al., 

1996; Aksit et al., 2008; Afolayan et al., 2016).  

Several strategies have shown promise in reducing broiler losses due to cold-induced 

ascites; including: (i) dietary supplements (e.g. Varmaghany et al., 2015; Kaoud et al., 

2016; Kodambashi Emami et al., 2017; Nemati et al., 2017; Abdulkarimi et al., 2019); 

(ii) acute cold exposure in early life (Bahadoran & Hassanzadeh, 2010); and (iii) 

quantitative feed restriction in early life (Mohammadalipour et al., 2017). The same 

methods are likely to be applicable to the reduction of broiler losses due to heat-

 
22 Estimation based on the Department for Food, Environment and Rural Affairs’ (DEFRA, 

2020) valuation per commercial broiler, as-hatched, at age 39 days (median age at slaughter 

for broilers in GB; see Chapter 3): (218.95 pence * 4.5 million broilers condemned for 

ascites or ACF at median age of 39 days) / 100 = £9,852,750.  

https://www.sciencedirect.com/science/article/pii/S1090023313001135?via%3Dihub#b0015
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induced ascites, with acute heat (as opposed to cold) exposure in early life. However, 

each of these strategies has drawbacks. Dietary supplements may add to feed cost. 

Timed periods of cold (or heat) exposure may be impractical in commercial settings, 

and feed restriction may compromise the welfare of young birds who were specifically 

selected for high feed intake (Kalmar et al., 2013). None of these strategies should 

replace good management and, more importantly, none should be needed under good 

management. For example, Özkan et al. (2010) found that slight heating of the broiler 

house was more effective than feed restriction in reducing ascites-related mortality at 

high altitude. 

Genetic selection for ascites resistant broiler strains is considered a permanent and 

global solution to the ascites crisis (Balog et al., 2003; Hassanzadeh et al., 2014; 

Vecerek et al., 2019). Until then, current findings suggest that farmers should aim to 

maintain a temperature-controlled environment during the latter stages of production 

as a strategy to minimise ascites-related losses in market-weight birds and, 

simultaneously, improve broiler welfare.  

Though septicaemia/toxaemia is a potential source of foodborne illness in humans 

(Fisher et al., 1998), DFD meat poses no threat to human health (Mallia et al., 2000c) 

and is favourable for further processing (Mallia et al., 2000b). If, as current findings 

suggest, ACF records contain a significant proportion of DFD carcasses, the 

condemnation criteria for ACF (currently seen at whole-bird inspection points; 

Romero & Borrego, 2010) might require reconsideration. Of course, the 

microbiological profile and physical properties of ACF carcasses must first be assessed 

to determine their safety and fitness for human consumption. Provided no infection is 

detected, a change in consumer preferences from white over dark meat to equal 

preference for white and dark meat (see Wideman et al., 2016) could reduce losses 



162 
 

from ACF broilers; increasing profits for the industry and reducing food waste. 

However, a reduction in ACF-related condemnations due to changes in condemnation 

criteria will do nothing to lessen the animal welfare impacts of DFD meat caused by 

cold-stress during transportation to slaughter. Therefore, the industry should consider 

eliminating the cause of ACF (or DFD) carcasses.  

 

4.4.2 Conclusions 

Findings suggest that changes are required, on-farm and in-transit, to overcome broiler 

chicken vulnerabilities to outdoor environmental conditions. Maintaining optimal 

house temperatures in later life (week three onwards) might be a positive step towards 

reducing ascites-related mortalities and condemnations at slaughter. Taking extra 

precautions to protect birds from cold conditions during transport to slaughter will 

likely reduce the number of broilers condemned for ACF in winter. Future research is 

needed to describe the pathological lesions and microbiological profile of ACF 

carcasses, and to investigate the effects of outdoor temperature on ascites-related, 

preslaughter mortality.   
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Chapter 5 

Commercial broiler chickens found dead on arrival at 

slaughter: Associations with outdoor temperature and flock 

health and welfare 

____________________________________________________________________ 

Abstract 

Climate change may impose the greatest effects on intensively farmed animals while 

in transit. To enable accurate projections of such impacts, relationships between 

current weather patterns and transport outcome must first be appropriately defined. 

This study aimed to quantify the relationship between outdoor temperature and the 

number of commercial broiler (meat) chickens found dead on arrival or dead in the 

lairage (DOA) following transport from farm to slaughterhouse. Effects of health and 

welfare conditions on DOA broilers transported at different temperatures were also 

estimated. Advanced time-series regression methods were applied to daily mean 

temperature and slaughterhouse data (2011-2013), representative of Central England, 

UK. Time-series of daily DOA counts were examined in relation to health and welfare 

indicators (on-farm mortality and daily condemnation rates) using negative binomial 

models restricted to the hottest and coldest seasons of the year. Two degrees Celsius 

and 16℃ marked the turning points of curve in a U-shaped relationship between DOA 

and mean temperature on the day of slaughter. Risk of mortality increased by 9.3% 

(95% CI 5.8% to 12.9%) with every 1℃ drop in temperature below 2℃, and by 14.3% 

(11.9% to 16.7%) with every 1℃ rise above 16℃. Hot temperature (≥ 18℃) two days 
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before slaughter appeared to have a protective effect on DOA risk. A higher prevalence 

of ascites or abnormal colour/fever in slaughtered broilers was associated with an 

increased risk of DOA, regardless of season. A lower prevalence (below 0.7%) of 

injuries was associated with an increased risk of mortality in both seasons. A higher 

prevalence (above 0.7%) of injuries in winter appeared to protect against DOA. 

Neither on-farm mortality nor respiratory disease were associated with DOA. Findings 

suggest that the industry should take active steps to safeguard market-weight broilers 

from heat and cold stress during the final phase of production. Culling of unfit broilers 

before catching and transport is likely to reduce broiler DOA rates, but may not reduce 

overall losses. This study provides a strong rationale for climate change impact 

assessments on commercial broiler losses during transport to slaughter.  

____________________________________________________________________ 

 

5.1 Introduction  

The livestock industry is a major contributor to climate change (Steinfeld et al., 2006; 

Gerber et al., 2013; Reisinger & Clark, 2018), and is also likely to suffer as a result of 

climate change (Rojas-Downing et al., 2017; Escarcha et al., 2018). Animal feeds will 

likely decline in both quantity and quality (Wheeler & Reynolds, 2013; Thornton et 

al., 2015; Escarcha et al., 2018), availability of freshwater will diminish (Gerten et al., 

2011) while requirements rise (Howden et al., 2008), and livestock productivity 

(Nardone et al., 2010; Das et al., 2016; Rojas-Downing et al. 2017), reproduction 

(Nardone et al., 2010; Das et al., 2016; Wolfenson & Roth 2019), health and welfare 

(Lacetera, 2019) will likely be impaired.  

Most research into the impacts of climate change on livestock production has focussed 

on extensively farmed, grazing animals (Mikovits et al., 2017; Escarcha et al., 2018), 
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with few studies considering the potential impacts on intensively farmed, monogastric 

species (e.g. Turnpenny et al., 2001; Part et al., 2016; Mikovits et al., 2017; Lee et al., 

2020). However, monogastric animals are our primary source of meat today23 and, 

with an increasing trend towards intensification of production (Walker et al., 2005; 

Steinfeld et al., 2006; Gilbert et al., 2015), it is largely monogastric animals in 

intensive farming systems that will provide meat for the growing human population in 

years to come (Steinfeld et al., 2006).  

Chicken is considered the most sustainable, “environmentally-friendly” (lowest 

greenhouse gas emissions and land use per kilogram of protein; Nijdam et al., 2012; 

Howell et al., 2016), and healthy meat (Charlton et al., 2008). It is also the cheapest 

meat to produce (Charlton et al., 2008; Howell et al., 2016), and global demand is ever-

increasing (Reay, 2019). In intensive farming systems, broiler (i.e. meat) chickens are 

typically confined to large windowless barns (or ‘broiler houses’), which are 

specifically designed to control the birds’ environment in order maximise productivity 

(Butterworth, 2010; Sharratt & Auvermann, 2014; Reay, 2019). Thus, it may be 

assumed that broiler chickens will be protected from the direct effects of climate 

change while on-farm (Skuras & Psaltopoulos, 2012); although, on-farm adaptation 

measures will be required (Turnpenny et al., 2001; Nardone et al., 2010; Kuczynski et 

al., 2011; Mikovits et al., 2017). At the end of the indoor “growing” period, broilers 

are transported from farm to slaughterhouse, which presents risk of direct exposure to 

outdoor conditions (Reay, 2019). At this stage of production, broilers may be 

 
23 Based on comparison of meat from ruminants (buffalo, camel, cattle, goat, other camelids, 

sheep) and meat from monogastric animals (horse, pig, poultry, rabbit): Production Quantity 

(tonnes) in World (Total), 2018. Data source: Food and Agriculture Organization of the United 

Nations, FAOSTAT, (www.fao.org/faostat/en/#data/QL), accessed on 01 June 2020. 
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particularly vulnerable to additional thermal challenges imposed by climate change 

(Knox et al., 2012; Skuce et al., 2013).  

In 2018, an estimated 138 million broiler chickens24 worldwide (out of approximately 

68.8 billion slaughtered; Food and Agriculture Organization of the United Nations, 

2020) died during transportation or lairage (i.e. time between arrival at the 

slaughterhouse and slaughter of the flock). The carcasses of these so-called ‘dead on 

arrival’ (DOA) broilers are condemned as unfit for human consumption 

(Pagazaurtundua, 2010), reflecting considerable economic (Cockram & Dulal, 2018) 

and food losses. A major risk factor for increased DOAs is high ambient temperature 

(Whiting et al., 2007; Pagazaurtundua, 2010). Chickens are sensitive to heat stress 

(Bhadauria et al., 2014), and modern commercial broilers are particularly susceptible 

due to intensive genetic selection for fast-growth, increased meat yield, and more 

efficient feed conversion (Zhang et al., 2016; Zaboli et al., 2019), which has increased 

their basal metabolic rate (Currie, 1999; Kalmar et al., 2013) and reduced their capacity 

to respond to acute thermal challenges (Sandercock et al., 2006).  

Numerous studies have reported seasonal differences in DOA prevalence, with the 

highest rates often observed in summer months (Petracci et al., 2006; Hosseini Aliabad 

et al., 2011; Vieira et al., 2011; Machovcova et al., 2017; Carvalho et al., 2018). Using 

data collected from over 59 million broiler chickens, Warriss et al. (2005) observed a 

steep increase in DOA prevalence as maximum daily temperature rose above 

approximately 17℃. However, Vecerek et al. (2016) and Grilli et al. (2018) found a 

 
24 Globally, 68,785,221,000 chickens were slaughtered for their meat in 2018 (Food and 

Agriculture Organization of the United Nations, 2020). If DOA rate = 0.2% (Cockram & Dulal, 

2018): 0.2% of 68,785,221,000 = 137,570,442 chickens.    
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greater proportion of DOA broilers in winter than in summer, and other studies 

(including Chapter 3) have reported increased mortality at both hot and cold 

temperature extremes (Nijdam et al., 2004; Part et al., 2016; Teke, 2019).  

DOA rates of up to 1.4% were recorded following transport to slaughter under the cold 

winter conditions of Saskatchewan, Canada (Knezacek et al., 2010). In mild temperate 

climates, cold-related death losses of market-weight broilers have historically been of 

less concern to the industry than heat-related death losses (Vecerek et al., 2016). 

However, winter DOA rates have reportedly increased in several European countries 

over recent years (e.g. Vecerek et al., 2016; Grilli et al., 2018) and the findings reported 

in Chapter 3 indicate that cold-related death losses may now also present a concern for 

the UK industry.  

Though earlier observational studies are informative, their findings do not easily lend 

themselves to projecting the impact that climate change is likely to have on broiler 

mortality over coming decades. Previous large-scale studies have compared DOA 

prevalence across seasons, or between flocks transported within different temperature 

ranges. Others have found associations between outdoor temperature and DOA 

prevalence using monthly (or bi-monthly) data without adjusting for seasonality or 

long-term trends, which are a major source of confounding in time-series studies 

(Bhaskaran et al., 2013). The first aim of this study was, therefore, to examine acute 

associations between day-to-day fluctuations in DOA counts and daily outdoor 

temperature, which are more likely than previously used methods (e.g. Warriss et al., 

2005; Petracci et al., 2006; Part et al., 2016; Teke et al., 2019) to: (i) highlight real 

causal relationships (Schwartz et al., 1996; Bhaskaran et al, 2013); and (ii) enable 

forecasting of broiler mortality under likely climate change scenarios (Vicedo-Cabrera 

et al., 2019). 
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The second aim of this study was to estimate the effects of flock health and welfare on 

broilers found DOA at slaughter. Amongst other factors, DOA is thought to be 

influenced by the overall health status of the flock and by physical injuries endured by 

the birds when caught and loaded onto the vehicle (Pagazaurtundua, 2010; Cockram 

& Dulal, 2018). The most common pathological findings in DOA broilers are lung 

congestion and trauma, which suggests that mortality is primarily caused by factors 

related to the transport process itself (Lund et al., 2013; Kittelsen et al., 2015). In flocks 

with a high prevalence of lung congestion or trauma, the additional burden of 

temperature extremes during transport may push many individuals beyond their 

physiological limits; thereby, increasing the rate of pre-slaughter mortality.  

Several pre-existing conditions have been identified in DOA broilers, including ascites 

(Kittelsen et al., 2015) and septicaemia (Lund et al., 2013); the risk of which is also 

associated with outdoor temperature during transport and lairage (see Chapter 4). As 

proposed in Chapter 4, cold outdoor temperature on the day of slaughter might increase 

the risk of pre-slaughter mortality in ascitic broilers; thereby increasing DOA rates and 

reducing ascites condemnation rates. Alternatively, or additionally, exposure to 

moderate heat (> 15℃) during loading/transport/lairage might exacerbate the clinical 

manifestations of ascites in birds experiencing the early stages of this condition; 

making it more easily detected at slaughter and, thereby, increasing ascites 

condemnation rates. As also proposed in Chapter 4, UK slaughterhouse data on 

septicaemia/toxaemia (recorded under the label of ‘abnormal colour/fevered’ in Great 

British slaughterhouses) may include a considerable proportion of broiler carcasses 

with dark, firm, dry meat (and no systemic infection), induced by cold stress during 

transport and/or lairage. Exploring the relationships between DOA and condemnation 

rates for ascites and abnormal colour/fever (ACF) under different weather conditions 
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will further our understanding of temperature effects during the transport process. To 

the author’s knowledge, no previous studies have explored the effects of health and 

welfare conditions on DOA broilers transported at different temperatures. Therefore, 

this study estimated the effects of overall health status (as measured by on-farm 

mortality rates) and condemnation rates due to injuries, ascites, septicaemia/toxaemia, 

and respiratory disease on daily DOA counts during the warmest and coldest seasons 

of the year. 

The following hypotheses were tested: 

1. An increased risk of preslaughter mortality in market-weight broiler chickens 

is associated with hot and cold temperature extremes on the day of slaughter 

specifically (i.e. the day of transport and lairage), while outdoor temperature 

on the days leading up to slaughter has little effect on DOA risk.  

2. An increased risk of DOA is associated with higher on-farm mortality. 

3. Risk of DOA is associated with the prevalence of injuries (bruising/fractures), 

ascites, septicaemia/toxaemia, and respiratory disease in slaughtered broilers.  

 

 

 

5.2 Materials and Methods 

5.2.1 Datasets 

5.2.1.1 Temperature data 

Daily mean temperature data (01 January 2011 – 31 December 2013, inclusive) were 

obtained from the Centre for Environmental Data Analysis (CEDA; 

http://www.ceda.ac.uk/) as part of the Met Office Hadley Centre Central England 

http://www.ceda.ac.uk/
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Temperature (HadCET) Series (Hadley Centre for Climate Prediction and Research, 

2006). The data series are representative of Central England in the UK, with a 

geographical extent of 54° N, 51° S, 1° E and -4° W (Hadley Centre for Climate 

Prediction and Research, 2007). 

 

5.2.1.2 Slaughterhouse data 

Slaughterhouse data were shared by the Food Standards Agency (FSA), UK. Data had 

been collected during routine ante- and post-mortem inspections, which were carried 

out by fully trained personnel25 at each FSA-approved poultry slaughterhouse in Great 

Britain (GB). Broiler carcasses with identifiable health or welfare conditions were 

totally, or partially, rejected as fit for human consumption (see table 5.1), and were 

removed from the slaughter line. Cases (counts) of each condition were recorded at 

batch-level (i.e. flock-level), along with the date of slaughter and total number of 

broilers processed in each batch. 

Batch-level data also contained food chain information provided by the farmer, which 

included rearing location (i.e. producer/farm postcode) and house mortality (HM). HM 

is defined as the total on-farm mortality per broiler house (from day of placement until 

day of transport to slaughter; Lister & Lowery, 2019). HM includes the total number 

found dead and total culled due to disease or other health/welfare conditions; expressed 

as a percentage of the total number placed on day 1 (Department for Environment, 

Food & Rural Affairs, 2018). 

 
25  Ante-mortem inspections were carried out by the Official Veterinarian (OV) at each 
establishment within 24h of birds’ arrival time and less than 24h before slaughter. Post-mortem 
inspections were typically carried out by Meat Hygiene Inspectors and/or Plant Inspection 
Assistants working under the supervision of an OV (Food Standards Agency, 2018). 
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Table 5.1. Five health and welfare conditions recorded in GB poultry slaughterhouses with 

resulting condemnation. 

Condition Definition Resulting condemnation 

Dead on arrival/dead in 
lairage 
 

Broilers that are found dead 
at hang-on point or in the 
lairage (Pagazaurtundua, 
2010). 

Total rejection of carcass and 
offal (Pagazaurtundua, 2010). 

Abnormal colour/fevered 
(septicaemia/toxaemia) 

Virulent bacterial invasion 
of the bloodstream. (Romero 
& Borrego, 2010). 

Total rejection of carcass and 
offal (Romero & Borrego, 
2010). 

Ascites/oedema Abnormal accumulation of 
fluid in the abdomen 
(Pagazaurtundua & Cargill, 
2010). 

Total rejection of carcass and 
offal (Pagazaurtundua & 
Cargill, 2010). 

Bruising/fractures Broken bone/s and/or 
accumulation of blood 
(Sagar, 2010). 

Partial (if localised) OR total 
rejection (if severe and 
extensive) (Sagar, 2010). 

Respiratory disease 
(air sacculitis) 

Inflammation of the air sacs; 
usually with yellowish 
caseous exudates in the sacs 
(Romero, 2010). 

Partial (if chronic lesions can 
be removed completely) OR 
total rejection (if acute lesions 
or other conditions) (Romero, 
2010). 

 

 

The original FSA dataset included every batch (i.e. flock) of broiler chickens that was 

processed in GB between 01 January 2011 and 31 December 2013. For the purposes 

of this study, only those batches that were reared on farms located within the 

geographical extent of the HadCET series were retained. Batch-level data were then 

aggregated to create 7 daily time-series, representative of Central England: (i) total 

number of broilers slaughtered; (ii) counts of broilers found DOA; (iii) counts of 

abnormal colour/fevered (ACF) carcasses; (iv) counts of ascites; (v) counts of 

bruising/fractures (BF); (vi) counts of respiratory disease (RD); and (vii) mean HM 

(weighted by total number placed on day 1). One additional daily time-series was 

generated to aid descriptive analyses: (viii) prevalence of DOA (i.e. daily DOA count 
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/ daily number slaughtered), and 4 additional daily time-series were generated to 

facilitate seasonal analyses (Section 5.2.2.3): (ix) prevalence of ACF; (x) prevalence 

of ascites; (xi) prevalence of BF; and (xii) prevalence of RD.  

The resulting time-series comprised data collected in 90 slaughterhouse establishments, 

from 251,545 batches (totalling 1,675,218,583 chickens), reared on 798 farms. The 

total number of chickens slaughtered/processed in each batch ranged from 8 to 96,639 

(median = 5,700 birds, interquartile range [IQR] = 3,960 - 7,065). The (weighted) 

median age at slaughter was 37 days (weighted IQR = 34 - 40 days). Chickens reared 

in intensive indoor systems constituted the large majority (> 97.5%) of those 

slaughtered, with considerably fewer broilers reared in extensive indoor (0.03%), free-

range (1.7%), organic (0.3%) and ‘other’ systems (0.05%). Most broilers (63% of 

those processed) had been produced at an on-farm stocking density of 33-39 kg/m2, 

with fewer (17.8%) at a lower stocking density (up to 33 kg/m2), and considerably 

fewer (0.4%) at a higher density (39-42 kg/m2). The stocking density was unknown 

for 18.8% of broilers slaughtered. 

 

5.2.2 Data analyses 

Data analyses were executed in R 3.6.1 (R Core Team, 2019), using RStudio® and 

facilitated by the following packages: ‘splines’ (R Core Team, 2019); ‘dlnm’ 

(Gasparrini, 2011); ‘tsModel’ (Peng & McDermott, 2013); ‘MASS’ (Venables & 

Ripley, 2002); ‘Hmisc’ (Harrell Jr. et al., 2019) ‘vcd’ (Meyer et al., 2017); ‘ggplot2’ 

(Wickham, 2016); and ‘extrafont’ (Chang, 2014). Statistical modelling was based on 

that described by Gasparrini (2020).  
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5.2.2.1 Descriptive analyses 

The crude association between daily mean temperature and DOA prevalence was 

plotted (with fitted trend line) and examined. This scatterplot showed the expected 

non-linear relationship; with DOA prevalence generally increasing as temperature 

dropped below ~ 3℃, or rose above ~ 18℃ (see Appendix II, Fig. 5.1). Crude 

associations between daily DOA prevalence and (i) mean house mortality; (ii) 

abnormal colour/fever (septicaemia/toxaemia) prevalence; (iii) ascites prevalence; (iv) 

bruising/fractures prevalence; and (v) respiratory disease prevalence were also 

examined. Descriptive statistics (mean, median, range, first quartile, third quartile, 

variance) revealed that the DOA count series was highly overdispersed. An Ord plot 

indicated that daily DOA counts followed an approximate negative binomial 

distribution.  

 

5.2.2.2 Statistical model of temperature effects  

A distributed lag non-linear model (DLNM) was developed to test hypothesis 1 and to 

describe acute associations between outdoor temperature and the number of broilers 

found DOA at slaughter. The DLNM framework was chosen as it simultaneously 

describes non-linear and delayed (lagged) effects of the exposure (i.e. temperature: 

Gasparrini et al., 2010; Gasparrini, 2011). To achieve this, a cross-basis matrix for 

daily mean temperature was generated, using natural cubic splines (NCS) for both the 

predictor and lag dimensions. In the lag dimension, 2 spline knots produced the lowest 

Akaike information criterion (AIC; compared to 1, 3, 4, or 5 knots). In the predictor 

dimension, 3 knots produced the best compromise between AIC and model complexity 

(compared to 1, 2, 4, 5, or 6 knots). Spline knots were spaced equally along the 
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predictor to allow sufficient flexibility at temperature extremes. Knots were spaced at 

equal intervals in the log scale of lags to allow flexibility at shorter delays (Armstrong, 

2006; Guo et al., 2011). A 6-day lag period was chosen to examine the effect of 

temperature during the last week of life on DOA counts at slaughter: Lag 0 reflected 

the day of transport/lairage, and lags 1-6 reflected the final 6 days on-farm.  

The cross-basis matrix was fitted to the daily DOA count series by means of negative 

binomial regression to allow for overdispersion. Log daily number slaughtered was 

included as an offset (i.e. denominator) variable in order to adjust for day-to-day 

changes in population size. NCS of time with 5 degrees of freedom (df) per year was 

used to adjust for seasonality and long-term trends in the DOA time-series. This level 

of seasonal control was a better fit for the data than others tested (NCS of time with 2, 

3, 4, 6, or 7 df per year), as indicated by the lowest AIC value and relative equality in 

positive and negative partial autocorrelation functions among raw residuals. Finally, 

indicator terms were used to model day-of-week effects (reference day: Monday).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

The relative risk (RR) of DOA per 1℃ increase in mean temperature was estimated 

for each lag. Median temperature (10℃) was defined as the reference (i.e. centring) 

value for calculating RRs. Three-dimensional (3D) and contour plots were used to 

summarise the exposure-lag-response (i.e. temperature-lag-DOA) association 

(Gasparrini, 2020). These plots were also used to determine the most informative lags 

and temperatures at which to plot exposure-response curves and lag-response curves, 

respectively, with 95% confidence intervals (CIs).  
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5.2.2.3 Seasonal models of health/welfare effects 

Negative binomial regression models were developed to test hypotheses 2 and 3, and 

to examine associations between the number of broilers found DOA and daily: (i) 

mean house mortality; (ii) abnormal colour/fever (septicaemia/toxaemia) prevalence 

at slaughter; (iii) ascites prevalence at slaughter; (iv) bruising/fractures prevalence at 

slaughter; and (v) respiratory disease prevalence at slaughter. Using prevalence (as 

opposed to count) data for the predictor variables directly controlled for day-to-day 

changes in the total number processed. This option was chosen over including total 

number slaughtered as a confounding factor, as doing so would likely have introduced 

multicollinearity into the model. To avoid noise in the data choosing the most 

significant risk factor for DOA, separate models were developed for each predictor-

DOA relationship (Schwartz et al., 1996). To explore the potential effect of season on 

these relationships, data were restricted to summer (June, July, August) and winter 

(December, January, February) periods, with separate models developed for each 

season.  

Negative binomial models were fitted to seasonal daily DOA counts, offset by log 

daily number slaughtered. With the exception of bruising/fractures-DOA, all 

predictor-response relationships were assumed to be linear in both summer and winter 

seasons. The bruising/fractures-DOA relationship was assumed to be non-linear in 

both seasons, and was parameterised using natural cubic splines (NCS) with 3 equally-

spaced knots. In all models, seasonality and long-term trends were described using 

NCS with 4 df for day of the year and NCS with 3 df for time, respectively (Gasparrini, 

2020). Finally, indicator terms were used to model day-of-week effects (reference day: 

Monday). The relative risk of DOA per incremental increase in house mortality, daily 

abnormal colour/fever prevalence, daily ascites prevalence, daily bruising/fractures 
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prevalence, and daily respiratory disease prevalence were plotted (with 95% CIs) and 

compared across seasons.  

 

5.2.2.4 Model checking and sensitivity analyses 

All models were checked for overdispersion by dividing residual deviance by residual 

df. Deviance goodness-of-fit tests were also applied. Diagnostic plots of deviance 

residuals were examined. Sensitivity analyses were performed by re-specifying the 

models with different levels of seasonal control, and explicitly modelling high degrees 

of residual autocorrelation, as suggested by Bhaskaran et al. (2013). To aid 

interpretation of distributed lag non-linear model (DLNM) sensitivity analyses, the 

original DLNM was simplified to a double-threshold DLNM and reduced to one-

dimensional summaries following the process outlined by Gasparrini (2020): See 

Appendix II for further details.  

 

5.3 Results 

5.3.1 Descriptive analyses 

Daily mean Central England temperature ranged from -3°C to 22.7°C (median = 

10.1℃; IQR = 6.3℃ – 13.9℃), with warmer temperatures in summer (median = 

15.2℃; IQR = 13.6℃ – 17.2℃) than in winter (median = 5.3℃; IQR = 2.7℃ – 7℃). 

The daily number of broilers slaughtered in Central England ranged from 700 

individuals to over 2.6 million (median = 1,936,220, IQR = 512,698 – 2,116,577). 

Each day, an average (median) of 2,265 broiler chickens (IQR = 616 – 2,745 broilers)  
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Table 5.2. Summary statistics of daily mean temperature and broiler chicken slaughterhouse records in Central England, 2011-2013.  

Daily time-series 
 

Minimum 25% Median 75% Maximum Mean Variance 

Mean temperature (℃) 
 

-3.0 
 

6.3 
 

10.1 
 

13.9 
 

22.7 
 

10.0 
 

26.3 

Condemnation counts                          
      
     Dead on arrival 

 
0 

 
616 

 
2,265 

 
2,745 

 
12,069 

 
1,995 

 
1,451,763 

      
     Abnormal colour/fevered 

 
0 

 
1,140 

 
4,026 

 
4,781 

 
9,474 

 
3,426 

 
3,404,998 

      
     Ascites 

 
0 

 
1,850 

 
4,770 

 
5,995 

 
12,475 

 
4,408 

 
6,175,668 

      
     Bruising/fractures  

 
0 

 
2,264 

 
4,422 

 
6,419 

 
12,548 

 
4,372 

 
7,205,010 

      
     Respiratory disease 

 
0 

 
17 

 
36 

 
82 

 
14,343 

 
143 

 
344,813 

        
Mean house mortality (%) 1.56 

 
2.84 

 
3.01 

 
3.23 

 
7.28 

 
3.07 

 
0.18 

Total slaughtered  700 
 

512,698 
 

1,936,220 
 

2,116,577 
 

2,637,724 
 

1,534,083 
 

5.83 x 1011 

Based on FSA data and Met Office HadCET Series data (Hadley Centre for Climate Prediction and Research, 2007
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were found DOA at slaughter, with thousands more condemned due to other health 

and welfare conditions (see table 5.2). 

 

5.3.2 Estimated effects of outdoor temperature on broilers found DOA  

Figure 5.1 summarises the bi-dimensional relationship between daily mean 

temperature throughout the last week of life and broilers found DOA at slaughter. 

Temperature on the day of slaughter (lag 0) had the greatest estimated effect on number 

found DOA, with a higher risk of death at hot and cold temperature extremes. Figure  

 

 

Figure 5.1. 3D plot of the association between mean outdoor temperature (℃), over 7 lag days 

(including lag 0), and relative risk (RR) of broilers found dead on arrival or dead in the lairage 

(DOA) at slaughter. RRs were estimated using a distributed lag non-linear model (DLNM), 

with reference at 10℃. Lag 0 represents the day of slaughter.  
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5.1 also suggested a reduced risk of DOA as temperatures rose above ~ 18℃ two days 

prior (lag 2). At all other lags, temperature had no effect on broiler mortality during 

transport and lairage (see also Appendix II, Fig. 5.2).  

Figure 5.2 represents “slices” of the 3D plot (Gasparrini, 2020); illustrating the 

relationship between DOA risk and outdoor temperature at lag 0 (figure 5.2a) and at 

lag 2 (figure 5.2b), as well as the estimated effects of hot (22℃; figure 5.2d) and cold 

(-3℃; figure 5.2c) temperature extremes across all lags. Two degrees Celsius and 16℃ 

marked the turning points of curve in a U-shaped relationship between DOA and mean 

temperature on the day of slaughter (lag 0; see figure 5.2a). Assuming a linear 

relationship below the cold threshold and a linear relationship above the heat threshold, 

risk of DOA increased by 9.3% (95% CI 5.8% to 12.9%) with every 1℃ decrease in 

same-day temperature below 2℃, and by 14.3% (11.9% to 16.7%) with every 1℃ 

increase in temperature above 16℃. When mean temperature fell to -3℃ on the day 

of slaughter, risk of mortality increased by 53.9% (30.6% to 81.4%), relative to the 

associated risk at 10℃. When mean temperature reached 22℃ on the day of slaughter, 

risk of DOA increased by 145.4% (113.5% to 182%), relative to the associated risk at 

10℃.  

Figure 5.1 indicates that hot temperature (≥ 18℃) two days before slaughter was 

associated with a reduced risk of mortality during transportation and lairage; with an 

estimated 15% risk decrease (-20.8% to -8.8%) in DOA when mean temperature 

reached 22℃ (relative to 10℃; see figure 5.2b). Though not statistically significant 

(at the 5% level), the tendency towards a reduced risk of DOA as mean outdoor 

temperature reached the cold extreme (-3℃) suggests the beginnings of an inverted U-

shaped relationship between DOA risk and outdoor temperature two days before 

slaughter (see figure 5.2b).  
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Figure 5.2. Relative risk (RR) of broilers found DOA with every 1℃ increase in mean outdoor temperature on the day of slaughter (lag 0; figure 5.2a) and 2 days 

prior (lag 2; figure 5.2b). RR of broilers found DOA with mean outdoor temperature at low (-3℃; figure 5.2c) and high (22℃; figure 5.2d) extremes on each day 

(lag) leading up to slaughter. All estimates were derived from a distributed lag non-linear model (DLNM), with reference at 10℃. Blue lines represent the RR and 

grey regions represent the 95% CIs. RR values greater than 1 represent an increased risk of DOA at slaughter, and values less than 1 represent a reduced risk. 
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5.3.3. Estimated effects of health and welfare conditions on broilers found DOA 

In both warmer (summer) and cooler (winter) seasons, a higher prevalence of abnormal 

colour/fever (ACF) at slaughter was associated with a greater relative risk (RR) of 

preslaughter mortality (see figure 5.3a). A 0.001 (or 0.1%) increase in ACF prevalence 

above the daily average (median = 0.002) was associated with a 92% risk increase (95% 

CI 53.1% to 140.7%) in DOA during summer months, and a 90.7% risk increase (68.3% 

to 116.1%) in DOA during winter months. Similarly, RR of DOA increased as  

ascites prevalence increased; though the estimated effects of ascites in winter consistently 

fell within the lower range of estimated effects in summer (figure 5.3b). For example, a 

0.001 increase in ascites prevalence (above the daily average; median = 0.003) was 

associated with a 44.4% risk increase (17.7% to 77.1%) in DOA during summer, and a 

26% risk increase (15.1% to 37.9%) in DOA during winter.   

Figure 5.3c shows a non-linear relationship between the prevalence of bruising/fractures 

(BF) and DOA at slaughter. In both seasons, BF prevalence below 0.007 (or 0.7%) was 

associated with an increased risk of DOA at slaughter (i.e. RR and 95% CIs > 1.00). A 

higher rate of BF (0.007 – 0.012) in winter was associated with a reduced risk of DOA; 

whereas, a higher rate of BF in summer had no significant effect. Neither the prevalence 

of respiratory disease (figure 5.3d) nor house mortality (not shown) were associated with 

the number of broilers found DOA at slaughter during winter or summer. 
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Figure 5.3. Seasonal associations between the prevalence of (a) abnormal colour/fever (ACF); (b) ascites; (c) bruising and/or fractures (BF); (d) respiratory disease 

(RD) and the risk of broilers found dead on arrival or dead in the lairage (DOA) at slaughter. All estimates were derived from linear (figures 5.3a, 5.3b, 5.3d) or 

non-linear (figure 5.3c) negative binomial models. Solid lines represent the relative risk (RR) and dashed lines represent the 95% CIs. RR values greater than 1 

represent an increased risk of DOA at slaughter, and values less than 1 represent a reduced risk.
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5.3.4 Model checking and sensitivity analyses 

All models were a good fit for the data, as indicated by deviance goodness-of-fit tests 

(p > 0.05). Distributed lag non-linear model (DLNM) deviance residuals showed 

homogeneity of variance over time, no relationship with mean temperature, and only 

slight heteroscedasticity when plotted against predicted values (i.e. marginally greater 

variance at lower predicted counts). Diagnostic plots (residuals vs. predicted values) 

for seasonal models showed no discernible pattern. Plots from all winter models 

showed slight heteroscedasticity (i.e. greater variance at lower predicted counts), 

though ~ 95% of values fell between ± 1.96.  

Adjusting for high residual partial autocorrelation functions in the DLNM and seasonal 

models reduced residual autocorrelation and produced similar effect sizes. Adjusting 

the level of seasonal control resulted in minimal changes to estimated relative risks 

(and 95% CIs) from all models. Where minimal changes were observed, the chosen 

level of seasonal control for that model was justified. DLNM estimates were 

particularly stable at the chosen level of seasonal control (i.e. natural cubic splines of 

time with 5 df per year). DLNM diagnostic plots and sensitivity analyses plots can be 

found in Appendix II. 

 

5.4 Discussion 

Broiler chicken mortalities during transport from farm to slaughterhouse reflect 

considerable economic, food, and animal welfare losses. This study described the 

relationship between daily mean outdoor temperature and the number of broiler 

chickens found dead on arrival or dead in the lairage (DOA) at slaughter in Central 
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England, UK, between 2011 and 2013. The findings lay the groundwork for climate 

change impact assessments on transport-related losses of market-weight broilers. 

As hypothesised, outdoor temperature on the day of slaughter had the greatest 

estimated effect, with an increased risk of mortality at high (≥ 16℃) and low (≤ 2℃) 

temperature extremes. Broilers transported and lairaged at the hot extreme (daily mean 

temperature of 22℃) were 2.5 times more likely to be found dead than broilers 

transported and lairaged at a daily mean temperature of 10℃. At the cold extreme (-

3℃), broilers were 1.5 times more likely to be found dead. Findings are consistent 

with previous reports of a U-shaped relationship between outdoor temperature and 

DOA in the Netherlands (Nijdam et al., 2004) and UK (Part et al., 2016).  

Other studies have reported a J-shaped relationship, with an increased incidence of 

preslaughter mortality at one temperature extreme. In an earlier UK study, Warriss et 

al. (2005) found that DOA rates increased exponentially as maximum daily 

temperatures rose above 17℃, but observed no increase in mortality rates at low 

temperatures. Conversely, in the Czech Republic, Vecerek et al. (2016) found 

significantly higher DOA rates in broiler flocks transported at low temperatures (-6℃ 

to -3.1℃), with no increase in mortality rates at higher temperatures (up to 21℃). 

Vecerek et al. (2016) attributed the relatively low DOA rates at high temperatures to 

recent improvements in transport management during hot weather; although, the 

authors did not specify these improvements. Transport management improvements in 

the UK, such as lowering crate stocking densities during hot weather (European Food 

Safety Authority, 2011) and/or restricting transport to the coolest times of the day 

(Warriss et al., 2005), might explain the higher heat threshold observed herein than 
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reported by Warriss et al. (2005)26. However, it is not clear if such improvements have 

been implemented by the UK broiler industry. Alternatively, discrepancies between 

current and previously reported heat thresholds (i.e. Warriss et al., 2005) might reflect 

differences in the level (daily versus bi-monthly) and/or statistical analysis of data 

between studies. The reason behind the apparent decline in UK broilers’ capacity to 

tolerate transport stress at cold temperatures is also unclear. No notable difference in 

temperature range was observed between the two study periods (2011-2013 herein and 

2000-2002 in Warriss et al. [2005]) and, given the scale of both studies, factors such 

as transport distance, duration, or age at slaughter were unlikely to differ significantly. 

Again, methodological differences between studies might explain the discrepant 

findings. However, with winter DOA rates increasing in other European countries, 

while summer DOA rates decrease (Vecerek et al., 2016; Grilli et al., 2018), it is 

possible that recent efforts to reduce broiler mortalities in hot weather have 

inadvertently increased mortalities in cold weather.  

Broilers are generally more tolerant of cold stress than heat stress (Bhadauria et al., 

2014), and this was reflected in current findings. That is, the rise in DOA risk observed 

above the heat threshold was steeper than the rise observed below the cold threshold. 

Nevertheless, broilers transported and lairaged at daily mean temperatures of 2℃ and 

below were at increased risk of death. If broilers are damp, due to precipitation during 

loading or spray from wet road surfaces while in-transit, exposure to cold temperatures 

can lead to lethal hypothermia (Hunter et al., 1999; Cockram & Dulal, 2018). Closing 

the side curtains (tarpaulins) on a vehicle, in attempt to protect broilers from cold drafts 

 
26  A daily mean temperature of 16℃ equates to a daily maximum temperature of 

approximately 19℃ – 20℃ in the UK; 2℃ – 3℃ above the heat threshold identified by 

Warriss et al. (2005). 
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and wet road spray, reduces ventilation and can create a paradoxical heat stress on 

board (Mitchell & Kettlewell, 1998; Knezacek et al., 2010). Even when outdoor 

temperatures are so low that they would typically result in hypothermia, broilers 

positioned at the front of an enclosed vehicle (the ‘thermal core’) may be at increased 

risk of hyperthermia (Knezacek et al., 2010).  

Humidity also has a large part to play (Burlinguette et al., 2012; Freitas et al., 2016). 

High humidity exacerbates the effects of both high (Tao & Xi, 2003; Freitas et al., 

2016) and low temperatures (Burlinguette et al., 2012). Chickens do not have sweat 

glands and, so, rely on evaporative cooling via the respiratory system (i.e. panting) to 

regulate their body temperature under hot conditions (Bhadauria et al., 2014). This 

method of heat exchange is impaired when the air is saturated and airflow is limited; 

thereby, increasing the risk of heat stress (Freitas et al., 2016). In winter, when the side 

curtains are closed, on board conditions can approach saturation (with relative 

humidity greater than 80%). As the air cools, water droplets may form, causing broilers 

to become damp and increasing risk of hypothermia near air inlets and vents 

(Burlinguette et al., 2012).  

The ideal ambient temperature for chickens is between 18.3℃ and 23.9℃. Heat stress 

begins above 26.7℃, and is readily apparent above 29.4℃ (Bhadauria et al., 2014). 

Even when humidity reaches 100% in the thermal core of a vehicle, temperatures must 

exceed approximately 22℃ to cause severe heat stress (Mitchell & Kettlewell, 1998). 

Therefore, 16℃ appears to be a comparatively low temperature at which to observe 

an increased risk of DOA. However, the daily temperature series used herein 

(HadCET; Hadley Centre for Climate Prediction and Research, 2007) was averaged 

over the region of Central England and, therefore, removed the extremes of 

temperature that were likely to be experienced at a local level. Moreover, outdoor 
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temperature as measured in the shade is unlikely to reflect the maximum ambient 

temperatures experienced by broilers on a tightly stocked vehicle. In one study, 

broilers were found to experience temperatures 2℃ to 5℃ above the outdoor 

temperature (depending on their location within the vehicle) despite open side curtains 

during summer in a mild temperate climate (Mitchell & Kettlewell, 1998). Due to 

limited airflow, the highest ambient temperatures will be experienced by broilers when 

the vehicle is stationary, during, for example, loading and unloading, driver rest breaks, 

and traffic congestion (Mitchell & Kettlewell, 1998). Prolonged delays in vehicle 

movement are likely to increase ambient temperature and humidity at all locations 

within the vehicle, thereby increasing the risk of heat stress (Mitchell & Kettlewell, 

1998). 

As expected, temperature on the days leading up to slaughter (i.e. when broilers were 

on-farm) had no effect on mortality during transportation and lairage; except for two 

days before slaughter, when mean outdoor temperatures of 18℃ and above appeared 

to have a protective effect on DOA risk. Farmers and/or catching teams may put extra 

precautions in place to reduce transport-related losses during a heat wave. They might 

re-arrange catching, loading and transportation during the coolest times of the day, 

lower pre-planned stocking densities in crates/modules, and/or put extra effort into 

culling broilers who are likely to die before reaching the slaughter line. On the other 

hand, the protective effect of high temperatures at lag 2 might reflect heat-related 

mortality displacement (i.e. harvesting); similar to that observed in humans (Hajat et 

al., 2005; Muggeo & Hajat, 2009; Guo et al., 2011; Baccini et al. 2013). That is, infirm 

broilers that were reared on farms with inadequate climate control systems may have 

died due to heat exposure two days before slaughter; thereby, lessening the number of 

broilers that were likely to die during transport or lairage.  
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Interestingly, no association was found between house mortality and risk of DOA in 

either summer or winter seasons; thereby failing to support hypothesis 2. This finding 

conflicts with previous research, which found a positive relationship between on-farm 

mortality and in-transit/lairage mortality (Whiting et al., 2007; Chauvin et al., 2011; 

Cockram et al., 2019). However, Jacobs et al. (2017) found a negative relationship 

when farmers were rigorous in culling unfit birds during rearing. The lack of 

association herein might, therefore, reflect inconsistencies between farms in terms of 

their thoroughness in culling unfit broilers. That is, if some farmers are vigilant in 

culling sick or injured birds, while other farmers are not, the aggregation of this data 

may suggest no effect of house mortality on DOA risk.  

As previously mentioned, broilers with pre-existing health conditions may not survive 

catching and transport to slaughter (Nijdam et al., 2006; Russell, 2012). Thus, the 

transport process may be considered an inhumane method of harvesting broilers that 

would be condemned at slaughter regardless. As more unhealthy broilers die during 

transport and lairage, one might then expect lower condemnation rates for other 

conditions. However, the opposite was found. As the prevalence of ascites and 

abnormal colour/fever (septicaemia/toxaemia; ACF) in slaughtered broilers increased, 

risk of DOA also increased. These findings supported hypothesis 3 and are consistent 

with a recent study in Canada, which reported a positive relationship between DOA 

and ascites condemnations at batch-level (Cockram et al., 2019).  

To the author’s knowledge, this is the first study to report an association between ACF 

and DOA-related condemnations in commercial broilers. Lund et al. (2013) found 

pathological manifestations of septicaemia and suspected septicaemia in 2.7% of DOA 

broilers in a Danish slaughterhouse. However, as hypothesised in Chapter 4, ACF 

condemnation records may include a considerable proportion of birds with no systemic 
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infection (i.e. septicaemia/toxaemia) but, rather, dark, firm, dry (DFD) meat induced 

by cold stress during transport and/or lairage. If this hypothesis is true, the ACF-DOA 

relationship suggests that risk of preslaughter mortality increased as the prevalence of 

hypothermia in “survivors” increased, which is consistent with the cold effect 

identified herein. 

Indeed, although the prevalence of ACF in slaughtered broilers had a similar effect on 

DOA risk in both summer and winter seasons, winter estimates were more precise, 

which was likely due to the higher prevalence of ACF in colder months (Part et al., 

2016). Ascites is also more prevalent in winter (Olkowski et al., 1996; Part et al., 2016). 

However, ascites prevalence in slaughtered broilers had a somewhat smaller effect on 

preslaughter mortality in winter than in summer. Cold exposure in late life may 

advance the clinical manifestations of ascites (Groves, 2002). Thus, as proposed in 

Chapter 4, more ascitic broilers may have died in transit/lairage during cold weather 

than during warm weather; thereby, weakening the association between ascites 

prevalence in slaughtered broilers and risk of DOA in winter.  

Lung congestion is the most common pathological finding in DOA broilers (Lund et 

al., 2013; Kittelsen et al., 2015), which implicates sudden death syndrome (SDS) as 

the main cause of in-transit mortality (Kittelsen et al., 2015). Herein, no relationship 

was found between the prevalence of respiratory disease at slaughter and the number 

of broilers found DOA; thereby failing to support hypothesis 3. This lack of association 

is not surprising if the vast majority of broilers with lung congestion died during 

transport or lairage. Indeed, a very small proportion of broiler carcasses are typically 

condemned under ‘respiratory disease’ (Whiting et al., 2007; Romero, 2010; Part et 

al., 2016), suggesting that birds with acute or chronic respiratory lesions do not reach 
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the slaughter line. On the other hand, respiratory disease may be a difficult condition 

to detect on a fast-paced slaughter line and might not be identified until later stages of 

processing. 

Trauma is the second leading cause of broiler condemnations in GB slaughterhouses 

(Part et al., 2016) and the second most common pathological finding in DOA broilers 

(Lund et al., 2013; Kittelsen et al., 2015). In both summer and winter seasons, a daily 

prevalence of bruising and fractures below 0.7% was associated with an increased risk 

of DOA. Whereas, in winter only, a higher prevalence of bruising and fractures was 

associated with a decreased risk of DOA. Chickens will change position to avoid cold 

air streams (Strawford et al., 2011). Therefore, if there are fewer injuries in the flock, 

broilers might be more likely to move away from cold air inlets in winter, while others 

might attempt to move away from the hot and humid thermal core, which could lead 

to a high proportion of broilers suffocating in-transit. Similarly, in summer, non-

injured birds might be more likely to move towards the cooler areas of the vehicle 

(Department for Environment, Food and Rural Affairs, 2005a); potentially causing 

suffocation, intensifying heat stress and, hence, increasing the risk of death. On the 

other hand, high rates of injuries in winter might prevent broilers from scrambling to 

avoid cold air streams; thereby, protecting other birds from suffocation, and reducing 

DOA counts. 

Unfortunately, post-mortem findings for DOA broilers were not included in the 

slaughterhouse dataset. Therefore, the DOA time-series reflected all-cause mortality 

during transport and lairage, with no opportunity to distinguish between the effects of 

temperature on broilers that would have otherwise been passed as fit for human 

consumption, and the effects of temperature on broilers that would have been 
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condemned at slaughter regardless. No measurements of temperature or humidity were 

taken on board the vehicles and, as with rainfall, outdoor humidity was not included 

in the distributed lag non-linear model due to the potential for misleading effect 

estimates if data were aggregated to national-level.  

However, this study has numerous strengths. It applied advanced time-series 

regression methods, typically used in the field of human environmental epidemiology, 

to an extensive animal health and welfare dataset. Unlike previous studies (e.g. Warriss 

et al., 2005), seasonal patterns and long-term trends were controlled for, which enabled 

short-term associations between outdoor temperature and DOA counts to be quantified. 

Delayed (lagged) effects of temperature on DOA risk were estimated, which, to the 

author’s knowledge, has not been considered in earlier studies. The large sample size 

(i.e. entire population of commercial broiler chickens that were reared on farms in 

Central England and sent to slaughter over a three-year period) increased precision of 

effect estimates. Furthermore, one can be confident in the reliability and validity of 

DOA count data given the criteria for condemning carcasses under DOA (i.e. broilers 

found dead at hang-on point or in the lairage; Pagazaurtundua, 2010).  

As discussed in Chapter 3, the Food Standards Agency has numerous processes in 

place, which provide assurance that condemnation count data for other conditions were 

reliable. However, as highlighted in Chapter 4, the condemnation criteria for abnormal 

colour/fever (septicaemia/toxaemia) may lack specificity as a measure of 

septicaemia/toxaemia. Therefore, abnormal colour/fever data should be assumed to 

reflect counts of abnormally coloured carcasses with various underlying causes and 

not, specifically, septicaemia/toxaemia. Further, respiratory disease might be a 

particularly difficult condition to detect on a fast-paced slaughter line; therefore, 

respiratory disease data should be treated with caution. 
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Due to the nature of this study, it was not possible to estimate effects of batch-level 

factors, such as time taken to load the vehicle, transport distance and duration, lairage 

duration, length of feed withdrawal, broiler sex, age, breed or weight; all of which may 

affect the risk of DOA (Pagazaurtundua, 2010; Vecerek et al., 2016; Cockram & Dulal, 

2018; Cockram et al., 2019;  Teke, 2019). Further, the slaughterhouse dataset analysed 

herein included a small proportion of broilers (less than 2.5% of ~1.7 billion 

slaughtered) that had been reared on non-intensive farms (i.e. extensive indoor, free-

range, organic, or ‘other’ systems). Housing system has previously been associated 

with DOA and overall condemnation rates in poultry, with lower rates found in organic 

than intensive systems (Haslam, 2003; Saraiva et al., 2021). While temperature on the 

day of slaughter may interact with farming system (and with the bird-level factors that 

differ across systems; e.g. growth rate; age at slaughter) to affect risk of DOA, the 

inclusion of such a small proportion of non-intensively-farmed broilers is unlikely to 

have skewed the results presented herein.  The purpose of using daily aggregated 

slaughterhouse data and outdoor (as opposed to on board) temperature data was to lay 

the groundwork for forecasting population-level DOA rates under alternative future 

climates. Nevertheless, caution must be taken when extrapolating the temperature 

effect estimates presented in this Chapter to populations with greater proportions of 

non-intensively-farmed birds.  

In Chapter 6, the distributed lag non-linear model described above facilitates 

projections of temperature-related excess mortalities in broiler chickens during 

transport and lairage in Central England under alternative climate change scenarios. 

Future efforts should focus on applying the methods used herein (and described by 

Gasparrini, 2020) to estimate the effects of temperature on DOA risk in different farm 

animal species and in different climates (e.g. continental and humid subtropical 
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climates); thereby laying the groundwork for climate change impact assessments on 

preslaughter mortality in livestock on a global scale. Additional research is needed to 

determine the cause of broilers’ apparent decline in capacity to tolerate transport stress 

at cold temperatures to ensure that future efforts to mitigate the effects of a warming 

climate (e.g. modifications to transport vehicles or selective breeding for heat 

resistance) do not inadvertently exacerbate the effects of current, colder climates.  

 

5.4.1 Implications 

This study suggests that, even in a mild temperate climate, modifications are required 

to protect market-weight broilers from acute thermal challenges while in-

transit/lairage. Due to country-level differences in transport management and facilities, 

the specific heat and cold thresholds estimated herein (15℃ and 3℃, respectively) 

may not be generalisable to mild temperate regions outside Great Britain. Though, 

current findings indicate that, in Great Britain at least, additional modifications will 

likely be needed to minimise broiler losses as our climate continues to change. As 

temperatures warm, the risk of hypothermia-related DOAs may decrease, particularly 

in areas that currently experience very cold winters (Lacetera, 2019). However, with 

warming temperatures and more frequent, intense and longer lasting heat waves 

projected over the coming century (Meehl & Tebaldi, 2004; Lau & Nath, 2014; 

Habeeb et al., 2015; Junk et al., 2019), risk of hyperthermia-related DOAs may 

drastically increase.  

The European Food Safety Authority (2011) recommended specific thermal limits for 

the transport of broilers (i.e. an upper limit of 24℃ – 25℃, and a lower limit of 5℃, 

within transport containers). However, these recommendations do not appear to have 
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been translated into legislation, at least not in the UK. Indeed, the UK Government 

Department for Environment, Food and Rural Affairs’ (2005b) guide to best practice 

for transport vehicle ventilation does not mention poultry and their advice for 

transporters of poultry (Department for Environment, Food and Rural Affairs, 2008) 

does not specify any thermal limits on transportation. Broiler chickens may be the least 

economically valuable farmed animal, but each broiler chicken is an individual 

sentient being and, so, demands as much consideration and protection as larger, more 

economically valuable, farm animals. Therefore, transport vehicles should be 

equipped with mechanical ventilation systems, whereby broilers’ end-of-life 

microclimate can be carefully monitored and controlled (European Food Safety 

Authority, 2011).  

Management of flock health (Cockram & Dulal, 2018) and culling of unfit birds prior 

to catching (Jacobs et al., 2017) should also reduce broiler mortalities during 

transportation and lairage. While such practices might not reduce overall losses, it will 

prevent unnecessary stress to sick or injured birds whose carcasses are unlikely to be 

passed as fit for human consumption regardless. Moreover, culling of unfit broilers 

on-farm should reduce the stocking densities of transport crates, which may further 

assist in minimising DOAs during hot weather (European Food Safety Authority, 

2011).  

 

5.4.2 Conclusions 

In conclusion, this study indicates that market-weight broiler chickens are not afforded 

sufficient protection from outdoor temperature extremes during transport from farm to 

slaughterhouse in a mild temperate climate. With every incremental increase or 
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decrease in daily mean temperature beyond the defined “safe zone” (3℃ - 15℃), risk 

of preslaughter mortality increased; detracting from farmer profit, bird welfare, and 

food security. Reducing the prevalence of ascites and abnormal colour/fever in broiler 

flocks may reduce the number of broilers found DOA at slaughter, regardless of 

outdoor temperature. However, findings suggest that modifications to the transport 

process will also be required to safeguard broilers from heat and cold stress while in 

transit/lairage. Using advanced time-series regression analysis, this study has 

quantified the non-linear relationship between outdoor temperature and broiler DOA 

counts at slaughter, laying the groundwork for climate change impact assessments on 

commercial broiler losses during the last phase of production.  
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Chapter 6 

Projected impacts of climate change on broiler chicken 

mortality during transport to slaughter 

____________________________________________________________________ 

Abstract 

Quantitative research into the impacts of climate change on future food availability 

has focussed, almost exclusively, on crop production. Projections of climate change 

impacts on livestock are relatively rare, with productivity gains and losses yet to be 

fully quantified. Previous research has shown an increased risk of pre-slaughter 

mortality in market-weight broiler (meat) chickens transported at outdoor temperature 

extremes in a mild temperate climate. This study aimed to project the impacts of 

climate change on broiler chicken mortality at the final stage of production. Advanced 

time-series regression methods were used to characterise the current relationship 

between mean outdoor temperature and daily death counts of commercial broiler 

chickens following transport to slaughter in the mild temperate climate of Central 

England, UK. This information was applied to UK climate projections (UKCP18) to 

estimate temperature-related death losses of market weight broilers during 2040s 

(compared to 2010s) under two alternative climate change scenarios (RCP2.6 and 

RCP8.5). Assuming no change in the number of broilers slaughtered and no adaptation 

of the population or transport process, heat-related death losses should be expected to 

increase by 8.3% (95% CI 0.8% to 16.3%), and cold-related death losses to decrease 

by 2% (-4.5% to -0.2%), if greenhouse gas (GHG) emissions continue to rise. If GHG 

emissions are sizeably reduced, temperature-attributable excess mortality will be 4.5 
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times greater, with heat-related death losses expected to increase by 24% (95% CI -

1.5% to 49.8%), and cold-related death losses to increase by 4.2% (-1.8% to 12.1%). 

Findings strongly suggest that protection from high temperatures during transport and 

lairage will become increasing important for commercial broiler farmers in Central 

England over coming decades. Further work is needed to quantify and project the 

impacts of climate change on livestock mortality in other regions and with other 

species, to consider the moderating effects of precipitation, and to evaluate potential 

adaptation measures aimed at reducing associated food losses and simultaneously 

improving animal welfare.  

____________________________________________________________________ 

 

6.1 Introduction 

Climate change is a threat to global food security (Mbow et al., 2019). Already, some 

regions are experiencing reduced or stagnating crop yields due, in part, to rising 

temperatures and extreme weather events (Pinke & Lövei 2017; European 

Environment Agency, 2019; Mbow et al., 2019; Ray et al., 2019). In coming decades, 

yields of important crops (such as corn and wheat) are expected to decline in several 

high producing countries (Yang et al., 2017; Kaur & Kaur, 2019; Liu et al., 2019; 

Zhang & Yang, 2019). However, the impacts of climate change show spatial 

variability (European Environment Agency, 2019; Liu et al., 2019; Mbow et al., 2019; 

Ray et al., 2019), with the potential for increased crop production in cool temperate, 

high rainfall regions (Lui et al., 2019), such as northern Europe (Ciscar et al., 2018; 

European Environment Agency, 2019). Increased atmospheric CO2 may also help to 

offset future crop yield reductions (Yang et al., 2017; Ciscar et al., 2018), although the 

nutritional quality may be compromised by CO2 fertilisation (Mbow et al., 2019). 
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Overall, any gains in crop production are likely to be overshadowed by the losses 

incurred due to warming, drought, and extreme weather events (European 

Environment Agency, 2019; Mbow et al., 2019).  

Livestock production is also vulnerable to climate change. Increased mortality and 

disease prevalence are considered likely, alongside a decline in productivity, 

reproduction, and product quality (Rojas-Downing et al., 2017; Escarcha et al., 2018; 

Lacetera, 2019; Lourençoni et al., 2019; Wolfenson & Roth, 2019). Even in the UK, 

where climate change projections are relatively mild (Wreford & Topp, 2020), the 

dairy industry could face average heat stress-related milk losses amounting to £13.4 

million per year during 2090s (Fodor et al., 2018). However, projections of climate 

change impacts on livestock are few and far between (Escarcha et al., 2018; Mbow et 

al., 2019), with productivity gains and losses yet to be fully quantified (European 

Environment Agency, 2019). Monogastric species, in particular, have received very 

little attention when it comes to quantifying the impacts of climate change on food 

availability (Escarcha et al., 2018); even though pigs and chickens provide the vast 

majority of meat for our growing population27 (Revell, 2015).    

Chicken is our most popular meat source in the UK28 and is also considered the most 

“environmentally friendly” meat (Nijdam et al., 2012; Howell et al., 2016), with the 

lowest greenhouse gas (GHG) emissions per kilogram of protein (Food and 

 
27 Based on pig + chicken meat versus meat from all other animals combined: Production 

quantity (tonnes) in World (total), 2018. Data source: Food and Agriculture Organization of 

the United Nations, FAOSTAT, (www.fao.org/faostat/en/#data/QL), accessed on 31 July 

2020. 
28 Production quantity (tonnes) of Meat, total (list) in United Kingdom of Great Britain and 

Northern Ireland , 2019. Data source: Food and Agriculture Organization of the United 

Nations, FAOSTAT, (www.fao.org/faostat/en/#data/QL), accessed on 28 February 2021. 
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Agriculture Organization of the United Nations, 2020a) and most efficient feed 

conversion (Shepon et al., 2016). However, broiler (meat) chickens are highly 

susceptible to heat stress (Bhadauria et al., 2014; Zhang et al., 2016; Zaboli et al., 

2019) and, therefore, to the direct effects of climate change. They may be particularly 

vulnerable while in transit from farm to slaughterhouse (Knox et al., 2012; Part et al., 

2016) at which time thermal stress poses the greatest threat to broilers’ welfare and 

survival (Chikwa et al., 2019). In 2018, an estimated 138 million broiler chickens29 

died during transport or lairage (i.e. time between arrival at the slaughterhouse and 

slaughter of the flock); approximately 40% of which may be attributable to heat stress 

(Bayliss & Hinton, 1990).  

Broiler chicken mortality during transport and lairage reflects food, economic, 

environmental, and animal welfare losses (Weeks, 2014). The carcasses of so-called 

‘dead on arrival’ (DOA) broilers are condemned (i.e. rejected) as unfit for human 

consumption (Pagazaurtundua, 2010). However, it is not just the condemned meat and 

offal that is lost, but the feed, fresh water, labour, and energy used to rear DOA birds 

to market weight. In addition, stress that is severe enough to cause mortality during 

the transport process is likely to compromise the welfare and meat quality of those 

broilers that survive to reach the slaughter line (Weeks, 2014; Cockram & Dulal, 2018).  

The UK is the largest producer of chicken meat in Europe30 and has lower than average 

DOA rates (0.13% of broilers processed [Warriss et al., 2005; Pagazaurtundua, 2010; 

 
29  Globally, 68,785,221,000 chickens were slaughtered for their meat in 2018 (Food and 

Agriculture Organization of the United Nations, 2020b). If dead on arrival (DOA) rate = 0.2% 

(Cockram & Dulal, 2018): 0.2% of 68,785,221,000 = 137,570,442 chickens.    
30  Excluding Russia, which is included in FAO’s list of European countries. Based on: 

Production quantity (tonnes) of Meat, chicken in Europe (list), 2018. Data source: Food and 
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Part et al., 2016] versus 0.2% European average [Cockram & Dulal, 2018]), which 

may be partially due to the UK’s cool temperate climate (Part et al., 2016). However, 

even in the UK, outdoor temperature has been identified as a major risk factor for 

broiler mortality during transport and lairage (Pagazaurtundua, 2010). As reported in 

Chapter 5, risk of DOA increased with every 1℃ increase or decrease in mean 

temperature beyond the defined “safe zone” (3℃ – 15℃) on the day of slaughter. A 

U-shaped relationship between temperature and DOA rates has also been observed in 

the Netherlands (Nijdam et al., 2004) and Turkey (Teke, 2019). Therefore, as the 

Earth’s climate continues to warm, both productivity gains and losses may be realised, 

with potentially fewer cold-related, and more heat-related, broiler deaths.   

This study aimed to project the impacts of climate change on loss of market weight 

broiler chickens at the final stage of production. Taking Central England, UK, as 

broadly characteristic of a mild temperate climate––where hotter, drier summers and 

warmer, wetter winters are expected over coming decades (Lowe et al., 2019; Burden 

et al., 2020; Mohammadi et al., 2020)––this study set out to (i) provide quantitative 

estimates of future broiler chicken death losses during transport and lairage that are 

attributable to temperature change; and (ii) explore the variation in impacts of 

temperate change on broiler death losses under two alternative future climate scenarios.  

The following hypotheses were tested:  

1. Global warming will increase heat-attributable deaths and reduce cold-

attributable deaths in market weight broiler chickens during transport to 

slaughter.  

 
Agriculture Organization of the United Nations, FAOSTAT, 

(www.fao.org/faostat/en/#data/QL), accessed on 31 July 2020. 
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2. Temperature-attributable excess mortality will be lesser under a strong global 

policy to mitigate greenhouse gas (GHG) emissions than with minimal 

mitigation of GHG emissions. 

 

 

6.2 Materials and Methods 

6.2.1 Datasets 

6.2.1.1 Broiler chicken mortality data  

Cases (counts) of broiler chickens found dead on arrival or dead in the lairage (DOA) 

at slaughter were shared by the Food Standards Agency (FSA), UK. Data were 

collected by fully trained personnel at 90 FSA-approved poultry slaughterhouses in 

Great Britain (GB) between 01 January 2011 and 31 December 2013 (inclusive). DOA 

counts were recorded at batch-level (i.e. flock-level), along with the date of slaughter 

and total number of broilers processed in each batch. Batch-level data were aggregated 

to create two time-series: (i) daily DOA counts and (ii) daily number processed. The 

resulting time-series comprised data collected from 251,545 batches (totalling 

1,675,218,583 chickens) reared on 798 farms in Central England, UK. 

 

6.2.1.2 Observed temperature data 

Observed daily mean temperature data (01 January 1970 – 31 December 2019, 

inclusive) were obtained from the Met Office (https://www.metoffice. 

gov.uk/hadobs/hadcet/) as part of the Met Office Hadley Centre Central England 

Temperature (HadCET) Series (Parker et al., 1992). The data series are representative 
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of Central England in GB, with a geographical extent of 54° N, 51° S, 1° E and -4° W 

(Hadley Centre for Climate Prediction and Research, 2007). 

 

6.2.1.3 Projected temperature data 

Projected daily mean temperature data (01 January 1970 – 31 December 2049, 

inclusive), based on high and low future greenhouse gas (GHG) emissions, were 

obtained from the UK Climate Projections User Interface 

(https://ukclimateprojections-ui.metoffice.gov.uk/) and Centre for Environmental 

Data Analysis (CEDA; https://catalogue.ceda.ac.uk/), respectively, as part of the UK 

Climate Projections (UKCP18) datasets. Projections beyond 2050 were not considered 

herein given that potential changes to livestock transport practices may be 

implemented by mid-century and alter subsequent temperature-DOA associations (e.g. 

see Vecerek et al., 2016). Daily mean air temperature for the high emissions scenario 

were downloaded as an element of UKCP18 global projections over the UK (Met 

Office Hadley Centre, 2019). Daily mean air temperature for the low emissions 

scenario were downloaded as an element of UKCP18 derived climate model 

projections for the UK (Met Office Hadley Centre, 2018).  

Future emissions scenarios in UKCP18 are called representative concentration 

pathways (RCPs) and reflect the amount of GHGs causing radiative forcing (i.e. a 

change in the Earth’s energy balance) by 2100, as compared to preindustrial levels 

(Mohammadi et al., 2020). RCPs include assumptions about human population growth, 

economic development and mitigation of GHG emissions (Lowe et al., 2019). RCP2.6 

reflects the low emissions scenario where GHG emissions are sizeably reduced under 

a strong global mitigation policy (Gohar et al., 2018; Lowe et al., 2019). RCP8.5 

https://ukclimateprojections-ui.metoffice.gov.uk/
https://catalogue.ceda.ac.uk/
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reflects the high emissions scenario where global GHG emissions continue to rise, with 

minimal mitigation, and increasing wealth and population (Gohar et al., 2018; Lowe 

et al., 2019). Thus, greater increases in regional UK temperature are projected under 

RCP8.5 than under RCP2.6 (Lowe et al., 2019). Two additional RCPs are available 

within UKCP18 products (RCP4.5 and RCP6.0), which reflect medium emissions 

scenarios and were not considered herein.  

Each RCP dataset includes 28 climate projections at 60km grid resolution, consisting 

of 15 projections from the Met Office Hadley Centre model (HadGEM3-GC3.05) 

perturbed physics ensemble (PPE-15), and 13 projections from climate models that 

informed the Intergovernmental Panel on Climate Change's (IPCC’s) 5th Assessment 

Report (CMIP5-13) (Fung & Gawith, 2018; Gohar et al., 2018; Lowe et al., 2019). 

The complete set of 28 projections for each emissions scenario provides a wide, but 

plausible, range of possible future outcomes (Lowe et al., 2019; Mohammadi et al., 

2020). 

Eight 60km grid squares were chosen for each RCP (see figure 6.1) to correspond with 

the geographical extent of observed temperature data (HadCET) and broiler chicken 

mortality data. Daily mean temperature was averaged (calculated mean) across the 8 

grid squares for each UKCP18 climate model, which produced 28 daily time-series 

per emissions scenario (RCP).  

 

6.2.2 Data analyses 

The process of analysis used herein followed that described by Vicedo-Cabrera et al. 

(2019). All data analyses were executed in R 3.6.1 (R Core Team, 2019), using  
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Figure 6.1. Map of Great Britain with 60km grid resolution of global projections 

(black grid squares, based on British National Grid) and 60km grid resolution of 

derived projections (red dots as grid centroids, based on Gaussian grid). Eight grid 

squares for high emissions scenario (RCP8.5) outlined in blue. Centroids of eight grid 

squares for low emissions scenario (RCP2.6) marked with  
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RStudio® and facilitated by the following packages: ‘splines’ (R Core Team, 2019); 

‘dlnm’ (Gasparrini, 2011); and ‘MASS’ (Venables & Ripley, 2002). 

 

6.2.2.1 Estimating current temperature-DOA associations 

To enable future projections of broiler mortality under alternative climate change 

scenarios, the relationship between present-day temperature and broiler deaths during 

transportation and lairage was defined (Vicedo-Cabrera et al., 2019). For this part of 

the analysis, observed temperature data were restricted to the three-year time range of 

broiler chicken mortality data (i.e. 01 January 2011 – 31 December 2013). 

The distributed lag non-linear model (DLNM), detailed in Chapter 5, was used to 

describe acute associations between (observed) daily mean temperature and daily 

counts of broiler chickens found DOA at slaughter. In brief, a cross-basis matrix for 

temperature, using natural cubic splines (NCS) with 3 equally-spaced knots along the 

predictor dimension and 2 equally-spaced knots in the log scale of the lag dimension, 

was fitted to the daily DOA time-series by means of negative binomial regression. Log 

daily number slaughtered was included as an offset (i.e. denominator) variable to 

adjust for day-to-day changes in population size. NCS of time with 5 degrees of 

freedom (df) per year was used to control for seasonality and long-term trends, and 

indicator terms were used to model day-of-week effects (reference day: Monday). A 

6-day lag period was modelled to adjust for potential delayed effects of temperature 

on DOA counts at slaughter, as indicated in Chapter 5. Lag 0 reflected the day of 

transport/lairage and lags 1-6 reflected the final 6 days on-farm.  

The temperature of minimum mortality (Tmm) was estimated (i.e. the daily mean 

temperature at which DOA counts were lowest). Tmm was then used as the reference 
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(i.e. centring) value from which to estimate the relative risk (RR) of DOA per 1℃ 

increase in mean temperature on each lag day (0-6). RR values greater than 1 represent 

an increased risk of broilers found DOA, while values less than 1 represent a reduced 

risk. Predictions were summarised in a three-dimensional (3D) plot and overall 

exposure-response curve, with 95% confidence intervals (CIs).  

 

6.2.2.2 Projecting future broiler mortality 

The temperature-DOA relationship estimated in section 6.2.2.1 was applied to 

projections of future climate. Firstly, UKCP18 climate model projections were 

summarised and examined by calculating annual (1970-2049) means of the 28 climate 

projections for each emission scenario. Differences in annual mean temperature 

relative to the 1981-2000 baseline period were plotted over time, along with the range 

of differences projected by individual members of the UKCP18 ensemble.  

The distributions of observed and projected temperature data were plotted and 

compared. Systematic differences between UKCP18 projections and HadCET 

observations were corrected for using a function created by Vicedo-Cabrera et al. 

(2019), which applies the calibration procedure developed within the first Inter-

Sectoral Impact Model Intercomparison Project (ISI-MIP), as described by Hempel et 

al. (2013). Forty years (1970-2019) of observed temperature data were used to 

calibrate UKCP18 projections, which is considered more than adequate (Fung, 2018). 

The alignment of observed and projected temperature data was checked by plotting the 

cumulative distribution function of each series following bias-correction (see 

Appendix III, Fig. 6.1 and Fig. 6.2).  
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An annual series of total DOA counts was created by calculating mean DOA counts 

for each day of the year from daily counts recorded between 2011 and 2013 (see 

Appendix III, Fig. 6.3). Two notable peaks in mean DOA counts were observed during 

summer months. The annual DOA series was then replicated along the 2010-2049 

projection period, assuming no changes in future population size (i.e. number of 

broilers sent to slaughter) and no changes in future risk (e.g. broiler susceptibility to 

cold or hot temperatures; improvements in transportation/lairage). Such assumptions 

were chosen based on the current uncertainty around future livestock production in the 

UK (discussed in section 6.4) and uncertainty around the potential timings (and 

consequences) of implemented improvements in the transport process and in breeding 

of heat-resistant strains. Further, these assumptions enabled the effects of climate 

change to be isolated from the effects of other factors. 

The bi-dimensional distributed lag non-linear model (DLNM) was reduced to one-

dimensional summaries defined in the temperature-DOA dimension. Coefficients and 

covariance were extracted, defining the overall temperature-DOA association (i.e. 

across all lags), centred at Tmm. Given that temperature is likely to increase over 

coming decades, beyond the range observed between 2011 and 2013, a log-linear 

extrapolation of the estimated temperature-DOA curve was performed. That is, the 

non-linear relationship between daily mean temperature and DOA counts (as defined 

by the DLNM) was extended beyond the observed boundaries.  

The daily number of DOAs that were attributable to outdoor temperature were 

estimated for each emission scenario (RCP2.6 and RCP8.5), UKCP18 projection (28 

x 2 emissions scenarios) and temperature range (above and below the temperature 

threshold of Tmm). Temperature-attributable DOAs were summed for each 10-year 

period (2010-2019; 2020-2029; 2030-2039; and 2040-2049) for the 28 climate 



230 

 

projections in each RCP and temperature range (‘cold’ and ‘hot’ defined as < Tmm and  

> Tmm, respectively). The difference in temperature-attributable DOAs relative to 

current days (2010-2019) was also estimated for each projection period (i.e. 2020-

2029; 2030-2039; and 2040-2049). The proportion of DOAs attributable to 

temperature (i.e. attributable fraction) was calculated by dividing the number of 

temperature-attributable DOAs by the total number of DOAs between 2011 and 2013, 

expressed as a percentage. 

The uncertainty of estimates arising from: (i) variability among UKCP18 projections; 

and (ii) estimation of the temperature-DOA function was quantified through Monte 

Carlo simulations. One thousand samples of the coefficients were generated, assuming 

a multivariate normal distribution for estimated NCS coefficients. Results for each of 

the 28 UKCP18 projections were then generated under each emissions scenario.  

Results were reported as point estimates, averaged (mean) across the 28 members of 

the UKCP18 ensemble, and as 95% confidence intervals (CIs) of the temperature-

attributable DOAs across UKCP18 projections and generated coefficient samples, 

thereby accounting for both sources of uncertainty (Vicedo-Cabrera et al., 2019). 

Projections were summarised as the temperature-attributable fraction for DOA 

(expressed as a percentage), with 95% CIs, above and below the temperature threshold 

(cold vs. heat effects), between projection periods (2010-2019 vs. 2040-2049), and 

emission scenarios (RCP2.6 vs. RCP8.5). The temperature-DOA curve (represented 

as relative risk of broilers found DOA per 1℃ increase in mean temperature) over the 

projected temperature range was plotted for each emissions scenario, as was the 

projected temperature distribution and excess DOAs  in 2010-2019 compared with 

2040-2049. Finally, excess DOAs (expressed as the percentage of additional DOAs 
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attributed to non-optimal temperature) per UKCP18 projection were plotted to 

illustrate variability within each RCP.  

 

6.3 Results 

6.3.1 Current temperature-DOA associations 

Figure 6.2a summarises the bi-dimensional relationship between daily mean 

temperature during the last week of life and broilers found DOA at slaughter. 

Temperature on the day of slaughter (lag 0) had the greatest estimated effect, with a 

higher risk of death at hot and cold temperature extremes. A delayed effect of 

temperature was also evident. That is, hot (≥ 16℃) and cold (-3℃) temperature 2 days 

before slaughter (lag 2) was associated with a reduced risk of DOA. Figure 6.2b 

illustrates the overall temperature-DOA association across lags 0-6, wherein the 

relative risk of DOA increased significantly as temperature reached 16℃ and dropped 

to 3℃. As can be seen, the estimated heat effect was greater than that of cold. 

 

6.3.2 Projections of future broiler mortality  

Temperature in Central England is projected to increase over coming decades (see 

figure 6.3). On average, annual mean temperature in 2049 will increase by 1.6℃ under 

the low emissions scenario (RCP2.6) and by 2.3℃ under the high emissions scenario 

(RCP8.5), relative to 1981-2000 temperatures. However, there is considerable 

variability among UKCP18 ensemble projections. Under the low emissions scenario, 

one CMIP5 model (CMCC-CM) projected a relative decrease (-0.4℃) in annual mean 

temperature by 2049, while another (CESM1-BGC) projected an increase of 3.2℃.  
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Figure 6.2. Association between daily mean outdoor temperature (℃) and broiler chicken mortality during transportation and lairage in Central England (2011-

2013). (a): 3D plot of exposure-lag-response (i.e. temperature-lag-DOA) association. (b): Overall cumulative effect of outdoor temperature (℃) across 7-days 

(lags 0-6) on risk of DOA at slaughter. Red line represents the relative risk (RR) and grey areas represent the 95% confidence interval. RRs estimated using a 

distributed lag non-linear model (DLNM), with reference at 13.8℃ (i.e. the daily mean temperature at which DOA counts was lowest; Tmm).
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Similarly, under the high emissions scenario, relative differences in temperature by 

2049 ranged from -0.5℃ to 4.1℃. Therefore, there is much overlap between UKCP18 

projections for RCP2.6 and RCP8.5, at least until mid-century. 

The relative risks (RR) of DOA, as estimated across the range of daily mean 

temperatures projected under RCP2.6 and RCP8.5, are illustrated in figures 6.4a and 

6.5a, respectively. Dashed portions of the curves represent extrapolation beyond 2010-

2019 boundaries.  

On average, UKCP18 projections for RCP2.6 suggested a wider range of daily mean 

temperatures, with both colder days and hotter days, in 2040-2049 than in 2010-2019 

(see figure 6.4b). Therefore, under the low emissions scenario, risk of both cold-related 

deaths and heat-related deaths was projected to increase by 2040-2049 (figure 6.4a). 

The change in temperature-attributable fractions (see figure 6.4c) suggested that heat-

related DOAs will increase by 24% (95% CI -1.5% to 49.8%), and cold-related DOAs 

will increase by 4.2% (-1.8% to 12.1%) under RCP2.6. In absolute numbers, this 

equates  to  an  additional  52,443  (-3,375  to  108,645)  heat-related  deaths,  and  an 

additional 9,154 (-4,030 to 26,468) cold-related DOAs, on average, per year in 2040-

2049 compared to 2010-2019.  

Under the high emissions scenario, temperature distribution was similar for current 

(2010-2019) and future (2040-2049) periods, but with a shift towards warmer 

temperatures in the future (see figure 6.5b). Therefore, risk of heat-related DOAs was 

projected to increase under RCP8.5, with no increased risk of cold-related DOAs (i.e. 

no extrapolation beyond the cold boundary of 2010-2019; see figure 6.5a). The change 

in temperature-attributable fractions between 2010-2019 and 2040-2049 (see 

figure6.5c) suggested that heat-attributable DOAs will increase significantly by 8.3%  
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Figure 6.3. Temporal trends in projected mean temperature in Central England (1970-2049). Solid blue and red lines represent mean annual 

temperature estimated across the 28 climate projections for each representative concentration pathway (RCP) scenario, expressed as the difference in 

annual mean temperature from the historical average temperature (black line).  Shaded areas represent annual variability (range) in projected 

temperature across UKCP18’s 28 climate projections. Blue and red horizontal bars represent the mean annual maximum and minimum temperature 

for RCP2.6 and RCP8.5, respectively. Data source: UK Climate Projections (UKCP18): RCP8.5 are UKCP18 global projections (Met Office Hadley 

Centre, 2019) and RCP2.6 are UKCP18 derived projections (Met Office Hadley Centre, 2018).
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Figure 6.4. Mean outdoor temperature (℃) and excess mortality during transportation and 

lairage (i.e. DOA) in Central England for current and future periods. Projections based on daily 

mean temperature averaged (calculated mean) across all 28 climate futures in UKCP18 for 

RCP2.6 scenario. (a): Exposure-response curve represented as relative risk (RR) of broilers 

found DOA across the projected temperature range, with 95% confidence intervals (grey 

region). The dotted vertical line reflects the mean daily temperature at which broiler mortality 

was lowest (i.e. Tmm at 13.8℃), which defines the two portions of the curve related to cold 

(blue line) and heat (red line). The dashed vertical line reflects the maximum daily mean 

temperature during 2010-2019 and the dashed parts of the curve represents the extrapolation 

beyond the minimum (dashed blue line) and maximum (dashed red line) 2010-2019 

temperatures. (b): Distribution of temperature projections for 2010-2019 (grey area) and 2040-

2049 (green area). (c): Distribution of excess DOA in 2010-2019 (grey area) and 2040-2049 

(green area), expressed as the percent of additional DOAs attributed to non-optimal 

temperature (i.e. above or below Tmm). 
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Figure 6.5. Mean outdoor temperature (℃) and excess mortality during transportation and 

lairage (i.e. DOA) in Central England for current and future periods. Projections based on daily 

mean temperature averaged (calculated mean) across all 28 climate futures in UKCP18 for 

RCP8.5 scenario. (a): Exposure-response curve represented as relative risk (RR) of broilers 

found DOA across the projected temperature range, with 95% confidence intervals (grey 

region). The dotted vertical line reflects the mean daily temperature at which broiler mortality 

was lowest (i.e. Tmm at 13.8℃), which defines the two portions of the curve related to cold 

(blue line) and heat (red line). The dashed vertical line reflects the maximum daily mean 

temperature during 2010-2019 and the dashed part of the curve represents the extrapolation 

beyond the maximum 2010-2019 temperature. (b): Distribution of temperature projections for 

2010-2019 (grey area) and 2040-2049 (green area). (c): Distribution of excess DOA in 2010-

2019 (grey area) and 2040-2049 (green area), expressed as the percent of additional DOAs 

attributed to non-optimal temperature (i.e. above or below Tmm). 
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(95% CI 0.8% to 16.3%), whereas cold-attributable DOAs will see a 2% reduction (-

4.5% to -0.2%) by 2040-2049. In absolute numbers, this equates to 18,068 (1,688 to 

35,547) more heat-related DOAs, and 4,355 fewer (-9,836 to -410) cold-related DOAs, 

on average, per year in 2040s compared to 2010s.  

Figures 6.4 and 6.5 were based on estimated impacts using temperature averaged (by 

mean) across the 28 UKCP18 projections for low and high emissions scenarios, 

respectively. Figures 6.6 and 6.7 illustrate estimated impacts based on projections from 

individual UKCP18 ensemble members. As noted above, there is much variability 

among UKCP18 projections to cover the range of plausible climate futures under each 

emissions scenario. Thus, the estimated impacts on broiler mortality were also expected 

to vary, depending on which of the 28 UKCP18 projections estimations were based. 

However, as seen from figure 6.7, an increase in heat-attributable DOAs and decrease 

in cold-attributable DOAs were estimated in 2040-2049 (relative to 2010-2019) using 

the vast majority of UKCP18 projections for RCP8.5. 

Greater variability in estimated future impacts can be seen in figure 6.6, using UKCP18 

projections for RCP2.6. Here, there is an obvious difference between estimations using 

the 15 projections from the Met Office Hadley Centre Model (PPE-15; four-figure 

labels) and 13 projections from CMIP5 models (character labels). While an increase in 

both heat- and cold-attributable DOAs was estimated using all PPE-15 projections, 

little difference between current (2010-2019) and future (2040-2049) attributable 

fractions was estimated using the vast majority of CMIP5 projections. 
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Figure 6.6. Distribution of excess DOAs in 2010-2019 (grey areas) and 2040-2049 (green areas), expressed as the percent of additional deaths attributed to non-
optimal temperature (i.e. above or below dotted vertical line at 13.8℃), as projected using each climate future in the UKCP18 ensemble for RCP2.6 scenario. 
Four-figure labels reflect the 15 projections from the Met Office Hadley Centre Model (PPE-15). Character labels reflect the 13 projections from CMIP5 models. 
Dashed vertical lines reflect maximum temperature during 2010-2019, as estimated using the corresponding UKCP18 projection. 
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Figure 6.7. Distribution of excess DOAs in 2010-2019 (grey areas) and 2040-2049 (green areas), expressed as the percent of additional deaths attributed to non-
optimal temperature (i.e. above or below dotted vertical line at 13.8℃), as projected using each climate future in the UKCP18 ensemble for RCP8.5 scenario. 
Four-figure labels reflect the 15 projections from the Met Office Hadley Centre Model (PPE-15). Character labels reflect the 13 projections from CMIP5 models. 
Dashed vertical lines reflect maximum temperature during 2010-2019, as estimated using the corresponding UKCP18 projection.
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6.4 Discussion 

To date, climate change impact projections on food availability have focussed, almost 

exclusively, on crop production (Escarcha et al., 2018; Mbow et al., 2019; Wreford & 

Topp, 2020). This study projected the impacts of global warming on broiler chicken 

mortality at the final stage of production and, in doing so, began to address the research 

gap into climate change impacts on livestock; providing quantitative estimates of 

future temperature-related death losses of market weight broiler chickens during 

transport and lairage in Central England, UK. It revealed that, with minimal mitigation 

of GHG emissions, heat-attributable death losses should be expected to increase by 

around 8.3% by 2040’s (compared to 2010s), and cold-attributable death losses should 

be expected to decline by around 2%. Projections under the high emissions scenario, 

therefore, supported hypothesis 1; that global warming will increase heat-related 

deaths and reduce cold-related deaths in market weight broilers during transport to 

slaughter. However, with sizeable reductions in GHG emissions, both heat- and cold-

attributable death losses should be expected to increase by mid-century. Projections 

under the low emissions scenario, therefore, failed to support hypothesis 1.  

As expected, the overall temperature-related mortality burden was estimated to 

increase by 2040s, relative to 2010s. Unexpectedly, excess mortality was 4.5 times 

greater under RCP2.6 than under RCP8.5; thereby, failing to support hypothesis 2. 

Assuming no change in the number of broilers slaughtered, and no adaptation of the 

commercial broiler population or transport process, approximately 13,713 additional 

broiler chickens from farms in Central England were projected to die during transport 

or lairage every year in 2040s compared to 2010s, if GHG emissions continue to rise 

over this century. Under a strong global policy to mitigate GHG emissions, 

approximately 61,597 additional broilers were projected to die every year in 2040s. 
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Greater death losses were projected under RCP2.6 than under RCP8.5 due to the 

greater variation in mean temperature projections under the low (RCP2.6) than high 

(RCP8.5) emissions scenario (discussed below). It should, however, be noted that 

future estimates of additional, temperature-related broiler deaths using UKCP18 

RCP2.6 projections were not statistically significant. Thus, while we can be confident 

that minimal global effort to mitigate GHG emissions will lead to greater death losses 

of market-weight broilers by 2040s, we may be less confident that successful 

mitigation of GHG emissions will lead to even greater losses of market-weight broilers. 

To the authors knowledge, this is the first study to report a greater temperature effect 

under RCP2.6 than RCP8.5 (e.g. see Gasparrini et al., 2017; Achakulwisut et al., 2018; 

Li et al., 2018), and the first to report an increase in cold-attributable deaths, with no 

adaptation of the population, under any climate change scenario (e.g. see Martin et al., 

2012; Li et al., 2013; Vardoulakis et al., 2014; Huynen & Martens, 2015; Gasparrini 

et al., 2017; Weinberger et al., 2017; Vicedo-Cabrera et al. 2018; Díaz et al., 2019). 

Although previous research has focussed on quantifying the impacts of climate change 

on human health, the observed temperature-mortality relationship (on which impact 

projections are based) often follows a non-linear U-, V-, or J-shaped curve, regardless 

of study population (humans or broiler chickens; Warriss et al., 2005; Huang et al., 

2011; Li et al., 2013; Honda et al., 2014; Gasparrini et al., 2015; Part et al., 2016). 

Indeed, under a medium emissions scenario (similar to RCP6.0; Sanderson et al., 2017), 

Hajat et al. (2014) projected an equivalent decline (-2%) in cold-related human deaths 

for the UK by mid-century as reported herein for cold-related broiler deaths under 

RCP8.5. A much greater increase in heat-related deaths was estimated for humans 

(257%; Hajat et al., 2014) than for broilers (8.3%), but this was likely due to the 

relatively small number of heat-related human deaths at baseline. Hajat et al. (2014) 
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did not include impact projections under a low emissions scenario for comparison; 

however, other human health studies have reported a step-wise increase in heat-related 

excess mortality, and step-wise decrease in cold-related mortality, with increasing 

RCP values (i.e. RCP2.6, RCP4.5, RCP8.5; e.g. Gasparrini et al., 2017; Li et al., 2018), 

which was not found herein. 

RCP2.6 assumes negligible (or even negative) emissions by 2100 (van Vuuren et al., 

2011), and is the only RCP scenario under which global warming may be limited to 

the Paris Climate Agreement target of 2℃ or less by 2100 (as compared to 

preindustrial levels; Sanderson et al., 2017). On the other hand, RCP8.5 reflects a best 

estimate rise in global mean surface temperature of 4.3℃ by 2100 (Fung & Gawith, 

2018). Therefore, projections of greater heat-related broiler death losses under RCP2.6 

than under RCP8.5 were surprising. Due to the peak and subsequent decline in 

radiative forcing (change in the Earth-atmosphere energy balance) under RCP2.6 

(Moss et al., 2010), projections of average annual temperature change in the UK 

(relative to 1981-2000 levels) are similar, under high and low emissions scenarios, 

until 2040s (Lowe et al., 2019). For Central England, annual mean temperature in 2049 

was found to increase by 1.6℃ under RCP2.6 and by 2.3℃ under RCP8.5. However, 

the constitution of these increases was very different. Assuming high future emissions, 

the temperature distribution was shifted towards warmer temperatures, with increased 

temperature on both the coldest days and hottest days.  Assuming low future emissions, 

the projected temperature distribution showed greater variation, with hotter days and 

colder days in 2040s compared to 2010s, and as compared to climate projections under 

RCP8.5. One of the latest IPCC reports suggests an increase in temperature on the 

coldest day of the year at 2℃ of global warming (Hoegh-Guldberg et al., 2018). 

Similarly, UKCP18 projections for a 2℃ warmer world (akin to end-of-century 
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projections for RCP2.6) suggest that cool days in winter will warm by 1℃ to 1.5℃ 

across the UK (Gohar et al., 2018). Current findings suggest that warming of winter 

days will not be seen in Central England until after mid-century, if we are successful 

in mitigating GHG emissions.  

It has been suggested that global warming might reduce livestock mortality in 

geographical regions that experience very cold winters (Lacetera, 2019). In Canada, 

for example, cold temperature has been identified as a major risk factor for broiler 

mortality during transport and lairage (Caffrey et al., 2017), with higher DOA rates in 

winter than in summer (Part et al., 2016; Cockram et al., 2019). Projected mid-century 

warming in Canada is also greater during winter than summer (Government of Canada, 

2015). Therefore, the Canadian broiler industry might benefit from an overall 

reduction in temperature-attributable death losses by mid-century, as projected for 

human mortality in 11 out of 15 major Canadian cities (Martin et al., 2012).  

Rising temperatures might also reduce broiler chicken mortality during transport and 

lairage in the warmer climates of Central Italy and the Czech Republic, where broiler 

DOA rates are highest in winter and lowest in summer (Vecerek et al., 2016; Grilli et 

al., 2018). In Central England, the effect of heat was greater than that of cold. However, 

other European countries seem to have reduced broiler chickens’ vulnerability to heat. 

The implementation of cooling systems in lairage facilities, and improved 

management of the transport process during hot weather, appears to have reduced 

summer DOA rates in Italy and the Czech Republic, respectively, over time (Vecerek 

et al., 2016; Grilli et al., 2018). Such adaptation measures might provide protection 

against excess heat-attributable deaths in the future as summer temperatures continue 

to rise. However, all measures must be carefully evaluated to ensure that they do not 

inadvertently increase risk of cold-related death, as suggested by the simultaneous rise 



244 
 

in winter DOA rates reported in Italy and the Czech Republic over time (Vecerek et 

al., 2016; Grilli et al., 2018). Moreover, if successful mitigation of GHG emissions 

brings colder days to the Czech Republic, as projected for Central England under 

RCP2.6, overall temperature-related death losses may increase by mid-century due to 

the seeming lack of protection against cold outdoor temperature during transport to 

slaughter (Vecerek et al., 2016). 

In Brazil, the highest DOA rates have been recorded during spring and summer seasons 

(September to March), when both temperature and precipitation peak (Vieira et al., 

2011). With projections of overall warming, an increased frequency of warm days and 

warm nights, and more frequent, intense, and longer-lasting heat waves (Magrin et al., 

2014), Brazilian poultry farmers may be expected to lose more broilers due to heat 

stress than are saved due to a reduction in cold stress. However, temperature-

attributable excess mortality might be offset by the sizeable decrease in precipitation 

that is expected in northeast Brazil over coming decades (Magrin et al., 2014). 

Decreased summer precipitation would reduce ambient humidity and, therefore, the 

impacts of high temperature on pre-slaughter survival (Mitchell & Kettlewell, 1998).  

Perhaps at greatest risk of productivity losses due to climate change are commercial 

broiler farmers in low- and middle-income countries in the already-hot regions of 

Africa and Asia (Reay, 2019). To the authors’ knowledge, there are no published 

studies on commercial broiler DOA rates for these regions. However, heat-attributable 

death losses are expected to be high, both on-farm and in-transit. Access to modern 

broiler housing and indoor cooling systems is often more limited (Reay, 2019), and 

transport infrastructures are relatively underdeveloped (Osei-Kyei & Chan, 2016). 

Clearly, further research is needed to quantify the relationships between current 
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weather patterns and broiler DOA rates in various countries across the globe, and to 

project regional gains and losses under alternative climate scenarios.  

As with all climate change impact projections, future preslaughter mortality estimates 

presented herein have numerous sources of uncertainty (Martin et al., 2012). The first 

source of uncertainty comes from extrapolating the exposure-response curve beyond 

observed boundaries (Vicedo-Cabrera et al., 2019). In doing so, it was assumed that: 

(i) the observed temperature-DOA relationship will not change in the future; and (ii) 

the rate of increase in DOA risk per 1℃ change in temperature above (below) the heat 

(cold) threshold will continue beyond observed boundaries (Vicedo-Cabrera et al., 

2019). Given that impact projections were based on small changes in temperature 

beyond the observed range, the reader can be fairly confident that the second 

assumption was not a major cause for concern. With regards to the first assumption, 

estimates were based on a stable population (i.e. no future change in the number of 

broilers sent to slaughter) and no adaptation (e.g. no future changes in broiler 

susceptibility to cold or hot temperatures; and no changes in transport/lairage). This 

approach was chosen to isolate the effects of climate change from other important 

trends (Vicedo-Cabrera et al., 2019) and to limit uncertainty in the estimates.   

Although demographic changes are sometimes considered when projecting 

temperature-related mortality in humans (e.g. Hajat et al., 2014), the future population 

size of broiler chickens in Central England was somewhat more uncertain. Between 

1961 and 2018, the number of broiler chickens slaughtered for meat in the UK 

increased approximately linearly31. However, with the sharp rise in flexitarianism, 

 
31 Based on Producing animals/slaughtered (1000 head) of Meat, chicken in United Kingdom 

of Great Britain and Northern Ireland, 1961 – 2018. Data source: Food and Agriculture 
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vegetarianism, and veganism in the UK over the past few years (Moller, 2019; Jones, 

2020; The Vegan Society, 2020), and uncertainty around trade agreements following 

the UK’s exit from the European Union, it was considered best to not incorporate 

additional assumptions, based on questionable projections of future population. 

Similarly, with undefined timings (and consequences) of future improvements in the 

transport process and of successful breeding for heat-tolerance, it was considered best 

to assume no adaptation of the population. Instead, climate change impact projections 

were limited to mid-century. Thus, the future estimates of temperature-attributable 

excess mortalities among broiler flocks in Central England, as presented herein, are 

based on current farming and transport practices, facilities, and broiler population. If 

the UK broiler industry takes active steps to safeguard birds from outdoor temperature 

extremes during transport from farm to slaughterhouse before 2040s, or if there are 

significant changes to the broiler population and/or farming systems used in Central 

England over the next 20 years, the estimates presented herein will not reflect an 

accurate future reality.  

The second source of uncertainty is projected temperature data (Martin et al., 2012). 

However, this study made use of the full UKCP18 ensemble of 28 climate models as 

well as two RCP scenarios, which reflected the broadest range in potential future 

climate pathways. It is highly unlikely that the associated temperature projection range 

does not encompass the real-world changes that will be realised by 2040s. The derived 

data for RCP2.6 include additional uncertainties as they were produced from global 

model projections of RCP8.5 using a methodology based on time-shifting and pattern 

scaling approaches, along with statistical assumptions about the relative warming 

 
Organization of the United Nations, FAOSTAT, (www.fao.org/faostat/en/#data/QL), accessed 

on 28 August 2020. 
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between scenarios (Gohar et al., 2018; Lowe et al., 2019). At the time of writing, global 

projections for the high emissions scenario (RCP8.5) were available on the British 

National Grid, whereas derived projections for the low emissions scenario (RCP2.6) 

were only available on a Gaussian grid. Nevertheless, the different grid structures were 

considered unlikely to reflect meaningful differences in temperature beyond those 

projected under alternative future emissions scenarios. 

Since the Paris Climate Agreement in 2015, a lot of climate change research has 

focussed on the differential impacts between a 2℃ and 1.5℃ warmer world (as 

compared to the preindustrial period). However, limiting global warming to 1.5℃ may 

be unrealistic (S. Hajat, 2020, pers. Comm. 10 Sept.). Therefore, this study used 

climate projections for RCP2.6 and RCP8.5 to consider the widest range of potential 

future outcomes.  

This study focussed exclusively on the impacts of temperature change on broiler 

mortality by mid-century. The impacts of changing precipitation patterns were not 

considered because rainfall is often localised, and geographical aggregation of such 

data eliminates local detail. However, precipitation is known to interact with 

temperature to affect broiler DOA rates. Cold, wet weather can be a lethal combination 

for broiler chickens during transport to slaughter (Hunter et al., 1999; Cockram & 

Dulal, 2018). Temperatures of 8℃ have been found to induce moderate hypothermia 

if birds become wet near ventilation inlets on a transport vehicle (Hunter et al., 1999). 

Therefore, increased winter rainfall (Grove, 2019; Lowe et al., 2019; Burden et al., 

2020) may offset the effect of warmer winter temperatures estimated under the high 

emissions scenario, and exacerbate the effect of colder winter temperatures estimated 

under the low emissions scenario. On the other hand, decreased summer rainfall (Lowe 

et al., 2019; Wreford & Topp, 2020) will reduce relative humidity, which may 
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somewhat counteract the effects of higher summer temperatures on DOA risk. Thus, 

projections of cold-related death losses may have been underestimated, while heat-

related death losses may have been overestimated, by considering changes in 

temperature alone. 

Localised studies are needed to quantify the relationship between precipitation and 

broiler mortality during transport and lairage, and to define the interaction effect of 

temperature and precipitation on DOA risk. Such research will enable more 

comprehensive projections of climate change impacts on death losses of market weight 

broiler chickens. As climate change threatens global food security (Mbow et al., 2019), 

it is vital that we reap the benefits (where possible), and mitigate the losses (where 

necessary), of changing weather patterns. The methods used herein (and described by 

Vicedo-Cabrera et al., 2019) can be applied to health data from any livestock species, 

and to climate projection data for any region, to further our understanding of climate 

change impacts on future food availability.  

With a distinct lack of research into climate change impacts on intensively farmed 

monogastric species (Escarcha et al., 2018; Wreford & Topp, 2020), it is hoped that 

this study will encourage further research in this area. As highlighted above, regional 

studies are important as the effects of climate change are not spatially uniform. Further, 

observed exposure-response relationships can vary among countries with different 

processes and adaptation measures in place, which might shift the temperature of 

minimum mortality (i.e. optimal temperature) and/or alter livestock vulnerability to 

heat or cold (Huynen and Martens, 2015). Systematic comparisons between countries 

with different exposure-response relationships (such as Great Britain and the Czech 

Republic) would enable identification and assessment of potential adaptation measures 

(Huynen and Martens, 2015). For such research to be possible, livestock health and 
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welfare data (as well as accurate information on farming, transport, and lairage 

processes) should be made available by industry or government.  

 

6.4.1 Implications 

Chicken is a cheap and staple meat source for many people around the world. As the 

largest producer of chicken meat in Europe, the UK has a responsibility to limit 

avoidable food losses, and to safeguard broiler chicken welfare, in the face of climate 

change. To date, it is unclear how the UK’s withdrawal from the European Union (EU) 

might impact on the UK broiler industry in terms of production levels and welfare 

standards. With non-tariff trade agreements and requirements for all EU imports from 

the UK to meet all EU standards, the UK broiler industry might maintain their high 

levels of production and uphold EU-equivalent welfare standards; however, only time 

will tell. Current findings indicate that broiler chickens in Central England are not 

afforded sufficient protection from environmental conditions at the final stage of 

production, and that such protection will become increasingly necessary if we are to 

limit death losses of market weight broilers as our climate continues to change.  

Broilers are typically deprived of food, water, and space during transport to slaughter 

(Reay, 2019; Lambrecht et al. 2020). Therefore, they are unable to express many 

natural behaviours to cool themselves when ambient temperatures rise (e.g. increasing 

water consumption, moving away from other birds, seeking out cooler areas, spreading 

wings; Department for Environment, Food & Rural Affairs, 2005; Reay, 2019). 

Research in other European countries (e.g. Czech Republic and Italy; Vecerek et al., 

2016; Grilli et al., 2018) suggests that improvements in transport management and 

lairage facilities might reduce broilers’ vulnerability to hot weather. Potential options 



250 
 

include: (i) reducing stocking densities in transport crates; (ii) providing continuous 

access to cool drinking water; (iii) arranging catching and transportation for the coolest 

times of the day; (iv) postponing catching and transport until a heat wave has passed; 

and (v) equipping vehicles and lairage areas with mechanical ventilation systems or 

air conditioning units, with alarm systems that warn when equipment fails (Warriss et 

al., 2005; European Food Safety Authority, 2011; Weeks, 2014; Reay, 2019; Wreford 

& Topp, 2020).  

Research has begun into breeding for heat-resistance (e.g. Lan et al., 2016; Zhang et 

al., 2016; Duangjinda et al., 2017; Zhuang et al., 2019), which has the potential to 

springboard commercial broiler production in the hot regions of Africa and Asia, and 

will greatly benefit commercial farmers across many parts of the world as our climate 

continues to warm (Zhang et al., 2016). However, until a high-performance, heat-

tolerant, commercial broiler chicken is widely available, adaptations to current 

transport processes and facilities will be necessary to limit the economic, ethical, and 

food security implications of broiler chicken mortality during transport to slaughter 

(Weeks, 2014).  

 

6.4.2 Conclusions 

Without adaptation, temperature-attributable death losses of market weight broiler 

chickens are expected to increase in Central England over coming decades. There is 

little doubt that protection from hot weather during transport and lairage will become 

increasingly necessary for commercial broiler farmers as our climate continues to 

warm. If mitigation of GHG emissions is successful, protection from cold weather will 

also remain important, at least until mid-century. Mortality of market weight livestock 
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is an important outcome to consider when estimating the impacts of climate change on 

future food availability. Further work is needed to quantify the moderating effects of 

precipitation, project associated gains and losses in other high-producing and 

developing countries, and to evaluate the impacts of potential adaptation measures.  
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Chapter 7 

Discussion 

 

7.1 General Discussion 

This thesis set out to answer two major research questions. Firstly, how has weather 

impacted on the health and welfare of commercial broiler chickens in the past? 

Secondly, how might changing weather patterns impact on the health and welfare of 

broiler chickens in the future? In attempt to address these questions, advanced 

statistical modelling techniques (typically used in the field of environmental 

epidemiology) were successfully applied to an extensive slaughterhouse dataset shared 

by the Food Standards Agency (FSA), UK, and to historical weather and climate 

projection data obtained via the Met Office and Centre for Environmental Data 

Analysis (CEDA). Results suggest that weather (particularly temperature) has 

impacted, and will continue to impact, on the prevalence of some of the most common 

health and welfare conditions identified in market weight broiler chickens at slaughter; 

primarily, ascites, abnormal colour/fever, and pre-slaughter mortality. Commercial 

broilers appear to be particularly vulnerable to outdoor environmental conditions on 

the day of slaughter (i.e. the day of transport and lairage) and findings imply that 

adaptations are required to protect broilers from the associated impacts, both now and 

in the future. 

So, what will a changing climate bring? Chapter 6 strongly suggests greater death 

losses of market weight broilers during transport and lairage in Great Britain by 2040s, 

regardless of global endeavours to mitigate greenhouse gas (GHG) emissions. Indeed, 
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due to increased variability in temperature distribution projected under the low 

emissions scenario, more temperature-related deaths are likely to occur if we are 

successful in mitigating future emissions. Though not explicitly projected, the findings 

presented in Chapter 4 suggest a potential decrease in condemnations due to abnormal 

colour/fever (ACF) as temperatures warm. However, given that warming of winter 

days is not expected in Central England until after mid-century and, indeed, colder 

days are projected under a strict global GHG emissions mitigation strategy, the number 

of broiler carcasses condemned due to ACF may drastically increase by 2040s if no 

adaptations to the current transport process are implemented. Further, the apparent 

decline in broilers’ capacity to tolerate transport during cold weather (identified herein 

and in other European countries; Vecerek et al., 2016; Grilli et al., 2018) might lead to 

greater ACF-related losses in the future. Findings from Chapter 4 also suggest a 

potential increase in ascites-related condemnations as temperatures rise. It is not yet 

clear if overall (on-farm, in-transit, and at slaughter) ascites-related losses will increase 

or decrease under higher temperatures. However, with both hotter and colder days 

projected under the low emissions scenario, overall losses due to ascites are likely to 

increase if mitigation of GHG emissions is successful. As highlighted throughout this 

thesis, such losses are not only important from the animals’ perspective, but from an 

ethical, economic, environmental, and food security perspective (Weeks, 2014). 

Recent research in other countries suggests that climate change will have a detrimental 

effect on the productive performance of broilers by 2100, including a higher feed 

conversion ratio with reduced feed intake and weight gain (Lourençoni et al., 2019). 

Unless the environmental conditions under which broilers are reared are carefully 

controlled, commercial producers in tropical climates could lose approximately 46% 

of their flocks due to heat stress, and incur additional losses through reduced 
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performance (Duangjinda et al., 2017). Native chicken breeds, used in rural poultry 

production, are exposed to outdoor temperatures throughout life and, thus, may have 

genetically adapted to a warmer climate (Nyoni et al., 2019). However, decades of 

intensive, productivity-focussed, selective breeding have increased commercial 

broilers’ susceptibility to heat stress (Zhang et al., 2016; Zaboli et al., 2019), and 

reduced their capacity to respond to acute (Sandercock et al., 2006) and chronic 

(Duangjinda et al., 2017) thermal challenges. Although current findings suggest that 

global warming will have the greatest effect on British broilers while in transit, outdoor 

temperature on day 9 before slaughter (while broilers were on-farm) was associated 

with risk of ascites-related condemnation. The level of protection afforded to 

intensively farmed animals during rearing is intrinsically linked to the capacity and 

efficiency of indoor climate control systems (Knox et al., 2012), and it is likely that 

on-farm adaptation measures will be required in the future (Turnpenny et al., 2001; 

Nardone et al., 2010; Kuczynski et al., 2011; Mikovits et al., 2017).  

In an early study, Turnpenny et al. (2001) simulated a commercial broiler house in 

South East England and found that indoor climate control systems do not have the 

capacity to cope with changing weather patterns. The frequency of heat stress 

incidences was estimated to rise by 30% in 2050 as compared to that observed in 1997. 

Without investment in ventilation or cooling systems, an estimated 12% reduction in 

on-farm stocking density will likely be required to counteract the effects of global 

warming (Turnpenny et al., 2001). On the other hand, with optimal on-farm climate 

control, broilers are not pre-conditioned to temperature extremes and, therefore, may 

be even more susceptible to acute heat or cold exposure during loading and transport 

to slaughter. Brief exposure to hot temperatures during the growing period may reduce 

heat-attributable losses during transport, but may also lead to more variable meat 
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quality (Gregory, 2010; Bhadauria et al, 2014). In order for this approach to benefit 

the broiler industry, only those broilers who are likely to encounter heat stress during 

loading/transport/lairage should be pre-conditioned, which might be very difficult to 

navigate and potentially lead to larger deficits than DOAs alone. Alternatively, early 

feed restriction may reduce heat-attributable death losses during transport (Gregory, 

2010); however, this approach may compromise the welfare of young birds who are 

specifically selected for high feed intake (Kalmar et al., 2013). 

Rather, it has been highlighted herein and elsewhere (e.g. Skuce et al., 2013; Wreford 

& Topp, 2020) that transport vehicles will require modifications, and that transport 

management will require improvements, if we are to minimise temperature-

attributable broiler losses, now and in the future. Reducing stocking densities in 

transport crates, providing continuous access to cool drinking water, arranging 

catching and transportation for the coolest times of the day, and showering birds with 

cool water (Warriss et al., 2005; Wreford & Topp, 2020) are, perhaps, the most 

economically feasible options for reducing risk of heat stress during transport and 

lairage. Routine culling of sick and injured birds during rearing would reduce on-farm 

and in-transit stocking densities, improve broiler welfare, and minimise wasted inputs 

(feed, water, labour) on broilers that would otherwise be condemned at slaughter. 

However, it seems likely that direct adaptations will be required to ensure that broilers’ 

end-of-life microclimate is optimally monitored and controlled. Most vehicles are 

naturally ventilated, which results in an uneven distribution of temperature within the 

load (Weeks, 2014). Equipping vehicles and lairage areas with mechanical ventilation 

systems or air conditioning units, with alarm systems that warn when equipment fails, 

would be the next step towards minimising risk of heat-related death losses (European 

Food Safety Authority, 2011; Wreford & Topp, 2020). However, as noted by Skuce et 
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al. (2013), such adaptations have economic costs, energy costs, and implications for 

the industry’s carbon footprint. 

Protection against cold stress during transport may also require costly vehicle 

modifications. The current use of side curtains (tarpaulins)––in attempt to shield 

broilers from cold drafts and wet road spray––is apparently ineffective; reducing 

ventilation and creating a paradoxical heat stress on board (Mitchell & Kettlewell, 

1998; Knezacek et al., 2010), with the potential for both hypothermia and 

hyperthermia at different positions within the same load (Knezacek et al., 2010). 

Increasing crate stocking densities under cold weather conditions has been shown to 

reduce the risk of mortality (Caffrey et al., 2017). However, this approach would 

require careful orchestration to ensure that broilers located within the “thermal core” 

of the vehicle are not put at increased risk of death. Increasing crate stocking densities 

near air inlets, and reducing crate stocking densities in poorly ventilated areas of the 

trailer, is a potential solution. However, extreme cold weather conditions will likely 

exceed the capacity of such measures to minimise mortality risk (Caffrey et al., 2017). 

On-board climate control systems may provide the most effective protection against 

heat- and cold-related deaths during transport, although perhaps not the most cost-

effective protection.  

This thesis focussed primarily on the impacts of outdoor temperature on broiler 

chicken health and welfare at slaughter. The main and moderating effects of 

precipitation and outdoor humidity are yet to be quantified and projected. The health 

and welfare impacts of extreme weather events, particularly heat waves and heavy 

precipitation, also deserve research attention. The time-series approach and use of 

aggregated health and welfare data in current models did not enable adjustment for 

batch-level variables (such as age at slaughter, growth rate, broiler breed, diet, on-farm 
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stocking density, transport crate stocking density, transport distance or duration), 

which may affect, and interact with temperature to affect, broiler health and welfare at 

slaughter. A small number of studies (e.g. Nijdam et al., 2004; Caffrey et al., 2017; 

Cockram et al., 2019) have modelled the main and interaction effects of production 

variables and local weather on risk of preslaughter mortality and bruising in broilers. 

Such studies are vital as they can highlight practical and cost-effective measures to 

mitigate the effects of outdoor conditions on broiler condemnation rates. More such 

studies are needed under different climates and with different health and welfare 

outcomes (e.g. ascites, ACF).  

Moreover, we do not yet know how weather impacts the prevalence of conditions on-

farm. Condemnation records do not include broilers that died (or were culled) due to, 

for example, ascites or ACF at farm-level or during transport to slaughter (Kalmar et 

al., 2013). Do most ascitic broilers die on-farm or in-transit/lairage during winter? Is 

that why no association was detected between ascites prevalence at slaughter and 

outdoor temperature in early life, and is that why a drop in outdoor temperature (below 

15℃ on lags 0 and 9) appeared to have a protective effect on ascites prevalence at 

slaughter? Clearly, more research is needed to address these questions. 

As mentioned in Chapter 2, the aims of animal welfare research are to determine why, 

where, how, when and who will be affected by particular welfare issues, and what 

control measures can be put in place to ameliorate the outbreak. The modelling 

framework applied in Chapter 6 can be extended to evaluate proposed adaptation 

measures in terms of their effectiveness and efficiency in reducing broiler 

condemnations at slaughter. Batch-level studies (discussed above) can inform the 

required model adjustments. Alternatively, as mentioned in Chapter 6, systematic 

comparisons between countries with different exposure-response relationships (such 
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as Great Britain and the Czech Republic) would enable identification and assessment 

of potential adaptation measures (Huynen and Martens, 2015). However, such research 

would require slaughterhouse data, as well as accurate information on farming, 

transport, and lairage processes, to be made available for different countries. Given 

that condemnation rates for various health and welfare conditions vary spatially across 

Great Britain (as reported in Chapter 3), a regional (county-level) comparison may 

highlight potential climate change adaptation strategies for the broiler industry. 

Providing that the exposure-response (e.g. temperature-DOA) relationship differs 

significantly between counties, a regional comparison could be undertaken using FSA 

data, which would reduce the need to access data in other countries. Of course, once a 

potential adaptation measure has been identified, and its effectiveness in mitigating the 

health impact of climate change has been tested under experimental design, the 

economic, environmental, and ethical impacts of the proposed measure must be 

evaluated prior to implementation. 

The findings presented herein apply specifically to Great Britain and, perhaps, very 

specifically to Central England. Therefore, this thesis is the tip of the iceberg in terms 

of research that is required for us to fully understand, and attempt to mitigate, the 

impacts of climate change on global livestock production. Research is needed in other 

regions and with other livestock species. Research is particularly needed in low-

income countries, which are most vulnerable to the effects of climate change and to 

food insecurity (Mbow et al., 2019). However, it is unknown what (if any) data are 

collected at slaughterhouses in low- and middle-income countries of Africa and Asia.  
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7.1.1 Use of slaughterhouse data in research 

The data collected and recorded by FSA are not used to their full potential in animal 

welfare research. Routine ante- and post-mortem inspections at slaughter offer a 

unique opportunity to assess the health and welfare status of farm animals at 

population level. They provide a vast amount of information that would be practically 

impossible to record on-farm. Batch-level condemnation records and accompanying 

food chain information also offer an ideal dataset from which to develop and test 

simulation models, or other mathematical models described in Chapter 2. Due to the 

amount of data available, subsetting and splitting techniques can be applied to create 

separate datafiles for use in: (i) developing (parameterising) the model; and (ii) testing 

and validating the model.  

Of course, there are several drawbacks to using FSA data. Firstly, conclusions can only 

be drawn regarding the presence of conditions at slaughter. FSA data contain no 

information on the date of condition onset and no information on the number of 

broilers that died, or were culled, due to particular health and welfare conditions before 

reaching the slaughter line (Lee et al., 2020). On-farm mortality (total mortality per 

broiler house, from day of placement until day of transport to slaughter; Lister & 

Lowery, 2019) offers a general overview of flock health and welfare; however, cause 

of death/culling is not recorded. Thus, environmental exposures can only be examined 

in relation to broiler health and welfare on the date of slaughter, and in those broilers 

that survive to reach the slaughter line (Lee et al., 2020). The difficulties associated 

with such analyses are highlighted in Chapter 4, whereby the estimated temperature 

effect on ascites prevalence at slaughter was ambiguous. However, this should not 

dissuade animal welfare scientists from making use of condemnation records. Existing 
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knowledge can assist in interpreting ambiguous findings (as in Chapter 4) and/or 

hypotheses can be developed for further investigation.  

Secondly, to the authors’ knowledge, multiple conditions are not recorded in a single 

individual. That is, a carcass that is condemned for abnormal colour/fever 

(septicaemia/toxaemia) will be identified at whole-bird inspection point and removed 

from the slaughter line. The reason for condemnation will be recorded as “abnormal 

colour/fever (septicaemia/toxaemia)”. That same bird might also exhibit signs of, for 

example, respiratory disease or hepatitis; however, these conditions will not be 

identified––the broiler will not reach the post evisceration inspection point of the 

slaughter line––and, therefore, will not be recorded. Thus, the prevalence of some 

conditions at slaughter might be massively underestimated. Indeed, this might explain 

the very low condemnation rates for respiratory disease (Whiting et al., 2007; Part et 

al., 2016). In such a fast-paced environment, it would not be feasible to identify and 

record every condition in every bird. However, there is great potential for researchers 

to work alongside industry in undertaking random post-mortem examinations of 

condemned carcasses, with the aim of providing estimates of co-morbidity and 

improving the accuracy of condition prevalence rates, as recorded at slaughter. 

To the author’s knowledge, examinations are routinely undertaken on a sample of 

broilers found dead on arrival or dead in the lairage (DOA) at slaughter. The extent of 

these examinations is not known. However, if data are collected and recorded, they 

should be made available to assist future research. Currently, DOA data (counts) 

reflect all-cause mortality. Accompanying information on underlying health and/or 

welfare conditions (even if recorded as “present” or “absent”) would enable future 

research to distinguish between the effects of temperature on broilers that would have 

otherwise been passed as fit for human consumption, and the effects of temperature on 
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broilers that would have been condemned at slaughter regardless. If specific 

underlying conditions are (or can be) recorded on a random sample of DOA broilers 

in each batch (or even on each day), the data would inform model adjustments and 

assist in interpreting previously reported associations between the environmental 

exposure of interest and prevalence of health and welfare conditions at slaughter, such 

as the temperature-ascites association reported in Chapter 4.  

As discussed in Chapter 3, FSA have numerous processes in place to standardise 

identification and recording of ante- and post-mortem conditions in UK 

slaughterhouses, which will increase the reliability of data. Nonetheless, assuming 

equal sensitivity and specificity of the inspection process across all establishments, at 

all times, may be a stretch too far, and perfect consistency should not be presumed in 

the recording of all conditions across the board. This might be one reason why most 

animal welfare scientists do not exploit slaughterhouse data. However, is this data less 

informative than hospital records frequently used in environmental epidemiological 

studies of human health, particularly in low- and middle-income countries where 

records are patchy? Even within animal welfare science, standardisation of diagnostic 

criteria is required. For example, Kittlesen et al. (2015) noted that different 

classifications of lung congestion used by different research teams hinders direct 

comparison between studies. Open and collaborative working between, and within, 

science and industry would greatly assist in standardising data collection in the future. 

However, this is not to say that the wealth of existing data should be discounted. 

Animal welfare scientists should exploit the extensive FSA datasets to highlight areas 

for improvement, to inform future research, and to develop hypotheses that can be 

tested under experimental design. 
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With FSA data, we can be confident in the reliability and validity of, for example, 

DOA counts given the criteria for condemning carcasses under DOA (i.e. broilers 

found dead at hang-on point or in the lairage; Pagazaurtundua, 2010). Counts of other 

conditions that are less easily detected, such as respiratory disease or cellulitis, might 

be less reliable as identification of these conditions largely depends on the skill and 

experience of Meat Hygiene Inspectors. However, there are statistical methods 

available to account for (and, in fact, quantify) variability between slaughterhouse 

teams, including multi-level (or mixed effects) models in which slaughterhouse is 

included as a random variable. 

This thesis suggests that the condemnation criteria for ‘abnormal colour/fever’ (ACF) 

do not provide a valid measure of septicaemia/toxaemia. However, criteria are likely 

developed for accuracy as well as feasibility of use within a fast-paced slaughterhouse 

environment. Further, given the human health implications of septicaemia/toxaemia in 

poultry meat, a “better safe than sorry” approach is likely taken to condemning under 

ACF. However, such an approach detracts from farmer profit and adds to food waste. 

Post-mortem inspections of condemned carcasses, providing a detailed description of 

carcasses with and without systemic infection, would assist in improving the 

specificity of condemnation criteria for septicaemia/toxaemia.  

It is hoped that FSA will begin to work more closely with animal welfare scientists 

and animal health epidemiologists to uncover the wealth of information that 

slaughterhouse records can offer. In exchange, researchers can assist FSA by 

identifying where and what changes are needed to increase the sensitivity and 

specificity of condemnation criteria (to reduce unnecessary food losses and to ensure 

accurate collection and recording of information), and by advising on the development 

of appropriate intervention and adaptation measures to reduce the prevalence of health 
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and welfare conditions at slaughter. To encourage initial collaboration and knowledge 

exchange between science and industry, slaughterhouse data should be more easily 

accessible. FSA data required time, effort, and a financial cost, to obtain; likely another 

reason why most animal welfare scientists have not exploited this data. Considerable 

time and effort were also required to clean and format FSA data in preparation for 

analyses; particularly for an independent researcher with little prior experience of data 

manipulation or working with such extensive secondary datasets. However, there is 

great scope for collaboration between animal welfare scientists, data scientists, and 

veterinary epidemiologists to develop a simple program that could quickly clean FSA 

slaughterhouse data, based on agreed assumptions, and format the data for specific 

types of analyses. Improving data accessibility and useability is likely to increase 

epidemiological research into farm animal health and welfare as detected at slaughter. 

In the words of Bennett (2012, p.11), “good disease risk management/biosecurity and 

good animal welfare are public goods”. Therefore, governments should, where 

possible, enable research that seeks to improve these public goods. 

 

7.1.2 Epidemiological (observational) approach 

This thesis highlights the benefits of analysing observational data at various levels of 

aggregation in order to draw more definitive conclusions. It is proposed that a top-

down approach should be adopted for environmental epidemiological research into 

animal health and welfare; whereby, monthly data are used to identify those conditions 

most likely to be affected by environmental exposures (via the analysis of seasonal 

patterns and long-term associations between exposure and health/welfare outcome), 

daily data are used to consider the finer detail of associations and to project future 
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outcomes, and batch-level (or individual-level) data are used to identify potential 

strategies to mitigate the health and welfare impacts of  environmental exposures, 

which can then be tested under experimental design.  

Of course, cause-and-effect can never be established from observational research, 

regardless of the intricacies of statistical data analyses and/or modelling approach. 

However, such research is vital to derive experimental hypotheses and to inform 

experimental research design. It is, of course, imperative that confounding variables 

are adequately controlled in the analyses of observational data. Many variables of 

interest in time-series studies show systematic patterns over time (e.g. long-term trends 

and seasonality). If not adequately controlled for, such patterns can artificially inflate 

associations or give spurious results (Bhaskaran et al., 2013). Detrending the monthly 

time-series of condition prevalence rates in Chapter 3 was a purposeful attempt to 

isolate seasonal patterns from the potential effects of other variables, such as genetic 

selection or gradual improvements in detecting conditions on-farm or at slaughter. 

However, when these seasonal patterns were removed in Chapter 4, the relationship 

between outdoor temperature and ascites prevalence at slaughter told a very different 

story. Additionally, no significant temperature effect on risk of ACF at slaughter would 

have been detected in Chapter 4 if modelled only in the form of multiple lags. Thus, 

exploratory analyses must be used to develop specific hypotheses and, in turn, the 

specific hypotheses must drive the development of the model.  

Overall, this thesis highlights the great potential for advancements in modelling within 

animal welfare science, and for the application of methods used within other fields of 

research. Exploratory (or descriptive) analyses can often raise more questions than 

they answer, and should be used to that advantage. Just as exploratory analyses can 
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assist in guiding future research, current knowledge in the field can inform 

exploratory-based findings. 

 

7.2 Recommendations 

7.2.1 Practical 

1. Maintain a temperature-controlled environment at all stages of production, based 

on the guidelines provided by the relevant broiler breeding company. Maintaining 

optimal house temperatures in later life (week three onwards) may be a positive 

step towards reducing ascites-related mortalities and condemnations at slaughter. 

2. Equip vehicles with internal climate control systems by which the microclimate of 

live transports is monitored and controlled when daily mean temperature drops 

below 3℃ or rises above 15℃. An alarm should warn the driver when systems fail. 

Controlling the ambient temperature of broiler chickens during transport will be a 

positive step towards reducing the number of birds found dead on arrival (DOA) 

at slaughter and reducing the number of broilers condemned under “abnormal 

colour/fever (septicaemia/toxaemia)”. 

3. Equip lairage facilities with mechanical ventilation systems, or air conditioning 

units, and heating systems to ensure a temperature-controlled pre-slaughter 

environment for broilers. As in recommendation 2. 

4. Review the criteria and condition scoring cards used to condemn broilers under 

abnormal colour/fever (septicaemia/toxaemia; ACF). Microbiological profiles 

should be used to determine the presence of infectious pathogens in a random 

sample of carcasses condemned under ACF, at a random sample of processing 

plants, under cold, mild, and hot weather conditions. Comparisons of carcasses 

with and without systemic infection should be used to refine ACF condemnation 
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criteria and condition scoring cards. Improving the specificity of ACF 

condemnation criteria will likely reduce unnecessary food losses. 

5. Undertake and record post-mortem inspections on a random sample of broiler 

chickens found dead on arrival or dead in the lairage (DOA) at slaughter, at batch-

level, once per day per processing plant. Detecting and recording underlying health 

conditions in DOA broilers will inform climate change impact assessments on pre-

slaughter mortality and will assist in identifying appropriate control measures to 

limit pre-slaughter death losses.  

6. Manage flock health by regular culling of unfit animals on-farm. Particular 

attention should be paid to the culling of unfit birds prior to catching. Optimal 

management of flock health throughout the rearing period will improve flock 

welfare, minimise waste of inputs, and lower on-farm stocking density. Culling 

unfit birds prior to catching will improve flock welfare during the transport process, 

minimise condemnations at slaughter, and may reduce overall losses by lowering 

the stocking density of transport crates (beneficial for broiler survivability during 

transport in hot weather conditions) and reducing the number of broilers found 

dead on arrival or dead in the lairage at slaughter.  

7. Collaborate with scientists to increase accessibility of slaughterhouse records and 

food chain information. Improving data accessibility is likely to increase 

epidemiological research into farm animal health and welfare at slaughter, 

providing FSA with cost-free analyses on currently unused data. 
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7.2.2 Policy 

1. In 2011, the European Food Safety Authority recommended specific thermal limits 

for the transport of commercial broiler chickens: An upper limit of 24–25℃, and 

a lower limit of 5℃, within transport containers. However, these recommendations 

do not appear to have been translated into legislation, at least not in the UK. The 

UK Government Department for Environment, Food and Rural Affairs’ (2005) 

“Livestock Transport Vehicles: A Guide to Best Practice for Vehicle Ventilation” 

(PB11260) does not mention poultry. In the Department for Environment, Food 

and Rural Affairs’ (2011) “Welfare of Animals During Transport. Council 

Regulation (EC) No 1/2005 on the Protection of Animals During Transport and 

Related Operations. The Welfare of Animals (Transport) (England) Order 2006 

and Parallel National Legislation in Scotland, Wales and Northern Ireland: 

Guidance on Implementation in the United Kingdom” (PB 13550), section 5.18 

(iv) states that “temperature on a means of transport by road may fall below 0ºC 

during a journey” of up to 12 hours, up to the time of departure and during loading 

and unloading at intermediate points during the journey. Section 5.18 (v) states 

that “ventilation, temperature monitoring, and warning systems are not required” 

for journeys of up to 12 hours, carrying poultry within the UK. Section 5.18 (i) 

states that “road vehicles transporting animals other than cattle, sheep, goats, pigs 

or domestic Equidae within the UK for a journey time of up to 12 hours, do not 

require vehicle inspection and approval”. 

Current research indicates that broiler chickens are at increased risk of death during 

transport to slaughter and lairage with every 1℃ increase in mean outdoor 

temperature above 15℃, and every 1℃ decrease below 3℃, on the day of 

transport. Findings also indicate that broilers are at increased risk of condemnation 
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under “abnormal colour/fever (septicaemia/toxaemia)” if external daily mean 

temperature falls below 0℃ on the day of transport. Risk of broiler death losses 

are projected to increase over coming decades if no adaptation measures are 

implemented. Based on these findings, it is strongly recommended that broiler 

chickens are afforded sufficient legislative protection during the transport process. 

It is recommended that catching, loading, and transportation is postponed under 

extreme weather conditions. Temperature inside the vehicle should not fall below 

0℃ at any stage of the journey. Ventilation and temperature control equipment, 

temperature monitoring equipment, and warning systems should be required for 

journeys under 12 hours when daily mean temperature rises above 15℃, or falls 

below 3℃. Vehicles should require inspection and approval for journeys, of any 

length, carrying broiler chickens on days when mean temperature is outside the 

“safe zone” of 3℃ – 15℃.  

 

7.2.3 Follow-on research suggestions 

1. Understand the global impact of outdoor temperature on risk of preslaughter 

mortality in livestock. Apply the time-series regression methods used herein to 

estimate and project the impacts of temperature on mortality risk in different 

regions and in different farm animal species; thereby laying the groundwork for 

climate change impact assessments on preslaughter farm animal mortality on a 

global scale.  

2. Identify potential adaptation measures that will mitigate the health impact of 

temperature exposure and/or vulnerability to exposure. Identify regions that differ 

significantly in observed exposure-response (e.g. temperature-DOA) relationships, 

in terms of, for example, temperature of minimum mortality and/or heat and cold 
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thresholds. Systematically compare animal characteristics (age at slaughter, breed, 

etc.), on-farm practices, processes, and transport facilities between regions.  

3. Identify potential strategies to mitigate the health and welfare impacts of 

environmental exposures. Develop multilevel models of batch-level 

slaughterhouse data, and local temperature and rainfall data, to define relationships 

between production factors, weather variables, transport distance, and outcome, 

while accounting for (and quantifying) variation between farms and 

slaughterhouses. Modelling temperature as a continuous, rather than categorical, 

variable is preferable for informing exposure-response function modifications in 

impact projection studies.  

4. Estimate the future impacts of potential adaptation measures. Apply direct changes 

to the estimated exposure-response function in projection models to estimate future 

impacts of potential planned and spontaneous adaptation measures. Function 

modifications may be informed by systematic comparisons between regions (as in 

research recommendation 2 above) or by estimates of risk (i.e. health risk), with 

and without adaptation, derived from multi-level models of batch-level data (as in 

research recommendation 3 above).  

5. Test the effectiveness of adaptation measures. Following identification of potential 

adaptation measures through the approaches recommended above, each measure 

should be tested under experimental design. Experimental control of outdoor 

weather conditions can be achieved through simulated transport and weather 

conditions (e.g. see Dadgar et al., 2012). Importantly, the impacts of each 

adaptation measure should be assessed on the health outcome measure (e.g. DOA 

counts) and on other health outcomes (e.g. condemnation rates for ascites, ACF, 

etc.). 
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6. Quantify and project the moderating effect of rainfall on the temperature-DOA 

relationship. It is hypothesised that projections of increased winter rainfall and 

decreased summer rainfall will moderate the effects of a warming climate on 

broiler DOA counts at slaughter. It is further hypothesised that projections of 

increased winter rainfall will offset the protective effect of winter warming 

projected under the high GHG emissions scenario, and will exacerbate the adverse 

effect of colder days projected under the low emissions scenario. Further, 

decreased summer rainfall is hypothesised to mitigate the effects of a warming 

climate under both low and high future GHG emissions scenarios. These 

hypotheses should be tested by undertaking localised environmental 

epidemiological studies (extending the methods described in Chapter 5; i.e. 

distributed lag non-linear modelling) to quantify the relationship between daily 

mean temperature and daily broiler DOA counts with daily precipitation (mm of 

rainfall) included as a confounding factor. The defined relationships can then be 

applied to UKCP18 projections of daily temperature and precipitation (UKCP18) 

at a local level (extending the methods used in Chapter 6), and compared with 

excess mortality estimates presented in Chapter 6. 

7. Examine the effect of outdoor temperature on pre-slaughter mortality of ascitic 

broilers and on progression of ascites symptoms. It is hypothesised that the 

increased risk of ascites prevalence at slaughter with every 1℃ increase in 

temperature (above 15℃) on the day of slaughter and day 9 before slaughter can 

be explained by: (i) increased survivability of moderately to severely symptomatic 

ascitic broilers reared and transported under warmer weather conditions; and/or (ii) 

worsening of symptoms in mildly symptomatic ascitic broilers reared and 

transported under warmer weather conditions. This hypothesis might be tested by: 
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(i) developing a score card for mild, moderate, and severe symptoms of ascites in 

broilers; (ii) scoring broilers for mild, moderate, and severe symptoms of ascites 

prior to catching on-farm, under hot and cold weather conditions (define); (iii) 

marking these broilers appropriately; (iv) counting the number of broilers found 

DOA at slaughter that were previously marked as mildly, moderately, and severely 

symptomatic; (v) re-assessing those broilers that survived the transport process as 

mildly, moderately, or severely symptomatic; (vi) comparing DOA counts in 

ascitic broilers transported under cold and hot weather conditions; and (vii) 

comparing change in symptoms between batches transported under cold and hot 

weather conditions. A control group should also be established; for example, 

broilers with no signs of ascites who undergo the same processes (examination, 

marking, re-assessment) as the test groups. 

8. Identify condemnation criteria that require further/stricter standardisation across 

GB slaughterhouses. Develop a multilevel model (two-level cross-classified 

model) of batch-level slaughterhouse data. Define all production factors that are 

included in the dataset as fixed variables (lower level), and define farm and 

slaughterhouse (higher level, cross-classified) as random variables. Run the model 

for all 16 health and welfare conditions recorded at slaughter. Highlight those 

conditions for which the variance partition coefficient exceeds 15% at 

slaughterhouse level.  

9. Determine whether or not broiler carcasses are wrongly condemned under 

“abnormal colour/fever (septicaemia/ toxaemia)” in winter. It is hypothesised that 

a considerable number of broiler carcasses that are condemned under abnormal 

colour/fever (septicaemia/toxaemia) in winter months have no systemic infection 

but, rather, dark, firm, and dry meat caused by cold stress during transport to 
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slaughter. As described in section 7.3.1, microbiological profiles should be used to 

determine the presence of infectious pathogens in random samples of carcasses 

condemned under ACF, at a random sample of processing plants, under cold (daily 

mean temperature of 0℃ or below), mild (daily mean temperature of 10-12℃), 

and hot (daily mean temperature of 21℃ or above) weather conditions. The pH 

and colour of meat (lightness, redness, and yellowness) should also be scored, and 

may be categorised as light, normal, or dark. The proportion of ACF-condemned 

carcasses with systemic infection, and the pH and colour of meat, can then be 

compared across weather categories to assess the effects of cold temperature on 

accuracy of condemnation under ACF.  

 

 

7.3 Conclusions 

In conclusion, the findings presented in this thesis suggest that commercial broiler 

chickens in Great Britain are not afforded sufficient protection from environmental 

exposures during transport from farm to slaughterhouse, at which time broilers may 

be particularly vulnerable to outdoor temperature extremes. As our climate continues 

to change, death losses of market weight broiler chickens should be expected to 

increase, with implications for animal welfare, farmer profit, and food security. 

Adaptations to the transport process and facilities are likely to be required, both now 

and in the future, to improve the welfare and survivability of broiler chickens at the 

final stage of production.  

The series of studies comprising this thesis have begun to address the research gap into 

climate change impacts on livestock production. However, there is much that we do 
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not yet know. With a distinct lack of research into the impacts of climate change on 

intensively farmed monogastric species (Escarcha et al., 2018; Wreford & Topp, 2020), 

it is hoped that this thesis will encourage further research in the area. The models 

developed and applied herein are typically used in the field of environmental 

epidemiology: research that sits at the science-policy interface to inform decision 

makers on the impacts of climate change and climate change adaptations on human 

health. This thesis has demonstrated the applicability of such methods in farm animal 

welfare science, with potential to forecast the future of farm animal health and welfare 

in a changing climate, to guide further research aimed at identifying appropriate 

control measures, and to inform government policy. Finally, this contribution 

highlights the need for collaborative research––involving experts in the fields of 

animal welfare, epidemiology, statistics, climate science, and industry––and 

emphasises the need for transparency in data collected both inside and outside 

academia. 
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Appendix I 
 

Additional information for Chapter 4 
 

4.2 Materials and methods 

4.2.2.2 Statistical models 

Controlling for seasonality and long-term trends 

Cubic smoothing splines of time with seven degrees of freedom (df) per calendar year 

are typically used to control for seasonal patterns and long-term trends in daily human 

mortality data (Hajat et al., 2005; Bhaskaran et al., 2013). However, this level of 

control may not be appropriate for daily prevalence of ascites or ACF in broiler 

chickens at slaughter. Several approaches were tested, with seasonality and long-term 

trends modelled by fitting: (i) Fourier terms (two pairs of sine/cosine functions of time 

per calendar year) plus a linear function of time; and (ii) natural cubic splines (NCS) 

of time with 3, 5, 7, 9, and 11 df per year to ascites and ACF counts at slaughter, offset 

by log daily number slaughtered, by means of NB regression 32.                                                                                                                                                                                                                                  

Examination of time plots and partial autocorrelation function (PACF) plots of model 

residuals indicated that NCS of time, with 5 and 7 df per year, provided adequate 

control for long-term patterns in the ascites and ACF count series, respectively (i.e. 

detectability of seasonality and long-term trends was substantially reduced, and the 

number of positive and negative PACFs were relatively equal).  

 
32 The same models were applied directly to ascites and ACF prevalence data, for graphical 

illustration purposes only (i.e. visualisation of fitted Fourier terms and NCS of time only). 

Here, daily number slaughtered was included as a weight.  
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4.2.2.2.1 Temperature-condition associations: Immediate “effect” 

Sensitivity analyses 

PACF plots from both models (ascites and ACF) showed a high degree of 

autocorrelation at a lag of 7 days. Therefore, as recommended by Bhaskaran et al. 

(2013), the 7-day lagged deviance residual was added to each model as a sensitivity 

analysis. To further test the robustness of temperature coefficients, the overall NB 

models were re-specified with different levels of seasonal control (i.e. Fourier terms 

plus a linear function of time; NCS of time with 3, 5 [ACF only], 7 [ascites only], 9, 

and 11 df per year). Effect sizes were presented as percentage risk increase of condition 

(ascites or ACF) at slaughter per 1℃ increase in mean temperature, and compared 

across models. 

 

4.2.2.2.2 Modelling temperature-condition associations: Delayed “effect” 

Sensitivity analyses 

Again, PACF plots from both models (ascites and ACF) showed a high degree of 

autocorrelation at a lag of 7 days. Therefore, the 7-day lagged deviance residual was 

added to each DLM as a sensitivity analysis. The sensitivity of estimates (overall 

cumulative effect and RR at each lag) to different levels of seasonal control (i.e. 

Fourier terms plus a linear function of time; NCS of time with 3, 5 [ACF only], 7 

[ascites only], 9, and 11 df per year) was also examined.  

 

4.3 Results 

4.3.1 Descriptive analyses 
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Fig. 4.1. Time-series plots showing (a) daily prevalence of ascites at slaughter, (b) daily 

prevalence of ACF at slaughter, and (c) daily mean Central England temperature. Daily 

prevalence = daily count of [condition] / daily number slaughtered. Data range: 01 January 

2011 – 31 December 2013. Based on FSA data and Met Office HadCET Series data (Hadley 

Centre for Climate Prediction and Research, 2007). 
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Note: Plots of ascites and ACF counts over time revealed somewhat similar seasonal 

patterns and long-term trends at lower and higher counts, though patterns were less 

evident at lower counts (see main text, figure 4.1a and 4.1b). This variation was not 

detectable in time plots of daily prevalence (i.e. daily count of [condition] / daily 

number slaughtered; see Fig. 4.1a and 4.1b above), indicating that differences in daily 

number slaughtered accounted for much variation observed in the count series. As 

expected, strong positive associations were found between daily number slaughtered 

and daily ascites counts (rs = 0.81, p < 0.001), and daily ACF counts (rs = 0.83, p < 

0.001), at slaughter. 
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Fig. 4.2. Boxplots of (a) ascites prevalence and (b) ACF prevalence, as recorded at slaughter, 

on each day of the week. Based on FSA data.  
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4.3.2 Temperature-condition associations: Immediate “effect” 

Deviance residuals from the temperature-ascites NB model showed little pattern, and 

approximate homogeneity of variance, over time, with approximately 95% of values 

falling between ±1.96 (Fig. 4.3a). Residuals from the temperature-ACF NB model also 

showed little pattern over time, with approximately 95% of values falling between 

±1.96, but somewhat less variance after 01 January 2013 (Fig. 4.3b). As can be seen 

from Fig. 4.4, variance in deviance residuals from both models was tapered at lower 

and higher temperatures, which was likely due to the relatively small number of 

observations recorded at daily mean temperature extremes.  

Plots of deviance residuals versus predicted values, from both NB models, showed 

evidence of linearity, but not homoscedasticity (see Fig. 4.5). That is, while reasonable 

homogeneity of variance in residuals was evident for predicted ACF count values 

greater than ~1200, the variance in deviance residuals was much greater at lower 

predicted counts (see Fig. 4.5b). Variance in deviance residuals from the temperature-

ascites NB model increased as predicted values decreased, which was particularly 

notable below predicted counts of approximately 2000 (see Fig. 4.5a). 

The high degree of autocorrelation among deviance residuals at a lag of 7 days can be 

seen from Fig. 4.6. Adjusting for this PACF in the models reduced residual 

autocorrelation (see Fig. 4.7) but did not change the estimated effect sizes (or 95% 

CIs) substantially. I.e. the addition of the 7-day lagged deviance residual resulted in a 

change from 0.57% (95% CI -0.02% to 1.17%, p > 0.5) to 0.55% (95% CI -0.03% to 

1.14%, p > 0.5) risk increase of ascites, and from 0.58% (95% CI -1.06% to -0.10%, p 

< 0.05) to 0.60% (95% CI -1.07% to -0.13%, p < 0.05) risk decrease of ACF, for every 

1℃ increase in same-day mean temperature.  
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Fig. 4.3. Time plots of deviance residuals from NB models of (a) temperature-ascites 

associations, and (b) temperature-ACF associations. 
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Fig. 4.4. Scatterplots of daily mean temperature versus deviance residuals from NB models of 

(a) temperature-ascites associations, and (b) temperature-ACF associations. 
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Fig. 4.5. Scatterplots of deviance residuals versus predicted values from NB models of (a) 

temperature-ascites associations, and (b) temperature-ACF associations. 
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Fig. 4.6. Partial autocorrelation function (PACF) plots showing PACFs among deviance 

residuals from NB models of (a) temperature-ascites associations, and (b) temperature-ACF 

associations. Black vertical lines represent coefficients (i.e. sign and strength of partial 

autocorrelations), and dashed blue lines represent 95% confidence intervals. 
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Fig. 4.7. Partial autocorrelation function (PACF) plots showing PACFs among deviance 

residuals after adjusting for residual autocorrelation (7-day lagged deviance residual) in the 

NB models of (a) temperature-ascites associations, and (b) temperature-ACF associations. 

Black vertical lines represent coefficients (i.e. sign and strength of partial autocorrelations), 

and dashed blue lines represent 95% confidence intervals. 
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As can be seen from table 4.1, the estimated temperature effect (and 95% CI) on ACF 

at slaughter was robust to changes in the amount of seasonal control applied to the NB 

model as a sensitivity analysis: Estimated effects remained negative, significant at the 

5% level, and ranged from a 0.48% risk decrease in ACF (95% CI -0.93% -0.02%, p 

< 0.05) to a 0.58% risk decrease in ACF (95% CI -1.06% -0.10%, p < 0.05), with every 

1℃ increase in temperature. Though the estimated risk increase (%RR) of ascites did 

not change substantially with additional seasonal control beyond NCS of time with 5 

df per year, the estimated effects were comparatively lower from NB models with less 

stringent seasonal control (i.e. with Fourier terms plus a linear function of time, and 

NCS of time with 3 df per year). Further, only modelling seasonality and long-term 

trends using NCS of time with 9 df per year resulted in an estimated temperature effect 

on ascites that was significant at the 5% level.
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Table 4.1. Estimated effects of mean temperature on ascites and ACF at slaughter. Effects were estimated from NB models re-specified with different 

levels of seasonal control as a sensitivity analysis. Effects are presented as percentage risk increase of ascites or ACF at slaughter per 1℃ increase in 

same-day mean temperature (%RR), and their 95% confidence intervals (CIs). Figures in bold indicate the reported effects (i.e. those estimated from 

models with the optimal level of seasonal control). Grey shading represents significance at the 0.05 (5%) level. 

 

 Temperature-ascites count models Temperature-ACF count models 

Seasonal control %RR CI lower CI upper %RR CI lower CI upper 

Fourier terms + linear function -0.09 -0.68 0.51 -0.48 -0.93 -0.02 

NCS of time with 3 df per year 0.28 -0.29 0.87 -0.52 -0.98 -0.06 

NCS of time with 5 df per year 0.57 -0.02 1.17 -0.53 -1.03 -0.02 

NCS of time with 7 df per year 0.53 -0.07 1.14 -0.58 -1.06 -0.10 

NCS of time with 9 df per year 0.65 0.04 1.27 -0.53 -1.02 -0.04 

NCS of time with 11 df per year 0.57 -0.07 1.21 -0.57 -1.08 -0.06 
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4.3.3 Temperature-condition associations: Delayed “effect” 

DLM deviance residual plots showed little pattern and reasonable homogeneity of 

variance over time (see Fig. 4.8), with evidence of linearity, but also heteroscedasticity,  

 

 

Fig. 4.8. Time plots of deviance residuals from DLMs of (a) temperature-ascites associations, 

and (b) temperature-ACF associations, with a maximum lag of 37 days. 
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when plotted against predicted values (see Fig. 4.9). Again, variance of deviance 

residuals was greater at lower predicted counts of both ascites and ACF. 

 

 

Fig. 4.9. Scatterplots of deviance residuals versus predicted values from DLMs of (a) 

temperature-ascites associations, and (b) temperature-ACF associations. 
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After adjusting for the highly significant autocorrelation among DLM residuals at a 

lag of 7 days (see Fig. 4.10), residual autocorrelation of both models was reduced (see 

Fig. 4.11), with minor changes to the estimated overall cumulative effect of a 1℃ 

decrease in temperature. I.e. The addition of the 7-day lagged deviance residual 

changed the cumulative risk of ascites from a 1.29% decrease (95% CI -3.29% to 

0.75%, p > 0.05) to a 1.39% decrease (95% CI -3.36% to 0.61%, p > 0.05), and 

changed the cumulative risk of ACF from a 0.44% increase (95% CI -1.42% to 2.34%, 

p > 0.05) to a 0.41% increase (95% CI -1.43% to 2.28%, p > 0.05), for every 1℃ 

decrease in temperature below the reference value, as summed over 38 days of lag.  

As can be seen from table 4.2, there was no significant cumulative temperature effect 

on risk of ACF at slaughter, regardless of the amount of seasonal control included in 

the DLM (i.e. CIs always included the null value of 0%). The estimated risk of ACF 

per 1℃ decrease in mean temperature below 0℃ ranged from a 0.44% increase (95% 

CI -1.42% to 2.34%, p > 0.05) to a 0.73% decrease (95% CI -2.33% to 0.91%, p > 

0.05). However, the estimated risk decrease in ACF at slaughter, per 1℃ decrease in 

mean temperature 37 days before slaughter (i.e. lag 37), remained significant 

regardless of the level of seasonal control re-specified in the DLM (not shown).  

The overall cumulative temperature effect on risk of ascites at slaughter only reached 

significance (at the 5% level) when seasonality and long-term trend were not 

adequately controlled for in the model (i.e. with Fourier terms plus a linear function of 

time; see table 4.2). Here, in contrast with DLMs containing NCS of time, the 

association between temperature and ascites was negative (i.e. risk of ascites increased 

with every 1℃ decrease in mean temperature below 15℃, summed over 38 days of 

lag). Further, it was only when seasonality and long-term trends were not adequately 

controlled (i.e. with Fourier terms plus a linear function for time) that the estimated  



307 
 

 

 
Fig. 4.10. Partial autocorrelation function (PACF) plots showing PACFs among deviance 

residuals from DLMs of (a) temperature-ascites associations, and (b) temperature-ACF 

associations, with maximum lag of 37 days. Black vertical lines represent coefficients (i.e. 

sign and strength of partial autocorrelations), and dashed blue lines represent 95% confidence 

intervals. 
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Fig. 4.11. Partial autocorrelation function (PACF) plots showing PACFs among deviance 

residuals after adjusting for residual autocorrelation (7-day lagged deviance residual) in the 

DLM of (a) temperature-ascites associations, and (b) temperature-ACF associations. Black 

vertical lines represent coefficients (i.e. sign and strength of partial autocorrelations), and 

dashed blue lines represent 95% confidence intervals. 
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risk decrease in ascites at lag 0 did not reach significance at the 5% level (not shown). 

The estimated risk decrease of ascites at lag 9, however, remained significant 

regardless of the level of seasonal control included in the DLM. Of note, the estimated 

risk of ascites per 1℃ decrease in mean temperature ranged from a 2.84% decrease 

(95% CI -6.40 to 0.86%, p > 0.05) to a 2.28% increase (95% CI 0.85% to 3.72%, p < 

0.05) when the most stringent, and least stringent, seasonal control was applied to the 

DLM, respectively. 
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Table 4.2. Estimated overall cumulative effects of mean temperature on ascites and ACF at slaughter, as summed over 38 days of lag (including lag 

0). Effects were estimated from DLMs re-specified with different levels of seasonal control as a sensitivity analysis. Effects are presented as percentage 

risk increase of ascites or ACF at slaughter per 1℃ decrease in mean temperature (%RR) below 15℃ or 0℃, respectively, and their 95% confidence 

intervals (CIs). Figures in bold indicate the reported effects (i.e. those estimated from models with the optimal level of seasonal control). Grey shading 

represents significance at the 0.05 (5%) level. 

 

 Temperature-ascites DLMs Temperature-ACF DLMs 

Seasonal control %RR CI lower CI upper %RR CI lower CI upper 

Fourier terms + linear function 2.28 0.85 3.72 0.26 -0.82 1.36 

NCS of time with 3 df per year -1.50 -3.15 0.17 -0.05 -1.38 1.30 

NCS of time with 5 df per year -1.29 -3.29 0.75 -0.73 -2.33 0.91 

NCS of time with 7 df per year -0.59 -2.89 1.76 0.44 -1.42 2.34 

NCS of time with 9 df per year -1.48 -4.18 1.30 -0.11 -2.31 2.14 

NCS of time with 11 df per year -2.84 -6.40 0.86  -0.71 -3.63 2.31 
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Appendix II 
 

Additional information for Chapter 5 
 

5.2 Materials and method 

5.2.2.4 Model checking and sensitivity analyses 

To aid interpretation of distributed lag non-linear model (DLNM) sensitivity analyses, 

the original DLNM was simplified to a double-threshold DLNM and reduced to one-

dimensional summaries following the process outlined by Gasparrini (2020). A new 

cross-basis for temperature was generated using a double-threshold function (with cut-

off points at 2℃ and 16℃) for the predictor dimension, and natural cubic splines (with 

2 knots at equal intervals in the log scale) for the lag dimension; assuming a linear 

effect of temperature below the cold threshold (2℃) and a linear effect above the heat 

threshold (16℃). The new cross-basis for temperature was fitted to the daily DOA 

count series as with the original DLNM. That is, by means of negative binomial 

regression, with log daily number slaughtered as an offset variable, NCS of time with 

5 df per year to control for slow-changing patterns, and indicator terms to model day-

of-week effects.  Again, predictions were centred at 10℃.  

Double-threshold DLNM reductions were performed to 3 summaries: (i) overall 

cumulative association; (ii) lag-specific association at lag 0; and (iii) predictor-specific 

association at 22℃, which were compared across models to assess the robustness of 

estimates to explicit modelling of high residual autocorrelation. Double-threshold 

DLNM reductions were performed to 2 additional summaries: (i) overall cumulative 

effect per 1℃ increase in mean temperature above the heat threshold (16℃); and (ii) 
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overall cumulative effect per 1℃ decrease in mean temperature below the cold 

threshold (2℃), which were compared across models to assess the robustness of 

estimates to different levels of seasonal control.  

 

5.3 Results 

5.3.1 Descriptive analyses 

 

 

 
Fig. 5.1. Scatterplot of daily mean Central England temperature and daily prevalence of DOA 

at slaughter, with fitted linear trends (blue line) and 95% confidence intervals (CIs) for 

predictions from fitted trend (grey zone). Data range: 01 January 2011 - 31 December 2013.  

Based on FSA data and Met Office HadCET Series data (Hadley Centre for Climate Prediction 

and Research, 2007). 
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5.3.2 Estimated effects of outdoor temperature on broilers found DOA  

 

 
Fig. 5.2. Contour plot of the association between mean outdoor temperature (℃), over 7 lag 

days (including lag 0), and relative risk (RR) of broilers found DOA at slaughter. RRs 

estimated using a DLNM, with reference at 10℃. RR values greater than 1 represent an 

increased risk of DOA at slaughter, and values less than 1 represented a reduced risk.  

 

 

 

 

 

 

 



314 
 

5.3.4 Model checking and sensitivity analyses 

 

Fig. 5.3. Time plots of deviance residuals from DLNM temperature-DOA associations. 

 

 

Fig. 5.4. Scatterplot of daily mean temperature versus deviance residuals from DLNM of 

temperature-DOA associations. 
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Fig. 5.5. Scatterplot of deviance residuals versus predicted values from DLNM of temperature-

DOA associations. 
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Fig. 5.6. Partial autocorrelation functions (ACFs) among deviance residuals from DLNM of 

temperature-DOA associations. Black vertical lines represent coefficients (i.e. sign and 

strength of partial autocorrelations), and dashed blue lines represent 95% confidence intervals. 

 

 

Fig. 5.7. Partial autocorrelation functions (ACFs) among deviance residuals after adjusting for 

residual autocorrelation (7-day lagged deviance residual) in the DLNM of temperature-DOA 

associations. Black vertical lines represent coefficients (i.e. sign and strength of partial 

autocorrelations), and dashed blue lines represent 95% confidence intervals. 
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Fig. 5.8. Estimated overall cumulative effects of mean outdoor temperature (℃), over 7 lag 

days (including lag 0), on broilers found DOA at slaughter. Effects were estimated using 

double-threshold – natural cubic spline DLNMs, with reference at 10℃. Solid lines reflect 

relative risk of DOA, and dashed lines reflect 95% confidence intervals. Red lines represent 

estimations from the original model, and blue lines represent estimations from the DLNM 

adjusted for residual autocorrelation.  

 

 

 

 

 

 



318 
 

 

Fig. 5.9. Estimated effects of mean outdoor temperature (℃) at lag 0 (i.e. the day of slaughter) 

on broiler mortality during transportation and lairage. Effects were estimated using double-

threshold – natural cubic spline DLNMs, with reference at 10℃. Solid lines reflect relative 

risk of DOA, and dashed lines reflect 95% confidence intervals. Red lines represent lag-

specific estimations from the original model, and blue lines represent lag-specific estimations 

from the DLNM adjusted for residual autocorrelation.  
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Fig. 5.10. Estimated effects of hot outdoor temperature (22℃), during the last week of life, on 

broilers found DOA at slaughter. Lag 0 represents the day of slaughter. Lags 1-6 represent the 

final 6 days spent on-farm. Effects were estimated using double-threshold – natural cubic 

spline DLNMs, with reference at 10℃. Solid lines reflect relative risk of DOA with an outdoor 

temperature of 22℃, and dashed lines reflect 95% confidence intervals. Red lines represent 

estimations from the original model, and blue lines represent estimations from the DLNM 

adjusted for residual autocorrelation.  
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Fig. 5.11. Sensitivity analysis of DLNM estimates to different levels of seasonal control: I.e. 

natural cubic splines of time with 2, 3, 4, 5, 6, and 7 degrees of freedom (df) per year. Five df 

per year was considered optimal. Black points represent the relative risk of DOA with: (a) a 

1℃ increase in mean temperature above the heat threshold (16℃); and (b) a 1℃ decrease in 

mean temperature below the cold threshold (2℃), as summed over 7 days of lag (including 

lag 0). Black bars represent 95% confidence intervals (CIs). Effects were estimated using 

double-threshold – natural cubic spline DLNMs with different levels of seasonal adjustment. 

Predictions were centred at 10℃. Values above 1 reflect an increased risk of DOA at slaughter, 

and values below 1 reflect a reduced risk.  
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Appendix III 
 

Additional information for Chapter 6 
 

 

 

Fig. 6.1. Bias correction (calibration) of the projected RCP2.6 temperature series using a function created by Hempel et al. (2013).  Fig. 6.1a illustrates the 

distribution of the observed temperature series (grey area) and projected temperature series of one specific (randomly selected) climate model (CanESM2; green 

area). Fig. 6.1b illustrates the cumulative distribution of the observed temperature series (black line), raw projected series (green line) and bias-corrected series 

(dashed green line). Data sources: HadCET (Parker et al., 1992) and UKCP18 derived projections (Met Office Hadley Centre, 2018). 
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Fig. 6.2. Bias correction (calibration) of the projected RCP8.5 temperature series using a function created by Hempel et al. (2013).  Fig. 6.2a illustrates the 

distribution of the observed temperature series (grey area) and projected temperature series of one specific (randomly selected) climate model (ACCESS1-3; 

green area). Fig. 6.2b illustrates the cumulative distribution of the observed temperature series (black line), raw projected series (green line) and bias-corrected 

series (dashed green line). Data sources: HadCET (Parker et al., 1992) and UKCP18 global projections for the UK (Met Office Hadley Centre, 2019). 
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Figure 6.3. Annual pattern of mortality in broiler chickens reared on farms in Central England. Grey dots represent observed daily DOA counts recorded between 

2011-2013. The blue line depicts mean daily DOA counts each day of the year. Based on Food Standards Agency (FSA) data.  


