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Abstract 

Afonso, S. J. (2021) Global Burden of Animal Diseases: A Case-Study on Hoof 

Health in British Dairy Cattle 

Hoof-related lameness is a highly prevalent health condition in British dairy cattle, 

with a significant economic impact, as a result of production losses and expenditure, 

and leading to reduced animal welfare, due to pain and associated behavioural 

changes. The latest lameness prevalence studies in British dairy cattle, using data 

collected in 2015, indicated a within herd prevalence of 31.6%. In 2016, a study 

estimated that lameness in UK dairy cattle cost the industry between £32.7 to £70.4 

million per year, and ranked lameness as the most serious health condition with 

regards to animal welfare. There are several studies estimating the cost of lameness 

in the population under study. However, to date, there is no framework to interpret 

the relative importance of hoof health in the overall losses in dairy farming. 

Furthermore, in the absence of such framework delimiting the losses from all-causes 

– here defined as the Animal Health Loss Envelope (AHLE) – in the study 

population, there is the risk of overestimating the total losses to the sector when 

adding the estimates from single-disease studies. Additionally, these studies do not 

capture the aspect of expenditure in lameness of research funding.  

In addressing these problems, the thesis takes a stepwise approach at the estimation 

of the economic impact of hoof-health, while also addressing other important aspects 

of disease impact attribution like diagnostic capacity. Secondary data were used to 

estimate the losses from all-causes in the British dairy sector (AHLE) through an 

exploratory approach using an industry enterprise budget analysis; and to estimate 

lameness frequency levels through a meta-analysis. Primary and secondary data were 

used to assess lameness impact at farm level through multilevel linear regression; 

and extrapolating the findings to the national level taking into account expenditure 

on lameness research.  

Data quality and accessibility were a concern, with heterogeneity in the data 

collection methods and case definition related to hoof-health, and diversity of parties 

involved in the data ecosystem. The yearly losses from all-causes to the English and 

Welsh dairy sectors were estimated and ranged between  £312 million to £626 

million. The overall pooled lameness prevalence was 29.5%, and the incidence rate 

per 100 cow-years for white line disease, sole ulcer, digital dermatitis and other 

lesions was 66.1, 53.2, 53.6 and 51.9 respectively. The average daily milk loss due to 

a hoof health event was around 1.5 kg. Additionally, the impact of hoof disorders in 

milk production can be observed weeks before and after diagnostic. In the best 

estimate scenario, the yearly economic impact of hoof health in terms of milk loss 

and research expenditure in the English and Welsh dairy cattle population summed 

£16.6 million. In relation to the AHLE hoof disorders represent between 2.6% and 

5.2% depending on the underlying assumptions. Uncertainty around key parameters 

was a concern. In addition, the analysis did not account for hoof health impacts on 

fertility and culling. This explains the lower estimations than those for 2016, and 

indicate that the estimation is conservative. The work presented did use primary data 

on cow performance and covered these with statistically rigorous models. 

The outcomes of this research project provide a deeper insight as to the relative 

importance of hoof-related lameness in the wider view of the British dairy sector, 

and add important information for the decision-making process of animal health 

management at different levels of governance.  
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Chapter 1 Introduction 

 

Milk production is part of the agricultural activity in United Kingdom (UK), 

representing roughly 16.5% of the gross agricultural output, and employing 

approximately 70.000 people (1, 2). Additionally, milk also plays an important role 

within the British household. In 2018/2019 each national citizen consumed on 

average 1.84 litres of milk and milk products (excluding cheese) per week, 

representing 7.7% of the total British household weekly expenditure on food and 

drink expenditure, estimated at £24.5 per person (3). In order to meet the market’s 

demand, some 1.85 million dairy cows are milked across 11,909 farms, producing 

around 15,000 million milk litres with a production value of about 4,32 billion 

pounds (considering the milk production and average yearly milk price for 2019), the 

majority of which is for domestic use – 94% in 2020 (4-7). The British dairy sector 

is thus not only important for the size of the economy it creates but also for the food 

security and food safety it promotes. 

 

Given the importance of dairy production in the UK, it is vital to safeguard the health 

and welfare of the national herd. Lameness is a highly prevalent and multifactorial 

health condition concerning the British dairy sector, affecting not only the 

productivity of the animals but the welfare of the herd as well. A recent cross-

sectional study in the UK aiming at estimating the prevalence of this aliment in dairy 

cattle concluded that the mean within herd prevalence was set at 30.1% (8). A study 

by Willshire and Bell (2009) estimated the yearly economic impact of lameness in 

the British dairy sector at £127 million. This study considered the losses in 

productivity and expenditure and concluded that the component contributing the 

most to the total estimate were infertility (38%), premature culling (25%) and 

reduced milk yield (24%). The majority of lameness cases can be sourced at the hoof 

level, particularly in the hind feet. Given its multifactorial nature and diverse 

aetiology, diagnosing the underlying cause of lameness is a vital step in its 

management as both associated losses and treatment and control strategies may be 

cause-specific.  
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Given the increasing knowledge of lameness epidemiology and associated 

production losses and expenditure, and growing conscience of its deleterious effect 

in animal welfare, it would seem likely that targeted interventions would have 

reduced the levels of this health condition over the years. However, this has not been 

the case. Peer reviewed papers reporting lameness prevalence within British dairy 

herds do not provide a clear trend – from 20.6% in 1989 (9) to 36.8% in 2006 (10), 

and to 31.6% in 2015 (8). Looking at the mean annual incidence, and using farm 

records, lameness levels seem to be relatively stable over the years. The number of 

cases per 100 cows/year in British dairy farms was estimated at 24.0 in 1992 (11), 

22.0 in 2000 (12), and 24.1 in 2003 (13). As entrepreneurs, dairy farmers are 

expected to make rational decisions from an economic standpoint, when managing 

their business. Although personal motivations can hamper the optimised use of 

resources, both financial and non-financial (14), one would not expect dairy farmers 

accept the presence of a health problem that jeopardises the farm’s efficiency in 

converting inputs into outputs, in such high levels. Based on this problem the general 

hypothesis of the thesis is as follows: in light of current knowledge, farmers are 

making a rational decision from an economic standpoint when allowing for a 

proportion of their herd to be lame.  

 

The general hypothesis unfolds into a set of research questions presented in Table 1. 

A systematic literature review and a meta-analysis were conducted to help identify 

knowledge gaps in literature with regards to hoof-related lameness in British dairy 

cattle, and estimate the frequency levels of the health condition. To evaluate the 

losses from all-causes in the English and Welsh dairy sectors – the Animal Health 

Loos Envelope (AHLE), secondary data sources were identify and data on ontology, 

farm characteristics and production retrieved. A framework to estimate the AHLE 

was designed and an industry enterprise budget used as analysis method. Diagnostic 

capacity, and its implication on disease impact attribution, was explored using 

primary data on a specific lameness-causing hoof infectious disease – Bovine Digital 

Dermatitis. Spectrophotometry readings following indirect ELISA tests were 

obtained, and their correlation with lesion score assessed using non-parametric 

pairwise tests. Additionally generalised linear regression models were developed to 

assess the predictive capacity of the diagnostic tool in the future occurrence of 

disease. To estimate the impact of hoof-related lameness in English and Welsh dairy 
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cattle, primary data were collected via field questionnaire on a total of 47 farms that 

were enrolled in the study, and informed access to production data granted by the 

farmers. Following a decision to analyse only farms with production data at animal 

level on a daily basis, the number of farms analysed was reduced to eleven. 

Multivariate regressions and event study analysis were conducted to estimate the 

impact of this health condition in production. Primary and secondary data were used 

to estimate the economic impact of this health problem. Lastly the findings on this 

pool of farms were extrapolated to the English and Welsh sectors. The overall 

economic impact of lameness in this study population took into account the 

expenditure on lameness research in the UK.   

 

The structure of the document takes the reader through the various important aspects 

of animal health impact, to create a stepwise approach. The second chapter provides 

the context to the research, with an historical overview of the British dairy sector and 

its characterisation, and the epidemiology of hoof-related lameness. The third 

chapter is focused on estimating the losses from all causes in the British dairy 

farming – the Animal Health Loss Envelope - offering a framework for establishing 

the boundaries to the expected losses in the sector, and a baseline to better 

understand the contribution of specific health events to the overall losses. The fourth 

chapter is the result of a meta-analysis on the frequency levels of lameness in British 

dairy cattle. The fifth chapter explores the diagnostic capacity of hoof-related health 

events, using bovine digital dermatitis as a case-study. The sixth chapter addresses 

one of the key research questions – what is the impact of hoof health in English and 

Welsh dairy cattle at farm and national levels. The estimation of hoof health impact 

at national level takes into account an overlooked aspect of animal health economics 

– the investment in research. The final chapter comprises a constructive discussion 

around an animal health issue that has a strong welfare component, which brings 

about the need to discuss ethics in animal production, societal perception of animal 

welfare and the notions of private and public goods.  
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Table 1. Research questions, objectives, methods and data needs 

Question Objective(s) Method(s) 

Is the current level of information on the 

impact of hoof health adequate for 

farmers to make rational decisions? 

State of art regarding hoof-related 

lameness (identifying knowledge gaps and 

culprits in scientific literature). 

Systematic literature review on hoof-

related lameness in dairy cattle. 

Estimate hoof-related lameness frequency 

levels in British dairy cattle through a 

meta-analysis. 

What are the losses from all causes in 

the English and Welsh dairy sectors? 

Define the Animal Health Loss Envelope 

regarding the English and Welsh dairy 

sectors. 

Industry enterprise budget using secondary 

data. 

Could indirect ELISA inform more 

objectively the classification of BDD 

regarding lesions scale and be useful in 

the attribution process of disease 

impact? 

Assess whether indirect ELISA is 

associated with clinical observation of 

BDD lesions and evaluate the predictive 

power of indirect ELISA in the future 

occurrence of BDD lesions.  

 

Discuss the findings in the realm of disease 

impact attribution. 

Non-parametric pairwise and multivariate 

regression analysis using primary data 

(clinical observations and serum samples). 
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Question Objective(s) Method(s) 

What is the economic impact of hoof-

related lameness in English and Welsh 

dairy farms? 

Estimate the economic impact of lameness 

in the pool of farms recruited for the 

project. 

Multivariate regression analysis and event 

study analysis using primary data (field 

questionnaire and access to production data 

at cow level)  

What is the impact of lameness/hoof 

health in British dairy cattle at national 

level? 

Estimate the economic impact of lameness 

in English and Welsh dairy cattle. 

Extrapolate the findings on the economic 

impact of hoof-related lameness from the 

pool of farm to the English and Welsh 

dairy sectors using primary and secondary 

data 
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Chapter 2 Setting the Scene – Characterising the British dairy sector, and 

describing hoof-related lameness epidemiology and impact on dairy cattle 

 

“Content without context is noise”  

(Sian Chapman) 

 

2.1 Brief Historical Overview of the British Dairy Sector 

The British dairy sector has changed quite substantially since the late 19th /early 20th 

century. At that time, when milk accounted for more than 20% of the gross 

agricultural product (15), the British dairy sector was generally unmechanised and 

mainly composed of double purpose breeds, farmed in grazing systems with poor 

pasture management, grouped in herds smaller than 30 cows. Bulls were used for 

breeding through natural insemination (16-18).  

 

The 1908 Census of Agricultural Production reported that Shorthorn were the most 

representative breed, making up 64.0% of the total national cattle herd, followed by 

Devon (6.5%), Ayrshire (6.3%) and Hereford (5.5%). The presence of breeds 

specialised in dairy production had little relevance, some of which were not even 

given a specific category of their own like the Friesian, which was included in 

miscellaneous category along with other breeds. The preference for breeds suitable 

for both milk and meat production, alongside the use of flying herds in which cows 

were sent to slaughter after one lactation, undermined the breeding of animals based 

on milk yield (16). Consequently, the average yearly milk yield per cow in England 

between 1896 and 1910 was estimated at 1,820 litres (Table 2).  
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Table 2. Average milk yield per dairy cow per year in England between the late 19th century 

and the early 20th century (adapted from (16)) 

Period Milk Yield (Litres/Cow/Year) 

1860-1880 1,593 

1881-1895 1,729 

1896-1910 1,820 

1911-1930 1,911 

1914-1920 1,820 – 1,866 

1921-1925 1,911 

1926-1930 2,903 

 

The model of rotational grazing was yet to be conceived, and grazing grounds were 

used freely by cows at the prejudice of pasture regeneration (19). Milking machines 

hadn’t been widely adopted by dairy farmers, and most cows were milked by hand – 

a time-consuming exercise (16, 19). Additionally the poor design of milking shed or 

parlour further slowed the milking routine by not facilitating an unidirectional transit 

of cows that, once milked, had to be reversed out of the bail (19, 20).  

 

In the late 19th century, cheese and butter were the two most important markets 

concerning dairy products in England. From 1866 to 1870 they absorbed 70% of the 

total milk produced (Table 3). 

 

Table 3. Raw milk usage in England between the late 19th century and the early 20th century 

(adapted from (16)) 

Period 
Estimated % Usage of Raw Milk 

Liquid Milk Butter Cheese 

1866-1870 30 30 40 

1871-1875 35 25 40 

1876-1880 45 20 35 

1881-1885 55 15 30 

1886-1890 65 10 25 

1891-1895 70 10 20 

1896-1900 70 10 20 
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Period 
Estimated % Usage of Raw Milk 

Liquid Milk Butter Cheese 

1901-1905 70 10 20 

1906-1910 75 8 27 

1911-1915 75 8 27 

 

The public investment in agricultural research and agricultural policy in the 

aftermath of World War I, alongside technological innovation and farmers’ sense of 

need fostered the reshaping of the British dairy sector (19). 

 

Around 1933 the British government issued the establishment of the Soil Survey 

Departments, promoting the advances in soil science. At the same time, the chemical 

industry saw great progress in manufacturing capacity, increasing the availability of 

fertilizers for soil correction – from 1930 to 1980 the use of nitrate and potassium in 

the United Kingdom increased 6 times (17, 19). Furthermore, the development of 

electric fences facilitated the adoption of rotational grazing. Together, these events 

helped to improve grassland management, which translated into the ability to 

produce more pasture in quality and quantity. Additionally increased knowledge 

concerning the cow’s nutrition also allowed for the improvement in the quality and 

use of supplementary feeds for better managing the energetic needs of the cow at 

different stage of the production cycle optimising the conversion of feed into milk 

(19). 

 

Even though the wide presence of dual-purpose breeds delayed advances in breeding 

programmes for the purpose of dairy production, there was an increasing uptake of 

milk recording by farmers, helping to identify higher yielding cows. From 1917 to 

1938, the number of farmers in the UK milk recording went from 478 to 4,302. This 

translated into roughly a 1000% increase in the number of cow recorded – from 

13,838 to 161,077. The importance of milk recording was acknowledged and, in 

1943, it was adopted as a national scheme in the UK – the National Milk Recording 

(NMR) (18). The preference for double purpose breeds shifted to breeds specialised 

in dairy production. From 1908 to 1970, the proportion of Shorthorn cows in the 

British dairy herd fell from 64% to 3%. By 1970, the Friesian breed represented 76% 
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of the national cattle herd (18, 21). The shift in breeds, alongside the advances in 

artificial insemination, set a cornerstone of the success of breeding programme for 

dairy cows in the United Kingdom (19).  

 

The refinement of milking machines and innovative milking parlour design increased 

milking speed, allowing a larger herd size to be milked without increased labour 

requirements. (19) And although the transition from hand milking to milking 

machines wasn’t sudden, in the two decades after 1939 the proportion of  

machine-milked herds rose from 10%  to 85% (21).  

 

Politics also played a role in the remodelling of the dairy sector. The establishment 

of the Milk Marketing Board in 1933 and the approval of the Agricultural Act in 

1947 signalled price stability and incentivised production (21, 22).  

 

The landscape of the British dairy sector evolved. The traditional low-input grazing 

systems with unmanaged pastures of poor nutritional value farming small herds of 

double purpose breeds, to highly specialised and mechanised operations in which 

larger herds of breeds specifically selected for milk production were ensured suitable 

nutrition through proper pasture management and adequate supplementary feed.  

 

2.2 The Place of the British Dairy Sector 

British milk production is an important sector of the agricultural activity, in both 

national and international scenes. Between 2015 and 2019, the UK ranked amongst 

the top 15 countries in the globe in terms of milk production, being responsible for 

approximately 2% of the total yearly milk production worldwide, while representing 

0.7% of the total dairy cattle population in the world (Table 62, Table 63 and Table 

64 in section 9.1 of the Supplementary material).  

 

In the European Union, considering the current 27 member countries and the United 

Kingdom, the latter was the third most important country concerning milk 

production and dairy cattle population. The British dairy sector accounted for 

roughly 9% of the total EU+UK milk production, and had approximately 8% of the 
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total dairy cattle population in the EU+UK (Table 65, Table 66 and Table 67 section 

9.1 of the Supplementary material). 

 

At national level, the dairy sector plays a significant role in agricultural economy, 

albeit this sector is minor in the UK with only 0.59% of the total GDP. In 2020 the 

gross agricultural output at market prices was set at around £26.670 billion, with 

more than half of the estimate deriving from livestock and livestock products - 

37.0% and 19.5% respectively. Milk represented 84.2% of gross output from 

livestock products, setting its contribution to the gross agricultural output at market 

prices at 16.4% - around £4.37 billion (Figure 1 and Figure 2). 

 

Figure 1. Distribution of the gross agricultural output at market prices in the UK across 

different activities in 2020 (*comprises Other Agricultural Activities and Inseparable Non-

agricultural Activities) (source: (2)) 
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Figure 2. Distribution of the gross output from livestock products at market prices in the UK 

according to product in 2020 (source: (2)) 

 

 The importance of the dairy sector in British society is not just limited to food 

supply. In 2017, more than 70,000 people were estimated to be employed by the 

industry (1).  

 

2.3 The British Dairy Sector in Numbers 

Presently the British dairy milking herd is approximately composed of 1.85 million 

heads, distributed across 11,909 farms. Looking at data from 20 years ago, this 

represents a reduction of 21% and 58% on the number of dairy cows and dairy farms 

respectively. Consequently, the average size of the British dairy farm nearly double, 

from 79 to 152 heads (Figure 3 and Figure 5).  

 

Even though the size of the British milking herd has seen a reduction over the last 

couple of decades, milk production in the UK has remained relatively steady, 

meaning that the average yearly yield per cow improved over the years. In fact, 

between 2000 and 2020 the average milk production per cow per year increased by 

31%, from 6,194 to 8,088 litres (Figure 4). In 2019 the UK ranked 9th amongst the 

15 top milk producing countries in the European Union and the United Kingdom in 
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terms of average yearly milk yield per cow (Table 68 section 9.1 of the 

Supplementary material). 

 

British dairy farms and dairy cows are unevenly distributed across the United 

Kingdom. In 2020, England and Wales accounted for 71% and 74% of the British 

dairy farms and dairy cattle respectively. Scotland was the country with the lowest 

share representing 7% of the British dairy farms and 9% of the British dairy herd 

(Figure 6). According to farm survey data most dairy cattle – 85% – are Holstein 

Friesian that calve all-year round (23). A report by AHDB indicated the distribution 

of British dairy farms according to calving pattern was the following: 81% all-year-

round calving, 8% autumn calving, 4% spring calving, 7% dual block calving (24).  

 

Overall, the British dairy sector has changed over the years, relying on fewer farms 

with larger and more productive dairy herds, for maintaining a relatively steady 

yearly milk production. The British milk basin is concentrated in England and 

Wales, the two most representative countries of the British dairy sector.  
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Figure 3. Total number of British dairy cows and British dairy farms between 2000 and 2020 (source: multiple datasets available at https://ahdb.org.uk/ 

accessed on May 2021)  

 

https://ahdb.org.uk/
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Figure 4. The British milk production, British dairy herd and average milk yield per cow between 2000 and 2020 (source: multiple datasets available at 

https://ahdb.org.uk/ accessed on May 2021) 

 

https://ahdb.org.uk/
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Figure 5. Proportional variation in the total number of British dairy cows and British dairy 

farms, and the average herd size of a British dairy farm between 2000 and 2020 (source: 

multiple datasets available at https://ahdb.org.uk/ accessed on May 2021) 

 

 

Figure 6. Relative distribution of British dairy herd and British dairy farms per country 

(source: multiple datasets available at https://ahdb.org.uk/ accessed in May 2021) 

 

https://ahdb.org.uk/
https://ahdb.org.uk/
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2.4 British Dairy Milk and its Place in the British Household 

In 2020 the British dairy sector produced roughly 15,000 million litres of milk, most 

of which (94.0%) was channelled for domestic use (Table 6). Most of the available 

raw milk, both nationally produced and imported, was directed for the liquid milk 

market – 43.5%. Cheese was the second most important market – together with 

liquid milk, they represented 75.8% of the total usage of raw milk in the UK in 2020 

(Figure 7).  

 

The food family survey conducted in 2018/2019 by DEFRA reported that the British 

citizen spent on average £32.1 per week purchasing food supplies for the household. 

If soft and alcoholic drinks, confectionery, cakes and biscuits were not considered, 

the average spending per week would come down to £24.5 per person (3). Milk and 

milk products (excluding cheese) accounted for 7.7% of this estimate, ranking fourth 

with regards to the share in the weekly household expenditure with food supplies 

(Table 4). According to the survey, in 2018/2019, 1.84 litres per person were bought 

weekly for household consumption in the UK (Table 5).The average weekly 

expenditure on food supply for a typical UK family of 2.4 people (25) represents 

13% of weekly average household income in the UK in 2020, set at £575 (26), and 

the expenditure on milk and milk products excluding cheese 0.1%. Although milk is 

an important food source in the British household, the relative expenditure in relation 

to the average household income is substantially small. In the USA, milk is cheap 

enough (relative to average incomes) that the income effects (to consumers) of 

ordinary price fluctuations in milk consumption are negligible (27). 
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Table 4. Distribution of average weekly expenditure per person in food supplies for the 

household across different food products in the UK in 2018/2019 (source: (3)) 

Product 

Share (%) of Average 

Weekly Expenditure per 

Person 

Fresh and processed fruit and vegetables, 

including potatoes 

26.8 

Non-carcase meat and meat products 20.6 

Other cereals and cereal products 10.6 

Milk and milk products excluding cheese 7.7 

Other food and drink 7.4 

Fish 6.1 

Carcase meat 5.2 

Bread 4.8 

Cheese 3.7 

Beverages 2.5 

Fats 2.4 

Eggs 1.3 

Sugar and preserves 0.7 

Flour 0.2 
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Table 5. Average weekly quantity of different food products purchased per person in the UK in 

2018/2019 (source: (3)) 

Product 

Measureme

nt unit  

Average Weekly 

Consumption  per 

Person 

Bread  Kilogram 0.52 

Carcase meat  Kilogram 0.17 

Cheese  Kilogram 0.12 

Eggs  Number 2.11 

Fish  Kilogram 0.15 

Flour  Kilogram 0.05 

Fresh and processed fruit and 

vegetables, including potatoes  

Kilogram 2.87 

Milk and milk products excluding 

cheese  

Litre 1.84 

Non-carcase meat and meat products  Kilogram 0.79 

Other cereals and cereal products  Kilogram 0.59 

 

 

 

Figure 7. Raw milk utilisation by British dairies between 2015 and 2010 (source: (7)) 
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Table 6. Milk production and trade balance in the UK between 2015 and 2020 (source: (7)) 

Year 

British Milk 

sold to UK 

Dairies*  

Exports

* 
Imports* 

Availability 

of Raw 

Milk* 

Share (%) of 

British Milk for 

Exportation 

Share (%) of 

British Milk for 

Domestic Use 

Share (%) of Milk 

Imports in Available 

Raw Milk 

2015 14,753.2 676.6 158.0 14,234.6 4.6 95.4 1.1 

2016 14,122.8 725.3 81.9 13,479.4 5.1 94.9 0.6 

2017 14,708.0 911.9 128.7 13,924.8 6.2 93.8 0.9 

2018 14,750.7 956.7 133.4 13,927.4 6.5 93.5 1.0 

2019 14,984.6 905.9 118.3 14,197.1 6.0 94.0 0.8 

2020 15,002.1 905.9 118.3 14,214.6 6.0 94.0 0.8 

*Million litres 
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2.5 British Dairy Milk Prices and the Supply Chain 

The establishment of the Milk Marketing schemes defined a new period in the 

marketing of milk in the UK, particularly in the England and Wales with the creation 

the Milk Marketing Board (MMB) in 1933, an organisation that represented 80% of 

the total British raw milk produced. During a period of time when dairy farmers 

were legally required to sell their milk to local cooperatives, the creation of MMB 

helped dairy farmers negotiate better milk prices with dairy processors, represented 

by the Dairy Trade Federation (DTF). With its substantial volume of production, the 

organisation had a dominant position in the wholesale of raw milk in England and 

Wales (28, 29). From 1970 until 1994 the milk price at farmgate increased steadily 

(Figure 9).  

 

The entry of the United Kingdom into the European Union in 1973 had implications 

in the milk marketing regulatory framework, as a result of the common market and 

competition policy. In 1994 the Milk Marketing schemes were revoked and dairy 

farmers were free to decide to whom they would sell their milk (30). MMB, deemed 

a monopoly organisation, was dismantled and largely replaced by Milk Marque, a 

farmer-owned cooperative. However, having maintained a similar milk marketing 

strategy as MMB, Milk Marque was also judged for unfair market competitiveness 

(28). In April 2000, Milk Marque was voluntarily broken up into three regional 

cooperatives – Zenith in the North, Axis in the Midlands and Milk Link in the South 

(30). During this period, nominal milk price experienced a downward trend until 

2000, after which it stabilised until roughly 2006 (Figure 9). Therefore, in real terms 

the farmgate milk price fell. 

 

The dispersion of farmers across different organisations, alongside the new milk 

trade regulation, set the grounds for the reshaping of the milk supply chain, and a 

redefinition of the bargaining power at its different levels. Presently, and apart from 

primary production, the milk supply chain is concentrated (28, 29). According to a 

report by Dairy UK, a trade association for the British dairy supply chain, milk is 

mainly sold directly to dairy processors, and 70% of this milk is processed by 9 

companies (1, 31). Milk is then sold to the retail market, the majority of which is 

held by the four main retailing companies. In August 2021, Tesco hold the biggest 
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share of the UK’s retail market – 27.2%, followed by Sainsbury’s (15.2%) and Asda 

(14.2%). Alongside Morissons, these four companies held 66.6% of the British retail 

market (32). And, if previously, retailers had to face the competition of doorstep 

delivery, which represented more than 90% of milk distribution by the 1970’s (33), 

in 2017 only 3% of the milk produced reached consumers this way (1).  

 

The low level of co-operation by British dairy farmers, the high concentration at 

processing and retailing levels in the supply chain, and the internal policies with 

regards to milk price in the retailer sector the leaves little room for farmers to 

bargaining milk price at farmgate (28, 30, 34, 35).  

 

Farmers and processors have argued for fairer milk prices, and manifested discontent 

by the asymmetry in price transmission across the supply chain (28, 34). The low 

milk farmgate prices in 2000 fostered a series of actions, initially led by a campaign 

group called Farmers for Action, calling for an increase in farmgate prices, as these 

had fallen below on-farm production costs. Since then retailers have designed 

innovative pricing systems to make sure their suppliers are covering for their 

production costs and making a profit, while also ensuring that the milk price would 

remain relatively stable across the different retailers.  Table 7 provides an overview 

of the farmgate milk pricing systems across the main British retailers. These 

contracts aligned with retailers offered a more competitive price when compared 

with other contract types (28). The standard (unaligned with retailer) contracts, either 

for liquid or manufacturing markets, and the A&B contracts are the other options by 

which farmers will mainly try to secure the selling of their milk, either though 

producers organisations or directly to processors (36, 37)(Figure 8 and Table 8).  
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Table 7. Milk pricing systems across UK’s retailers (adapted from (1)) 

Retailer Pricing system 

Asda Though the Pathfinder Group programme 

Booths “Fair Milk” price guaranteed 

Co-op Market prices reviewed quarterly 

Marks & 

Spencer 
Formula taking into account production costs and market returns 

Morrisons 
Compensation to cover costs incurred to achieve standards over 

Red Tractor farm assurance scheme 

Sainsbury’s Key farm input costs reviewed quarterly 

Tesco Formula taking into account production costs 

Waitrose Negotiated taking account the capital investment requirements 

 

Table 8. Main types of milk contracts in the UK (adapted from (36)) 

Milk Contract Descriptor 

Aligned liquid Milk contract aligned with a retailer for liquid milk market 

Standard liquid Milk contract unaligned with a retailer for liquid milk market 

Standard 

manufacturing 

Milk contract unaligned with a retailer for manufacturing 

milk market 

A&B contracts 
Contracts based on markets’ needs and volumes delivered 

leading to two different prices labelled A and B 

 

On top of the asymmetric concentration level in the milk supply, there are other 

factors influencing the milk prices. In a pricing strategy called loss leader, in which 

supermarkets accept selling milk at a price below profit for incentivising the 

purchase of other items, milk price is relatively steady across the different retailers 

(38). Commodity prices and household income can also affect milk price. Following 

the global food crisis in 2007, the price of milk increased (Figure 9). Taking a closer 

look at two of the main inputs for dairy farming, which are affected commodities 

prices, a similar trend can be observed between their price and the farmgate price of 

milk (Figure 10 and Figure 11). Smith et al (2015) suggested that the reduction on 

milk price during the great recession was related with a reduction in the household 

income and an increase in competitiveness in the retailing sector (28).  
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Figure 8. British milk supply chain (adapted from (28))  
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Figure 9. Monthly average farmgate nominal milk price in the UK since 1970 and important events (source: multiple sources using DEFRA data on monthly milk 

prices available at https://www.gov.uk/government/statistics/uk-milk-prices-and-composition-of-milk) 

https://www.gov.uk/government/statistics/uk-milk-prices-and-composition-of-milk
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Figure 10. Feed grain and milk prices in the UK from 2000 and 2019 (source: (39)) 
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Figure 11. Protein and milk prices in the UK from 2000 and 2019 (source: (39)) 
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In sum the reshaping of the milk supply chain, and the different levels of 

concentration at different stages have transferred bargaining capacity from farmers to 

retailers. As prices takers, and facing uncertainty as to the fluctuation in the price of 

key input - feed, farmers could refrain from investing in their operation aiming to 

improve animal welfare and productivity. Especially as they are risk averse (40). In 

this pressing market environment, it is also possible that issues that are not 

considered vital to dairy operations, such as lameness, are not prioritised (41). It is 

important to understand how milk price policies, inequalities in the milk supply 

chain, price volatile of main inputs for dairy operation can influence animal health 

management.   

 

2.6 The Epidemiology of Hoof Health in Dairy Cattle 

Lameness can be defined as an abnormal locomotion pattern, and can have different 

degrees of severity, from a nearly imperceptible change to a reluctance to stand or 

walk. It is considered an important and highly prevalent clinical manifestation 

affecting British dairy cattle, with a different pathogenesis and diverse anatomic 

origins (12, 42). 

 

The latest survey to estimate lameness (defined as a mobility score of 2 or 3) in the 

UK conducted between 2015 and 2016 reported a mean within farm prevalence of 

31.6% (range from 5.8% to 65.4%) and classified 28.2% of the total cattle 

population in the sample as lame (8). Looking at farm records from 30 farms in 

England and Wales between 2003 and 2004, Amory et al (2008) reported a mean 

annual incidence of 24.1 lameness cases per 100 cow/year (13). 

 

Research has indicated that lameness in British dairy cattle is most often associated 

with a hoof health condition, particularly in the hind feet (43). A study by Clarkson 

et al (1996) conducted on 37 English and Welsh dairy farms reported that 99% of 

lame cows had a hoof lesion, 92% of which located in the hind hooves (9).  

 

Hoof diseases can be classified according to their aetiology into infectious and non-

infectious (44). Within the non-infectious hoof lesions, the most common are white 

line lesions, sole ulcer and sole haemorrhage (synonym terms: sole bruising). Digital 
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dermatitis (synonym terms: Mortellaro disease, Strawberry disease) and interdigital 

phlegmon (synonym terms: footrot, foul in the foot, interdigital necrobacillosis) are 

amongst the most prevalent hoof diseases of infectious nature (45-47). 

 

The multifactorial nature of lameness in dairy cattle has been highlighted, with 

different factors found to be associated with increased risk of lameness in dairy 

cattle, some inherent to the animal (cow-level factors), others related with the 

farming environment (herd-level factors) (48). Cow-level risk factors include milk 

yield, parity, lactation stage, breed and body condition score (BCS). Table 9 provides 

an overview of the supporting and non-supporting evidences for risk factors for 

hoof-related lameness. 

 

High yielding cows are more likely to become lame when compared to average 

yielders (13, 42, 49-52). Although an intrinsic characteristic of the animal, man has 

played a role in this outcome, as breeding programmes rewarded cows with higher 

milk yield on top of other genetic parameters (53, 54). Breed is also associated with 

lameness incidence. Baird et al (2009) reported that Norwegian dairy cattle 

experienced fewer WLD events compared to Holstein-Friesians (55). Other authors 

have indicated that Holstein genetics are at higher risk of developing lameness 

compared with other breeds (10, 56)(Table 9). 

 

Another cow-level risk factor that can be influenced by farm management through 

nutrition is body condition score. Cows with lower BCS are at higher risk of 

developing lameness (57-62). A lower BCS is associated with a reduced amount of 

fat in the digital cushion, which serves as a protective buffer (63)(Table 9).  

 

The risk of lameness associated with particular hoof disorders increases with age. 

Rowlands et al (1985) found that 10-years-old cows were 4 times more likely to 

develop WLD, sole ulcer and underrun heel (64). Sanders et al (2009) reached 

similar conclusions when examining the incidence of non-infectious lameness-

causing lesions – increased incidence of thin sole, sole ulcer, WLD and heel ulcer 

was associated with greater parity (65). Investigating use of biotin supplementation 

in the prevention of WLD in British dairy cattle, Pötzsch et al (2003) concluded that 

the incidence of WLD increased with increasing parity (66). Archer et al (2010) 



Chapter 2: Setting the scene 

52 

 

reported that primiparous cows were less likely to be lame than multiparous cow, as 

did Pérez-Cabal and Alenda (2014) (42, 67)(Table 9).  

 

Lactation stage is associated with lameness incidence, with more cows afflicted by 

the disorder in early stages of lactation. The set of biological events and farm 

management decisions following calving have been pointed out as the pathway for 

the increase in lameness incidence in periparturient animals – reduced claw growth, 

relaxation of tendons and increased movement of pedal bone, reduced lying time, 

nutrition, immune system suppression, housing conditions, stockmanship and social 

behaviour (68)(Table 9). 

 

Another important aspect of lameness in dairy cattle is repeatability – cows that 

developed a lameness episode in their first lactation are at higher risk of becoming 

lame in their second lactation (69). The recidivism of hoof lesions has been 

evaluated in different studies, and animals that have had a hoof disorder in the past 

are at higher risk of developing another one in the future (58, 70)(Table 9).  

 

Personality can also influence the time budgets of individual animals. Lower ranking 

cows (less dominant) will tend to spend less time resting increasing their odds of 

developing lameness (71)(Table 9).  

 

Herd-level risk factors encompass housing system and facilities, nutrition, stocking 

density, stockmanship, biosecurity practices and season/climate (Table 9).  

 

Zero-grazing systems have been associated with poorer locomotion scores when 

compared with grazing systems (72-74). When challenged against non-organic 

production systems, organic dairy farms seem to be have lower lameness prevalence 

(10, 75)(Table 9).  

 

Barn type and stall design can affect the occurrence of locomotive problems. 

Although controversial, for not allowing animals to move freely and thus not 

promoting the 5 freedoms related to animal welfare (76, 77), tie-stall barns have 

been shown to have a protective effect against lameness when compared to free-stall 
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barns (78-80). Conversely Kara et al (2011) reached the opposite conclusion 

(81)(Table 9).  

 

Additionally, the level of comfort provided by the facilities can alleviate the 

incidence of the problem. Research has looked at the use of different materials to 

increase cow comfort, be it in the stalls or in the alleys, walking lanes or parlours. 

Even though inconsistently (82), rubber flooring has been linked with improved hoof 

health in free-stall barns (83, 84). Research has indicated that deep bedding has a 

protective effect on lameness and animal welfare, being associated with increased 

lying times (85-87)(Table 9).  

 

Poor barn and stall design can also influence the occurrence of lameness-causing 

problems, with cows standing for longer periods (88-90)(Table 9).  

 

The general hygiene level of the barn can affect the incidence of lameness-causing 

ailments (91, 92)(Table 9). 

 

Researchers have well established a link between nutrition and the histopathological 

changes in the hoof of the cows (93). The ruminal acidosis resulting from an 

unbalanced diet with the increase intake of concentrate feed predisposes cows to 

hoof lesions (92, 94). The potential improvement in the structure and strength of the 

white line of the hoof arising from biotin supplementation seems to protect cows 

from developing hoof problems (66, 95, 96)(Table 9). 

 

Stoking density levels have also been object of study, and overstocking has been 

found to reduce lying time of cows which increases the risk of developing lameness 

(76, 91, 97, 98)(Table 9).  

 

The ability to properly handle animals has been associated with lameness, with poor 

stockmanship increasing lameness incidence (99, 100)(Table 9).  

 

Season has been found to be associated with lameness with animals being at higher 

risk of becoming lame during summer and winter (72)(Table 9). 
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Biosecurity standards have also been linked to lameness incidence, and closed-herds 

found to have fewer lameness-related health events compared to open-herds  

(74, 101-103)(Table 9).  

 

The adoption of technology in farming context has been linked with the occurrence 

of hoof disorders. Automatic scrappers have been associated with increased risk of 

lameness (104). One of the explanation brought forward was the need for the cows 

to, suddenly, avoid direct contact with the scrapper, which could result in less natural 

movements with higher pressure in the claw and increased risk of lesion (10). 

Additionally, the wave of slurry formed by the equipment can led to the coating of 

the lower leg of cows, lowering the hygiene standards around the hoof and 

increasing the risk of risk of digital dermatitis (104, 105). Furthermore, the 

increasing mechanisation of dairy farm has reduced the ratio herdsmen to animals, 

with deleterious consequences to the quality of attention to animal health and welfare 

(106). On the other hand, larger herds might have more resources to allocate to 

improved veterinary care. Additionally, the increased automation of farming and 

monitoring of production parameters might aid in the early detection of cows in need 

of clinical investigation and allow for prompt treatment (107)(Table 9).  

 

 

Figure 12. Different Factors Influencing Hoof Health in Dairy Cattle 
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2.7 Management of Hoof Disorders in Dairy Cattle 

Given its multifactorial nature and diverse pathogenesis, it is important to identify 

the underlying cause of lameness so that adequate corrective and control measures 

can be put into place (70, 108, 109).  

 

Yet, before a clinical investigation is triggered, it is necessary to identify animals in 

need of medical attention. As previously mentioned hoof disorders will often lead to 

pain, which translates into an abnormal locomotion pattern. Lame animals can be 

identified by herdsmen, and flagged for medical investigation and treatment. As 

such, as a clinical manifestation, lameness offers the means to develop useful 

screening tools for hoof disorders, as it would be impractical to manage the hoof 

health of a herd by monitoring the claws of each animal individually. Based on the 

patterns of locomotion (e.g. posture, weight bearing, stride), different mobility 

scoring systems (MSS) with ordinal scales have been developed to assist animal 

caretakers in distinguishing lame from non-lame cows, according to a defined 

threshold in the scale, and classify them according to lameness severity (12, 43, 

110). A recent publication estimating the prevalence of lameness in British dairy 

cattle through a meta-analysis identified a total of thirteen such systems across the 

papers included in the analysis. The number of categories across these systems 

ranged from three to nine (111), although it must be said that some of them 

originated from previously developed scales as shown in Figure 13. By relying on 

human assessment of impaired locomotion, these systems are subjective in nature 

and prone to classification errors, especially in milder forms of lameness (112, 

Dutton-Regester, 2020 #416). More recently, artificial intelligence has been used to 

identify animals with abnormal behaviours and/or locomotion, offering an more 

objective alternative MSS, potentially increasing the precision and accuracy by 

which animals are classified as unhealthy and in need of medical care (113-116).    

 

Once diagnostic has been reached, therapeutical action follows. Treatment is based 

on hoof trimming, foot blocks, bandages, and medication to control bacterial 

infection and alleviate pain, with claw amputation standing as the least conservative 

approach. Although these measures can aid the healing process of lameness cases, 

research has highlighted caveats in the application and effectiveness of some. Toe 

lesion, sole ulcers and thin soles have been associated with over-trimming of the 



Chapter 2: Setting the scene 

56 

 

hoof (117, 118). Although bandaging can safeguard a lesion from external 

contamination, it is easy to imagine the dirtiness levels in farming environment 

hampering the protective effect of a bandage. Furthermore, where footbaths are used, 

bandages can be soaked in footbathing solution, which are usually aggressive to the 

skin (119).  

 

Additionally, there is little scientific evidence supporting the beneficial use of 

bandages in the healing process of hoof problems. When conducting a search for 

controlled trials in PubMed and Web of Science using the terms dairy AND cattle 

AND lame* AND bandag* AND trial (conducted on the 27th of September 2021), 

five and four publication were retrieved respectively. After removing duplicated 

entries, five papers remained. Two of these looked at the effect of bandaging in the 

recovery of non-infectious hoof lesions, both of which did not support the use of 

bandages. Klawitter, et al (2019) concluded that sole ulcers treated with bandages 

were less likely to heal than sole ulcers without bandaging (120), whereas Pyman 

(1997) found that animals treated with bandages had slower recovery rates when 

compared with animals treated with hoof blocks or shoes(121). Out of the remaining 

three papers, two looked at the use of bandages in digital dermatitis treatment. 

Schultz et al (2013) compared BDD treatment efficacy of a bandage with salicylic 

acid powder against chlortetracycline spray, and concluded that healing rates 

improved substantially after 34 days in the cohort of animals treated with bandages 

(122). Cutler et al (2013) challenged the treatment efficacy of tetracycline 

hydrochloride bandage with that of paste, and found them to be likely effective 

(123).  

 

The use of antibiotics, administered topically or parentally, has been challenged, and 

their use must be justified by the clinical presentation of the disease alongside an 

understanding of its underlying cause (109). 
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Figure 13. Phylogenetic tree of the mobility scoring systems (own creation using multiple references) (note: MSS were identified during a systematic literature 

review by Afonso et al (2020) (111))



Chapter 2: Setting the scene 

58 

 

The importance of pain relieve in the recovery from lameness cases has been 

demonstrated by Thomas et al (2015). In this study, which compared different 

treatment approaches, lame cows treated with hoof trimming, hoof block and non-

steroidal anti-inflammatory drugs (NSAIDs) had roughly 6 times the odds of having 

a sound locomotion score after 35 days of treatment compared to cows that were 

only hoof trimmed (46). Considering the management of pain associated with 

lameness, and given the current level of knowledge, a holistic approach is desired as 

advocated by Shearer et al (2013): resorting to different modalities of analgesia, 

conducting adequate treatment (hoof trimming, blocking and beneficial topical 

treatment) and improving the cow comfort (119).  

  

In view of all of the above it is important that therapeutical action is decided and 

conducted by a trained technician (109, 124, 125).  

 

While developing a lameness control programme based on a Hazard Analysis and 

Critical Control Points (HACCP) approach, Bell et al (2009) classified all identified 

tangible hazards into eleven categories that represented on-farm proximate hazards. 

The proximate hazards would help to identify actions aiming at preventing lameness: 

lessen standing time on concrete, improve barn design and environmental hygiene, 

stimulate early detection and institute prompt treatment, maintain adequate claw 

shape through routine hoof trimming, reinforce biosecurity practices, promote 

balanced diet and improve the management of heifer breeding (48).  

Given the recurring nature of hoof-health events it is important to prevent first cases, 

or reduce their duration through identification at early stages of disease and prompt 

treatment (126, 127). In respect to this heifers are  particularly important. Preventing 

lameness in this group of animals could, not only reduce lameness incidence at early 

productive age, but also prevent the future occurrence of lameness (48, 128). As 

mentioned above, routine hoof trimming can help mitigate the occurrence of 

lameness and speed up the recovery and reduce the odds of relapse (124, 128-130). 

Nevertheless, some evidence has indicated that this is not always the case, 

specifically in heifers. In a randomised controlled trial, Mahendarn et al (2017) did 

not find routine hoof trimming to have a protective effect on lameness incidence 

(131). In a similar trial, Maxwell et al (2015) suggested that hoof trimming of heifers 

in early lactation could have a negative impact on fertility (132). Fjeldaas et al 
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(2006) have also concluded that the efficiency of hoof trimming in preventing claw 

lesions was dependent on housing system – protective effect in tie-stall but not in 

free-stall barns (133). 

 

Although controversial for their impact on the environment and public health, 

footbaths are widely used in dairy farming, especially for the control of infectious 

hoof-diseases. Antibiotic and non-antibiotic products can be used to prepare the 

footbathing solution. Despite the little evidence supporting the efficacy of 

antimicrobial footbathing in the treatment of infectious hoof problems, and the 

environmental and public health concerns of its use, it is still a common practice in 

the UK (134). Copper sulphate, with known deleterious environmental impact (135), 

and formaldehyde, a carcinogenic agent (136), are amongst the two most used non-

antibiotic products (137). Research has indicate that the efficacy of footbathing is 

very much dependent on proper design and management – adequate location, length, 

depth, concentration, frequency, renewal rate and organic matter level (138-142). 

Finally, and as stated above, cow comfort can be ameliorated thought improved farm 

design and stockmanship, adequate stocking density and adoption of technology (68, 

76, 106, 143).  

 

As the prevalence of lameness-related hoof lesions vary within and between dairy 

production systems, prevention and control strategies need to tailor made, in light of 

deep knowledge of the system under evaluation and lameness epidemiology (108). 

Adequate training for animal care takers and efficient data collection systems are two 

essential pillars for the above, as health-related data are needed to help decision-

makers at different levels monitor the health status of the herds and refine 

therapeutic and prevention strategies accordingly (144). 
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Table 9. Summary of risk factors for lameness and references supporting the resulting impact 

Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Milk Yield 
Increased risk in high 

yielders 

Archer et al (2010) 

(42) 

Several dairy 

systems in the UK 

Haskell et al (2006) 

(145) 

Mainly 

Holstein/Holstein-

Friesians dairy cows 

in free stall or 

strawyard barns in 

the UK 

Green et al (2002) 

(49) 

Friesian/Holstein 

dairy cattle in 

England 

  

Amory et al (2008) 

(13) 

Several dairy 

systems in the UK 
  

Bicalho et al (2008) 

(50) 

Holstein dairy cattle 

from a commercial 

farm in the USA 

  

Hultgren et al 

(2004) (146) 

Swedish Red and 

White and Swedish 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Holstein dairy cows 

in Sweden 

Body score 

condition 

Reduced risk with 

higher BCS 

Dippel et al (2009) 

(57) 

Austrian Simmental 

dairy cattle in 

cubicle housing  

  

Foditsch et al (2016) 

(58) 

Dairy cattle in free 

stall barn in the USA 
  

Green et al (2014) 

(60) 

Holstein cattle from 

one commercial 

farm in  England 

  

Lim et al (2015) 

(59) 

Holstein Friesian 

cattle from four 

farms in the UK 

  

Wilson et al (2021) 

(63) 

Holstein cattle from 

a research herd in 

the UK 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Rubber flooring  Reduced risk 
Fjeldaas et al (2011) 

(84) 

Norwegian red dairy 

cattle in free stall 

barns 

Kremer et al (2007) 

(82) 

Holstein crossbred 

dairy cows in 

research herd in 

Germany 

Herd size 
Increased risk in 

larger herds  

Barker et al (2009) 

(147) 

Several dairy 

systems in England 

and Wales 

Chapinal et al 

(2014) (148) 

Holstein dairy cattle 

in free stall barns in 

China 

Harris et al (1988) 

(149) 

Dairy cattle in 

grazing systems in 

Australia 

Haskell et al (2006) 

(145) 

Mainly 

Holstein/Holstein-

Friesians dairy cows 

in free stall or 

strawyard barns in 

the UK 

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 

Amory et al (2006) 

(94) 

Stall-housing 

systems in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Alban et al (1995) 

(151) 

Several dairy 

systems in Denmark 

Griffiths et al (2018) 

(8) 

Several dairy 

systems in England 

and Wales 

Breed 
Increase risk in higher 

producing breeds 

Harris et al (1988) 

(149) 

Dairy cattle in 

grazing systems in 

Australia 

  

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 

  

Bran et al (2018) 

(56) 

Dairy cattle in small-

scale grazing 

systems in Brazil 

  

Barker et al (2010) 

(10) 

Several dairy 

systems in England 

and Wales 

  

Baird et al (2009) 

(55) 

Holstein-Friesian 

and Norwegian dairy 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

cattle in a research 

heard in Northern 

Ireland 

Bedding 
Reduced risk with 

deep bedding 

Cook et al (2004) 

(152) 

High producing 

dairy cattle in the 

USA 

  

Tucker et al (2003) 

(153) 

Holstein dairy cattle 

in Canada 
  

Chapinal et al 

(2014) (148) 

Holstein dairy cattle 

in free stall barns in 

China 

  

Chapinal et al 

(2013) (154) 

High producing 

dairy cattle in free 

stall barns in the 

USA 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Barker et al (2010) 

(10) 

Several dairy 

systems in England 

and Wales 

  

Barker et al (2009) 

(147) 

Several dairy 

systems in England 

and Wales 

  

Dippel et al (2009) 

(57) 

Austrian Simmental 

dairy cattle in 

cubicle housing 

  

Andreasen et al 

(2012) (155) 

Holstein-Friesian 

dairy cattle in free-

stall in Denmark 

  

Ito et al (2010) (87) 
Several dairy 

systems in Canada 
  

Husfeldt et al (2012) 

(156) 

Several dairy 

systems in the USA 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Housing period 

Reduced risk with 

increased grazing 

period 

Haskell et al (2006) 

(145) 

Mainly 

Holstein/Holstein-

Friesians dairy cows 

in free stall or 

strawyard barns in 

the UK 

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 

Gitau et al (1996) 

(157) 

Small-scale adiry 

farms in Kenya 

Somers et al (2003) 

(158)* 

Several dairy 

systems in the 

Netherlands 

Rodriguez-Lainz et 

al (1999) (102) 

Several dairy 

systems in Chile 
  

Wells et al (1999) 

(103)* 

Commercial dairy 

systems in the USA 
  

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Rutherford et al 

(2009) (75) 

Organic and non-

organic dairy farms 

in the UK 

  

Hernandez-Mendo 

et al (2007) (73) 

Holstein dairy cattle 

in free stall barn 

from a research herd 

in Canada 

  

de Vries et al (2015) 

(74) 

Several dairy 

systems in the 

Netherlands  

  

Barn type 
Increased risk in free-

stall systems 

Haskell et al (2006) 

(145) 

Mainly 

Holstein/Holstein-

Friesians dairy cows 

in free stall or 

strawyard barns in 

the UK 

Fregonesi et al 

(2001) (159) 
 



Chapter 2: Setting the scene 

68 

 

Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Cramer et al (2008) 

(80) 

Several dairy 

systems in Canada 
  

Sogstad et al (2005) 

(79) 

Dairy cattle in free 

stall and tie stall 

barns in Norway 

  

Somers et al (2003) 

(158) 

Several dairy 

systems in the 

Netherlands 

  

Lactation 

number/age 

Increased risk with 

age 

Haskell et al (2006) 

(145) 

Mainly 

Holstein/Holstein-

Friesians dairy cows 

in free stall or 

strawyard barns in 

the UK 

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 

Pötzsch et al (2003) 

(66) 

Dairy cattle in five 

commercial farms in 

England  

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Dippel et al (2009) 

(57) 

Austrian Simmental 

dairy cattle in 

cubicle housing 

  

Pérez-Cabal et al 

(2014) (67) 

Holstein dairy cattle 

in different 

production systems 

in Spain  

  

Sanders et al (2009) 

(65) 

Dairy cattle in a free 

stall, sand-bedded 

farm in the USA 

  

Foditsch et al (2016) 

(58) 

Dairy cattle in free-

stall barn in the USA 
  

Archer et al (2010) 

(42) 

Several dairy 

systems in the UK 
  

Stall 

design/conditions 

Increased risk with 

poor 

design/conditions 

Faull et al (1996) 

(88) 

Several dairy 

systems in England 

and Wales 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 

  

Dippel et al (2009) 

(57) 

Austrian Simmental 

dairy cattle in 

cubicle housing 

  

Stocking density 
Increased risk with 

overstocking  

King et al (2016) 

(91) 

Holstein dairy cattle 

in farms with 

automated milking 

systems in Canada 

  

Fregonesi et al 

(2007) (97) 

Dairy cattle from 

research herd in 

Canada 

  

van Gastelen et al 

(2011) (98) 

Holstein-Friesian 

dairy cattle in free 

stall barns in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Foot trimming 
Reduced risk with 

regular foot trimming 

Manske et al 2002 

(160) 

Several dairy 

systems in Sweden 

Amory et al (2006) 

(94) 

Stall-housing 

systems in the 

Netherlands 

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 

Rodriguez-Lainz et 

al (1999) (102) 

Several dairy 

systems in Chile 
  

Footbathing Reduced risk  

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 

Amory et al (2006) 

(94) 

Stall-housing 

systems in the 

Netherlands 

Rodriguez-Lainz et 

al (1999) (102) 

Several dairy 

systems in Chile 

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 

Biosecurity practices Reduced risk 
Oliveira et al (2017) 

(101)* 

Fres-stall systems in 

Denmark 

Holzhauer et al 

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Rodriguez-Lainz et 

al (1999) (102)* 

Several dairy 

systems in Chile 
  

Wells et al (1999) 

(103)* 

Commercial dairy 

systems in the USA 
  

de Vries et al (2015) 

(74) 

Several dairy 

systems in the 

Netherlands 

  

Concentrate feed 

Increased risk with 

increased concentrate 

feed  

Amory et al (2006) 

(94) 

Stall-housing 

systems in the 

Netherlands 

  

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 

  

Mineral and vitamin 

supplementation 

Reduced risk with 

mineral and vitamin 

supplementation 

Amory et al (2006) 

(94) 

Stall-housing 

systems in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

Hedges et al (2001) 

(96) 

Dairy cattle in five 

commercial farms in 

England 

  

Pötzsch et al (2003) 

(66) 

Dairy cattle in five 

commercial farms in 

England 

  

Condition of floor 

and tracks 

Increased risk with 

poor 

maintenance/condition 

Harris et al (1988) 

(149) 

Dairy cattle in 

grazing systems in 

Australia 

  

Barker et al (2010) 

(10) 

Several dairy 

systems in England 

and Wales 

  

Manure scrappers 

Reduced risk with 

presence of manure 

scrappers 

Somers et al (2003) 

(158)* 

Several dairy 

systems in the 

Netherlands 

Holzhauer et al  

(2006) (150)* 

Several dairy 

systems in the 

Netherlands 
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Risk factor Impact 
Supporting evidence Non-supporting evidence 

Author/Year Study population Author/Year Study population 

  
Barker et al (2007) 

(104) 

Several dairy 

systems in England 

and Wales 

General level of 

hygiene 

Increased risk with 

poorer hygiene 

Somers et al (2005) 

(92)* 

Several dairy 

systems in the 

Netherlands 

  

King et al (2016) 

(91) 

Holstein dairy cattle 

in farms with 

automated milking 

systems in Canada 

  

Season 
Increased risk in 

summer 

Onyiro et al (2008) 

(72) 

Holstein-Friesian 

dairy cattle from 

research herd in 

Scotland 

  

*specific for Digital Dermatitis 
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2.8 Economic Losses of Hoof Disorders in Dairy Cattle  

With British dairy cattle manifesting recognised high levels of hoof-related 

lameness, it is important to understand how this affects animal production and 

welfare. Lameness has been ranked the second most important health condition in 

British dairy cattle considering production losses and expenditure, and the most 

important disorder with regards to animal welfare (161).  

 

The economic impact of lameness derives from reduced milk yield, weight gain and 

fertility, premature culling with added replacement costs and change in herd 

structure, increased labour costs, costs with medicines and interventions (43).  

 

Different studies conducted across the globe have capture the impact of lameness on 

milk yield (Table 10). Depending on the moment severity of the lameness case and 

the lactation stage at which lameness occurs, Coulon et al (1996) estimated lame 

cows to have their milk production reduced by 6 kg up to 440 kg over the course of a 

lactation (162). A study conducted in 1999 in Finland reported milk losses due to 

lameness-causing hoof and leg disorders between approximately 31 kg and 310 kg 

(163). Hernandez et al (2005) investigated the impact of lameness severity on milk 

yield and found that lame cows with higher cumulative lameness score over the 

course of the study produced less 747 kg of milk over a lactation than lame cows 

with lower cumulative lameness score. Additionally the study indicated that lame 

cows in their second or more lactation produced less 872 kg of milk over a lactation 

then non-lame cows in the same lactation group (164). Although to a lesser 

magnitude, Onyiro et al (2008) had similar findings – cows with a MS=4 produced 

less 0.78 kg of milk per day compared to cows with a MS=1 adding up to 237.9 kg 

of milk over a 305-days lactation (72). In the USA, Bicalho et al (2008) estimated 

the impact of lameness over a 305-days lactation at 314 kg and 424 kg depending on 

using matched controls (50). More recently, Logroño et al (2021) estimated the 

average impact of lameness in Holstein cows in a grazing system in Argentina at 183 

kg for a 305-days lactation (165). Depending on the lactation stage at which 

lameness is diagnosed, Puerto et al (2021) reported that lame Holstein cows in the 

study herds in Canada had cumulative milk losses between 811 and 1,290 kg over a 

305-days lactation (166). In the UK two studies reported similar reduction on milk 



Chapter 2: Setting the scene 

76 

 

yield in lame cows. Green et al (2002) indicated an average loss of 357kg of milk per 

lactation due to clinical lameness, and Archer et al (2010) a reduction of 350 kg of 

milk for a severe case in the first month of lactation over 305-days (42, 49). Few 

studies have reported milk losses according to the underlying lameness cause (Table 

10). Charfeddine et al (2017) estimated the milk losses over 2 months due to SU 

roughly at 65 kg and 120 kg for a mild and severe case respectively. The same 

author predicted that a mild case of WLD would result in a milk loss of 40 kg over 2 

months, whereas a severe case would lead to a loss of 121 kg over the same time 

period (167). While investigating the impact of hoof lesions on milk production in 

Chile, Green et al (2010) saw that the decrease on milk yield resulting from a sole 

ulcer could be observed three months before the diagnosis and one month after 

treatment – less 1.27 kg milk and 1.56 kg per day respectively. Double sole followed 

the same pattern – cows with this ailment one month before and after treatment 

produced less 1.76 kg of milk per day. Conversely, lame cows with WLD and lame 

cows with BDD had higher milk yield than non-lame cows. The author has attributed 

this observation to misdiagnosis in the case of WLD and milk yield profile in the 

case of BDD (high yielders are more prone to developing digital dermatitis)(168). 

Amory et al (2008) estimated the milk losses per lactation at 574 kg and 369 kg as a 

consequence of sole ulcer and WLD respectively (13). Hernandez et al (2002) 

reported that lame cows with Interdigital Phlegmon (IP) produced on average less 

855 kg of milk over a 305-day lactation (169). Warnick et al (2001) also provided 

figures on the impact of specific lameness-causing lesions. According to the author, 

sole ulcer had the highest impact – cows with SU after 2 weeks of treatment 

produced less 2.3 kg of milk per day compared with non-lame cows – followed by 

abscess (- 1.7 kg) and interdigital phlegmon (- 0.8 kg) (170). Looking specifically at 

BDD, Relun et al (2013) estimated the milk daily losses due to a moderate case of 

digital dermatitis at 0.63 kg and 0.5 kg per day for primiparous and multiparous 

cows respectively. For a severe BDD case, the losses were estimated at 0.5 kg/day 

and 0.75 kg/day for primiparous and multiparous cows respectively (171). Pavlenko 

et al (2011) concluded that cows with the infectious hoof disease produced on 

average less 5.51 kg per day of Energy Corrected Milk (ECM) at 2 to 3 weeks after 

treatment and 5.79 kg of ECM per day at 5 to 6 weeks after treatment (172). 

Yeruham et al (2000) reported a lower impact, with lame cows afflicted by BDD 
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producing on average less 1.8 kg of milk per day during the period of illness (173) 

(Table 10).  

 

The impact of lameness on fertility has also been extensively studied. Huxley (2013) 

efficiently provided a summary of the main findings across scientific literature and 

his review article served as inspiration for the development of a table comprising the 

reported impact of hoof health on the different aspects of fertility in dairy cattle 

(Table 11) (174). Calving-to-first-service interval (CFSI) was shown to increase with 

lameness-related events, from roughly 2 days to 17 days, depending on the type of 

lesion, severity and moment of the production cycle it is diagnosed (167, 175-178). 

The increase in length due to lameness has also been reported for first-service-to-

conception interval (FSCI) (179) - 3.4 days longer in lame cows, calving-to-

conception interval (CCI) – from approximately 2 (180) to 87 days (165) - and 

calving interval (177, 181). Lameness reduces the chance of a cow conceiving (146, 

175, 176, 182-185), and it is generally accepted that the number of services per 

conception increases (176, 177, 182, 186). With regards to the number of services 

per conception, Olechnowicz et al (2015) and Charfedine et al (2017) found 

lameness to be associated with a fewer number (167, 187). The later author 

suggested that it could be justified by the interference of lameness with oestrous 

behaviour, which hampers its detection (167). Research has highlighted that lame 

cows manifest oestrous behaviours for shorter period of time and less frequently than 

healthy cows (188-192). Additionally cows with lameness events are less likely to 

ovulate (192, 193), resume luteal activity later(194) and are at higher risk of 

anoestous treatment (146)(Table 11). 

 

Furthermore, the increased risk of premature culling due to hoof-related problems 

has been reported in several studies conducted in different parts of the globe (166, 

167, 176, 181, 183, 185, 186, 195-202). On the other hand, some studies have found 

contradictory evidences. Hultgren et al (2004) found no association between 

lameness and risk of culling (146). Cramer et al (2009) did not find hoof-lesions of 

infectious nature to have an impact on culling rate.(200). Barkema et al (1994) and 

Randall et al (2016) observed that cows with hoof problems were at lower risk of 

being culled compared to healthy cows (128, 179). The apparent protective effect of 

lameness in culling risk has been attributed to the fact that high yielding cows are at 
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higher risk of lameness, and farmers could be more willing to keep the highly 

producing animals event though unhealthy (179) (Table 12).   

 

Although to a lesser extent, the impact in weight gain and carcass conformation due 

to hoof health has been investigated. Maier et al (2011) reported that lame cows had 

a lower daily weight gain compared with non-lame cows (203). Van Arendonk et al 

(1984) concluded that lame cows had the lowest carcass value due to a lower live 

weight and poorer carcass grade (204). Sogstad et al (2007) indicated that cows in 

their third lactation or more had lower carcass conformation class, second lactation 

cows with corkscrewed claws had lower carcass weight and primiparous cows with 

heel erosions (score 1 to 3) had lower fat cover class. Conversely, the author found 

that cows with WLD or SU in their second lactation had higher economic value and 

higher carcass confirmation class respectively (198).  
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Table 10. Lameness impact on milk yield across different publications 

Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

Coulon et al 

(1996) (162) 

Dairy cattle from 

three experimental 

units in France 

Effect of lameness 

related with hoof 

lesions on lactation 

(kg) 

Non-lame cows Depending on the severity of the case the median milk 

losses were estimated at 10 kg, 54 kg and 440 kg when 

lameness was diagnosed early in lactation; and 6 kg, 53 

kg and 270 kg when it was diagnosed in mid to late 

lactation  

Rajala-Schultz 

et al (1999) 

(163) 

Ayrshire dairy 

cattle in Finland 

Effect of lameness 

related with hoof 

and leg lesions on 

305-days milk yield 

(kg) 

Cows with no 

disease 

The estimated milk losses over a lactation of 305-days 

for cows in parity 1, 3 and 4 or above were 310.5 kg, 

30.8 kg and 138.6 kg respectively 

Yeruham et al 

(2000) (173) 

High-producing 

dairy cattle in 

Israel 

Effect of BDD on 

daily milk yield (kg) 

Cows with healthy 

hoofs 

Cows affected by BDD produced on average less 1.8 kg 

of milk per day during the period of illness 

Warnick et al 

(2001) (170) 

Mostly Holstein 

dairy cows from 

Effect of lameness 

on daily milk yield 

(kg) 

Non-lame cows 

and/or cows without 

hoof lesions 

For herd A: 

Lame cows produced on average less 1.5 kg of milk per 

day compared with non-lame cows. The impact varied 
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

two dairy farms in 

the USA  

(depending on the 

farm)  

with lactation number (more pronounced for cows in 

their second lactation or more), severity (higher if more 

severe) and underlying cause (sole ulcer had the highest 

impact). 

 

For herd B: 

Lame cows produced on average less 0.5 kg of milk per 

day compared with non-lame cows.  

Green et al 

(2002) (49) 

Friesian/Holstein 

dairy cows in 

autumn calving 

system in the UK 

Effect of lameness 

on milk yield per 

lactation (kg) 

Individual cow, 

before and after 

diagnostic 

The estimated milk loss due to clinical lameness was set 

at 357.24 kg per lactation. Losses occurred before and 

after the diagnostic 

Hernandez et al 

(2002) (169) 

Dairy cattle in the 

USA 

Effect of hoof 

lesions on 305-days 

milk yield (kg) 

Non-lame cows with 

no hoof lesion 

Cows with Interdigital Pleghmon produced on average 

less 855 kg of milk per 305-days of lactation 
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

Juarez et al 

(2003) (205) 

Multiparous 

Holstein dairy 

cows from two 

commercial units 

in the USA 

Effect of mobility 

score on daily milk 

yield  (kg) 

Cows with sub-

clinical  lameness 

and non-lame cows 

(MS<=3) 

The estimated reduction in daily milk production for 

clinically lame cows was 4 kg for experiment 1 and 2.8 

kg for experiment 2 

Hernandez et al 

(2005) (164) 

High producing 

Holstein dairy 

cows in a herd in 

the USA 

Effect of lameness 

on 305-day mature 

equivalent (ME) 

milk yield (kg) 

Non-lame cows 

(scores ≤ 2 or score 

= 3 for solely the 

maximum duration 

of 1 week 

Lame cows in their second or more lactation produced 

less 872 kg of milk then non-lame cows in the same 

lactation group. 

Lame cows with high cumulative lameness score (48-63)  

produced less 747 kg of milk than lame cows with low 

cumulative lameness score (22-42) 

Amory et al 

(2008) (13) 

Dairy herds in the 

UK 

Effect of hoof lesion 

on milk yield (kg) 

Cows with no lesion The estimated milk loss per lactation in relation to SU 

and WLD was −573.86 and −368.95 kg, respectively 

Bicalho et al 

(2008) (50) 

Holstein dairy 

cattle in 

commercial farm 

in the USA 

Effect of lameness 

related with non-

infectious  lesions 

Non-lame cows Depending on study type lame cows produce less 314 

and 424 kg/cow per 305-d lactation 
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

on 305-days milk 

yield (kg) 

Onyiro et al 

(2008) (72) 

Holstein-Friesian 

cows from a farm 

linked to a 

Research Institute 

in Scotland 

Effect of lameness 

on daily milk yield 

(kg) 

Non-lame cows 

(MS<3) 

Cows with a MS=4 produced less 0.78 kg of milk per day 

compared to cows with a MS=1 

Archer et al 

(2010) (42) 

All-year-round 

calving system 

with access to 

pasture between 

March and 

October in the UK 

Effect of mobility 

score on 305-days 

milk yield (kg) 

Non-lame cows 

(MS=0 or 1) 

Cows that had been classified as severely lame (MS=3) 

4, 6, and 8 months previously gave 0.51 kg/d, 0.66 kg/d, 

and 1.55 kg/d less milk, respectively.  

A severe case in early lactation (first month) reduced 

305-d milk yield by 350 kg on average 

Green et al 

(2010) (168) 

Holstein-Friesian 

in commercial 

autumn-to-spring 

Effect of hoof 

lesions on daily 

milk yield (kg) 

Cows with no lesion Sole Ulcer – 3 months before treatment cows produced 

less 1.27 kg (± 0.59), and on the month of the treatment 

and one month after produced less 2.05 kg (± 0.53)  and 

1.56 kg (± 0.55) respectively. 
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

calving system in 

Chile 

Double Sole – on the month of treatment and one month 

after cows produced less 1.76 kg (± 0.66) and 1.76 kg  (± 

0.70) respectively. 

WLD – 5 months after treatment cows produced more 

2.09 kg (± 0.69) 

BDD – one, two, three and four months before treatment 

cows produced more 2.20 kg (± 0.67), 2.58 kg (± 0.70), 

2.93 kg (± 0.74) and 2.82 kg (± 0.81) respectively. One, 

two and five months after treatment cows produced more 

1.39 kg (± 0.65), 1.42 kg (± 0.68) and 2.03 kg (± 0.65) 

respectively.  

Other causes – 5 months before and on the month on the 

month of treatment cows produced less 2.38 kg (± 0.68) 

and 1.15 kg (± 0.56) respectively. 

Pavlenko et al 

(2011) (172) 

Swedish Red and 

Holstein cows in 

Effect of sole ulcer 

and BDD on  energy 

Cows with healthy 

hoofs 

Cows affected wit BDD produce on average less 5.51 kg 

of ECM at 2-3 weeks after claw trimming and 5.79 kg of 

ECM at 5-6 weeks after claw trimming  



Chapter 2: Setting the scene 

84 

 

Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

experimental 

design in Sweden 

corrected milk 

(ECM) yield (kg) 

Reader et al 

(2011) (206) 

Holstein dairy 

cows calving all-

year-round in one 

farm in the UK 

Effect of mobility 

score on daily milk 

yield (kg) 

Cows with MS=1 Cows with MS=2 and MS=3 produced less 0.66 kg and 

1.61 kg milk per day. The reduction on milk yield was 

observed before the transition from MS=1 to MS=2 or 

MS=3 and after recovering from MS=2.  

Gudaj et al 

(2012) (207) 

All-year-round 

calving Holstein-

Friesians housed 

all-year-round in 

Hungary 

Effect of lameness 

on 305-days milk 

yield (kg) 

Non-lame cows 

(MS=1) 

Lame cows produced less 372 kg of milk compared to 

non-lame cows  

Sulayeman et al 

(2012) (208) 

Dairy cattle in 

southern Ethiopia 

Effect of lameness 

on daily milk yield 

(litres) 

Milking herd before 

and after onset of 

lameness 

Lameness reduced the average milk yield of milking 

cows by 1.63 litres  

Navarro et al 

(2013) (209) 

Holstein-Friesian 

in commercial 

farms in Chile 

Effect of lameness 

(MS=3) on daily 

milk yield (kg) 

Non-lame cows 

(MS=1) 

Lame cows produced less 1.746 kg of milk per day.  

Considering specific hoof lesion animals with claw 

overgrowth, hoof infectious disease, sole damage and 
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

wall damage produced less 3.361, 3.64, 4.082 and 3.499 

kg of milk per day respectively.  

Relun et al 

(2013) (171) 

Dairy cattle in 

commercial farms 

in France 

Effects of BDD on 

daily milk yield (kg) 

Cows without BDD Primiparous cows with moderate BDD produced on 

average less 0.63 kg of milk per day, and less 0.50 kg/d 

when the disease was severe.  

Multiparous cows with moderate BDD produced on 

average less 0.50 kg of milk per day, and 0.75 kg/d less 

when the disease was severe. 

Randall et al 

(2016) (128) 

Holstein Friesian 

heifers from a 

farm linked to a 

Research Institute 

in Scotland 

Effect of hoof lesion 

around first calving 

on the future daily 

milk yield (kg) 

Animals with 0 or 1 

sole lesions scores 

Sole lesions scored 4 or above 4 were associated with an 

average reduction of 2.68 kg of milk yield per day 

Charfeddine et 

al (2017) (167) 

Holstein cows in 

Spain 

Effect of hoof lesion 

on daily milk yield 

(kg) 

Cows with no lesion  The milk losses over 2 month due to SU were 64.82 kg 

for a mild case and 120.26 kg for a severe case. With 

regards to WLD, the losses were 39.62 kg for a mild case 

and 121.24 kg for a severe case.  
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

Żółkiewski et al 

(2018) (210) 

Primiparous 

Holstein-Friesian 

dairy cows in 

Poland 

Effect of mobility 

score on milk yield 

per lactation (kg) 

Cows with MS=1 Cows with mobility score above 1 produced on average 

less 129kg of milk per lactation 

Krpálková et al 

(2019) (211) 

Dairy cattle 

housed all-year-

round in Czech 

Republic 

Effect of hoof lesion 

in early lactation on 

daily milk yield (kg) 

Animals with no 

hoof lesions 

The occurrence of a hoof disease within the first month 

of the first or second lactation leads to a reduction in 

daily milk yield of 1.5 kg and 2.6 kg respectively. The 

cumulative losses add up to 124 kg of milk for the first 

lactation and 308 kg for the second lactation.   

The occurrence of hoof disease within the second month 

of the first and second lactation lead to a reduction in 

daily milk yield of 0.54 kg and 1.5kg respectively, 

representing a cumulative milk losses of 43kg and 220 kg 

for the first and second lactations.  

O'Connor et al 

(2020) (181)  

Spring calving 

pasture-based 

Effect of mobility 

score on 305-days 

milk yield (kg) 

Cows with MS=0 Cows with MS=1 produced more 29.8 kg and 68.3 kg in 

early and late assessments respectively. 
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

dairy cows in 

Ireland 

Cows with MS=2 produced less 102.2 kg in early 

assessment. 

Cows with MS=3 produced less 298.6 kg and 356.4 kg in 

early and late assessments respectively. 

Juozaitienė et al 

(2021) (212) 

Black and white 

cows in 

commercial dairy 

farm in Lithuania  

Effect of lameness 

on milk yield per 

milking (kg) 

Healthy cows 

(MS= 1 or 2 for all 

hooves) 

Healthy dairy cows produced 1.77 kg more milk per 

milking than lame cows 

Kofler et al 

(2021) (213) 

Cows of the 

breeds Fleckvieh, 

Braunvieh, 

Holstein-Friesian 

in Austria 

Effect of mobility 

score on milk yield 

per lactation (kg) 

Non-lame cows 

(MS=1) 

Cows of in the MS=5 group produced less 319 kg of milk 

over the course of the lactation   

Logroño et al 

(2021) (165) 

Holstein cows 

from a 

commercial 

Effect of lameness 

on daily milk yield 

(kg) 

Non-lame cows 

(MS<4) 

Lame cows produced on average less 161 and 183 kg of 

milk at 150-days in milk and 305 days in milk 

respectively.  
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Author/Year Population Indicator 
Comparison 

Reference 
Estimated impact 

grazing herd in 

Argentina 

Puerto et al 

(2021) (166) 

Holstein dairy 

herds in Canada  

Effect of lameness 

on 305-days milk 

yield (kg) 

Non-lame cows  Depending on the occurrence of lameness in the lactation 

stage the cumulative milk yields losses were estimated 

between 811 kg (early lactation) and 1,290 kg (transition 

stage) 

 

 

Table 11. Lameness impact on fertility across different publications 

Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Calving-to-first- 

service interval 

Lucey et al 

(1986) (175) 

Dairy cattle in the UK Non-lame cows Cows with a case of SU or WLD occurring between 36 

and 72 after calving had a longer interval by 17 days 

Collick et al 

(1989) (176) 

Dairy cattle in the UK Non-lame cows Four days longer in lame cows. 

If lameness is first diagnosed 36 to 70 days after calving, 

calving to first service interval is eight days longer. 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

A sole ulcer case between 71 and 120 days after calving 

leads to an increase in the period of eleven days.   

Barkema et al 

(1994) (179) 

Dutch Friesians and 

crossbreds between Dutch 

and Holstein Friesians in 

commercial farms in the 

Netherlands 

Non-lame cows Lame cows with a hind leg case had on average a 2.9 

days longer interval. 

Lame cows with a fore leg case had on average a 4.6 days 

longer interval. 

Sprecher et al 

(1997) (186) 

Dairy cows from a 

commercial farm in the 

USA 

Non-lame cows 

(MS<=2) 

Cows with a mean MS > 2 had higher chance of having 

longer calving-to-first-service interval 

Sogstad et al 

(2006) (177) 

Dairy cattle in 

commercial farms in 

Norway 

 Primiparous cows with moderate to severe sole 

haemorrhages had shorter calving to first service intervals 

(HR = 1.6). 

 

Primiparous cows with sole ulcer had longer calving to 

first service interval (HR  =  0.59)  and  longer calving  

interval  (HR  =  0.61) 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

 

Multiparous cows with moderate to severe sole ulcers had 

longer calving to first service interval (HR = 0.35). 

Kilic et al 

(2007) (214) 

Multiparous Holstein 

dairy cows in commercial 

farms in Turkey 

 In lame cows, the interval is 9 days longer. 

Orgel et al 

(2016) (178) 

Dairy cattle in Germany Non-lame cows 

(MS=1) 

Cows with scores ≥ 3 in the first month of lactation had a 

6-days longer interval. 

Cows with MS=2 mild lameness in the third month of 

lactation had a 4-days longer interval. 

Charfeddine et 

al (2017) (167) 

Holstein cows in Spain Cows with no 

Dermatitis, SU or 

WLD during 

early lactation 

Cows with mild dermatitis during early lactation had a 

longer period by 1.97 days. 

 

Cows with mild SU or WLD during lactation had longer 

intervals by 4.83 and 4.94 days respectively. 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Cows with severe SU or WLD during early lactation had 

longer intervals by 8 and 17.43 days respectively. 

Logroño et al 

(2021) (165) 

Holstein cows from a 

commercial grazing herd 

in Argentina 

Non-lame cows 

(MS<=3) 

Lame cows (MS>=4) after calving and before first 

service have lower risk of being serviced (HR=0.43)  

First-service-to-

conception 

interval 

Barkema et al 

(1994) (179) 

Dutch Friesians and 

crossbreds between Dutch 

and Holstein Friesians in 

commercial farms in the 

Netherlands 

Non-lame cows Lame cows had on average a 3.4-days longer interval 

 

Planned start of 

mating to 

conception 

interval 

Alawneh et al 

(2011) (215) 

Dairy cows in a grazing 

farm in New Zealand 

Non-lame cows Lame cows had a median interval of 40 days – an extra 

12 days compared with non-lame cows.  

Lucey et al 

(1986) (175) 

Dairy cattle in the UK Non-lame cows Cows with a case of SU or WLD occurring between 36 

and 72 after calving had a longer interval by 30 days 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Calving-to-

conception 

interval 

Collick et al 

(1989) (176) 

Dairy cattle in the UK Non-lame cows 14 days longer in lame cows 

Lee et al (1989) 

(216) 

Holstein dairy cows from 

five commercial farms in 

the USA 

Non-lame cows Lame cows had an excess of 28 days open 

de Jesús 

Argáez-

Rodríguez et al 

(1997) (217) 

Holstein-Friesian dairy 

cows in a commercial 

farm in Mexico 

Cows without 

BDD 

Cows affected with BDD had longer intervals by 20 days 

adding up to 113 days 

Sprecher et al 

(1997) (186) 

Dairy cows from a 

commercial farm in the 

USA 

Non-lame cows 

(MS<=2) 

Cows with a mean MS > 2 had higher chance of having 

longer calving-to-first-service interval 

Hernandez et al 

(2001) (182) 

Dairy cows in a farm in 

the USA 

Non-lame cows Lame cows had longer intervals by 40 days  

Hultgren et al 

(2004) (146) 

Swedish Red and White 

and Swedish Holstein 

dairy cows in Sweden 

Cows with no SU A cow with a SU case during 60 to 180 DIM had a 2% 

longer calving interval from an average of 12.9 months 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Hernandez et al 

(2005) (218) 

High producing Holstein 

dairy cows in a herd in 

the USA 

Non-lame cows Interval in lame cows were 36 to 50 days longer 

compared to non-lame cows. 

Among lame cows, those with high cumulative MS had 

longer intervals – an additional 66 days  

Sogstad et al 

(2006) (177) 

Dairy cattle in 

commercial farms in 

Norway 

 Multiparous cows with moderate to severe sole ulcers had 

longer calving to last service interval (HR = 0.37). 

Kilic et al 

(2007) (214) 

Multiparous Holstein 

dairy cows in commercial 

farms in Turkey 

 In lame cows the interval is 27 days longer 

Bruno et al 

(2009) (184) 

Multiparous Holstein 

dairy cows in two 

commercial farms in the 

USA 

 Cows with locomotion score ≥3 had 31 more days to 

conceive 

Machado et al 

(2010) (185) 

Holstein dairy cows from 

one farm associated with 

Cows with no 

CHDL at drying 

off 

Cows  with CHDL at drying off had a longer interval by 

44 days  
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

a research institute in the 

USA 

Orgel et al 

(2016) (178) 

Dairy cattle in Germany Non-lame cows 

(MS=1) 

Cows with MS ≥ 3 in the first month of lactation had a 16 

days longer interval. 

 

Cows with MS=2 in the third month of lactation had a 

18-days longer interval. 

Charfeddine et 

al (2017) (167) 

Holstein cows in Spain Cows with no 

Dermatitis, SU or 

WLD during 

early lactation 

Cows with mild SU or WLD during early lactation had 

longer intervals by 1.63 and 3.03 days respectively 

 

Cows with severe SU or WLD during early lactation had 

longer intervals by 17.41 and 8.59 days respectively 

Ehsanollah et al 

(2021) (180) 

Holstein dairy cows from 

two commercial dairy 

units in Iran 

Healthy cows Lame cows had 2-days shorter intervals than healthy 

cows at 55 days 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Logroño et al 

(2021) (165) 

Holstein cows from a 

commercial grazing herd 

in Argentina 

See in the next 

column 

Cows with a lameness event (MS=>4) between calving 

and first service had 38-days longer interval than non-

lame cows (MS<=3). 

 

Cows with a lameness event (MS=>4) between first 

service and conception had 87-days longer intervals than 

non-lame cows (MS<=3). 

 

Cows with a lameness event (MS=>4) between first 

service and conception had 49-days longer intervals than 

cows with a lameness event (MS=>4) between calving 

and first service. 

Calving interval 

Sogstad et al 

(2006) (177) 

Dairy cattle in 

commercial farms in 

Norway 

 Primiparous cows with moderate to severe heel-horn 

erosions had increased calving interval (HR = 0.60). 

Primiparous cows with sole ulcer had longer calving  

interval  (HR  =  0.61). 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Multiparous cows with sole ulcers had longer calving 

interval (HR = 0.62) 

O'Connor et al 

(2020) (181) 

Spring calving pasture-

based dairy cows in 

Ireland 

Non-lame cows 

(MS=0) 

Cows with a MS=2 during the early scoring period had a 

3.67-days longer interval 

 

Cows with a MS=3 during the late scoring period had a 

6.08-days longer interval  

Conception rate 

Lucey et al 

(1986) (175) 

Dairy cattle in the UK Non-lame cows 9% lower during the 63 days before a lameness case was 

diagnosed (31%) 

Hernandez et al 

(2001) (182) 

Dairy cows in a farm in 

the USA 

Non-lame cows Lame cows had 0.52 the odds of conceiving 

Melendez et al 

(2003) (183) 

Dairy cow in a 

commercial farm in the 

USA 

Non-lame cows Lame cows had nearly half the risk of conceiving during 

the 480 days (risk ratio = 0.43) 

Weigel et al 

(2004) (219) 

Holstein cows from 

commercial farms in the 

USA 

Non-lame cows 0.90 the Risk of pregnancy relative to non-lame  cows 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Bicalho et al 

(2007) (197) 

Holstein dairy cows from 

five commercial farms in 

the USA 

Non-lame cows 

(MS<=2 during 

the first 70 DIM) 

Lame cows (MS>=3 during the first 70 DIM) had 15% 

less risk of conceiving  

Bruno et al 

(2009) (184) 

Multiparous Holstein 

dairy cows in two 

commercial farms in the 

USA 

 Cows with locomotion score ≥3 had a lower conception 

rate by 13.1% at 53.9%   

Machado et al 

(2010) (185) 

Holstein dairy cows from 

one farm associated with 

a research institute in the 

USA 

Cows with no 

CHDL at drying 

off 

Cows  with CHDL at drying off were  0.7 times  less  

likely to conceive 

Alawneh et al 

(2011) (215) 

Dairy cows in a grazing 

farm in New Zealand 

Non-lame cows The daily hazard of conception for 

lame cows was decreased by a factor of 0.78 

Orgel et al 

(2016) (178) 

Dairy cattle in Germany Non-lame cows 

(MS=1) 

Cows with MS=>3 had half the odds of conceiving 

(OR=0.476)   

Cruz et al 

(2021) (202) 

Holstein cows in 

commercial dairy 

Non-lame cows The hazard risk of 47 %, 31 % and 24 % lower 

insemination HR 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

farms in Uruguay 

Conception rate 

to first service 

Collick et al 

(1989) (176) 

Dairy cattle in the UK Non-lame cows 10% less in lame cows (46%) 

Melendez et al 

(2003) (183) 

Dairy cow in a 

commercial farm in the 

USA 

Non-lame cows 25.1% lower in lame cows - 17.5% 

Hultgren et al 

(2004) (146) 

Swedish Red and White 

and Swedish Holstein 

dairy cows in Sweden 

Cows with no SU A cow with a SU case during 60 to 180 DIM had 0.59 the 

odds of conceiving at first service 

Kilic et al 

(2007) (214) 

Multiparous Holstein 

dairy cows in commercial 

farms in Turkey 

 In lame cows is 13.2% lower – 41.4% 

Bruno et al 

(2009) (184) 

Multiparous Holstein 

dairy cows in two 

commercial farms in the 

USA 

 As locomotion score increased, conception rates 

decreased (P = 0.02) and they were 38.5%, 36.7%, 

27.1%, and 20.0% for cows with locomotion score 1, 2, 3 

and 4, respectively. 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

No of services 

per conception 

Collick et al 

(1989) (176) 

Dairy cattle in the UK Non-lame cows An extra 0.42 in lame cows (2.14) 

Sprecher et al 

(1997) (186) 

Dairy cows from a 

commercial farm in the 

USA 

Non-lame cows 

(MS<=2) 

Cows with a mean MS > 2 had higher chance of having 

more services to get pregnant 

Hernandez et al 

(2001) (182) 

Dairy cows in a farm in 

the USA 

Non-lame cows Higher in lame cows 

Charfeddine et 

al (2017) (167) 

Holstein cows in Spain Cows with no 

Dermatitis, SU or 

WLD during 

early lactation 

Cows with mild SU or WLD in early lactation had fewer 

services per conception – less 0.058 and 0.032 

respectively.  

Olechnowicz et 

al (2015) (187) 

Holstein-Friesian from a 

farm in Poland 

See next column Clinically lame cows had fewer number of services per 

conception when compared with healthy and mildly lame 

cows 

Breeding herd 

days 

Sprecher et al 

(1997) (186) 

Dairy cows from a 

commercial farm in the 

USA 

Non-lame cows 

(MS<=2) 

Cows with a mean MS > 2 had higher chance of having 

more breeding herd days 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Ovarian 

cyclicity. 

Garbarino et al 

(2004) (220) 

Holstein dairy cattle in 

one farm in the USA 

Non-lame cows 

(score of 3 for 1 

week only, or 

scores of ≤ 2) 

Cows with a lameness event during the first 35 days post-

calving had 3.5 times greater odds of delayed cyclicity 

Anoestrous 

treatment  

Hultgren et al 

(2004) (146) 

Swedish Red and White 

and Swedish Holstein 

dairy cows in Sweden 

Cows with no SU A cow with a SU case during 60 to 180 DIM had 1.61 the 

odds of being treated for anoestrus 

Oestrous 

behaviour 

Walker et al 

(2005) (188) 

Not retrieved Non-lame cows Lame cows spent less time mounting and exhibit vulvar 

sniffing and standing in oestrus less frequently 

Sood et al 

(2006) (189) 

Crossbred dairy cattle 

from one farm in India 

Non-lame cows 

(MS=0) 

Lame cows displayed less estrous behavior – fewer cows 

exhibited Mounting head side and manifested Standing 

heat with lesser frequency  

Walker et al 

(2008) (190) 

Holstein-Friesian dairy 

cows in an all-year-round 

calving commercial farm 

in the UK 

Non-lame cows 

(mean mobility 

score <=1.5) 

severely lame cows expressed behavioural oestrus with 

lower intensity (284±128 points,n=9) compared to 

moderately lame (662±310 points,n=9) or non-lame 

animals (583±275 points,n=18;P=0.05 andP=0.02, 

respectively 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Walker et al 

(2009) (191) 

Holstein-Friesian dairy 

cows in an all-year-round 

calving commercial farm 

in the UK 

Non-lame cows Lame cows spend less time expressing oestrous 

behaviour. 

 

Morris et al 

(2011) (192) 

Multiparous Holstein 

dairy cows from two 

commercial farms in the 

UK 

Non-lame cows Lame cows are less likely to exhibit oestrous behaviour 

Calving-to-first-

luteal-activity 

interval 

Petersson et al 

(2006) (194) 

Swedish Holstein and 

Swedish Red and white 

dairy cows from an 

experimental herd  

Non-lame cows Lame cows resume luteal activity on average 18 days 

later 

Return rate 

Sogstad et al 

(2006) (177) 

Dairy cattle in 

commercial farms in 

Norway 

 Multiparous cows with moderate to severe white-line  

fissures  had increased return rate from previous 

insemination HR =2.4 
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Parameter Author/Year Population 
Comparison 

Reference 
Estimated impact 

Ovulation rate 

Morris et al 

(2009) (193) 

Holstein dairy cows from 

two commercial farms in 

the  

Non-lame cows  Fewer lame cows ovulated 

Morris et al 

(2011) (192) 

Multiparous Holstein 

dairy cows from two 

commercial farms in the 

UK 

Non-lame cows Lame cows were less likely to ovulate -- 50% compared 

with 94% in non-lame cows 

Return-to-

service oestrus 

Remnant et al 

(2019) (221) 

Dairy cows in different 

production systems in the 

UK 

Non-lame cows Cows with a lameness event between 0–28 days after the 

first insemination decreased the odds of a re-insemination 

at an appropriate time by roughly 20 per cent. 

 

Table 12. Lameness impact on culling across different publications 

Author Population 
Comparison 

Reference 
Estimated impact 

Collick et al 

(1989) (176) 

Dairy cattle in the UK Non-lame cows The probability of a lame cow being culled was 9% higher (16%) 
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Author Population 
Comparison 

Reference 
Estimated impact 

Barkema et al 

(1994) (179) 

Dutch Friesians and 

crossbreds between Dutch 

and Holstein Friesians in 

commercial farms in the 

Netherlands 

Non-lame cows Lame cows had a lower probability of being culled than healthy cows 

(26.8% vs 33.9%)  

Sprecher et al 

(1997) (186) 

Dairy cows from a 

commercial farm in the 

USA 

Non-lame cows 

(MS<=2) 

Cows with a mean MS > 2 were 8.4 times more likely to be culled 

Rajala-Schultz 

et al (1999) (195) 

Ayrshire dairy cattle in 

Finland 

Non-lame cows In general, cows with a  lameness event at any given moment of the 

production cycle had higher risk of being culled 

Melendez et al 

(2003) (183) 

Dairy cow in a commercial 

farm in the USA 

Non-lame cows The probability of a lame cow being culled was 25.4% higher (30.8%) 

Booth et al 

(2004) (196) 

Holstein dairy cattle from 2 

farms in the USA 

Non-lame cows Culling risk is dependent on moment of the production cycle at which 

lameness is diagnosed. 

 

Lameness (all causes), interdigital phlegmon and sole ulcer were 

associated with increased culling risk 
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Author Population 
Comparison 

Reference 
Estimated impact 

Hultgren et al 

(2004) (146) 

Swedish Red and White 

and Swedish Holstein dairy 

cows in Sweden 

Cows with no SU No association was found 

Bicalho et al 

(2007) (197) 

Holstein dairy cows from 

five commercial farms in 

the USA 

Non-lame cows 

(MS<=2 during the 

first 70 DIM) 

Lame cows with MS=>3 during the first 70 DIM had 1.45 times the risk 

of cull/death compared with cows with MS<3 during the first 70 DIM 

 

Lame cows with MS=>4 during the first 70 DIM had 1.74 times the risk 

of cull/death compared with cows with MS<4 during the first 70 DIM 

Sogstad et al 

(2007) (198) 

Norwegian Red Cattle in 

Norway 

Non-lame cows Lame cows had 4.2 times the risk of being culled compared with non-

lame cows 

 

Cows with a heel-horn lesions scored 3 had 7.7 times the risk of being 

culled compared to cows with no heel-horn lesions or with a heel horn 

lesion scored 1 or 2. 
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Author Population 
Comparison 

Reference 
Estimated impact 

Cows with a sole haemorrhage scored 2 to 3 had 2.1 times the risk of 

being culled compared to cows with no sole haemorrhage or with a sole 

haemorrhage scored 1. 

McConnel et al 

(2008) (199) 

Dairy cattle from farms in 

the USA 

Farms with low 

levels of lameness 

Cows from farms with higher levels of lameness are at higher risk of 

cull/death 

Cramer et al 

(2009) (200) 

Dairy cattle in Canada Multiparous cow 

with no lesions in a 

non-free-stall barn 

Infectious  hoof  lesions  had  no  significant  association  with  culling.  

On the contrary WLD, SU and SH increased the risk of culling by 1.72, 

1.26 and 1.36 respectively.  

Machado et al 

(2010) (185) 

Holstein dairy cows from 

one farm associated with a 

research institute in the 

USA 

Cows with no 

lesion(s) 

Cows with lesion(s) at drying off were 1.7 time more likely to be culled 

Oikonomou et al 

(2013) (201) 

Holstein dairy cows from 

one farm associated with a 

research institute  

Cows with no hoof 

lesions 

Cows with a SU or WLD event during their first lactation had 1.18 and 

1.43 times the risk of culling, respectively 

Randall et al 

(2016) (128) 

Holstein Friesian heifers 

from a farm linked to a 

Heifers without 

BDD lesions 

Mild sole lesions in the pre-calving period were associated with a 

reduced risk of premature culling.  
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Author Population 
Comparison 

Reference 
Estimated impact 

Research Institute in 

Scotland 

Charfeddine et 

al (2017 

Charfeddine, 

2017 #323} 

Holstein cows in Spain Cows with no 

Dermatitis, SU or 

WLD during early 

lactation 

A cow with a SU or WLD during early lactation in her first lactation can 

have her productive life reduced from 59 to 71 days 

O'Connor et al 

(2020) (181) 

Spring calving pasture-

based dairy cows in Ireland 

Non-lame cows 

(MS=0) 

The odds of culling increased with MS for both scoring period (early and 

late). 

 

The odds of culling for the early period were 1.16, 1.49 and 3.97 for 

cows with MS=1, MS=2 and MS=3 respectively when compared with 

cows with MS=0. 

 

The odds of culling for the late period were 1.17, 1.58 and 3.46 for cows 

with MS=1, MS=2 and MS=3 respectively when compared with cows 

with MS=0 
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Author Population 
Comparison 

Reference 
Estimated impact 

Cruz et al (2021) 

(202) 

Holstein cows in 

commercial dairy 

farms in Uruguay 

Non-lame cows Lame cows have 1.6 time the odds of being culled 

Puerto et al 

(2021) (166) 

Holstein dairy herds in 

Canada  

Non-lame cows Lame cows have higher culling rates  

 

Table 13. Economic impact of hoof disorders in dairy cattle across different publication 

Author/Year Geography Costs considered Hoof disorder Form Impact* 

Harris et al 

(1988) (149) 
Australia 

Reduced longevity (increased risk of 

culling/death), loss milk (reduced yield 

and discarded milk),  labour, treatment 

and prevention costs (footbaths) 

Lameness N/A £18.6 per lame 

cow 

£199.8 per farm 

Miller and Dorn 

(1990) (222) 
USA 

Reduced longevity (increased risk of 

culling/death), loss milk (reduced yield 

and discarded milk), loss weight 

(reduced weight gain and body weight 

Lameness N/A £4.4 per cow per 

year 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

loss) labour, treatment and prevention 

costs disease and non-disease specific 

Enting et al 

(1997) (223) 
Netherlands 

Premature culling, reduced milk yield, 

increased calving interval, increased 

risk of other diseases, labour, treatment 

Lameness Clinical £71.8 per affected 

cow 

£15.2 per cow per 

year 

Kossaibati and 

Esslemont (1997) 

(224) 

England 

Premature culling, loss milk (reduced 

yield and discarded milk), increased 

calving interval and extra services per 

conception, disease recurrence, labour, 

treatment 

Digital lameness Single case £212.6 per case 

Recurrent case £240.2 per 

affected cow 

Interdigital 

dermatitis 

Single case £112.8 per case 

Recurrent case £131.1 per 

affected cow 

Sole ulcer Single case £391.8 per case 

Recurrent case £424.9 per 

affected cow 

Lameness Single case £246.2 per case 

Recurrent case £273.5 per 

affected cow 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

Bennett et al 

(1999) (225) 
UK 

production losses, and expenditure in 

treatment and prevention, reported that 

lameness 

Lameness N/A £38.5 to £121.1 

million per year 

Ettema and 

Østergaard 

(2006) (226) 

Denmark Production losses 

Lameness Clinical £132.4 per herd 

per year 

Bennett and 

IJpelaa (2005) 

(161) 

UK 
Production losses, and expenditure in 

treatment and prevention 

Lameness N/A £53.5 million per 

year (ranging 

between £31.2 and 

£106.8 million) 

Willshire and Bell 

(2009) (227) 
UK 

Production losses, and expenditure in 

treatment and prevention 

Lameness N/A £127 million per 

year 

Digital dermatitis N/A £75.6 per case 

Digital lameness  N/A £185.8 per case 

Interdigital 

lameness 

N/A £154.3 

Sole ulcer N/A £518.7 per case 

White line disease N/A £300.1 per case 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

Bruijnis et al 

(2010) (228) 
Netherlands 

Premature culling, loss milk (reduced 

yield and discarded milk), increased 

calving interval, labour, treatment 

Lameness-related 

hoof disorders 

Clinical and 

subclinical 

£3,181 per farm 

per year 

£48.9 per cow per 

year 

Digital dermatitis Clinical and 

subclinical 

£985.1 per farm 

per year 

Sole haemorrhage Clinical and 

subclinical 

£650.0 per farm 

per year 

Interdigital 

dermatitis and heel 

erosion 

Clinical and 

subclinical 

£535.7 per farm 

per year 

Interdigital 

phlegmon 

Clinical and 

subclinical 

£311.0 per farm 

per year 

White line disease Clinical and 

subclinical 

£179.2 per farm 

per year 

Sole ulcer Clinical and 

subclinical 

£416.2 per farm 

per year 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

Interdigital 

hyperplasia 

Clinical and 

subclinical 

£103.9 per farm 

per year 

Cha et al (2010) 

(229) 
USA 

Production losses, premature culling 

and treatment costs 

Lameness N/A £115.3 per case 

Sole ulcer N/A £140.3 per case 

Digital dermatitis N/A £86.3 per case 

Interdigital 

phlegmon 

N/A £60.8 per case 

White (2011) 

(230) 
UK 

Premature culling, loss milk (reduced 

yield and discarded milk), increased 

calving interval and extra services per 

conception, disease recurrence, labour, 

treatment 

Digital dermatitis N/A £187.3 per case 

Sole ulcer or white 

line disease 

N/A £314.1 per case 

Bruijnis et al 

(2012) (231) 
Netherlands 

Premature culling, loss milk (reduced 

yield and discarded milk), increased 

calving interval, labour, treatment 

Lameness-related 

hoof disorders 

Clinical and 

subclinical 

£43.1 per cow per 

year 

Verhoef et al 

(2012) (232) 
Netherlands 

Premature culling, loss milk (reduced 

yield and discarded milk), increased 

calving interval, labour, treatment 

Lameness-related 

hoof disorders 

Clinical and 

subclinical 

£35.9 per cow per 

year 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

   
  £2,757.5 per farm 

per year 

Bennett et al 

(2016) (233) 
Great Britain 

Output losses and expenditure in 

treatment and prevention 

Lameness-related 

hoof disorders 

N/A £32.7 to £70.4 

million per year  

Liang et al (2016) 

(234) 
USA 

Production losses, treatment costs 

(labour, medicines and veterinary 

services) and premature culling/death 

Lameness N/A £136.1 per case in 

primiparous cows 

£245.0 per case in 

multiparous cows 

Charfeddine et al 

(2017) (167) 
Spain 

Premature culling, loss milk (reduced 

yield and discarded milk), increased 

calving interval, disease recurrence, 

labour, treatment 

Digital dermatitis Mild £41.1 per affected 

cow per year 

Severe  £311.9 per 

affected cow per 

year 

All presentations  £8.4 per cow per 

year 

Sole ulcer Mild  £181.6 per 

affected cow per 

year 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

Severe £482.4 per 

affected cow per 

year 

All presentations £42.2 per cow per 

year 

White line disease Mild  £170.0 per 

affected cow per 

year 

Severe £457.6 per 

affected cow per 

year 

All presentations £33.5 per cow per 

year 

van Soest et al 

(2019) (235) 

France, 

Germany, Spain 

and Sweden 

Production losses 

Lameness N/A £37.7 per cow per 

year 

Dolecheck et al 

(2019) (236) 
USA 

Production losses (discarded milk, 

reduced milk production, 

Digital dermatitis  N/A £50.0 per case 

Sole ulcer N/A £139.1 per case 
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Author/Year Geography Costs considered Hoof disorder Form Impact* 

extended days open, increased risk of 

culling and death, and 

disease recurrence) and expenditure 

(hoof trimming, labour, treatment) 

White line disease N/A £118.8 per case 

*figures are reported in £, exchange rate was that of the year of publication for £ to currency used in paper when needed   
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Using data from 73 farm in South-Western Victoria, and considering reduced 

longevity, diminished production, labour, treatment and prevention costs (footbaths), 

Harris et al (1988) estimated the average cost with hoof-related lameness at A$42.9 

(£18.61) per lame cow and A$399.6 (£199.81) per farm (149) (Table 13). 

 

Miller and Dorn (1990) estimated the costs of lameness disease in dairy herds in 

Ohio/USA at $8 (£4.42) per cow/year. For his estimation he considered costs 

associated with disease occurrence (dead and culled cows, reduced weight gain and 

body weight loss, veterinary services, medicines, carcass disposal, labour, stillborn 

calves and milk loss), and disease specific and non-specific prevention actions. 

Although lameness impact was substantially smaller compared to the most costly 

diseases, infertility was the second most costly condition and reduced fertility as a 

result of lameness has been widely reported across literature (222). Cha et al (2010) 

simulated the impact of lameness in commercial dairy farms in the USA taking into 

account production losses, treatment costs and premature culling. The annual 

average cost per lameness, SU, DD and interdigital phlegmon case were estimated at 

$177.6 (£115.36), $216.1 (£140.36), $132.9 (£86.36) and $120.7 (£60.86) respectively 

(229). Liang et al (2016) also modelled the impact of lameness in commercial dairy 

herds in the USA, and reported an average costs per lameness case of $185.1 

(£136.13) for primiparous cows and $333.2 (£245.03) for multiparous cows. This 

study considered the production losses, treatment costs (labour, medicines and 

veterinary services) and premature culling/death (234). Dolecheck et al (2019) 

followed a similar approach to estimate the costs of specific-hoof disorders in dairy 

cattle in the USA. Considering production losses (reduced milk yield, discarded 

milk, increased calving interval, increased risk of culling and death) and expenditure 

(labour, hoof trimming, medicines) the author reported that the average costs per 

                                                 

1 Considering an exchange rate GBP/AUD of 2.3 according to the bank of England (source: 

https://www.poundsterlinglive.com/bank-of-england-spot/historical-spot-exchange-rates/gbp/GBP-to-

AUD-1988) 

2 Considering an exchange rate GBP/USD of 1.82 according to the bank of England (source: 

https://www.poundsterlinglive.com/bank-of-england-spot/historical-spot-exchange-rates/usd/USD-to-

GBP-1990) 

3 Considering an GDP/USD exchange rate of 1.36 (source: https://www.exchangerates.org.uk/GBP-

USD-spot-exchange-rates-history-2016.html) 
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case of digital dermatitis, sole ulcer and white line disease were $64 (£50.04), 

$178(£139.14) and $152 (£118.84) respectively (236)(Table 13). 

 

Looking at direct costs (treatment, labour, loss milk and vet costs) and indirect cost 

(premature culling, increased calving interval and extra services per conception), and 

based on 1995 prices, Kossaibati and Esslemont (1997) estimated the costs of a 

single case of digital lameness, interdigital lameness and sole ulcer in British dairy 

cattle at £212.6, £112.8 and £391.8 respectively. When taking into account the re-

incidence of cases the average costs per affected cow were set at £240.2, £ 31.1 and 

£424.9 for digital lameness, interdigital lameness and sole ulcer respectively. Across 

the different hoof lesions, the indirect costs contributed substantially to the estimate 

– from 41.9%, for an average cost per cow affected by interdigital lameness 

considering a re-incidence rate, to 69.7%, for a single case of sole ulcer. Considering 

the costs per lesion and the frequency levels as reported by Collick et al (1989) 

(176), the average costs of a single lameness case was estimated at £246.2 more than 

half of which were due to indirect costs (62.1%). When taking into account repeated 

lameness cases, the average cost per affected cow increased to £273.5, with indirect 

costs contributing with 55.9% of the sum. According to the authors, lameness alone 

contributed with 27.2% of the direct health costs in an average dairy herd in 

England, estimated at £6,304 per 100 cows (237). Willshire and Bell (2009) 

modelled the impact of lameness in British dairy cattle following best-practices for 

managing hoof disorders, and reported that the total cost per case for digital 

dermatitis, digital lameness, interdigital lameness, sole ulcer and white line disease 

were £75.6, £185.8, £154.3, £518.7 and £300.1 respectively (227). While 

investigating a lameness problem in British Holstein herd, White (2011) estimated 

the costs per case of DD at £187.3, and £314.1 per each case of WLD or SU. For his 

estimates he considered direct – labour, medicines and loss milk (discarded and 

reduced milk yield) – and indirect costs – longer CI, reduced conception rate, 

increased number of services, premature culling (230)(Table 13). 

 

                                                 

4 Considering an GBP/USD exchange rate of 1.28 (source: https://www.exchangerates.org.uk/USD-

GBP-spot-exchange-rates-history-2019.html) 
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Investigating the economic impact of clinical digital lameness in the Netherlands, 

and taking into account the increased occurrence of other diseases due to lameness, 

Enting et al (1997) found that average losses per cow with one or more lameness 

case per year summed 229.8 Dutch Guilders (NLG), approximately £71.85. For the 

dataset analysed this translated into an average loss of 48.7 NLG (around £15.2) per 

average cow per year due to clinical digital lameness. As with Kossaibati and 

Esslemont (1997), the author concluded that the indirect costs were major 

contributors to the estimate – the increase in calving interval and lost future income 

represented 41.8%.  Milk loss due to reduced yield was another important cost 

representing 27.9% of the losses per lame cow per year.  Alongside treatment and 

labour cost, indirect cost and milk losses added up to roughly 212 NLG, 92% of the 

total average losses (223). Bruijnis et al (2010) also investigated the impact of hoof 

disorders in Dutch dairy herds, looking at infectious (interdigital phlegmon, 

interdigital dermatitis and heel-horn erosion, and digital dermatitis) and non-

infectious (sole haemorrhage, white line disease, sole ulcer and interdigital 

hyperplasia) diseases, and considering clinical and subclinical – not perceived by the 

farmer – presentations of the disorders. He estimated the lameness-related hoof 

diseases cost on average $4,899 (⁓£3,1816) per year to an average Dutch farm, 

68.1% of which related to clinical stages of the diseases. Nearly half of the total 

yearly costs derived from reduction on milk yield (44.2%). The other main 

components of the estimate were premature culling (22.1%), longer calving interval 

(12.0%) and extra labour (11.7%). Digital dermatitis was the most costly disease 

accounting for $1,517 (30.9%) of the total yearly costs, the majority of which 

deriving from its clinical presentation ($1,249). Sole haemorrhage (SH) ranked 

second, being responsible for $1,001 per year, followed by IDHE at $825.  

Subclinical presentations of the diseases contributed with almost a third of the total 

annual costs (31.9%), mostly due to SH and IDHE. Considering the average Dutch 

farm, the yearly cost per cow due to hoof diseases was $75.4 (⁓£48.96) (228). Later 

the same author modelled the economic and welfare impact of the same hoof 

                                                 

5 Considering an exchange rate GBP/NLG of 3.2 according to the bank of England (source: 

https://www.poundsterlinglive.com/bank-of-england-spot/historical-spot-exchange-rates/gbp/GBP-to-

NLG-1997) 

6 Considering an GBP/USD exchange rate of 1.54 (source: https://www.exchangerates.org.uk/USD-

GBP-spot-exchange-rates-history-2010.html) 
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disorders, and estimated the yearly costs due to foot disorders per cow at €53 

(⁓£43.17). Milk production losses, classified by the author as indirect costs, 

represented 44.7% of the sum. All the indirect cost (milk production losses and 

discarded milk, premature culling and longer calving interval) accounted for 82.2% 

of the total estimate. Digital dermatitis was the most costly disease, accounting for 

approximately a third of the total yearly losses due to hoof diseases per cow. It was 

also the disease with the highest welfare impact. An interesting finding was the 

impact of sub-clinical presentations of the hoof diseases, which are not identified by 

the farmer, representing approximately a third of the total the yearly costs per cow, 

and half of the total impact on welfare (231). Verhoef  et al (2012) also looked at the 

economic impact of hoof diseases – SU, DD, ID, IH, WLD, SH and IP – in dairy 

cattle in the Netherlands, and estimated the average yearly cost per cow and per farm 

at €44.1 and €3,392 respectively (⁓£35.97 and £2,757.77). The reduction on milk 

yield as a consequence of hoof disease, alongside premature culling, were the two 

most important components of the estimate, accounting for 33.1% and 28.3% 

respectively (232)(Table 13). 

 

Ettema and Østergaard (2006) modelled clinical lameness impact on production in 

Danish dairy herds, and estimated each case to represent an average loss of €192 

(£132.48) per year (226). In a later simulation study, the same authors estimated the 

economic consequences of reducing the risk of digital dermatitis, interdigital 

hyperplasia and claw horn diseases in a typical high-lameness-prevalence Danish 

dairy herd with average and poor reproduction indicators. They reported that halving 

the risk of these three diseases would represent an increase of the total gross margin 

of €24,840 (£21,2309) and €38,820 (£33,1799) for the average and poor 

reproduction-performing farms, which meant a marginal increase of €143 (£1229) 

and €123 (£1059) per cow-year respectively (238)(Table 13). 

 

                                                 

7 Considering an GBP/EUR exchange rate of 1.23 (source: https://www.exchangerates.org.uk/GBP-

EUR-spot-exchange-rates-history-2012.html) 

8 Considering an GDP/EUR exchange rate of 1.45 (source: https://www.poundsterlinglive.com/bank-

of-england-spot/historical-spot-exchange-rates/gbp/GBP-to-EUR-2006) 

9 Considering an GDP/EUR exchange rate of 1.17 (source: https://www.exchangerates.org.uk/GBP-

EUR-spot-exchange-rates-history-2010.html) 
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Analysing a dataset from pool of farms in Spain, Charfeddine et al (2017) estimated 

the costs of mild and severe forms of specific hoof disorders – dermatitis (DE), sole 

ulcer (SU) and white line disease (WLD) – taking into account disease incidence and 

relapse rate. Costs were classified as direct – treatment, discarded milk, labour – or 

indirect –reduced milk production, longer calving-to-conception interval and 

premature culling. The annual costs per affected cow of a mild case of DE, SU and 

WLD were $53(£41.110), $232.3 (£181.110) and $220.6 (£171.010) respectively. For 

severe cases, the costs were $402.4 (£311.910), $622.3 (£482.410) and $590.3 

(£457.610) for DE, SU and WLD respectively. As with other authors, and regardless 

of the disease or severity, indirect costs were still a major contributor to the costs, 

representing between 43.5% in a mild case of DE and 60% in a mild case of SU. 

Apart from a mild case of DE, in which reduction on milk yield was most important 

(78%), premature culling was the most significant parameter in the indirect costs, 

ranging between 52% (severe case of SU) and 70% (mild case of WLD). When 

considering the incidence and relapse rate of the different diseases and presentations, 

the annual costs per cow with DE, SU and WLD were estimated at $10,8 (£8.410), 

$50.9 (£42.410) and $43,2 (£33.510) respectively (167)(Table 13). 

 

Studying the impact of production diseases in organic farms in four European 

countries (France, Germany, Spain and Sweden), van Soest et al (2019) estimated 

the average annual production losses due to lameness per cow at €43 (£37.711) 

(235)(Table 13).  

 

To estimate the impact of lameness at national level, Bennett et al (1999) took into 

account production losses, and expenditure in treatment and prevention. The authors 

reported that lameness cost to the UK dairy sector where somewhere between £38.5 

million, in a low prevalence scenario, and £121.1 million, in a high prevalent 

scenario. Whereas production losses were the main component of the impact in the 

low prevalence scenario (78.2%), treatment costs had a significant contribution in 

the high prevalence scenario – 41.8%. In their study, lameness was the second most 

                                                 

10 Considering an GDP/USD exchange rate of 1.29 (source: https://www.exchangerates.org.uk/GBP-

USD-spot-exchange-rates-history-2017.html) 

11 Considering an GDP/EUR exchange rate of 1.14 (source: https://www.exchangerates.org.uk/GBP-

EUR-spot-exchange-rates-history-2019.html) 
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costly disease after mastitis (225). Later, Bennett and IJpelaar (2005) updated the 

estimates and indicated that the average annual costs of lameness to British dairy 

sector were £53.5 million (ranging between £31.2 and £106.8 million)(239). More 

recently, and modelling the annual direct costs associated with lameness in Great 

Britain using published data, Bennett et al (2016) estimated that the output losses 

and expenditure in treatment and prevention ranged from £32.7 to £70.4 million per 

year, for low and high incidence scenarios respectively. Prevention and treatment 

costs were substantially smaller compared with output losses, contributing with 7.9% 

and 7.4% for the low and high incidence scenarios respectively (233). Willshire and 

Bell (2009) also looked at the yearly costs of lameness to the British dairy industry. 

When adding all the costs and losses associated with hoof health in dairy cattle, the 

authors estimated the yearly costs of lameness at approximately £127 million. 

Reduced fertility was the most important component of the economic impact of 

lameness, accounting for 38% of the total estimate, followed by premature culling 

and reduced milk yield, representing 25% and 24% respectively (227) (Figure 14) 

(Table 13).  

 

Finally the impact of lameness in a cow’s mobility and behaviour can discourage the 

adoption of technologies developed for improving the business efficiency such as the 

Automatic Milking Systems (AMS), which rely on the voluntary attendance of the 

cow to the milking robot (240, 241).  
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Figure 14. Relative Distribution of the Economic Impact of Lameness in British Dairy Cattle 

According to Willshire and Bell (2009) (227) 

 

The diversity of case definition, and data collection and research methods by which 

the impact of lameness is investigated hampers the ability to compare results across 

the different publications (111, 174, 242). Additionally the costs considered for 

estimating the economic impact of hoof health vary between studies. For example 

while considering the expenditure with footbathing, Harris et al  (1988) did not 

consider the increase in calving interval resulting from lameness, an important 

component of hoof health impact (149, 223, 231, 237). Neither Kossaibati and 

Esslemont (1997), Enting et al (1997), Bruijnis et al (2012) nor Charfeddine et al 

(2017) considered the control and prevention costs in their estimates. Whereas 

Kossaibati and Esslemont (1997) and Enting et al (1997) have captured the losses 

associated with increased risk of other diseases because of lameness occurrence, 

other studies have not. Finally, lameness research has systematically overlooked the 

expenditure with lameness research. Nevertheless, and regardless of the location and 

study design, lameness affects productivity with visible losses, as a result of its 

impact on milk yield, fertility and weight gain; and less obvious losses, due to 

culling decision and eventual changes in herd structure.  
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2.9 Society, Animals, Welfare and Hoof Health in Dairy Cattle  

Throughout time, animals have played different roles in the lives of humans (243 

595) - from the time of nomadic hunter-gatherer communities, when scavengers fed 

on the remains of carcasses having a sanitising action by removing residues before 

decomposition (244), to contemporary societies, with livestock raised for the 

production of food and other goods, heat, labour, transportation and human leisure 

(sports, companionship) (245). Their importance in human history is such that, 

alongside agriculture, the domestication of animals has been identified as a key 

factor for the settling of humans, allowing for the scientific and technological 

progress that fostered the development of complex modern societies (243, 246-248). 

In Guns, Germs, and Steel, Diamond (2005) argues that the shaping of the World can 

partially be explained by the uneven distribution of animal species with a potential 

for domestication across the globe (249).  

 

Presently and across the world, animals are perceived differently by societies(250). 

If in some countries of Europe pet animals are protected by law (251), dogs have 

been a food source for human consumption in South Korea for centuries (252). Rats, 

often deemed a pest with impact on both agriculture and human health (253-256), are 

worshiped at the Karni Mata temple (257). In India, cattle hold a sacred status yet it 

is a country with a high milk production and is a leading exporter of beef. Getting 

the balance between societal empathy for animals and the need to produce food of 

high quality protein and micronutrients is a challenge, particularly with respect to 

farmed animals. Animal farming for the purpose of food production has triggered 

discussions in the general public and scientific community, with animal welfare as a 

key topic (258-270). Although there is a general agreement that the subject is 

relevant, and that animal production systems should increase their welfare standards 

and promote animal wellbeing, there is currently a vast array of systems in which 

animals are farmed, and heterogeneity, within and between societies, as to how 

animal welfare is perceived and/or prioritised (271, 272). 

 

In the UK, the issue of animal welfare has gained relevance over the last few 

decades.  When conducting a reference search using the terms Livestock, and 
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Production, and Animal, and Welfare, and UK or British, on Cab Direct12, Web of 

Science13 and PubMed14, 1,371 unique publications were identified, four fifths of 

which were published from 2005 onwards (Figure 15). From the twentieth century, 

when hoof lesions in horses were treated with hot tar or resin inflicting perceivable 

pain to the animal(273), until present times, it can be said that the awareness 

regarding animal welfare has increased, with the general public pressing the industry 

to reshape food production systems (259, 262, 263). 

 

 

Figure 15. Relative cumulative number of publication on animal welfare in relation to livestock 

production in the UK (n=1,371) 

 

Within animal welfare issues linked to livestock farming, lameness is an important 

health condition across different species (43, 274-280). In dairy cattle, lameness has 

been considered the most important health condition concerning welfare impact 

(161). Efforts have been made to increase awareness to the lameness problem and 

improve its management, with the development of tool such as mobility scoring 

scales (12, 186, 206) and farm assurance schemes (281). However, looking at the 

                                                 

12 Search conducted on the 14th of October 2021 with the code: ((uk) OR (British)) AND ((livestock) 

AND (production) AND (animal) AND (welfare)) 

13 Search conducted on the 14th of October 2021 with the code: (((ALL=(livestock)) AND 

ALL=(production)) AND ALL=(animal)) AND ALL=(welfare) AND (ALL=(uk)) OR ALL=(British) 

14 Search conducted on the 14th of October 2021 with the code: ((((livestock) AND (production)) 

AND (animal)) AND (welfare)) AND ((uk) OR (British)) 
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prevalence and incidence studies, lameness levels do not seem to be decreasing. 

Since the level reported by Clarkson et al in 1996 – 20.6% – lameness prevalence 

has increased (9). Considering the latest research on lameness prevalence in British 

dairy cattle, this figure has gone up by 53.4%, to 31.6% (8). On the other hand, 

taking the year 2006 as reference, there has been a reduction in prevalence levels 

(Table 14). Looking at lameness incidence, levels have roughly been reduced by half 

across the different publication when compared to the figures reported by Clarkson 

et al (1996) – from 50.6 to below 25 cases per 100 cows/year (9, 13). However, since 

1992, when Esslemont and Kossaibati estimated lameness incidence at 24.0 cases 

per 100 cows/year (11), levels have remained relatively stable (Table 15).  

 

 

 

Table 14. Peer reviewed papers reporting lameness within herd prevalence in the UK (order 

according to data collection period and not according to year of publication) 

Author(s)/Publication 

Year 
Year* 

Within Herd 

Prevalence 
Data recording method 

Clarkson et al 1996 (9) 1989 20.6% 
5 point-scale MSS** (Manson and 

Leaver 1988) 

Whay et al 2003 (282) 2000 22.1% 4 point-scale MSS** (Whay 2002) 

Amory et al 2008 (13) 2003 34.9% Farm records 

Barker et al 2010 (10) 2006 36.8% 
4 point-scale MSS** (Stokes 

2008) 

Main et al 2010 (283) 2006 39.1% 
4 point-scale MSS** (Stokes 

2008) 

Randall et al 2019 (284) 2014 30.1% 
4 point-scale MSS** (AHDB 

2010)  

Griffiths et al 2018 (8) 2015 31.6% 
4 point-scale MSS** (AHDB 

2010)  

*Start of data collection period ** Mobility scoring system  
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Table 15. Peer reviewed papers reporting lameness within herd incidence in the UK (order 

according to data collection period and not according to year of publication) 

Author(s)/Publication Year Year* 
Mean annual incidence 

(cases per 100 cows) 

Data recording 

method 

Clarkson et al 1996 (9) 1989 50.6 Farm records 

Esslemont and Kossaibati 1996 

(11) 
1992 24.0 Farm records 

Whitaker et al 2004 (285) 1998 21.9 Farm records 

Whay et al  2003(282) 2000 22.0 Farm records 

Amory et al 2008 (13) 2003 24.1 Farm records 

*Start of data collection period 

 

The lack of perception of the lameness problem by farmers; the resource constraints 

they face on the daily basis to address lameness-related issues; the intensification of 

dairy farming with a reduction in the farm worker/animals ratio leading to poorer 

stockmanship; and the subjectivity inherent to lameness detection, resulting in 

underreporting, have been pointed out as challenges for tackling the problem (112, 

264, 282, 286, 287). Furthermore, and although the general public is concerned 

about the way animals are farmed, this doesn’t necessarily translate into a change in 

consumption habits, with a shift to more expensive food products deriving from 

higher welfare production systems (288, 289). Additionally, lameness data 

recording/collection systems in place in the UK have been evaluated in a study and 

classified as unreliable and inaccurate. The lack of integration of data from different 

systems was also a limitation (290). 

 

Authors have suggested that artificial intelligence could be used to improve animal 

health and welfare management (291). Kaniyamattam (2020) concluded that the 

adoption of an automated lameness detection system in the early detection of 

lameness was justifiable from an economic standpoint for most of the explored 

scenarios (292). Archer et al (2010) has pointed out that the use of detailed 

production data to flag animals that are underperforming, could assist in theo early 

identification and treatment of a potential health concern (42). 
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As long as there is the need for keeping animals for the purpose of food security, 

animal health problems and related production and welfare impacts will be a 

concern, with possibly opposing views on how to best manage them. From the 

perspective of the farmer, the return of investment in managing lameness will need 

to be justifiable from an economic standpoint – the benefits captured by improving 

lameness management are private ones with positive externalities to the public as a 

result of improved animal welfare (293). Beyond the point where the marginal cost 

of further improving animal health outweighed the marginal benefits, it doesn’t seem 

to be financially reasonable for a farmer to make such decision, as the benefits 

resulting from that investment can be considered public goods . Dairy farms exist to 

answer a market demand. All the components of the value chain are somehow linked 

by common market laws and by ethics, and should have a role in lameness 

governance and welfare promotion (Figure 16). 

 

 

Figure 16. Lameness governance 

 

2.10 General Overview 

Milk production is an important sector of agricultural activity in the UK, ensuring 

the supply of one of the main food products consumed British citizens, and being 

responsible for the employment of more than 70,000 people.  
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The British dairy sector has changed over the years, relying on fewer farms with 

larger and more productive dairy herds, for maintaining a relatively steady yearly 

milk production and meet market demand. The British dairy supply chain also 

suffered significant restructuring. Big supermarkets replaced doorstep milk delivery. 

Producers lost their organisation becoming more dispersed, whereas processors and 

retailers became more concentrated. These uneven concentration levels throughout 

the milk supply chain reduce the bargaining power of farmers making them price-

takers.  

 

Livestock production has changed quite substantially over the last century, in response 

to supply issues with regards to technological development, and on demand with 

changing numbers of people and their wealth leading to greater demand for animal 

products ((Figure 17). Extensive systems have given place to intensive commercial 

structures (18, 294, 295), which has led to a change in the production environment and 

consequently to the upsurge and/or increase of the incidence of production diseases, 

resulting in reduced animal welfare (296-298).  

 

Presently hoof-related lameness is a highly prevalent health condition affecting dairy 

cattle in the UK, leading to considerable costs, as a result of production losses and 

expenditure in treatment and prevention/control, and reduced animal welfare. Given 

the multifactorial nature of hoof-related lameness in dairy cattle, and the fact that 

lameness impact is cause-specific, it is essential to reach a diagnostic as to the implied 

hoof disorder for its adequate management and prevention. However, before the 

problem can be addressed it needs to be properly identified, a bottleneck that literature 

has highlighted. The problem of hoof-related lameness in British dairy cattle is often 

underreported and/or perceived as not important, and frequency levels have been 

considerably high over the last two decades. 

 

The increasing global conscience concerning animal farming for the purpose of food 

production and related animal welfare has fostered political and scientific debate. To 

meet consumers’ concerns the dairy industry has also developed scientific-based 

initiatives, aiming to increase the animal welfare standards of the dairy farms, like 

farm assurance schemes. Yet, as a public good, the promotion of animal welfare in 
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the context of milk production needs to be supported by all component of the supply 

chain. 

 

The management of animal health and welfare in the context of livestock farming for 

the purpose of food production is complex. Decisions made at farm level aiming to 

increase the efficiency of the production system are influenced by higher levels of 

governance. Farmers can be penalised or compensated by their farm management 

practices. Legal framework can impose certain criteria in livestock farming to protect 

animal welfare, public health or the environment. Markets can encourage the 

adoption of specific farm practices aimed at improving animal welfare by granting 

farmers access to better contracts and/or milk prices. Consumers can support animal 

welfare by choosing food items sourced from systems with higher welfare standards 

(Figure 18).  

   

In sum, hoof-related lameness is a major health condition in British dairy cattle with 

significant costs to the dairy sector and impact on animal welfare, whose 

management implies cost-effective measures at farm level and possibly societal 

contribution for further increasing animal welfare standards.  
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Figure 17. Yearly supply of food animal products in the World per capita from 1961 to 2018, and total human population in 1965 and 2018 (*excluding butter) 

(source: FAOSTATS available at https://www.fao.org/faostat/en/#home accessed in August 2021) 

https://www.fao.org/faostat/en/#home
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Figure 18. The management of livestock production systems at farm level, and the links with other forces at a higher level of governance 
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Chapter 3 Setting the Boundaries – Estimating the Animal Health Loss Envelope (AHLE)  

 

“When the sum of the parts is greater than the whole”  

(Virginia R. Litle) 

 

3.1 Introduction 

As outlined in Chapter 1, the structure of this document is based on a stepwise approach to the 

estimation of the economic impact of hoof disorders in British dairy cattle. Following the 

characterisation of the British dairy sector and the rationale by which hoof health is an important 

research topic, the estimation of the Animal Health Loss Envelope followed – a reference point that 

will allow the understanding of the relative importance of hoof disorders in the landscape of the 

production gap of the English and Welsh dairy sectors. 

 

As mentioned, the intensification of animal farming has reshaped the landscape of the British dairy 

sector. Since 1996 the number of dairy holdings has decreased markedly – a 66% reduction from 

around 35,000 dairy farms  – while the national herd has experienced a reduction of about 27%, 

losing 720,000 heads from the roughly 2.6 million animals (5, 299). Consequently, the average 

number of dairy cows per holding increased two-fold, from 74 animals to 148. With the yearly 

national milk production relatively steady, between 13,000 and 15,000 million litres (4), the average 

milk production per cow-year necessarily increased. British dairy cows now produce nearly 50% 

more as 25 years ago – from around 5,500 to over 8,000 litres per year (2).  

 

Scientific and technological development have facilitated the sector’s intensification. Improved 

genetics, enhanced animal nutrition and access to technology have improved the efficiency of dairy 

systems in converting feed into outputs (19, 295, 300). On the other hand the increase in efficiency 

has had an effect on the epidemiological profile of diseases affecting the productivity of dairy cattle, 

with intensive systems revealing a higher prevalence of production diseases such as mastitis and 

lameness (297, 301-303), which in turn can have an effect on animal health management strategy and 

its associated costs. Additionally, concentrate feed price, one of the most important inputs in 

dairying, and farm-gate milk prices have experienced significant fluctuation over the last decade (39, 

304). And, even though they generally follow the same trend, it is not so in terms of the magnitude of 

the change, which can compromise the economic sustainability of dairy farms (298). These ever-
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changing circumstances have important implications in the performance of the dairy units. The 

ability to understand the underlying causes of the inefficiencies of dairy systems in converting inputs 

into outputs and their impact in the overall picture is essential for the decision-making process at 

farm-level, and at higher levels of governance(305, 306). In the absence of such information, it is 

unfeasible to prioritise existing problems and assess the economic efficiency of actions to mitigate 

their impact.  

 

The investigation of production gaps regarding dairy cattle have been focused on specific causes, be 

it nutritional management, genetic selection or health and welfare events (13, 161, 236, 307-324). 

However this approach can result in the overestimation of the impact of the ailment, an issue that has 

been highlighted in literature when studying single-cause diseases (325, 326). Additionally, without a 

baseline providing the losses and expenditure from all cause to the dairy sector, it is hard to 

understand the contribution of each problem in the broader context. Therefore, it seems essential to 

establish boundaries to all-causes losses and expenditure in a livestock sector, creating a framework 

for critical appraisal of the contribution of single-cause problems. Furthermore the estimation of such 

a “ceiling”, ensures that the sum of the losses due to different sources does not exceed the total losses 

and expenditure from all-causes(327-329). 

 

The production gap can be defined by difference between the potential production, if ideal conditions 

were met, and the production in the current context. A key challenge in estimating the gap is to 

define what the ideal conditions are, as these will have an impact on what it captures. The 

inefficiencies in converting inputs into outputs that build up the production gap cap derive from 

different sources, health or non-health related. A disease-free scenario would set the grounds for the 

ideal epidemiological scenario, by removing the impact of health problems in the production 

performance of dairy cattle and the level of expenditure in controlling for their presence. Yet there 

are other non-health related factors affecting the efficiency of dairy production systems. The 

association between animal welfare and productivity has been established (293), and the role of  

different farm inputs such as human labour, with respect to both quality and quantity, and housing 

conditions in the promotion of animal welfare highlighted (330-332). The quality of nutrition and 

animal genetics also play an important part in the efficiency by which inputs are converted into 

outputs.  Milk prices are another important aspect to consider, as it can reflect improved milk quality 

and thus animal health (333). Understanding to what extent each of these factors represent production 

impairments is critical for interpreting the estimate of the production gap. And with respect to that, 
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data will be a critical input, in availability and quality, as it will enable the understanding of the 

system under study, the identification of the source of its inefficiencies and the contribution of each 

to the gap. 

This work proposes to estimate the production gap, designated as the Animal Health Loss Envelope 

(AHLE), by comparing the actual performance of the English and Welsh dairy production systems 

with utopian scenarios of their productive performance, in which assumptions are made regarding 

production levels, and health-related events and expenditure. This requires in-depth knowledge of the 

production systems under study. Appreciating the diverse classification systems used at animal and 

farm levels, understanding the heterogeneity of the animal population (breed, age, productive 

performance) and how it is distributed across the different production systems, knowing the inputs 

and outputs of production and the markets in which they operate allows to estimate the current 

performance and sets the grounds for comparison. 

 

The aim Chapter 3 is to estimate the AHLE for the English and Welsh dairy sectors and appreciate 

the importance of different parameters, while discussing the applied methodology and alternatives.  

 

3.2 Materials and Methods 

 

3.2.1 Analytical framework and data needs 

The AHLE for the English and Welsh dairy sectors was estimated by comparing the current 

economic performance of dairy herds – baseline – with that of hypothetical scenarios – “Utopias”. To 

establish a baseline, data are required for understanding the: 

 ontological systems used for classifying animals and production units, 

 animal population (size, age, productivity), 

 inputs and outputs of the different production units, 

 distribution of study population across different production units,  

 price system in which these units operate (Figure 19). 

The efficiency of the sector in converting inputs into outputs is improved in the hypothetical 

scenarios – “Utopias” – by making assumptions about the distribution of the dairy population across 

different levels of efficiency, and losses and expenditure related to health events. The different 
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efficiency levels are defined through benchmarking. The considered Utopias are described in detail in 

section 3.2.3. 

 

Figure 19. Framework for estimating the Animal Health Loss Envelope (AHLE) of the English and Welsh dairy 

sectors. 

 

3.2.2 Data sources 

Data sources with information on dairy farm production in the United Kingdom were identified and 

retrieved (23, 334-339). References were evaluated for their completeness and suitability for 

aggregation. Table 16 provides an overview of the data presented across the different sources. Due to 

the heterogeneity in methodologies and completeness across the different data sources, and different 

ways by which results were presented, it was not possible to make use of all the identified data 

sources. Given the level of detail of data reported, and adequacy in informing the model by how 

results were presented, a decision was made to use AHDB as the main source of information. Where 

AHDB lack data, other references were used. Tables with the figures used and references for each 

parameter are presented in section 3.2.3.  
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Table 16. Classification system and cost centres descriptors across the selected relevant references 

Parameter Reference 

Redman et al 

(2020) (23) 

Beattie et al 

(2019)(336) 

King et al 

(2020)(334) 

AHDB 

(2020)(335) 

Hyde et al 

(2020)(337) 

Hanks and 

Kossaibati 

(2020) (339) 

Boulton 

(2015) (338) 

Publication 

type 

Budgeting book Budgeting book Budgeting book  Report Scientific 

paper 

Report PhD thesis 

Data sources Farm Business 

Surveys in the 

UK; Levy-

boards; 

Benchmarking 

systems; Office 

of National 

Statistics; 

Private 

consultancy 

activities 

Farm Business 

Surveys in the 

UK; Levy-

boards; 

Benchmarking 

systems; Office 

of National 

Statistics; 

Private 

consultancy 

activities 

Farm Business 

Surveys in the 

UK; Levy-

boards; 

Benchmarking 

systems; Office 

of National 

Statistics; 

Private 

consultancy 

activities 

Farm annual 

accounts 

sourced from 

Promar 

International 

and partners 

Birth and 

death data 

from 2010 to 

2019 from the 

British Cattle 

Movement 

Services 

Monthly milk 

records 

obtained by 

National Milk 

Records 

(NMR) 

Primary data 

Sample size  Not reported Not reported 161 farms for 

England and 

Wales 

350 farms Whole 

population 

500 farms 102 farms 
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Parameter Reference 

Redman et al 

(2020) (23) 

Beattie et al 

(2019)(336) 

King et al 

(2020)(334) 

AHDB 

(2020)(335) 

Hyde et al 

(2020)(337) 

Hanks and 

Kossaibati 

(2020) (339) 

Boulton 

(2015) (338) 

Sampling 

strategy 

Random 

proportional 

stratified 

sampling of 

farms with at 

least 25,000 

euros of output 

according to 

type and 

geographical 

location.  

Random 

proportional 

stratified 

sampling of 

farms with at 

least 25,000 

euros of output 

according to 

type and 

geographical 

location.  

Random 

proportional 

stratified 

sampling of 

farms with at 

least 25,000 

euros of output 

according to 

type and 

geographical 

location.  

Random 

stratified 

sampling  

according to 

geographical 

location, level 

of milk 

production, 

calving 

pattern, 

housing 

period, type of 

contract, 

financial and 

physical 

performance 

None Randomly 

selection of 

farms with 

fully milk 

record on a 

monthly 

assisted basis 

with a 

minimum of 

two-year 

records.  

 

Proportional 

convenience 

sampling 

according to 

county  
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Parameter Reference 

Redman et al 

(2020) (23) 

Beattie et al 

(2019)(336) 

King et al 

(2020)(334) 

AHDB 

(2020)(335) 

Hyde et al 

(2020)(337) 

Hanks and 

Kossaibati 

(2020) (339) 

Boulton 

(2015) (338) 

No of 

categories 

for dairy 

systems 

according to 

calving 

pattern 

3 2 3 3 N/A* 1 4 

Classification 

of dairy 

systems 

Spring calving, 

Autumn 

calving, all-

year-round 

calving 

Spring calving 

and all-year-

round calving 

Spring calving, 

Autumn 

calving, all-

year-round 

calving 

Spring 

calving, 

Autumn 

calving, all-

year-round 

calving 

N/A All-year-round 

calving 

Spring 

calving, 

Autumn 

calving, all-

year-round 

calving, multi 

block calving 
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Parameter Reference 

Redman et al 

(2020) (23) 

Beattie et al 

(2019)(336) 

King et al 

(2020)(334) 

AHDB 

(2020)(335) 

Hyde et al 

(2020)(337) 

Hanks and 

Kossaibati 

(2020) (339) 

Boulton 

(2015) (338) 

Categories 

within dairy 

systems 

Two categories 

according to 

yearly yield per 

cow – average 

and high 

Three 

categories for 

AYR calving 

systems 

according to 

yearly yield per 

cow and milk 

contract type 

Averages  Three 

categories 

according to 

quartiles with 

farms ranked 

by 

output/input 

ratio 

N/A Three 

categories 

according to 

quartiles with 

farms ranked 

by 

performance 

for individual 

parameters 

Averages with 

standard 

deviations 

Results 

presentation 

Ppl**, £ per 

head 

Ppl, £ per head Ppl, £ per head Ppl, £ per head % % or number 

according to 

parameter 

£ per head 
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Parameter Reference 

Redman et al 

(2020) (23) 

Beattie et al 

(2019)(336) 

King et al 

(2020)(334) 

AHDB 

(2020)(335) 

Hyde et al 

(2020)(337) 

Hanks and 

Kossaibati 

(2020) (339) 

Boulton 

(2015) (338) 

Sensitivity 

analysis 

Impact on gross 

margin per cow 

with 0.25 and 

0.5 pence 

change per litre 

on milk price 

and 10 and 20£ 

change per 

tonne in 

concentrate 

price 

Impact on gross 

margin per cow 

with 1 pence 

change per litre 

on milk price 

and 10£ change 

per tonne in 

concentrate 

price 

Impact on gross 

margin per cow 

with change in 

concentrate use 

and yearly milk 

yield level per 

cow; impact on 

gross margin 

per hectare with 

change in pence 

per litre on 

milk price and 

stocking rate 

None None None None 
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Parameter Reference 

Redman et al 

(2020) (23) 

Beattie et al 

(2019)(336) 

King et al 

(2020)(334) 

AHDB 

(2020)(335) 

Hyde et al 

(2020)(337) 

Hanks and 

Kossaibati 

(2020) (339) 

Boulton 

(2015) (338) 

Herd 

replacement 

costs 

Takes into 

account herd 

depreciation, 

and value of 

culled cows and 

calves adjusted 

for casualty and 

mortality 

allowance) 

Takes into 

account the 

herd 

depreciation, 

and value of 

culled cows and 

calves adjusted 

for casualty and 

mortality 

allowance) 

Takes into 

account the 

herd 

depreciation, 

and value of 

culled cows and 

calves adjusted 

for casualty and 

mortality 

allowance) 

Takes into 

account the 

average value 

of cows and 

heifers 

entering the 

herd, the 

average 

culling value 

of cows 

exiting the 

herd, and the 

number of 

animals 

exiting the 

herd  

N/A N/A  

*N/A stands for non-applicable ** ppl stand for pence per litre 
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Table 17. Descriptors for the different costs centres across the selected relevant references with data on industry enterprise budget 

Cost Centre 

Reference 

Redman et al (2020) (23) Beattie et al (2019) (336) King et al (2020) (334) AHDB (2020) (335) 

Variable costs 

Artificial 

insemination 

No information No information No information N/A* 

Bedding No information No information Different assumptions 

depending on the calving 

pattern 

N/A 

Concentrate 

feed 

No information No information No information No information 

Forage Includes fertilisers, seeds 

and sprays 

No information Includes fertilisers and 

reseeding costs 

No information 

Other 

livestock 

costs 

Includes recording, parlour 

consumables and sundries 

Includes milk recording, 

bedding, sawdust and dairy 

detergents. 

Includes milk 

recording/costings, dairy 

chemicals, ear tags, freeze 

branding, etc 

Includes artificial 

insemination and breeding 

costs, bedding 

costs and dairy, parlour and 

youngstock sundries 
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Cost Centre 

Reference 

Redman et al (2020) (23) Beattie et al (2019) (336) King et al (2020) (334) AHDB (2020) (335) 

Purchased 

bulk feed 

No information No information Includes by-products such as 

brewers grains, etc 

No information 

Vet services 

and 

medicines 

No information No information Includes vaccinations, 

wormers, insect spray and 

general veterinary care 

No information 

Fixed costs 

Depreciation N/A Includes machinery and 

property depreciation 

N/A 

 

N/A 

General 

overheads 

Includes general farm 

maintenance and repairs, 

office expenses, water, 

insurance, fees, 

subscriptions, etc 

Includes property repairs, 

rates, insurance, and 

miscellaneous 

Includes land and building 

repairs, water, office costs, 

insurance, etc 

Overheads of the dairy and 

youngstock herd, including 

inputed cost of unpaid 

labour and machinery and 

buildings depreciation, and 

other operation costs (water 

and telephone charges, 

general insurances, 

professional fees and other 
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Cost Centre 

Reference 

Redman et al (2020) (23) Beattie et al (2019) (336) King et al (2020) (334) AHDB (2020) (335) 

office-related costs) but 

excluding rent and finance 

Labour Includes unpaid labour but 

there is not management 

charge included 

Regular labour Includes unpaid labour at 

3.5 ppl** of the total labour 

charge 

Actual cost of paid labour, 

plus imputed cost for unpaid 

labour  

Power and 

machinery 

Includes all machinery and 

equipment costs, including 

the use of farm vehicles, 

depreciation, fuel, servicing, 

etc 

Includes repairs, fuel 

(including drying fuel), oil, 

electricity, contracting, crop 

and livestock haulage and 

leasing, and hire 

Includes depreciation and 

repairs on milking plant and 

equipment, electricity, fuel 

and contracting  

Includes repairs and spares, 

machinery hire, contracting, 

fuel, electricity and vehicle 

tax and insurance, and 

depreciation on dairy-

specific and forage 

machinery and equipment 

Rent and 

finance 

charges 

Assumes modest rental 

charge on all land plus 

interest charges on a small 

amount of working capital 

Includes interest (bank, HP 

and loans) and rent 

(excluding keep) 

Varies depending on the 

business model (tenanted vs 

owned land and level of 

bank borrowings) 

Includes rented land and an 

opportunity costs for owned 

land, and financial costs 

related to borrowing 

*N/A stands for non-applicable ** ppl stand for pence per litre 
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3.2.3 Model and software 

A cost analysis workbook was created in Microsoft Excel Professional Plus (2016) (340).  

The milking herd and replacement herd were treated as distinct business activities (341), and a 

spreadsheet was created for each. The model consisted of an industry enterprise budget (IEB) without 

considering subsidies, in which the cow was the unit (Figure 20).  

 

 

Figure 20. Framework for estimating the industry enterprise budget 

 

Taking into consideration the data availability and classifications used in the selected reference, this 

exercise focused on the three most representative dairy production systems according to the calving 

pattern – all year-round calving (AYRC), spring calving (SC) and autumn calving (AC) (23, 24, 334, 

335).  



Chapter 3: Setting the Boundaries 

145 

 

 

Three efficiency categories – performance levels - within each dairy production system were also 

considered - top, middle and bottom – according to the categorisation of the farms in the AHDB 

report for which quartiles on the economic performance were used. The top performance level 

comprised the top 25% performing farms (from the third quartile upwards), the middle performance 

level included the farms in the interquartile range (between the first and the third quartiles), and the 

bottom performance level the bottom 25% performing farms (335), The document provided the 

averages for each parameter for the top and middle performance categories across the different 

production systems. Data on the performance of the farms in the bottom category (poorer 25% 

performing farms) were retrieved following a request to the authors of the AHDB report on dairy 

performance. Farm enterprise budgets were estimated for each of the categories.  

 

Three distinct scenarios were created for “Utopia”, by increasing the proportion of animals in higher 

performance levels and bringing mortality and veterinary costs to zero. Table 18 presents an 

overview of the assumptions for each scenario.  

 

Table 18. Distribution of English and Welsh dairy cows according to performance levels in the different 

considered scenarios 

Scenario Descriptor 

Utopia 1 Animals in the bottom 25% performing level are brought to the middle 

50% performing level; Animals in the middle 50% performing level are 

brought to the top 25% performing level  

Utopia 2 Animals in the bottom 25% performing level are brought to the middle 

50% performing level; Animals in the middle 50% performing level are 

brought to the top 25% performing level;  

Zero mortality and no vet costs are assumed 

Utopia 3 100% of cattle population in top 25% performing level;  

Zero mortality and no vet costs are assumed 

 

The industry enterprise budgets were used to estimate the performance of the English and Welsh 

dairy sectors according to the distribution of animals across the different production systems and 
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performance levels for the different scenarios (Figure 20). The AHLE was estimated as the difference 

between the baseline and “Utopia” (Figure 19). 

 

3.2.3.1 Distribution of the dairy cattle population across the production systems, and performance 

level within each system for the baseline scenario 

Due to the lack of data on the number of animals farmed across all considered production systems 

and performance levels, the available data were used to estimate how many cows are kept in spring, 

autumn and AYR calving systems, and in each performance level within each production system. 

According to a survey conducted by AHDB, 81% of the farms in the UK are AYR calving, 8% are 

AC and 4% are SC (the remaining 7% are dual block calving) (24). From the total number of English 

and Welsh dairy farms reported in 2019 (5), the number of farms in AYR, AC and SC systems was 

estimated based on these proportions (Figure 21). The proportion of cattle in each performance 

category and production system was estimated from the AHDB data sample (335) and number of 

farms calculated as above, and then multiplied by the total number of dairy cows as reported by 

AHDB (342) to give the total number of animals in each (Figure 21). This was done to ensure that 

the dairy population used in the model was realistic.  

 

 

Figure 21. Workflow for estimating the dairy population in each performance level across the different production 

systems 
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3.2.3.2 Milk production 

The model was developed constraining for milk production. This was achieved by allowing for the 

cattle population to change across the three utopian scenarios while making the milk production 

equal to the one predicted for the baseline, using the Goal Seek function in Microsoft Excel 

Professional Plus (2016) (340).  

 

3.2.3.3 Milking herd parameters and calculations 

Table 19 presents an overview of the figures used in the model and the data sources they were 

retrieved from. The Other feed and forage cost centre comprises the costs associated with fertiliser 

and lime, crop sprays, seeds and other crop costs. The Power and machinery cost centre includes 

expenditure with includes machinery and repairs, contracting, depreciation, electricity, fuel and 

insurances with vehicles. Lastly the General overhead cost centre encompasses property repairs, 

building depreciation, land rents, finances, water, telephone, insurances, and other operational costs. 

The following text provides an explanation on the methods by which estimates were calculated and 

assumptions made.  

 

Calf mortality 

Calf mortality parameter was informed by the figures reported in the John Nix pocketbook, the 

agricultural budgeting and costing book and by Hyde et al (2020) (23, 334, 337). The calf mortality 

was estimated as the average of the figures provided in the three references. Additionally it was 

assumed that the mortality rate was the same across all performance levels within each production 

system. 

 

 Cow mortality 

Cow mortality parameter was informed by the figures reported in the John Nix pocketbook and the 

agricultural budgeting and costing book  (23, 334). The estimate was taken from the average of the 

figures provided in the considered references, and it was assumed that the mortality rate was the same 

across all performance levels within each production system. 

 

3.2.3.4 Replacement herd parameters and calculations 

Table 20 presents an overview of the figures used in the model and the data sources they were 

retrieved from. As with the milking herd, the Other feed and forage cost centre includes fertiliser and 
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lime, crop sprays, seeds and other crop costs; Power and machinery cost centre takes account of 

machinery and repairs, contracting, depreciation, electricity, fuel and insurances with vehicle; and the 

General overhead cost centre incorporates property repairs, building depreciation, land rents, 

finances, water, telephone, insurances, and other operational costs. 

 

The following text provides an explanation on the methods by which estimates were calculated, and 

underlying assumptions.  

 

Cow mortality 

The estimation and assumptions made for this parameter were the same as described for the milking 

herd (see 3.2.3.3 Milking herd parameters and calculations). 

 

Heifer mortality 

The heifer mortality was obtained in the work by Boulton et al (2015). As with the cow and calf 

mortality, this rate was assumed to be the same across all performance levels within each production 

system. 

 

Number of replacements required 

The number of animals required for replacement was estimated by multiplying the herd replacement 

rate to the total number of animals within each performance category across all different production 

systems.  

 

When the considered scenario assumed no mortality (Utopias 2 and 3) the cow mortality was 

subtracted from the herd replacement rate to retrieve the number of animal replacement required. 

 

3.2.3.5 Prices 

The figures on the prices for the farms’ outputs and their data sources are outlined in Table 21. 

The methods for estimating each parameter, and assumption made, are described in the text below. 

 

Milk Price (pence per litre)   

This parameter was inform by data on dairy performance provided by AHDB (335). 
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Dairy female calf, Dairy male calf, Beef crossbreed female calf, Beef crossbreed male calf and culled 

cow (£/head) 

The different calf prices and culled cow value were estimated taking into account the figures reported 

by John Nix pocketbook and the agricultural budgeting and costing book  (23, 334). An average was 

taken from the figures provided, and it was assumed that the estimates were the same across all 

performance levels within each production system. 
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Table 19. Parameters for the milking herd model 

 Spring Calving Autumn Calving AYR Calving 

 Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Production parameters 

Herd replacement rate 

(%)3 
27.5% 26.1% 28.4% 24.4% 28.3% 25.9% 27.7% 29.8% 25.1% 

Calf mortality (%)1, 2, 4 6.5% 6.5% 6.5% 6.5% 6.5% 6.5% 6.5% 6.5% 6.5% 

Cow mortality (%)1, 2 2.0% 2.0% 2.0% 3.5% 3.5% 3.5% 5.5% 5.5% 5.5% 

Average milk yield 

(lts/cow/year) 3 
5,656 5,392 4,728 7,550 7,808 8,119 8,749 8,396 7,161 

Variable Costs/Operating Inputs 

Concentrate and bulk 

feed (ppl) 3 
4.9 4.8 4.2 6.2 8.1 8.5 8.2 8.5 9.3 

Forage (ppl) 3 3.1 1.9 1.1 0.5 1 1.6 1.1 1.3 1.7 

Other feed and forage 

costs (ppl) 3* 
1.5 2 1.7 1.1 1.5 1.2 1.1 1.3 1.2 

Vet services and 

medicines (ppl) 3 
0.7 0.8 0.7 0.8 1.1 1 0.9 1 1 

Bedding (ppl) 3 0.5 0.9 0.7 0.4 0.6 0.9 0.8 0.7 0.8 

AI services and 

consumables (ppl) 3 
0.5 0.6 0.4 0.4 0.5 0.3 0.4 0.5 0.5 
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Recording, parlour 

consumables, sundries 

(ppl) 3 

0.9 0.9 1.5 1 1.1 1 0.9 1.1 1.2 

Fixed/Overhead Costs 

Labour (including unpaid 

labour) (ppl) 3 
4.2 4.8 6.9 4 4.4 5.8 3.8 4.7 5.3 

Power and machinery 

(ppl) 3** 
3.9 4.2 5.7 3.3 4.5 5.5 4 5.2 6.3 

General overhead costs  

(ppl) 3*** 
4.7 5.9 7.9 4 4.4 4.5 3.8 4.2 5.5 

1John Nix Pocketbook 50th edition(23) 2ABC Budgeting and Costing Book May 2020(334) 3AHDB – dairy performance report 

2018/2019(335) 4Hyde et al, 2020 (337)  

*includes fertiliser and lime, crop sprays, seeds and other crop costs 

**includes machinery and repairs, contracting, depreciation, electricity, fuel and insurances with vehicles 

***includes property repairs, building depreciation, land rents, finances, water, telephone, insurances, and other operational costs 
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Table 20. Parameters for the replacement herd 

 Spring Calving Autumn Calving AYR Calving 

 Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Production parameters 

Heifer mortality (%)4 8.8% 8.8% 8.8% 8.8% 8.8% 8.8% 8.8% 8.8% 8.8% 

Cow mortality (%)1, 2 2.0% 2.0% 2.0% 3.5% 3.5% 3.5% 5.5% 5.5% 5.5% 

Livestock purchases 

Cows and heifers (ppl) 3 0.11 0.29 0.94 0.25 0.61 1.21 0.52 0.95 1.64 

Variable Costs/Operating Inputs 

Concentrate and bulk 

feed (ppl) 3 
0.88 0.78 0.85 1.02 1.08 0.79 1.18 1.59 1.51 

Forage (ppl) 3 0.03 0.03 0.01 0.01 0.05 0.01 0.06 0.11 0.08 

Other feed and forage 

costs (ppl) 3* 
0.16 0.2 0.17 0.11 0.2 0.11 0.18 0.21 0.15 

Vet services and 

medicines (ppl) 3 
0.1 0.15 0.13 0.13 0.15 0.1 0.15 0.16 0.13 

Bedding (ppl) 3 0.05 0.11 0.09 0.1 0.14 0.11 0.24 0.25 0.23 

AI services and 

consumables (ppl) 3 
- 0.01 0.5 - 0.02 0.07 0.11 0.08 0.06 

Recording, parlour 

consumables, sundries 

(ppl) 3 

- 0.01 0.52 0.25 0.07 0.15 0.29 0.4 0.21 
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Fixed/Overhead Costs 

Labour (including unpaid 

labour) (ppl) 3 
0.59 0.95 1.9 0.58 0.58 0.95 0.38 0.58 0.67 

Power and machinery 

(ppl) 3** 
0.54 0.82 1.58 0.45 0.57 0.84 0.41 0.69 0.74 

General overhead costs  

(ppl) 3*** 
0.67 1.16 2.21 0.6 0.57 0.72 0.39 0.53 0.66 

1John Nix Pocketbook 50th edition(23) 2ABC Budgeting and Costing Book May 2020(334) 3AHDB – dairy performance report 2018/2019 

(335) 4Boulton 2015 (338) 

*includes fertiliser and lime, crop sprays, seeds and other crop costs 

**includes machinery and repairs, contracting, depreciation, electricity, fuel and insurances with vehicles 

***includes property repairs, building depreciation, land rents, finances, water, telephone, insurances, and other operational costs 
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Table 21. Prices for farms’ outputs 

 Spring Calving Autumn Calving AYR Calving 

 Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Milk (ppl) 3 32.9 32.0 30.5 31.4 30.6 29.1 30.4 29.7 28.2 

Dairy female calf (£/head) 1, 2 153 153 153 153 153 153 153 153 153 

Dairy male calf (£/head) 1, 2 40 40 40 45 45 45 45 45 45 

Beef crossbreed female calf (£/head) 

1, 2 
123 123 123 120 120 120 123 123 123 

Beef crossbreed male calf (£/head) 1, 

2 
165 165 165 163 163 163 163 163 163 

Culled cow (£/head) 1, 2 403 403 403 407 407 407 418 418 418 

1John Nix Pocketbook 50th edition 2ABC Budgeting and Costing Book May 2020 3AHDB – dairy performance report 2018/2019 
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3.2.3.6 Industry enterprise budget model 

The industry enterprise budget was estimated for each of the performance categories within each 

production system by deducting the costs of production (variable and fixed) and the herd replacement 

costs to the revenue from the farm outputs (milk, calves sold and culled cows). The enterprise 

budgets were then added to get the performance of the English and Welsh dairy sectors. 

 

Income from Milk  

The milk revenue stream was dependant on average milk yield per cow, cow mortality and milk 

price. Dead cows contributed with half lactation thus half of the considered average milk yield per 

cow per year. 

 

𝐹𝑎𝑟𝑚 𝑚𝑖𝑙𝑘 𝑠𝑎𝑙𝑒𝑠 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 (£)

= 𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘 𝑦𝑖𝑒𝑙𝑑 𝑝𝑒𝑟 𝑐𝑜𝑤 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 ∗ ((1

− 𝐶𝑜𝑤 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦) +  𝐶𝑜𝑤 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 ∗ 0.5) ∗ 𝑀𝑖𝑙𝑘 𝑝𝑟𝑖𝑐𝑒   

 

Income from Calves Sales  

The revenue from calves’ sales depended on calf mortality, herd replacement rate and calf price. 

Additionally, it is assumed that the replacement animals required according to the replacement herd 

rate, and weighted for calf mortality, were retained in the farm. Furthermore, the birth of calves is 

evenly split between males and females.  

 

𝐹𝑎𝑟𝑚 𝑐𝑎𝑙𝑣𝑒𝑠 𝑠𝑎𝑙𝑒𝑠 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 (£)

= 𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝐻𝑒𝑟𝑑 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 ∗ (1 + 𝐶𝑎𝑙𝑓 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦) ∗

∗ 𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑚𝑎𝑙𝑒 𝑑𝑎𝑖𝑟𝑦 𝑐𝑎𝑙𝑓 + ((𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ (1 − 𝐶𝑎𝑙𝑓 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦) − (2

∗ 𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ 𝐻𝑒𝑟𝑑 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 ∗ (1 + 𝐶𝑎𝑙𝑓 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)) ∗

∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑏𝑒𝑒𝑓 𝑐𝑎𝑙𝑓) 
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Income from Culled Cows  

The income obtained from culled cows was based on the value of the culled cow and the replacement 

rate, excluding the dead cows. 

 

𝐹𝑎𝑟𝑚 𝑐𝑢𝑙𝑙𝑒𝑑 𝑐𝑜𝑤𝑠 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 (£)

= 𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ∗ (𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑒 − 𝑐𝑜𝑤 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦)

∗ 𝐶𝑢𝑙𝑙𝑒𝑑 𝑐𝑜𝑤 𝑝𝑟𝑖𝑐𝑒   

 

3.2.4 Sensitivity analysis 

Recognizing the importance of key parameters in the economic performance of dairy farms, and to 

explore the impact of different approaches in the AHLE estimate, the model was adjusted and 

estimated according to different scenarios, which are described below.  

 

Dairy cattle population stable 

The model was estimated with a stable dairy cattle population across all considered scenarios, taking 

as reference the total population for the baseline scenario. 

 

Milk price  

Milk income is the main revenue stream of the dairy business. As such, the impact of milk price 

could have an important impact on the AHLE. The contribution of this key parameter to the AHLE 

was assessed, by making milk price standard throughout the different performance levels within each 

production system, by taking the figure of farms in the interquartile range (middle 50%) as reference. 

 

Stocking rate  

The effects of economies of size are another important aspect to be considered when conducting this 

exercise. Top performing farms could be more efficient from a financial standpoint by spreading their 

fixed costs across more production units as a reflection of having larger herds when compared to 

farms from lower performing levels (343). The contribution of such effects was explored, by 

assuming the same stocking density across all performance levels within each production system, by 

taking the stocking density of the top performing farms as reference. The fixed costs in pence per 

litre were used to calculate the gross figures for each parameter at farm level, taking into 
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consideration the average milk yield per year per cow and the average number of cows in the milking 

herd.  

 

𝐹𝐼𝑥𝑒𝑑 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 𝑓𝑎𝑟𝑚 (£)

= 𝐹𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡𝑠 (𝑝𝑝𝑙) ∗  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘 𝑦𝑖𝑒𝑙𝑑 𝑝𝑒𝑟 𝑐𝑜𝑤 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟

∗  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑 𝑠𝑖𝑧𝑒 

 

The average herd size was divided by the stocking rate to estimate the average farm size (hectares).  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑎𝑟𝑚 𝑠𝑖𝑧𝑒 (ℎ𝑎) = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑 𝑠𝑖𝑧𝑒 (ℎ𝑒𝑎𝑑𝑠)/ 𝑆𝑡𝑜𝑐𝑘𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (𝐿𝑈/ℎ𝑎) 

 

The stocking rate of each of the top performing category was applied to the other performance levels 

within each production system to retrieve the expected average herd size.  

 

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑 𝑠𝑖𝑧𝑒 (ℎ𝑒𝑎𝑑𝑠)

= 𝑆𝑡𝑜𝑐𝑘𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (𝐿𝑈/ℎ𝑎)𝑓𝑜𝑟 𝑡ℎ𝑒 𝑡𝑜𝑝 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦

∗  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑎𝑟𝑚 𝑠𝑖𝑧𝑒 (ℎ𝑎) 

 

Then, for each parameter, the costs in pence per litre was estimated by dividing the costs per farm (£) 

by the expected average milking herd size and the provided average milk yield per cow per year. 

 

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑓𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡𝑠 (𝑝𝑝𝑙)

= 𝐹𝑖𝑥𝑒𝑑 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 𝑓𝑎𝑟𝑚 (£)/ 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑 𝑠𝑖𝑧𝑒 (ℎ𝑒𝑎𝑑𝑠)

/ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘 𝑦𝑖𝑒𝑙𝑑 𝑝𝑒𝑟 𝑐𝑜𝑤 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

 

Labour, land and financial costs 

The model was estimated by assuming that labour, land and capital costs per head were the same 

across all performance levels, by taking as reference the figure for the top performing category. 

Firstly, the costs per head for the three cost centres were calculated. 

 

𝐶𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 ℎ𝑒𝑎𝑑 (£) = 𝐶𝑜𝑠𝑡𝑠 (𝑝𝑝𝑙) ∗  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘 𝑦𝑖𝑒𝑙𝑑 𝑝𝑒𝑟 𝑐𝑜𝑤 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 
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Then, the costs in pence per litre across all performance levels were estimated, taking as reference the 

costs in the top performing category. The top performing farms were assumed to be more efficient in 

the allocation of resources, and by standardising these costs the AHLE estimate would be more 

focused on health related problems and less on farm management skills. 

 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑠𝑒𝑑 𝑐𝑜𝑠𝑡𝑠 (𝑝𝑝𝑙)

= 𝐶𝑜𝑠𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑜𝑝 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦(£)

/ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑖𝑙𝑘 𝑦𝑖𝑒𝑙𝑑 𝑝𝑒𝑟 𝑐𝑜𝑤 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

 

The impact of using another reference to inform the replacement herd, considered to be a complete 

and most up to date research work regarding heifer rearing costs, was also assessed. The figures 

reported by Boulton, A. et al (2015) (338) were used to estimate the herd replacement costs, and the 

milking herd production and costs were informed by AHDB (335). 

 

3.3 Results 

The results are presented from the model constrained for milk production and informed by AHDB 

data for both milking and replacement herds. The results from the other models will be presented in 

the sensitivity analysis section. The tables with the results are available in section 9.2 of the 

Supplementary material. 

 

3.3.1 Milk production 

The model predicted a total milk production of 10,087,370,321 litres in the baseline scenario, an 

undersupply of 8.8% when compared to the reported milk production in 2019 by AHDB (4, 6).  

 

3.3.2 Dairy population 

After subtracting the dairy cows reared in dual block calving systems, the baseline scenario 

considered a dairy cattle population of 1,285,348 heads (342). Out of the total population, 6.98% 

were farmed in spring calving systems. From the population within spring calving systems 29.78% 

were located in the 25% top performing farms, 57.12% in the middle performing farms and 13.10% 

in the 25% bottom performing farms. Out of the total population, 8.16% were farmed in AC systems. 

From the population within AC systems 28.44% were located in the 25% top performing farms, 

49.07% in the middle performing farms and 22.50% in the 25% bottom performing farms. Out of the 
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total population, 84.86% were farmed in AYR calving systems. From the population within AYR 

calving systems 34.23% were located in the 25% top performing farms, 48.27% in the middle 

performing farms and 17.50% in the 25% bottom performing farms. This meant that roughly a third 

of the total dairy cattle population was reared in farms in the top performing category. The farms in 

the bottom performing category had the least number of dairy cows, accounting for 17.6% of the total 

population.  

 

As milk production was assumed to be constant across all considered scenarios, taking as reference 

the milk production in the baseline scenario, the dairy population in the Utopian scenarios was 

smaller to reflect the improvement in the dairy systems in converting inputs into outputs. From 

1,285,349 dairy population in the baseline scenario to Utopias 1, 2 and 3 there was a reduction of 

3.9%, 6.4% and 7.0% respectively. This represented a surplus of 50,325, 82,363 and 89,521 dairy 

cows for Utopias 1, 2 and 3 respectively, in comparison to the total dairy population in the baseline 

scenario (Figure 22).  

 

 

Figure 22. Dairy cattle population across the different scenarios when milk production is constrained 

 

The distribution of the cattle population across the different performance categories, production 

systems and scenarios is presented in the Table 22 below. 
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Table 22. Distribution of the dairy cattle population across the different scenarios 

 Spring Calving Autumn Calving AYR Calving 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Top  

25% 

Middle 

50% 

Bottom 

25% 

Baseline 26,717 51,248 11,751 29,828 51,463 23,594 373,364 526,457 190,926 

Utopia 1 74,914 11,291 - 78,108 22,670 - 864,590 183,450 - 

Utopia 2 72,970 10,998 - 76,082 22,082 - 842,162 178,691 - 

Utopia 3 83,469 - - 97,579 - - 1,014,779 - - 

 

3.3.3 Industry enterprise budget and AHLE 

When considering the baseline scenario, milk sales represented the majority of the farm income at 

around 90% regardless of the production system or performance category. Apart from the bottom 

performing SC systems, feed (concentrate and forage) was the main cost for any dairy farm, ranging 

from 23.3% of the total costs in the middle performing SC farms, to 35.5% in the high performing 

AYR calving systems. Labour played an important role in the costs structure, representing between 

14.5% in the top performing AYR calving farms up to 19.7% of the total costs in the bottom 

performing SC farms. The general overhead costs and costs with power and machinery were also 

important inputs. Altogether, fixed costs (labour, power and machinery and general overhead) 

contributed with 44.2% of the total costs in the top performing AYR calving farms up to 58.7% in the 

bottom performing SC farms. The costs of artificial insemination and consumables was the least 

significant across all farms, ranging from 1.0% in the bottom performing AC farms to 2.0% in the 

middle performing SC farms. In relation to the total costs, the replacement herd costs ranged between 

4.1% in the top performing AC farms and 11.9% in the bottom performing SC farms (Table 23).  
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Table 23. Relative distribution of revenues and costs per farm in the baseline scenario 

Parameters 

Spring Calving Autumn Calving AYR Calving 

Top 

25% 

Middle 

50% 

Bottom 

25% 

Top 

25% 

Middle 

50% 

Bottom 

25% 

Top 

25% 

Middle 

50% 

Bottom 

25% 

Revenue 

Milk  91.8% 91.3% 89.6% 93.7% 93.6% 93.6% 94.3% 93.9% 92.9% 

Calves 3.1% 3.5% 3.7% 2.8% 2.4% 2.7% 2.3% 2.2% 3.3% 

Culled cow 5.1% 5.2% 6.7% 3.4% 4.0% 3.7% 3.4% 3.9% 3.9% 

Costs 

Herd replacement cost 5.5% 6.9% 11.9% 4.1% 4.4% 4.5% 4.4% 6.0% 4.8% 

Concentrate and bulk 

feed 

18.7% 16.7% 11.9% 27.2% 28.4% 26.8% 31.2% 28.1% 27.0% 

Forage 11.7% 6.6% 3.1% 2.1% 3.6% 5.2% 4.3% 4.3% 4.9% 

Vet services and 

medicines 

2.7% 2.9% 2.1% 3.6% 3.9% 3.1% 3.6% 3.2% 3.0% 

Bedding 1.9% 3.2% 1.9% 2.0% 2.1% 2.9% 3.1% 2.3% 2.2% 

AI services and 

consumables 
1.7% 2.0% 1.2% 1.7% 1.8% 1.0% 1.5% 1.6% 1.4% 

Recording, parlour 

consumables, sundries 
3.4% 3.3% 4.3% 4.3% 3.9% 3.1% 3.4% 3.7% 3.4% 

Labour (including unpaid 

labour) 
15.9% 16.6% 19.7% 17.7% 15.4% 18.2% 14.5% 15.4% 15.4% 

Power and machinery 14.8% 14.6% 16.4% 14.8% 15.7% 17.3% 15.2% 17.2% 18.3% 

General overhead costs 17.9% 20.5% 22.7% 17.5% 15.6% 14.1% 14.4% 13.9% 16.0% 

Note: cells coloured in light grey are variable costs and cells coloured in light blue are fixed costs 
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In the baseline scenario all bottom performing categories had a negative industry 

enterprise budget, estimated at -£744,200, -£2,248,175 and -£69,262,781 for the SC 

farms, AC farms and AYR calving farms respectively. The category with the highest 

enterprise budget was the high performing AYR calving systems at £161,295,752, 

followed by the top performing AC systems at £22,985,156. The middle performing 

AC systems and top performing SC systems had roughly the same enterprise budget 

at around £14 million. The IEB for the British and Welsh dairy sector in the baseline 

scenario was estimated at £178,894,191 (Table 24). 

 

Table 24. Industry Enterprise Budget for each category of the production systems 

Dairy System Scenario Top 25% Middle 50% Bottom 25% Total 

Spring calving  

 

Baseline  £14,180,855 £16,035,635 -£744,200 £29,472,290 

Utopia 1 £39,762,828 £3,533,072 £0 £43,295,900 

Utopia 2 £45,615,941 £4,579,818 £0 £50,195,759 

Utopia 3 £52,179,262 £0 £0 £52,179,262 

Autumn 

calving 

Baseline £22,985,156 £14,385,780 -£2,248,175 £35,122,762 

Utopia 1 £60,189,205 £6,337,160 £0 £66,526,365 

Utopia 2 £69,861,675 £10,117,137 £0 £79,978,812 

Utopia 3 £89,600,967 £0 £0 £89,600,967 

AYR calving Baseline £161,295,752 £22,266,167 -£69,262,781 £114,299,139 

Utopia 1 £373,508,395 £7,758,982 £0 £381,267,377 

Utopia 2 £550,732,781 £48,376,452 £0 £599,109,233 

Utopia 3 £663,615,732 £0 £0 £663,615,732 

All systems Baseline £198,461,763 £52,687,583 -£72,255,156 £178,894,191 

Utopia 1 £473,460,428 £17,629,214 £0 £491,089,642 

Utopia 2 £666,210,397 £63,073,406 £0 £729,283,804 

Utopia 3 £805,395,961 £0 £0 £805,395,961 
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The losses from all causes in the British and Welsh dairy sectors were estimated at 

£312,195,451; £550,389,613 and £626,501,771 for Utopia 1, Utopia 2 and Utopia 3, 

respectively (Figure 23). This represents a loss per head of £243, £428 and £487 for 

Utopias 1, 2 and 3 respectively (Figure 24).  

 

 

Figure 23. Comparison between the enterprise budget of the British and Welsh dairy sectors in 

the baseline and Utopias, and the associated Animal Health Loss Envelope for each 
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Figure 24. Animal Health Loss Envelope - losses per head across the different Utopias  

 

 

3.3.4 Dissecting the AHLE 

Considering Utopia 1, the increase on milk revenue and reduction in labour, power 

and machinery, and general overhead costs were the most important contributors to 

the AHLE. Together they represented 73% of the estimate. When a no disease 

scenario was considered - Utopias 2 and 3 where no veterinary services and 

medicines costs and no mortality were assumed - the relative importance of certain 

parameters was reduced when compared to the Utopia 1.The contribution of milk 

revenue in the AHLE was brought to nearly half, from 19% in Utopia 1, to 11% and 

12% respectively for Utopias 2 and 3. The contribution of the costs with labour, 

power and machinery and general overhead was also reduced, whereas veterinary 

services and medicines and the herd replacement costs gained relevance. The savings 

with veterinary services and medicines were the most significant contributor to the 

AHLE for Utopias 2 and 3, representing 18% and 16%, respectively. Herd 

replacement costs contribution to the AHLE increased from 9% in Utopia 1 to 12% 

for Utopias 2 and 3. The contribution of feed and forage costs to the AHLE was 

relative similar across the different Utopias (Figure 25). 
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Figure 25. Relative contribution of the different cost centres and revenue streams to the AHLE across different utopian scenarios 
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3.3.5 Sensitivity analysis 

When maintaining the dairy cattle population stable across the different scenarios, 

the milk production increased by 4.1%, 6.8% and 7.5% from the predicted 

10,087,370,321 litres in the baseline scenario for Utopias 1, 2 and 3 respectively. 

Consequently, the relevance of milk revenue to the AHLE increased, accounting for 

55.9% of the estimate in Utopia 1, 45.1% in Utopia 2 and 44.4% in Utopia 3. The 

AHLE for Utopias 1, 2 and 3 was set at £332,205,795, £600,320,508 and 

£686,795,090 respectively. This represented an increase of 6.4%, 9.1% and 9.6% of 

the AHLE for Utopias 1, 2 and 3 when compared to the prediction of the model 

constraining for milk production (Figure 26 and Table 69 in section 9.2 of the  

Supplementary material).  

 

 

Figure 26. AHLE estimate across different Utopias using different models 

 

Milk price had a significant impact on the AHLE. When this parameter was assumed 

to be constant across all performance categories within production systems the 

AHLE was estimated at   £251,257,219, £489,722,486 and £552,251,080 for Utopias 

1, 2 and 3, respectively. This represents a reduction of 13.7%, 7.5% and 8.8% when 
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compared to the results from the model allowing for price variation for Utopias 1, 2 

and 3 respectively (Figure 26 and Table 69 in section 9.2 of the Supplementary 

material).  

 

When the use of land per livestock unit was standardised across the different 

performance categories within each production system, the AHLE was substantially 

reduced. Compared to the baseline model the AHLE for Utopias 1, 2 and 3 

experienced a reduction of 16.5%, 9.7% and 12.1%, respectively (Table 69 in section 

9.2 of the Supplementary material). Standardising for land, labour and financial costs 

produced a similar result, with a reduction of 14.2%, 8.5% and 10.3% for Utopias 1, 

2 and 3, respectively when compared to the baseline model (Figure 26 and Table 69 

in section 9.2 of the Supplementary material). 

 

Using the data reported by Boulton et al (2015) to inform the replacement costs led 

to an increase of the predicted AHLE for Utopias 2 and 3 across all explored models, 

ranging from a 13.9% increase for Utopia 2 in the model with a stable population, to 

24.2% for Utopia 2 in the model constraining for milk production and assuming the 

same fixed costs per head. The results for Utopia 1 were not equal across all used 

models. The most significant difference was for the model constraining for milk 

production standardised for milk price, and the model with a sable dairy cattle 

population – the AHLE was reduced by 4.7% when the replacement herd costs were 

informed by Boulton et al (2015) instead of AHDB. The model constraining for milk 

production standardised for stocking rate and the model constraining for milk 

production standardised for land, labour and financial costs did not show a relevant 

difference when the replacement herd cost were informed by Boulton et al (2015) 

(338) (Table 70 in section 9.2 of the Supplementary material).  

 

3.4 Discussion 

This chapter presents an assessment of the losses from all causes, referred to as the 

Animal Health Loss Envelope (AHLE), for the English and Welsh dairy sectors. To 

the authors’ knowledge, this is the first work providing an estimate for the AHLE for 

a livestock sector.  
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Different scenarios were considered for conducting the exercise. The AHLE for the 

English and Welsh dairy sectors was estimated at £312,195,451; £550,389,613 and 

£626,501,771 for Utopias 1, 2 and 3, respectively. This meant that the inefficiencies 

from all-causes of these dairy systems in converting inputs into outputs, health or 

non-health related, ranged from about £312 million to £626 million. Milk yield 

contributed more significantly to the AHLE in Utopia 1 (nearly 20%), compared to 

Utopias 2 and 3 (roughly 12%). This was partly due to the relative importance of 

other costs, like veterinary and medicine costs, which in Utopias 2 and 3 are assumed 

inexistent. Consequently, the saving from this cost centre is more important for these 

two latter scenarios.  The contribution of milk yield to the AHLE was higher in 

Utopia 3 (12%) then in Utopia 2 (11%) which can be justified by the higher price 

farms in the top performing category received for their milk. Replacement costs were 

more important in Utopias 2 and 3, compared to Utopia 1. This was partly justified 

by the reduction in herd size, which is more marked for Utopias 2 and 3 compared to 

Utopia 1 - nearly twice as much in relation to the baseline scenario (Figure 22). The 

reduction in herd size as a result of assuming a constant milk production, alongside 

the different costs per head associated with specific parameters and uneven 

distribution of cattle population across the different performance levels, justify other 

findings, such as higher contribution of veterinary services and medicines costs in 

Utopia 2 compared to Utopia 3. These costs per head were higher with increasing 

performance category for the AYR calving system, where dairy cattle was more 

concentrated. Thus, and even though there costs were expected to increase, the 

reduction in herd size compensated for the increase in the costs per head. In addition, 

veterinary services and medicine costs per head increased more significantly from 

the bottom to the middle performing category (10.0%) then from the middle to the 

top performing category (0.3%).   

 

Bennett and IJpelaar (2005) estimated the economic impact of a selection of dairy 

cattle endemic diseases in the UK. Considering fifteen health conditions (mastitis, 

parasitic bronchitis, paratuberculosis, pasteurelosis, salmonellosis, summer mastitis, 

tuberculosis, bovine viral diarrhoea (BVD), Escherichia coli, enteric disease, 

fascioliasis, infectious bovine keratoconjunctivitis (IBK), infectious bovine 

rhinotracheitis (IBR), lameness, leptospirosis) they calculated production losses and 

expenditure between approximately £256 to £598 million every year (161). In 
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relation to the AHLE, the economic impact of the most important endemic disease in 

dairy cattle in the UK according to Bennett and IJpelaar (2005) represents between 

82.0% and 191.5% considering Utopia 1, 46.5% and 108.7% considering Utopia 2, 

and 40.9% and 95.5% considering Utopia 3. As the AHLE has been estimated for the 

English and Welsh dairy sectors, the contribution of these health problems are 

expected to be lower when considering the whole British dairy sector. Additionally, 

the earlier estimates are for cattle diseases and not specifically for dairy cattle, and 

are from an estimate made 20 years ago. Nevertheless, depending on the considered 

scenario and assuming that the AHLE has been estimated adequately, this framework 

sheds light on the losses unrelated to the health conditions considered the most 

important to the British dairy sector, and places a question mark on the unknown 

major contributors the AHLE, which advocates for further research. 

 

The estimation of the AHLE is drawn by comparing the current reality of the sector 

– baseline - with that of utopian scenarios, in which health events were assumed to 

be reduced or non-existent and productivity to expectedly improved. One of the 

challenges is how to define a healthy or a reference farm/animal. Understanding how 

utopian scenarios are built is vital as it can have a significant impact on the AHLE. 

When deciding on the method for defining Utopias, three approaches were 

considered and explored: 

 the best farm within each system, as described in the empirical data; 

 the best performing combination of parameters across all farms within each 

system;  

 and a zero-disease circumstance (no disease and zero mortality) and 

maximised animal performance only limited by biology. 

Using benchmarking to define the reference production unit seems a reasonable 

approach as this tool is used across the sector for comparison (339, 344). It also 

delivers temporal context to the estimate by providing the “best performance under 

current circumstances”. Although tempting, the second approach brings a problem 

hard to solve – the dependency of some production indicators. For example, high 

yielding cows have fertility problems in what seems to be a biological restriction of 

the genetic selection programmes’ success. Therefore, when cherry picking the best 

figure for each production parameter individually, this interconnection would be 
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ignored. For this reason, a decision was made establish the reference production unit 

based on the existing empirical data. The third approach provided the grounds for 

defining Utopia 3 – a dairy sector in which all animal perform as the reference unit 

according empirical data in a production context without disease (no veterinary nor 

medicine costs) nor mortality.  As an exploratory exercise, it must be said that none 

of these choices are incorrect and all can provide useful information. Having 

identified the AHLE as a critical framework for the process of estimating the 

economic impact of health events in livestock production, the discussion around this 

topic is vital for its success as a replicable tool.  

 

When keeping the animal population stable, the milk production increased by 4.1%, 

6.8% and 7.5% for Utopias 1, 2 and 3 respectively when compared to the predicted 

milk production in the baseline scenario (around 10,087 million litres). This 

production surplus would have an impact on the milk market. Even though milk 

price is considered relatively inelastic, if a constant demand is assumed the milk 

price would expectedly experience a decrease (345). Additionally, fresh milk has a 

short shelf-life, meaning that if demand does not meet supply, production might end 

up being spoiled (346, 347). Options would be to process the milk surplus into dairy 

products such as milk powder. Modelling the ripple effects of a production surplus is 

complex. Estimating the AHLE by constraining milk production avoided conducting 

such exercise. Additionally, by estimating the dairy herd necessary to for a stable 

milk production, an indicator that can easily be translated into land use and 

environmental impact is provided, which could be helpful when answering questions 

such as: what is the surplus of land currently used to meet the demand of milk and 

dairy products? What could be resulting environmental benefits of increasing the 

efficiency the dairy herd, assuming a constant milk production? Considering all of 

the above, a decision was made to design the model for estimating the AHLE by 

constraining milk production, allowing the dairy cattle population to vary across the 

different utopian scenarios.  

 

While allowing for a reduction of the dairy herd population, it seem unavoidable that 

some farmers would be out of business. Taking the average number of animal per 

herd in the English and Welsh sectors, the improvement in the efficiency of the dairy 

systems would led to a reduction of 319, 519 and 563 dairy farms for Utopias 1, 2 
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and 3 respectively. The farmers and employees were assumed to be absorbed by the 

job market. In fact, the number of farms in England and Wales have reduced over the 

last decades, from 28,093 in 1995 to 8,735 in 2019 (5). According to the AHDB 

report, a substantial proportion of dairy farms is economically unviable (335), which 

means that government subsidies are essential for these families and their businesses 

to survive. This is particularly important given the discontinuation of the direct 

payment schemes as of 2021 as they were deemed to be a poor financial support tool 

and a distorted incentive to productivity (348).  

  

Different data sources on the productive performance of dairy cattle and associated 

production costs are available. Some of the most comprehensive are based on 

agriculture surveys and have been published for decades (23, 334). However, most 

of the explored references present data as averages without any information on the 

distribution measures. Knowing how the population is distributed across the different 

performance indicators is important for the creation of the Utopian scenarios, as 

animals or farms with lower productive performance are assumed to improve 

through benchmarking. However, the AHDB report on dairy performance presents 

the data as averages per quartiles (335), and it was possible to retrieve data on the 

bottom quartile. Additionally, according to the publication, the sampling strategy 

was designed so that sample would be representative of the whole British dairy 

sector. For the reason outlined above, and given that the data available in this 

reference offered a better fit for how Utopian scenarios were to be defined (allowing 

for different performance categories to be established and to explore “what-if” 

scenarios by moving the cattle population across the different categories), a decision 

was made to make use of this reference as the main data source for this exercise.  

 

The reference used to inform the model classified farms according to their economic 

performance, and not on the efficiency of the herd in converting inputs into outputs. 

This challenged the estimation of the AHLE. Fixed costs can be spread across a 

bigger herd, without comprising the health and welfare, and thus the productivity of 

the animals. This means that the effect of economies of scale is being captured by the 

estimated loss envelope, which goes beyond to what the AHLE is supposed to 

capture. This was also dealt with in the sensitivity analysis, by allowing for each 

performance level to have the same efficiency with regards to some production 
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indicators, such as stocking density and fixed land, labour and financial costs. The 

results provided by this component of the sensitivity analysis indicate that the effect 

of economies of scale is important and should be taken into consideration when 

assessing the AHLE. Standardising for milk price has also led to a significant 

reduction in the AHLE estimate (from 11.0% to 19.5%) (Table 69). If on the one 

hand the difference in the milk price across different farms relates to quality (lower 

somatic cell count), on the other it captures access to better milk contracts not 

necessarily related with milk quality. Price variations across the study population can 

affect significantly the AHLE estimate and this should be taken into consideration 

when interpreting the results. 

 

Limiting the data sources to only one reference increased the risk of introducing bias 

to the results, especially if the sampling strategy failed to produce a representative 

sample from the population. Additionally analysing a subset of whole population and 

using averages from British dairy cattle herd might introduce errors in the 

estimations, as it could be that the subset of animals that analysed are systematically 

different from the average animal. In fact, and after deducting the number of animals 

in dual block systems, when using the average number of animals per farm per 

calving system reported by AHDB in the dairy performance report (335) and the 

official number of English and Welsh dairy farms (5) to estimate the number of 

heads in the English and Welsh dairy herds, the total animal population was 

estimated with an excess of about 600,000 heads compared to the official reported 

number of dairy cattle in England and Wales - 1,285,349 heads (342). Applying the 

same method to estimate the total number of dairy cattle in the British dairy herd, the 

figure also failed to meet the official number, estimated at 1,740,398 heads, with a 

surplus of about 900,000 heads. This could challenge the assumption that the 

sampling strategy used in the dairy performance report by AHDB failed to produce a 

representative sample of the whole British dairy system. It could also mean that 

average herd size is not normally distributed, something to be concerned of when 

working with averages. On the other hand the milk production in England and Wales 

predicted by the model is 8.8% lower than the one using official data (4, 342) 

estimated at approximately 11,060 million litres. When adding the milk production 

from dual block calving system, by taking into consideration the average number of 

heads per farms (5, 342)and the average milk yield per head in SC systems according 
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to the Agricultural Budgeting and Costing Book from May 2020 (334) the difference 

is shortened to 5.3% with the predicted milk production at around 10.474 million 

litres. Estimating the milk production taking into consideration the official number 

of herds and dairy cattle (5, 342), and the distribution of farms and average milk 

yield per head across different calving systems as reported by two of the identified 

references (23, 334) provides similar results – 10,554,676,500 litres when using 

Redman et al (2020) (23) and 10,937,708,000 litres when using King et al (2020) 

(334), representing a difference of 4.8% and 1.1% from the estimated milk 

production using official data (4, 5, 342) (around 11,060 million litres) respectively. 

As the more relevant data sources seem to be prone to sampling errors it could be 

that using more than one data source would not produce significant differences to the 

results. On the other hand, when using the heifer replacement costs reported by 

Boulton et al (2015) (338) the predict AHLE changed, especially in Utopias 2 and 3 

(Table 70). Nevertheless, these conclusions are important, indicating a potential lack 

of representativeness of the samples from which results are drawn, raising questions 

as to the validity of the results. As a final remark, having applied a proportionally 

parameterised distribution across the different considered calving systems to the 

known dairy population ensured that the model used the adequate dairy herd to 

produce the estimates. The yearly milk production predicted by the model were 

satisfactory with a 1.2% difference from the known milk production.   

 

The health expenditure side of the loss envelope is not just related to the veterinary 

assistance and medicines. It also related to other investments that can have an 

indirect effect in the animal’s health and welfare, such as improved housing, trained 

staff, sound equipment. This is poorly capture in the way the data has been presented 

as the cost centres do not allow the investigator to have a deeper understanding of 

the investment in such things. For example, knowing the prices and volumes of 

important parameters such as feed and forage would be important to inform the 

inefficiencies potentially associated with suboptimal provision of feed and forage or 

the related quality of the same. Labour, in both quantity and quality, can also play an 

important role in adequate animal health management, as better trained farm workers 

and higher ratio of farm worker/cow can improve stockmanship and thus animal 

health. Housing type and the corresponding level of investment can increase cow 

comfort and consequently their health. Yet, and stated before, the lack of data 
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hampers any adequate analysis. The way Utopias have been established, by moving 

animals to higher performance categories, could potentially mean the reallocation of 

animals to different geography (better land and climate) and assume different 

genetics. In the absence of data, it is difficult to ascertain which part of health-related 

issues explains the variation in the productive capacity. The absence of data is a key 

findings of this exercise, a problem that has been highlighted in literature (161, 349). 

The promptly available data lacks the necessary detail to conduct robust economic 

impact studies, and the information held by the private sector that could inform such 

assessment with precision is rarely available. As technology offers part of the 

solution for the data quality and quantity (350-352), other steps must be taken to 

shorten the gap. A recommendation would surely be to foster collaborative research 

approaches between scientists, public and private sectors, facilitating data sharing 

while making sure that data protection regulation is respected. For the time being 

data will never be perfect in reliability and availability, therefore uncertainty will 

always be around the estimates. As data becomes available, in quantity and quality, 

models can be better informed helping to reduce uncertainty and increase the 

precision of the produced results.  

 

It must be acknowledged that the predicates of the dairy sector vary with time, be it 

in terms of the market, animal productivity and/or farm management. Consequently, 

the AHLE is a mutating estimate per definition and needs to be revisited and updated 

to reflect the changes to the sector.  

 

This assessment is part of research work on the economic impact of hoof health in 

the English and Welsh dairy sectors. For that reason, a decision was made to work 

out the AHLE for these two dairy cattle populations. However, and regardless of the 

scope of the assessment, the purpose of the study was to propose and discuss a 

methodology for estimating the AHLE, which can be systematically replicated.   

 

3.5 Conclusion 

When constraining the milk production, the model estimated the Animal Health Loss 

Envelope to range from about £312 million to £626 million. This framework 

provides the boundaries for assessing the relative economic impact from specific 
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causes in the study population under investigation, ensuring that the sum of the 

estimated losses due to particular health disorders do not exceed the losses from all-

causes, health or non-health related. The proposed approach is exploratory in nature, 

and should encourage further constructive discussions to improve methods, and 

identify potential solution for recognised data challenges.  
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Chapter 4 Knowing the Frequency - A meta-analysis on frequency levels of hoof-related health 

problems  

 

“If you can’t measure it you can’t manage it”  

(Peter Drucker) 

 

4.1 Introduction 

After estimating the production gap for the British dairy sector – AHLE –the health condition under 

study can be addressed – hoof-related lameness. One of the critical epidemiological question that 

researchers should answer relates to frequency measures: prevalence and incidence. Knowing the 

frequency by which animals are afflicted by hoof disorders is essential for monitoring disease trends, 

assessing the effectiveness of disease control and prevention programs, and estimating the economic 

losses associated with disease presence. Chapter 4 outlines the use of a systematic literature review and 

meta-analysis to estimate the frequency of hoof-related lameness in dairy cattle in the UK.  

 

Lameness is currently one of the main health concerns facing the livestock sector, particularly in the 

dairy cattle industry, with serious implications in terms of animal welfare (49, 76, 161, 353-355) and 

significant impact on production (108, 174, 356-358).There is, however inconsistent data on lameness, 

be it in terms of availability or accessibility (359). This is particularly important when estimating or 

calculating the frequency of disease; a key parameter for animal health economic analyses.  

 

The reliability of the estimates is closely associated with the quality of data available. Farm records are 

commonly used as source of data for calculating disease frequency, yet studies consistently conclude 

that lameness in cows is underreported by farmers (119, 206, 360). Whay et al (2003) reported that 

farmers would underestimate lameness prevalence by 17% when compared with the observations from 

an independent and trained assessor (282). Leach et al (2010) reported this difference to be close to 

30%, with the mean farmer-reported lameness prevalence at around 7% (112). Scoring systems with 

ordinal scales based on animal’s posture and walking pattern were developed to aid the detection of 

lameness. However, the subjectivity inherent in assigning scores and the diversity of scoring 

instruments used contributes to inconsistencies (12, 94, 361, 362). The lack of a standard definition for 

lameness predisposes misclassification errors (43, 110, 119, 363); and the diversity of study designs, 

and data collection and analysis methodology used in research hampers the ability to compare results 
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across different studies, making it difficult for people involved in the milk value chain to make 

informed decisions (295, 364). 

 

By mean of a systematic literature review and a meta-analysis, the objectives of Chapter 4 are to 

appreciate the chronological use of different lameness detection and classification methods applied in 

British dairy cattle lameness research, and investigate temporal trends; and to estimate the pooled 

prevalence and incidence rate of lameness in British dairy cattle since 1823, respectively.  

 

4.2 Materials and Methods 

A systematic review to identify papers reporting frequency of lameness in British dairy cattle was 

conducted in six electronic scientific literature databases – Agricola, Cab Direct, Cochrane Library, 

PubMed, Scopus and Web of Science (all databases) on the 4th of January 2020. The systematic review 

protocol was developed based on the Cochrane guidelines (365), and the PRISMA (Preferred Reporting 

Items for Systematic reviews and Meta-Analyses) statement (366), with specific modifications for a 

systematic review reporting measures of disease frequency, as recommended by the Joanna Briggs 

Institute (367). The search was limited to peer reviewed articles, published since 1823 in English. The 

population search terms were (dairy AND cattle) AND (UK OR Britain OR British OR kingdom). The 

outcome search terms were (lameness AND (prevalence OR incidence)). The following code was used 

for all six databases considered: (dairy AND (cattle OR cow*) AND (UK OR British OR Britain OR 

kingdom) AND (lame* OR locomotion) AND (incidence OR prevalence). The search through Scopus 

was limited to abstract, title and keywords. A synthesis of the diagnostic protocols used was also 

conducted, with the objective of identifying temporal patterns in the use of different methodology and 

to determine if any diagnostic protocol has been used consistently over time. 

 

EndNote X9 (Thompson Reuters) bibliographic software was used to manage citations (368). 

Duplicate entries were identified, using the automatic function in EndNote and manually during the 

screening process, by considering the author, the year of publication, the article title, and the volume, 

issue and page numbers of the source. In questionable cases, the abstracts or full texts were compared. 

Conference papers reporting studies that were subsequently published in journals were considered 

duplicates. 
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4.2.1 Eligibility criteria 

The systematic review followed the PRISMA guidelines (366) according to the diagram in Figure 27. 

 

Titles and abstracts from the records identified in the search were screened for eligibility based on the 

population, intervention or exposure, comparator group, outcome, study design (PICOS) approach 

using the following criteria: (i) Population: British dairy cattle; (ii) Outcome: lameness prevalence 

and/ or incidence, lameness causing foot lesions; and (iii) Study design: Randomised controlled 

trials, cohort studies, case-control studies, cross-sectional studies, case reports and outbreak 

investigations were all eligible for inclusion if they reported number of dairy cows that were lame 

(numerator) and the study population (denominator), or if the same could be calculated. Only studies 

published in peer-reviewed journals were included, with no date restriction. Language of publication 

was restricted to English. Papers that reported data from previous publication were excluded as to 

have only one entry per data collection exercise.  

 

If the study met all the inclusion criteria but did not provide data on the number of lame cows and/or 

study population the corresponding author was contacted via email in an effort to retrieve the missing 

information and for clarification. If the corresponding author was not available, one of the co-authors 

was contacted. If the author(s) did not reply or could not provide the information requested the paper 

was excluded from the meta-analysis.  

 

In addition to the references identified through the systematic review, five other papers were 

identified (176, 191, 193, 369, 370) following backward search of the papers admitted for full-text 

screening, and added to the database (Figure 27).  

 

For the chronological analysis of the use of different lameness detection and classification methods, 

all studies that underwent full-text screening were considered. Papers with information on the 

lameness data source were included, regardless of them meeting inclusion criteria regarding lameness 

data availability. Papers that reported the same original research were considered duplicates and were 

removed (Figure 27). The usage of lameness detection and classification methods through time was 

analysed by means of a histogram. 
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Figure 27.  Flow diagram of article selection for a meta-analysis on lameness frequency levels in British dairy 

cattle (* short communications, letters, self-assessments and review articles were excluded, ** if lameness 

frequency levels were reported but no information on population at risk/denominator was provided/retrievable 

the paper was excluded) 
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4.2.2 Data extraction and quality assessment 

Data extraction was performed by one reviewer (JSA) and checked for accuracy by a co-author 

(MB). Any ambiguities were discussed and consensus reached. The data extracted from the records 

were based on the recommendations of PRISMA-P (371) and included: (i) study characteristics 

(authors, year of publication, year or years of data collection, study type - experimental or 

observational, study design, sample size, sampling strategy); (ii) population data (breed, production 

system, milking system, grazing regime, housing system, epidemiological unit); (iii) outcome data 

(lameness classification method, lameness assessment frequency, lameness assessment observer, 

measure of disease frequency); and (iv) numerator and denominator data (number of lame cows, total 

number of cows in the study population, number of lameness events, population at risk, study 

duration). 

 

4.2.3 Database management and parameters 

Microsoft Excel (2016) was used to create a database with the data extracted from the papers (340). 

Most variables contained a substantial number of categories, or range in values. This would result in 

a high number of strata with small number of papers when conducting the analysis, at the expense of 

statistical power. In order to solve this problem new binary variables were created based on the 

values extracted from the papers (Table 72 in section 9.3.2 of the  Supplementary material). When 

creating the new binary variable for epidemiological unit, papers reporting lameness per lactation 

were included in the category “cow”, assuming that each lactation represents a dairy cow. The cut-off 

for animal sample size was based on the median of the animal sample size for the identified studies. 

The median was 1237, the cut-off was defined at 1230. The choice of the farm number was based on 

the median of the farm sample size for the identified studies. The median was 4, and the farm sample 

size cut-off was defined as 5. The year of the start of data collection was used to create different 

variable with different cut-offs: 1995, 2000, 2005, 2008 and 2010. The last two years reflect the 

adoption of the AHDB mobility scoring system as the dairy industry standard and the implementation 

of the DairyCo Healthy Feet program respectively (372).  
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As the incidence rate of lameness was reported in different time units, the incidence data were 

extracted and standardised for 100 animal-years. To explore the underlying causes of lameness the 

following grouping of lesions was defined, based on (8): 

 

 White Line Diseases (WLD) and Abscess → White Line Disease 

 Sole Ulcer and Sole Hemorrhage/ Bruising →  Sole Lesions 

 Bovine Digital Dermatitis and Interdigital Phlegmon/Foul-in-the-foot/Footrot →  Infectious-

nature lameness 

 All other lesions → Other 

 

The identified papers reported lameness based on three distinct epidemiological units – cow, heifer 

and culled cow. Due to the inherent differences of dairy cows in various life stages, and to the fact 

that reporting disease frequency according to culling reason does not necessarily reflect the herd’s 

disease incidence or prevalence, a pooled-estimate was not considered to be appropriate. Therefore, 

papers were grouped according to the moment of the production cycle at which lameness frequency 

was reported, and a meta-analysis conducted on these subsets of data.  

 

4.2.4 Risk of bias 

The lameness frequency levels reported in the papers included for the meta-analysis were assessed as 

to their potential risk of bias. This exercise followed the QUADAS2 approach (373) and an adapted 

tool (see 9.3.3 of the Supplementary material) was used to evaluate the potential risk of bias of a set 

of components and its applicability. The tool was piloted by two researchers (JSA and an invited 

researcher – BG - that was not otherwise involved in the study) on two randomly selected papers. If 

there was no agreement between the two researchers when assessing the papers, the tool was revised 

and re-piloted on two other randomly selected papers. A paper was considered to have a low overall 

risk of bias if the risk of bias and applicability concerns were low.   

 

4.2.5 Statistical analysis 

The primary outcome measure was incidence rate or prevalence of lameness in British dairy cattle. 

Analysis was conducted using RStudio statistical software (version - 1.2.1335; R Foundation for 

Statistical Computing, Vienna, Austria) using the meta and metafor packages (374). The metaprop 
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function was used to conduct the meta-analysis on the prevalence data and the metarate function for 

the incidence data. 

 

A random-effects model was used for the meta-analysis (375). Data were assessed for skewedness. 

As it was not normally distributed, data were transformed using arcsine transformation. A sensitivity 

analysis was conducted comparing the results using other available data transformation methods 

(376). The GLM model was only used for the prevalence data. 

 

With the exception of the GLM model, all models used the inverse variance method for pooling the 

estimate of the lameness frequency level. Confidence intervals for individual studies were estimated 

through the normal approximation interval based on summary measure. The DerSimonian-Laird 

(DL) estimate was used to calculate the between-study variance τ2 in all models but the GLMM (377, 

378). In the later the Maximum-likelihood estimator was used (379). 

 

4.2.5.1 Heterogeneity on the reported lameness frequency levels between studies 

A two-step approach was used to address the problem of heterogeneity. The first-step was to identify 

outliers and influential studies. The forest plot was assessed and studies whose 95% confidence 

intervals did not overlap with that from the pooled estimate were identified. A set of tests followed to 

formally assess the influence of the outlying effect of individual studies on the pooled estimate by 

means of the function influence. Papers that had a strong influence on the overall estimate were 

removed from the meta-analysis. The second step was to use a moderator analysis, first by sub-group 

analysis, to group the studies by factors that explain the heterogeneity, followed by a multiple meta-

regression if more than one factors was identified as predictor of the variance between studies (380). 

Factors providing a P-value of 0.1 or below in the test for moderators were considered moderators 

and added to the multiple meta-regression model. The model for the multiple meta-regression was 

developed using the glmulti package, and according to the multimodel inference method in which all 

possible combinations of the identified predictors are explored and parsimony is rewarded (381). The 

second step was only conducted if there were at least 10 papers, and if there were at least 5 papers per 

subgroup (381).  

Risk factors for lameness were explored in the moderator analysis (breed, grazing regime, calving 

pattern, housing system and milking system). Additionally, factors that could have an influence on 

the reported levels of lameness were also considered in the moderator analysis: lameness data source 
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(records vs MSS and/or ALDS), study type, study design, study farm(s) location, year of start of data 

collection and sample size (380). 

 

4.3 Results 

 

4.3.1 Chronological overview of lameness classification methods 

Out of the 151 papers that were considered for full-text screening, 70 papers were eligible for the 

chronological analysis. One paper (382) had been published sometime in the past when compared 

with the other studies and for this reason was excluded from the analysis.  

Overall 17 different lameness data sources were identified, among records and mobility scoring 

systems (MSS). Up until the year 2000 only 3 distinct MSS had been used in lameness research in 

British dairy cattle. From 2000 onwards another 10 MSS were used in publication regarding the 

study of lameness in the same population (Figure 28). Just over 20% of all the papers used the 9-

point scale Manson and Leaver to collect lameness data, being the most commonly used MSS. The 4-

point scale AHDB (Agriculture and Horticulture Development Board) DairyCo 2008 ranked second 

with about 10% of the papers making use of this MSS. Despite the existence of different mobility 

scoring tools for assessing lameness in dairy cattle, farm records are still a commonly used lameness 

data source by research (Table 25). Five out of the eight papers making use of data that started being 

collected from 2014 onwards sourced their lameness data from farm records. Only one paper made 

use of automated lameness detection systems (ALDS) for collecting data (Figure 28). 

 

Table 25. Relative distribution of lameness data sources across the identified papers (n=69) for the chronological 

overview of lameness classification methods 

Lameness data source % (n) 

Farm records 31.9 (22) 

9-point scale Manson and Leaver 1988 21.7 (15) 

4-point scale AHDB DairyCo 2008 10.1 (7)  

4-point scale Whay et al 2003 7.2 (5) 

6-point scale Thomas HJ et al 2015 4.3 (3) 

3-point scale Amory et al 2006 4.3 (3) 

3-point scale Walker et al 2007 2.9 (2) 

Vet and farm records 2.9 (2) 
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Lameness data source % (n) 

Vet records 2.9 (2) 

4-point scale Phillips, C. J. C. 1990 1.4 (1) 

4-point scale Rutherford et al 2009 1.4 (1) 

5-point scale Flower and Weary 2006 1.4 (1) 

5-point scale Galindo et al 2000 1.4 (1) 

5-point scale Haskell MJ et al 2006 1.4 (1) 

5-point scale Sprecher et al 1997 1.4 (1) 

5-point scale Tranter and Morris 1991 1.4 (1) 

Automated system 1.4 (1) 

 

 

 

Figure 28. Lameness detection and classification methods usage in research in British dairy cattle since 1975, 

based on the year of the beginning of the data collection period 
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4.3.2 Meta-analysis on lameness frequency levels 

Of the 151 potentially eligible studies, 68 were included in the meta-analysis (Figure 27). Papers 

were published from 1946 until 2019, with 75% based on data collected from 1995 onwards (Table 

26). Fifty had lameness prevalence data whereas thirty-six had incidence data (Figure 27).  

The main breed of animals were Holstein, Friesian or Holstein-Friesian, with about 70% of all 

studies described the animals as belonging to these breeds (Table 26). A significant proportion of 

studies did not report data on calving pattern, grazing regime, housing system and milking system. A 

quarter of the studies were conducted in farms that belonged to research institutes. Most studies were 

observational (73.5%). In terms of study design 57.4% were longitudinal, and roughly 10.3% of them 

were cross-sectional. The majority of papers (77.9%) reported on cows, regardless of their age. A 

small number of papers (10.3%) focused their research on heifers. Two out of every five studies 

relied on records for their lameness data. More than half of all studies based their research on a 

sample of less than 5 farms and/or 1230 animals (65.6%) (Table 26). 

Table 26. Summary statistics of the final set of studies reporting lameness frequency levels in British dairy cattle 

(n=63)  

Variable Category (n) Share (n=63) 

Start of data collection (year) 

1 (1995 cut-off) 

Before 1995 (16) 23.5% 

1995 and onwards (52) 76.5% 

Start of data collection (year) 

2 (2000 cut-off) 

Before 2000 (26) 38.2% 

2000 and onwards (42) 61.8% 

Start of data collection (year) 

3 (2005 cut-off) 

Before 2005 (40) 58.8% 

2005 and onwards (28) 41.2% 

Start of data collection (year) 

4 (2008 cut-off) 

Before 2008 (45) 66.2% 

2008 and onwards (23) 33.8% 

Start of data collection (year) 

5 (2010 cut-off) 

Before 2010 (52) 76.5% 

2010 and onwards (16) 23.5% 

Breed Holstein/Friesian/Holstein-Friesian (46) 67.6% 

Other (14) 20.6% 

Not reported (8) 11.8% 

Calving pattern Year-round (16) 23.6% 

Other (19) 27.9% 

Not reported (33) 48.5% 
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Variable Category (n) Share (n=63) 

Grazing regime Grazing (24) 35.3% 

Other (21) 30.9% 

Not reported (23) 33.8% 

Housing system Cubicle (33) 48.5% 

Other (15) 22.1% 

Not reported (20) 29.4% 

Milking system Conventional (39) 57.4% 

Other (2) 2.9% 

Not reported (27) 39.7% 

Study farm(s) belonging to 

research institute 

Yes (16) 23.5% 

No (52) 76.5% 

Study Type Experimental (18) 26.5% 

 Observational (50) 73.5% 

Study design Cross-sectional (7) 10.3% 

Longitudinal (39) 57.4% 

Negatively controlled RCT (2) 2.9% 

Positively controlled RCT (1) 1.5% 

Retrospective longitudinal (19) 27.9% 

Epidemiological unit Cow (53) 77.9% 

Culled cow (4) 5.9% 

Heifer (7) 10.3% 

Lactation (4) 5.9% 

Lameness data source Mobility scoring system (39) 57.3% 

Records (28) 41.2% 

Other (1) 1.5% 

Sample size a Less than 1230 animals (36) 52.9% 

1230 animals or more (32) 47.1% 

Sample size b Less than 5 farms and/or 1230 animals (43) 63.2% 

At least 5 farms and 1230 animals (25) 36.8% 

 

Sections 4.3.2.1 Meta-analysis on lameness prevalence levels and 4.3.2.2 Meta-analysis on lameness 

incidence rate levels will concentrate on the results from the papers reporting lameness prevalence 

and incidence rate at cow level.  
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4.3.2.1 Meta-analysis on lameness prevalence levels 

Fifty studies were included in the meta-analysis on lameness prevalence data. Forty-two, five and 

three studies reported lameness prevalence at cow, heifer and culled cow level respectively (Table 74 

in section 9.3.4 of the Supplementary material). The results presented in this section are based on the 

42 papers reporting lameness prevalence at cow level.  

 

Two outliers were identified. The overall pooled estimate for the prevalence in British dairy cattle 

after the removal of the outliers was 29.5% (95% CI 26.7%-32.4% and 95% PI 13.8%-48.2 %). 

Heterogeneity was present and extensive (Table 27 and Figure 29).  

 

The pooled estimates between subgroups when papers were grouped per variables Start of data 

collection (year) 1, Start of data collection (year) 2, Start of data collection (year) 3, Start of data 

collection (year) 4 and Start of data collection (year) 5 were statistically different (p-value for the 

test of moderator < 0.1) and therefore were considered as moderators for the meta-regression (Table 

28). As there were less than 5 papers in one of the categories for variable Milking System no sub-

group analysis was conducted on this factor. 

 

The five identified predictors were used in the multiple meta-regression model. The model with the 

moderator Start of data collection (year) 2 (year 2000 as cut-off) was the most parsimonious model. 

The pooled estimate for papers published from 2000 onwards was 34.9% (95% CI 30.1%-39.9%), 

roughly 15% more when compared with the pooled estimate from studies published before the year 

2000 (20.0%; 95% CI 16.3%-24.0%) (Figure 30). 
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Figure 29. Meta-analysis on reported lameness prevalence in British dairy cattle from identified studies  
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Table 27. Summary of the results from the meta-analysis of studies reporting lameness prevalence at cow level using arcsine data transformation method  

No of studies Pooled 

prevalence 

95% CI 95% PI 

 

Heterogeneity measures 

Cochran’s Q P-value Q Tau2 I2 

Before outlier  

identification and removal 

42 0.299 0.261-0.339 0.087-0.572 34975 <0.001 0.019 99.9% 

After outlier  

identification and removal 

40 0.295 0.267-0.324 0.138-0.482 12892 <0.001 0.009 99.7% 

 

Table 28. Sub-group analysis (univariate analysis) for the papers reporting lameness prevalence at cow level 

Moderator Subgroup 
No of studies 

per subgroup 

Pooled 

prevalence per 

subgroup 

95% CI 
P-value 

for QM 

Residual 

heterogeneity (H) 

Residual 

heterogeneity 

(I2) 

Lameness data 

source 

Mobility 

scoring system  
27 0.294 0.253-0.337 

0.672 13.04 99.4% 

Records 13 0.283 0.251-0.315 

Study Type 
Observational 29 0.279 0.249-0.311 

0.263 18.11 99.7% 
Experimental 11 0.338 0.241-0.443 

Study Farm(s) 

Location 

Not at Research 

Institute 
32 0.289 0.258-0.320 

0.667 18.39 99.7% 
At Research 

Institute 
8 0.325 0.173-0.499 
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Moderator Subgroup 
No of studies 

per subgroup 

Pooled 

prevalence per 

subgroup 

95% CI 
P-value 

for QM 

Residual 

heterogeneity (H) 

Residual 

heterogeneity 

(I2) 

Study Design 
Cross-sectional 7 0.246 0.182-0.316 

0.127 13.86 99.5% 
Other 33 0.304 0.278-0.329 

Breed 
Holstein1 26 0.279 0.255-0.305 

0.976 13.40 99.4% 
Other 9 0.278 0.214-0.348 

Grazing Regime 
Other 12 0.308 0.268-0.349 

0.578 9.2 99.0% 
Grazing 16 0.333 0.256-0.415 

Housing System 
Multiple 9 0.293 0.233-0.357 

0.189 12.56 99.4% 
Cubicle 20 0.357 0.285-0.433 

Calving pattern 
Other 11 0.371 0.324-0.420 

0.697 8.23 98.5% 
Year-round 8 0.334 0.171-0.521 

Start of data 

collection (year) 1 

1995 and 

onwards  
33 0.319 0.287-0.353 

0.004* 18.36 99.7% 

Before 1995 7 0.195 0.128-0.273 

Start of data 

collection (year) 2 

2000 and 

onwards 
27 0.349 0.301-0.399 

<0.001* 18.33 99.7% 

Before 2000 13 0.200 0.163-0.240 

Start of data 

collection (year) 3 

2005 and 

onwards 
19 0.368 0.305-0.433 

<0.001* 18.28 99.7% 

Before 2005 21 0.231 0.199-0.263 
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Moderator Subgroup 
No of studies 

per subgroup 

Pooled 

prevalence per 

subgroup 

95% CI 
P-value 

for QM 

Residual 

heterogeneity (H) 

Residual 

heterogeneity 

(I2) 

Start of data 

collection (year) 4 

2008 and 

onwards 
14 0.368 0.302-0.436 

0.005* 16.37 99.6% 

Before 2008 26 0.258 0.219-0.298 

Start of data 

collection (year) 5 

2010 and 

onwards 
11 0.356 0.297-0.418 

0.023* 16.02 99.6% 

Before 2010 29 0.273 0.234-0.313 

Sample Size a 

1230 animals or 

more 
17 0.263 0.225-0.302 

0.169 18.26 99.7% 
less than 1230 

animals) 
23 0.328 0.245-0.417 

Sample Size b 

More than 5 

farms and 1230 

animals 

14 0.265 0.218-0.314 

0.171 15.20 99.6% 
less than 5 

farms and/or 

1230 animals 

26 0.319 0.259-0.380 

1Herds which cows were mainly Holstein, Friesian and/or Holstein-Friesian         *Variables considered as moderators 
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Figure 30. Subgroup analysis of reported prevalence of lameness in British dairy cattle at cow level with Start of 

data collection (year) 2 as a moderator (year 2000 as cut-off) 
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4.3.2.2 Meta-analysis on lameness incidence rate levels 

Lameness incidence rate data were extracted from thirty-six studies, thirty-one of which reported the 

measure at cow level. One paper reported incidence per culled cow whereas the remaining four 

reported at heifer level (Table 75 in section 9.3.5 of the Supplementary material). Additionally, data 

on the underlying cause of lameness were extracted from papers that reported it and a meta-analysis 

conducted. The results presented are based on incidence rate data from papers reporting cases at the 

cow level.  

Two studies were identified as outliers and removed from the analysis. After the removal of the 

outliers the overall pooled estimate for all-causes incidence rate in British dairy cattle was 36.8 cases 

per 100 cow-years (95% CI 29.3 - 45.3 and 95% PI 5.6 - 95.5). Heterogeneity was present and 

extensive (Table 29 and Figure 31). 

 

Few studies provided information on the lameness underlying cause, ranging from 11 (Sole Ulcer, 

Sole Haemorrhage/Bruising category) to 8 (White Line Disease, White Line Disease and Abscess, 

Bovine Digital Dermatitis and Other lesions categories). The pooled incidence rate per 100 cow-

years was 66.1 (95% CI 24.1 – 128.8), 53.2 (95% CI 20.5 – 101.2), 53.6 (95% CI 19.2 – 105.34) and 

51.9 (95% CI 9.3 - 129.2) for White Line Disease, Sole Ulcer, Bovine Digital Dermatitis and Other 

lesions respectively. As with the meta-analysis on the all-causes incidence rate data, the 

heterogeneity was present and high for all lameness-related lesions (Table 30).  
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Figure 31. Meta-analysis on reported lameness incidence rate (100 cow-years) in British dairy cattle from 

identified studies after outlier removal 
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Table 29. Summary of the results from the meta-analysis of studies reporting lameness incidence rate (100 cow-years) at cow level using the arcsine data 

transformation method, before and after outlier removal 

No of studies Pooled 

Incidence 

rate (100 

cow-years) 

95% CI 95% PI 

 

Heterogeneity measures 

Cochran’s Q P-value Q Tau2 I2 

Before outlier  

identification and removal 

31 45.2 36.9-54.3 8.8-109.7 112985 <0.001 0.033 100.0% 

After outlier  

identification and removal 

29 36.8 29.3-45.2 5.6-95.5 109127 <0.001 0.032 100.0% 

 

 

Table 30. Summary of the results from the meta-analysis of studies reporting lameness causing lesions incidence rate (100 cow-years) at cow level using the 

arcsine data transformation method, after outlier removal 

Lesion(s) No of 

studies 

(No of 

outliers) 

Pooled incidence 

rate (100 cow-

years) 

95% CI 95% PI  Heterogeneity measures 

 Cochran’s Q P-value 

Q 

tau 2 I2 

Wld1 7 (1) 66.1 24.1 – 128.8 14.4 – 402.4  23947 <0.001 0.188 100.0% 

Wldabs2 6 (2) 75.2 25.5 – 151.2 24.0 – 494.8  23881 <0.001 0.205 100.0% 

Su3 9 (1) 53.2 20.5 – 101.2 10.5 – 317.9  26148 <0.001 0.179 100.0% 

Sushb4 10 (1) 46.6 22.2 – 79.8 1.9 – 226.3  44594 <0.001 0.115 100.0% 

Bdd5 8 (1) 53.6 19.2 – 105.3 13.6 – 335.9  26129 <0.001 0.179 100.0% 
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Lesion(s) No of 

studies 

(No of 

outliers) 

Pooled incidence 

rate (100 cow-

years) 

95% CI 95% PI  Heterogeneity measures 

 Cochran’s Q P-value 

Q 

tau 2 I2 

Bddfr6 7 (2) 60.2 26.6 – 107.5 3.6 – 303.2  43872 <0.001 0.123 100.0% 

Other7 7 (1) 51.9 9.3 - 129.2 67.6 - 512.3  43199 <0.001 0.315 100.0% 

1White Line Disease 2White Line Disease and Abscess 3Sole Ulcer 4Sole Ulcer, Sole Haemorrhage/Bruising 5Bovine Digital 

Dermatitis 6Bovine Digital Dermatitis and Interdigital Phlegmon (foot rot) 7Other hoof related lesions 

 

Table 31. Sub-group analysis with the papers reporting lameness incidence rate (100 cow-years) at cow level after outlier removal 

Moderator Subgroup 

No of 

studies per 

subgroup 

Pooled 

incidence rate 

(100 cow-

years) per 

subgroup 

95% CI 
P-value 

for QM 

Residual 

heterogeneity 

(H) 

Residual 

heterogeneity 

(I2) 

Lameness data 

source 

Mobility scoring system  13 36.9 24.2 - 52.4 
0.989 62.93 100.0% 

Records 16 36.8 26.9 – 48.4 

Study Type 
Observational 22 30.7 23.1 – 39.5 

<0.001* 63.37 100.0% 
Experimental 7 63.4 45.4 – 84.4 

Study Farm(s) 

Location 

Not at Research Institute 22 33.9 25.8 – 43.1 
0.309 63.57 100.0% 

At Research Institute 7 48.3 24.1 – 80.9 

Breed 
Holstein1 20 45.7 34.7 – 58.2 

0.0020* 45.83 100.0% 
Other 6 19.4 9.8 – 32.4 
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Moderator Subgroup 

No of 

studies per 

subgroup 

Pooled 

incidence rate 

(100 cow-

years) per 

subgroup 

95% CI 
P-value 

for QM 

Residual 

heterogeneity 

(H) 

Residual 

heterogeneity 

(I2) 

Grazing regime 
Grazing 13 64.6 43.6 – 90.1 

<0.001* 19.66 99.7% 
Other 5 17.5 12.2 – 23.9 

Housing System 
Multiple 6 14.8 7.5 – 24.6 

0.03* 43.14 99.9% 
Cubicle 12 54.2 19.2 – 106.9 

Calving Pattern 
Year-round 5 52.4 18.2 – 104.2 

0.577 43.14 99.9% 
Other 9 39.5 22.4 – 61.3 

Start of data 

collection (year) 

1 

1995 and onwards  19 38.1 29.8 – 47.5 

0.694 51.55 100.0% 
Before 1995 10 34.6 21.2 – 51.3 

Start of data 

collection (year) 

2 

2000 and onwards 14 43.7 28.5 – 62.1 

0.164 47.84 100.0% 
Before 2000 15 31.0 23.3 – 39.8 

Start of data 

collection (year) 

3 

2005 and onwards 9 55.8 28.9 – 91.5 

0.066 45.37 100.0% 
Before 2005 20 29.3 23.6 – 35.6 

Start of data 

collection (year) 

4 

2008 and onwards 8 47.8 22.1 – 83.4 

0.316 45.51 100.0% 
Before 2008 21 32.9 26.5 – 40.1 
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Moderator Subgroup 

No of 

studies per 

subgroup 

Pooled 

incidence rate 

(100 cow-

years) per 

subgroup 

95% CI 
P-value 

for QM 

Residual 

heterogeneity 

(H) 

Residual 

heterogeneity 

(I2) 

Start of data 

collection (year) 

5 

2010 and onwards 6 31.6 13.7 – 56.8 

0.583 52.07 100.0% 
Before 2010 23 38.5 28.9 – 49.5 

Sample Size a 
1230 animals or more 17 24.5 17.1 – 33.3 

0.0019* 62.00 100.0% 
less than 1230 animals 12 60.2 38.3 – 86.9 

Sample Size b 

More than 5 farms and 

1230 animals 
11 20.7 14.3 – 28.2 

0.0021* 43.29 99.9% 
less than 5 farms and/or 

1230 animals 
18 49.7 31.9 – 71.6 

1Herds which cows were mainly Holstein, Friesian and/or Holstein-Friesian           *Variables considered as moderators 
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To deal with the high heterogeneity left after the removal of outliers the sub-group analysis followed. 

As with the meta-analysis on prevalence data no sub-group analysis was conducted on the variable 

Milking System.  

 

Breed, Study Type, Housing Regime, Grazing Regime, Sample Size a and Sample Size b were 

identified as predictors for heterogeneity among reported incidence across the different studies with 

statistical significance (Table 31). 

 

The six identified predictors were used in the multiple meta-regression model. The most 

parsimonious model was the one with the moderator Sample Size a. The pooled incidence rate of 

lameness per 100 cow-years for papers based on a sample of 1230 animals or more was 24.5 (95% CI 

17.1 – 33.3), less than half of the when compared with the pooled estimate from studies based on a 

sample of less than 1230 animals (60.2; 95% CI 38.3 – 86.9) (Table 31. Sub-group analysis with the 

papers reporting lameness incidence rate (100 cow-years) at cow level after outlier removal (Table 31 

and Figure 32). 
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Figure 32. Subgroup analysis of reported incidence rate of lameness in British dairy cattle at cow level with 

Sample Size a as a moderator 

 

4.3.3 Risk of bias 

The results of the assessment are presented in Table 73 and Figure 47 in section 9.3.3 of the 

Supplementary material. Overall all papers were classified at high risk of bias. Even studies that were 

addressing the review question had sample populations resulting from convenience sampling with 

high concerns for its effect on the estimate of lameness frequency. The selection of subset of animals 

within the sample population (eg. heifers or milking cows) and lameness data source were additional 

concerns to the introduction of bias (farm records have a recognised issue of underreporting, and 

mobility scoring system are subjective by nature). 

 



Chapter 4: Knowing the Frequency  

201 

 

4.3.4 Sensitivity analysis on the different data transformation methods 

Tables with the findings of the sensitivity analysis are provided in section 9.3.5 of the Supplementary 

material section (Table 76 and Table 77). Below a summary of the main results is presented. 

 

4.3.4.1 Prevalence data analysis 

The maximum variation in the pooled prevalence when comparing the results between the different 

models was of about 6% (from 29.9% in with arcsine and double arcsine transformations to 28.1% in 

the GLM model). The most significant difference was when the lower limits of the 95% prediction 

intervals were compared: the figure was nearly twice as high with logit transformation (9.9%) when 

compared with the GLM method (4.9%). Outliers were identified in methods except for the GLM. 

The most significant difference was in the logit transformation method where the removal of the 

outliers led to an increase of roughly 3% in the pooled estimate. Heterogeneity was extensive 

regardless of the method used (Table 76 in section 9.3.5 of the Supplementary material).  

 

4.3.4.2 Incidence data analysis 

Before the removal of outliers the arcsine and double arcsine methods performed quite similarly, and 

had about 20% more cases per 100 cow-years when compared with the logit transformation. The 

removal of the outliers translated into a reduction of roughly 8 cases per 100 cow-years in the arcsine 

and double arcsine methods, and an increase of about 3 cases per 100 cow-years in the logit 

transformation. After the removal of the identified outliers all three transformation method provided 

very similar results, with a maximum of 4% variation when comparing the arcsine with the logit 

method. Heterogeneity was present and extensive irrespective of the data transformation method used 

(Table 77 in section 9.3.5 of the Supplementary material). 

 

4.4 Discussion 

The usefulness of outputs from meta-analysis in economic evaluations has been highlighted 

previously (383, 384). The study performed aimed to generate prevalence and incidence parameters 

to make assessments of the burden of lameness in British dairy cattle. The analysis indicates that 

there are problems with how this health condition is reported and measured. It is particularly 

concerning that 4 out of the 6 studies identified in the SLR published from 2015 onwards based their 

findings in farm records, a data source highlighted for underreporting lameness levels (119, 206, 282, 

360). Additionally the diversity in mobility scoring methods, their intrinsic objective nature and the 
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potential lack of correspondence adds uncertainty to how consistently is lameness being measured 

between studies. Other authors have raised this problem (12, 43, 110, 295, 364, 385, 386) there is a 

need for greater standardisation in lameness data collection methods and case definition. Despite 

these problems the analysis has provided great insight into the scientific documentation of lameness 

and its potential limitations in the estimates of the economic burden of this problem.  

 

Papers were grouped according to the epidemiological unit at which lameness was reported, and to 

concentrate the analysis and results report on cows rather than heifers and culled cows. Heifers are 

known to have lower incidence of lameness than older cows (147). Additionally culling records are 

not a good indicator of lameness frequency in dairy cattle, reporting low levels of the ailment (358, 

387) when compared with evaluations from independent observers (8, 282).  Pooling lameness levels 

from papers reporting it at heifer and culled cow level with those reporting it at cow level would 

probably underestimate the results.  

 

The most parsimonious model for the analysis of prevalence data had Start of data collection (year) 2 

as the only moderator. The pooled prevalence for studies for which data began being collected before 

the year 2000 was 20.0% (95% CI 16.3% - 24.0%). This is in line with what Clarkson reported 

(20.6%) in 1996 (9). The two most recent lameness prevalence studies in British dairy cattle reported 

higher levels of lameness. Griffiths et al (2018) using data collected in 2015 and 2016 estimated a 

28.2% prevalence, whereas Randall et al (2019) using data collected in 2014 reported 30.1%. These 

most current estimates of lameness prevalence in British dairy cattle are similar (although slightly 

lower) to the pooled estimate for studies for which data began being collected in 2000 and onwards 

34.9% (95% CI 30.1% - 39.9%). It could be that awareness regarding lameness has increased over 

the years. The fact that the Start of data collection (year) 4 (year 2008 as cut-off) and Start of data 

collection (year) 5 (year 2010 as cut-off) were identified as predictors for the variance in the reported 

estimates between studies could reflect a higher consciousness to the problem as it was when the 

British dairy sector adopted the AHDB 4-point MSS as a standard tool in lameness assessment and 

when the Healthy Feet program was launched - two marks in the history of lameness management in 

the UK (372). 

 

The moderator Sample Size a (1230 cut-off) retrieved the most parsimonious model when analysing 

the lameness incidence dataset. The estimated pooled incidence for the studies with more than 1230 

animals indicated 24.5 cases of lameness per 100 cow-years (95% CI 17.1 - 33.3). This is in line with 
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what Esslemont and Kossaibati (1996) and Whitaker et al (2004) estimated - 24.5 and 21.8 

respectively – but considerably lower than what Clarkson et al (1996) estimated – 54.6 cases per 100 

cow-years. It must be noted that most studies with a sample size of more than 1230 animals (12 out 

of 17) were based on farm records, a data source prone to underreporting (112, 282). On the other 

hand 2 out of every 3 studies with a sample size of less 1230 animals relied on mobility scoring 

methods to assess lameness. Part of the observed difference could result from the different methods 

that were used for collecting lameness data. The pooled estimate for incidence rate for studies with 

less than 1230 animals was 60.2 cases of lameness per 100 cow-years (95% CI 38.3 - 86.9), which is 

close to what Clarkson et al (1996) estimated. The figure for the incidence in the later study was 

based on farm records. However it must be noted that the enrolled farms had regular visits from 

researchers who mobility scored the herd for the duration of the study, which could have had an 

effect on the accuracy of the records kept by the farmer. 

 

The impact of lameness is cause-specific, resulting from different adverse effects in the animal’s 

production capacity, and different treatments and prevention and control strategies (174).  Identifying 

the underlying disease leading to lameness is valuable information when conducting economic 

studies on this health condition. However, few studies reported lameness data with this level of 

granularity. The diversity in methodologies and sample sizes, and high variance in the reported 

incidence rate between studies resulted in very wide 95% CI for the pooled estimate.  

 

Data availability and accessibility are bottlenecks when studying animal diseases and their impact 

(359). The fact that lameness is a symptom rather than a disease in itself (with a diversity of diseases 

that can cause the ailment), and that different methods are used to capture lameness information, 

makes data consistency an even higher challenge when studying this health condition (43, 110). 

Three main findings were drawn from the chronological analysis of lameness detection and 

classification system: the mobility scoring system (MSS) adopted in 2008 by the industry as the 

standard (the AHDB Dairy mobility scoring system) is not the only MSS being used for assessing 

lameness in dairy cattle; the diversity of MSS used and the fact that these are subjective nature prone 

to observer bias makes it more difficult to aim for consistency; and farm records are still a source of 

data when studying lameness despite the underreporting problems identified in research (112, 282). 

The mobility scoring systems are based on ordinal scales, and depend on the observer’s experience to 

detect changes in the animal’s locomotion that fit the descriptors for each level in the scale. The 

scales of the identified MSS ranged from 9 to 4 scales with different descriptors. To make the 
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assessments between studies comparable the ordinal scales are translated into binary (lame vs non-

lame) or shorter scales (non-lame, mildly lame, and severely lame). Since the descriptors are not 

identical between scoring system this could bring about issues of consistency and hamper 

comparison. Although technology for the detection of lameness based in artificial intelligence is 

available only one study has made use of data collected by an automated lameness detection system 

(ALDS). The use of MSS was associated with the study farm(s) location. Research institutes will 

have implemented a particular system in their welfare routine assessment and thus studies that have 

made use of their data set for conducting analysis will report this MSS. This could lead to incorrectly 

concluding that the AHDB system has not been widely adopted if many papers make use of the data 

set from these dairy farms belonging to research institutes. 

 

The databases from which papers were retrieved were selected for their extensive coverage of 

veterinary science journals (388). The data extracted from the papers was skewed and so it was 

transform through the arcsine method to improve its statistical properties. The double arcsine method 

has been advocated by researchers as the model of choice for conducting meta-analysis with binomial 

data (374, 380, 389). However Schwarzer et al (2019) has highlighted potential misleading results 

from back-transformed data when this method is used (376), especially when sample size is small. 

Following Schwarzer et al (2019) recommendations a sensitivity analysis was done to assess the 

effect of the different data transformation methods on the results. This analysis indicated minor 

differences in the pooled estimates when using the different methods. The logit transformation was 

the method that showed most significant differences. Research has indicated this approach to be 

problematic when analysing binomial data, placing undue weight on studies reporting extreme 

proportions and failing to stabilise variance in studies with smaller sample sizes (374, 376, 389).In 

sum, the arcsine transformation seemed to be a suitable option.  

 

The choice of a random-effects model seemed appropriate considering the heterogeneity of the 

methods and sample population between the identified studies, and given the need to consider both 

the intra and inter-study variance of lameness frequency (375, 380).  

 

With the exception of the GLM model, the DerSimonian and Laird (DL) method was used to 

estimate the between study variance. Other authors argue that the restricted maximum likelihood 

(REML) is the approach of choice, despite of higher computational complexity (379). However it 
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seems that the difference observed when comparing results from these two methods is generally 

insignificant and its impact negligible (390). 

 

Heterogeneity in the outcome of interest between studies is critical aspect of conducting a meta-

analysis (389) and one of its main objectives was to reduce it as much as possible (391). The 

identified studies were quite diverse in terms of study designs, data collection methods and analytical 

approaches. This diversity is hard to manage when the number of papers isn’t big enough to perform 

analysis aimed at dealing with heterogeneity. This was particularly marked when exploring the 

moderator effect of certain factors such as Grazing Regime, Housing System and Milking System, for 

which a small number of studies had data on. Despite having identified moderators that explained 

part of the observed variance, it remained high and unexplained – a common finding when 

conducting this sort of analysis in disease frequency data (392). As a result of the high residual 

heterogeneity the interpretation of results should be taken with caution as it may not be appropriate to 

summarise the data into a single estimate. However, having described the predictors for such 

heterogeneity is a valuable output from the analysis as these could indicate risk factors for lameness. 

Additionally the prediction interval is calculated taking into account the heterogeneity not explained 

by random sampling error providing an interval of values that would capture 95% of the estimates of 

lameness frequency levels – this can then be used to inform economic analysis by means of a 

sensitivity analysis with worst and best case scenarios. 

 

When conducting the meta-analysis on incidence data Housing Regime was a factor that seemed to 

explain part of the observed heterogeneity between studies. These findings are in accordance with 

conclusions reported in previous publications. Housing system also plays a role in the epidemiology 

of lameness, with straw yards having a protective effect on lameness incidence (75). The variable 

Grazing Regime was also identified as predictor for the variance of the estimate between studies. As 

opposed to what research has highlighted (145) grazing systems had a higher incidence rate of 

lameness (47.5 cases per 100 cow-years; 95% CI 28.8 – 70.8) when compared with the studies that 

reported lameness based on a sample that included also included non-grazing systems (17.5 cases per 

100 cow-years; 95% CI 12.2 – 23.9).  

 

It was acknowledged that the search terms used in the systematic literature review were somewhat 

narrow and that some references focusing lameness in British dairy cattle might have been missed 

with the search strategy. Yet considering the research question the search terms seem to be adequate 
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when identifying publications focused on reporting lameness frequency levels in British dairy cattle. 

Limiting the search to research conducted in British dairy cattle was strategic as the results from this 

analysis are intended to be used in an economic assessment of lameness in this population.  

 

As with all systematic literature reviews, the issue of bias should be discussed. Eight papers were not 

accessible through the methodology. Additionally data could not be retrieved in twelve papers. This 

could have introduced bias into the analysis, but the direction and extent of the bias due the 

information lacking is not known. 

 

4.5 Conclusion 

Our pooled lameness frequency estimates indicated high levels of the disease with approximately 

30% of British dairy cattle suffering from this ailment at any one moment in time. This analysis will 

be useful for investigations on the economic impact of lameness on British dairy cattle.  

 

A diversity of detection and classification methods are used for collecting lameness data in the UK. 

This brings about inconsistency in the existing literature on the subject that hamper results 

comparison, limiting the ability to see if lameness is changing over time, be if for the purpose of 

assessing the effectiveness of an intervention or solely for monitoring lameness trend, and to 

understand lameness impact with precision. The use of artificial intelligence for identifying and 

monitoring lameness cases could offer the objectivity and reliability compared with other lameness 

detection and classification method, namely the mobility scoring systems and farm records. 

 

The development and implementation of data collection systems that can offer reliable and 

standardised information are essential for the decision-making in the realm of animal health 

management. 
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Chapter 5 Understanding the Diagnostic Capacity – Exploring attribution granularity with 

bovine digital dermatitis (BDD) 

 

“The goal is to turn data into information, and information into insight.”  

(Carly Fiorina) 

 

5.1 Introduction 

When researching hoof-related lameness, it is important to acknowledge that it is a symptom rather 

than a disease that can have different aetiologies, from infectious to non-infectious causes (43). This 

particularity is further relevant given the fact that lameness impact, and treatment and control actions 

are cause-specific. Gaining insight in relation to the underlying causes of lameness and disease 

profile is important for the management of hoof-related lameness, for both clinical and economic 

perspectives. The more detailed the data collected the more informative the analysis. On the other 

hand, the deeper the levels of granularity with regards to disease diagnostic the more likely data is to 

be scarce (Figure 33). Additionally, the ability to collect such data is intimately dependent on the 

available diagnostic tools and their performance capacity. 

 

 

Figure 33. Different levels of granularity in hoof-related lameness 

 

http://en.wikipedia.org/wiki/Carly_Fiorina
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Bovine digital dermatitis (BDD) is a leading cause of infectious lameness in British dairy cattle, 

causing ulcerative skin lesions, with significant impact in animal production and welfare. The impact 

of BDD is associated with the stage of the disease. Acute phases are more likely to result in a change 

in the cow’s behaviour due to pain, leading to a reduction on milk yield and fertility. Animals 

chronically affected by digital dermatitis can perpetuate the disease in the herd, acting as pathogen 

reservoirs and contributing to the establishment of an endemic nature of the ailment, which can result 

in premature culling of animals and added costs to control and eradicate the disease (393, 394). 

Identifying the stage of the disease is thus important to inform the treatment and control strategy 

(395), and to allow for the proper estimation of the economic impact of BDD. 

 

Different methods are currently used to capture data related to BDD. Herd mobility scoring is a 

screening tool widely used to identify animals afflicted by lameness, followed by clinical 

investigation of the underlying cause and treatment. However, as seen in a previous chapter, mobility 

scoring is subjective and prone to intra and inter-observer bias (12, 43). Additionally, the presence of 

BDD lesion(s) isn’t always associated with lameness, which could lead to the underreporting of the 

problem (396). The reference for detecting and classifying BDD is the clinical observation of lifted 

hooves in a foot trimming chute. In addition to being labour-intensive and expensive, this routine 

causes stress to the animal (397, 398). Additionally, some cases with less obvious lesions can be 

overlooked (399). As such, researchers have suggested alternative approaches for monitoring BDD, 

including visual inspection during milking routine at the parlour (397, 398), and investigated the use 

of infrared thermography to identify animals with lesions (400). Unfortunately these tend to have a 

lower diagnostic capacity when compared to the reference (401).  

 

Research has suggested that Treponema species are a key pathogen triggering the pathogenic cascade 

that leads to the establishment of the disease (402-404). The immunologic response to the presence of 

these pathogens can be assessed through serology which could stand as a more objective and 

practical alternative tool of identifying animals with BDD when compared to the current reference 

diagnostic method (405). A study by Frossling et al (2018) found that the presence of serum anti-

Treponema antibodies assessed through indirect ELISA could be used with high sensitivity and 

specificity for the identification of BDD presence at animal and herd levels. Additionally, the results 

from serology with milk samples from the bulk tank showed good agreement with those from 

individual cows, suggesting a potential use as a screening tool at herd level (406). The usefulness of 

indirect Enzyme-linked immunosorbent assay (ELISA) as a diagnostic tool in identifying BDD 
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clinical stages has been previously assessed in dairy heifers through the measurement of anti-

Treponema antibodies. The study found that the mean anti-Treponema antibody titres for animals 

experiencing a DD lesion for the first time increased by 56% when compared to results before the 

onset of the disease. Additionally, animals treated with oxytetracycline for a DD acute lesion had 

their anti-Treponema antibodies titres decreased to levels closer to those of animals without DD 

lesions after an average of 223 days (407).  

 

Chapter 5 aims to assess whether indirect ELISA is suitable for the diagnosis and severity assessment 

of bovine digital dermatitis, and with it explore the issue of granularity in impact attribution. 

 

5.2 Materials and Methods 

Ethical approval for the study was granted by the University of Liverpool Research Ethics 

Committee (reference VREC466). ASPA regulated procedures were conducted under a Home Office 

Project License (Reference Number: PPL 70/8330). 

 

5.2.1 Farm characteristics and animals 

A cohort of dairy cattle from three commercial dairy farms in the North West of England and North 

Wales were followed from September 2016 until August 2017. Farms were conveniently recruited 

for their proximity to the research institute and for their willingness to take part in the study. The 

farms’ characteristics are described in more detail in a previous study (408).  

 

On farm 1, animals were housed in concrete cubicles with different mattress types and bedded with 

sawdust. Automatic scrapers removed manure from pen passageways two or three times per hour. 

The milking parlour and part of the collecting yard had rubber floor matting. Dry cows were housed 

in grooved concrete floors with deep straw bedding. Youngstock spent summer on pasture, and 

winter housed in cubicle sheds.  

 

Cows were housed in cubicles on farm 2. High yielding cows were kept in sheds with concrete 

cubicles with mats and shallow sand beds. For low yielding and freshly calved cows, cubicles had 

deep sand bedding. As with farm 1, automatic scrapers removed manure from pen passageways two 

or three times per hour. The milking parlour and the collecting yard were concreted with no floor 
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matting. Dry cows were kept on pasture during summer months and housed in deep sanded cubicles 

in winter. Youngstock were housed in concrete cubicles with straw.   

 

On farm 3, animals were housed in deep sand bedded cubicles. Pen passageways were scraped three 

times a day with a tractor. The milking parlour and main race had floor matting. Dry cows and 

youngstock were kept separately, each in its own unit. Dry cows were housed in deep sand bedded 

cubicles. 

 

All farms had foot trimming routines. On farms 1 and 3 all animals were foot trimmed at drying off 

and around 60 days in milk (DIM), whereas on farm 2 cows were only trimmed at drying off. 

Footbathing was used in all farms. On farm 1 animals were footbathed once a week with 3% formalin 

and twice a week with 4% copper sulfate as they exited the milking parlour. Farms 2 and 3 only used 

3% formalin in their footbaths. On farm 2 cows were footbathed 3 times per week, and on farm 3 

once a day.  

  

5.2.2 Blood samples 

A blood sample was obtained from the coccygeal vein at three time points - 30 days pre-calving, 

within 7 days from calving and 30 days post-calving (Figure 34). Blood samples were collected into 

a plain 5ml vacutainer (BD Vacutainer Serum Tube, BD, US) and allowed to clot at room 

temperature before being placed on ice. Samples were transferred to the laboratory within a few 

hours from collection where clotted blood was subsequently centrifuged (Sigma 3-16kl, Sigma 

Laborzentrifugen, Germany) at 2500rpm at 20C for ten minutes. Aliquots of serum were then frozen 

at -20C.  
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Figure 34. Chronology of data collection 

 

5.2.3 Clinical data collection 

Health data were recorded on the day blood samples were collected by one of two trained observers 

(GO and BG) and mobility score (MS) and body condition score (BCS) were recorded (Figure 34). 

The method used for the mobility scoring was the 4-point AHDB scale (0 = good mobility, 3 = 

severely impaired mobility) (282) and the BCS was assessed through the Penn State Method (1 = 

very thin, 5 = obese) (409). Digital Dermatitis lesions were classified according to their stage using a 

6-point scale (Table 32). 

 

Table 32. Classification of Digital Dermatitis lesions according to macroscopic aspect 

Stage Clinical descriptor 

M1 
Small (<2 cm across) focal active state. Circumscribed lesion. Surface is moist, 

ragged, mottled red–grey with scattered small (~1mm diameter) red foci 

M2 
Larger (>2 cm across) ulcerative active stage. Extensively mottled red–grey. Can be 

painful upon manipulation 

M3 
Healing stage. Typically seen within a few days after antibiotic treatment. The 

ulcerated surface is now transformed to a dry brown, firm rubbery scab. No pain on 

manipulation 
M4 

Chronic stage. Surface is raised by tan, brown, black, rubbery, irregular, proliferative 

hyperkeratotic growths that vary from papilliform to mass-like projections  

M4.1 Chronic stage with small active painful M1 focus 

M5 No sign of pre-existing lesion. Normal skin 

Adapted from (410); the terms acute ulcerative were changed to ulcerative active. 
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Additionally, the presence of other hoof health events was assessed in all four hooves during the foot 

trimming performed at 60 days in milk, and classified according to the ICAR Claw Health Atlas (47) 

as per below: 

 Bovine Digital Dermatitis  

 Interdigital Dermatitis 

 Interdigital Hyperplasia 

 Interdigital Phlegmon 

 Sole Haemorrhage/ Bruising 

 Sole Ulcer 

 White Line Disease 

 Other lesions 

 

The methods for collecting data on the mentioned parameters are detailed by Griffiths et al (2020) 

(408). 

 

5.2.4 Laboratory procedures 

 

5.2.4.1 Preparation of Treponema antigens 

Treponema antigens were prepared by sonication of Treponema Group 2 bacteria, previously isolated 

(T.  phagedenis T320A) from digital dermatitis lesions (411).  

 

5.2.4.2 Indirect ELISA  

Indirect ELISA tests were conducted on the available 773 serum samples, to assess the presence of 

anti-Treponema antibodies (subclasses IgG1 and IgG2). The protocol is outlined below but can be 

found in more detail in section 9.4.1 of the Supplementary material alongside with the list of reagents 

used (Table 78). 

 

Non-activated 96-well microtitre ELISA plates were coated with 5μg/ml of T.  phagedenis T320A in 

PBS, pH 7.2. The plates were incubated for one hour at 37°C, and overnight at 4°C, inside a lidded 

humid sandwich box. The liquid in the wells was discarded and the plates thoroughly washed three 

times with PBS-Tween 20 (0.05%) to remove unbounded antigen. Sera dilutes of cows were prepared 
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on the same day of the coating of the plates, at a dilution of 1/1000, by adding 10 µl of serum sample 

to 990 µl of PBS-Tween 20 (0.05%) in an Eppendorf, and kept in the fridge overnight at 4°C.  

 

After stirring the Eppendorf in the vortex stirrer, cow serum samples (100ul, 1:100 dilution in PBS-

Tween 20) were pipetted into the wells in duplicate. Diagram of the ELISA plate can be found in the 

protocol in section 9.4.1 of the Supplementary material. Blank control wells got 100 μl of PBS-

Tween 20 (0.05%). Positive and negative control serum samples were identified from a first set of 

experiments and used throughout for comparison with test sera to ensure data consistency.  

 

The plates were incubated with sera samples for one hour at 37°C and plates were washed with PBS-

Tween 20 (0.05%). One hundred μl of mouse anti-bovine IgG (Biorad) (diluted 1:10000) were added 

to each well. The plates were again incubated at 37°C for one hour.  

 

The plates were washed as before, and 100 μl of peroxidase conjugated goat anti-mouse IgG (Sigma), 

at a dilution of 1:10000, added to each well. The plates were incubated for one hour at 37°C. 

 

After washing the plate, 100 μl of 3,3',5,5'-tetramethylbenzidine (Interchim) was added to each well 

for detecting the antibody-conjugate reaction. The plates were left for 20 minutes in the dark at room 

temperature for 20 minutes or until the blue colour was saturated enough to prevent the loss of 

linearity between the colour saturation and antibody titer. After this period 100 μl of Hydrochloric 

acid at 0.5 M (Sigma) were added to each well, and the results were read in a multi-well ELISA plate 

reader (Multiskan, Titertek) at 405 nm. Each plate was read three times and the average taken. The 

absorbance readings obtained from serum samples of animals known to be negative for BDD signs 

(BDD-free farms) were used for validating plates. This sample derived from another piece of 

research (412). Plates were considered valid if the average from the negative control duplicates were 

below the cut-off defined as the mean of the results from the animal known to be negative plus three 

standard deviations. The variation between duplicates was calculated. All samples for which 

duplicates had a variation over 20% were considered invalid, and samples were retested. Data were 

normalised taking the positive control of each plate as reference (413). 

 

5.2.5 Data management and parameters 

Microsoft Excel (2016) was used to collate the data and create the data set (340). The health data 

collected with regards to BDD was used to create new binary variables to explore their association 
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with the readings from the indirect ELISA as follows, with each BDD lesion record assumed to be a 

case: 

 Presence of BDD lesion(s) (yes/no) 

 Presence of active DD lesions regardless of the number (yes/no) – the definition of an active 

lesion followed the lesion classification system and descriptors by Berry et al 2012(410), thus 

M1, M2 and M4.1 lesions were classified as active  

 Presence of active lesions considering the number (no lesions/one lesion/more than one 

lesion) 

Additionally, BCS was used to create a 3 point-scale variable (414). The 3-point scale BCS variable 

assumed the following intervals - below 2.5, between 2.5 and 3.5 and above 3.5. Moreover animals 

were grouped according to their lactation according to three categories: first lactation, second 

lactation, third lactation or above. A binary variable for the ELISA test was also created based on the 

absorbance readings for IgG1 and IgG2. The cut-off value was defined by mean of the results from 

the animal known to be negative plus three standard deviations. Furthermore, animals were classified 

across five categories according to lesion recording during the study period as per below: 

 

BDD health category Data collection time point 

Pre-calving Around calving Post-calving 

Healthy No lesion No lesion No lesion 

Deteriorating No lesion No lesion Lesion(s) 

No lesion Lesion(s) Lesion(s) 

Recovering Lesion(s) No lesion No lesion 

No lesion Lesion(s) No lesion 

Lesion(s) Lesion(s) No lesion 

Ever ill Lesion(s) Lesion(s) Lesion(s) 

Other Lesion(s) No lesion Lesion(s) 

 

Lastly, a categorical variable was created based on the disease progression which considered three 

categories - no change, improved and worsen – by comparing lesion score in time t with that at time 

t-1. A shift from no lesion in time t-1 to any other score represented a worsening condition. An active 

lesion with no signs of chronicity in time t-1 could have an improvement or a worsening of the health 
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condition. If the animal had a M1 lesion in time t-1, its health condition could improve (no lesion or 

M3 in time t) or deteriorate (M2, M4 and M4.1 in time t). Similarly, if the animal had a M2 lesion in 

time t-1 it could improve (no lesion or M3 in time t) or get worse (M4 and M4.1 in time t). If a M4 

lesion had been detected in t-1, the disease could progress (M4.1 in time t) or recede (no lesion or M3 

in time t). In case of a chronic lesion with signs of acuteness (M4.1) lesion in t-1, the health condition 

could only improve (no lesion, M3 or M4 in time t). If the cow had the same lesions score in 

consequent time periods no change was assumed. The correspondence of values across the different 

combinations can be found in Table 79 in section 9.4.2 of the Supplementary material. 

 

5.2.6 Analytical methods 

The statistical analyses were conducted using RStudio statistical software (version 1.3.1073) (415, 

416). 

 

5.2.6.1 Diagnostic performance of the ELISA test- sensitivity, specificity, negative predicted value 

(NPV) and positive predicted value (PPV) 

The sensitivity, specificity, negative predictive value (NPV) and positive predictive value (PPV) 

were used to assess the diagnostic performance of the ELISA test. The presence of lesions was 

considered the gold standard and defined the “true” status of the animal regarding Bovine Digital 

Dermatitis (Figure 35). 

The sensitivity and specificity parameters relate to the test’s ability to properly identify animals that 

have, or that don’t have Bovine Digital Dermatitis, respectively. These parameters assess the 

probability of the indirect ELISA test providing a result that matches the BDD clinical condition of 

the animal. The PPV and NPV parameters related to the individual being assessed. The PPV assesses 

the probability of an animal having BDD provided that it tested positive to the ELISA, whereas the 

NPV assesses the probability of an animal having no BDD lesions provided that it had a negative 

ELISA test (417). 
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Figure 35. Diagram with the different outcomes when using indirect ELISA to identify BDD in dairy cattle 

(adapted from (417)) 

 

The different parameters were expressed in percentages and calculated based on the following 

formulas: 

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = [𝑎/(𝑎 + 𝑐)] × 100  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 = [𝑑/(𝑏 + 𝑑)] × 100 

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒 = [𝑎/(𝑎 + 𝑏)] × 100 

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒 = [𝑑/(𝑐 + 𝑑)] × 100 

 

 

5.2.6.2  Association between independent factors and BDD occurrence 

A logistic regression model was developed using the package finalfit (418).The explanatory variables 

– farm, data collection time-period, assessor, ELISA result for IgG1 result as a binary variable, 

ELISA result for IgG2 as a binary variable, mobility score, lameness, 3-point scale body condition 

score, parity - were individually assessed for their relation with the outcome of interest – BDD 

presence. Those with a p-value equal or lower than 0.1 were considered for the multivariable logistic 

regression model. Animal identification number was used to deal with within-subject repeated 

measurements as a random effect. A backward elimination approach followed – explanatory 

variables were eliminated one at the time, starting with the one with the highest value, and the impact 

in the model’s performance appreciated through the Akaike's Information Criteria (AIC), with lower 
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values being rewarded. If the model had a lower AIC, the variable was eliminated from the model 

(419). 

 

5.2.6.3 Association between absorbance and BDD lesion score  

The distribution of the absorbance readings for IgG 1 and IgG2 were assessed for normality using the 

Shapiro-Wilk normality test. Boxplots on the mean absorbance for IgG1 and IgG2 readings across 

the different BDD lesion scores were produced using the package ggplot2 (420). The statistical 

significance of the observed differences was assessed by the Kruskal-Wallis test when more than two 

categories existed. If the p-value for the Kruskal-Wallis test was lower than 0.05, the Dunn's test for 

multiple comparisons, with the “Holm” method to adjust for the p-value, was conducted to assess the 

statistical significance of the observed differences between the different groups (421). The paired 

samples Wilcoxon test was used when only two categories existed.  

 

5.2.6.4 Predictive power of indirect ELISA for future occurrence of BDD lesion 

Acknowledging the usefulness of anticipating the future occurrence of Bovine Digital Dermatitis 

based on the current readings of the indirect ELISA test the correlation between the ELISA test result 

in time t-1 and the presence of BDD lesion(s) in time t was assessed.  

 

Two models were fitted, the first relating the transition probability of each animal at time t to (a) the 

farm to which it belongs and (b) positivity or not to antibody titre IgG1 at the previous measurement 

at time t-1; and the second relating the transition probability of each animal at time t to (a) the farm to 

which it belongs and (b) positivity to an antibody titre IgG2 at the previous measurement at time t-1. 

The response Yi is a binary variable representing whether or not animal i has a lesion at time t, 

conditional on them having no lesion and a positive ELISA test at time t-1, and takes the value 1 if 

the animal has a lesion at time t and 0 if not. Times under consideration are t = 1 (30 days pre-

calving); t = 2 (around calving); and t =3 (30 days post-calving). The model is fitted within the 

generalised linear modelling framework thus: 

𝑌𝑖~ 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝑃01𝑖) 

With 

𝑙𝑜𝑔𝑖𝑡(𝑃01𝑖) = log (
𝑃01𝑖

1 − 𝑃01𝑖
) = 𝑎𝑡 + 𝑏1𝑥𝑖1𝑡 + 𝑏2𝑥𝑖2 
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where t again denotes visit (1, 2 or 3), xi1t the positivity of animal i to the relevant antibody (IgG1 or 

IgG2) at visit (t-1) and xi2 indicating the farm to which animal i belongs (1, 2, or 3, included here as 

a fixed effect since these are the only farms of interest to this study). 

 

The association between the percentage variation in the absorbance reading from t to t-1 and disease 

evolution was also assessed, by comparing the mean percentage variation across the different disease 

progression groups. 

 

5.3 Results 

 

5.3.1 Data exclusion 

Out of the 773 processed samples only 696 were used in the analysis. Samples were excluded for 

different reasons, outlined below, and resulted in 48 animals being excluded from the analysis. Farm 

3 was the unit with more animals excluded from the analysis – 17 out of 48 (35%), whereas farm 2 

was the one with the least number of animals removed from the analysis – 12 out of 48 (25%). Farm 

1 had 13 (27%) animals excluded from the analysis. Six animals (13%) were excluded as a result of 

untraceable samples. Missing samples was the main reason for which animals were excluded – 39 

animals (81%) (Table 80 in section 9.4.3.1 of the Supplementary material).  

 

Table 81 in section 9.4.3.1 of the Supplementary material provides an overview of the reasons for 

which samples were removed from the analysis. Animals with one or two serum samples missing 

was the most prevalent reason for samples to be excluded from the analysis, accounting for 83% of 

the 77 dropped samples. Seven samples (9%) were dropped as they could not be traced back to farm 

and collection time-point and four samples (5%) were excluded for not having associated clinical 

data.  

 

Farm 3 was the one with more samples excluded (36%). Contrarily farm 2 was the unit with fewer 

samples removed from the analysis (25%) (Table 81 of the Supplementary material).  Nearly half of 

the samples excluded due to missing sample(s) had been collected at 30 days pre-calving (44%) 

(Table 82 in section 9.4.3.1 of the Supplementary material).  
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5.3.2 Descriptive statistics 

In total 696 samples were processed corresponding to 232 animals, the majority of which (101) 

belonged to farm 1 (43.5%). The least represented dairy unit was farm 2 with 50 animals (21.6%). 

Farm 2 had more cows in their third or more lactation when compared to the farm 1 and 3 (56.0% 

against 44.6% and 35.8% respectively). Farm 2 had the highest proportion of cows in the 

“deteriorating” (28%) and “ever ill” (16%) categories compared to the other farms. More than half of 

the cows in farms 1 and 3 were classified as “healthy” according to BDD progression (59.4% and 

51.8% respectively), whereas only 36% of the cows in farm 2 were in the same category (Table 33). 

 

Most of the data collection was conducted by one investigator (BG) regardless of the farms and time 

point. Farm 1 had a lower prevalence of lameness when compared to farms 2 and 3 farms across all 

the time points. The most significant difference was at pre calving when 10.5% of the cows were 

lame in farm 1, whereas 29.2% and 27.8% had the same problem in farm 2 and 3 respectively. 

Looking at body score condition (BSC) in a 3-point scale the majority of cows (78% or more) were 

classified between 2.5 and 3.5 across all farms and time points. Farm 2 had 22% of cows with a BSC 

over 3.5 at pre-calving, roughly 10% more when compared to farm 1 and 3 (Table 34).  

 

Considering the observation of clinical lesions throughout the study, bovine digital dermatitis was 

more prevalent in farm 2, particularly around and post calving – 42.0% and 48.0% compared to 

22.8% and 24.8% in farm 1 and 24.7% and 29.6% in farm 3, respectively. Disease profile was 

different across the different farms. Farm 1 had most of their cows with BDD in the healing stage 

(M3) throughout the study period (63.3%, 56.5% and 80.0% at pre calving, around calving and post 

calving). Farms 2 and 3 had 75% and 50% of their affected animals with active lesions at pre-calving. 

As the production cycle progressed, farm 2 revealed an increase in M3 stage animals (52.4% and 

54.2% for around and post calving respectively) and a reduction of animals with M1 and M2 lesions 

(47.6% and 25.0% for around and post calving respectively). Farm 3 had the highest proportion of 

animals with active lesions at around calving (55%) and post calving (33.3%) when compared to the 

other farms. It also had the highest proportion of animals affected with BDD with signs of chronicity 

(M4 and M4.1 lesions) across all farms throughout the study period – 30.0%, 25.0% and 37.5% at 

pre, around and post calving respectively (Table 34). 

 

Farm 2 and 3 had considerably higher records of claw horn disruptive lesions at 60 days in milk 

(CHDL) when compared with farm 1. Roughly half of the animals had at least a lesion in farm 2 and 
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3 (48.0% and 50.6% respectively), whereas in farm 1 a CHDL was recorded 22.8% of the times.  

(Table 35). 

 

Table 33. Distribution of sample population according to lactation number and BDD progression type per farm  

Variable Category 
Farm 1 Farm 2 Farm 3 

% N % N % N 

Lactation number 
      

 
1 32.7 33 24.0 12 27.2 22 

 
2 22.8 23 20.0 10 37.0 30 

 
3 or more 44.6 45 56.0 28 35.8 29 

BDD progression       

 Healthy 59.4 60 36.0 18 51.8 42 

 Deteriorating 6.9 7 28.0 14 16.0 13 

 Recovering 15.8 16 16.0 8 18.5 15 

 Ever ill 11.8 12 16.0 8 12.3 10 

 Other 5.9 6 4.0 2 1.2 1 
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Table 34. Summary statistics of categorical variables per data collection time-point across farms 

Variable 
Categor

y 

Farm 1 Farm 2 Farm 3 

Pre C * AC * Post C * Pre C AC Post C Pre C AC Post C 

% N % N % N % N % N % N % N % N % N 

Assessor                    

 BG 100.0 10

1 

69.

3 

70 87.1 88 92.0 46 76.0 38 76.0 38 72.8 59 79.0 64 64.2 52 

 GO 0.0 - 30.

7 

31 12.9 13 8.0 4 24.0 12 24.0 12 27.2 22 21.0 17 35.8 29 

3-point scale BCS 

 <2.5 3.0 3 8.9 9 21.8 22 0.0 - 4.0 2 18.0 9 2.5 2 2.5 2 13.6 11 

 Between 2.5 and 

3.5 

84.2 85 87.

1 

88 78.2 79 78.0 39 92.0 46 82.0 41 85.2 69 88.9 72 86.4 70 

 >3.5 12.9 13 4.0 4 0.0 - 22.0 11 4.0 2 0.0 - 12.3 10 8.6 7 0.0 - 

Mobility Score 

 0 55.4 56 22.

8 

23 23.8 24 26.0 13 6.0 3 6.0 3 9.9 8 14.8 12 11.1 9 

 1 28.7 29 48.

5 

49 54.5 55 42.0 21 50.0 25 52.0 26 60.5 49 51.9 42 58.0 47 

 2 9.9 10 27.

7 

28 20.8 21 26.0 13 30.0 15 32.0 16 27.2 22 32.1 26 28.4 23 

 3 0.0 - 0.0 - 0.0 - 2.0 1 2.0 1 0.0 - 0.0 - 1.2 1 0.0 - 

 No data 5.9 6 1.0 1 1.0 1 4.0 2 12.0 6 10.0 5 2.5 2 0.0 - 2.5 2 

Lameness 

 Normal 89.5 85 72.

0 

72 79.0 79 70.8 34 63.6 28 64.4 29 72.2 57 66.7 54 70.9 56 

 Lame 10.5 10 28.

0 

28 21.0 21 29.2 14 36.4 16 35.6 16 27.8 22 33.3 27 29.1 23 

BDD lesion 

 No 70.3 71 77.

2 

78 75.2 76 68.0 34 58.0 29 52.0 26 74.1 60 75.3 61 70.4 57 

 Yes 29.7 30 22.

8 

23 24.8 25 32.0 16 42.0 21 48.0 24 25.9 21 24.7 20 29.6 24 
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Variable 
Categor

y 

Farm 1 Farm 2 Farm 3 

Pre C * AC * Post C * Pre C AC Post C Pre C AC Post C 

% N % N % N % N % N % N % N % N % N 

BDD lesion score 

 M1 26.7 8 26.

1 

6 4.0 1 37.5 6 33.3 7 16.7 4 25.0 5 45.0 9 20.8 5 

 M2 3.3 1 0.0 - 0.0 - 37.5 6 14.3 3 8.3 2 25.0 5 10.0 2 12.5 3 

 M3 63.3 19 56.

5 

13 80.0 20 12.5 2 52.4 11 54.2 13 20.0 4 20.0 4 29.2 7 

 M4 6.7 2 13.

0 

3 16.0 4 6.3 1 0.0 - 16.7 4 20.0 4 15.0 3 29.2 7 

 M4.1 0.0 - 4.3 1 0.0 - 6.3 1 0.0 - 4.2 1 10.0 2 10.0 2 8.3 2 

 *Pre C = Pre-Calving, AC = Around calving, Post C = Post-Calving 
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Table 35. Distribution of claw horn disruptive lesions collected at 60 days-in-milk across the three farms 

Variable Category 
Farm 1 Farm 2 Farm 3 

% N % N % N 

SU1  
      

 
No 91.1 92 78.0 39 92.6 75 

Yes 8.9 9 22.0 11 7.4 6 

SH2        

 
No 90.1 91 80.0 40 74.1 60 

Yes 9.9 10 20.0 10 25.9 21 

WLD3        

 
No 92.1 93 76.0 38 67.9 55 

Yes 7.9 8 24.0 12 32.1 26 

CHDL4        

 
No 77.2 78 52.0 26 49.4 40 

Yes 22.8 23 48.0 24 50.6 41 

1Sole Ulcer   2Sole Haemorrhage   3White Line Disease   4Claw Horn Disruption Lesion 

 

5.3.3 Diagnostic Performance of anti-Treponeme antibody testing by indirect ELISA 

When measuring IgG1 anti-Treponema antibodies the test had its highest sensitivity and NPV at 30-

days post-calving when the clinical reference was the presence of at least one active digital dermatitis 

lesion – 79% and 97%, respectively. Considering specificity, the test perform the best for the samples 

collected at around calving when the reference was either the presence of DD considering all lesions 

scores, or the presence of DD excluding the M 4.1 lesion score – 82%. The highest value for the PPV 

was when the reference was the presence of DD considering all lesion scores at around calving – 

52%. Overall the sensitivity of the test was poorer for samples collected at around calving (<55%) 

but specificity higher (>75%) when compared to the other time points (Table 36). Considering all 

reading for IgG1 anti-Treponema antibodies, having at least one active BDD lesion as clinical 

reference returned the highest values for sensitivity and NPV – 67% and 93,% respectively. When the 

clinical reference was either the presence of DD considering all lesions scores, or the presence of DD 

excluding the M 4.1 lesion score the test had its highest value for specificity - 73%. The PPV had its 

highest value when the clinical reference was the presence of DD lesions considering all scores - 

47% (Table 36). 
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Looking at the performance of the ELISA when measuring IgG2 anti-Treponema antibodies, the test 

had its highest sensitivity for sample collected at around calving when clinical reference was either 

the presence of DD considering all lesions scores, or the presence of DD excluding the M 4.1 lesion 

score – 38%. The highest values for specificity on 30 days post-calving samples when clinical 

reference was either the presence of DD considering all lesions scores, or the presence of DD 

excluding the M 4.1 lesion score – 86%. The highest values for the PPV – 49% – and NPV – 93% – 

were also for samples collected at 30 days post-calving, when clinical reference was the presence of 

DD considering all lesions scores and the presence of at least one active digital dermatitis lesion 

respectively. The test performed the poorest in terms of sensitivity and PPV for samples collected at 

30 days post-calving when the reference was the presence of at least an active DD lesion – 26% and 

12%, respectively. The lowest value for the NPV – 73% – was also at 30 days post-calving when the 

reference was the presence of a DD lesions considering all scores. The poorest specificity was found 

for samples collected at around calving when the reference was the presence of active BDD lesions – 

80% (Table 36). When all data points for IgG2 anti-Treponema antibodies were considered, the test 

performed its best in terms of specificity and PPV with the presence of DD considering all lesion 

scores as reference – 85% and 46%, respectively. The sensitivity was also the highest considering 

this clinical reference – 32%. The NPV achieved its highest value – 88% with the presence of at least 

an active DD lesion was the clinical reference (Table 36). 

 

Overall, the sensitivity, PPV and NPV of the test were higher when IgG1 anti-Treponema antibodies 

were measured. Contrarily the specificity was greater when IgG2 was assessed (Table 36). 
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Table 36. Performance indicators for ELISA test considering different binary clinical references 

IgG1 

Time point Clinical Reference 
Performance indicator 

Sensitivity Specificity PPV NPV 

30 days pre-

calving 

DD (all lesion scores) 61%  70%  45%  82%  

DD (excluding M 4.1) 61%  70%  44%  82%  

At least one active DD lesion 73%  68%  32% 92%  

Around calving 

DD (all lesion scores) 53%  82%  52%  82%  

DD (excluding M 4.1) 54%  82%  52%  83%  

At least one active DD lesion 45%  77%  22%  90%  

30-days post-

calving 

DD (all lesion scores) 65%  66%  47%  81%  

DD (excluding M 4.1) 64%  66%  45%  81%  

At least one active DD lesion 79%  60%  15%  97%  

All data points 

DD (all lesion scores) 60%  73%  47%  82%  

DD (excluding M 4.1) 60%  73%  46% 82%  

At least one active DD lesion 67%  68%  25%  93% 

IgG2 

Time point Clinical Reference 
Performance indicator 

Sensitivity Specificity PPV NPV 

30 days pre-

calving 

DD (all lesion scores) 28% 83%  40%  74%  

DD (excluding M 4.1) 28%  83%  39%  75%  

At least one active DD lesion 30%  82%  26%  85%  

Around calving 

DD (all lesion scores) 38%  85%  48%  78%  

DD (excluding M 4.1) 38%  85%  47%  79%  

At least one active DD lesion 29%  80% 20%  86%  

30-days post-

calving 

DD (all lesion scores) 29%  86%  49%  73%  

DD (excluding M 4.1) 29%  86%  48%  74%  

At least one active DD lesion 26%  82%  12%  93%  
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All data points 

DD (all lesion scores) 32% 85%  46%  75%  

DD (excluding M 4.1) 31%  85%  45%  76%  

At least one active DD lesion 29%  81%  19%  88%  
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5.3.4 Association between independent factors and Bovine Digital Dermatitis (inferential 

statistics) 

In the univariate analysis farm, positiveness in the ELISA test for both IgG1 and IgG2 antibodies, 

mobility score, lameness and parity were associated (p-value <=0.1) with the presence of DD lesions, 

regardless of the affected hoof, and accepted for the multivariate model. Animals in farm 2 had twice 

as much the risk of having BDD when compared with farm 1 (OR 1.94, 95% CI 1.28-2.94), whereas 

cows from farm 3 were at the same risk of having the disease as farm 1 (OR 1.01, 95% CI 0.69-1.49). 

Animals testing positive in the ELISA for IgG1 or IgG2 antibodies were at higher risk of having DD 

lesions when compared with those testing negative - 4.06 the odds (95% CI 2.88-5.74) and 2.50 (95% 

CI 1.70-3.67) the odds respectively. Lame animals had 1.49 times the odds (95% CI 1.03-2.15) of 

having DD lesions when compared with non-lame animals. Additionally animals with mobility score 

(MS) 1 or 2 were at higher risk of having BDD when compared to animals with MS=0 (1.51 with a 

95% CI 0.97-2.40, and 2.06 OR with a 95% CI 1.26-3.42 respectively). Animals in their second 

parity were at lower risk of having BDD compared to animals in their first parity (0.66 OR, 95% CI 

0.42-1.02) (Table 37). 

 

When running the multivariable logistic regression, the model with parity group and ELISA result for 

IgG1 performed the best when considering the AIC. Animals testing positive for IgG1 antibodies had 

approximately four times the odds of having a DD lesion when compared to animals testing negative 

(4.29 OR, 95% CI 2.97-6.28). Animals in their third or more lactation had roughly half the odds of 

having a DD lesion when compared with cows in their first lactation (0.56 OR, 95% CI 0.36-0.86) ( 

Table 38). 
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Table 37. Association between independent factors and the presence of DD lesions regardless of the affected hoof in a univariate logistic regression model 

Variable Categories  

Bovine Digital Dermatitis  Unadjusted Odds Ratio  

(95% CI, p-value) 
No Lesions DD Lesions 

% n % n 

Farm       

 

1 73.9 224 26.1 79 1 (reference) 

2 59.3 89 40.7 61 1.94 (1.28-2.94, p=0.002)* 

3 73.7 179 26.3 64 1.01 (0.69-1.49, p=0.944) 

Data Collection Time Point       

 

Pre 71.1 165 28.9 67 1 (reference) 

Fresh 72.4 168 27.6 64 0.94 (0.63-1.41, p=0.757) 

1 Month 68.5 159 31.5 73 1.13 (0.76-1.68, p=0.544) 

Assessor       

 
BG 70.1 390 29.9 166 1 (reference) 

GO 72.9 102 27.1 38 0.88 (0.57-1.32, p=0.559) 

IgG1 Binary       

 
Negative 81.5 358 18.5 81 1 (reference) 

Positive 52.1 134 47.9 123 4.06 (2.88-5.74, p<0.001)* 

IgG2 Binary       

 
Negative 74.8 416 25.2 140 1 (reference) 

Positive 54.3 76 45.7 64 2.50 (1.70-3.67, p<0.001)* 

Body Condition Score - 3 categories       

 

<2.5 72.9 35 27.1 13 1 (reference) 

Between 2.5 and 

3.5 

70.5 415 29.5 174 1.10 (0.58-2.08, p=0.770) 

>3.5 70.2 33 29.8 14 0.96 (0.64-1.40, p=0.823) 
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Variable Categories  

Bovine Digital Dermatitis  Unadjusted Odds Ratio  

(95% CI, p-value) 
No Lesions DD Lesions 

% n % n 

Mobility Score       

 

0 78.8 119 21.2 32 1 (reference) 

1 71.1 244 28.9 99 1.51 (0.97-2.40, p=0.076)* 

2 64.4 112 35.6 62 2.06 (1.26-3.42, p=0.005)* 

3 66.7 2 33.3 1 1.86 (0.08-20.01, p=0.617) 

Lameness       

 
No 73.5 363 26.5 131 1 (reference) 

Yes 64.4 114 35.6 63 1.53 (1.06-2.21, p=0.016)* 

Parity Group       

 

1 67.2 135 32.8 66 1 (reference) 

2 75.7 143 24.3 46 0.66 (0.42-1.02, p=0.065)* 

3+ 69.9 214 30.1 92 0.88 (0.60-1.29, p=0.510) 

*statistically significant when p-value <0.05 
 

Table 38. Odds ratio for presence of DD lesions regardless of the affected hoof in a multivariable logistic regression model 

Variable Categories  
Adjusted Odds Ratio  

(95% CI) 
P-value 

IgG1 Binary    

 
Negative 1 (reference) - 

Positive 4.34 (2.99 - 6.36) <0.001* 

Parity Group    

 

1 1 (reference) - 

2 0.65 (0.40 - 1.06) 0.085 

3+ 0.56 (0.36 – 0.86) 0.008* 

*statistically significant when p-value <0.05 
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5.3.5 Correlation between ELISA results and BDD lesions 

The Shapiro-Wilk normality test indicated that the IgG1 and IgG2 absorbance readings were not 

normally distributed. The Kruskal-Wallis test indicated that there were statistically significant 

differences in the mean absorbance for IgG1 and IgG2 across the BDD lesions scores (p-value<0.01 

for both IgG1 and IgG2) (Figure 36 and Figure 37). This was also observable across the different 

data collection time points (Figure 48 and Figure 49 in section 9.4.3.2 of the Supplementary 

material). 

 

 

Figure 36. Mean absorbance reading for IgG1 anti-Treponema antibodies across the different DD lesion scores 

 

With the exception of animals with M4.1 lesions the Dunn’s test pairwise comparison revealed that 

the mean absorbance reading for IgG1 and IgG2 anti-Treponema antibodies in animals with no lesion 

was lower when compared to animals with BDD lesions (p-value<0.05) (Table 39). Looking at the 

data per time period, the animals with no lesions had a lower mean absorbance reading for IgG1 and 

IgG2 when compared to animals with M3 lesions at around calving and post calving (p-value<0.05). 
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At pre-calving the mean absorbance reading for both IgG1 and IgG2 was found to be significantly 

different between animals with no lesions and animals with M2 lesions (p-value<0.05) (Table 39). 

 

 

Figure 37. Mean absorbance reading for IgG2 anti-Treponema antibodies across the different DD lesion scores 

 

Looking at the relationship between mean absorbance readings for IgG1 and IgG2 anti-Treponema 

antibodies and the presence of an active BDD lesion(s), the Kruskal-Wallis test also showed that the 

observed differences were significant (p-value <0.01 for both cases) (Figure 38 and Figure 39). Apart 

from the mean absorbance reading for IgG2 at post calving, the pairwise comparison using Dunn’s 

test indicated that the mean absorbance reading for IgG1 and IgG2 in animals with no lesions was 

significantly lower than animals with one active lesions (p-value<0.05). When comparing the mean 

absorbance reading for IgG1 and IgG2 between the group of animals with no active lesions and the 

group of animals with more than one active lesions, the later had a higher value considering all data 

point (p-value<0.05). This was also observable for IgG1 at pre and post calving, and for IgG2 at pre 
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calving (p-value<0.05) (Table 40 and Figure 50 and Figure 51 in section 9.4.3.2 of the 

Supplementary material).   

  

 

 

Figure 38. Mean absorbance reading for IgG1 anti-Treponema antibodies according to presence of active DD 

lesion 
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Figure 39. Mean absorbance reading for IgG2 anti-Treponema antibodies according to presence of active DD 

lesion 
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Table 39. Pairwise comparison of mean absorbance readings across different BDD lesion scores 

Variable Nonparametric pairwise comparison (Bonferroni-adjusted p-value) 

NL1 

vs M1 

NL vs 

M2 

NL vs 

M3 

NL vs 

M4 

NL vs 

M4.1 

M1 

vs 

M2 

M1 

vs 

M3 

M1 

vs 

M4 

M1 

vs 

M4.1 

M2 

vs 

M3 

M2 

vs 

M4 

M2 

vs 

M4.1 

M3 

vs 

M4 

M3 

vs 

M4.1 

M4 

vs 

M4.1 

IgG1 0.000* 0.000*  0.000* 0.000* 0.155 0.082 1.000 1.000 1.000 0.138 1.000 1.000 1.000 0.790 1.000 

IgG1-t1a 0.1064 0.000* 0.674 0.146 1.000 0.570 1.000 1.000 0.919 0.075 1.000 1.000 1.000 1.000 1.000 

IgG1-t2b 0.107 0.368 0.000* 0.473 1.000 1.000 1.000 1.000 0.961 1.000 1.000 1.000 1.000 1.000 1.000 

IgG1-t3c 0.481 0.059 0.001* 0.017* 0.323 1.000 1.000 1.000 1.000 1.000 1.000 0.998 1.000 1.000 1.000 

IgG2 0.005* 0.000* 0.000* 0.005* 0.226 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.982 1.000 1.000 

IgG2-t1 0.246 0.001* 1.000 0.110 1.000 0.707 1.000 1.000 1.000 0.051 1.000 1.000 0.647 1.000 0.859 

IgG2-t2 0.506 1.000 0.000* 1.000 1.000 0.969 0.554 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

IgG2-t3 1.000 1.000 0.000* 0.247 1.000 1.000 1.000 1.000 0.976 1.000 1.000 1.000 1.000 1.000 1.000 

1 No Lesion  

a Pre Calving b Around Calving c Post Calving  

*significant p-values (<0.05) in bold 
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Table 40. Pairwise comparison of mean absorbance readings across different categories regarding number of 

active BDD lesions 

Variable Nonparametric pairwise comparison (Bonferroni-adjusted p-value) 

NL1 vs One Active 

Lesion 

NL vs Two or more 

active lesions 

One Active Lesion vs 

Two or more active 

lesions IgG1 0.000* 0.000*  0.413 

IgG1-t1a 0.000* 0.013* 0.607 

IgG1-t2b 0.001* 0.607 0.622 

IgG1-t3c 0.028* 0.023* 0.218 

IgG2 0.000*  0.036* 0.931 

IgG2-t1 0.000* 0.006* 0.349 

IgG2-t2 0.005* 0.846 0.292 

IgG2-t3 0.397 0.696 0.899 

1 No Lesion a Pre Calving b Around Calving c Post Calving *significant p-values (<0.05) in bold 

 

5.3.6 Correlation between anti-Treponema antibodies and BDD health category  

When looking at the mean absorbance reading for IgG1 and IgG2 anti-Treponema antibodies across 

the different BDD health categories, the Kruskal-Wallis test indicated significant differences between 

groups, when considering all the data and when looking across the different data collection time 

points (p-value<0.05) (Figure 52, Figure 53, Figure 54 and Figure 55 in section 9.4.3.2 of the 

Supplementary material). 

 

The Dunn’s test for pairwise comparison revealed that the group of animals labelled as healthy had 

lower mean absorbance reading for both IgG1 and IgG2 when compared to the group of animals 

classified as deteriorating and ever ill, regardless of whether all data were considered, or when 

looking at the data per time period (p-value<0.05). This was also evident when comparing the group 

recovering with the ever ill group – apart from the absorbance reading for IgG1 at pre calving, the 

later had higher mean absorbance readings for both IgG1 and IgG2 (p-value<0.05). The ever ill 

group had higher mean absorbance reading for IgG1 and IgG2 reading when compared to any of the 

other health categories (p-value<0.05) (Table 41).
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Table 41. Pairwise comparison of mean absorbance readings across different BDD health categories 

Variable Nonparametric pairwise comparison (Bonferroni-adjusted p-value) 

Healthy vs 

Recov1 

Healthy vs 

Deterior2 

Healthy vs 

Ever ill 

Healthy vs 

Other 

Recov vs 

Deterior 

Recovvs 

Ever ill 

Recov vs 

Other 

Deterior 

vs Ever ill 

Deterior 

vs Other 

Ever ill vs 

Other 

IgG1 0.001* 0.000*  0.000* 0.106 0.093 0.000* 0.911 0.014* 0.380 0.007* 

IgG1-t1a 0.187 0.005* 0.000* 0.653 0.802 0.052 1.000 0.546 0.759 0.699 

IgG1-t2b 0.117 0.006* 0.000* 1.000 1.000 0.009* 0.793 0.112 0.804 0.118 

IgG1-t3c 0.274 0.000* 0.000* 0.564 0.341 0.013* 0.993 0.717 0.773 0.317 

IgG2 0.100 0.000* 0.000* 0.129 0.020* 0.000* 0.438 0.008* 0.608 0.009* 

IgG2-t1 1.000 0.013* 0.000* 0.985 0.406 0.001* 0.721 0.240 0.920 0.262 

IgG2-t2 0.512 0.008* 0.000* 1.000 0.580 0.002* 0.964 0.141 0.771 0.132 

IgG2-t3 0.941 0.005* 0.000* 0.806 0.489 0.021* 0.915 0.879 0.688 0.685 

1 Recovering 2 Deteriorating 

a Pre Calving b Around Calving c Post Calving  

*significant p-values (<0.05) in bold 
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5.3.7 Predictive power of ELISA test in future occurrence of BDD lesion(s) 

The results from the generalised linear model-based transition models showed 

limited predictive power of the ELISA test upon the future occurrence of BDD 

lesions for both IgG1 and IgG2 anti-Treponema antibodies. Farm 2 had higher 

occurrence of BDD lesions. When looking at the absorbance readings for IgG1 

animals from farm 2 were at higher risk of developing BDD lesions around calving 

compared to farm 1 (4.03 OR, p-value=0.02).When considering the absorbance 

readings for IgG2, farm 2 animals were at higher risk of developing lesions both at 

around calving and one month post calving when compared to farm 1 (4.16 OR, p-

value=0.016 and 3.42 OR, p-value=0.023 respectively) ( 

The mean variation in the absorbance readings from t to t-1 for both IgG1 and IgG2 

wasn’t associated with disease progression, neither when considering all data, nor 

when looking at the data per time period (p-value for Kruskal-Wallis >0.05) (Figure 

56, Figure 57, Figure 58 and Figure 59 in section 9.4.3.2 of the Supplementary 

material). 

 

Table 42).  

 

The mean variation in the absorbance readings from t to t-1 for both IgG1 and IgG2 

wasn’t associated with disease progression, neither when considering all data, nor 

when looking at the data per time period (p-value for Kruskal-Wallis >0.05) (Figure 

56, Figure 57, Figure 58 and Figure 59 in section 9.4.3.2 of the Supplementary 

material). 

 

Table 42. Results from the generalised linear models assessing the predictive power of ELISA 

test in the future occurrence of BDD lesions (s) (significant p-values (<0.05) in bold) 

IgG1 

Model OR (95% CI) p-value 

Predicting 

occurrence of 

BDD around 

calving 

IgG1 at pre-

calving 

Negative 1 (reference) - 

Positive 0.91 (0.32 - 2.40) 0.8467 

Farm Farm 1 1 (reference) - 

Farm 2 4.03 (1.25 – 13.81) 0.0207 

Farm 3 1.67 (0.55 – 5.36) 0.3690 

IgG1 around 

calving 

Negative 1 (reference) - 

Positive 1.01 (0.34 – 2.70) 0.9858 
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Predicting 

occurrence of 

BDD post 

calving 

Farm Farm 1 1 (reference) - 

Farm 2 2.73 (0.92 – 8.04) 0.0664 

Farm 3 1.34 (0.53 – 3.37) 0.5314 

IgG2 

Model OR (95% CI) p-value 

Predicting 

occurrence of 

BDD around 

calving 

IgG2 at pre-

calving 

Negative 1 (reference) - 

Positive 0.73 (0.19 – 2.33) 0.6242 

Farm Farm 1 1 (reference) - 

Farm 2 4.16 (1.32 – 13.99) 0.0161 

Farm 3 1.65 (0.54 – 5.29) 0.3822 

Predicting 

occurrence of 

BDD post 

calving 

IgG2 around 

calving 

Negative 1 (reference) - 

Positive 0.37 (0.08 – 1.26) 0.1502 

Farm Farm 1 1 (reference) - 

Farm 2 3.42 (1.17 – 10.03) 0.0231 

Farm 3 1.37 (0.54 – 3.47) 0.4987 

 

5.4 Discussion and Conclusion 

The paper explored the usefulness of measuring anti-Treponema antibody titres 

through indirect ELISA test in the identification of cows at different stages of BDD, 

and prediction power of this diagnostic tool in the future occurrence of disease.  

 

The results indicated that the absorbance readings from indirect ELISA were 

significantly associated with bovine digital dermatitis (BDD) profile. With the 

exception of M4.1 score, animals with no lesions had in general lower mean 

absorbance readings when compared with the other lesion scores for both IgG1 and 

IgG2 anti-Treponema antibodies. Additionally, the mean absorbance reading in the 

group of cows with no lesions for both IgG1 and IgG2 anti-Treponema antibodies 

was significantly lower when compared to the group of animals with one active 

lesion and with two or more active lesions. Furthermore, BDD health category was 

associated with mean absorbance reading. The groups of animals diagnosed with a 

BDD lesion in all three time point assessments (ever ill) had significantly higher 

absorbance mean when compared to any of the other BDD health groups for both 

IgG1 and IgG2 anti-Treponema antibodies. Also the deteriorating group had 

significant higher absorbance mean when compared to the group of animals that had 

no BDD lesions throughout the study period. Despite the chronic exposure to 
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Treponema spp. due to the endemic nature of BDD, these findings suggest that 

different disease stages lead to different immunologic profiles that can be measure 

through indirect ELISA allowing for the identification of BDD status in dairy cows. 

A previous study looked at the immunologic profile across different BDD lesion 

scores and found that M2 lesions resulted in higher titres compared with other 

lesions (407). Although no significant differences were observed in the mean 

readings between the different BDD lesion scores, the p-value for some of the 

pairwise comparisons were close to the significance level (0.05). The small sample 

size and low occurrence of some BDD lesion types might have reduced the ability to 

reach significant results. In a recent study Holmøy et al (2021) found that ELISA 

tests could identify anti-Treponema antigens in milk samples from the bulk tank. 

Unfortunately, the diagnostic test did not perform well with regards to sensitivity and 

specificity, probably due to the disease prevalence (low) and profile (mild 

symptoms) in the study population (422). Additionally, the fact that disease is 

endemic in nature might have also compromised the ability of the diagnostic test in 

consistently identifying animals with and without clinical manifestations of disease. 

With respect to the latter, it was already anticipated - with animals permanently 

exposed to Treponema their immunologic profile against this particular pathogen is 

not “naïve”. However, the end goal of this assessment was to explore if disease stage 

could translate into different anti-Treponema antibody titers that could be measured 

though indirect ELISA. Evaluating the effectiveness of a diagnostic tool such as 

indirect ELISA in the identification of disease presence and disease profile at the 

herd level in a larger sample could result in an objective alternative to the current 

reference method – visual inspection of lifted hooves.   

 

Farm as a unit was identified as a risk factor for BDD with animals in farm 2 having 

double the odds of BDD lesions when compared to farm 1. This is reinforced by the 

findings from the transition model in which farm 2 was a predictor for the future 

occurrence of BDD lesions. The role of farm management practices has been 

acknowledged in BDD incidence (144, 423). Foot trimming has also been identified 

as a measure to reduce BDD incidence (142, 150). Somers et al (2005) reported that 

animals trimmed at longer intervals (>7 months) were at higher risk of developing 

the disease when compared to animals trimmed more frequently (92). As opposed to 

farms 1 and 3, cows in farm 2 were only trimmed once a year at drying-off. Between 
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farm differences in hygiene levels and in foot bathing practices could also explain 

these findings. Even though an in-depth investigation would be required to reach 

valid conclusion as to the observed differences, the distinct farm management 

practices and hoof health prevention protocol between farms could offer an 

explanation to the observed dissimilarities.  

 

Literature has indicated that cow-level risk factors impact on BDD occurrence such 

as parity number, with primiparous cows at higher risk when compared to 

multiparous (424). This is in line with the results from multivariate model in which 

cows with three or more lactation were at lower risk of BDD when compared with 

cows in their first lactation. Different reasons could explain such observation. It may 

relate to selection of older cows with lesions for culling leading to a reduction of 

disease prevalence with age (102). Alternatively the early culling of dairy heifers 

affected with BDD could promote a selection of animals less susceptible to the 

disease (395). Another explanation arises from the animal’s anatomy. As the heel 

height increases with age, the exposure of this body part with slurry or contaminated 

material is potentially hampered, blocking an important step in the establishment of 

BDD (423).    

 

Although a correlation between the readings from the indirect ELISA and the 

different BDD disease presentations was established, the usefulness of the laboratory 

test in identifying diseased animals as a binary outcome is questionable, as it failed 

to consistently classify animals with clinical manifestations of disease as positive – 

out of the 696 test results 81 were false negatives when testing for the presence of 

IgG1 and 140 were false negatives when assessing the presence of IgG2. 

Additionally the lab test failed to predict in a reliable manner the future occurrence 

of BDD lesions, limiting its usefulness in the implementation of pre-emptive 

measures to control disease onset. It must be noted that the endemic nature of BDD 

means that animals are chronically exposed to Treponema spp. and hence antibody 

levels do not necessarily reflect current infection status (405). 

 

The small sample of farms enrolled in the study might have limited the ability to 

reach significant results. Given the role of farm management in disease incidence 

and presentation, it would be interesting to further explore the potential usefulness of 
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indirect ELISA in a larger sample of farms. Additionally the very low incidence of 

certain disease stages, particularly the M4.1 stage, might have limited the capacity to 

find significant differences regarding absorbance readings across the different 

disease stages. The results that were reached make room for further investigating 

association between indirect ELISA results and disease stages, and the magnitude of 

the differences, ideally with a larger dataset.    

 

The implications of disease diagnostic is not just limited to the clinical aspects of 

animal health management, by making sure that adequate and successful treatment 

and control protocols are adopted. It also a key aspect regarding the overall picture 

of disease patterns and associated economic impact – a vital information for the 

decision-making process regarding the management of animal diseases at farm and 

higher levels of governance (425, 426). In the absence of such information it is not 

possible to determine if resources allocation is efficient from an economic or welfare 

perspective. Having diagnostic methods and tools that, for their subjective nature, 

underestimate the frequency of disease could impair the ability to properly 

acknowledge the importance of diseases in the overall scenario of production losses 

and expenditure related to a given sector of animal production. As such objective 

methods for identifying animals with impaired productivity and/or welfare with 

subsequent investigation of the underlying causes are important for informing the 

clinical management of diseases and the assessment of animal disease impacts. 
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Chapter 6 Assessing Attributable Impact – Estimating the impact of hoof health 

in British dairy cattle on milk yield, and expenditure with monitoring and 

mitigation actions and research 

 

 “You have to get your hands dirty if you want to change things.”  

(Elena Ferrante) 

 

6.1 Introduction 

After characterising the animal population and health condition under study, 

valuating the losses from all causes in the animal production systems considered, 

estimating hoof-related lameness frequency levels and exploring the depth at which 

disease impact can be investigated; the last step is reached – estimating the economic 

impact of hoof-related health events in British dairy cattle.  

 

McInerney (1996) proposed that disease presence affects the efficiency of a livestock 

production system in converting inputs into outputs, with deleterious impact not 

solely limited at the farm level, but spilling over to wider societal spheres. While 

using animals as an economic resource, health problems can destroy basic 

production unit (mortality), hamper the system’s efficiency in producing outputs in 

both quantity and quality, increase the risk to human health via zoonotic diseases, 

increase the costs across the value chain required to ensure food safety, refrain the 

adoption of technologies aimed to improving the system’s efficiency, and 

compromise revenue by restricting market access. Lastly, disease incidence can also 

affect other somewhat intangible aspects of livestock production such as animal 

welfare (427).  

 

As mentioned in chapter 2, lameness is reported to be the second costliest health 

condition in dairy cattle in the UK (161, 233), whose impact arises from production 

losses and expenditure in treatment and control (167, 227, 230, 233, 242). Research 

has highlighted that hoof-related lameness can hamper the productivity of the cow 

before and after disease is clinically perceptible (168). Moreover, milk production 

level has been identified as a risk factor, with high yielding cows at higher risk of 

developing lameness (13, 42, 49, 50). These observations are important aspect when 
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estimating economic losses associated with the ailment, particularly when assessing 

the impact on milk production.  

 

Bennett and IJpelaar (2005) reported a total yearly cost between £31.2 and £106.8 

million. Their best estimate was set at £53.5 million, with expenditure on lameness 

treatment and control accounting for 36.8% of the figure (161). Later Bennett et al 

(2016) estimated lameness to cost the UK dairy industry somewhere between £38.5 

and £121.2 million, with expenditure in treatment and prevention actions 

representing 21.8% in the lower estimate and 46.2% in the higher estimate. Willshire 

and Bell (2009) have also estimated the economic impact of lameness, having 

reported an average annual cost of around £127 million. Reduced fertility and 

premature culling, two less obvious costs, had an important contribution to the 

estimate, accounting for 38% and 25% of the total estimate respectively. For their 

estimations, Willshire and Bell (2009) used previously published data (227). The 

work by Bennett and IJpellar (2005) and Bennett et al (2016) are updates of the 

initial work by Bennett (2003) (233, 239, 364). Looking at the published literature 

with regards to hoof-related lameness in British dairy cattle, one aspect of animal 

health burden has been systematically overlooked – the expenditure in lameness 

research. In addition, the earlier estimates are based on estimates on expert opinion 

driven parameters, without strong information on how the elicitation of opinions 

were implemented. 

 

Understanding the direct and indirect impacts in production and costs resulting for 

human reaction to disease presence is vital to manage animal health adequately from 

an economic standpoint, as this knowledge can inform and steer prevention and 

control strategies, and resource allocation (428).  

 

The purpose of Chapter 6 is to assess the economic impact on milk yield attributable 

to hoof-related health events in British dairy cattle, by assessing their impact at farm 

level based on primary data and extrapolating the findings to the national level, while 

considering disregarded aspects of the disease burden. Additionally it aims to 

provide a picture of the relative importance of this health condition to the AHLE. 
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6.2 Materials and Methods 

 

6.2.1 Analytical framework and data needs 

As seen above, when investigating the impact of an animal health condition in a 

livestock production system it is important to identify the different pathways by 

which the ailment can hamper the system’s productivity, and the human reactions to 

disease presence and consequent costs and losses. This approach allows for a 

breakdown of the assessed impact, and provides deeper insight as to the main source 

of the estimated losses. Figure 40 displays the framework adapted from Rushton 

(2009) used for capturing the production losses and expenditure costs with respect to 

hoof-related lameness in dairy cattle (428). 

 

 

Figure 40. Direct and indirect losses in dairy farms as a result of hoof related lameness (adapted 

from Rushton (2009) (428)) 

 

This framework also aids in the identification of data needs for assessing the impact 

of this health condition in the study population. The information required to address 

this research question lies with farmers. The steps carried out for conducting primary 

data collection are explained in the next subsections. 
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6.2.2 Ethical approval 

Ethical approval for the study was granted by the University of Liverpool Research 

Ethics Committee (reference VREC769).  

 

6.2.3 Farm identification 

The main goal of the project was to estimate the mean yearly economic losses due to 

hoof-related health events in an average British dairy farm. Assuming a normal 

distribution of the impact of lameness in the study population, and for a 95% 

confidence interval, a 5% precision and assuming standard deviation of £1,000, it 

was projected the study would require 152 farms so that inferences were made about 

the average British dairy farm. 

 

The project aimed to have the most accurate picture of the British dairy sector. 

However, due to resource constraints, data collection was limited to three locations 

in Great Britain – Midland and North Wales, South Scotland and South West 

England. A data sharing protocol was established with three data collection partners 

for each of the data collection sites – IceRobotics, Synergy Farm Health (SFH) and 

Shropshire Farm Vets/Shropshire Hoof Care (SFV/SHC). IceRobotics is the 

developer of CowAlert, a monitoring system based on artificial intelligence to keep 

track of the behaviour of animals. Synergy Farm Health and Shropshire Farm 

Vets/Shropshire Hoof Care are two private veterinary clinics that offer veterinary 

services to dairy farmer. Partners was conveniently selected as a results of the 

student’s activities during the study project. Shropshire Farm Vets were invited to 

participate following a day-on-farm spent by the student with one of the private 

practice hoof trimmers. IceRobotics and Synergy Farm Health were invited 

following events attended by the PhD student and the partners. The data sharing 

protocol stated that the partners were to facilitate contact with the farmers, while the 

publication deriving from the students work would include one member staff of the 

partners’ entity.  

 

The partners were provided with the inclusion criteria (Table 43) for elaborating the 

list of farmers to be contacted, as well as a short document introducing the research 

project. The later was meant to be used by the partner to assess the farmer’s 
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willingness to be approached, followed by an explanation of the project and the 

implications of the farmer’s participation. The first feedback from SFV/SHC, 

reported that only six farms used VetImpress. As such, the last inclusion criteria was 

dropped as it could led to a significant reduction of the sampling frame. 

Additionally, the use of CowAlert monitoring system was pre-requisite for dairy 

farms recruited through IceRobotics.  

 

The farmers’ enrolment process was not identical across all three partners. The 

primary data collection with farmers lasted for about two months, and was divided in 

four stages – piloting of the farmer’s questionnaire, and one period for each of the 

three locations. Details are provided in section 6.2.5. 
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Table 43. Inclusion criteria for dairy farm selection 

Parameter Criteria Constraint and logic 

Location 

(geography) 

For Shropshire and Synergy 

Farm Practices – 70 miles radius 

Time and resources available to travel long distances. 

For IceRobotics – 70 miles 

radius from Dumfries 

Time and resources available to travel long distances. From the 14 farms 

identified beforehand, 13 were clustered around Dumfries. 

Farming type Non-organic Small proportion of dairy cattle is reared in such systems (429).  

Herd size 49 < n <= 1000 There are many dairy farms with less than 49 animals, but these represent 

a small proportion of dairy population (according to AHDB, in 2019 there 

were 8,210 dairy farms with less than 50 - while this represents 45% of 

the total number of British dairy farms, these farms only keep 4% of the 

British dairy herd (342)). On the other hand, herd with more than 1000 

animals are not that frequent and are expected to be somewhat different 

from the typical British dairy herd. 

Hoof trimming 

periodicity  

Monthly or less Data quality concerns. The underlying assumption is that farmers with a 

hoof trimming routine would keep better records of health and 

production. 

VetImpress Uses the system Data quality concerns. It would allow access to production and health 

data at animal level. (note: this criteria was dropped in the end as 

explained previously)  
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6.2.4 Farmer questionnaire development and piloting 

An open-end questionnaire was developed for the purpose of collecting data during 

the interviews with the farmers. The questionnaire was composed of six parts – farm 

characterisation, inputs, outputs, lameness management, assurance scheme and milk 

supply and key performance indicators for farmers - and was designed to last up to 

one and a half hours. The research team and two colleagues (WG and LC) revised 

the data collection tool before it was piloted, which lead to the refinement of the 

same.  

 

The questionnaire was piloted on two different farms. The first trial was on the 25th 

of September 2019 with at an English farm leading to an update of the data 

collection tool. The second on the 26th of September 2019 at a Welsh farm, 

following which the tool was again updated. The final version can be consulted in 

section 9.5.2 of the Supplementary material. 

 

6.2.5 Farm enrolment and data collection 

 

The data collection was conducted in three stages as per below: 

 Shropshire Farm Vets/ Shropshire Hoof Care (SFV/SHC): 30th of September 

to  9th of October 

 IceRobotics: 14th of October to 19th of October 

 Synergy Farm Health (SFH): 28th of October to 13th of November 

Farmers identified by Shropshire Farm Vets/Shropshire Hoof Care and IceRobotics 

were reached by the data facilitators to assess their willingness to be contacted by the 

PhD student. As Synergy Farm Health could not afford to allocate resources into 

contacting farmers and check if they would be willing to have their contacts shared 

with the PhD student, the later was provided with a list of numbers and surnames 

and it was decided that he would contact the famers from the practice via telephone. 

 

After confirming the farmers’ willingness to take part in the study and that inclusion 

criteria were met, the PhD student arranged a date with the farmer to present the 

project, collected the informed consent and conduct the interview.  
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Shropshire Farm Vets/Shropshire Hoof Care identified forty-two farms meeting the 

considered inclusion criteria. After being contacted by the data partner, twenty-seven 

farmers manifested their willingness in being contacted by the PhD student. Before 

data collection was initiated five farms had to be removed from the list as they had 

changed veterinary hoof care service provider. During the telephone contacts with 

the farmers, the student assessed whether farms met the considered inclusion criteria. 

Consequently five farms were excluded from the list – two were organic, two did not 

do milk recording and one had more than 1000 cows in the milking herd. From the 

seventeen farmers that met inclusion criteria, two decided they did not want to 

participate in the study. Four agreed to participate but no interview was scheduled 

during the data collection period in the region, and two dropped out during the 

course of the interview. Therefore, nine farms were enrolled from SFV/SHC (Table 

46). 

 

IceRobotics identified fourteen farms that met inclusion criteria. The enrolment 

process was the same as with SFV/SHC. From the initial list, two were removed 

following the contact from IceRobotics – one was not using CowAlert service and 

another had shut down the business. Additionally two decided not to take part in the 

study after being contacted by the student. Ten farms were enrolled from 

IceRobotics (Table 46). 

 

Sixty-seven farms meeting considered inclusion criteria were identified by Synergy 

Farm Health (SFH). Before the student began contacting the farmers, one of the 

farms was removed by the partner as they felt that the client was not in a position to 

participate in the study. Farms were not enrolled in the study for different reasons: 

four did not meet the inclusion criteria; five did not answer the contact attempts; four 

agreed to take part in the study and asked to be contacted later for scheduling the 

interview but did not follow up on the initial contact; one had had a tuberculosis 

outbreak and decided not to participate with fears of having skewed data; and 

twenty-six decided not to participate, mostly because of time constraints. Twenty-six 

farms were enrolled from SFH (Table 46). 
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6.2.6 Access to individual animal data 

During the interview, farmers were questioned as to their willingness to share the 

herd’s health and production data kept by the farm’s service providers. Service 

providers deemed to be data holders were identified in the questionnaire, namely 

milk recording company, herd data management software, farm enterprise budget 

software. These were reached by email or telephone to see how data could be access 

by the investigator. All suppliers required either a third party data access agreement 

form to signed by the farmer, or an email from the farmer stating that the investigator 

was allowed access the their data.  

 

There was heterogeneity as to the choice of farm management software in the study 

sample, and consequently how animal production and health data were collected. 

Collating data supplied from the different data holders was not encouraging. Data 

holders also provided different levels of ease in accessing the data. In detriment of 

sample size, a decision was made to use farms that had data at animal level on a 

daily basis, which would provide the means for a more detailed analysis as to the 

impact of hoof-related lameness on milk yield – a key aspect of the burden of this 

health condition. From the farms that had such data, most used a particular herd 

management software – UNIFORM-Agri©. Given the availability of this service 

provider in assisting the PhD student with accessing the data, on the condition that 

farmers would allow for it, the impact of hoof-related lameness was conducted on a 

smaller subset of the initial study sample – farms with daily production data at the 

animal level using UNIFORM-Agri©. 

 

In order for farm data to be accessible UNIFORM-Agri© offered a temporary 

software license key for using the programme alongside the backup files for the 

farms that had allowed for their data to be shared. The backup files were sent to the 

student by UNIFORM-Agri© on the 30th of September 2020. All data available 

between the period of the first milk yield record and the date backup files were used. 

This meant that animals were followed across multiple lactations, from their first 

milk yield record until they exit the herd or up to the 30th of September 2020 (the day 

backup data were extracted from UNIFORM-Agri©). Additionally cows were 

followed through different time periods: it could be that cows might have been 
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culled or died before the last milk yield observation of the farm, or that cows might 

have entered (bought in) the farm after the first milk yield record for that farm. 

 

6.2.7 Farm data management  

The primary data collected during the interview with the forty-seven recruited 

farmers were transcribed and collated in Microsoft Excel (2016) (340). 

 

Production and health data at animal level for each individual farm accepted for the 

final analysis were exported from UNIFORM-Agri© to Microsoft Excel (2016) 

(340). Each farm had three associated datasets: milk yield, fertility and health events. 

The variables for which data were extracted are outlined the subsections related to 

each dataset.  

 

Once every dataset was cleaned, Microsoft Excel (2016) was used to create three 

datasets concerning milk yield, fertility and health information for each farm. These 

data were saved in CSV format. These CSV files were further cleaned, reshaped, and 

merged using the R language, libraries, and packages (416). The CSV data files and 

R code are stored in a GitHub repository. Due to the sensitive nature of the data, this 

is a private repository. The R code is available upon request. 

 

6.2.7.1 Milk yield data 

The milk data were extracted from UNIFORM-Agri©, with each entry including 

information on ear tag reference, lactation number, breed, date and time of milking, 

milk yield recorded in the milkmeter for the corresponding date and time of milking, 

and total daily milk production.  

 

Depending on the farms’ daily milking regime, datasets would have two, three or 

four data entries per cow for the same date, resulting in the duplication of 

information. For example, if a cow was milked twice a day, then would there be two 

unique entries, one for each of the time and date the cow was milked, but reporting 

the same daily milk yield. A unique identifier was created using the ear tag and date 

in order to identify and remove duplicated data as to having a single data entry with 

the daily milk yield per day per animal.  
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The dataset was screened for missing data. Data entries with missing ear tag number 

were removed as it meant that the data could not be linked to a specific animal. 

Distribution of the lactation number was also evaluated, and those entries with data 

from 13th lactation onwards were removed, as to prevent extreme outliers from 

skewing the results.   

 

There were 26 different breed designations across the cohort of animals. Cows were 

reclassified into six new categories (Ayrshire, British Friesian, Holstein, Holstein-

Friesian, Jersey, Other) according to the uniform breed codes by the National 

Association of Animal Breeders (430), and a new breed variable created (Table 83 in 

section 9.5.1 of the Supplementary material).  

 

6.2.7.2 Fertility data 

The reproduction data were extracted from UNIFORM-Agri© included ear tag 

reference, calving date for each lactation up to data extraction date, days in milk 

(DIM) for each lactation, last insemination date, number of inseminations, cow’s 

status and date status was recorded, and calving interval for current lactation. The 

cow’s status parameter related with the biological status of the animal (dead, dried 

off, inseminated, pregnant or open) or management decisions (barren or sold). Data 

entries with missing ear tag number were removed as it meant that the data could not 

be linked to a specific animal. 

 

6.2.7.3 Health data 

Health farm data were extracted from UNIFORM-Agri©. Each entry of the health 

dataset included information on the ear tag reference, number of abortions in the 

cow’s lifetime, lactation number, age at first calving in years, and lastly health event 

diagnostic and related parameters: date, location, treatment, number of treatment 

days, medications administered and associated milk and/or meat withdrawal periods. 

The treatment indicator was a string variable that captured the type of treatment 

performed for the diagnosed health event. The number of treatment days was an 

integer numeric variable indicating the length of administered treatment, ranged 

from 0 (zero) and upwards. Some cows had been diagnosed with a hoof health event 
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but had recorded zero days of treatment. The information related with withdrawal 

periods for milk and/or meat were in the shape of dates.   

 

Data entries with missing ear tag number were removed as it meant that the data 

could not be linked to a specific animal. 

 

There was heterogeneity in the designation of health events across the farms. The 

categories used to identify health-related events across the different animal health 

datasets were listed. The data were screened for typos and corrected. Categories that 

could not be interpreted were discarded (eg. symbols), and categories that were very 

similar were considered equal (eg. bloat and bloated). A total of 508 unique 

categories were recorded. Categories were then screened and selected for being 

related to hoof-health based on their description, and their classification harmonised 

based on the Claw Health Atlas (47). Health events related to mastitis were also kept, 

and reclassified into a general category designated mastitis, as the analysis strategy 

foresaw evaluating the impact of hoof-related health events while controlling for this 

condition.  

 

Abscess per se, and puss in hole without any reference to the location were removed 

from the dataset. Data referring to “whites” were removed, as it is frequently used to 

describe the purulent discharge resulting from endometritis. All events related to 

calving and downer syndrome were removed as deemed not to be hoof related (eg. 

down, splits, downer…). Health events related to anatomical parts other than the 

hoof were removed (eg. at leg, hock, joint level). 

 

When foreign objects were reported as the cause for lameness events without a 

precise description of the location, these were assumed to be at the hoof level and 

included in the “other” categories. Cracks as the underlying problem of lameness 

were classified as “other”. Lameness without an indication of the underlying cause 

was assumed to be at the hoof-level and included in the “other” category. Health 

events described as “hoof wall” were classified as “other” hoof-related problems. 

Punctures in the sole was classified as “other” as they could be related to stones or 

other objects. Events described as under run, double sole and sole separation were 



Chapter 6: Assessing attributable impact  

254 

 

classified as “other”. Due to a low prevalence corkscrew claw was included in the 

“other” category. Claw amputation was classified as “other” health events.  

 

Laminitis was assumed to be sole bruising/haemorrhage. Interdigital phlegmon was 

the category used to aggregate all health events labelled as footrot, interdigital 

phlegmon and foul-in-the-hoof (47). Puss in heel was classified as sole ulcer and 

puss in toe was included in the toe lesion category.  

 

The final list encompassed 91 health categories, which were then reclassified into six 

or seven different categories according to two distinct classification systems. The 

non-infectious hoof disorders grouped into four categories: WLD, sole lesions, toe 

lesion and other. The five-category classification system considered all infectious 

hoof diseases in one category, as in Chapter 4. The six-category classification system 

had bovine digital dermatitis in a category of its own, while the remaining infectious 

hoof health diseases were classified under “infectious hoof diseases”. All lesions 

related to the toe were designated as “toe lesion”. The category “sole lesions” 

included sole haemorrhage/bruising and sole ulcer amongst other recorded events. 

Table 84 in section 9.5.1 of the Supplementary material provides an overview of the 

health events data and their reclassification.  

 

6.2.7.4 Final dataset used for statistical analysis 

The farm-level CSV files were merged by topic to generate three datasets on milk 

yield, reproduction, and health events. An exploratory analysis on each of the three 

files was conducted to assess whether the pattern in the data (mean, median, mode, 

distribution, and minimum and maximum values) matched the expected based on the 

physiology of the cows and literature, and to identify unusual and/or implausible 

observations.  

 

Following the preliminary analysis of the milk yield dataset, a large number of 

implausible daily milk yield values for particular farm were observed (>120 kg per 

day). These values appeared to be due to a system error. As such, UNIFORM-Agri© 

was contacted to get their feedback. However, they were not completely sure of the 

cause. As the source of the issue could not be determined, the data from this farm 
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was deemed to be unreliable, and the farm was removed from the analysis.  Two 

other observations with implausibly high daily milk values (>150 kg per day) were 

also identified. These data points occurred on the final day of the lactation cycle of 

two separate cows. Due to the nature of these observations, it was determined that 

their removal would not introduce systematic bias into the dataset, and therefore the 

data were excluded. The milk yield dataset only includes records for the days cows 

were milked. If a cow was not milked for any specific reason (e.g. disease, death, 

drying off) that led to data gaps in the continuous timeline of daily milk data. While 

it was known that an animal was not milked, the reason for such an action was 

unknown. Rows were added for these days, and the daily milk yield was attributed 

the value of 0 (zero). Cows were matched by eartag in order to add the cow-specific 

data (e.g., breed and farm) for these rows. Some cows had missing breed information 

in the raw data. No attempt was made to identify the missing data and this 

information was assumed to be unknown and categorised as such. A “dry-off period” 

was defined as a sequence of 30+ days with a milk yield record of 0 (zero) and these 

sequences were removed from the dataset. 

 

The health event dataset was reshaped to bring it into a panel structure. All 

observations preceding the respective cow’s first daily milk yield observation in the 

milk dataset were removed, as the aim of the study was to investigate the change in 

daily milk yield at and around the time of a health event. The dataset was 

manipulated to have one row per eartag-date and one column for each health event. 

The process of converting that dataset from long to wide created duplicates (cows 

with more than one diagnose on same day would have multiple, identical rows). 

These duplicated rows were identified and removed. A set of new binary variables 

were created as per below: 

 Hoof health status: a binary variable indicating whether cows had been 

diagnosed with or treated for any hoof-health related problem on a given day 

- the variable had the value of 1 (one) if a cow was diagnosed or treated with 

at least one health event on a given day, and 0 (zero) if otherwise. 

 Treatment: a binary variable indicating whether a cow had been treated for at 

least one hoof-related health event, regardless of the type of treatment (eg. 

antibiotics, NAIDs), on a given day. The variable took the value of 1 (one) if 
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the animal was treated, and 0 (zero) if otherwise. In cases when a cow was 

diagnosed with a hoof disorder (hoof health status =1) and the number of 

treatment days was equal to 0 (zero), this indicator took the value of 0 

(zero).  

 Mastitis: a binary variable indicating whether a cow had been diagnosed 

with or treated for at least one mastitis-related health event on a given day - 

the variable took the value of 1 (one) if the cow was diagnosed or treated 

with a mastitis health event, and 0 (zero) if otherwise. 

 Variables similar to hoof health status and treatment were created for each 

specific hoof-related health event (WLD, sole lesion, toe lesion, BDD, 

infectious hoof diseases, other) 

Two distinct dataset were generated based on two considered health events 

classification systems as per above (see section 6.2.7.3). The missing values 

generated through process of reshaping data that were not in the raw data were 

replaced with 0 (zero).  

 

The three thematic datasets were merged into two final dataset for analysis, one per 

each of the health event classification system. Firstly, the milk yield and 

reproduction datasets were merged. Reproductive data were used to identify all 

calving dates. The first calving date was defined as day 1 of lactation cycle, after 

which days increased by 1 every day until the next calving date. For cows that had 

calved before the start of the milk yield data, temporary rows were added for the 

purpose of this calculation, after which they were removed. 

 

This was followed by the merging of the milk-reproduction dataset with the health 

dataset. For each day the cows did not have a health event, the health related variable 

were attributed a value of 0 (zero). For each cow, any data from before the first and 

after the last milk yield record and also during the dry-off period was excluded. A 

new ordinal variable with eleven categories, designated period of the lactation cycle 

was created, by dividing lactation length into 60-days periods. The last category of 

this variable was 600 days in lactation or above. A four-category ordinal variable for 

the quarter of the year was created, in which the date of the milk yield data were 

recorded. Figure 41displays the different steps conducted for managing the data. 
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Figure 41. Diagram of the data management  
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The resulting datasets are an unbalanced panel that contains missing within-cow data 

only for the dry-off periods. These datasets were used in the statistical and regression 

analysis. A sample of the dataset is shown below on Table 44. 
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Table 44. Example of dataset layout 

Eartag Farm Breed Parity Date Daily milk yield (kg) 
Hoof health 

status1 
Treatment2 Mastitis1 

UK123 1 Holstein 2 08/08/2019 29.3 0 0 0 

UK123 1 Holstein 2 09/08/2019 28 1 1 0 

UK123 1 Holstein 2 10/08/2019 17.7 0 0 0 

… … … … … … … … … 

UK456 4 Holstein Friesian 7 05/10/2019 23.6 0 0 0 

UK456 4 Holstein Friesian 7 06/10/2019 0 1 1 0 

UK456 4 Holstein Friesian 7 07/10/2019 0 1 1 0 

… … … … … … … … … 

UK789 2 Holstein 1 07/04/2020 32.8 0 0 1 

UK789 2 Holstein 1 08/04/2020 35.2 0 0 0 

UK789 2 Holstein 1 09/04/2020 19.1 1 0 0 

1if a cow was diagnosed with or treated for any hoof disorder 2if a cow was treated for one day or longer for a diagnosed hoof disorder 3if a 

cow was diagnosed with or treated for mastitis 

Note: the table is not displaying all the variables like the ones created for the specific hoof disorders for simplicity 
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6.2.8 Data collection concerning expenditure with lameness research in dairy 

cattle 

Following a web search, the main research funding bodies were identified. The list 

was complemented and validated by experts in the field of dairy cattle science and 

animal health economics: two elements of the supervisory team – Jonathan Rushton 

(primary supervisor) and George Oikonomou (co-supervisor) – and a Professor from 

the School of Veterinary Sciences of the University of Liverpool – Rob Smith. The 

identified entities were contacted during May 2020 by the PhD student. When 

possible the entities were reached via email with a brief explanation of the purpose 

of the contact alongside three attached documents: the project information sheet, the 

informed consent sheet, and an open-end questionnaire developed for the purpose of 

collecting data on expenditure with hoof-related lameness research. When an email 

could not be obtained, the entities were messaged through their website. The aim of 

the questionnaire was to retrieve data on the amount of average yearly funds 

allocated into lameness research in British dairy cattle over the last 5 years, and 

sourcing and channelling of the funds.  No follow-up message was sent in the event 

of no reply. As a result of establishing contact with research funding bodies, 

additional entities were identified. The list of the research funding bodies can be 

found in section 6.3.1.2. 

 

6.2.9 Analysis methods 

 

6.2.9.1 Milk yield 

The magnitude of the reduction in daily milk yield associated with the incidence of a 

hoof-related health event was determined, by comparing the daily milk yields 

between groups of diseased and non-diseased cows. Firstly the overall impact of any 

(multiple) hoof-related health events was examined with the following linear model: 

𝑦𝑖𝑗𝑡 = 𝛽𝑿𝒊𝒋𝒕 + 𝛾𝒁𝒊 + 𝜀𝑖𝑓𝑡 

 

where yijt is the daily milk yield of cow i at farm j at time t (expressed in days), Xijt is 

a vector of fixed effects, Zi is a vector of individual cow random effects, and εijt is the 

error term. In particular, the following variables were included as fixed effects: a 

binary variable equal to 1 if a cow was diagnosed or treated for any hoof-related 
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health event on day t (and equal to zero otherwise), a binary variable equal to 1 if a 

cow was diagnosed or treated for a mastitis-related health event on day t (and equal 

to zero otherwise), a full set of dummy variables for the 60-day periods of the 

lactation cycle (reference category = first 60 days of lactation), a full set of dummy 

variables for parity (reference category = Parity 1), a full set of dummy variables for 

breed (reference category = Holstein-Friesian), a full set of dummy variables for 

farm (reference category = Farm 1), a full set of dummy variables for quarter of the 

year/season (reference category = first quarter). The unique cow eartag as individual 

random effects was also fitted. All farm-specific, time-invariant characteristics and 

management practices (e.g., milking frequency, farming method, farm location, 

grazing regime, etc.) were captured by the farm fixed effects. The mixed linear 

model used the restricted maximum likelihood (REML) method, and statistical 

significance was set at P < 0.05. 

 

The dataset included repeated measurements taken on the same cow over time, and 

these measurements were equally spaced in time (on a daily basis). The shape of the 

lactation curve of dairy cattle relates to the physiological process of the mammary 

gland in producing milk. This biological process translates into a curve with a steep 

increase in the early stages of lactation to its maximum value - typically between the 

4th and the 8th week after calving (431) - followed by the slow decrease until the 

drying off stage (432). To account for this particular pattern of correlation between 

cow-level observations, the approach of Gröhn et al (1999) was followed and a 

mixed model with a first order autoregressive correlation matrix – AR(1) – use 

(433). This correlation structure assumes independence across cows, but 

measurements within a cow are assumed autoregressively correlated. In particular, 

the AR(1) covariance structure is useful when measurements are equally spaced in 

time and assumes that records taken closer in time are more highly correlated than 

those taken further apart. These assumptions are adequately met given the frequency 

of measurement and the shape of a lactation curve.  

 

The statistical and regression analysis was conducted using the R language, libraries, 

and packages (416), particularly with the lme function within the nlme package 

(434).  
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This model was estimated for the whole cohort of animals and, separately, for a 

subset of more severely diseased animals, looking first at the impact of the incidence 

any hoof-health related event and then at the impact of specific types of hoof 

disorders. Specifically, the average milk loss due to any hoof-health event in the 

whole cohort of cows was firstly estimated. Acknowledging the importance of 

distinguishing a reduction on milk yield from discarded milk resulting from a hoof-

health event, the cohort of diseased animals to those cows that kept being milked 

(daily milk yield >0) throughout the duration of their illness was subset, and the 

model re-estimated. The difference between the estimates of the latter model and the 

first provided an estimate for the average weight of discarded milk due to any hoof-

related health event.  

 

Recognising that milk losses are associated with disease severity (170, 205, 435), the 

average milk losses associated with any hoof disorder in the subset of cows that had 

received at least one day of treatment for hoof disorders (those for which treatment = 

1) was estimated, assuming that these had experienced more severe cases. As with 

the previous estimates, re-estimate this regression using the subset of cows that kept 

being milked despite of having a hoof disorder in order to separate discarded milk 

from the actual reduction on milk yield.  

 

Finally, this set of four regression models was re-estimated to determine the impact 

of specific types of hoof disorder. That is, the hoof health status variable was 

replaced with individual variables for specific hoof-related health events to the 

model as per below: 

 Infectious hoof disease: a binary variable equal to 1 if a cow was 

diagnosed or treated for infectious hoof disease, and 0 (zero) 

otherwise, 

 Sole lesions: a binary variable equal to 1 if a cow was diagnosed or 

treated for sole lesions, and 0 (zero) otherwise), 

 Toe lesion: a binary variable equal to 1 if a cow was diagnosed or 

treated for toe lesion, and 0 (zero) otherwise), 

 White line disease: a binary variable equal to 1 if a cow was 

diagnosed or treated for white line disease, and 0 (zero) otherwise), 
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 Other: a binary variable equal to 1 if a cow was diagnosed or treated 

for any other hoof-related illness not otherwise specified, and 0 (zero) 

otherwise). 

Cows could have multiple hoof disorders on the same day (indicators for those 

health events would be equal to one). The regressions at hoof disorder level were 

estimated using the two health-events classification systems outlined in section 

6.2.7.3. The dataset for which health events had been classified according to the six-

category classification system had an additional binary variable for bovine digital 

dermatitis (BDD) - the indicator would be attributed the value 1 if a cow was 

diagnosed or treated for digital dermatitis, and 0 (zero) otherwise. As explained 

previously, in the five-category classification system BDD was included in the 

infectious hoof disease category alongside the other lesions of this nature.  

 

The analysis described above provides the average milk loss associated with a hoof-

related health event, by comparing the daily milk yield of cows with hoof-health 

events with those without hoof-problems at the time of diagnosis. However, 

researchers have observed a reduction on milk yield before the time of diagnosis and 

a slow return to the expected milk production levels even after the end of the 

treatment period (168, 436). These studies tend to rely on average weekly or monthly 

milk yield data. This dataset offers the opportunity to investigate the impact of hoof-

related health events on milk yield with finer granularity. The use of all animals in 

the analysis was considered, using a propensity score matching (PSM) to create a 

control group (healthy cows) and compare it with the group of unhealthy cows. 

However, to ensure comparability between healthy vs unhealthy group of animals 

detailed information at cow level would be required, namely in terms of genetics (eg. 

genetic merit), which was not available. As such, for this event study, only the 

subsample of lactations in which a cow was diagnosed with a hoof-related health 

event was utilised. Additionally, this was deemed as a complementary analysis, with 

the objective of appreciating how soon can one expect a decrease and a return to 

normality of milk production in cows with hoof disorders, reinforcing the value of 

prevention and early detection of hoof disorders, and not to assess the amount of 

milk loss before and after diagnostic.  
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The baseline model was re-estimated (excluding the hoof-related health event 

indicator) using a full set of weekly dummy variables for the 12 weeks before and 

after diagnosis. A dummy variable was included for every week more than 12 weeks 

before diagnosis and, separately, a dummy variable for every week more than 12 

weeks after diagnosis, with the week of diagnosis as the reference period.  

 

The analysis was repeated using a full set of dummy variables for the 30 days before 

and after diagnosis. A dummy variable was included for every day more than 30 

days before diagnosis and a dummy variable for every day more than 30 days after 

diagnosis, with the day of diagnosis as reference period. 

 

6.2.9.2 Expenditure on preventive measures for hoof-related health events in British 

dairy cattle 

The farm questionnaire collected data on the resources allocated with specific hoof-

related health monitoring and preventive actions conducted by farm staff. 

Outsourced services were not captured in the assessment.  

 

The yearly expenditure with herd mobility scoring and hoof trimming per one 

hundred cows per farm were estimated taking into account the average man-hour per 

year and the size of the milking herd, and the average minimum cost to the employer 

per each farm worker’s labour hour in the UK. The latter was from a farm survey 

reference identified in Chapter 3 – the 50th edition of the John Nix Pocketbook for 

farm management (23). The data source was selected as it took into consideration the 

workplace pension scheme contribution by the employer when estimating the figure. 

The parameter reported in this reference was estimated by two methods – the 

standard labour costing, based on the average worker defined by the UK minimum 

wage in 2019 and Welsh and Scottish Standard Agricultural Worker labour costs, 

and the median labour costing, based on the average farm worker wage according to 

the Annual Survey of Hours and Earning. The two figures were used when 

estimating the costs with monitoring and hoof trimming as means of a sensitivity 

analysis. The formulas are provided below. 
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𝑌𝑒𝑎𝑟𝑙𝑦 𝑚𝑜𝑛𝑖𝑡𝑜𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 100 𝑐𝑜𝑤𝑠 𝑝𝑒𝑟 𝑓𝑎𝑟𝑚

= (𝑚𝑎𝑛– ℎ𝑜𝑢𝑟 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦 𝑠𝑐𝑜𝑟𝑖𝑛𝑔

/𝑠𝑖𝑧𝑒 𝑜𝑓 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑) ∗ 100 ∗ 𝑎ℎ𝑝𝑟 

 

𝑌𝑒𝑎𝑟𝑙𝑦 ℎ𝑜𝑜𝑓 𝑡𝑟𝑖𝑚𝑚𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 100 𝑐𝑜𝑤𝑠 𝑝𝑒𝑟 𝑓𝑎𝑟𝑚

= (𝑚𝑎𝑛– ℎ𝑜𝑢𝑟 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 ℎ𝑜𝑜𝑓 𝑡𝑟𝑖𝑚𝑚𝑖𝑛𝑔/𝑠𝑖𝑧𝑒 𝑜𝑓 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑)

∗ 100 ∗ 𝑎ℎ𝑝𝑟 

 

, in which ahpr stands for the average hour pay rate.  

 

The costs with foot bathing per one hundred cows per year were calculated 

considering the average quantity (kilograms or litres) of reagents (formalin, copper 

sulfate and other reagents) used per year and the associated costs per measurement 

unit, and the milking herd size according to the following: 

 

𝑌𝑒𝑎𝑟𝑙𝑦 𝑓𝑜𝑜𝑡 𝑏𝑎𝑡ℎ𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 100 𝑐𝑜𝑤𝑠 𝑝𝑒𝑟 𝑓𝑎𝑟𝑚

= ∑(𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑖𝑦 𝑜𝑓 𝑟𝑒𝑎𝑔𝑒𝑛𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟

∗ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑔𝑒𝑛𝑡)

/𝑠𝑖𝑧𝑒 𝑜𝑓 𝑚𝑖𝑙𝑘𝑖𝑛𝑔 ℎ𝑒𝑟𝑑 ∗ 100 

 

Data were assessed for normality using the Shapiro Wilks test. If data were normally 

distributed the mean and standard deviation (SD) were estimated, otherwise the 

median, interquartile range (IQR), and minimum and maximum values were 

provided.     

 

6.2.9.3 Expenditure on lameness research in British dairy cattle 

The funding time window (years) was estimated taking into account the earliest and 

the latest year of the funding across the data collected.  

 

𝐹𝑢𝑛𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

= 𝑙𝑎𝑡𝑒𝑠𝑡 𝑦𝑒𝑎𝑟 𝑜𝑓 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 𝑓𝑢𝑛𝑑𝑖𝑛𝑔

− 𝑒𝑎𝑟𝑙𝑖𝑒𝑠𝑡 𝑦𝑒𝑎𝑟 𝑜𝑓 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 𝑓𝑢𝑛𝑑𝑖𝑛𝑔 
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The average yearly expenditure with research on lameness or related hoof-health 

problem in British dairy cattle was estimated by dividing the total research 

expenditure per the funding time window.  

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑒𝑎𝑟𝑙𝑦 𝑓𝑢𝑛𝑑𝑖𝑛𝑔 =  𝑇𝑜𝑡𝑎𝑙 𝑎𝑤𝑎𝑟𝑑𝑒𝑑 𝑔𝑟𝑎𝑛𝑡𝑠/𝑓𝑢𝑛𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑤𝑖𝑛𝑑𝑜𝑤  

 

6.2.9.4 Extrapolation of the key findings to the study population 

Based on the findings from the previous chapters and published data the economic 

impact of hoof-related lameness to the English and Welsh dairy populations was 

extrapolated, and challenged it against the estimated Animal Health Loss Envelope 

(AHLE) in Chapter 3, to see the contribution of this particular health problem in the 

losses from all causes to the sectors.  

 

The work from Chapter 3 provided the underlying population at risk and the milk 

price (ppl). The weighted milk farmgate price (ppl) was estimated taking into 

consideration the different milk prices across the different production systems and 

the population distribution as per below: 

 

𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑚𝑖𝑙𝑘 𝑓𝑎𝑟𝑚𝑔𝑎𝑡𝑒 𝑝𝑟𝑖𝑐𝑒 (𝑝𝑝𝑙) = ∑ 𝑆𝑝𝑖 ∗ 𝑀𝐹𝑃𝑖   , 

 

in which Spi is the share of the total population in production system i and MFPi the 

milk farmgate price for production system i. 

 

The meta-analysis work in Chapter 4 indicated the yearly incidence of hoof-related 

health events. The results from Chapter 6 specified the impact on milk yield as a 

result of hoof-health events, and the expenditure with monitoring (herd mobility 

scoring) and prevention actions (foot bathing and hoof trimming). The predicted 

reduction of kilograms in the daily milk yield due to a hoof disorder was transformed 

to litres based on the conversion factor of 1.03 kg/litre at 20 ᵒC15. 

 

                                                 

15 The figure was sourced at the website: source: https://matmatch.com/learn/property/density-of-

milk-weight-per-gallon 
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These percentages were applied to the average costs per lameness case reported by 

Wilshire and Bell (2009) (227) to estimate the average costs with poor fertility and 

premature culling per hoof-related health event.    

 

Lastly, the average yearly expenditure with lameness research calculated in Chapter 

6 was added to the figure.  

 

In sum the estimated economic impact of hoof disorders in the study population was 

estimated according to the following: 

 

𝑀𝐸𝐿ℎ𝑑 (£) = (𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (ℎ𝑒𝑎𝑑𝑠)

∗ 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝑜𝑓 ℎ𝑜𝑜𝑓𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟𝑠(𝑐𝑎𝑠𝑒𝑠 𝑝𝑒𝑟 100 𝑐𝑜𝑤𝑠

− 𝑦𝑒𝑎𝑟)/100) ∗ 𝑚𝑖𝑙𝑘 𝑑𝑎𝑖𝑙𝑦 𝑙𝑜𝑠𝑠𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 ℎ𝑑(𝑙𝑖𝑡𝑟𝑒𝑠)

∗  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑖𝑠𝑒𝑎𝑠𝑒 𝑙𝑒𝑛𝑔ℎ𝑡(𝑑𝑎𝑦𝑠) ∗ 𝑚𝑖𝑙𝑘 𝑝𝑟𝑖𝑐𝑒(£/𝑙𝑖𝑡𝑟𝑒) 

, where MELhd are the milk economic losses due to hoof disorders. 

 

𝐶𝑃𝐴ℎ𝑑 (£) = 𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (ℎ𝑒𝑎𝑑𝑠)

∗ 𝑃𝑟𝑒𝑣𝑒𝑛𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡𝑠 (£ 𝑝𝑒𝑟 100 𝑐𝑜𝑤𝑠 − 𝑦𝑒𝑎𝑟)/100 

, where CPAhd are the costs with prevention actions (foot bathing and hoof 

trimming) for hoof disorders. 

 

𝐶𝑀𝐴ℎ𝑑 (£) = 𝐷𝑎𝑖𝑟𝑦 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (ℎ𝑒𝑎𝑑𝑠)

∗ 𝑀𝑜𝑛𝑖𝑡𝑜𝑟𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 (£ 𝑝𝑒𝑟 100 𝑐𝑜𝑤𝑠 − 𝑦𝑒𝑎𝑟)/100 

, where CMAhd are the costs with monitoring actions with hoof disorders.  

 

 

𝐸𝐼ℎ𝑑 (£) = 𝑀𝐸𝐿ℎ𝑑(£) + 𝐶𝑃𝐴ℎ𝑑 (£) + 𝐶𝑀𝐴ℎ𝑑 (£) + 𝐸𝐿𝑅 (£) 

, where ELR is the average yearly expenditure with lameness research in the UK and 

EIhd is the economic impact of hoof disorders in the  English and Welsh dairy 

population.  

 

Three estimates were obtained for the EIhd – low, high and best estimate – based on 

the range of values available for certain parameters according to Table 45 below. 
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Table 45. Parameters for extrapolating the finding on the impact of hoof disorders to the 

English and Welsh dairy cattle population 

Parameter Best estimate Low High 

Dairy cattle population (heads) 1,285,349 - - 

Milk yield reduction due to hoof disorder 

(lt)* 
1.431 1.082 1.781 

Average number of days with milk 

reduction due to hoof disorder 
1.17 1 2.4 

Incidence per 100 cow-year 36.8 29.3 45.3 

Milk price (£/litre)   0.30  - -  

Monitoring costs per 100 cows per-year (£)  66.7  1.9  4,342.8  

Preventive actions costs (HT and FB)** per 

100 cows per-year (£) 
1,177.0  98.4 8390 

Expenditure with lameness research per 

year (£) 
 402,806  -  - 

*estimated using a conversion factor of 1.03 for kg of milk to liters **HT stands for 

hoof trimming and FB for foot bathing 

 

The contribution of hoof disorders to the AHLE, which was estimated in Chapter 3 

was also assessed, and expressed as a percentage according to the equation below: 

 

𝐶ℎ𝑑 =
𝐴𝐻𝐿𝐸

𝐸𝐼ℎ𝑑
∗ 100 

, where Chd is the contribution of hoof disorders to the AHLE. As the AHLE and 

Eihd had different figures depending on the considered scenario (the utopias for the 

AHLE and the low, high and best estimate for the Eihd) the Chd had a range of 

values as well. 
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6.3 Results 

 

6.3.1 Data collection 

 

6.3.1.1 Farm uptake-rate and final sample subset 

Initially the project had a plan to recruit 152 farms. Yet the sampling frame and 

uptake rate did not allow for this. As such, the sample was composed of forty-five 

farms recruited with the help of data partners (Table 46), plus the two farms that 

were involved in the piloting of the questionnaire.  

 

Given the constraints in relation to data access and quality, the sample subset was 

composed of twelve farms. . The final dataset analysed was composed of information 

from eleven farms.  

 

6.3.1.2 Expenditure on lameness research in British dairy cattle 

Ten research-funding bodies were identified initially. After establishing contact with 

the identified entities, three more funding bodies were identified (Table 47). 

 

In the end of the consultation process, it was possible to retrieve data from two data 

sources: Agriculture and Horticulture Development Board (AHDB) and UK 

Research and Innovation (UKRI). Expenditure with research projects on the later 

was retrieved through the website https://gtr.ukri.org/. The title of the projects were 

screened, and those with reference to dairy cattle or dairy cows, and lameness or 

hoof-related diseases were selected. The project’s region and start year were then 

used as inclusion criteria: those within the UK and starting in 2015 (5 years before 

the data collection on expenditure on lameness research) remained.  

https://gtr.ukri.org/
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Table 46. Identification, exclusion and uptake-rate and enrolment of farmer for the study across the data partners 

Data partner Identified 

farms (n) 

Willing to be 

contacted by PhD 

student (n) 

Meeting 

inclusion 

criteria (n) 

Uptake 

Rate (%)# 

Enrolled 

farmers (n) 

Shropshire Farm Vets/Shropshire Hoof Care 42 22* 17 52.9 9 

IceRobotics 14 14 12 83.3 10 

Synergy Farm Health 67 N/A 63 38.1 26 

Total 123 - 92 48.9 45 

*five farms were removed from the initial list of twenty-seven that had manifested willingness in being contacted by the student, as they had 

changed their veterinary hoof care service provider #for those that allowed to be contacted by the PhD student and met the inclusion criteria 

 

Table 47. List of research funding bodies, their identification source and result from the consultation process 

Entity Identification source Consultation result 

AgriFood Charities Partnership (AFCP)  Web search and/or expert opinion Will not be able to assist. Recommended 

AHDB and Dartington Cattle Breeding 

Trust to be contacted 

Agriculture and Horticulture Development Board 

(AHDB) 

Web search and/or expert opinion Data provided 
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Entity Identification source Consultation result 

Animal Welfare Foundation (AWF) Web search and/or expert opinion No reply 

British Veterinary Association (BVA) Web search and/or expert opinion Will not be able to assist.  

Dartington Cattle Breeding Trust By contacted entity Email was forwarded to trustees without 

any reply 

Department for Environment, Food and Rural 

Affairs (DEFRA) 

Web search and/or expert opinion No reply 

Department for International Development (DIFD) Web search and/or expert opinion Will not be able to assist 

Leverhulme Trust Web search and/or expert opinion Will not be able to assist 

National Endowment for Science, Technology and 

the Arts (NESTA) 

Web search and/or expert opinion Will not be able to assist 

Quality Assurance Agency for Higher Education 

(QAA) 

Web search and/or consultation expert Will not be able to assist 

Universities Federation for Animal Welfare 

(UFAW) 

By contacted entity No reply 

UK Research and Innovation (UKRI) Web search and/or consultation expert Data provided 

Welcome Trust By contacted entity No reply 
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6.3.2 Descriptive analysis of the enrolled farms 

This section relates to the whole cohort of farms (n=47) enrolled in the study. Three 

out of every four farms were located in England. Wales was the least represented 

country with only three farms. Most farms were running for a considerable amount 

of time – about 70% of them were running for longer than 50 years. A great 

proportion (85.1%) of the dairy operations were family businesses, most of which 

partially or fully owned (89.4%), ran by managers between the age of 25 and 65. 

Spring calving farms had a higher average farm area compared with the other 

systems (Table 49 and Table 48). Roughly, two thirds of the farms kept their herds 

closed. About three quarters of the sample ran a either Holstein or Holstein-Friesian 

herds. Ayrshire and Jersey were the least represented with only two farms rearing 

each breed respectively. Most farms ran the herd in an all-year-round calving system 

(70.2%). Autumn calving was the second most used calving pattern (19.1%). The 

remaining herds block calved during spring or had a dual-block calving pattern. With 

the exception of two farm, all herd were allowed to graze during some time of the 

year. Three quarters of the farms were milking 150 to 400 cows, and three out of 

every four units milked their cows twice a day.  The average milking herd size across 

all farms was roughly 300 cows, with spring calving system having the largest 

average herd size and autumn calving systems the smallest average herd size (Table 

48). The use of milking robots was scarce throughout the sample with only six farms 

(12.8%) having adopted such technology. Two farms in the sample did not use milk 

recording service (Table 49).  

 

Apart from three farm, all dairy units screened their herd for lameness and the vast 

majority (85.1%) performed mobility scoring of their animals with different 

periodicity. All but one farm used footbaths to manage the hoof health of the herd. 

Approximately three quarters of the farmers (72.3%) reported having invested in 

cow comfort over the last three years (Table 49). Two farms did not have a milk 

contract aligned with any retailer or milk processor. For those that had such a 

contract, Arla was the milk processor/retailer most supplied by the farms within the 

sample (36.2%), followed closely by Muller (32.9%). Co-op, Mortons dairy, Saputo 

and Tomland sons dairy were the least represented milk contracts in the sample, each 

having only one farm supplying them (Table 49).   
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Table 48. Summary statistics of the main continuous variables of the enrolled farms 

Variable 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

Farm existence (years) 72.0 (23.2) 75.0 (35.4) 50.3 (43.4) 73.9 (37.0) 72.1 (34.6) 

Farm managers age (years) 51.1 (9.7) 38.0 (5.7) 44.7 (18.3) 48.5 (12.5) 48.3 (12.1) 

Farm size (acres) 530.8 (124.9) 369.9 (198.1) 1689.9 (2434.0) 701.4 (684.0) 717.1 (807.8) 

Milking herd size (no. of heads) 271.7 (116.0) 300.0 (141.4) 310.0 (168.2) 305.3 (200.1) 299.2 (179.9) 

*All year round      
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Table 49. Summary statistics of the main categorical variables of the enrolled farms (column percentages presented unless otherwise stated)  

Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Farm location   

 England - Northwest - - 2 100.0 - - 7 21.2 9 19.1 

 England - Southwest 7 77.8 - - 3 100.0 16 48.5 26 55.3 

 Scotland - South 1 11.1 - - - - 8 24.2 9 19.1 

 Wales - Northeast 1 11.1 - - - - 1 3.0 2 4.3 

 Wales - West - - - - - - 1 3.0 1 2.1 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Farm existence (years)   

 <10 - - - - - - 1 3.0 1 2.1 

 >=10 and <25 - - - - 1 33.3 2 6.1 3 6.4 

 >=25 and <50 2 22.2 - - 1 33.3 8 24.2 11 23.4 

 >=50 7 77.8 2 100.0 1 33.3 22 66.7 32 68.1 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Period with current management (years) 

 <3 - - - - 1 33.3 4 12.1 5 10.6 

 >=3 and <6 - - - - 1 33.3 5 15.2 6 12.8 

 >=6 and <11 3 33.3 - - - - 6 18.2 9 19.1 

 >=11 6 66.7 2 100.0 1 33.3 18 54.5 27 57.4 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Farm’s manager age (years)   

 <25 - - - - 1 33.3 1 3.0 2 4.3 

 >=25 and <50 2 22.2 2 100.0 - - 14 42.4 18 38.3 

 >=50 and <66 7 77.8 - - 2 66.7 16 48.5 25 53.2 

 >=66 - - - - - - 2 6.1 2 4.3 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Familiar business   

 No 1 11.1 - - - - 4 12.1 5 10.6 

 
Owner of estate is not 

managing animals 

- - - - 1 33.3 1 3.0 2 4.3 

 Yes 8 88.9 2 100.0 2 66.7 28 84.8 40 85.1 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Farm ownership   

 No 3 33.3 - - 1 33.3 1 3.0 5 10.6 

 Partially 5 55.6 2 100.0 1 33.3 22 66.7 30 63.8 

 Yes 1 11.1 - - 1 33.3 10 30.3 12 25.5 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Breed   

 Ayrshire - - - - - - 2 6.1 2 4.3 

 Friesians 2 22.2 - - - - 1 3.0 3 6.4 

 Holstein 1 11.1 - - - - 19 57.6 20 42.6 

 Holstein-Friesian 5 55.6 2 100.0 - - 7 21.2 14 29.8 

 Jersey - - - - 1 33.3 1 3.0 2 4.3 

 Mix breed 1 11.1 - - 2 66.7 3 9.1 6 12.8 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Heifer Replacement Strategy   

 Closed herd 8 88.9 1 50.0 2 66.7 15 45.5 26 55.3 

 Open herd 1 11.1 1 50.0 1 33.3 18 54.5 21 44.7 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Zero grazing regime   

 No 9 100.0 2 100.0 3 100.0 31 93.9 45 95.7 

 Yes - - - - - - 2 6.1 2 4.3 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Housing type   

 Cubicles 9 100.0 2 100.0 3 100.0 32 97.0 46 97.9 

 Straw yard - - - - - - 1 3.0 1 2.1 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Bedding – each row relates to the total number of farms per column (eg. share of farms in autumn calving systems using sand)(note: 

Farms can use multiple materials for bedding) 

 Sand 3 33.3 - - - - 10 30.3 13 27.7 

 Straw 9 100.0 2 100.0 3 100.0 33 100.0 47 100.0 

 Saw dust 2 22.2 1 50.0 2 66.7 20 60.6 25 53.2 

 Paper-based 2 22.2 - - - - 1 3.0 3 6.4 

 Hydrated lime 4 44.4 2 100.0 2 66.7 18 54.5 26 55.3 

 Rubber matts/mattresses 6 66.7 1 50.0 3 100.0 23 69.7 33 70.2 

 Other 1 11.1 - - - - 4 12.1 5 10.6 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Milking herd size   

 <=149 - - - - - - 4 12.1 4 8.5 

 >149 and <=250 4 44.4 1 50.0 2 66.7 13 39.4 20 42.6 

 >250 and <=400 4 44.4 1 50.0 - - 10 30.3 15 31.9 

 >400 1 11.1 - - 1 33.3 6 18.2 8 17.0 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Automated Milking Robot   

 No 9 100.0 2 100.0 3 100.0 27 81.8 41 87.2 

 Yes - - - - - - 6 18.2 6 12.8 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Daily milking routine (just for farms without milking robots) 

 Four times - - - - - - 1 3.7 1 2.4 

 Three times - - 1 50.0 - - 4 14.8 5 12.2 

 Twice 9 100.0 1 50.0 3 100.0 22 81.5 35 85.4 

 Total (row) 9 21.9 2 4.9 3 7.3 27 65.9 41 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Milking recording company   

 No data - - - - - - 2 6.1 2 4.3 

 CIS 2 22.2 1 50.0 - - 12 36.4 15 31.9 

 NMR 7 77.8 1 50.0 3 100.0 18 54.5 29 61.7 

 QMMS - - - - - - 1 3.0 1 2.1 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Lameness screening   

 No - - - - - - 3 9.1 3 6.4 

 Yes 9 100.0 2 100.0 3 100.0 30 90.9 44 93.6 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Herd mobility scoring   

 No - - - - 1 33.3 6 18.2 7 14.9 

 Yes 9 100.0 2 100.0 2 66.7 27 81.8 40 85.1 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Herd mobility scoring frequency   

 No routine/No data - - - - 1 33.3 12 36.4 13 27.7 

 Daily - - - - - - 3 9.1 3 6.4 

 Weekly - - - - - - 1 3.0 1 2.1 

 Every 15 days - - - - - - 1 3.0 1 2.1 

 Monthly 2 22.2 1 50.0 1 33.3 4 12.1 8 17.0 

 Every 2 months 1 11.1 - - - - 1 3.0 2 4.3 

 Quarterly 5 55.6 1 50.0 1 33.3 9 27.3 16 34.0 

 Every 6 months 1 11.1 - - - - 2 6.1 3 6.4 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Footbathing   

 No - - - - - - 1 3.0 1 2.1 

 Yes 9 100.0 2 100.0 3 100.0 32 97.0 46 97.9 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Investment in cow comfort in the previous or current year 

 No 1 11.1 2 100.0 - - 10 30.3 13 27.7 

 Yes 8 88.9  - 3 100.0 23 69.7 34 72.3 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Farm assurance scheme - each row relates to the total number of farms per column  

(eg. share of farms in autumn calving systems assured by red tractor) 

 Red tractor 9 100.0 2 100.0 3 100.0 31 93.9 45 95.7 

 Arlagarden 3 33.3 - - 1 33.3 12 36.4 16 34.0 

 Arlagarden 360 1 11.1 - - 1 33.3 3 9.1 5 10.6 

 

Royal Society for the 

Prevention of Cruelty to 

Animals (RSPCA) 

1 11.1 - - - - 1 3.0 2 4.3 

 Other assurance scheme 1 11.1 1 50.0 - - 12 36.4 14 29.8 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 
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Variable Categories 

Autumn  

Calving 

Dual block 

Calving 

Spring  

Calving 

AYR*  

Calving 
Total 

n % n % n % n % n % 

Milk supply contract   

 No - - - - - - 2 6.1 2 4.3 

 Yes 9 100.0 2 100.0 3 100.0 31 93.9 45 95.7 

 Total (row) 9 19.1 2 4.3 3 6.4 33 70.2 47 100.0 

Retailer/Processor supplied (just for farms with milk supply contract) 

 Arla 4 44.4 - - 1 33.3 12 38.7 17 37.8 

 Barbers - - - - 1 33.3 2 6.5 3 6.7 

 Co-op 1 11.1 - - - - - - 1 2.2 

 Graham's family dairy - - - - - - 3 9.7 3 6.7 

 Lactalis - - - - 1 33.3 2 6.5 3 6.7 

 Mortons dairy - - 1 50.0 - - - - 1 2.2 

 Muller 3 33.3 1 50.0 - - 11 35.5 15 33.3 

 Saputo - - - - - - 1 3.2 1 2.2 

 Tomland sons dairy 1 11.1 - - - - - - 1 2.2 

 Total (row) 9 20.0 2 4.4 3 6.7 31 68.9 45 100.0 

*All year round      
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6.3.3 Descriptive analysis of the subset of farms analysed 

As explained previously, of the 47 farms that were enrolled in the study, data from 

only eleven farms was included in the regression analysis, as these were the ones that 

had reliable daily milk yield data, allowing for a more in-depth analysis of the 

impact of hoof disorders on milk production.  

 

The sample subset was composed of 6,050 cows unevenly distributed across eleven 

farms. Approximately a quarter (28.5%) of the total number of animals in the dataset 

originated from farm 11. Farm 7 contributed with the smallest number of animals 

(3.2%), closely followed by farms 6 (3.9%) and 4 (4.8%). This cohort of animals had 

2,143,672 days’ worth of milk yield data, translating into 5,874 cow-years. Farm 11 

contributed with the highest amount of data point with 1,471.3 cow-years (25.0%). 

On the other end stood farm 7 accounting for 3.8% (221.8) of the total number of 

cow-years. The earliest milk yield record dated the 10th of July 2017 and the latest 

the 30th of September 2020. The average lactation number was quite similar across 

farms. Farm 7 had the oldest herd with cows having a mean lactation number of 3.1 

(1.9 SD). Contrarily, farm 8 had the youngest herd with an average lactation number 

of 2.3 (1.5 SD). The highest lactation number was recorded in farm 2, set at 12.  

Cows gave on average 32.7 kg (13.3 SD) of milk per day, with a maximum daily 

milk yield record set at 110.9 kg, belonging to an animal from farm 3. Farms 10 and 

11 had the highest mean daily milk yield: 38.9 kg (10.6 SD) and 38.8 kg (12.2 SD) 

respectively. Farm 7 stood on the opposite side, with cows producing on average 

21.1 kg (8.2 SD) of milk per day (Table 50).  

 

Eight out of eleven farms (72.7%) were located in England. Wales was again the 

least represented country with only one farm (9.1%). The majority of farms (81.8%) 

had the herd calving all-year-round. Spring calving systems were not represented in 

the sample subset. Apart from one, farmers classified the breed of their herds as 

either Holstein or Holstein-Friesian. Nearly three quarters (72.7%) of the farms had 

closed herds, whereas the remaining units ran open herds. Only one farmer kept its 

animals indoors all-year-round, while the other ten allowed the herd to graze during 

a period of the production cycle. Three farms (27.2%) had milking robots. Of the 

eight that had conventional milking systems, the majority (75.0%) milked cows 
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twice a day. All farms kept their herd in cubicles. The whole sample subset had in 

place lameness screening/mobility scoring and footbathing (Table 51).  

 

In the total cohort of cows, roughly two out of every three cows were Holstein-

Friesian (62.1%). The second most prevalent breed was Holstein. Together with 

Holstein-Friesian they represented 84.5% of the total number of heads. Ayrshire was 

the least represented breed category, accounting for less than 0.1% of the study 

population. Jersey and British Friesian followed with 0.2% and 0.7% respectively.  

6.2% of the cows in the cohort were labelled as other breeds, and for 8.3% there was 

missing data concerning breed. With the exception of farms 4 and 9, the majority of 

cows across all farms fell in two categories – Holstein-Friesian or Holstein. More 

than half of the animals (58.1%) from farm 4 did not have data on the breed, while 

the rest were classified as Holstein-Friesian. In farm 9 two thirds of the cows were 

classified as other with regards to breed. Even though in a small proportion, Jersey 

cows could be found in farms 1 and 3, whereas Ayrshire could only be found in farm 

1 (Table 52).   

 

Over the course of the production cycles analysed there were 1,822 hoof-related 

health events implying a total of 2,114 days of treatment. Each affected cow had on 

average a treatment length lasting 1.16 days. Farm 7 had the longest average 

treatment length, with each cow being treated for an average of 2.4 days every time 

they were affected by a hoof health event. In contrast, farms 9 and 5 had the shortest 

average treatment for hoof disorders, with cows being treated for 1 day. When 

standardising the incidence of hoof-health events per 100 cow-year, farms 10 and 3 

had the highest frequency level: 102.4 and 82.2 cases of hoof disorders. Farms 9 and 

7 stood on the opposite side, having on average 0.7 and 2.3 cases of hoof-related 

health events per 100 cows per year. Overall, the incidence rate of hoof disorders 

from all causes was estimated at 31.0 cases per 100 cows per year. Additionally, the 

incidence of hoof disorders was particularly high for cows that did not have data on 

breed with reported yearly frequency of 75.3 cases per 100 cows-year. Holstein and 

Holstein-Friesians followed with 33.1 and 26.9 cases per year per 100 cows. 

Contrarily, no hoof lesions were recorded for neither Ayrshire nor Jersey cows. The 

incidence of hoof lesions seemed to increase with lactation number. Animals in their 

first lactation had an incidence per 100 cows-year of 21.7 cases. In the third lactation 



Chapter 6: Assessing attributable impact  

286 

 

group the incidence was estimated at 31.0 cases, and animals in their sixth lactation 

had 46.7 cases per 100 cows-year (Table 53).  

 

The most frequent lesions in the cohort of cows were sole lesions, other hoof-related 

lesions, and white line disease with 8.7, 7.7 and 6.7 cases per 100 cows-year 

respectively. Toe lesions and infectious hoof diseases (excluding BDD) were the 

least frequent with 0.2 and 2.8 cases per 100 cows-year (Table 53).   
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Table 50. Overview of the subset sample data  

Farm No of 

Cows 

No of 

observations  

No of cow-

year 

Lactation  Daily Milk Yield 

Mean (SD) Min Max  Mean (SD) Min Max 

1 545 171,704 470.4 2.4 (1.6) 1 11  27.7 (11.0) 0.0 83.6 

2 437 200,464 549.2 2.7 (1.6) 1 12  29.4 (11.6) 0.0 96.5 

3 706 202,059 553.6 2.5 (1.5) 1 8  32.4 (10.7) 0.0 110.9 

4 292 151,496 415.1 2.9 (1.9) 1 10  30.2 (12.0) 0.0 98.7 

5 518 187,812 514.6 2.7 (1.4) 1 8  35.1 (14.5) 0.0 80.2 

6 241 107,703 295.1 2.8 (1.6) 1 9  36.7 (12.6) 0.0 109.7 

7 196 80,941 221.8 3.1 (1.9) 1 9  21.1   (8.2) 0.0 86.3 

8 634 224,183 614.2 2.3 (1.5) 1 9  25.5 (14.4) 0.0 85.9 

9 380 150,684 412.8 2.6 (1.7) 1 10  29.6 (12.5) 0.0 109.4 

10 377 130,047 356.3 2.5 (1.5) 1 9  38.9 (10.6) 0.0 85.3 

11 1,724 537,010 1,471.3 2.5 (1.5) 1 8  38.8 (12.2) 0.0 103.2 

Total 6,050 2,144,103 5,874.3 2.6 (1.5) 1 12  32.7 (13.3) 0.0 110.9  
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Table 51. Location and farm management choices of subset of farms used in the analysis  

Farm Location Calving  

pattern 

Heifer  

replacement  

strategy 

Zero-

grazing 

Cubicles Milking 

Robot 

Daily milking 

frequency 

Lameness 

screening/mobility 

scoring 

Footbathing 

1 Wales NE1 AYR Closed herd No Yes No Twice Yes Yes 

2 England SW2 AYR Closed herd No Yes No Twice Yes Yes 

3 Scotland  S3 AYR Closed herd No Yes No Twice Yes Yes 

4 England NW4 DB5 Closed herd No Yes No Three times Yes Yes 

5 England SW AYR Closed herd No Yes Yes - Yes Yes 

6 England NW AYR Open herd Yes Yes Yes - Yes Yes 

7 England SW Autumn Closed herd No Yes No Twice Yes Yes 

8 Scotland  S AYR Closed herd No Yes No Twice Yes Yes 

9 England NW AYR Open herd No Yes No Twice Yes Yes 

10 England SW AYR Open herd No Yes Yes - Yes Yes 

11 England SW AYR Closed herd No Yes No Four times Yes Yes 

1Northeast 2Southwest 3South 4Northwest 5Dual block 
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Table 52. Breed composition of dairy cohort in sample subset (row percentages) 

Farm No of 

cows  

Ayrshire British 

Friesian 

Holstein Holstein 

Friesian 

Jersey Other No data on 

breed 

n % n % n % n % n % n % n % 

1 545 1 0.2 22 4.0 351 64.4 147 27.0 12 2.2 12 2.2 - - 

2 437 - - - - - - 373 85.4 - - 1 0.2 63 14.4 

3 706 - - - - 2 0.3 293 41.5 1 0.1 - - 410 58.1 

4 292 - - - - 1 0.3 291 99.7 - - - - - - 

5 518 - - 6 1.2 33 6.4 135 26.1 - - - 66.2 1 0.2 

6 241 - - - - 119 49.4 122 50.6 - - - - - - 

7 196 - - 1 0.5 - - 195 99.5 - - - - - - 

8 634 - - 15 2.4 566 89.3 51 8.0 - - - 0.3 - - 

9 380 - - - - 23 6.1 324 85.3 - - - 3.7 19 5.0 

10 377 - - - - 200 53.1 177 46.9 - - - - - - 

11 1,724 - - - - 61 3.5 1649 95.6 - - - 0.3 8 0.5 

Total 6,050 1 0.0 44 0.7 1356 22.4 3757 62.1 13 0.2 - 6.2 501 8.3 
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Table 53. Distribution of the hoof-related lesions across the sample population according to different parameters 

 No of 

cow-

years  

Hoof 

health 

events 

(no) 

Sick 

days* 

(no) 

Average no 

of sick days 

per hoof 

health event 

Incidence per 100 cows-year 

Overall IHD1 WLD2 SL3 TL4 BDD5 Other 

Total  5,874.3 1,822 2,114 1.16 31.0 2.8 6.7 8.7 0.2 4.9 7.7 

Farm             

 1 470.4 23 35 1.52 4.9 1.1 0.0 0.2 0.0 1.5 2.1 

 2 549.2 91 134 1.47 16.6 0.5 5.6 6.6 1.1 0.0 2.7 

 3 553.6 455 470 1.03 82.2 2.5 35.9 30.9 0.4 9.0 3.4 

 4 415.1 193 263 1.36 46.5 4.3 22.2 9.2 0.0 4.3 6.5 

 5 514.6 87 87 1.00 16.9 0.8 0.2 0.8 0.0 0.2 15.0 

 6 295.1 19 22 1.16 6.4 5.1 0.0 1.0 0.0 0.0 0.3 

 7 221.8 5 12 2.40 2.3 2.3 0.0 0.0 0.0 0.0 0.0 

 8 614.2 241 260 1.08 39.2 5.5 5.9 11.7 0.7 6.0 9.4 

 9 412.8 3 3 1.00 0.7 0.0 0.0 0.0 0.0 0.2 0.5 

 10 356.3 365 432 1.18 102.4 8.1 9.3 40.1 0.3 29.2 15.4 

 11 1471.3 340 392 1.15 23.1 2.5 0.0 3.1 0.0 4.7 12.8 
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 No of 

cow-

years  

Hoof 

health 

events 

(no) 

Sick 

days* 

(no) 

Average no 

of sick days 

per hoof 

health event 

Incidence per 100 cows-year 

Overall IHD1 WLD2 SL3 TL4 BDD5 Other 

Breed             

 Ayrshire 0.8 0 0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 British 

Friesian 
39.5 7 7 1.00 17.7 0.0 5.1 2.5 0.0 5.1 5.1 

 Holstein 1270.5 421 489 1.15 33.1 4.5 3.4 11.2 0.3 6.5 7.2 

 Holstein 

Friesian 
3723.1 1002 1210 1.21 26.9 2.5 4.8 6.8 0.2 4.6 8.0 

 Jersey 8.1 0 0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 Other 381.0 52 52 1.00 13.6 1.0 0.3 0.8 0.0 0.3 11.3 

 NA 451.5 340 356 1.05 75.3 2.0 36.8 25.2 0.2 6.9 4.2 
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 No of 

cow-

years  

Hoof 

health 

events 

(no) 

Sick 

days* 

(no) 

Average no 

of sick days 

per hoof 

health event 

Incidence per 100 cows-year 

Overall IHD1 WLD2 SL3 TL4 BDD5 Other 

Parity             

 1 1718.1 372 372 1.18 21.7 2.3 2.7 7.0 0.1 4.8 4.7 

 2 1539.4 374 374 1.16 24.3 2.2 4.7 4.7 0.6 5.2 6.8 

 3 1076.5 334 334 1.17 31.0 2.5 7.2 8.9 0.0 4.0 8.5 

 4 727.1 350 350 1.12 48.1 4.0 12.4 14.2 0.1 5.5 12.0 

 5 483.0 226 226 1.12 46.8 4.6 11.4 13.7 0.4 5.4 11.4 

 6 205.7 96 96 1.25 46.7 2.9 10.2 18.5 0.0 5.3 9.7 

 7 74.5 46 46 1.20 61.7 2.7 20.1 18.8 0.0 5.4 14.8 

 8 35.5 12 12 1.08 33.8 2.8 19.7 5.6 0.0 2.8 2.8 

 9 10.2 9 9 1.00 88.2 29.4 39.2 9.8 0.0 0.0 9.8 

 10 3.0 3 3 2.33 100.0 0.0 100.0 0.0 0.0 0.0 0.0 

 11 1.2 0 0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 12 0.3 0 0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

*includes cases in which animals were diagnosis with a hoof disorder but had zero days of treatment 1Infectious hoof diseases (excluding 

BDD) 2White line disease 3 Sole lesions 4Toe lesions 5IBovine digital dermatitis  
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6.3.4 Regression analysis for the impact of hoof health event on milk yield 

 

6.3.4.1 Impact of any hoof health event 

The results in Table 54 indicate the average impact of any hoof-related event on milk 

yield considering the total cohort of animals, that is, cows that were diagnosed with a 

hoof-related health event, regardless of the duration of treatment. The first model in   

column 1 considered all animals, while the second model in column 2 analysed the 

subset of animals that kept being milked despite being affected by a hoof health 

problem. The difference between the coefficients from model 1 and 2 allowed to 

distinguish the actual reduction on milk yield from the discarded milk.  

 

Relative to a healthy cow (without a hoof problem) the occurrence of any hoof-

related health event led to an average loss of 1.474 kg (95% CI: -1.834, -1.114) of 

milk per day, when controlling for mastitis, period of the lactation cycle, farm, 

parity, season and breed. When considering the subset of cows that were kept in the 

milking routine despite having been afflicted by a hoof aliment, a hoof-related 

disorder was associated with a 0.891 kg (95% CI: -1.267, -0.515) reduction in daily 

milk yield, ceteris paribus. This indicated that out of the total predicted daily milk 

losses due to hoof-related health problems, discarded milk accounted for 0.583 kg 

(39.6%) of the estimate (Table 54).  

 

Additionally, daily milk yield was found to peak around 60-120 days into the 

lactation cycle and then begins to decline thereafter. Furthermore, milk yield was 

observed to increase with each parity until around parity 6 and then begins to 

decline.  Breed was also associated with daily milk yield, with Jerseys and British 

Friesians producing less milk per day compared to Holstein Friesians. Contrarily 

Holstein cows had higher daily milk yield than Holstein Friesians. Moreover, season 

was related with daily milk yield. Animals produced more during spring and summer 

when compared to winter, whereas during autumn they would produce less.  

Compared to animals from farm 1, the cows from farms 2, 3, 4, 5, 6, 9, 10 and 11 

produced on average more milk per day (p-value <0.05). The largest differences 

were observed in farms 11 and 10 – an excess of 9.461 kg (95% CI: 8.691, 10.231) 

and 9.309 kg (95% CI: 8.427, 10.192) of milk per day respectively. Farm 7 was the 
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one where animals produced less milk per day compared to farm 1 – a deficit of 

6.353 kg (95% CI: -7.521, -5.186) (Table 54). 

 

Recognising that the impact of hoof-health events is dependent on the severity of the 

underlying lesion(s), and that early detection of the hoof problem is paramount in the 

mitigation of its effects in production, the regressions were re-estimated using only 

the subset of cows that required at least one day of treatment. These cases were 

assumed of more severe hoof illness, providing insight as to the losses linked with 

such health events and the potential savings associated with preventing them. As 

before, two models were estimated, one considering all animals from this subset of 

animals in column 1 from Table 55, and a second analysing the animals within this 

subset that kept being milked despite being affected by a hoof health problem in 

column 2 from Table 55.   

 

 Based on the above assumption, compared to a healthy cow (with no hoof disorder), 

a cow afflicted with a more severe hoof-related health event had an average loss of 

2.036 kg (95% CI: -2.480, -1.592) of milk per day, when controlling for mastitis, 

period of the lactation cycle, farm, parity, season and breed (Table 55). Focusing on 

the subset of cows that kept being milked during the period of treatment (column 2), 

hoof-related illness was found to be associated with an average reduction of 1.206 kg 

(95% CI: -1.679, -0.732) in the daily milk yield, ceteris paribus, when comparing a 

healthy with a cow with any hoof-related health problem. Thus, the average daily 

losses due to discarded milk as a result of more severe hoof disorders were 0.83 kg, 

40.8% of the predicted average daily milk losses (Table 55).  The results above 

reinforce that the early detection of hoof-health events could help reduce the 

economic impact of these disorders in dairy cattle.  
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Table 54. Multivariate regression analysis on the impact of any hoof-health event regardless of 

the duration of treatment on daily milk yield 

    Daily Milk Yield (in kg) 

    All (1) Subset (2) 

Health Event     

  Hoof-related -1.474*** (-1.834, -1.114) -0.891*** (-1.267, -0.515) 

  Mastitis -6.788*** (-7.086, -6.490) -6.777*** (-7.077, -6.477) 

Day of lactation cycle (Reference category: Days 1-60) 

  61-120 1.841*** (1.760, 1.923) 1.839*** (1.757, 1.921) 

  121-180 -1.144*** (-1.229, -1.058) -1.145*** (-1.231, -1.060) 

  181-240 -4.543*** (-4.632, -4.455) -4.544*** (-4.633, -4.456) 

  241-300 -8.149*** (-8.246, -8.053) -8.132*** (-8.228, -8.035) 

  301-360 -11.373*** (-11.491, -11.256) -11.320*** (-11.437, -11.202) 

  361-420 -9.642*** (-9.788, -9.496) -9.528*** (-9.674, -9.382) 

  421-480 -7.155*** (-7.330, -6.979) -7.061*** (-7.236, -6.885) 

  481-540 -7.094*** (-7.299, -6.889) -7.065*** (-7.270, -6.861) 

  541-600 -8.252*** (-8.493, -8.011) -8.249*** (-8.490, -8.008) 

  600+ -12.649*** (-12.884, -12.413) -12.651*** (-12.887, -12.415) 

Parity (Reference category: Parity 1) 

  Parity 2 5.605*** (5.503, 5.707) 5.616*** (5.514, 5.718) 

  Parity 3 8.162*** (8.016, 8.307) 8.221*** (8.075, 8.367) 

  Parity 4 9.520*** (9.324, 9.717) 9.704*** (9.506, 9.902) 

  Parity 5 10.221*** (9.965, 10.478) 10.427*** (10.169, 10.685) 

  Parity 6 10.681*** (10.336, 11.026) 10.915*** (10.566, 11.263) 

  Parity 7 10.074*** (9.551, 10.596) 9.931*** (9.401, 10.461) 

  Parity 8 8.969*** (8.131, 9.807) 8.113*** (7.239, 8.987) 

  Parity 9 11.128*** (9.818, 12.437) 10.498*** (9.178, 11.819) 

  Parity 10 6.475*** (4.078, 8.873) 5.850*** (3.450, 8.249) 

  Parity 11 7.520*** (4.145, 10.895) 8.711*** (4.591, 12.831) 

  Parity 12 11.501*** (6.963, 16.040) 13.298*** (7.770, 18.826) 
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    Daily Milk Yield (in kg) 

    All (1) Subset (2) 

Breed (Reference category: Holstein Friesian) 

  Ayrshire -1.624 (-14.543, 11.296) -1.561 (-14.505, 11.384) 

  British 

Friesian 
-2.266** (-4.305, -0.227) -2.266** (-4.309, -0.223) 

  Holstein 0.684** (0.052, 1.316) 0.680** (0.046, 1.313) 

  Jersey -5.401*** (-9.085, -1.718) -5.385*** (-9.075, -1.695) 

  Other -0.856 (-1.927, 0.216) -0.793 (-1.867, 0.281) 

Quarter of year (Reference category: Q1) 

  Q2 0.758*** (0.687, 0.829) 0.749*** (0.679, 0.820) 

  Q3 0.415*** (0.342, 0.487) 0.399*** (0.326, 0.472) 

  Q4 -0.767*** (-0.844, -0.691) -0.782*** (-0.858, -0.705) 

Farm (Reference category: Farm 1) 

  Farm 2 0.862* (-0.116, 1.841) 0.939* (-0.044, 1.922) 

  Farm 3 3.809*** (2.768, 4.850) 3.852*** (2.807, 4.897) 

  Farm 4 2.015*** (0.974, 3.055) 2.022*** (0.979, 3.065) 

  Farm 5 5.925*** (4.834, 7.017) 5.900*** (4.807, 6.994) 

  Farm 6 7.620*** (6.605, 8.635) 7.618*** (6.600, 8.635) 

  Farm 7 -6.353*** (-7.521, -5.186) -6.363*** (-7.537, -5.189) 

  Farm 8 -2.473*** (-3.248, -1.698) -2.441*** (-3.218, -1.664) 

  Farm 9 1.450*** (0.479, 2.422) 1.436*** (0.462, 2.410) 

  Farm 10 9.309*** (8.427, 10.192) 9.272*** (8.387, 10.158) 

  Farm 11 9.461*** (8.691, 10.231) 9.467*** (8.695, 10.240) 

Constant 23.807*** (10.837, 36.776) 25.216*** (24.488, 25.943) 

Observations 1,979,261 1,979,385 

Log Likelihood -6,924,228 -6,923,912 

Akaike Inf. 

Crit. 
13,848,540 13,847,915 

Bayesian Inf. 

Crit. 
13,849,064 13,848,477 

Note: 

*p<0.1; **p<0.05; ***p<0.01.  95% CI reported in parentheses. 

All models estimated in R using the lme function from the nlme 

package with AR(1) correlation structure. The results in 

Columns (1) were estimated using the full sample; the results in 

Column (2) were estimated using a subsample of cows that were 

not removed from the lactation cycle during the period of illness. 
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Table 55. Multivariate regression analysis on the impact of any hoof-health event for cows that 

were treated for one day or longer on daily milk yield 

  Daily Milk Yield (in kg) 

  All (1) Subset (2) 

Health Event     

  Hoof-related -2.036*** (-2.480, -1.592) -1.206*** (-1.679, -0.732) 

  Mastitis -6.787*** (-7.086, -6.489) -6.777*** (-7.077, -6.477) 

Day of lactation cycle (Reference category: Days 1-60) 

  61-120 1.841*** (1.759, 1.923) 1.839*** (1.757, 1.920) 

  121-180 -1.144*** (-1.230, -1.058) -1.146*** (-1.231, -1.060) 

  181-240 -4.544*** (-4.632, -4.455) -4.545*** (-4.633, -4.456) 

  241-300 -8.150*** (-8.246, -8.053) -8.132*** (-8.228, -8.036) 

  301-360 -11.374*** (-11.491, -11.256) -11.320*** (-11.438, -11.202) 

  361-420 -9.642*** (-9.788, -9.496) -9.528*** (-9.675, -9.382) 

  421-480 -7.155*** (-7.331, -6.980) -7.061*** (-7.237, -6.886) 

  481-540 -7.094*** (-7.299, -6.889) -7.066*** (-7.271, -6.861) 

  541-600 -8.252*** (-8.492, -8.011) -8.249*** (-8.490, -8.008) 

  600+ -12.649*** (-12.884, -12.413) -12.651*** (-12.887, -12.415) 

Parity (Reference category: Parity 1) 

  Parity 2 5.605*** (5.503, 5.707) 5.616*** (5.514, 5.718) 

  Parity 3 8.162*** (8.016, 8.307) 8.221*** (8.075, 8.367) 

  Parity 4 9.521*** (9.324, 9.717) 9.704*** (9.506, 9.902) 

  Parity 5 10.221*** (9.965, 10.478) 10.427*** (10.169, 10.685) 

  Parity 6 10.681*** (10.336, 11.026) 10.914*** (10.566, 11.263) 

  Parity 7 10.073*** (9.551, 10.595) 9.931*** (9.401, 10.461) 

  Parity 8 8.968*** (8.131, 9.806) 8.113*** (7.238, 8.987) 

  Parity 9 11.127*** (9.817, 12.437) 10.498*** (9.177, 11.819) 

  Parity 10 6.478*** (4.080, 8.875) 5.850*** (3.451, 8.250) 

  Parity 11 7.508*** (4.133, 10.883) 8.712*** (4.592, 12.832) 

  Parity 12 11.490*** (6.952, 16.029) 13.299*** (7.770, 18.827) 
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  Daily Milk Yield (in kg) 

  All (1) Subset (2) 

Breed (Reference category: Holstein Friesian) 

  Ayrshire -1.624 (-14.543, 11.296) -1.561 (-14.505, 11.384) 

  British 

Friesian 
-2.266** (-4.305, -0.227) -2.266** (-4.309, -0.223) 

  Holstein 0.684** (0.052, 1.315) 0.680** (0.046, 1.313) 

  Jersey -5.401*** (-9.084, -1.718) -5.385*** (-9.075, -1.694) 

  Other -0.856 (-1.927, 0.216) -0.793 (-1.867, 0.281) 

Quarter of year (Reference category: Q1) 

  Q2 0.758*** (0.687, 0.828) 0.749*** (0.679, 0.820) 

  Q3 0.415*** (0.342, 0.487) 0.399*** (0.326, 0.471) 

  Q4 -0.767*** (-0.844, -0.691) -0.782*** (-0.858, -0.705) 

Farm (Reference category: Farm 1) 

  Farm 2 0.863* (-0.116, 1.842) 0.939* (-0.044, 1.922) 

  Farm 3 3.808*** (2.767, 4.849) 3.851*** (2.806, 4.896) 

  Farm 4 2.016*** (0.975, 3.056) 2.023*** (0.980, 3.066) 

  Farm 5 5.925*** (4.834, 7.016) 5.900*** (4.806, 6.993) 

  Farm 6 7.620*** (6.605, 8.635) 7.618*** (6.601, 8.635) 

  Farm 7 -6.353*** (-7.521, -5.186) -6.363*** (-7.537, -5.189) 

  Farm 8 -2.474*** (-3.249, -1.699) -2.442*** (-3.218, -1.665) 

  Farm 9 1.450*** (0.478, 2.422) 1.436*** (0.462, 2.410) 

  Farm 10 9.311*** (8.429, 10.194) 9.273*** (8.388, 10.159) 

  Farm 11 9.461*** (8.691, 10.230) 9.467*** (8.695, 10.239) 

Constant 25.216*** (24.489, 25.943) 25.161*** (24.431, 25.890) 

Observations 1,979,385 1,960,626 

Log Likelihood -6,923,904 -6,858,006 

Akaike Inf. Crit. 13,847,898 13,716,102 

Bayesian Inf. 

Crit. 
13,848,461 13,716,664 

Note: 

*p<0.1; **p<0.05; ***p<0.01.  95% CI reported reported in 

parentheses. All models estimated in R using the lme function 

from the nlme package with AR(1) correlation structure. The 

results in Columns (1) were estimated using the full sample; the 

results in Column (2) were estimated using a subsample of 

cows that were not removed from the lactation cycle during the 

period of illness. 
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6.3.4.2 Impact according to type of health event 

In order to identify the losses associated with specific types of hoof health events, 

the regression analysis were repeated with disaggregated categories of hoof health 

events. Eight models were estimated, four for each of the health event categorisation 

system outlined in section 6.2.7.3.  

 

According to the results, animals afflicted by infectious hoof disease (bovine digital 

dermatitis included) and other hoof problems have an average daily milk loss of 

1.723kg (95% CI: -2.397, -1.049) and 1.988 kg (95% CI: -2.631, -1.344) 

respectively, when compared to cows without a hoof disorder, controlling for 

mastitis, period of the lactation cycle, farm, parity, season and breed. When 

distinguishing bovine digital dermatitis (BDD) from other infectious hoof disease it 

was observed that, compared to a cow without a hoof disorder, BDD was associated 

with an daily milk loss of 0.774 kg (95% CI: -1.640, 0.093), while other infection 

hoof diseases led to an average daily loss of 2.581 kg (95% CI: -3.651, -1.512), 

ceteris paribus (Table 56). 

 

When analysing the subset of animals that kept being milked despite of having a 

hoof disorder the average reduction on daily milk yield for cows afflicted with an 

infectious hoof disease (BDD included) or other hoof disorders was 1.214 kg (95% 

CI: -1.925, -0.504) and 1.207 kg (95% CI: -1.884, -0.530) respectively, ceteris 

paribus. Thus, the contribution of discarded milk for the total milk loss was 29.5% 

and 39.3% for infectious hoof disease including BDD and other hoof lesions 

respectively. When BDD had its own category, the average reduction on daily milk 

yield for cows that had developed other infectious hoof disorders and kept being 

milked was 1.954 kg (95% CI: -3.134, -0.775), ceteris paribus. The contribution of 

discarded milk to the overall average daily milk loss for this subset of animals when 

compared to the estimate obtained for the total cohort of animals when health events 

were classified with the six-category system was 24.3% (0.627 kg) (Table 56). 

 

As in the previous analysis on the overall impact of hoof-related health events, the 

analysis with the subset of cows assumed to have more severe forms of hoof disease 

(those for which treatment length lasted a day or more) were repeated, considering 

both health event categorisation system mentioned above. The estimates indicated 
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that cows affected with a more severe case of infectious hoof lesion (BDD included), 

sole lesion, white line disease (WLD) and other lesions, led to an average daily milk 

loss of 2.349 kg (95% CI: -3.159, -1.539), 0.951 kg (95% CI: -1.789, -0.113), 1.307 

kg (95% CI: -2.322, -0.292), and 3.263 kg (95% CI: -4.178, -2.347) respectively, 

when compared with healthy cows (without hoof disorders), controlling for mastitis, 

period of the lactation cycle, farm, parity, season and breed (column 1 from Table 

57). When bovine digital dermatitis was distinguished from the other infectious hoof 

diseases, the model (column 3 from Table 57) indicated that a cow affected by a 

more severe case of BDD had an average milk loss of 1.024 kg (95% CI: (-2.044, -

0.003) compared to healthy cows, ceteris paribus. Additionally a case of other 

infectious hoof diseases of higher severity led to an average daily milk loss of 3.317 

kg (95% CI: -4.458, -2.175). The impact of sole lesions, WLD and other lesions was 

quite similar compared to when BDD was aggregated into the infectious hoof 

disorders category and the whole cohort of animals with more severe hoof disorders 

was analysed (Table 57). Looking at the subset of animals with more severe hoof 

disorders that kept being milk, the reduction in the daily milk yield was only 

statistically significant for animals diagnosed with infectious hoof diseases, with or 

without BDD, and other hoof disorders. When BDD was classified alongside the 

other infectious hoof diseases, the average daily reduction on milk yield for cows 

diagnosed with more severe cases of hoof lesions of infectious nature was 1.703 

kg (95% CI: -2.569, -0.837), whereas for other lesions was 1.727 kg (95% CI: -

2.744, -0.710), compared to healthy cows, and controlling for mastitis, period of the 

lactation cycle, farm, parity, season and breed.(column 2 from Table 57). When 

BDD was disaggregated from the other infectious hoof disorders, the average daily 

reduction on milk yield for cows that had developed more severe cases of BDD, 

infectious hoof diseases and other diseases was  1.167 kg (95% CI: -2.228, -0.106), 

2.712 kg (95% CI: -3.987, -1.437) and 1.807 kg (95% CI: -2.827, -0.788) 

respectively, ceteris paribus (column 4 from Table 57). Thus, the share of discarded 

milk to the overall average daily milk losses was 27.5% (0.646 kg) and 47.1% (1.536 

kg) for infectious hoof lesions when BDD was included and other hoof disorders 

respectively. When BDD had its own category, the share of discarded milk to the 

overall average daily milk losses due to other infectious hoof diseases and other hoof 

disorders was 18.2% (0.605 kg) and 44.6% (1.454 kg) respectively (Table 57).  
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Table 56. Multivariate regression analysis on the impact of specific hoof health events on daily milk yield 

  

  

  Daily Milk Yield (in kg) 

  
Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Health Event   

  Infectious 

hoof disease 
-1.723*** (-2.397, -1.049) -1.214*** (-1.925, -0.504) -2.581*** (-3.651, -1.512) -1.937*** (-3.117, -0.757) 

  Other -1.988*** (-2.631, -1.344) -1.207*** (-1.884, -0.530) -1.994*** (-2.640, -1.348) -1.246*** (-1.925, -0.568) 

  Sole lesions -0.297 (-0.975, 0.382) -0.048 (-0.739, 0.642) -0.313 (-0.991, 0.365) -0.053 (-0.743, 0.637) 

  Toe lesion 0.531 (-3.340, 4.403) 2.510 (-1.785, 6.804) 0.533 (-3.340, 4.405) 2.517 (-1.778, 6.812) 

  White line 

disease 
-0.041 (-0.930, 0.849) 0.406 (-0.531, 1.343) -0.010 (-0.898, 0.878) 0.444 (-0.492, 1.379) 

  BDD   -0.774* (-1.640, 0.093) -0.621 (-1.502, 0.261) 

  Mastitis -6.788*** (-7.086, -6.489) -6.777*** (-7.077, -6.477) -6.845*** (-7.144, -6.546) -6.835*** (-7.135, -6.535) 
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  Daily Milk Yield (in kg) 

  
Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Day of lactation cycle (Reference category: Days 1-60) 

  61-120 1.841*** (1.760, 1.923) 1.839*** (1.757, 1.920) 1.846*** (1.764, 1.928) 1.841*** (1.759, 1.922) 

  121-180 -1.144*** (-1.230, -1.058) -1.146*** (-1.232, -1.060) -1.141*** (-1.227, -1.055) -1.146*** (-1.232, -1.060) 

  181-240 -4.543*** (-4.632, -4.455) -4.544*** (-4.633, -4.456) -4.542*** (-4.630, -4.454) -4.545*** (-4.634, -4.457) 

  241-300 -8.149*** (-8.246, -8.053) -8.132*** (-8.228, -8.036) -8.143*** (-8.239, -8.047) -8.129*** (-8.225, -8.032) 

  301-360 -11.373*** (-11.491, -11.256) -11.319*** (-11.437, -11.202) -11.371*** (-11.488, -11.253) -11.315*** (-11.433, -11.197) 

  361-420 -9.642*** (-9.788, -9.496) -9.528*** (-9.675, -9.382) -9.640*** (-9.786, -9.495) -9.530*** (-9.676, -9.384) 

  421-480 -7.155*** (-7.331, -6.980) -7.061*** (-7.237, -6.885) -7.147*** (-7.322, -6.972) -7.055*** (-7.230, -6.879) 

  481-540 -7.094*** (-7.299, -6.889) -7.066*** (-7.271, -6.861) -7.085*** (-7.289, -6.880) -7.058*** (-7.263, -6.854) 

  541-600 -8.252*** (-8.493, -8.011) -8.249*** (-8.491, -8.008) -8.248*** (-8.489, -8.008) -8.247*** (-8.488, -8.006) 

  600+ -12.649*** (-12.885, -12.413) -12.651*** (-12.887, -12.415) -12.621*** (-12.856, -12.385) -12.625*** (-12.861, -12.389) 
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  Daily Milk Yield (in kg) 

  
Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Parity (Reference category: Parity 1)   

  Parity 2 5.605*** (5.503, 5.706) 5.615*** (5.513, 5.717) 5.610*** (5.508, 5.712) 5.620*** (5.518, 5.722) 

  Parity 3 8.162*** (8.016, 8.307) 8.221*** (8.074, 8.367) 8.176*** (8.030, 8.321) 8.233*** (8.087, 8.379) 

  Parity 4 9.520*** (9.323, 9.717) 9.704*** (9.506, 9.902) 9.524*** (9.328, 9.721) 9.706*** (9.508, 9.903) 

  Parity 5 10.221*** (9.964, 10.478) 10.426*** (10.168, 10.684) 10.231*** (9.975, 10.488) 10.435*** (10.177, 10.693) 

  Parity 6 10.681*** (10.335, 11.026) 10.914*** (10.566, 11.262) 10.645*** (10.300, 10.990) 10.874*** (10.526, 11.222) 

  Parity 7 10.072*** (9.550, 10.594) 9.930*** (9.400, 10.460) 10.049*** (9.527, 10.571) 9.902*** (9.372, 10.432) 

  Parity 8 8.966*** (8.128, 9.804) 8.111*** (7.236, 8.985) 8.935*** (8.097, 9.772) 8.076*** (7.202, 8.950) 

  Parity 9 11.123*** (9.813, 12.433) 10.494*** (9.173, 11.815) 11.100*** (9.790, 12.409) 10.467*** (9.147, 11.787) 

  Parity 10 6.464*** (4.066, 8.861) 5.840*** (3.440, 8.240) 6.446*** (4.050, 8.842) 5.817*** (3.418, 8.216) 

  Parity 11 7.544*** (4.170, 10.919) 8.703*** (4.582, 12.823) 7.534*** (4.161, 10.908) 8.692*** (4.573, 12.810) 

  Parity 12 11.524*** (6.985, 16.062) 13.290*** (7.761, 18.818) 11.512*** (6.975, 16.048) 13.279*** (7.753, 18.805) 
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  Daily Milk Yield (in kg) 

  
Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Breed (Reference category: Holstein Friesian) 

  Ayrshire -1.624 (-14.543, 11.295) -1.561 (-14.506, 11.383) -1.628 (-14.545, 11.289) -1.566 (-14.509, 11.377) 

  British 

Friesian 
-2.265** (-4.304, -0.226) -2.265** (-4.308, -0.222) -2.259** (-4.297, -0.220) -2.257** (-4.300, -0.214) 

  Holstein 0.684** (0.052, 1.315) 0.679** (0.046, 1.313) 0.675** (0.043, 1.307) 0.670** (0.037, 1.304) 

  Jersey -5.401*** (-9.085, -1.718) -5.385*** (-9.075, -1.695) -5.407*** (-9.089, -1.724) -5.393*** (-9.082, -1.703) 

  Other -0.856 (-1.928, 0.216) -0.793 (-1.867, 0.281) -0.851 (-1.923, 0.221) -0.789 (-1.863, 0.285) 

Quarter of year (Reference category: Q1) 

  Q2 0.758*** (0.687, 0.829) 0.749*** (0.679, 0.820) 0.758*** (0.687, 0.828) 0.750*** (0.680, 0.821) 

  Q3 0.415*** (0.342, 0.487) 0.399*** (0.326, 0.471) 0.414*** (0.341, 0.486) 0.399*** (0.326, 0.471) 

  Q4 -0.767*** (-0.844, -0.691) -0.782*** (-0.858, -0.705) -0.764*** (-0.841, -0.688) -0.779*** (-0.856, -0.703) 
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  Daily Milk Yield (in kg) 

  
Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Farm (Reference category: Farm 1)   

  Farm 2 0.862* (-0.117, 1.841) 0.938* (-0.044, 1.921) 0.854* (-0.124, 1.833) 0.936* (-0.047, 1.918) 

  Farm 3 3.808*** (2.767, 4.848) 3.851*** (2.806, 4.896) 3.806*** (2.765, 4.847) 3.870*** (2.826, 4.914) 

  Farm 4 2.014*** (0.973, 3.054) 2.021*** (0.978, 3.064) 2.010*** (0.970, 3.051) 2.018*** (0.975, 3.061) 

  Farm 5 5.926*** (4.835, 7.017) 5.900*** (4.807, 6.994) 5.914*** (4.823, 7.005) 5.889*** (4.796, 6.983) 

  Farm 6 7.620*** (6.605, 8.635) 7.618*** (6.601, 8.635) 7.615*** (6.600, 8.630) 7.614*** (6.596, 8.631) 

  Farm 7 -6.353*** (-7.521, -5.186) -6.363*** (-7.537, -5.189) -6.362*** (-7.529, -5.194) -6.371*** (-7.545, -5.198) 

  Farm 8 -2.473*** (-3.248, -1.699) -2.441*** (-3.218, -1.665) -2.473*** (-3.248, -1.699) -2.441*** (-3.218, -1.664) 

  Farm 9 1.450*** (0.479, 2.422) 1.436*** (0.462, 2.410) 1.450*** (0.478, 2.422) 1.436*** (0.462, 2.410) 

  Farm 10 9.308*** (8.426, 10.191) 9.271*** (8.386, 10.157) 9.301*** (8.419, 10.184) 9.265*** (8.379, 10.150) 

  Farm 11 9.461*** (8.691, 10.231) 9.467*** (8.695, 10.239) 9.456*** (8.686, 10.226) 9.462*** (8.691, 10.234) 

Constant 23.808*** 25.216*** (24.489, 25.943) 25.161*** (24.432, 25.890) 25.217*** (24.490, 25.945) 

Observations 1,978,860 1,979,385 1,960,626 1,979,082 

Log Likelihood -6,922,978 -6,923,910 -6,858,004 -6,922,981 

Akaike Inf. 

Crit. 
13,846,050 13,847,918 13,716,106 13,846,063 
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  Daily Milk Yield (in kg) 

  
Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Bayesian Inf. 

Crit. 
13,846,638 13,848,530 13,716,718 13,846,688 

Note: 

*p<0.1; **p<0.05; ***p<0.01. 95% CI reported in parentheses. All models estimated in R using the lme function from the nlme 

package with AR(1) correlation structure. The results in Column (1) were estimated using the five-category health events 

classification system in which BDD is included in the infectious hoof disease category; the results in Column (2) were estimated 

using the six-category health events classification system in which BDD has a category of its own. 
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Table 57. Multivariate regression analysis on the impact of specific hoof health events for cows that were treated for one day or longer on daily milk yield 

  Daily Milk Yield (in kg) 

  Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Health Event   

Infectious 

hoof disease 
-2.349*** (-3.159, -1.539) -1.703*** (-2.569, -0.837) -3.317*** (-4.458, -2.175) -2.712*** (-3.987, -1.437) 

Other -3.263*** (-4.178, -2.347) -1.727*** (-2.744, -0.710) -3.261*** (-4.181, -2.342) -1.807*** (-2.827, -0.788) 

Sole lesions -0.951** (-1.789, -0.113) -0.496 (-1.356, 0.365) -0.975** (-1.812, -0.138) -0.499 (-1.358, 0.360) 

Toe lesion -3.005 (-7.717, 1.707) -0.700 (-6.239, 4.838) -3.008 (-7.720, 1.705) -0.702 (-6.242, 4.837) 

White line 

disease 
-1.307** (-2.322, -0.292) -0.835 (-1.916, 0.246) -1.270** (-2.283, -0.258) -0.796 (-1.873, 0.282) 

BDD   -1.024** (-2.044, -0.003) -1.167** (-2.228, -0.106) 

Mastitis -6.787*** (-7.086, -6.489) -6.777*** (-7.077, -6.477) -6.845*** (-7.143, -6.546) -6.835*** (-7.135, -6.534) 
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  Daily Milk Yield (in kg) 

  Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Day of lactation cycle (Reference category: Days 1-60) 

61-120 1.841*** (1.759, 1.923) 1.838*** (1.757, 1.920) 1.845*** (1.764, 1.927) 1.840*** (1.759, 1.922) 

121-180 -1.144*** (-1.230, -1.058) -1.146*** (-1.232, -1.060) -1.141*** (-1.227, -1.056) -1.146*** (-1.232, -1.060) 

181-240 -4.544*** (-4.632, -4.456) -4.545*** (-4.633, -4.456) -4.542*** (-4.631, -4.454) -4.546*** (-4.634, -4.457) 

241-300 -8.150*** (-8.246, -8.054) -8.132*** (-8.229, -8.036) -8.143*** (-8.240, -8.047) -8.129*** (-8.225, -8.033) 

301-360 -11.374*** (-11.491, -11.256) -11.320*** (-11.438, -11.202) -11.371*** (-11.488, -11.253) -11.315*** (-11.433, -11.198) 

361-420 -9.642*** (-9.787, -9.496) -9.529*** (-9.675, -9.382) -9.640*** (-9.786, -9.494) -9.530*** (-9.676, -9.384) 

421-480 -7.156*** (-7.331, -6.980) -7.061*** (-7.237, -6.886) -7.147*** (-7.322, -6.972) -7.055*** (-7.230, -6.879) 

481-540 -7.094*** (-7.299, -6.890) -7.066*** (-7.271, -6.861) -7.085*** (-7.290, -6.880) -7.059*** (-7.263, -6.854) 

541-600 -8.252*** (-8.493, -8.011) -8.249*** (-8.490, -8.008) -8.248*** (-8.489, -8.007) -8.247*** (-8.488, -8.006) 

600+ -12.649*** (-12.884, -12.413) -12.651*** (-12.887, -12.415) -12.621*** (-12.856, -12.385) -12.625*** (-12.861, -12.389) 
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  Daily Milk Yield (in kg) 

  Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Parity (Reference category: Parity 1)   

Parity 2 5.605*** (5.503, 5.707) 5.616*** (5.514, 5.718) 5.610*** (5.508, 5.712) 5.621*** (5.519, 5.723) 

Parity 3 8.162*** (8.016, 8.307) 8.221*** (8.075, 8.367) 8.176*** (8.030, 8.322) 8.233*** (8.087, 8.379) 

Parity 4 9.520*** (9.323, 9.717) 9.704*** (9.507, 9.902) 9.525*** (9.328, 9.722) 9.706*** (9.509, 9.904) 

Parity 5 10.221*** (9.964, 10.478) 10.427*** (10.169, 10.685) 10.232*** (9.975, 10.488) 10.436*** (10.178, 10.694) 

Parity 6 10.681*** (10.336, 11.026) 10.915*** (10.567, 11.263) 10.646*** (10.301, 10.991) 10.875*** (10.527, 11.224) 

Parity 7 10.073*** (9.551, 10.595) 9.931*** (9.401, 10.461) 10.050*** (9.528, 10.572) 9.904*** (9.374, 10.434) 

Parity 8 8.966*** (8.129, 9.804) 8.112*** (7.238, 8.987) 8.936*** (8.098, 9.773) 8.078*** (7.204, 8.951) 

Parity 9 11.124*** (9.815, 12.434) 10.497*** (9.177, 11.818) 11.102*** (9.792, 12.411) 10.470*** (9.150, 11.790) 

Parity 10 6.471*** (4.074, 8.868) 5.848*** (3.449, 8.248) 6.454*** (4.058, 8.850) 5.825*** (3.427, 8.224) 

Parity 11 7.520*** (4.145, 10.895) 8.710*** (4.590, 12.830) 7.510*** (4.137, 10.883) 8.699*** (4.580, 12.817) 

Parity 12 11.501*** (6.963, 16.039) 13.297*** (7.769, 18.825) 11.490*** (6.954, 16.026) 13.286*** (7.760, 18.812) 
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  Daily Milk Yield (in kg) 

  Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Breed (Reference category: Holstein Friesian) 

Ayrshire -1.624 (-14.542, 11.294) -1.561 (-14.507, 11.385) -1.628 (-14.545, 11.289) -1.566 (-14.508, 11.377) 

British 

Friesian 
-2.266** (-4.304, -0.227) -2.266** (-4.309, -0.223) -2.259** (-4.298, -0.220) -2.258** (-4.301, -0.215) 

Holstein 0.683** (0.052, 1.315) 0.679** (0.046, 1.313) 0.675** (0.043, 1.307) 0.670** (0.037, 1.304) 

Jersey -5.401*** (-9.084, -1.718) -5.385*** (-9.076, -1.694) -5.407*** (-9.089, -1.724) -5.393*** (-9.082, -1.703) 

Other -0.856 (-1.927, 0.216) -0.793 (-1.867, 0.281) -0.851 (-1.923, 0.221) -0.789 (-1.863, 0.285) 

Quarter of year (Reference category: Q1) 

Q2 0.758*** (0.687, 0.828) 0.749*** (0.679, 0.820) 0.758*** (0.687, 0.828) 0.750*** (0.680, 0.821) 

Q3 0.415*** (0.342, 0.487) 0.399*** (0.326, 0.471) 0.414*** (0.341, 0.486) 0.399*** (0.326, 0.471) 

Q4 -0.767*** (-0.844, -0.691) -0.782*** (-0.858, -0.705) -0.764*** (-0.841, -0.688) -0.779*** (-0.856, -0.703) 
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  Daily Milk Yield (in kg) 

  Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Farm (Reference category: Farm 1)   

Farm 2 0.863* (-0.116, 1.841) 0.939* (-0.044, 1.922) 0.855* (-0.124, 1.834) 0.936* (-0.047, 1.919) 

Farm 3 3.808*** (2.767, 4.848) 3.851*** (2.806, 4.896) 3.806*** (2.766, 4.847) 3.870*** (2.826, 4.914) 

Farm 4 2.015*** (0.975, 3.056) 2.022*** (0.979, 3.065) 2.012*** (0.971, 3.052) 2.019*** (0.976, 3.062) 

Farm 5 5.925*** (4.834, 7.016) 5.900*** (4.806, 6.994) 5.914*** (4.823, 7.005) 5.889*** (4.796, 6.983) 

Farm 6 7.620*** (6.605, 8.636) 7.618*** (6.601, 8.636) 7.616*** (6.600, 8.631) 7.614*** (6.597, 8.631) 

Farm 7 -6.354*** (-7.521, -5.186) -6.363*** (-7.537, -5.189) -6.362*** (-7.529, -5.195) -6.372*** (-7.545, -5.198) 

Farm 8 -2.474*** (-3.249, -1.699) -2.442*** (-3.219, -1.665) -2.474*** (-3.249, -1.699) -2.441*** (-3.218, -1.665) 

Farm 9 1.450*** (0.479, 2.422) 1.436*** (0.462, 2.410) 1.450*** (0.478, 2.421) 1.436*** (0.462, 2.410) 

Farm 10 9.311*** (8.429, 10.194) 9.273*** (8.388, 10.159) 9.304*** (8.422, 10.187) 9.267*** (8.382, 10.152) 

Farm 11 9.461*** (8.691, 10.230) 9.467*** (8.695, 10.239) 9.456*** (8.686, 10.226) 9.462*** (8.690, 10.234) 

Constant 25.216*** (24.489, 25.944) 25.161*** (24.432, 25.890) 25.218*** (24.490, 25.945) 25.164*** (24.435, 25.894) 

Observations 1,979,385 1,960,626 1,979,082 1,960,457 

Log Likelihood -6,923,894 -6,858,000 -6,922,964 -6,857,474 

Akaike Inf. 

Crit. 
13,847,886 13,716,099 13,846,028 13,715,049 
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  Daily Milk Yield (in kg) 

  Five-category health classification Six-category health classification 

All (1) Subset (2) All (1) Subset (2) 

Bayesian Inf. 

Crit. 
13,848,498 13,716,711 13,846,653 13,715,673 

Note: *p<0.1; **p<0.05; ***p<0.01. 95% CI reported in parentheses. All models estimated in R using the lme function from the nlme 

package with AR(1) correlation structure. The results in Column (1) were estimated using the five-category health events 

classification system in which BDD is included in the infectious hoof disease category; the results in Column (2) were estimated 

using the six-category health events classification system in which BDD has a category of its own. 
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6.3.5 Event study to assess the temporal effect of hoof health on milk yield 

As stated previously, the impact of hoof-related health events on milk yield can be 

observed before diagnosis and after treatment. With this in mind, an event study type 

was set to explore the temporal impact of hoof disorders on milk yield having the 

moment of the diagnostic as reference.   

 

6.3.5.1 Temporal impact on weekly milk yield 

A statistically significant reduction of a hoof disorder on the average weekly milk 

yield was noticeable two weeks before and after diagnosis (week 1). On the week 

before the diagnosis of a hoof disorder, cows produced approximately an extra 

kilogram of milk per day compared to the week of diagnostic. On the second week 

before the diagnostic, cows were producing on average more 2 kg of milk per day 

compared to the reference point. In addition it took the affected cow two weeks after 

diagnostic for her to resume the milk yield levels before the impact of the hoof 

disorder was observable (Figure 42). 

 

When using the subset of animals that kept being milked, the reduction on milk yield 

was again apparent two weeks before and after the week of the diagnostic. Animals 

were producing one average 0.5 kg of milk per day more on the week before and 

after the week of diagnostic, and 1.5 kg of milk per day two weeks before and after 

the reference point (Figure 43).  

 

The higher and lower values that can be observed for week 13 before and after 

diagnostic for both graphics are justified by the fact that they aggregate the data from 

all the weeks preceeing the 12th week before diagnostic and all the weeks following 

the 12th week after diagnostic. Milk production peaks at early stages of the lactation 

and then slowly decreased toward the drying off period. If the time period between 

the beginning of the lactation and the 12th week before diagnostic is captured in the 

13th week before diagnostic, then it would be expected milk yield to be higher 

compared to the other considered weeks. The same applied to the 13th week after 

diagnostic, but in this case it could capture the tail of the lactation curve thus 

reducing the average weekly milk yield compared with the preceeding time periods. 

By definition, the dummy variable for the 13 weeks before diagnostic will always be 
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aggregating data for more productive moments of the lactation cycle of cows, 

whereas the dummy variable for the 13 weeks after diagnostic aggregates data for 

less productive moments of the lactation curve  (Figure 42 and Figure 43).  

  

6.3.5.2 Temporal impact on daily milk yield 

A statistically significant reduction on milk yield as a result of a hoof-health event 

could be observed some ten days before the day of the diagnostic on the whole 

cohort of animals. This was more marked in the five days before disease presence 

was noticed. In the fifth, fourth and third day before diagnostic, cows were 

producing approximately 1.5 kg of milk per day compared with the preceding 

average milk production. In the second and first day before diagnose, cows were 

producing less roughly 2.5 kg per day. As from the day of the diagnostic, the daily 

milk yield levels started to increase, taking the animal around ten days to be back on 

the approximate levels of milk production observed ten days before the day of the 

diagnostic (Figure 44). 

 

When analysing the subset of animals that kept being milked regardless of their 

hoof-health status, results were quite similar to the ones reported for the whole 

cohort of animals. A reduction on milk yield was noticeable some five days 

before the day of the diagnostic, whereas the effects of the hoof-health event kept 

lasting for ten days after the day of the diagnostic (Figure 45). 

 

These findings highlight once again the importance of early detecting hoof disorders 

in dairy cattle as it could prevent economic losses to farmers.  

 

 



Chapter 6: Assessing attributable impact  

315 

 

 

Figure 42. Impact of hoof-health event on weekly milk yield 12 weeks before and after the day of diagnostic on the whole cohort of animals 
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Figure 43. Impact of hoof-health event on weekly milk yield 12 weeks before and after the day of diagnostic on the subset of animal that kept being milked 
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Figure 44. Impact of hoof-health event on daily milk yield 30 days before and after the day of diagnostic on the whole cohort of animals  
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Figure 45. Impact of hoof-health event on daily milk yield 30 days before and after the day of diagnostic on the subset of animal that kept being milked  
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6.3.6 Expenditure on monitoring and preventive measures for hoof-related 

health events in British dairy cattle 

The Shapiro Wilks test indicated that data were not normally distributed (p-value < 

0.01). In general, the data on these parameters was positively skewed with the mean 

being higher than the median, more markedly in the expenditure with mobility 

scoring and foot trimming. Considering the standard labour costing (SLC) method 

and based on your cohort, the median yearly expenditure of dairy farmers per one 

hundred animal on herd mobility scoring and hoof trimming conducted by farm staff, 

and foot bathing was £66.7 (IQR: 101.5, min: 1.9, max: 4,342.8), £322.0 (IQR: 

514.4, min: 46.4,  max: 4,190.0) and £855,0 (IQR: 908.0, min: 52.0,  max: 4,200.0) 

respectively. When considering the median labour costing (MLC) method the 

median for yearly expenditure with mobility scoring and hoof trimming performed 

by farm staff went up by 12.3% (Table 58). Considering the results above, the 

median yearly expenditure per one hundred dairy cows with hoof health monitoring 

and prevention actions was £1,243.7, when considering the SLC method, and 

£1,291.5, using the MLC approach.  

 

6.3.7 Expenditure on lameness research in British dairy cattle 

Between the two data sources that supplied data on lameness or hoof-related health 

in British dairy cattle, thirteen data entries were obtained, twelve of which had data 

on the project’s category. Considering the latter, half of the twelve projects were 

classified as studentship and a third as research grants. Of the two remaining entries 

with data on project’s category, one was labelled as collaborative research and 

development, and the other as feasibility studies (Table 59).  According to the data 

collected studentships did not receive funding. As such, the data provider was 

reached to see if an explanation could be obtain for such results. Unfortunately, no 

further information was provided. The Biotechnology and Biological Sciences 

Research Council (BBSRC) accounted for 39% of the total awarded grants for 

researching lameness on British dairy cattle, followed by Innovate UK (37%). The 

remaining 24% were supported by AHDB (Figure 46).  

 

Given that studentships were reported as not having received any funds, the data 

collected reported the expenditure on research funding on lameness or hoof-related 
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health in British dairy cattle between 2015 and 2022 – an seven-year time window. 

Over the considered time period, approximately £2.8 million were attributed across 

seven data entries. According to this information, the overall yearly average 

expenditure is approximately £402,806 (Table 59).   

 

 

Figure 46. Share of funding with expenditure on lameness research in British dairy cattle
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Table 58. Expenditure with monitoring and prevention action of hoof-related health events in enrolled farms 

Parameter Average yearly expenditure (£) per one hundred cows 

Mean Median Min Max Interquartile range 

Mobility scoring – SLC*  404.7 (19) 66.7 1.9 4,342.8 101.5 

Mobility scoring – MLC** 454.5 (19) 74.9 2.2 4,877.2 114.0 

Foot trimming  - SLC 653.3 (33) 322.0 46.4 4,190.0 514.4 

Foot trimming  - MLC 733.7 (33) 361.6 52.1 4,705.6 577.8 

Foot bathing 982.6 (33) 855.0 52.0 4,200.0 908.0 

*standard the standard labour costing **median labour costing 
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Table 59. Expenditure on lameness research in British dairy cattle across identified data sources  

Funding entity Fund receiving entity Category First year Last year Funds (£) 

AHDB 
University of Liverpool, University 

of Nottingham and SRUC 
Unknown 2015 2020 672,000 

BBSRC University of Bristol Studentship 2017 2021 0 

BBSRC RVC Research Grant 2018 2022 293,218 

BBSRC University of Liverpool Research Grant 2018 2022 274,977 

BBSRC SRUC Research Grant 2018 2022 278,781 

BBSRC University of Liverpool Studentship 2019 2023 0 

Innovate UK Industry Feasibility Studies 2018 2019 294,544 

BBSRC University of Nottingham Research Grant 2018 2019 191,464 

BBSRC University of Cambridge Studentship 2018 2022 0 

BBSRC University of Liverpool Studentship 2017 2022 0 

BBSRC University of Edinburgh Studentship 2016 2020 0 

BBSRC University of Nottingham Studentship 2019 2020 0 

Innovate UK Industry Collaborative R&D 2019 2021 814,656 

Total     2,819,640 

Average yearly expenditure    402,806 
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6.3.8 Extrapolation of the key findings to the study population 

The economic impact of hoof disorders was estimated using the best estimate, low 

and high figures for each parameter. The final estimate ranged from £1,813,847 to 

£164,808,040. Preventive actions (hoof trimming and foot bathing) were the most 

significant cost across the three estimates (from 91.0% to 65.4%). Milk losses were 

most significant when the lower values for the parameters were considered, 

representing 6.7% of the total costs due to hoof disorders (Table 60).   

 

Table 60. Economic impact of hoof disorders in English and Welsh dairy sectors 

Parameter Best estimate Low High 

Total economic cost (£)  £16,625,590   £1,813,847   £164,808,040  

Share     

 Milk losses 1.4% 6.7% 0.5% 

 Monitoring cost 5.2% 1.3% 33.9% 

 Preventive actions 91.0% 69.7% 65.4% 

 Research 2.4% 22.2% 0.2% 

 

When challenged against the estimated Animal Health Loss Envelope (AHLE), the 

contribution of hoof disorders to the losses from all causes to the English and Welsh 

dairy sectors ranged from less than 1%, in all Utopias when the low estimate for the 

economic impact of hoof disorders was considered, to 52%, in Utopia 1 when the 

higher estimate for the costs and losses associated with hoof disorders was 

considered.(Table 61) 

 

Table 61. Contribution of hoof disorders to the AHLE for the English and Welsh dairy sectors 
 

AHLE (£) Share of the economic impact of hoof 

disorder in dairy cattle in the AHLE 

Mean Low High 

Utopia 1 312,195,451 5.3% 0.6% 52.8% 

Utopia 2 550,389,613 3.0% 0.3% 29.9% 

Utopia 3 626,501,771 2.7% 0.3% 26.3% 
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6.4 Discussion 

Our model predicted an average daily milk loss of 1.474 kg (95% CI: -1.834, -

1.114). This is in line with some published studies (170, 206, 209). Additionally, the 

impact of more severe hoof disorders was assessed, assuming that these would 

require longer treatments (one day or more), and found that the daily milk loss was 

more pronounced 2.036 kg (95% CI: -2.480, -1.592). Disease severity was 

particularly important when looking at specific hoof lesions. When the whole cohort 

of animals was considered most results were found to be below the defined threshold 

of statistical significance (p-value <0.05), namely with sole lesions and white line 

disease which are known to have higher impact on milk production (13, 70, 227). 

Yet, when analysing the subset of animals assumed to have more severe forms of 

hoof disease, an increase in the magnitude of the impact of health events was 

observed, with statistical significance. Analysing the subset of animals that kept 

being milk during their sickness period it was found that roughly 40% of the 

estimated average daily milk loss was due to discarded milk.  

 

Furthermore, the temporal impact of hoof lesion on milk yield with the moment of 

the diagnostic as baseline was also investigated. Other authors have also reported the 

temporal relation of the impact of hoof disorders on milk yield (168, 436). However, 

these studies tend to rely on average weekly or monthly milk yield data. This dataset 

offered the opportunity to investigate the impact of hoof-related health events on 

milk yield with finer granularity. In the event study type, it was found that the 

negative effect of hoof disorders on milk yield can be observed days before and after 

the ailment is diagnosed. These findings highlight the importance of early detecting 

hoof health problems as this can help farmers reduce the impact of these health 

conditions in their farms, particularly by preventing cases of higher severity. It also 

unveils the usefulness of monitoring production traits such as milk yield as screening 

tool for flagging animals that are potentially underperforming, triggering clinical 

investigation. The value of artificial intelligence in animal health management has 

been highlighted and presents itself as tool for addressing the complex issues around 

dairy herd management in the present and future to come (291, 350). 

 

The models captured the average milk loss based on the day of the diagnostic. 

However, from the event study, it was clear that the impact of hoof-related health 
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events on milk production begins before the animal is identified as being unhealthy. 

Additionally, the health data is solely based on farm records. This could be a 

problem as literature has indicated that farmers tend to underestimate the problem 

and/nor not keep good records of these health problems due to resource constraints 

(112, 264, 282, 437). Furthermore, the lack of representativeness of the study sample 

from the study population, and selection bias associated with the enrolment strategy 

might have led to an underestimation of the impact of this health condition, as it 

could be that farmers that were happy to take part in the study were more proactive 

in the management of hoof-health problems in their herds. Moreover, research has 

indicated that sole ulcers will lead to reduction on milk yield to a higher extent when 

compared to sole haemorrhages or bruising. By aggregating data into a single 

category, the ability to differentiate the impact of these different lesions was lost. 

Considering all the above, it could be assumed that the predicted milk loss is a 

bottom limit for the impact of hoof-health disorders on milk production. On the other 

hand, the results showed that discarded milk contributed with a high proportion to 

the average daily milk loss, which seems to contradict anecdotal evidence indicating 

that few hoof-health related cases lead to milk being discarded as a result of 

treatment. If the study sample is biased towards more severe cases of hoof disorders 

then the average daily milk loss could have been in fact overestimated. However, 

this could mean that farmers are neglecting/underreporting milder cases of hoof 

disorders, which are also responsible for milk losses. Additionally, and as stated 

above, the impact on milk yield due to hoof disorders is known to precede the 

moment of diagnostic. The models evaluated the impact on milk yield based on day 

of diagnostic and treatment. Disease severity would develop with time, which means 

that the milk yield of an animal with a severe case of hoof lesion would have already 

been hampered from before the cow is recorded as sick. In sum, potential bias that 

might have led to under or overestimate the average daily milk loss as a result of 

hoof disorders were identified. With regards to the results on the reduction in daily 

milk yield it can be assumed with some degree of confidence that this is a 

conservative indicator.  

 

The overall yearly incidence of hoof problems in the cohort was 31.0 cases per one 

100 cows, with some farms reporting very low levels of disease (as low as 0.7 cases 

per 100-cows/year). This is somewhat lower than the overall incidence of 36.8 cases 
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per 100-cows/year that was estimated in chapter 4. Looking at the yearly incidence 

according the lesion type the difference is more marked, with farmers reporting at 

least 40 cases per 100-cows/year less for each specific hoof in the cohort of animals 

(111). As mentioned previously the quality of data on health events was a concern in 

the study. The heterogeneity of disease classification across the different farms and 

the recognised underreporting problem concerning hoof disorders by dairy farmers 

might have hampered the ability to properly assess the impact of hoof health on milk 

production. Especially as the impact of hoof-related lameness is cause specific. 

Detailed and reliable data is required for adequately conducting such exercise.  

 

In the cohort of cows, daily milk yield peaked between 60-120 days into the lactation 

cycle and then began to decline thereafter. Studies have indicated that typically the 

lactation curve reaches its peak between the 4th and the 8th week after calving (431, 

438), which is somewhat earlier than in the group of animals. Furthermore, it was 

observed that milk yield increases each parity until around parity 6 and then begins 

to decline. The increase on milk production with lactation number is in line with 

other studies (439, 440), however milk production was reported highest at lower 

lactation numbers.  

 

From the animals with known breed, the incidence of hoof disorders seemed to be 

higher in cows with Holstein genetics compared with other breeds, which is line with 

other studies (10, 56). This also appeared to be true with increasing lactation. The 

reported yearly incidence per 100-cows/year for hoof disorders, particularly for 

white line disease and sole lesions, was higher in the groups of animals in their 4th to 

8th lactation, compared to animals in their 1st to 3rd lactation. While studying the 

benefits of biotin supplementation in the prevention of WLD in dairy cattle in the 

UK, Pötzsch et al (2003) indicated that the risk of WLD increased with increasing 

parity (66).  

 

The lack of statistical significance for some specific hoof health events when 

analysing their impact on milk yield regardless of the severity of the lesions could 

relate to the low reported incidence of hoof-related health cases. When breaking 

down hoof events from all causes into the different considered categories statistical 

power is reduced. This, associated with the lower magnitude of the impact of milder 
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cases of specific hoof health events might have hampered the ability to reach 

statistically significant results. This seem to be in line with what was found when 

analysing the impact of more severe cases of specific hoof-related health events. The 

extent of the impact is expected to increase with disease severity, which could have 

helped in reaching results of statistical significance despite the low number of cases. 

Again, an important thing to note is that the health data were based on farm records, 

a data source that, as indicated above, systematically underestimates the problem 

(112, 264, 282, 437). As such, these results need to be interpreted conservatively.  

 

The number of farms recruited for the study was low. However, the sample seemed 

aligned with the official data reported by AHDB and DEFRA with regards to some 

parameters. In the sample, about three quarters of the sample was located in England 

and Wales, approximately the same proportion as the one reported by AHDB in 2020 

(see Figure 6 in Chapter 2). Nearly 70% of the sample had an aligned milk supply 

contract with either Arla or Muller, which seems to be in line with the market share 

of these two companies according to anecdotal data. On the contrary, all-year-round 

systems were represented to a lesser extent and autumn were more prevalent 

compared to official data (24). The sampling strategy failed to recruit smaller herd 

farms. According to DEFRA, roughly 75% of British dairy producers milk less than 

150 cows (342). In the pool of farms, only 25% milked herd with less than 150 

animals. However, it must be said that although small herds are highly prevalent they 

account for only a small proportion of the total national herd, as 82.6% of the 

national dairy cattle population is farmed in units with herds larger than 100 animals 

(342). Depending on the data source, dairy cattle breeds do not seem to be 

representative of the British dairy herd in the sample. Farm survey publications 

report that more than 90% of the British dairy cattle are Holstein-Friesian (334), 

whereas in the sample only 72.4% of the cows were of such breed. However, 

considering data reported by the British Cattle Movement Service, in October 2019 

78% of the UK’s national dairy herd was composed of Holstein-Friesian, British 

Holstein, British Friesian, Friesian and Holstein breeds (441), which was very 

similar to the findings in the sample – 78.8% considering Friesian, Holstein and 

Holstein-Friesian breeds. Additionally, organic farms were purposely excluded from 

the study. Given the small proportion of livestock reared in organic farms (3.2% in 

2020 according to a report by DEFRA (429)), and the fact these systems have 
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distinct farming practices when compared with non-organic farming, a decision was 

made to concentrate data collection efforts in systems that were more close to the 

most common British dairy farm. Lastly, selection bias needs to be considered as an 

issue in this study. The farmers that were willing to participate in the study could be 

systematically different from those that decided not to participate or dropped out. 

This is particularly important with regards to health recording data, as it could be 

that farmers that were enrolled were more conscious of the hoof-related lameness 

problem and more proactive in managing it, meaning that the true impact of 

lameness in British dairy cattle is higher than the one predicted in the this sample 

population. Nevertheless, and although the sample of recruited farmers was small 

and not representative of the whole British dairy sector, the data used to inform the 

analysis of impact of hoof-related health problems on production was very detailed, 

providing a high level of accuracy in the output of the regression models.  

 

Our datasets, especially the one with milk yield data, had a great amount of data 

points. Given the fact that R is an open-source software, and that it is worthy for 

managing large datasets, it was decided that it was a good option for conducting the 

analysis. The packaged used to analyse the data limited the ability to set a random 

effect to more than one factor. Therefore, only eartag was defined as such across the 

different conducted analysis. Nevertheless, having set ear tag as a random effect, 

alongside the first order autoregressive correlation structure, accounted for the fact 

the dataset was composed of repeated measurements over time on the same cow, 

controlling the correlation within animal and between measurements. On the other 

hand, as one of the aims of the study was to extrapolate the findings to the British 

and Welsh dairy herds, it would have been good to have had farm as a random 

effects variable in the model.  

 

Acknowledging that milk yield is associated with hoof health, with high yielders are 

at higher risk of developing hoof-lesions (13, 42, 49-52), the creation of a new 

categorical variable was considered to group animals according to their milk yield. 

However, given that the goal was to assess the impact of hoof-related health events 

on milk yield, and that the model controlled for repeated measurement on the same 

subject, and that it included eartag reference as random effect (controlling for the 

fact that the potential for producing milk varies between cows), the study population 
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was uncategorised according to milk yield. Data on genetic merit for yield might 

have been useful, allowing animals to be grouped according to it. Additionally these 

data would also have been useful for the event study, offering the means to ensure 

reliable comparison when matching health with unhealthy animals.  

 

With respect to the data collection on expenditure with lameness research, out of the 

thirteen research funding bodies identified, only two were able to assist with data 

collection. Part of this might have been due to the current pandemic situation that 

was ongoing during the time of the consultation, as time constraints and high request 

volume were frequently reported causes of the lack of availability to help. The low 

uptake rate could have led to an underestimation of the total expenditure with dairy 

cattle lameness research in the UK, if the funding bodies left out of the study 

awarded grants to research bodies during the considered time window. The research 

scope of some of the identified projects was wider than the research topic, and 

assuming that the awarded funds were for the sole purpose of researching hoof-

health in British dairy cattle overestimated the total expenditure with lameness 

research. On the other hand other project that were excluded from the analysis could 

have links to hoof-health in the population of interest. For example, the contagious 

ovine digital dermatitis (CODD) has been associated with digital dermatitis 

incidence in dairy cattle. Thus, part of the benefits of researching this disease and 

designing prevention and control strategies for its occurrence could be capture by the 

dairy sector. This has not been properly capture in the data collection strategy. 

Although the efforts in presenting a figure with regards to expenditure with lameness 

research in British dairy cattle have fill in a data gap in the assessment of the 

economic impact of this health condition, there is uncertainty around the estimate. 

There is surely room from improvement in the collection of data related with dairy 

cattle lameness research in the UK, and refine the inclusion criteria for properly 

capturing the amount of funds dedicated to improving the health of hoof this animal 

population.     

 

This analysis has not taken into account important aspects of the impact of hoof 

disorders, namely their associated impact on fertility and premature culling. In a 

paper by Dolecheck and Bewley (2018), the mean share of poor fertility and 

increased risk of culling or death to the total costs with hoof disorders was estimated 



Chapter 6: Assessing attributable impact  

330 

 

at 23.6% and 27.6% respectively, from a pool of identified publications. Not having 

assessed these two major production parameters, the economic impact of hoof 

disorders in British dairy cattle was significantly underestimated. The estimation of 

the costs and losses with poor fertility and culling associated hoof disorders was 

planned. However, due to different reason, it was not possible to conduct this 

analysis at the time of the writing of this manuscript. Time was one of the major 

constraints. The management of this large dataset was time consuming, as was 

preparing the dataset for the milk yield analysis and sorting data analysis issues 

related with it. This left little time to attend to the other analysis. With regards to 

culling risk, there was also a problem with the how data were presented. As with the 

milk yield analysis, a comparison of the culling risk of cows with hoof disorders 

against that of cows without hoof disorders would be conducted. Sadly, culling 

information extracted in the health dataset, had no information on healthy cows. 

Information on the supposedly healthy cows could be found in the fertility dataset, 

but there was complexity as to how cows were indicated for culling and the matching 

of the culling data in the health dataset with that from the fertility dataset could not 

be made in a reliable manner. Additionally, the farm management software 

developer (UNIFORM-Agri©) indicated that the link between the data in the fertility 

data set and the health dataset would depend on the far protocol. Given the lack of 

reliability in the culling data, it would have been difficult to conduct an analysis on 

this parameter without making assumptions with potential strong impact in the 

results, with the direction of the bias being unpredictable. 

 

The analysis has also not taken into consideration other components of the impact of 

hoof-health events, namely the impact on animal welfare, on the environment (e.g. 

land and water usage, use of chemical agents that need to be disposed of) and public 

health (e.g. contribution of livestock production to the upsurge of pathogens resistant 

to antimicrobial drugs). 

 

Considering the potential underestimation of the impact of hoof disorders on milk 

yield due to the reason outlined above, and the missing pieces of the puzzle, the 

results need to be interpreted with caution as they represent an incomplete picture of 

the total economic impact of hoof disorders.    
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As mentioned above animal welfare was not considered when estimating the 

economic losses of hoof disorders in the study population, as it was beyond the 

scope of this project. Researchers have tried to capture this. Using a contingent 

valuation approach to investigate the public support of changing the housing system 

to straw yard in dairy farms in the UK, Burgess et al (2003) assessed the economic 

value of this farm welfare scheme improve welfare at £72.5 Million (95% CI: 65.6 – 

79.7 million) (442). In the survey, respondents reported being willing to pay an extra 

£2.89 (95% CI: (2.30-3.24) per week. However, having an ethical dimension to it, it 

is tricky to study the thematic of animal welfare through such lenses, and assume a 

market value of “animal-friendly” food products based on willingness-to-pay 

approaches. It seem indisputable that the consumers’ concern over the condition by 

which animal are kept for the purpose of food production (289), but this is not 

necessarily translated into their food purchase decisions (261, 443) meaning that 

there could well be an overvaluation of animal welfare in dairy cattle.  Additionally, 

without the necessary support from the consumers’ end, dairy farmers could struggle 

to adopt the necessary changes to improve their farm animal welfare standards (442, 

444). Advances in the economics of animal welfare are crucial for understanding the 

intrinsic value each society places on their herds, and to further inform the economic 

assessment of animal health.  

 

In the best-estimate scenario, the extrapolation of the findings to the British and 

Welsh dairy sectors set the yearly cost due to the presence of hoof disorders at 

around £16.6 million, with the costs with foot bathing and hoof trimming accounting 

for the majority of the sum (91.0%). This is substantially lower than what previous 

studies have indicated. In 1999, Bennett et al estimated the average yearly lameness 

impact in the British dairy sector somewhere between £38.5 million and £121.1 

million (225). Willshire and Bell (2009) calculated lameness to costs the British 

dairy farmers £127 million per year (227). More recently, Bennett et al (2016) 

estimated these costs to range between £32.7 million and £70.4 million (233). 

However, it must be said that the aforementioned studies took into consideration 

critical aspects of the impact of hoof disorders in dairy cattle – infertility and 

premature culling. Willshire and Bell (2009) indicated that these two cost 

components were responsible for more than 63% of the total estimate (227). In a 

paper by Dolecheck and Bewley (2018), the mean share of poor fertility and 
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increased risk of culling or death to the total costs with hoof disorders in dairy cattle 

was estimated at 23.6% and 27.6% respectively, from a pool of identified 

publications(242). Unfortunately, as explained previously, these costs were not 

assessed, which means that the estimate is undervalued. Additionally the 

extrapolation exercise is only focused on the British and Welsh dairy cattle 

population, whereas the references mentioned above looked at the dairy herd in the 

United Kingdom. Even though the proportion of dairy cattle in Scotland and 

Northern Ireland is relatively small compared to that of England and Wales, it is still 

important to have this in mind when comparing the results from this study and other 

references.  

 

One thing to note is the wide range in the estimates between the different considered 

scenarios – best estimate, low and high. The range in values relates in part to the 

variation of the values for certain parameters, particularly for those that have the 

most significant contribution to the estimate like the costs with monitoring and 

prevention actions. For example, and depending on the labour costing system used, 

the yearly expenditure per one hundred cows with mobility scoring across different 

farm ranged from approximately £2 to £4,800, whereas the expenditure with foot 

trimming range between around £46 and £4,700. Furthermore, the yearly costs per 

one hundred cows with foot bathing ranged between £52 to £4,200. These results 

could mean that British dairy farms have substantially different levels of investment 

in monitoring and prevention actions of hoof disorders. On the other hand, the small 

sample might have contributed to this disparity. Additionally, as some of the data 

reported was a best guess by farmers, if could be that they have failed to accurately 

report the actual investment done for each of the considered actions. Regardless of 

the underlying reason, this wide range of values translates into high level of 

uncertainty when estimating the total economic costs of hoof disorders in British 

dairy cattle. This particularity seems to be a common feature across the different 

studies that have addressed this research questions. For example, in this most recent 

publication Bennett et al (2016) set the yearly losses and expenditure with lameness 

in dairy cattle in the UK somewhere from £32.7 million to £70.4 million (233).  

 

In the wider picture of the losses from all-causes in the English and Welsh dairy 

sectors, the share of the partial total costs with hoof disorders in the best estimate 
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scenario varied between 2.7% and 5.3% depending on how Utopia was defined. As 

outlined in chapter 3, the AHLE framework is important as it allows an 

understanding of the relative importance of specific health condition to the 

population of interest, and to monitor trends across time, aiding the decision making 

process and helping to prioritise areas of intervention.  

The conclusions in the work were drawn from a non-randomised sample, which 

raises questions about the validity of the inferences of the results to the English and 

Welsh population. This relates not only to the potential lack of representativeness of 

the sample but as well to the potential selection bias mentioned above (it could be 

that enrolled farmers were systematically different from those that decided not to 

participate in the study). These limitations need to be very clear when interpreting 

the results.   

 

While the focus of Chapter 6 was to assess the overall impact of hoof disorders on 

milk yield, the possibility of an amplification of the effect due to concomitant hoof 

disorders was acknowledged. Future research exploring the impact of simultaneous 

hoof disorders and/or the effect of concurrent lesions from different underlying 

causes could provide valuable insight.   

 

6.5 Conclusion 

In the cohort, a hoof health event led to a daily milk loss of 1.474 kg. The impact of 

the assumed to be more severe lesions was set at 2.036 kg per day. Roughly, 40% of 

the estimated daily milk loss was due to discarded milk. Additionally, the negative 

effect of a hoof disorder on milk production could be observed two weeks before and 

after the week of diagnostic.  

 

Taking into consideration the expenditure with lameness research and monitoring 

and prevention action, and based on the findings on the cohort, the yearly economic 

costs to the British and Welsh due to hoof disorders in the best estimate scenario 

were £16.6 million. Prevention actions (foot bathing and hoof trimming) represented 

91.0% of the estimate. Looking at the different scenarios considered (best estimate, 

low and high) there was a wide range in the results, reflecting the large variation in 

the values for individual indicators. 
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In the wider picture of the losses from all-causes in the English and Welsh dairy 

sectors (AHLE), the share of the partial (as it excluded key components of the cost 

such as infertility and increased culling risk) total costs with hoof disorders in the 

best estimate varied between 2.7% and 5.3% depending on how Utopia was defined. 

The exploratory AHLE framework provides the grounds for understanding the 

relative importance of hoof disorders in the wider view of the economic losses to the 

sectors.  

 

Our results were prone to bias. Data on health events were self-reported by farmers, 

which research has indicated to systematically underreport the problem. In fact, the 

incidence levels of hoof disorders in the cohort were lower than the ones reported in 

other publications. Additionally the enrolled farms were not randomly selected and 

can’t be considered representative of the study population. Furthermore, the 

possibility of selection bias must be considered, as the farmers that were happy to 

take part in the study could be systematically different from those that chose not to 

participate. As such, the interpretation of the results must be done with caution. 
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Chapter 7 General Discussion and Conclusions  

 

“It is not the destination, it is the journey”  

(Ralph Waldo Emerson) 

 

Although with some sense of having reached the end of the “journey”, the 

complexity of hoof health in relation to the farming of dairy cattle for the purpose of 

food production leads to another feeling for the final chapter of this manuscript – the 

research presented is simply another step taken on a long staircase, which requires 

further work. 

 

The project aimed to layout an analytical stepwise approach in the estimation of the 

economic losses due to an animal health condition. The overall appreciation of this 

research objective is positive as there is a feeling that all important aspect of this 

type of assessment have been considered: 

 identify data needs by appreciating disease impact pathways, mitigation 

actions taken and ripple effects of disease presence; 

 assess disease frequency levels; 

 define the losses from all causes in the study population (the AHLE); 

 understand diagnostic capacity to define the different levels at which impact 

can be attributed, and to help in the definition of cases; 

 estimate the disease impact in production and expenditure due to human 

reaction to disease presence in sample population; 

 extrapolate findings to the wider level. 

 

Throughout the course for project, the heterogeneity in lameness data collection 

methods was evident, creating difficulties when researching this health problem, and 

places a question mark with regards to the accuracy of available data. Additionally 

there are different parties at different component of the supply chain with distinct 

roles involved in the process of data collection and management, adding further 

complexity to data accessibility. 
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Knowledge transfer from research institutes to the industry has been identified as one 

of the key drivers of innovation and economic growth (445), and that science had 

been key in solving problems, big or small, across different sectors of society. 

However, data are vital for scientific research, and having access to it an 

indispensable condition. Improving the partnerships between research and industry 

for data sharing, while ensuring high standards of data protection and legal 

compliance, would probably solve a major hurdle in scientific and technological 

progress. Additionally, having mapped out the data ecosystem on hoof-health in 

dairy cattle would have been helpful, and offers an opportunity for future research. 

Even though recognised as a research field at the early stages of development (446), 

the value of such analysis and the proposed frameworks has been highlighted (447, 

448).  

 

The exploratory AHLE framework was, in our opinion, a novel way to understand 

the relative importance of hoof disorders in the wider view of the economic losses to 

the sectors. Mastitis seems to overshadow other diseases in terms of its economic 

impact to dairy cattle in the UK (161), which could advise interested parties to focus 

efforts in addressing the mastitis problem in dairy cattle.  However, from chapter 3, 

the share of the losses from unknown causes to the AHLE can be as large as 60% 

indicating the need for further research. Additionally, the proposed tool ensures that 

the sum of the losses from individual-causes does not outweigh the total losses for 

the population under study. 

  

Investigating the diagnostic capacity of hoof disorders and how this affects the 

granularity by which disease impact can be attributed was an important part of this 

project. Particularly considering the proposed AHLE framework, designed to 

provide a baseline against which the relative importance of different diseases is 

challenged. Case definition is a crucial aspect when estimating disease frequency, 

which in turn links to the assessment of animal disease economic impact (449). 

Having a solid knowledge on field and/or lab capacity to identify disease aids in 

defining the cases and helps the understanding of the different levels at which 

disease impact can be attributed.  
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Even if just able to partially answer the main research questions – what is the 

economic impact of hoof disorders in British dairy cattle – it was possible to produce 

some key information inform wider population models. The results from the meta-

analysis shed a light on the frequency levels of hoof disorders, and the dataset that 

were used can be updated to further refine the estimates using the same models. The 

multivariate regression informed as to the daily milk loss associated with of a hoof 

health event, and allowed an understanding of the contribution of the actual 

reduction on milk yield and discarded milk to the overall estimate. The primary data 

collection helped to fill in a data gap concerning the economic impact of lameness in 

the population of interest – research expenditure. However, in order to achieve a 

deeper understanding of the overall economic impact of hoof health in this study 

population, the analysis of individual cow performance in terms of milk yield needs 

to be extended into fertility and early culling. With an accurate idea of the 

implications hoof health to the dairy sector, both in terms of losses and expenditure, 

and knowledge on the frequency levels of the ailment, an assessment of the cost-

effectiveness of different control and prevention actions should follow. Simulation 

modelling approaches, such as the one Delabouglise et al (2017) presented when 

investigating the economic impact of bovine respiratory disease in France, offer the 

framework for linking the results from this work to the proposed next level of 

analysis (450). In a world with competing resources it is vital to foster rational 

decision-making process by shedding light on the relative importance of each health 

condition, as well as on the marginal benefits deriving from different mitigation 

strategies and their associated cost.  

 

Even if it was not an objective of this project, one key aspect of hoof-health in dairy 

cattle needs to be mentioned – that of welfare. The reshaping of the dairy production 

systems, motivated by the rise in the consumption of animal food products and 

fostered by technological and scientific progress, have steered the development of 

food systems built to satisfy the increase demand for food. And, even though there 

seems to be a growing global conscious as to the issues of animal welfare, the latest 

reported levels of hoof disorders in British dairy cattle makes us wonder whether this 

problem is placed in second plan. It also brings up the distinct perspectives with 

regards to animal welfare, between and even within societies. The value placed on 

animals and their welfare is associated with socioeconomic and sociocultural factors, 
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which are particular to each society.  Additionally, from the perspective of 

producers, animal farming is a business managed to maximise profitability, which 

can conflict with the consumers’ view of food production. By acknowledging that 

animal welfare is a societal concern, it seems crucial to separate the marginal 

benefits of a health intervention aimed at controlling and/or preventing lameness in 

dairy cattle captured by the farmer (private good) and those captured by society 

(public good). Given the nature dairy operations, it would be unreasonable from an 

economic standpoint to allocate resources in controlling for a problem without 

expecting a return on the investment. Understanding the point at which the marginal 

benefits of improving hoof health equal the marginal costs of such intervention at 

farm level is useful, as it sets the grounds for what could be the distinction between 

private and public goods, and when public support is required for improving animal 

health and welfare management.  

 

Other impacts associated with hoof disorders in dairy production have not been 

estimated. Namely the impact in public health (increased risk of antimicrobial 

resistance) and in the environment (pollution, land and water usage). Regarding the 

latter, the output from the AHLE can help to create a common indicator that 

communicates well with environment impact assessment, as normally the amount of 

land and water used per livestock unit is known. By indicating the surplus of animals 

required to maintain the current milk production, the exploratory AHLE assessment 

offers a way to understand how fewer land and water would be needed if the 

efficiency of the dairy systems was improved.  

 

The disruptions caused by the SARS-CoV2 pandemic had a potentially negative 

effect on part of the project’s activities. Data collection, particularly with regards to 

the expenditure with hoof-related lameness, was complicated. The identified data 

sources were exclusively reached via email or via messages through their website. 

Additionally some reply mentioned an abnormal demand and/or limited workforce 

due to the pandemic situation, which might have limited their availability to answer 

the request. The amount of face-to-face meetings with the research group was also 

limited, and although it did not seem to affect the individual productivity of the PhD 

proponent, it surely reduced the opportunities to discuss the theme under study and 

further explore ways by which to address the research questions. Another critical 
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aspect was time. With school closure and confinements, parenting was more intense 

at the prejudice of working space. The amount of time necessary to conduct all the 

analysis required to have a more complete assessment of the economic costs with 

hoof disorders in the animal cohort population was somewhat compromised. 

 

The conclusion were drawn from a non-randomised sample, which raises questions 

with regards to the validity of the extrapolation of the results to the English and 

Welsh population. Yet the data concerning milk yield that was accessed was very 

detailed and accurate which helped to reduce the uncertainty at animal level. Sadly, 

there is no knowledge as to the level of uncertainty at wider levels (farm and 

national).  

 

Having outlined a step-wise process in the impact assessment of animal health 

problems this work has contributed positively to this research field, offering a 

replicable path for future similar exercises. Additionally, the innovative work on the 

AHLE offers a framework for the appraisal for the relative importance of the 

different health problems affecting the livestock population under study. The 

different methodologies explored alongside data limitations identified while 

estimating the AHLE shed a light on the potential room for improvements. Ideally, 

the AHLE would allow us to capture the health-related losses or at least to separate 

the losses arising from health from non-health issues. In the future, if better data at 

cow level could be made available, alongside detailed information on the production 

systems, geographical location and dairy farm inputs, the AHLE could be refined 

and the approach for its estimation optimised by using top performing animals for 

benchmarking.  

With regards to data issues, having “navigated” through the data ecosystem 

collecting data on hoof disorders in the UK has allowed to identify bottlenecks, 

which can be useful for future research in this field. The impacts deriving from hoof 

disorders assessed highlight their importance. Additionally having identify the 

limitation of the diagnostic based on clinical observation of symptoms related with 

hoof disorders in promoting adequate hoof health management, the work strengths 

the need to further develop methods that can flag animals in need of medical care.   
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9. Supplementary material 

9.1 Chapter 2 

Table 62. Top 15 Milk production (thousand tonnes) worldwide between 2015 and 2019 (source: FAOSTATS available at 

https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

2015 2016 2017 2018 2019 

Country 
Milk 

Production 
Country 

Milk 

Production 
Country 

Milk 

Production 
Country 

Milk 

Production 
Country 

Milk 

Production 

1 USA 94,619 USA 96,366 USA 97,762 USA 98,687 USA 99,057 

2 India 73,645 India 78,099 India 83,634 India 89,834 India 90,000 

3 Brazil 34,610 Brazil 33,680 Brazil 34,312 Brazil 34,934 Brazil 35,890 

4 Germany 32,685 Germany 32,672 Germany 32,598 Germany 33,087 Germany 33,080 

5 China 32,174 China 31,019 China 30,773 China 31,165 China 32,444 

6 
Russian 

Federation 
30,522 

Russian 

Federation 
29,529 

Russian 

Federation 
29,921 

Russian 

Federation 
30,345 

Russian 

Federation 
31,091 

7 France 25,068 France 25,627 France 25,539 France 25,055 France 24,931 

8 
New 

Zealand 
21,939 

New 

Zealand 
21,672 

New 

Zealand 
21,372 Colombia 22,888 

New 

Zealand 
21,872 

9 Turkey 16,934 Turkey 16,786 Colombia 19,745 
New 

Zealand 
21,392 Colombia 21,847 

10 UK 15,324 Pakistan 15,529 Pakistan 19,136 Turkey 20,037 Turkey 20,782 

11 Pakistan 14,965 UK 14,662 Turkey 18,762 Pakistan 19,858 Pakistan 20,606 

12 Netherlands 13,331 Netherlands 14,324 UK 15,267 UK 15,311 UK 15,552 

13 Poland 13,236 Poland 13,244 Netherlands 14,297 Poland 14,171 Netherlands 14,555 

14 Argentina 12,061 Mexico 11,608 Poland 13,305 Netherlands 14,090 Poland 14,503 

https://www.fao.org/faostat/en/#home
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Rank 

2015 2016 2017 2018 2019 

Country 
Milk 

Production 
Country 

Milk 

Production 
Country 

Milk 

Production 
Country 

Milk 

Production 
Country 

Milk 

Production 

15 Mexico 11,395 Italy 10,773 Mexico 11,768 Italy 12,340 Italy 12,494 

 

Table 63. Share of total global milk production across the Top 15 milk producing countries worldwide between 2015 and 2019 (source: FAOSTATS available 

at https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

2015 2016 2017 2018 2019 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

1 USA 14.3 USA 14.5 USA 14.1 USA 13.8 USA 13.8 

2 India 11.1 India 11.7 India 12.0 India 12.6 India 12.6 

3 Brazil 5.2 Brazil 5.1 Brazil 4.9 Brazil 4.9 Brazil 5.0 

4 Germany 4.9 Germany 4.9 Germany 4.7 Germany 4.6 Germany 4.6 

5 China 4.9 China 4.7 China 4.4 China 4.4 China 4.5 

6 
Russian 

Federation 

4.6 Russian 

Federation 

4.4 Russian 

Federation 

4.3 Russian 

Federation 

4.2 Russian 

Federation 

4.3 

7 France 3.8 France 3.8 France 3.7 France 3.5 France 3.5 

8 
New 

Zealand 

3.3 New 

Zealand 

3.3 New 

Zealand 

3.1 
Colombia 

3.2 New 

Zealand 

3.1 

9 Turkey 
2.6 

Turkey 
2.5 

Colombia 
2.8 New 

Zealand 

3.0 
Colombia 

3.0 

https://www.fao.org/faostat/en/#home
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Rank 

2015 2016 2017 2018 2019 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

10 UK 2.3 Pakistan 2.3 Pakistan 2.8 Turkey 2.8 Turkey 2.9 

11 Pakistan 2.3 UK 2.2 Turkey 2.7 Pakistan 2.8 Pakistan 2.9 

12 Netherlands 2.0 Netherlands 2.1 UK 2.2 UK 2.1 UK 2.2 

13 Poland 2.0 Poland 2.0 Netherlands 2.1 Poland 2.0 Netherlands 2.0 

14 Argentina 1.8 Mexico 1.7 Poland 1.9 Netherlands 2.0 Poland 2.0 

15 Mexico 1.7 Italy 1.6 Mexico 1.7 Italy 1.7 Italy 1.7 

 

Table 64. Share of total global dairy cattle population across the Top 15 milk producing countries worldwide between 2015 and 2019 (source: FAOSTATS 

available at https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

 

2015 2016 2017 2018 2019 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

1 USA 3.4 USA 3.4 USA 3.5 USA 3.6 USA 3.53 

2 India 17.2 India 17.8 India 18.8 India 20.0 India 19.98 

3 Brazil 7.7 Brazil 7.1 Brazil 6.2 Brazil 6.2 Brazil 6.13 

4 Germany 1.6 Germany 1.5 Germany 1.5 Germany 1.5 Germany 1.51 

5 China 4.3 China 4.6 China 4.4 China 2.2 China 2.17 

https://www.fao.org/faostat/en/#home
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Rank 

 

2015 2016 2017 2018 2019 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

6 
Russian 

Federation 

2.7 Russian 

Federation 

2.6 Russian 

Federation 

2.6 Russian 

Federation 

2.5 Russian 

Federation 

2.51 

7 France 1.3 France 1.3 France 1.3 France 1.3 France 1.31 

8 
New 

Zealand 

1.8 New 

Zealand 

1.9 New 

Zealand 

1.9 Colombia 1.4 New 

Zealand 

1.84 

9 Turkey 
2.0 Turkey 2.0 Colombia 1.2 New 

Zealand 

1.9 Colombia 1.30 

10 UK 0.7 Pakistan 4.6 Pakistan 4.8 Turkey 2.4 Turkey 2.48 

11 Pakistan 4.4 UK 0.7 Turkey 2.2 Pakistan 5.1 Pakistan 5.32 

12 Netherlands 0.6 Netherlands 0.7 UK 0.7 UK 0.7 UK 0.70 

13 Poland 0.8 Poland 0.8 Netherlands 0.6 Poland 0.8 Netherlands 0.60 

14 Argentina 1.3 Mexico 0.9 Poland 0.8 Netherlands 0.6 Poland 0.82 

15 Mexico 0.9 Italy 0.7 Mexico 0.9 Italy 0.7 Italy 0.71 
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Table 65. Top 15 milk production (thousand tonnes) in the European Union and the United Kingdom between 2015 and 2019 (source: FAOSTATS available at 

https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

2015 2016 2017 2018 2019 

Country 
Milk 

production 
Country 

Milk 

production 
Country 

Milk 

production 
Country 

Milk 

production 
Country 

Milk 

production 

1 Germany 32,685 Germany 32,672 Germany 32,598 Germany 33,087 Germany 33,080 

2 France 25,068 France 25,627 France 25,539 France 25,055 France 24,931 

3 UK 15,324 UK 14,662 UK 15,267 UK 15,311 UK 15,552 

4 Netherlands 13,331 Netherlands 14,324 Netherlands 14,297 Poland 14,171 Netherlands 14,555 

5 Poland 13,236 Poland 13,244 Poland 13,305 Netherlands 14,090 Poland 14,503 

6 Italy 11,159 Italy 10,773 Italy 11,380 Italy 12,340 Italy 12,494 

7 Spain 6,825 Spain 7,097 Ireland 7,478 Ireland 7,831 Ireland 8,245 

8 Ireland 6,585 Ireland 6,851 Spain 7,019 Spain 7,336 Spain 7,460 

9 Denmark 5,356 Denmark 5,455 Denmark 5,557 Denmark 5,615 Denmark 5,615 

10 Romania 4,006 Romania 3,954 Belgium 4,025 Belgium 4,244 Belgium 4,351 

11 Belgium 3,988 Belgium 3,882 Romania 3,814 Austria 3,821 Austria 3,781 

12 Austria 3,538 Austria 3,628 Austria 3,713 Romania 3,798 Romania 3,663 

13 Czechia 3,026 Czechia 3,065 Czechia 3,079 Czechia 3,162 Czechia 3,156 

14 Sweden 2,933 Sweden 2,862 Sweden 2,817 Sweden 2,760 Sweden 2,704 

15 Finland 2,436 Finland 2,430 Finland 2,406 Finland 2,398 Finland 2,374 

 

 

 

 

https://www.fao.org/faostat/en/#home
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Table 66. Share of total milk production in the European Union and United Kingdom across the top 15 milk producing countries in the European Union and 

United Kingdom between 2015 and 2019 (source: FAOSTATS available at https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

2015 2016 2017 2018 2019 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

Country 

% of 

World’s 

Milk 

Production 

1 Germany 20.2 Germany 20.1 Germany 19.9 Germany 19.9 Germany 19.7 

2 France 15.5 France 15.8 France 15.6 France 15.0 France 14.8 

3 UK 9.5 UK 9.0 UK 9.3 UK 9.2 UK 9.3 

4 Netherlands 8.3 Netherlands 8.8 Netherlands 8.7 Poland 8.5 Netherlands 8.7 

5 Poland 8.2 Poland 8.2 Poland 8.1 Netherlands 8.5 Poland 8.6 

6 Italy 6.9 Italy 6.6 Italy 6.9 Italy 7.4 Italy 7.4 

7 Spain 4.2 Spain 4.4 Ireland 4.6 Ireland 4.7 Ireland 4.9 

8 Ireland 4.1 Ireland 4.2 Spain 4.3 Spain 4.4 Spain 4.4 

9 Denmark 3.3 Denmark 3.4 Denmark 3.4 Denmark 3.4 Denmark 3.3 

10 Romania 2.5 Romania 2.4 Belgium 2.5 Belgium 2.5 Belgium 2.6 

11 Belgium 2.5 Belgium 2.4 Romania 2.3 Austria 2.3 Austria 2.3 

12 Austria 2.2 Austria 2.2 Austria 2.3 Romania 2.3 Romania 2.2 

13 Czechia 1.9 Czechia 1.9 Czechia 1.9 Czechia 1.9 Czechia 1.9 

14 Sweden 1.8 Sweden 1.8 Sweden 1.7 Sweden 1.7 Sweden 1.6 

15 Finland 1.5 Finland 1.5 Finland 1.5 Finland 1.4 Finland 1.4 

 

 

https://www.fao.org/faostat/en/#home
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Table 67. Share of total dairy cattle population in the European Union and United Kingdom across the Top 15 milk producing countries in the European 

Union and United Kingdom between 2015 and 2019 (source: FAOSTATS available at https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

2015 2016 2017 2018 2019 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

Country 

% of 

World’s 

Dairy 

Cattle 

Population 

1 Germany 18.2 Germany 18.0 Germany 18.2 Germany 17.9 Germany 17.73 

2 France 15.5 France 15.5 France 15.6 France 15.5 France 15.40 

3 UK 8.1 UK 8.1 UK 8.2 UK 8.2 UK 8.26 

4 Netherlands 7.3 Netherlands 7.6 Netherlands 7.2 Poland 9.7 Netherlands 7.03 

5 Poland 9.7 Poland 9.1 Poland 9.3 Netherlands 6.8 Poland 9.58 

6 Italy 7.7 Italy 7.8 Italy 7.7 Italy 8.5 Italy 8.29 

7 Spain 3.6 Spain 3.5 Ireland 6.2 Ireland 6.0 Ireland 6.30 

8 Ireland 5.5 Ireland 6.0 Spain 3.1 Spain 3.6 Spain 3.59 

9 Denmark 2.4 Denmark 2.4 Denmark 2.5 Denmark 2.5 Denmark 2.49 

10 Romania 5.0 Romania 5.1 Belgium 2.2 Belgium 2.3 Belgium 2.38 

11 Belgium 2.2 Belgium 2.3 Romania 5.2 Austria 2.3 Austria 2.32 

12 Austria 2.3 Austria 2.3 Austria 2.3 Romania 5.1 Romania 5.03 

13 Czechia 1.6 Czechia 1.6 Czechia 1.6 Czechia 1.6 Czechia 1.60 

14 Sweden 1.4 Sweden 1.4 Sweden 1.4 Sweden 1.4 Sweden 1.33 

15 Finland 1.2 Finland 1.2 Finland 1.2 Finland 1.2 Finland 1.14 

 

 

https://www.fao.org/faostat/en/#home
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Table 68. Average yearly yield per cow (kg) across the Top 15 milk producing countries in the European Union and United Kingdom between 2015 and 2019 

(source: FAOSTATS available at https://www.fao.org/faostat/en/#home accessed in August 2021) 

Rank 

2015 2016 2017 2018 2019 

Country 

Yield per 

cow 

(kg/year) 

Country 

Yield per 

cow 

(kg/year) 

Country 

Yield per 

cow 

(kg/year) 

Country 

Yield per 

cow 

(kg/year) 

Country 

Yield per 

cow 

(kg/year) 

1 Denmark 9,548 Denmark 9,543 Denmark 9,749 Denmark 9,851 Denmark 9,973 

2 Sweden 8,708 Estonia 9,091 Spain 9,666 Estonia 9,353 Estonia 9,656 

3 Finland 8,542 Sweden 8,776 Estonia 9,144 Finland 9,095 Spain 9,178 

4 Portugal 8,435 Spain 8,669 Finland 8,750 Netherlands 9,079 Finland 9,170 

5 Czechia 8,217 Finland 8,602 Sweden 8,628 Spain 8,982 Netherlands 9,154 

6 Estonia 8,187 Czechia 8,279 Netherlands 8,587 Sweden 8,817 Sweden 8,973 

7 Spain 8,085 Portugal 8,214 Czechia 8,444 Czechia 8,816 Czechia 8,731 

8 UK 8,061 Netherlands 7,985 Portugal 8,198 Portugal 8,237 Portugal 8,423 

9 Netherlands 7,764 Germany 7,746 Hungary 8,064 Hungary 8,154 UK 8,317 

10 Germany 7,628 UK 7,729 UK 8,048 UK 8,140 Germany 8,246 

11 Hungary 7,613 Hungary 7,673 Germany 7,763 Germany 8,068 Belgium 8,088 

12 Belgium 7,542 Luxembourg 7,373 Belgium 7,754 Belgium 8,019 Hungary 8,077 

13 Luxembourg 7,382 Belgium 7,316 Luxembourg 7,347 Luxembourg 7,691 Luxembourg 7,780 

14 Cyprus 7,086 France 7,046 Cyprus 7,179 Austria 7,171 Greece 7,667 

15 France 6,847 Cyprus 7,031 France 7,101 Cyprus 7,154 Austria 7,215 

 

 

 

 

https://www.fao.org/faostat/en/#home
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9.2 Chapter 3 

Table 69. AHLE estimate for different models 

Model Parameter 

Utopia 1 Utopia 2 Utopia 3 

AHDB  AHDB plus 

Boulton et al 

(2015)(338) 

AHDB   AHDB plus 

Boulton et al 

(2015) 

AHDB  AHDB plus 

Boulton et al 

(2015) 

Milk stable (baseline) 

 AHLE £312,195,451  £308,812,261  £550,389,613 £663,009,740 £626,501,771 £739,426,823 

Milk stable - Fixed milk price 

 AHLE £251,257,219  £247,897,482  £489,722,486  £602,077,748  £552,251,080  £664,838,394  

Proportional variation (%)* -19.5% -19.7% -11.0% -9.2% -11.9% -10.1% 

Milk stable - Same stocking density 

 AHLE £251,500,095  £250,922,554  £489,291,478  £604,643,148  £546,642,112  £662,868,619  

Proportional variation (%)* -19.4% -18.7% -11.1% -8.8% -12.7% -10.4% 
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Model Parameter 

Utopia 1 Utopia 2 Utopia 3 

AHDB  AHDB plus 

Boulton et al 

(2015)(338) 

AHDB   AHDB plus 

Boulton et al 

(2015) 

AHDB  AHDB plus 

Boulton et al 

(2015) 

Milk stable - Same fixed costs per head (land, labour, finances) 

 AHLE £258,243,887  £259,230,358  £496,032,305  £613,072,375  £557,701,001  £675,927,381  

Proportional variation (%)* -17.3% -16.1% -9.9% -7.5% -11.0% -8.6% 

Population stable 

 AHLE £332,205,795  £312,844,237  £600,320,508  £693,856,319  £686,795,090  £778,825,208  

Proportional variation (%)* 6.4% 1.3% 9.1% 4.7% 9.6% 5.3% 

*Proportional variation from the results obtained with the baseline model 

 

Table 70. Proportional difference of the AHLE estimate when replacement herd is informed by Boulton et al (2015) (338) data compared to being informed by 

AHDB data (335) 

Model Proportion difference in the AHLE estimate when replacement 

herd costs were informed by Boulton et all (2015) (%) 

Utopia 1 Utopia 2 Utopia 3 

Milk stable -1.1% 20.5% 18.0% 

Milk stable - Fixed milk price -1.3% 22.9% 20.4% 

Milk stable - Same stocking density -0.2% 23.6% 21.3% 

Milk stable - Same fixed costs per head (land, labour, finances) 0.4% 23.6% 21.2% 

Population stable -5.8% 15.6% 13.4% 
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9.3 Chapter 4 

9.3.1 Literature review search  

The following search terms were used for all six databases: ((dairy AND (cattle OR cow*)) AND 

(UK OR British OR Britain OR kingdom)) AND ((lame* OR locomotion) AND (incidence OR 

prevalence)). The results from the search and presented in the table below.  

 

Table 71. Scientific databases used in the systematic review and search results 

Database Website No of papers Comments on search 

Agricola https://agricola.nal.usda.gov/ 35 

Search on Agricola 

database and all fields 

search 

Cab Direct https://www.cabdirect.org/ 325 All fields search 

Cochrane 

library 
https://www.cochranelibrary.com/ 0 All fields search 

PubMed https://pubmed.ncbi.nlm.nih.gov/ 133 All fields search 

Scopus https://www.scopus.com/ 78 
Search limited to title, 

abstract and key words  

Web of Science https://webofknowledge.com/ 176 
Search on all databases 

and all fields search 

 

9.3.2 New variables created 

Table 72. New binary variables created for analysing the data extracted from the selected papers for the meta-

analysis on lameness frequency levels in British dairy cattle 

Variable Values Meaning 

Year of the start of 

data collection with 

the year 1995 as a cut-

off  

Before 1995 

 

Papers for which data collection started 

before the year 1995 

1995 and onwards Papers for which data collection started 

on the year 1995 or after 

Year of the start of 

data collection with 

the year 2000 as a cut-

off  

Before 2000 Papers for which data collection started 

the year 2000 

2000 and onwards Papers for which data collection started 

on the year 2000 or after 
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Variable Values Meaning 

Year of the start of 

data collection with 

the year 2005 as a cut-

off  

Before 2005 

 

Papers for which data collection started 

the year 2005 

2005 and onwards Papers for which data collection started 

on the year 2005 or after 

Year of the start of 

data collection with 

the year 2008 as a cut-

off  

Before 2008 

 

Papers for which data collection started 

the year 2008 

2008 and onwards Papers for which data collection started 

on the year 2008 or after 

Year of the start of 

data collection with 

the year 2010 as a cut-

off  

Before 2010 

 

Papers for which data collection started 

the year 2010 

2010 and onwards Papers for which data collection started 

on the year 2010 or after 

Breed of animals Holstein/Friesian/Holstein-

Friesian 

Breed of study population is mainly 

Holstein, Friesian or/and Holstein-

Friesians 

Other All other breeds not fitting the above 

category 

Calving pattern Year-round Calving pattern of study population is 

year-round 

Other All other situations not fitting the above 

category 

Grazing regime Grazing Study population is allowed to graze 

during some time of the year 

Other All other situations not fitting the above 

category 

Housing system Cubicle Animals are housed in cubicles 

Other All other situations not fitting the above 

category 

Study farm location Research Institute Study farm(s) belong to a research 

institute 

Commercial farm Study farm(s) are commercial operations 
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Variable Values Meaning 

Study design Cross-sectional Study design was cross-sectional 

Other All other situations not fitting the above 

category 

Epidemiological unit Cow Study population were dairy cows 

regardless of their age 

Other All other situations not fitting the above 

category 

Lameness data source Mobility scoring system Lameness data were primary collected as 

animals were mobility scored 

Records Lameness data derived from records 

(secondary data source) 

Sample size with 1230 

animals as the cut-off 

point 

1230 animals or more Study relied on a sample with 1230 

animals or more 

Less than 1230 animals Study relied on a sample with less than 

1230 animals 

Sample size with 5 

farms and 1230 

animals as the cut-off 

point 

At least 5 farms and 1230 

animals 

Study relied on a sample with 1230 

animals or more, from 5 or more farms 

Less than 5 farms and/or 

1230 animals 

Study relied on a sample with less than 

1230 animals from less than 5 farms 
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9.3.3 Risk Bias Assessment 

 

9.3.3.1 QUADAS-2 adapted tool (373) 

 

QUADAS-2 – adapted tool for assessing the risk of bias of selected publications for the meta-

analysis on lameness frequency in British dairy cattle 

 

Phase 1 – Review Question 

What is the frequency level of lameness in British dairy cattle? 

 

Phase 2 – Risk of Bias 

1. Selection of Study Population 

Farm sampling 

strategy 

Randomly sampled from whole study population ☐ (Low Risk) 

Randomly sampled from subset of the whole study 

population 

☐ (High Risk) 

Convenience sampled ☐ (High Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

Animal 

sampling 

strategy 

Whole herd evaluated ☐ (Low Risk) 

Random sample of the herd evaluated ☐ (High Risk) 

Convenience/subset sample of the herd evaluated ☐ (High Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

No farmers refused to participate in the study nor did they 

dropout from the study once enrolled  

☐ (Low Risk) 
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Phase 2 – Risk of Bias 

Refusal to 

participate or 

dropouts  

There were refusals to participate in the study and/or 

dropouts  

☐ (High Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

Risk of Bias If any of the answers for the different points was High Risk 

the Risk of Bias is considered High 

☐ (Low Risk) 

☐ (High Risk) 

2. Study’s Objective 

Study’s primary objective was to estimate the frequency level of lameness ☐ (Low Risk) 

Study’s primary objective was NOT to estimate the frequency level of lameness ☐ (High Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

3. Collection/Source of Lameness Data 

Lameness data 

source/collection 

method 

Applicability 

Judgement 

By the same trained investigator through a mobility scoring 

system 

☐ (Low Risk) 

By two or more trained 

investigators using the same 

mobility scoring system 

The inter-observer 

agreement is high 

☐ (Low Risk) 

The inter-observer 

agreement is moderate or 

low 

☐ (High Risk) 

Lameness data retrieved from farm records ☐ (High Risk) 

Lameness data retrieved from veterinary/hoof trimmer 

records 

☐ (Low Risk) 
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Phase 2 – Risk of Bias 

Assessed by automated lameness detection system ☐ (Low Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

 

Phase 3 – Bias Applicability Judgment 

1. Selection of Study Population 

Has the selection of the study 

population significantly affected its 

representativeness of the target 

population?  

Yes ☐ (Low Risk) 

No ☐ (High Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

2. Study’s Objective 

Is the study addressing the review 

question? 

Yes ☐ (Low Risk) 

No ☐ (High Risk) 

Unclear ☐ (Unknown) 

Comments: 

 

 

3. Collection/Source of Lameness Data 

Has lameness data been collected in 

an objective and consistent way?  

 

Yes ☐ (Low Risk) 

No ☐ (High Risk) 

Unclear ☐ (Unknown) 
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Phase 3 – Bias Applicability Judgment 

Comments: 

 

 

 

Phase 4 – Overall Risk Assessment 

Overall Risk is considered LOW if Risk of Bias and Applicability Judgment are LOW for all 

criteria. All other situation are considered are classified as HIGH 



 

385 

 

9.3.3.2 Risk assessment results 

 

Table 73. Summary results of the risk of bias assessment using the adapted QUADAS-2 tool 

 

 

Study 

Risk of bias  Applicability concerns Overall 

risk 

assessment 

Selection of 

study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

 Selection 

of study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

(13) High Low Low  High Low Low High 

(42) High Low Low  High Low Low High 

(147) High Low Low  High Low Low High 

(10) High Low Low  High Low Low High 

(451) High High Low  High Low Low High 

(452) High Low High  High Low High High 

(452) High Low Low  High Low Low High 

(453) High Low Low  High Low Low High 

(382) High Low Low  High Low High High 

(454) High Low Low  High Low Low High 

(455) High Low High  High Low High High 

(456) High High Low  High High Low High 

(9) High Low Low  High Low Low High 

(457) High High High  High Low Low High 

(11) High Low High  High Low High High 

(458) High High High  High High High High 
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Study 

Risk of bias  Applicability concerns Overall 

risk 

assessment 

Selection of 

study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

 Selection 

of study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

(459) High Low Low  High Low Low High 

(71) High Low Low  High Low Low High 

(60) High Low High  High Low Low High 

(8) High Low Low  High Low Low High 

(130) High Low Low  High Low Low High 

(145) High Low Low  High Low Low High 

(96) High High Low  High High Low High 

(460) High Low High  High Low Low High 

(461) High Low High  High Low High High 

(462) High Low High  High Low High High 

(463) High Low Low  High Low Low High 

(126) High Low Low  High Low Low High 

(59) High Low Low  High Low Low High 

(464) High Low High  High Low Low High 

(465) High Low High  High Low High High 

(131) High Low Low  High Low Low High 

(466) High Low High  High Low High High 

(467) High High Low  High Low Low High 

(468) High Low High  High Low High High 
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Study 

Risk of bias  Applicability concerns Overall 

risk 

assessment 

Selection of 

study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

 Selection 

of study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

(387) High Low High  High Low High High 

(132) High Low Low  High Low Low High 

(469) High Low High  High Low High High 

(193) High Low Low  High Low Low High 

(402) High High High  High Low Low High 

(470) High Low Low  High Low Low High 

(471) High High Low  High High Low High 

(472) High High Low  High Low Low High 

(473) High Low Low  High Low Low High 

(474) High Low Low  High Low Low High 

(475) High Low Low  High Low Low High 

(358) High High High  High High High High 

(476) High High Low  High High Low High 

(477) High Low Low  High Low Low High 

(478) High Low High  High Low High High 

(479) High Low High  High Low High High 

(61) High Low Low  High Low Low High 

(128) High Low High  High Low Low High 

(284) High Low Low  High Low Low High 
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Study 

Risk of bias  Applicability concerns Overall 

risk 

assessment 

Selection of 

study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

 Selection 

of study 

population 

Study’s 

objective 

Collection/source 

of lameness data 

(206) High Low Low  High Low Low High 

(480) High Low High  High Low Low High 

(481) High Low High  High Low High High 

(75) High Low Low  High Low Low High 

(482) High Low Low  High Low Low High 

(483) High Low Low  High Low Low High 

(190) High Low Low  High Low Low High 

(191) High Low Low  High Low Low High 

(484) High Low High  High Low High High 

(485) High Low High  High Low High High 

(486) High Low High  High Low High High 

(487) High Low High  High Low High High 

(285) High Low High  High Low High High 

(230) High Low High  High Low High High 
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Figure 47. Diagram of risk of bias from identified studies 
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9.3.4  Papers identified for the meta-analysis 

 Table 74. Summary table of characteristics of papers with prevalence data selected for the meta-analysis 

Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(13) Observational Longitudinal No Cow Farm records 30 1824 636 

(42) Observational Longitudinal No Cow 

4-point scale 

AHDB DairyCo 

2008 

7 1400 868 

(10) Observational Cross-sectional No Cow 
4-point scale Whay 

et al 2003 
205 33415 12297 

(451) Observational Longitudinal No Cow 
3-point scale 

Amory et al 2006 
50 4646 3458 

(452) Observational Longitudinal No Cow Automated system 1 332 40 

(453) Observational Longitudinal No Cow 

5-point scale 

Flower and Weary 

2006 

1 25 5 

(382) Observational Longitudinal No Cow None 97 1008 39 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(454) Observational Longitudinal Yes Heifer 

9-point scale 

Manson and Leaver 

1988 

1 513 14 

(455) Observational 
Retrospective 

longitudinal 
No Cow Farm records 

Not 

reported 
946000 166496 

(456) Experimental Longitudinal Yes Cow 

9-point scale 

Manson and Leaver 

1988 

2 178 13 

(9) Observational Longitudinal No Cow 

9-point scale 

Manson and Leaver 

1988 

37 4230 871 

(457) Experimental Longitudinal No Cow Farm records 1 10 1 

(11) Observational 
Retrospective 

longitudinal 
No Cow 

Vet and farm 

records 
90 13680 2380 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(458) Observational 
Retrospective 

longitudinal 
No 

Culled 

cows 
Farm records 50 26644 418 

(459) Experimental Longitudinal Yes Heifer 

9-point scale 

Manson and Leaver 

1988 

1 80 32 

(71) Observational Longitudinal No Cow 
5-point scale 

Galindo et al 2000 
3 210 42 

(8) Observational Cross-sectional No Cow 

4-point scale 

AHDB DairyCo 

2008 

61 14700 4145 

(130)* Experimental Longitudinal No Cow 

4-point scale 

AHDB DairyCo 

2008 

4 711 271 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(145) Observational Cross-sectional No Cow 

5-point scale 

Haskell MJ et al 

2006 

37 2724 647 

(462) Observational 
Retrospective 

longitudinal 
No Lactation Farm records 960 63891 2429 

(126) Experimental Longitudinal No Cow 

4-point scale 

AHDB DairyCo 

2008 

4 680 318 

(59) Observational Longitudinal No Cow 
4-point scale Whay 

et al 2003 
4 731 209 

(464) Experimental Longitudinal Yes Cow Farm records 1 53 35 

(465) Experimental Longitudinal Yes Cow Farm records 1 72 42 

(131) Experimental 
Negatively 

controlled 
No Heifer 

6-point scale 

Thomas HJ et al 

2015 

1 418 174 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

randomized 

clinical trial 

(466) Observational 
Retrospective 

longitudinal 
No Cow Farm records 9 224 73 

(467) Experimental Longitudinal Yes Cow 

9-point scale 

Manson and Leaver 

1988 

1 48 15 

(132) Experimental 

Negatively 

controlled 

randomized 

clinical trial 

No Heifer 

4-point scale 

AHDB DairyCo 

2008 

8 281 48 

(469) Observational Cross-sectional No Cow 

9-point scale 

Manson and Leaver 

1988 

15 1575 82 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(193) Observational Longitudinal No Cow 
5-point scale 

Sprecher et al 1997 
2 74 42 

(402) Observational Longitudinal No Cow Farm records 4 1307 521 

(470) Observational 
Retrospective 

Longitudinal 
Yes 

Culled 

cows 

9-point scale 

Manson and Leaver 

1988 

1 72 8 

(472) Experimental Longitudinal Yes Cow 

9-point scale 

Manson and Leaver 

1988 

1 32 3 

(474) Experimental Longitudinal Yes Heifer 

9-point scale 

Manson and Leaver 

1988 

1 20 10 

(475) Experimental Longitudinal Yes Cow 

9-point scale 

Manson and Leaver 

1988 

1 40 9 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(358) Observational 
Retrospective 

Longitudinal 
No 

Culled 

cows 
Farm records 843 133910 5337 

(476) Experimental Longitudinal Yes Cow 

4-point scale 

Phillips, C. J. C. 

2009 

1 162 98 

(477) Observational Cross-sectional No Cow 
4-point scale Whay 

et al 2003 
63 3390 1217 

(478) Observational Longitudinal No Lactation Farm records 2434 44449 7099 

(61)* Observational Longitudinal Yes Cow 

9-point scale 

Manson and Leaver 

1988 

1 724 147 

(284) Observational Cross-sectional No Cow 

4-point scale 

AHDB DairyCo 

2008 

43 5620 1692 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(206) Observational Longitudinal No Cow 
4-point scale Whay 

et al 2003 
1 312 100 

(75) Observational Cross-sectional No Cow 

4-point scale 

Rutherford et al 

2009 

80 12100 2334 

(482) Observational Longitudinal No Cow 

4-point scale 

AHDB DairyCo 

2008 

2 500 103 

(483) Experimental 

Positively 

controlled 

randomised 

clinical trial 

(RCT) 

No Cow 

6-point scale 

Thomas HJ et al 

2015 

7 648 176 

(190) Observational Longitudinal No Cow 
3-point scale 

Walker et al 2007 
1 36 18 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data 

source 

Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lame 

animals 

(191) Observational Longitudinal No Cow 
3-point scale 

Walker et al 2007 
1 59 39 

(484) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 55 7700 2310 

(487) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 340 45220 10717 

(230) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 1 150 102 

* data supplied by author 
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Table 75. Summary table of characteristics of papers with incidence data selected for the meta-analysis 

Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data source Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lameness 

events 

(13) Observational Longitudinal No Cow Farm records 30 1824 439 

(147) Observational 
Retrospective 

Longitudinal 
No Cow 

3-point scale Amory et al 

2006 
28 3154 446 

(451) Observational Longitudinal No Cow 
3-point scale Amory et al 

2006 
50 4646 1005 

(452, 488) Observational 
Retrospective 

Longitudinal 
No Cow Vet records 1 431 1638 

(455) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 

Not 

reported 
946000 321640 

(9) Observational Longitudinal No Cow 
9-point scale Manson 

and Leaver 1988 
37 4230 2310 

(11) Observational 
Retrospective 

Longitudinal 
No Cow Vet and farm records 90 13680 3283 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data source Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lameness 

events 

(459) Experimental Longitudinal Yes Heifer 
9-point scale Manson 

and Leaver 1988 
1 80 25 

(71) Observational Longitudinal No Cow 
5-point scale Galindo et 

al 2000 
3 210 106 

(60) Observational Longitudinal No Cow Farm records 1 14320 18120 

(130) Experimental Longitudinal No Cow 
4-point scale AHDB 

DairyCo 2008 
4 711 424 

(96) Experimental Longitudinal No Cow Vet and farm records 5 1120 772 

(460) Observational 
Retrospective 

Longitudinal 
No Lactation Vet records 39 12515 5006 

(461) Observational Longitudinal No Cow Farm records 15 5895 6057 

Leach 

(463)et al., 

2005 

Experimental Longitudinal Yes Heifer 
9-point scale Manson 

and Leaver 1988 
1 1356 40 

(465) Experimental Longitudinal Yes Cow Farm records 1 72 110 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data source Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lameness 

events 

(467) Experimental Longitudinal Yes Cow 
9-point scale Manson 

and Leaver 1988 
1 48 47 

(468) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 43 10062 704 

(387) Observational 
Retrospective 

Longitudinal 
No 

Culled 

cow 
Farm records 96 17053 887 

(471) Observational Longitudinal No Cow 
6-point scale Thomas HJ 

et al 2015 
2 3275 89 

(472) Experimental Longitudinal Yes Cow 
9-point scale Manson 

and Leaver 1988 
1 32 3 

(473) Experimental Longitudinal Yes Cow 
9-point scale Manson 

and Leaver 1988 
1 31 16 

(474) Experimental Longitudinal Yes Heifer 
9-point scale Manson 

and Leaver 1988 
1 20 17 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data source Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lameness 

events 

(475) Experimental Longitudinal Yes Cow 
9-point scale Manson 

and Leaver 1988 
1 40 9 

(478) Observational Longitudinal No Lactation Farm records 2434 75137 8509 

(479) Observational Longitudinal No Cow Farm records   4642 1421 

(61) Observational Longitudinal Yes Cow 
9-point scale Manson 

and Leaver 1988 
1 191 41 

(128) Observational 
Retrospective 

Longitudinal 
Yes Heifer 

9-point scale Manson 

and Leaver 1988 
1 145 552 

(206) Observational Longitudinal No Cow 
4-point scale Whay et al 

2003 
1 312 444 

(480) Observational Longitudinal Yes Lactation Farm records 4 1594 432 

(481) Observational Longitudinal No Cow Vet records 1821 136800 7526 

(482) Observational Longitudinal No Cow 
4-point scale AHDB 

DairyCo 2008 
2 500 75 

(485) Observational Longitudinal No Cow Farm records 11 1166 286 
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Author and 

year 

Study type Study design Study 

farm(s) at 

Research 

Institute? 

Epi unit Lameness data source Farm 

sample 

size 

Animal 

Sample 

size 

No of 

lameness 

events 

(486) Observational 
Retrospective 

Longitudinal 
No Cow Vet records 185 21000 5250 

(285) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 434 210900 45744 

(230) Observational 
Retrospective 

Longitudinal 
No Cow Farm records 1 150 242 
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9.3.5 Results from the sensitivity analysis on the different data transformation methods 

 

Table 76. Summary of the results from the meta-analysis of studies reporting lameness prevalence at cow level using different data transformation methods, before 

and after outlier removal 

Transformation No of 

studies 

Pooled 

prevalence 

95 CI 95 PI 

 

Heterogeneity measures 

Cochran’s Q P-value 

Q 

Tau2 I2 

Before outlier identification and removal 

Arcsine 

42 
0.299 0.261-0.339 

0.087-

0.572 
34975 <0.001 0.018 99.9 

Double arcsine 

42 0.299 0.260-0.339 

0.085-

0.575 34971 

<0.001 

0.019 99.9 

GLMM 

42 0.281 0.222-0.349 

0.049-

0.747 33164 

<0.001 

1.039 99.9 

Logit 

42 0.285 0.246-0.327 

0.099-

0.592 27320 

<0.001 

0.399 99.8 
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Transformation No of 

studies 

Pooled 

prevalence 

95 CI 95 PI 

 

Heterogeneity measures 

Cochran’s Q P-value 

Q 

Tau2 I2 

After outlier identification and removal 

Arcsine 

40 
0.295 0.267-0.324 

0.138-

0.482 
12892 <0.001 0.009 99.7 

Double arcsine 

40 0.294 0.266-0.323 

0.135-

0.483 12890 
<0.001 0.009 99.7 

GLMM 42* - - - - - - - 

Logit 

38 0.312 0.279-0.348 

0.147-

0.545 14013 <0.001 0.222 99.7 

*no outliers identified 
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Table 77. Summary of the results from the meta-analysis of studies reporting lameness incidence rate (100 cow-years) at cow level using different data 

transformation methods, before and after outlier removal 

Transformation No of 

studies 

Pooled 

Incidence 

rate (100 

cow-years) 

95 CI 95 PI 

 

Heterogeneity measures 

Cochran’s Q P-value 

Q 

Tau2 I2 

Before outlier identification and removal 

Arcsine 31 45.2 36.9-54.3 8.8-109.7 112985 <0.001 0.033 100.0 

Double arcsine 31 45.2 36.9-54.3 8.7-109.9 112982 <0.001 0.033 100.0 

Logit 31 35.2 27.1-45.6 7.8-159.4 102689 <0.001 0.528 100.0 

After outlier identification and removal 

Arcsine 29 36.8 29.3-45.3 5.6-95.5 109127 <0.001 0.032 100.0 

Double arcsine 29 36.9 29.3-45.3 5.5-95.7 109121 <0.001 0.032 100.0 

Logit 28 38.1 30.1-48.0 10.5-137.9 68058 <0.001 0.378 100.0 
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9.4 Chapter 5 

9.4.1 Indirect ELISA laboratory protocol 

 

1. Preparing reagents 

a. Phosphate Buffered Saline (PBS) 

i. Dilute 10 tablets in 1L of dionised water using a magnetic stirrer 

b. PBS-Tween 

i. Prepared PBS as in point a. 

ii. Add 500µl to the PBS and stir using magnetic pill 

c. Stopping solution -  Hydrochloric acid (HCl) 0.5M 

i. Work safely on the Hoote 

ii. Dilute 41.059 ml of HCl to 250 ml of dionised water – add HCl slowly (the 

reaction is exothermic and will produce heat) 

iii. Add dionised water up to 1L 

2. Coating the ELISA plates with AG 

a. Prepare Ag dilutes at a concentration of 5µg per ml of PBS – add 0.54 µl of Ag alicots 

to 10 µl of PBS  

b. Add 100 µl to each well 

c. Place plate in a lidded sandwich box with a damped paper towel at the bottom as to 

prevent an excessively dry atmosphere 

d. Place box in incubator at 37ᵒ degrees Celsius for one hour 

e. Place box in refrigerator at 4ᵒ degrees Celsius for 24 hours 

f. Safely discard content in wells 

g. Wash plates thoroughly 

i. Fill in wells with PBS tween with the dispenser making sure to expel the 

forming air bubbles out of the wells 

ii. Discard liquid in wells 

iii. Repeat step i. and ii. twice 

iv. After the third washing shake the plate as to remove as much liquid as possible 

v. Place disposable absorbing paper on the bench and tap the plate with well’s 

opening facing the bench on the paper to remove the liquid that remained in 

the wells 
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h. Plates can be used after washing or kept in the refrigerator at 4ᵒ degrees Celsius for up 

to____ before being used 

3. Preparing serum dilutes 

a. Stir the Eppendorf for a couple of seconds in the vortex 

b. Add 10 µl of serum sample to 990 µl of PBS tween in an Eppendorf 

c. Stir the Eppendorf 

d. Identify each Eppendorf to match the corresponding serum sample 

e. Keep dilutes in a refrigerator at 4ᵒ degrees Celsius and use them within 72 hours of 

preparation 

4. Set the ELISA plate 

a. Serum dilutes 

i. Stir Eppendorf in vortex for a couple of seconds 

ii. Add 100 µl of serum dilute to each well as per diagram below (make 

duplicates of each sample and control; duplicates go left to right; samples go 

left to right and top to bottom). Control blanks gets 100 µl of PBS tween. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A + + S6 S6         

B - - S7 S7         

C B B … …         

D S1 S1           

E S2 S2           

F S3 S3           

G S4 S4           

H S5 S5           

 

iii. Place plate in a lidded sandwich box with a damped paper towel at the bottom 

as to prevent an excessively dry atmosphere 

iv. Place box in incubator at 37ᵒ degrees Celsius for one hour 

v. Safely discard content in wells 

vi. Wash plates thoroughly as in line g. of point 2. 

b. Mouse anti-bovine IgG (dilution 1:10000) 

i. Add 1.1 µl of reagent to 11 ml of PBS tween – stir container in vortex 
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ii. Add 100 µl to each well. Control blanks get 100 µl of PBS tween. 

iii. Place plate in a lidded sandwich box with a damped paper towel at the bottom 

as to prevent an excessively dry atmosphere 

iv. Place box in incubator at 37ᵒ degrees Celsius for one hour 

v. Safely discard content in wells 

vi. Wash plates thoroughly as in line g. of point 2. 

c. Peroxidase conjugate goat anti-mouse IgG (dilution 1:10000) 

i. Add 1.1 µl of reagent to 11 ml of PBS tween – stir container in vortex 

ii. Add 100 µl to each well. Control blanks get 100 µl of PBS tween. 

iii. Place plate in a lidded sandwich box with a damped paper towel at the bottom 

as to prevent an excessively dry atmosphere 

iv. Place box in incubator at 37ᵒ degrees Celsius for one hour 

v. Safely discard content in wells 

vi. Wash plates thoroughly as in line g. of point 2. 

d. Substrate (TMB) 

i. Add 100 µl to each well. Control blanks get 100 µl of PBS tween. 

ii. Place plate in a dark place at room temperature for 20 minutes or until the blue 

colour is saturated enough – readings over 2.5 are to prevent as the initial 

linear relation between the colour saturation and the Ab titer begins to 

plateaux.  

e. Stopping solution (HCl) 

i. Add 100 µl to each well 

f. Read plate 

i. Turn on ELISA reader and open Ascent software 

ii. Set the measurement mode for continuous 

iii. Set the measurement mode for continuous 

iv. Set the optical density filter for 405 nm (yellow) 

v. Read the plate three times 

g. Validating results 

i. Control blank should have a reading near absolute zero 

ii. Duplicates with a variation of over 20 are considered invalid 

iii. Average duplicates 
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The table below provides a summary of the reagents used. 

Table 78. List of reagents used for conducting the indirect ELISA tests 

Manufacturer Reagent Code Lot/Batch 

Oxoid Phosphate Buffered Saline Tablets 

(Dulbecco A) 

BR 0014 G - 

Sigma Aldrich 

 

Tween 20 P1379 SLBV2781 

Anti-Mouse Polyvalent Immunoglobulins 

(G,A,M)−Peroxidase antibody produced in 

goat 

A 0412 SLBT6258 

Hydrochloric acid 37 258148 STBJ1296 

Biorad 

 

Mouse anti Bovine IgG1 MCA 2440GA 1806 

Mouse anti Bovine IgG2 MCA 2441GA 1801 

Interchim TMB UP 664781 T0803P002 

 

 

 

9.4.2 Data management and parameters 

Table 79 Combination of lesion score across the different data collection time points and the corresponding value 

to the categorical variable created for describing disease progression 

Lesion score in time t Lesion score in time t-1 Value for categorical 

variable “BDD progression” 

No lesion 

No lesion no change 

M1 worsen 

M2 worsen 

M3 worsen 

M4 worsen 

M4.1 worsen 

M1 

No lesion improved 

M1 no change 

M2 worsen 

M3 improved 

M4 worsen 

M4.1 worsen 
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Lesion score in time t Lesion score in time t-1 Value for categorical 

variable “BDD progression” 

M2 

No lesion improved 

M2 no change 

M3 improved 

M4 worsen 

M4.1 worsen 

M3 

No lesion improved 

M1 worsen 

M2 worsen 

M3 no change 

M4 worsen 

M4.1 worsen 

M4 

No lesion improved 

M3 improved 

M4 no change 

M4.1 worsen 

M4.1 

No lesion improved 

M3 improved 

M4 improved 

M4.1 no change 
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9.4.3 Results 

9.4.3.1 Data exclusion 

Table 80. Distribution of the animals excluded from the analysis (n=48) 

 
No of animals excluded due to 

exclusion of untraceable 

samples ( of the total) 

No of animals excluded due 

to exclusion of samples 

without clinical data ( of the 

total) 

No of animals excluded due 

to missing sample(s) ( of the 

total) 

Total ( of the total) 

Farm 1 - 1 (2) 12 (25) 13 (27) 

Farm 2 - 1 (2) 11 (23) 12 (25) 

Farm 3 - 1 (2) 16 (33) 17 (35) 

No information 6 (13) - - 6 (13) 

 

Table 81. Distribution of the samples excluded from the analysis (n=77) 

 No of untraceable samples 

excluded ( of the total) 

No of duplicate samples 

excluded ( of the total) 

No of samples excluded 

due to absent clinical data 

( of the total) 

No of samples excluded 

due to missing sample(s) ( 

of the total) 

Farm 1 - 2 (3) 1 (1) 20 (26) 

Farm 2 - - 2 (3) 17 (22) 

Farm 3 - - 1 (1) 27 (35) 

No information 7 (9) - - - 

Total number of excluded 

samples ( of the total) 

7 (9) 2 (3) 4 (5) 64 (83) 
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Table 82. Distribution of the samples excluded from the analysis due to missing sample(s) (n=64) 

 No of samples excluded due to missing sample(s) ( of the total) 
Total ( of the total) 

30 days pre-calving Around calving 30 days post-calving 

Farm 1 11 (17) 5 (8) 4 (6) 20 (31) 

Farm 2 7 (11) 4 (6) 6 (9) 17 (27) 

Farm 3 10 (16) 10 (16) 7 (11) 27 (42) 

 

9.4.3.2 Correlation between indirect ELISA and other parameters 

 

Figure 48. Indirect ELISA IgG1 reading across the different DD lesion scores across the three data-collection time points 
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Figure 49. Indirect ELISA IgG2 reading across the different DD lesion scores across the three data-collection time points 
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Figure 50. Indirect ELISA IgG1 reading according to presence of active DD lesion across the three data-collection time points 
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Figure 51. Indirect ELISA IgG2 reading according to presence of active DD lesion across the three data-collection time points 
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Figure 52. Indirect ELISA IgG1 reading according to BDD health category  

 



   

418 

 

 

Figure 53. Indirect ELISA IgG1 reading according to BDD health category across the three data-collection time points 
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Figure 54. Indirect ELISA IgG2 reading according to BDD health category  
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Figure 55. Indirect ELISA IgG2 reading according to BDD health category across the three data-collection time points
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Figure 56. Variation in ELISA reading for IgG1 from time t to time t-1 across the different disease progression 

categories 
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Figure 57. Variation in ELISA reading for IgG1 from time t to time t-1 across the different disease progression categories, according to data collection time 

period  
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Figure 58. Variation in ELISA reading for IgG2 from time t to time t-1 across the different disease progression 

categories 
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Figure 59. Variation in ELISA reading for IgG2 from time t to time t-1 across the different disease progression categories, according to data collection time period  
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9.5 Chapter 6 

 

9.5.1 Data reclassification 

 

Table 83. Breed categories in sample subset and reclassification according to National Association of 

Animal Breeders (https://www.naab-css.org/uniform-breed-codes) 

Breed designation Breed reclassification 

AA Other 

AAX Other 

ALL Other 

AYX Ayrshire 

BF British Friesian 

BFX British Friesian 

BRBX Other 

BSHX Other 

BSX Other 

CD Other 

DR Other 

DRX Other 

DS Other 

FKVX Other 

HF Holstein Friesian 

HFX Holstein Friesian 

HO Holstein 

HOX Holstein 

JE Jersey 

JEX Jersey 

MO Other 

MOX Other 

NRX Other 

RWF Other 

SRWX Other 

UNK Other 

 

 

 
Table 84. Health events in sample subset and reclassification 

Health event designation Five-categories 

reclassification  

Six-categories 

reclassification 

bad on feet Other Other 

Bruised Sole Sole lesions Sole lesions 

Bruising W L WLD WLD 

Claw amputation Other Other 

corkscrew Other Other 

COWS Lameness Other Other 
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Health event designation Five-categories 

reclassification  

Six-categories 

reclassification 

Dermatitis score 1 Infectious hoof disease BDD 

Dermatitis score 3 Infectious hoof disease BDD 

Digital Derm Infectious hoof disease BDD 

Digital Dermatitis Infectious hoof disease BDD 

Double Sole Other Other 

Foot Disease- Digi 

dermatitis 

Infectious hoof disease BDD 

Foot Disease- Inti Digi 

Growth 

Infectious hoof disease Infectious hoof disease 

Foot Swollen Other Other 

foreign object Other Other 

Foul in the Foot Infectious hoof disease Infectious hoof disease 

Heel ULCER Sole lesions Sole lesions 

HEIFERS Lameness Other Other 

Hoof Wall Lesion Other Other 

Injured Foot Other Other 

Injured Leg Other Other 

Inter Digital Growth Infectious hoof disease Infectious hoof disease 

Interdigital dermatitis Infectious hoof disease Infectious hoof disease 

Interdigital dermatitis 3 Infectious hoof disease Infectious hoof disease 

Interdigital growth Infectious hoof disease Infectious hoof disease 

Interdigital Ulcer Infectious hoof disease Infectious hoof disease 

joint ill Other Other 

joint injury Other Other 

Lame Other Other 

Lame - crack Other Other 

Lame - dermatitis Infectious hoof disease BDD 

Lame - Injury Other Other 

Lame - interdigital growth Infectious hoof disease Infectious hoof disease 

Lame - Nothing found Other Other 

Lame - Overgrown Infectious hoof disease Infectious hoof disease 

Lame - re trim/check Other Other 

Lame - recheck Other Other 

Lame - sole ulcer Sole lesions Sole lesions 

Lame - sprain Other Other 

Lame - stone damage Other Other 

Lame - thorn damage Other Other 

Lame - white line disease WLD WLD 

Lame- Cut between claw Other Other 

Lame-

Bruising/haemorrhage 

Sole lesions Sole lesions 

Lame-Double Sole Sole lesions Sole lesions 

Lame-Foul Infectious hoof disease Infectious hoof disease 

Lameness Other Other 

Laminitis Other Other 

PUNCTURE Other Other 
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Health event designation Five-categories 

reclassification  

Six-categories 

reclassification 

Punctured Sole Other Other 

PUSS IN FOOT Sole lesions Sole lesions 

Puss in Heel Sole lesions Sole lesions 

Puss in Toe Toe lesion Toe lesion 

Puss in white line WLD WLD 

Slurry Heel Infectious hoof disease Infectious hoof disease 

Sole Bruising 1 Sole lesions Sole lesions 

Sole Bruising 2 Sole lesions Sole lesions 

Sole Bruising 3 Sole lesions Sole lesions 

Sole Bruising 4 Sole lesions Sole lesions 

Sole Bruising/ 

Haemorrhage 

Sole lesions Sole lesions 

Sole Lesions Sole lesions Sole lesions 

Sole Puncture Other Other 

Sole Separation Other Other 

Sole Ulcer Sole lesions Sole lesions 

Sole Ulcer Sole lesions Sole lesions 

Stone Other Other 

Swollen foot Other Other 

Swollen Hock Other Other 

Swollen Joint Other Other 

swollen joints Other Other 

Swollen leg Other Other 

Thin Sole Other Other 

TOE INFECTION Toe lesion Toe lesion 

Toe necrosis Toe lesion Toe lesion 

Toe Necrosis Toe lesion Toe lesion 

Toe Ulcer Toe lesion Toe lesion 

tore foot Other Other 

ULCER ALONG WHITE 

LINE 

WLD WLD 

ULCER IN HEEL Sole lesions Sole lesions 

Under Run Other Other 

UNDER RUN FOOT Other Other 

under run sole Other Other 

White Line WLD WLD 

White Line Abscess WLD WLD 

White line disease WLD WLD 

White Line Lesion WLD WLD 

White line lesion WLD WLD 

White Line lesion/abscess WLD WLD 

White line necrosis WLD WLD 

White line separation WLD WLD 

WLD Abscess 4 WLD WLD 
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9.5.2 Farmer’s questionnaire 
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Firstly thank you for agreeing in taking part of this study. This interview forms part of 

a research project exploring the economic importance of lameness in British dairy 

cattle. As the foundations of the UK dairy supply chain, we are seeking the views of 

dairy producers like yourself. Access to farm-level data is essential to allow us to 

explore the economic importance of lameness to the UK dairy herd.  

I would like to remind you that your participation is completely voluntary and that you 

can “pass” on any question you don’t feel like answering. There are 6 sections to this 

questionnaire. The first four sections will allow us to characterise the farm, to describe 

the inputs and outputs, and also to understand how lameness is managed in the herd. 

The fifth section will explore the milk supply chain and assurance schemes. The final 

section will focus on the operation’s performance indicators and expectations 

regarding the outcomes of this research. Please note that there are no right or wrong 

answers. As explained in the information sheet all the data provided will be kept 

anonymous, and not personal data will be used.  

This interview shouldn’t take more than one and a half hours. Thank you once again 

for your time in participating in this research project. 

 

Date:  / /        

   Start: ______H________ 

 

1. Characterising the dairy operation 

 

1.1. For how long has the farm been running (years)? _________ 

 

1.2. For how long has the farm been running under the current management 

(years)? _____________ 

 

1.3. How’s responsible for the dairy operation (farm manager)? 

_______________________  
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1.4. How old is the farm manager?______ 

 

1.5. Breed 

Mainly Holstein  ☐ Mainly Holstein Friesians   ☐

 Mainly Friesians  ☐ 

Mainly Ayrshire   ☐ Mainly Jersey      ☐

  

Mixed breed herd  ☐     Proportion 

____________________________________________  

Other _______________ Prefer not to say    ☐ 

 

1.6. Calving pattern (peaks? Higher calving rates during specific times of the 

year? 

Year round  ☐ Split  ☐ Seasonal – Spring  ☐

 Seasonal - Autumn   ☐ 

Other _____________________  Prefer not to say   ☐ 

 

1.7. Which of the following options best describes how you manage the herd 

replacement? 

Flying herd  ☐  What is brought in? 

__________________________________________ 

Open herd  ☐  What is brought in? 

__________________________________________ 

Closed herd ☐  What is brought in? 

__________________________________________ 

Other            ____________________________________  Prefer not to say

   ☐ 

 

1.8. Housing regime  

Do all animals have the same housing regime?  Yes ☐  No  ☐ 
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No housing      ☐_______ (no. or  of animal) 

Indoors year-round    ☐_______(no. or  of animal) 

Housed in winter, grazing in summer ☐_______(no. or  of animal)➔ Average 

no. of months per year_________ 

Other _____________________________________  Prefer not to say 

    ☐ 

 

1.9. Housing system 

Are animals housed in the same system?  Yes ☐  No  ☐ 

Cubicle      

 ☐_______________________(no. or  of animal) 

Straw yard/loose    ☐_______________________(no. or  

of animal) 

Other ______________________________________ Prefer not to say 

    ☐ 

 

1.10. Bedding - type 

Are different beddings materials used?  Yes ☐  No  ☐ 

Sand       ☐______________ Straw  

   ☐______________  

Sawdust and Wood Shavings ☐______________ Paper-based bedding materials

 ☐______________ 

Hydrated Lime/Disinfect powder  ☐______________ Rubber matting/cow 

mattress  ☐______________ 

Other ________________________    Prefer not to say 

   ☐ 

 

1.11. Bedding – Management  

How often is the damped bedding removed? 
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How often is fresh bedding added? 

 

1.12. Herd Size 

Total no. of animals _______________   

Size of milking herd at any one time (if block calving size of herd during milking, if 

year-round calving average size of milking herd)_______________ 

Prefer not to say     ☐ 

 

1.13. Farm size 

No of hectares/acres __________________   

Is the land owned?  Yes ☐ No ☐ Partially  ☐ 

__________________________________(area owned) 

Prefer not to say   ☐ 

  

1.14. Arable land 

No of hectares/acres __________________   

How is this area distributed in terms of crops and grassland? 

_____________________________________________ 

 

Prefer not to say   ☐ 

 

1.15. Milking routine and parlour 

What is the daily milking routine?   

 Once ☐ Twice ☐ Three times ☐  Other _____________

 Prefer not to say  ☐ 
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Is there an automated milking system (robot)?  Yes ☐ No ☐  

What is the milking parlour design (how many cows at the same time in the parlour, 

flow,…) 

 

 

2. Inputs 

 

2.1. Feed (if easier to provide proportion of dry matter and average animal 

requirements use those slots, if quantities are not known please provide the 

yearly costs with forage/silage and concentrate) 

How much feed per year (tons/kg)?       Forage________

  Concentrate______________  

How much dry matter intake per year per animal (tons/kg)?  

 Forage_________ Concentrate______________  

Proportion of dry matter per ton?     

 Forage_________ Concentrate______________  

 Cost per unit of weight (ton/kg)?     

 Forage_________ Concentrate______________  

 

2.2. Herd replacement 

Number/proportion of animal being replaced per year? 

Main reasons for replacement? 

Body conformation  ☐  Reduced milk yield  ☐ Infertility

   ☐  

 Other ______________________________________________ Prefer not to say

  ☐ 

Costs of replacing a cow? 

 

2.3. Bedding 

How much bedding per year (tons/kg)? 
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Sand _________________ Straw_________________ Sawdust and Wood 

Shavings___________________ 

Paper-based bedding materials_______________ Hydrated Lime/Disinfect 

powder____________________  

Rubber matting/cow mattress _______________ Other _____________________

 Prefer not to say  ☐ 

 

Cost per unit of weight (ton/kg)? 

Sand _________________ Straw_________________ Sawdust and Wood 

Shavings___________________ 

Paper-based bedding materials_______________ Hydrated Lime/Disinfect 

powder____________________  

Rubber matting/cow mattress _______________ Other _____________________

 Prefer not to say  ☐ 

 

2.4. Milk tank 

How many milk tanks?_____________       

 Capacities?___________________ 

Costs with buying and installing (£)?_____________ Maintenance costs per 

year (£)________________ 
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2.5. Labour 

How many people work in the farm and their position/job? 

 

How many man hours/per year are required to manage the operation (per 

position/job if possible)?  

 

Average costs per man hour (per position/job if possible)? 

 

Proportion dedicated to animals, milk and housing ______________ 

Proportion dedicated to growing crops ________________________ 

Permanent staff? 

Seasonal staff? 

 

2.6. Vet services 

Average costs with vet services per year per cow (or yearly costs with vet services)? 

How do costs distribute? 

Drugs  ☐  Vet time due to disease ☐  Reproduction visit ☐

  

Other ______________________________________________ Prefer not to say

  ☐ 

 

Costs with lameness and/or specific diseases? 

Costs related with lameness per year? 

Are cows served by farm staff?   Yes ☐  No 

 ☐_______________________(who and costs)  

 

2.7. Fertilizer (if quantities are not known please provide the yearly costs) 

How much fertilizer per year? ______________   Cost per unit of weight 

(ton/kg)?___________________ 

 

2.8. Gasoline/Petrol (if quantities are not known please provide the yearly costs) 
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How much gas per year? ___________________ Cost per unit of volume 

(Lt)?_______________________ 

 

2.9. Water (if quantities are not known please provide the yearly costs) 

How much water per year? _________________ Cost per unit of volume 

(m3)?______________________ 

 

2.10. Electricity (if quantities are not known please provide the yearly 

costs) 

How much energy per year? ___________________ Cost per 

kw?_________________________________ 

 

2.11. Land (if quantities are not known please provide the yearly costs) 

Rented area? ___________________ Cost per acre per 

year?_________________________________ 

 

2.12. Vehicles/machinery 

Which and how many? 

____________________________________________________________________

_ 

Value (£)?____________________ Maintenance, insurance and  tax costs per year 

(£)________________ 

 

 

 

 

 

 

3. Outputs 

 

3.1. Milk 
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Average milk per year per cow (litre/gallon/ton/kg)? ____________Average number 

of days per lactation?_________ 

Selling price (litre/gallon/ton/kg)? 

Access to milk yield at cow level?  Yes ☐ (tick below where data is available)

  No  ☐ 

Farm software  ☐________________ CIS/QMMS/NMR ☐  

 TotalVet ☐ 

Other______________________  Prefer not to say  ☐ 

 

3.2. Fertility 

Calving index (average days between calvings)_____________ Calving to first 

service interval____________ 

Voluntary waiting service period_________________  calving to 

conception interval_________________  

Days open______________ First service pregnancy rate ________ 

 Overall pregnancy rate _____________  

Average no of AI per cow_______  

Sexed semen ☐________ Conventional☐___________ Beef

 ☐_______________ 
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3.3. Calves 

  

No of 

heads 

Total number of calves   

  

No of 

heads 

Price per 

head 

Born from sexed 

semen 

BW female kept for replacement     

BW female sold as replacement     

  

No of 

heads 

Price per 

head 

Born from 

non-sexed 

semen 

BW 

Males 
Sold shortly after calving     

Raised and sold for beef     

Females 

Kept for replacement     

Sold as replacement     

Sold shortly after calving     

Raised and sold for beef     

Beef 

Males 
Sold shortly after calving     

Raised and sold for beef     

Females 
Sold shortly after calving     

Raised and sold for beef     

 

 

Access to fertility data cow level? Yes ☐_____________________(data 

source)  No  ☐ 

 

3.4. Cows exiting the herd 

How many cows per year?_________ Culled cows to beef 

market?_________Selling price _____________________ 

Access to culling/replacement data at animal level? Yes

 ☐___________________(data source)  No  ☐ 
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3.5. Sold forage  

How much forage per year?___________________Selling price (ton/kg)? 

_______________________ 

Other? 

 

3.6. Offered services 

Services offered? __________________________Price 

(hour/area)?_____________________________ 

Other? 

 

3.7. Other outputs 

Any other outputs to consider?  

Price? 

 

4. Lameness Management and Control 

 

4.1. Is the herd screened for lameness?  Yes ☐  No  ☐ 

 

4.2. Mobility scoring 

Is the herd mobility scored?    Yes ☐ No  ☐ 

Is the mobility scoring outsourced  Yes ☐  No  ☐ Price 

_________(per session) 

Is the mobility scoring done by farm staff  Yes ☐  No  ☐

 hours_________(per session) 

If mobility scoring is done by farm staff, did the person received training? 

___________ If so how much it cost to train that person?________________ 

How often is the herd mobility scored? 
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4.3. Footbaths 

Do you have footbaths   Yes ☐ Number______________ No  ☐ 

Price of equipment (£)_____________  Yearly maintenance 

(£)_________ 

What do you use for the footbaths?  

Formaline ____ ☐  Copper sulphate ____ ☐ 

 Other__________________ ☐ 

How frequently do animals for through the footbath(s)? 

Formaline  ____________  Copper sulphate _______________ 

 Other__________________ 

How frequently do you change the solution? 

Formaline  ____________  Copper sulphate _______________ 

 Other__________________ 

Costs with products per year (£)  

Formaline  ____________  Copper sulphate _______________ 

 Other__________________ 

 

Do dry cows and youngstock go through the foot baths? 

___________________________________ 

 

4.4. Automated lameness detection systems 

Automated lameness detection system?  Yes ☐ ________________ 

Number______________ No  ☐ 

Price of equipment and software (£)___________  Costs with consumables/tags per 

year/animal (£)_________  

Yearly maintenance/subscription (£)__________  

 

4.5. Improvement in cow comfort 

Investment in cow comfort? 

Size of investment? 
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4.6. Do you quarantine recently purchased animals before adding them to the 

herd (if closed herd jump to 4.8)? ___________ If you do please describe 

the procedure. 

 

 

 

4.7. Do you source your replacement animals from certified suppliers? 

____________ Are these animals tested for health problems? 

_________________ If so what tests do these animals take? 

_____________________ 

 

 

 

4.8. Hoof trimming 

 

Is the herd hoof trimmed Yes ☐  No  ☐    How often and 

when________________________________    

Which animals are hoof trimmed?_________________________________ 

 

Is the hoof trimming outsourced   Yes ☐  No  ☐

 Price _________(per animal or month)  

If  per animal how many animals on average per session______________ 

 

Is the hoof trimming done by farm staff  Yes ☐  No  ☐

 hours_________(per animal, week or month) 

If per animal how many animals on average per session and how often is hoof 

trimming done per month______________ 

 

If hoof trimming is done by farm staff, did the person/people received training? 

___________ How many?_______ 

If so how much it cost to train one person?______________ 
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4.9. Explain how does the farm go about managing a lame cow? Who is 

responsible for detecting a lame cow? Who is responsible for treating a lame 

cow? When do you call the vet? How much does it cost to call the vet? What 

are the costs associated with treating a lame cow? 

 

 

 

 

 

5. Assurance schemes and milk supply chain 

 

5.1. Are you part of an assurance scheme for food production?  Yes

 ☐_________ (£) No  ☐ 

 

5.2. Could you tell us which ones?  

 Red tractor ☐  Arlagarden   ☐  Arlagarden 360 

  ☐  Soil association  ☐ 

 RSPCA   ☐   Other_____________  ☐  

Other____________ ☐  Other_________☐ 

 

5.3. Are you audited for that?  Yes ☐  No  ☐ 

By whom, how frequently and what do they check? 

 

 

 

5.4. Are you under a supply contract with any food retail company?  Yes ☐

  No  ☐ 

 

5.5. Could you tell us which one? 
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5.6. Does the scheme has any specific policies for animal health and welfare, in 

particular with regards to lameness? 

Locomotion scoring_________☐ Body condition scoring_________☐ 

 Cleanliness scoring________☐  

 Video cameras__________(£)☐ Health records_______________ ☐  

 Can’t feed milk waste   ☐  

Calves kept until 8 weeks   ☐  ___________________________☐  

 _______________________ ☐   

________________________  ☐  ___________________________☐  

 _______________________ ☐  

 

5.7. Are you audited for that?  Yes ☐  No  ☐ 

By whom and with which 

frequency?___________________________________________________________

__  

 

5.8. Tell me a bit more about that? What does this contract imply from your 

side? What are the benefits for you? 

 

 

 

 

6. Informing dairy farmers 

 

6.1. When looking at the economic performance of your farm, what 

measure(s)/indicator(s) do you look for (margin over feed, pence per 

litre,…)? 
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Margin over feed ☐ Pences per litre ☐  Costs of production per 

litre ☐  

 ______________☐ _____________ ☐  

 _____________________ ☐  

 

6.2. What do you believe would be positive outcomes of this research for the 

dairy sector? 

 

------------------------------------------------------------------------------------------------------

------------------------------ 

This is the end of the interview. Thank you once again for your time and willingness 

to participate in this research. Do you have any question? 

Finish: 

______________H___________

__ 
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9.5.3 Funding bodies questionnaire 

 

 

 

 

 

Global Burden of Animal Diseases: 

A Case-study on Lameness 

 

 

 

British Dairy Cattle Lameness Research Funding 

 

 

 

September 2019 

Joao S. Afonso 

[jafonso@liverpool.ac.uk]
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This questionnaire forms part of a research project exploring the economic importance 

of lameness in British dairy cattle. Acknowledging that part of the expenditure with 

lameness derives from the funds dedicated to its research, we are seeking the input of 

research groups and related organizations such as yours.  

Your participation is completely voluntary, and it should not take more than 15 min 

of your time.  

We would like to thank you for your time in participating in this research project. 

  

1. British Dairy Cattle Lameness Research Funding 

 

1.16. How much funds are allocated on average per year into the research 

in British Dairy cattle over the last 5 years?  

 

____________________________________________________________________

_____________  

 

1.17. On average how much of these funds are sourced from British 

funding bodies over the last 5 years?  

 

____________________________________________________________________

_____________  

 

1.18. Which were the bodies/organizations receiving the funds?  

 

____________________________________________________________________

_____________  

 

 

1.19. Which of the below options best describes your organization? 

Government institution   ☐ 

Foundation      ☐ 

Charitable body    ☐ 
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 Other _______________________ 

Prefer not to say    ☐ 

 

 

 

 




