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Abstract 

 
Improvements to reproductive performance on dairy farms make an essential 

contribution to improvements in farm efficiency, which forms an important part of the 

economic and environmental sustainability of the industry. This project has extended 

investigations into improvements in reproductive performance by examining key 

contributing factors, such as health events, environmental conditions and management 

decisions made by farmers. This has been done by both analysing UK herd data using 

regression modelling and by developing and using a method for rapid evidence review. 

Evidence synthesis techniques were then used to combine multiple sources of 

information. Results from both of these techniques were then used within stochastic 

simulation models to evaluate the relative importance of the different factors.  

 

Relationships between periparturient and early lactation health events and reproductive 

performance were explored using a rich agri-informatics dataset from 468 UK dairy 

herds. This updated existing literature on the relationships between commonly occurring 

health events and reproduction. This showed significant and negative associations 

between several important health events that generally occur in the crucial period 

between calving and the first weeks of lactation, and reproductive performance. 

 

Current research knowledge in key areas of the field of dairy cow reproductive 

performance was identified. A systematic literature evaluation was carried out which 

included conversion of results into a mathematical format whereby they could be used 

further in the project as inputs for a decision model. Areas to be evaluated included 

heifer rearing, oestrus detection, genetics, endemic infectious disease, the dry period, 

energy balance and heat stress. These were then used as inputs to meta-analysis 

techniques to produce a pooled “result” summarising literature evidence in each of the 

areas. 
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The potential herd level impact of periparturient and early lactation events in comparison 

to background herd level factors was explored using simulation modelling. This allowed 

assessment of the association between the factors and herd level performance in 

contrast to their association at an individual cow level. This showed that although 

relevant to an individual lactation, the health events were less likely to have a 

substantial impact on reproductive performance at herd level.  

 

Many of the most important factors influencing dairy cow reproductive performance 

identified by literature evaluation earlier in the project were contextualised using 

stochastic simulation modelling. Evidence from various sources were brought together 

and the impact of these factors was compared and quantified. This established that a 

number of these factors can have a considerable impact on performance and allowed 

these impacts to be quantified. The installation of automated activity monitors, the use 

of bulls with high fertility index scores and the reduction in the prevalence of subclinical 

ketosis appeared to have the greatest impact on reproductive performance. 

 

This project has added to the scientific knowledge of dairy cow reproductive performance 

by exploring relationships between common factors and performance using established 

and more novel techniques and presenting results in simple and interpretable ways. 

Although substantial between herd variability remains unexplained by factors that were 

investigated, other substantial associations with reproductive performance have been 

explained, specified and quantified.  
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1. Introduction 
 

1.1 Current position of UK dairy industry and 
milk consumption 

 

The number of dairy cows in the UK stood at 1.856 million in December 2020, a figure 

which is down 0.6% on the previous year and increases the rate of a recent downward 

trend, with milking cow numbers down 1.5% since 2014. Despite fewer cows, milk 

production per cow has increased, with overall national production experiencing a recent 

increase. Milk production in the UK declined steadily and consistently from just under 14 

billion litres in 2000-01 to just under 13 billion litres in 2012-13 but has since reversed 

this trend to rise steadily and consistently to just under 15 billion litres produced in 

2019-20. The most marked change in industry stratification however is in the number of 

dairy farms in the UK. This stood at 12,209 in 2019, down from 16,008 in 2009 and 

drastically reduced from 30,221 in 1999 (Shahbandeh 2021a, AHDB 2021a). 

 

Trends in UK milk consumption are shown in Table 1.1 and indicate that although liquid 

milk usage has fallen in the last 20 years, the reduction has been offset by increases in 

milk products, especially cheese. Recent market analysis has shown that 80-95% of 

households had bought milk in the preceding 4 weeks, and the amount spent per 

household had increased slightly in recent years (though decreased slightly in real 

terms) with 167p per person per week spent in 2006 and 190p per person per week in 

2019 (Shahbandeh 2021b, Uberoi 2021). 

 

Agriculture accounted for more than 1.1% of UK Gross Domestic Product (GDP) in 1990 

but this has more than halved in the last 30 years to 0.55% in 2020. Milk accounted for 

16.4% of total agricultural output in the UK in 2020 and was worth £4.4bn in market 

prices. The UK agricultural industry provided approximately 60% of the food consumed 
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in the UK in 2020 (Uberoi 2021, Anon 2021a). Although agriculture as a sector is 

reducing as a proportion of the UK economy, the sector remains essential to the 

population and milk production remains a key part of this. Despite falling cow numbers 

and a substantial decrease in the number of dairy farms, milk production and 

consumption continue to increase. Challenges remain for the UK’s 12,000 dairy farmers 

to maintain output to meet demand.  

 

Table 1.1 UK milk usage trends 2000-2020 (from Uberoi, 2021) 

UK milk usage 

(million litres) 

Year 2000 Year 2020 Percentage change 

between 2000 and 

2020 

Liquid consumption 6793 6254 -7.9% 

Butter 270 398 +47.2% 

Cheese 3037 4620 +52.1% 

Cream 239 333 +39.4% 

Yoghurt Not recorded 531 Not recorded 

Condensed milk 522 351 -32.8% 

Milk powder 1821 888 -51.2% 

Other manufacture 644 676 +4.9% 

 

1.2 Threats to UK dairy industry 
 

Consumption of alternatives to cow’s milk is increasing rapidly in the UK, with younger 

age groups particularly purchasing plant-based alternatives, which are currently thought 

to be increasing in volume sold by over 5% per year. The total spent on plant-based milk 

alternatives reached £394 million in 2020, but this figure remains small in comparison to 

approximately £3 billion spent on liquid milk.  
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The plant-based milk alternative market is both increasing and changing rapidly. Almond 

milk was the most popular cow’s milk alternative in 2020 (bought by 19% of consumers 

in a two-month period in 2020). This was followed by consumption of soya milk (16% of 

consumers), coconut milk (13%) and rice milk (6%). These figures were much higher 

amongst younger consumers, with 30% of the 35 to 44 age group purchasing almond 

milk in this two-month period, compared to 7% of over 55s. By 2021, a huge increase in 

year-on-year consumption of oat milk had made it the most popular plant-based milk 

alternative in the UK (Juliano 2018, Anon 2021b, McKevitt 2021). 

 

Many of the reductions in the percentage of UK households purchasing liquid cow’s milk 

and the accompanying increase in plant-based milk alternatives, especially in the 

purchasing patterns of younger people, are thought to be driven by concerns for the 

purchaser’s own health. There is a perception that a vegan diet is likely to lead to 

reduced rates of cancer, high cholesterol, high blood pressure and certainly lactose 

intolerance than an omnivorous diet (Key 2014).  

 

Other societal pressures to reduce milk consumption are based around concerns about 

the contribution of agriculture to carbon emissions. A direct contribution from 

agriculture, forestry and land use is thought to contribute more than 10% of total global 

greenhouse gas emissions. When other indirect food contributions are added (such as 

refrigeration, processing and packaging and transport) it is estimated that the production 

of our food is currently leading to over 25% of global emissions (Lynch 2021, Ritchie 

2020, Anon 2021c). Livestock are likely to currently be contributing over 50% of these 

emissions from food production. This is made up of 31% directly from methane 

production through enteric fermentation in the guts of livestock, 16% from conversion of 

forests and grasslands to land for grazing, and 6% from crop production for animal feed 

(due to nitrous oxide and methane release from fertilisers and manure) (Poore 2018).  

 



14 

 

The dairy industry is thought to contribute more than 30% of the emissions coming 

directly from agriculture (de Vries 2019, Geber 2011, Opio 2013), amounting to as much 

as 2.1 gigatonnes of CO2 per year. Mitigation strategies for other sectors are much 

advanced compared to agriculture. Initial strategies for the dairy industry centre on 

increasing yield per cow, which although more intensive should decrease emissions per 

litre of milk produced despite emissions per cow increasing. This global crisis is often 

expressed on an international level but does seem to be starting to influence milk 

consumption in the UK, which forms an immediate threat to UK dairy farmers through a 

decreased market for their milk. 

 

Other global issues also threaten individual UK dairy farmers. Non-UK nationals have 

provided reliable and skilled labour on UK dairy farms for many years. Recent increasing 

emphasis on reducing immigration numbers has impacted the number of workers 

available and many farmers are finding it difficult to recruit suitable staff. The dairy 

industry is starting to attempt to offset this by increasing the number of robotic milking 

machines installed but levels of staff remain difficult to manage and reinvestment in an 

alternative method of milking cows is not a viable option for many. 

 

Since milk is a commodity, the price paid to farmers can fluctuate wildly in line with 

distant political and economic storms. Although not even an extreme example, the 

average UK price of 32.55 pence per litre in October 2021 was 8.5% above the same 

month in 2020, despite a very similar national volume of milk produced (UK Government 

2021). As a result of the price fluctuations, often accompanied by large fluctuations in 

production costs such as fuel and concentrate feed, dairy farmers can find it difficult to 

plan and then to improve and to invest. These challenges drive the need for efficiency at 

a farm and industry level in order for the UK dairy industry to be sustainable in the 

future. 
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1.3 Reproduction in UK dairy herds 
 
One of the most widely cited ways of improving efficiency is to maximise reproductive 

performance (Bello 2012). During the period 2000-2010 there was considerable 

emphasis on the decline of fertility in dairy cows, both in the UK and around the world 

(Bello 2012, Royal 2000, Lucy 2001). This trend was reported in the UK in a study of 

214 UK herds from 2000 to 2007 with declines in reproductive performance from 

lactations starting from 2000 to 2005 followed by an uptick in reproductive performance 

from lactations starting from 2006 to 2007 (Hudson 2015).  

 

More detailed review of elements of this process will be discussed in section 1.4. In 

short, this uptick in UK reproductive performance was reported to be principally as a 

result of improved submission rate (the rate at which cows are detected in oestrus and 

inseminated) rather than conception rate (the rate at which inseminated cows become 

pregnant) and theorised to be explained by increased use of oestrus detection aids, 

increased use of software to improve targeting of cows eligible for insemination and 

increased herd size resulting in an increase in the size of sexually active groups in 

oestrus (Hudson 2015).  

 

The timing of this reversal may also be explained by incorporation of fertility indices into 

genetic bull selections (Wall 2002) and an increased focus on fertility performance which 

has permeated the industry, creating interest and a change in emphasis. Norman in 

2009 in USA suggested a partial recovery in dairy fertility coinciding with the 

incorporation of daughter pregnancy rate into bull genetic evaluations in 2003, despite 

no apparent slowing down in the rate of increase of milk production per cow (Norman 

2009).  

 

Since 2010 UK trends have continued to improve. An annual report published on behalf 

of the commercial milk laboratory and data repository National Milk Records (NMR), and 
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initially the University of Reading has highlighted the performance of a convenience 

sample of 500 herds. This represents 3-5% of UK herds over this period and usually 

allows consistency from one year to the next by using the same herds as in previous 

years with replacement herds added at random from the 5,000 total NMR herds. Table 

1.2 has been brought together here from the 11 separate annual reports from 2010 to 

2020 to show trends in key parameters.  

 

Table 1.2 Trends in UK reproductive performance 

 

• from Hanks (2010-2020)  

• Parameters defined in these reports as follows: 
• Conception Rate/%= The number of conceptions as a percentage of the total number of services (services to cows culled are 

included) during the analysis period. 

• Submission Rate/%= The percentage of cows that are eligible for service (42 days+ after calving and not barren or already 

pregnant) during the analysis period that are served per 21 day (oestrous cycle) period.  

• Pregnancy Rate/%= The percentage of cows that are eligible for service (42 days+ after calving and not barren or already 

pregnant) during the analysis period that conceive per 21 day (oestrous cycle) period. 

 

Parameter/Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Conception Rate 32 31 31 32 33 32 34 34 35 35 35 

Submission Rate 27 29 30 32 36 33 38 38 37 39 40 

Pregnancy Rate 9 9 10 11 12 11 13 14 13 14 14 

 

 

This shows a considerable improvement in this period, in both conception rate and 

submission rate, but with the overall pregnancy rate improvement fuelled mainly by 

improved submission rate.  

 

1.4 Measurement of herd reproductive 
performance 
 

It is important to be able to monitor reproductive performance on all dairy farms in order 

to assess current position, assess trends, compare against others and set targets. 

However, it is especially important to be able to determine whether improvements in 
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herd reproductive performance would result in improvements in farm financial 

performance. Good fertility is inherently linked to income, principally through it’s ability 

to deliver early lactation cows (with higher daily yields than late lactation cows), to 

deliver calves for sale or eventual herd improvement and to avoid culls with associated 

costs of replacement of the cull cow’s place in the herd. The links between production 

and reproduction are discussed in more detail in section 1.7. 

 

When measuring reproductive performance, it is important that parameters chosen are 

easy to use and comprehend by a wide ranging audience, that figures accurately 

represent true performance, are up to date and not historical, and allow detail to strip 

back the exact areas of poor performance in a multifactorial area. 

 

1.4.1 Measuring reproductive performance using interval data  
 

The time period between two calvings is one way of assessing reproductive performance. 

The calving interval parameter has been commonly used and can even be used from 

paper records to assess current and historic performance. It is usually used as an 

average (for example of cows calving in a calendar year) known as calving index. 

Although these measures often do not require software programmes to calculate and are 

easy to describe and understand, use of them can be accompanied by flaws. 

 

The use of calving interval is generally retrospective since it requires the cow to calve a 

second time and therefore a cow conceiving today will not influence calving interval for 

another 281 days. In addition to this, there will often be a downward bias introduced 

since early calving cows (those with good reproductive performance) will calve first and 

alter the calving interval first and artificially enhance performance which will correct over 

time as later calving cows (with poorer reproductive performance) calve. Results are 

therefore firstly considerably historical, then inaccurate and very historical, then accurate 

but extremely historical.  
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Some cows (often those with poor reproductive performance) do not recalve and 

therefore do not contribute to the calving interval figure. Herds with high culling rates 

can therefore appear to have artificially good calving intervals. The distribution of the 

data when assessing the calving intervals from a group of cows is often right skewed (a 

heavy ‘tail’ of longer intervals). A measure of assessing spread from the central estimate 

should therefore be used, but this quickly removes both the requirement for easy 

calculation and straightforward explanation and comprehension by those discussing the 

results.  

 

Other interval parameters representing smaller parts of the lactation can also be 

calculated, such as the average time from calving to conception and the average time 

from calving to first service. Calving to conception interval is less retrospective than 

calving interval as the end point of the interval is a successful insemination. Calving to 

first service interval provides information about a specific part of the reproductive 

process (submission in cows that are yet to receive an insemination). 

 

1.4.2 Measuring reproductive performance using proportion or 

rate data 
 

Calculation of rates show a proportion of cases in which a specified criterion is met (e.g. 

the proportion of cows receiving an insemination in a 21 day period, the proportion of 

inseminations leading to a pregnancy or the proportion of cows pregnant within 100 days 

of calving) in a given time period. Using rate data has the huge advantage of being less 

retrospective than using interval data.  

 

Success of service has been measured using a rate, with the proportion of inseminations 

being successful being known in the UK as “conception rate”. The term “pregnancy rate” 

would perhaps be more appropriate since this is in reality an assessment of the 
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proportion of cows that are diagnosed as pregnant at pregnancy diagnosis (the number 

that conceived and subsequently lost the pregnancy, often around 16 days post 

insemination would likely have made the “conception rate” far higher than the 

“pregnancy rate”).   

 

1.4.3 The components of reproductive performance and 21 day 
pregnancy rate 
 

When assessing reproductive performance, it is often useful to start by evaluating the 

components of successful reproductive management. Broadly speaking, this comes down 

to inseminating a large proportion of the cows that are eligible and having a high 

proportion of those inseminated becoming pregnant. The management decisions and 

health events that farmers must tackle are simply involved with maximising these two 

areas.  

 

1.4.3.1 Submission for insemination 
 

Oestrus detection is a complex and very important area and will often be a main 

determinant of overall fertility performance in a herd (Tenhagen 2004). When evaluating 

performance it is important to consider the accuracy of oestrus detection (the proportion 

of inseminated cows that were in oestrus) and the sensitivity of oestrus detection (the 

proportion of cows in oestrus that were inseminated). 

 

The period of the lactation immediately after the voluntary waiting period (VWP, the time 

between calving and when a cow is determined eligible for insemination on that farm) is 

crucial to herd reproductive performance. The 24 day first service submission rate (the 

proportion of cows inseminated in the 24 days after their VWP ends) effectively reflects 

the proportion of cows receiving a first insemination at the first opportunity. It is 

important to remember that first service submission rates can also be affected by 
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periparturient or early lactation disease (cows affected by uterine or ovarian disease may 

have reduced rates). 

 

1.4.3.2 Conception or pregnancy 
 

It is also essential to ensure that as many inseminations as possible lead to a pregnancy. 

As discussed above this is straightforward to measure, using the proportion of 

inseminations that lead to a pregnancy. This will be described as conception rate from 

this point, to allow the ability to distinguish from the more encompassing term “21 day 

pregnancy rate” discussed below.  

 

Regular and early pregnancy diagnosis means that the conception rate can usually be 

assessed accurately with only a 1 to 2 month delay from when the inseminations 

occurred. Not all herds use pregnancy diagnoses either by examination of the uterus per 

rectum or by in line milk sampling. In these herds, conception rates are assessed using 

non-return to service after a specified period of time or a subsequent calving. The former 

is clearly heavily affected by return to service submission rate (as herds where ability to 

detect returns to service is poor will have a higher non-return rate), while the latter 

makes analysis retrospective. 

 

1.4.3.3 Monitoring reproductive performance using three-week 
time periods 

 
One of the most useful and least retrospective methods of monitoring reproductive 

performance is to measure the proportion of eligible cows that become pregnant every 

21 days (de Vries 2005). This can be referred to as “fertility efficiency” but is most 

commonly known as “21 day pregnancy rate” and will be referred to as such for the 

remainder of this project. 
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Increasingly this is being used in conjunction with the proportion of eligible cows that are 

served in the three-week period (submission rate) and the proportion of cows served 

that become pregnant. In this way, the key elements of reproductive performance are 

monitored over time with a minimum delay. The eligible population (determined 

separately for each 21-day block) is defined as cows intended for breeding that have 

passed through the VWP and that are not yet pregnant. This three-weekly summary 

provides an early indication of whether submission or conception is currently the main 

limiting factor. 

 

It is essential to be able to pinpoint what area is most contributing to overall poor 

reproductive performance. This may lead to the need to go back to a series of 

parameters, including interval parameters, to aid the building of a full picture. Regular 

reviews of reproductive performance are increasingly used by farmers and their 

veterinary surgeons and advisers to determine trends and assess areas where change is 

required. 

 

1.5 Role of the veterinary surgeon in improving 
reproductive performance 
 

Routine fertility visits (often known as routines or RFVs) have been a bedrock of cattle 

practice in the UK for several decades. They provide a regular point of contact with a 

farmer, often not needing diary reminders and taking place on a very regular basis, 

usually either weekly, fortnightly or four-weekly on the same day of the week. They 

serve as an opportunity to discuss any issue about the relationship between the practice 

and the farm, a regular income source for the practice, a social event, a chance to 

examine any sick animals, a chance to inspect groups of animals and their environments 

and certainly an opportunity to examine and advise on the fertility status of individual 

cows and of herd reproductive performance.  
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It becomes the responsibility of the veterinary surgeon assigned to the farm to manage 

the relationship. As a minimum it is expected that the individual cows presented will be 

examined with proficiency and that attempts at treatment to reduce the calving interval 

of individual cows are logical, understandable and cost effective. Work at this level 

usually involves examining individual cows for pregnancy diagnosis, for non-detection of 

oestrus and for checks for ovarian and uterine disease after calving.  

 

Many farms expect veterinary surgeons to be comfortable monitoring herd reproductive 

performance on the farm, information which usually originates either from direct 

downloads of information from the farm’s software or from information collected and 

stored by a third party (especially milk recording companies). Although there are 

commonly used farm adviser programmes that generate parameters to allow analysis, as 

well as graphics and reports, it is increasingly useful to be able to adapt data in a variety 

of formats in order to quickly assess a farm’s current position.  

 

Use of this information at routine fertility visits (either through giving advice on 

information presented by the farmer from their own software or by bringing reports 

prepared in advance for discussion) is expected in work at this level. This might include 

monitoring of the 21 day pregnancy rate over time for the individual farm, comparing it 

to other farms and breaking down any trends identified, into for example showing that 

conception rate has reduced over a hot spell of weather in summer or since the 

introduction of a policy of fixed time AI for cows not served by 70 days in milk. Further 

skills required for veterinary surgeons attempting to work in this area include the ability 

to assimilate information and identify small numbers of key points and provide very brief 

and succinct summaries that are likely to result in the farmer understanding the problem 

and the advice required to improve the situation. 
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It is often appropriate to conduct regular fertility reviews at intervals such as every 3,6 

or 12 months depending on the size of the herd. This is often done by the veterinary 

surgeon that normally performs the herd’s routine fertility visit but extra information or 

opinion can be useful if this is performed by another veterinary surgeon in the practice 

or from an external organisation. This would normally also incorporate other herd health 

areas and may be an excellent opportunity to discuss how, for example, culls for fertility 

fit into the herd’s overall culling policy. Or it may be an opportunity to discuss methods 

to improve overall submission rate such as the introduction of activity meters and likely 

financial returns on this investment. It is usually of benefit to include all farm staff and 

family members involved in the farm business in this discussion to improve motivation 

and make sure any plans, especially those involving investment, can realistically be 

achieved. 

 

Veterinary surgeons in UK cattle practice are used to evolving their skills and service 

offerings to their clients. Since routine fertility visits are such a staple part of the 

relationship between farm and practice, and since reproductive performance is such an 

important area to the farm financially and usually has considerable scope for 

improvement, they may be the most obvious starting point for the development of skills 

that are currently less commonly used. Probabilistic techniques such as the use of 

stochastic simulation modelling are not commonly used currently to aid decision making 

by farmers. Examples of this would for example be to use simulation to assess the 

associations between a herd policy of a dry period length of 35, 42, 49 or 56 days and 

production, reproduction, mastitis and lameness. Such an approach could aid farmers to 

make better decisions with probabilities attached to outcomes and a likelihood of offering 

advice that could greatly enhance herd performance and profitability. 
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1.6 Use of data in assessment of herd 
reproductive performance 

 

1.6.1 Traditional methods of collection of reproductive 
performance data 
 

There is naturally a huge range across the 12,000 UK dairy farmers in levels of interest 

and ability with technology. There are many herds who rely principally on paper records 

such as a daily dairy diary and do not milk record every month. These farms may rely on 

their individual veterinary surgeon or adviser performing a bespoke bureau service or 

rely on their own data skills or judgement to analyse reproductive performance. 

 

Seasonal calving herds can often present a related but different challenge for bringing 

reliable data into analysis programmes. Seasonal calving herds will often for example 

milk record every other month, or twice after calving and twice before dry off only, or 

quarterly to coincide with Johne’s disease milk serology testing. As a result, the quality 

of data is often not as high as otherwise comparable all year round calving herds. In 

addition, seasonal calving herds are also often more comfortable using different 

parameters to all year round calving herds. It can therefore often require data to be 

sought from different sources and using different terminology.  

 

Reproductive performance data can also be recorded by a milk recording technician, 

which can result in a reasonable amount of information being stored and available on 

farm office and parlour software. There is a good uptake of this service, with NMR (one 

of the milk recording organisations) recording more than 40% of the UK dairy herds 

(Hanks 2010-20). This system can garner a lot of information, often with little input 

directly from the farmer, but the data can lack detailed events and its existence does not 

necessarily equate to a farmer understanding and wanting to use it.  
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1.6.2 On farm software 
 

Software systems either as standalone systems or supplied as part of the technology 

associated with the milking parlour or robots are being used increasingly for day to day 

management. These allow farmers to record individual cow data which can be integrated 

with other information (often from the milking machine and on cow sensors) to allow 

sophisticated analysis of reproductive performance. The data recorded in this way are 

increasingly recorded at the side of the cow (or via transcription on to the farm office 

computer) in real time and vary considerably in the level of detail that is recorded. A 

reasonable degree of technological ability is required but as herd sizes have increased, 

the popularity of computer recording systems have also increased, and in many herds 

the cows can now be identified and information about their clinical history and 

performance described only by reference to software records. 

 

The original purpose of herd software systems, to allow easier and more efficient day to 

day management of the herd, has been supplemented by the ability to also use them to 

readily monitor performance across the herd, and to identify potential areas for 

improvement. Farmers can see the benefits to their businesses of routine performance 

monitoring and management through their own data and often their own recording of it. 

 

Biosensors are increasingly used both in day to day individual cow management and 

more in depth herd level analysis (Hudson 2018). On animal sensors measuring activity 

and using it to predict oestrus are the most high profile example, but both on animal and 

in line sensors are used in further areas. These include rumination, milk flow, 

concentrate feed intake, electrical conductivity of milk, body temperature and force 

plates. These have many uses, including identifying mastitis, lameness, individual sick 

cows and predictions of timings for insemination. In many cases, many sources of data 

are brought together and algorithms applied to detect any abnormalities from the 

normal. This will often present the farmer with action lists (such as cows to be examined 
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for sickness) and graphs showing trends over time which aid decision making for 

treatments.  

 

1.6.3 Big data 
 

Big data has been discussed as a concept for more than 25 years and is a well known 

phrase to many in society, permeating medicine, industry, financial services, marketing, 

retail and business. It has been defined in many ways since the first 4 ‘Vs’ (volume, 

velocity, variety and veracity) were described in 2001 with attempts to add more ‘Vs’ 

and even ‘Ps’ (Kitchin 2013, Kitchin 2016, Diebold 2012, Lupton 2015) to aid definition. 

The original term is intended to describe a large dataset and a range of techniques of 

manipulating and analysing it to draw conclusions.  

 

The definition of what constitutes large volume can vary according to the user of the 

data but as computational power increases, the ability to store and manipulate the data 

(and thus use it more effectively) continues to increase. It can be difficult to bring 

together data sources (variety) as a result of trying to integrate different software 

programmes. Computational power will also limit velocity (the speed with which data can 

be brought together, collected and later analysed). Data quality (veracity) becomes a 

key limiting factor, with the phrase ‘garbage in, garbage out’ a warning to assess 

sources, apply techniques to identify missing data and be prepared to remove data found 

to not meet standards of accuracy.  

 

Big data is used throughout society, with common examples being: 

• the use of previous history and algorithms to generate marketing and advertising by 

social media companies,  

• the use of tracking to aid logistics by delivery firms and firms relying on supply 

chains 

• the matching of product supply and demand by supermarkets and other retailers 
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• the use of clinical data to predict risk of future diseases by government health 

services 

 

Big data concepts will be used in this project in various aspects of the definition; 

considering the use of big data in the dairy industry to allow more robust analysis of 

reproductive performance, using large datasets to assess associations between 

periparturient health events and reproductive performance and bringing together sources 

to allow construction of stochastic simulation models. 

 

1.6.4 Use of data in large scale benchmarking and in research 
 

The quality and size of datasets filled with dairy farm events in the UK remain variable, 

but data is increasingly recorded, and further discussion may be required (particularly 

around data protection and privacy) to make anonymised versions more readily available 

to interested parties. As such it would be desirable to have a resource available for 

researchers to utilise and possibly other farmers to use for comparison of performance. 

These datasets should be able to allow huge retrospective studies covering reproduction, 

production, health events and management decisions. Extraction of the data as a result 

of it being held in a variety of formats may be a challenge and it may require 

collaboration between industry stakeholders to bring information together.  

 

Milk recording companies typically hold most of the data that has been brought together 

above the level of the individual farm. Annual reports based on data which is owned and 

stored centrally by NMR (Hanks 2010-20) provide an up to date screenshot of 500 herds 

and act as a reference point for current performance in a number of areas.   

 

The majority of herds included in large milk recorded databases in the UK record little 

health event information, with the recording of periparturient events being particularly 

variable. As such, one of the first tasks for a researcher is often to assess herd data 
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recording quality and therefore assess which herds have robust data that can be used for 

further analysis.  

 

Datasets from on-farm computer recording systems tend to be much more detailed and 

quality of record keeping is often better, but such data tends to be harder to access, 

since it often needs to be retrieved from farms on an individual basis. Several steps 

therefore need to be employed by the researcher in order to get a final spreadsheet to 

work with. Not only would the researcher need to collect data, but also to manipulate 

and “clean” it, in order to get it into a format that can allow comparison between large 

numbers of herds. More work is required to make sure that any data held is at least 

available as published case reports and allows farmers to make a comparison with 

median figures of parameters (from large numbers of herds) against their own animals.  

 

1.6.5 The use of evidence from multiple sources 
 

 

Bringing together information from various sources occurs at various stages within the 

industry. Farmers and external companies who work with them use it at an individual 

herd level to assess herd performance and aid management. Researchers bring 

performance data from several herds together to examine the information to consider 

associations between factors and performance. It can be a technological challenge to 

bring together data from various farm sources to allow assessment of reproductive 

performance. When attempting to bring research information together it is of vital 

importance to use robust data when appropriate and to synthesise quantitative data 

from other published sources in a systematic way. 

 

Scientific research and evidence to support associations between diseases and across 

populations are being increasingly used at a larger scale than an individual research 

study. Methods of synthesising evidence from existing literature are discussed in more 

detail in chapter 3. Briefly these encompass review articles which summarise information 
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from a series of similar publications. These are based around scrutiny of the quality of 

the research study designs and methods and thorough searching for publications using 

consistent search terms. Reviews of different thoroughness and speed can be conducted, 

with the most scientifically robust being the systematic review which is being used 

increasingly in dairy cow research to comprehensively answer clinical questions (Oehm 

2019, Beaver 2019, Francoz 2017). This review technique will often involve quantitative 

analysis of the findings of other studies, with meta-analysis commonly being used to 

create a pooled summary effect of the association investigated by all of the similar 

papers. 

 

When attempting to design tools for further use it is essential to have evaluated the 

evidence thoroughly to allow solid construction of models and an expectation that 

conclusions drawn can be based on the most robust information available. 

 

1.6.6 The use of stochastic simulation  

 
Once big data has been assimilated and cleaned it is available for further analysis. It is 

common to attempt to make associations between aspects of the data, which often 

culminates in the creation of logistic regression models with output such as odds ratios 

describing relationships. These are ways of associating input parameters with an 

outcome or outcomes and show change in the odds of the outcome as a result of the 

occurrence of the input. Whilst this is often statistically robust, it does not always allow 

reasonable exploration of the association between the various inputs to the model and 

can be difficult and confusing for the reader of the research to interpret. A number of 

techniques can be used to analyse large retrospective datasets, one of which is 

stochastic modelling, which attempts to overcome the issue of counterintuitive 

presentation of results and a lack of emphasis on the association between inputs and 

outputs given the complex associations with other inputs to the model.  
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Reproduction in cattle is an example to illustrate this issue; large datasets can exist but 

can be difficult to analyse and allow relationships to be explored as a result of a large 

number of conflicting health events and management techniques that can influence it. 

When using traditional statistical techniques it can be difficult, for example, to elucidate 

the association between the probability of pregnancy and changing oestrus detection 

methods given that a variety of other oestrus detection methods, levels of periparturient 

disease, endemic infectious disease and environmental conditions may also be changing. 

 

Following the construction of a stochastic model, simulation is used to create a large 

number of iterations of the conversion of an input drawn randomly from a predetermined 

distribution and converted into an output value using the workings of the model (the 

algorithm or calculation). The large number of iterations of this process allows for 

consideration of uncertainty in the relationship between the inputs and outputs. The 

outputs and the corresponding inputs that helped to generate them are then stored and 

allow further exploration of the relationship between inputs and outputs, often by logistic 

regression models exploring data from a larger distribution and other techniques such as 

correlation and partition of variance. This stochastic approach may offer not only the 

deterministic scenario analysis created by an algorithm generating outputs from one set 

of likely inputs, but also allow expression of uncertainty.  

  

Stochastic modelling is a flexible technique that is increasingly used in research. 

Researchers are often able to initially explore associations between inputs and outputs of 

traditional models using their own research data and then use simulation to explore the 

relationships in more detail, often using the relationships from the initial models as 

building blocks. It has been employed in medicine and public health for some years and 

is increasingly being used to aid the analysis of agricultural data.  

 

Dairy farms with on farm software and particularly biosensors and the data generated by 

milking machines appear to be ideal candidates for its use. As computational power has 
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increased and the ability of researchers to create and utilise mathematical code has 

become more widespread, so some of the initial blocks to this technique have been 

removed. As a result, it is likely that the techniques will increasingly move through 

scientific research to be of more direct use by farmers through answering specific 

questions and creating decision support tools. Therefore, it will be possible to use 

deterministic algorithms linking inputs and outputs to evaluate the impact of uncertainty 

on decisions through stochastic modelling.  

 

Farmers with large herds will often request assistance or pose questions of their advisers 

concerning herd level management decisions or investment choices. Traditionally these 

have been answered using experience of the problem reinforced by evidence sources and 

existing data from the farm on current performance. The use of stochastic simulation 

modelling should aid the adviser by allowing a large range of possible inputs to be 

explored and probabilities of certain outputs being determined. Examples of questions 

farmers may pose include: 

 

• Should I buy biosensors to help me detect oestrus and if so, how many more 

pregnancies would I expect to get? 

• Should I install fans to help reduce the reduction in conception rate I get most 

summers? 

• Should I start to use bulls of higher fertility index than I currently use in order to 

get heifer replacements with better reproductive performance? 

 

This use of stochastic simulation to answer individual farm questions, or the design of a 

decision support tool based around synthesis of evidence from multiple sources and 

simulation would represent a way in which science can instigate changes in agriculture 

and in the farm sector of the veterinary profession.  
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1.7 Economics of production, reproduction and 
culling 
 

1.7.1 Link between production and reproduction 
 

Production and reproduction are intimately linked on dairy farms. There is a strong 

negative correlation between yield and fertility. Better reproduction usually leads to 

better production (Bello 2012). It is always essential to remember that the farmer’s 

principle objective is usually trying to maximise milk sold. While there are other sources 

of income available from the herd, mainly through the sale of animals (culls of milking 

cows or sale of beef or breeding animals for other herds, some of which will also be 

increased by improving reproductive performance), the vast majority of income is 

derived from milk sales. Therefore, it is essential to principally consider reproductive 

performance in terms of how it affects milk sold. 

 

1.7.2 The lactation curve and the calving cycle 
 

When assessing these two intimately related and conflicting drivers of farm income, 

consideration must be given to the features of a typical graph of a lactation curve, with a 

steady incline to peak at about 60 days and then a much shallower tail off to dry off. 

Shapes of lactation curves have been given a lot of emphasis (such as by the use of the 

MilkBot equation, Ehrlich 2011) and many farmers consider the profiles of the lactation 

curve of individual cows in terms of the size of the peak and the rate of decay towards 

the tail at dry off in some detail.  

 

In simple terms it is desirable to have a high peak and a slow decline. Cows in late 

lactation give less milk per day, have a lower margin over purchased feed and have a 

worse feed conversion efficiency than a cow in early lactation (Britt 2003). Effectively 

cows in late lactation are less profitable and therefore in the vast majority of cases it is 

highly desirable for cows to spend as little time as possible in late lactation and to get 

back to their next peak milk yield as quickly as possible. It is generally accepted that 
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extending the calving interval above a certain level will result in a decrease in 

profitability (Gonzalez-Recio 2004, Evans 2006a, LeBlanc 2007). 

 

It is therefore important for profitability, for cows to spend as long as possible in early 

lactation as a proportion of lifetime from first calving and an appropriate but not 

extended period dry. Very short or absent dry periods are associated with large 

reductions in milk yield in the next lactation (Steeneveld 2013). Therefore, to guard 

against this, very short calving intervals could result in an increase in the proportion of 

the cow’s productive life spent dry. This could create the concern that this would exceed 

the increase in productivity due to increased time spent in early lactation, leading to a 

decrease in average lifetime daily production.  

 

The point (value of calving interval) at which these effects are in balance is highly 

controversial, but it is widely accepted that a very small proportion of the UK national 

herd calve at intervals which are too short and that there is substantial scope to improve 

profitability through better reproduction. The length of calving interval at which a further 

reduction does not improve profitability has historically been considered to be 365 days 

(Esslemont 2003). In most herds there is plenty of scope for improvement in 

reproductive performance before this debate becomes relevant and required. 

 

1.7.3 Cost of better reproductive performance 
 

There are certainly conflicting opinions to the theory that virtually all herds would make 

more money if they could improve the herd reproductive performance. Extended 

lactations of up to 18 months as a standard (often with 3 times a day milking also as a 

standard) are frequently discussed (Sehested 2019, Sorensen 2008, Stefanon 2002). 

Cows with high peaks and long and high persistence of milk yield are often displayed as 

examples of how this system should work and discussion had of the reduced proportion 



34 

 

of lifetime spent dry and the reduced costs associated with a reduced number of calvings 

affected by periparturient and early lactation diseases. 

 

Few would argue that there are substantial costs associated with inseminations, with 

veterinary interventions around insemination and calving, and with calving associated 

diseases. Furthermore, many argue that there is a reduction in yield as a result of 

pregnancy in early lactation cows (Ragsdale 1924, Olori 1997).  

 

1.7.4 Benefit of better reproductive performance 
 

Reproductive performance has an influence on the profitability of dairy herds through 

three main routes: 

• affecting the number of days between successive calvings 

• affecting the proportion of the herd culled annually because of failure to conceive 

• generating calf sales 

 

By reducing the calving interval, the next lactation starts sooner, and each early 

lactation day replaces a day at the end of the previous lactation. Increased milk 

production can therefore be seen as the predicted mean daily yield for the new lactation 

minus the mean daily yield for the end of the previous lactation. An increase in milk 

production will result in an increase in feed requirement to support the higher yield. It is 

therefore not the absolute value of milk sales gained that is important, but the margin 

associated with that gain. 

 

In simplest terms, the cost of culling a cow can be estimated by the cost of purchasing 

(or not being able to sell) a similar replacement (often heifer) animal at the point of 

calving, minus the sale value of the culled cow. Where homebred replacements are used 

each cow culled requires a homebred replacement which could otherwise be sold. 
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Improved herd reproductive performance leads to less failure to conceive culls which 

either allows a reduced replacement rate of the herd (and thus less heifers need to be 

retained) or allows more voluntary culling (for example for low production animals). Both 

of these situations may lead to an increase in farm income.  

 

A cow calving more frequently will produce more calves during her lifetime. Calf value 

can be extremely important, to the minority of farms that sell potential breeding 

replacements to other herds, but particularly to the majority that sell beef calves. The 

majority of farmers also want to have as many heifers available as possible to allow 

more options for culling the less productive cows in the herd. 

 

1.7.5 Economic cost of poor reproductive performance 
 

Attempting to put a price on the economic impact of poor reproductive performance is 

challenging because the units of culling for fertility and extended calving intervals can 

vary substantially between farms, and it is difficult to calculate standard figures that will 

be applicable across a range of circumstances. Attempts have been made to bring 

together the costs, with a recognized method being the FERTEX score (Esslemont 2002). 

This provides an estimate of the total lost profit per year due to suboptimal reproductive 

performance by adding together losses from calving interval, culling and service costs. 

 

More recently attempts have been made to consider a large range of inputs which can be 

adjusted for an individual farm (such as lactation curves, body weights, risk of culling, 

labour costs, feed intakes and insemination costs) and simulate economic returns when 

a range of inputs are changed by the user (De Vries 2019). The Florida Dairy Computer 

Programme then returns outputs for net return per cow per year for a range of 21 day 

pregnancy rates from 9% to 42% and in varying situations, such as a reduced milk price 

or specific herd profiles such as cows with low persistence or early culling for failure to 
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conceive. As a result, the user of the programme can assess predicted economic returns 

for improvements in herd 21 day pregnancy rate for their own herd. 

 

1.8 Set and established farm policies that can 
influence reproductive performance 
 

Across the 12,000 dairy herds in the UK there are a large range of management 

practices, and of course a large range of objectives for the individual businesses and 

indeed personalities and styles of running a small enterprise. Some of these differences 

are individual preferences by the owners in how to run their businesses and their lives. 

Other differences are interpretations of efficiencies and methods the owners believe will 

make them more successful. 

 

Many farmers utilise advisers to aid them in their decision making. Many of these 

interactions can be of benefit to the individual choices that the farmer makes. Some of 

the choices discussed in section 1.8 are decisions a farmer has made in order to run a 

more successful business and therefore are policy decisions that can be discussed with 

advisers, rationalised economically and considered for change or investment. However, a 

number are set policies that are ingrained in the way the farm is run that are perceived 

to be very unlikely to be changed. It therefore becomes a challenge to a motivated 

adviser to try to help alter such a fundamental farm policy in order to make the farm 

business run more efficiently. Increasingly since these policy decisions are often so 

personal to the farm, the use of decision support tools and the increasing use of data to 

support economic arguments can become more useful. This can allow the farmer to 

explore many situations using their own farm data, often in their own time. Some of 

these set farm policies, that are often difficult to change, are thought to have a 

substantial impact on reproductive performance and are discussed below. 
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One of the most fundamental choices concerns breed of cow and genetic differences 

within breed, which allow the farmer to set a rough target for both yield and emphasis 

on hereditary levels of fertility. The majority of the control a farmer has in this area is 

through choice of bull and the emphasis they place on factors such as longevity, yield 

and fertility itself through financial and fertility indices can be a large part of what can be 

controlled by the farmer. For example, primary selection for production over decades has 

led to cows with poorer reproductive performance (Weigel 2017, de Vries 2005). 

 

They can also impact fertility performance through decisions they make on their cows 

and heifers through which animals they choose to breed to a dairy and which a beef bull 

and therefore which dams will contribute replacements to the herd. They can for 

example choose cows with high yield and no regard to their fertility to breed 

replacements from, which may result in a decline in herd reproductive performance in 

the future. Both the hereditary aspects of yield and the hereditary aspect of fertility are 

likely to have a substantial impact on reproductive performance as an individual criterion 

and to an extent are largely within the farmer’s choice and control. The use of genomic 

testing is increasing and is likely to allow the farmer better control of reproductive 

performance (and many other traits) through more accurate ranking of heifer crops on a 

series of inherited traits (Cole 2018, Lucy 2019). 

 

In a similar way as the farmer controlling the type and number of animals entering the 

herd, they also have the ability to control which animals leave the herd and when. Which 

animals are ‘on the cull list’ will influence the direction of various traits in the herd and is 

entirely within the choice of the farmer. A farmer that always culls more heavily for poor 

fertility than for persistent mastitis or temperament will likely improve their herd 

reproductive performance more quickly than another farmer who takes the opposite 

position. 
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Calving the herd all year round, or whether they will calve in a season or block is a 

further decision which is also relatively fixed. This is often in either spring or autumn, or 

occasionally both spring and autumn within the same herd, or across several herds 

under the same ownership.  

 

Seasonal calving has increased in recent years, mostly due to the adoption of extensive, 

low-input systems such as those often found in Ireland and New Zealand. When 

following this method closely, a large proportion of the herd calve within a short period 

of time in early spring. Most of the herd are therefore at peak lactation (and the 

breeding season) to coincide with that of maximal grass quality and growth rate. Autumn 

calving herds will often follow similar methods with an emphasis on high submission 

rates, paddock grazing and effective utilisation of grazing but are often slightly higher 

yielding yet also attempting to utilise cheap spring grass effectively, for them as a 

convenient food while cows are in the second half of pregnancy.  

 

Seasonal calving herds in the UK typically breed for a period of 12-18 weeks, and cows 

not conceiving within this time period are either culled or retained for re-breeding a year 

later in single block herds and six months later in dual block herds. Cows that slip blocks 

usually have severely reduced profitability. There is a huge emphasis on reproductive 

efficiency in seasonally calving herds (Morton 2010, Ribeiro 2013), which often focuses 

on high submission rates, calving replacement heifers at 21 to 24 months of age early in 

the block and strong consideration of the use of bulls that score highly on fertility 

indices, often at the expense of other traits such as frame and yield.  

 

In year-round calving herds, there is less pressure on generating pregnancies within a 

specified period of time. In the few comparisons between large numbers of herds using 

either all year round or seasonal calving, reproductive performance is often higher for 

seasonal calving herds (Morton 2010). Differences in management of the system has 

even led to a divergence in reproductive parameter recording, with seasonally calving 
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herds often referring to 3 week cycles from the beginning of the mating period (such as 

6 week in calf rate) and ultimately a single figure for ‘empty rate’ (the percentage of 

cows eligible for service on the planned start of mating that ended up not pregnant 

within the block). 

 

Another key decision in a herd’s breeding policy is the length of the voluntary waiting 

period (VWP). This is defined as the period after calving when a cow is electively not 

served even if seen in oestrus and is normally set as a herd policy under the farmer’s 

control. It is often set at 42, 50 of even 60 days. It is often used due to the perception 

that conception rate will be reduced as a result of ovarian or uterine disease or negative 

energy balance. Since increasing the VWP will decrease the herd’s submission rate it is 

important to balance the relative importance of the conception risk and submission rate 

in order to maximise overall reproductive performance. Recent work by Fodor (2018) 

found that the odds of pregnancy by 200 days in milk was higher in herds without a VWP 

or with a VWP less than 50 days, compared to herds with a VWP greater than 50 days 

(OR 1.45; 95% confidence intervals 1.12-1.88). Herds with extended VWPs are 

becoming less common. 

 

In comparison to VWP (when they decide to start breeding), farmers also have to decide 

when to stop breeding in some instances. Some farmers will run a very strict days in 

milk or number of services criteria for when to stop serving a cow. Policies such as this 

often lead to improved reproductive performance in terms of 21 day pregnancy rate, but 

at the expense of an increase in costs through increased failure to conceive culling. 
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1.9 Impact of health events, management 
decisions and the cow’s environment on 

reproductive performance 
 

Many health events, management decisions and factors affecting the cow’s immediate 

environment are associated with reproductive performance. Some of these relationships 

are quantified in chapters 2 and 3 and they are briefly introduced in section 1.9.  

 

1.9.1 Periparturient and early lactation events 
 

Periparturient and early lactation events are typically diseases of the reproductive tract 

(such as endometritis and cystic ovarian disease) but also encompass any interruption to 

the normal calving process and involution of the reproductive tract in the first 42 days of 

the lactation. This can therefore include disorders such as retained foetal membranes, 

assisted calving, metritis and occurrence of multiple births. Lactational incidence rates 

are reported to be between 2 and 10% for the periparturient events around calving 

(Hayes 2012) and up to 25% for the early lactation disease endometritis (Leblanc 2002). 

 

Associations between these events (which are heavily associated with each other) and 

reproductive performance are discussed in more detail in chapter 2. In brief terms, any 

events that are considered to impair the normal events of calving, uterine involution and 

resumption of ovarian cyclicity may lead to impaired herd reproductive performance. 

This may be as a result of increased bacterial contamination of the uterus after calving, 

increased influence of inflammatory mediators on developing follicles or reduced feed 

intakes and consequent negative energy balance as a result of systemic disease (Potter 

2010, Williams 2007, Dervishi 2016). 

 

1.9.2 Endemic infectious disease  
 
Various widespread endemic infectious diseases of cattle in the UK are often seen as 

present or absent by farmers and despite the possibility of the use of vaccines in the 
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case of some diseases, can remain uncontrolled and can lead to substantial losses. 

Among the causes of loss are decreased milk production, reduced calf growth rates, 

increased culling and mortality. Reduced reproductive performance is also possible.  

 

Leptospirosis and Infectious Bovine Rhinotracheitis (IBR) are commonly discussed as 

having an impact on fertility, but evidence supporting associations between infection 

with these diseases and reduced reproductive performance is not comprehensive at a 

herd level. Reduced conception rates (Dhaliwahl 1996) and increased calving to 

conception intervals (Guitian 1999) were found in cows seropositive to Leptospirosis 

compared to seronegative cows in relatively small studies at an individual cow level. 

More recent evidence and review of associations between IBR and reproduction have 

taken place (Sayers 2017, Wathes 2020). The level of any associations remain unclear 

and mechanisms for pathology of the reproductive tract caused by IBR virus have yet to 

be fully ascertained (Wathes 2020).  

 

It is possible clinically to find examples of suspected introduction of persistently infected 

(PI) animals to Bovine Viral Diarrhoea Virus (BVD), seroconversion of naïve animals to 

the virus, a reduction in fertility parameters and subsequent birth of further BVD PI 

animals. BVD virus is known to cause early embryonic death and this often manifests 

itself in reduced conception rates and extended intervals between inseminations 

(McGowan 1993). However associating BVD and reduced reproductive performance on 

an individual farm is often very difficult since disease transmission between animals is 

difficult to assess and the clinical effects of infection of the virus can often only be seen 

months or years later. Equally a vaccination policy introduced as a result of identifying 

antibody or antigen positive animals does not always lead to demonstrative increases in 

reproductive performance. Evidence of the benefits of control of BVD at a herd level on 

reproductive performance are required.  
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Johnes’s disease is typically associated with milk production loss and especially increased 

culling. The association between infection with Johne’s disease and reproduction is 

uncertain, with some studies associating the disease with improved performance 

(Raizman 2007, Lombard 2005) and some with decreased performance (Smith 2010, 

Johnson-Ifearulundu 2000). Studies often conflict on diagnostic method, with some using 

blood or milk ELISA and some faecal culture, and some both. As a result, associations 

can be hard to determine when attempting to bring evidence together. The mechanism 

of association is also unclear. It is hypothesised that improved reproduction is caused by 

increased early culling of Johne’s positive cows or by reduced milk yield and that 

decreased reproduction is caused by negative energy balance and loss of body condition 

as a result of chronic scour.  

 

1.9.3 Oestrus detection 
 

A large majority of UK dairy farms use artificial insemination rather than natural service 

for the majority of inseminations.  Some farmers do choose to use natural service 

exclusively which will alter their fertility management and can alter their performance 

drastically. Focus tends to be around ensuring the bull is of high fertility, remains free 

from lameness and that any deficiency in either area is detected and corrected rapidly. 

When managing cows focus is usually on ensuring they are able to conceive as early as 

possible after calving through minimising the effect of uterine and ovarian diseases. 

 

In a herd where artificial insemination (AI) is used there is an additional requirement for 

oestrus detection, so that cows may be inseminated at a time that maximises the 

likelihood of conception. In addition to the choice of whether to artificially inseminate at 

all (which is likely to reduce submission rate substantially compared to herds using 

natural service), farmers have choices over oestrus detection methods. These are 

discussed in detail throughout the project. Investment in this area has become common 

in UK dairy farms. 
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A sample of 832 dairy herds in Canada that returned questionnaires (from 9,000 herds 

that were sampled) were investigated for a number of factors relating to oestrus 

detection and their performance analysed (Denis-Robichaud 2016). Average 21 day 

submission rate for these herds was 44.1% indicating that more than half of eligible 

cows were not inseminated in a 21 day period. Performance from UK herds currently 

appears to be similar (40% from the NMR 500 herd report in 2020, Hanks 2010-20) and 

therefore many UK dairy farmers consider varying ways to improve these results. 

 

Although other factors are expected to be associated with duration and intensity of 

oestrus behaviour and are discussed where appropriate elsewhere in section 1.9, 

improving the methods used to detect cows in oestrus are a priority for many farmers. 

Traditional methods have included observing for visible behavioural signs, oestrus rub 

devices or paint applied to the tail head to show cows that have been standing to be 

mounted and attempting to increase the size of groups of cows in oestrus through 

prostaglandin injections so that oestrus behaviour is more obvious. 

 

Hormonal intervention programmes continue to become more sophisticated and the 

majority of programmes now used prioritise the ability to inseminate at a fixed time 

(fixed time AI or synchronisation of oestrus) to avoid the need for observation of visible 

signs of oestrus behaviour. More than 20% of Canadian herds may use fixed time AI as 

their principal method of oestrus detection (Denis-Robichaud 2016). These programmes 

are believed to increase 21 day pregnancy rate through vastly improved 21 day 

submission rates as a result of timed insemination without the need to assess the stage 

of a cow’s oestrous cycle (Santos 2017). 

 

As biosensors dramatically increase in use, more herds use activity monitoring as a 

means of detecting whether a cow is showing behavioural signs of oestrus. Cows walk 

longer distances when in oestrus (Lopez-Gatius 2005). This was used as the principal 
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method of oestrus detection by 10% of herds in 2016 (Denis-Robichaud 2016). The use 

of activity monitoring to aid oestrus detection is also believed to drive improved 

reproductive performance through improved 21 day submission rate, with LeRoy 2018 

determining a 21 day submission rate of 80%. 

 

1.9.4 Negative energy balance 
 

High yielding dairy cows have a large energy demand from production of milk and are 

often unable to meet this demand from their dietary ration. Fat mobilisation occurs in 

these circumstances to produce energy. There will always be a balance of energy 

partitioning between the current calf (milk production) and the future calf (reproduction) 

(Friggens 2010). Therefore, levels of milk production will impact on energy balance 

which will impact on reproductive performance. Negative energy balance (NEB) during 

early lactation can reduce fertility by several mechanisms.  

 

This is firstly through a long-lasting effect of NEB on developing follicles. Energy 

deficiency impairs responsiveness of the hypothalamus to oestradiol, which leads to 

reduced GnRH pulse frequency and then LH pulse frequency, which reduces ovulation of 

the dominant follicle (Walsh 2007). 

 

Secondly cows with high milk yields and subsequently a frequent occurrence of NEB will 

often have reduced submission rates as a result of reduced duration of oestrus and 

intensity of oestrus behaviour (Lopez 2004). High milk yields are supported by high dry 

matter intake and high blood flow through the liver and increased catabolism of 

oestradiol can result (Wiltbank 2006). Reduced oestradiol will lead to reduced oestrus 

behaviour since this hormone is responsible for this behaviour.  

 

Negative energy balance can also be associated with reduced reproductive performance 

through reduced progesterone levels. As with oestradiol, this may result from increased 

dry matter intake, increased liver blood flow, and increased progesterone catabolism. 
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Plasma progesterone concentration in the days immediately following conception can 

have a substantial influence on conception rates (Han 2006). NEB can delay the first 

ovulation after calving (Garnsworthy 2008), resulting in a delay in a commencement of 

luteal activity (CLA). Corpora lutea from early oestrous cycles after calving produce 

lower plasma progesterone concentrations (Villa-Godoy 1988) and therefore cows that 

have delayed CLA are more likely to be inseminated in early cycles and therefore have 

lower plasma progesterone concentrations.  

 

In conditions of NEB, levels of insulin like growth factor (IGF-1) can be reduced. This can 

change the internal environment of the oviduct and uterus, effectively reducing normal 

post calving repair of the endometrium. This can be detrimental to the survival of a 

developing embryo (Wathes 2007, Fenwick 2008) and result in reduced conception rate. 

 

There is an association between NEB and several periparturient production diseases in 

dairy cattle (such as metritis and displaced abomasum). Since these diseases are also 

associated with reduced reproductive performance, an increase in NEB will have an 

indirect detrimental effect on reproduction through an increased incidence of production 

diseases.  

 

1.9.5 Heat stress 
 

High temperatures have been associated with reduced reproductive performance and are 

implicated in reduced conception rates in summer compared to winter in all year round 

calving, housed herds. Whilst the impact of very hot weather can be quickly apparent 

with immediate effects, longer term physiological effects also appear to be an issue and 

can show as reduced performance for some weeks after weather has cooled (Wolfenson 

2000). 

 

Measurement of air conditions in the immediate environment of housed dairy cows is 

being done increasingly and is usually assessed using the temperature-humidity index 



46 

 

(THI). Several studies have investigated the relationship between THI and reproductive 

performance (Hagiya 2017, Schuller 2014). Ravagnolo (2002) determined that the 

relationship between THI and non return rate at 45 days (NRR45) was linear between 

THI of 50 and 68 before the NRR45 reduces between THI values of 68 and 84.  

 

Heat stress is particularly associated with reduced fertility in dairy cattle through an 

impact on conception rates (Garcia-Ispierto 2007), thought to be as a result of an impact 

on oocyte maturation and early embryo development. There may also be an impact on 

submission rates through a negative effect on the incidence, intensity and duration of 

standing oestrus (Jordan 2003). Conception rates are thought to be affected by at least 

3 different mechanisms.  

 

Firstly there appears to be a substantial impact on selection and dominance of the follicle 

and prevention of the growth of oocytes. There is a reduction in the steroidogenic 

capacity of the theca and granulosa cells of the selected follicle, so reducing LH and 

oestradiol. Hence, there is poor follicle maturation, delayed follicle selection and a 

reduction in the degree of dominance of the dominant follicle (Dash 2016). 

 

Heat stress also leads to reduced blood progesterone concentration. Reduced appetite 

and dry matter intake result in reduced secretion of progesterone by theca cells which 

results in lowered plasma progesterone levels (De Rensis 2003). This can lead to 

abnormal oocyte maturation, implantation failure and early embryonic death. 

 

Finally, the intrauterine environment of the cow can be compromised. High temperatures 

can compromise endometrial function and alter its secretory activity, which may lead to 

termination of the pregnancy through reduced likelihood of embryo implantation. This 

results from a decrease in blood flow to the uterus and increased intrauterine 

temperature. In addition to very early embryonic loss, these changes increase the 
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chances of suppressed embryonic development and loss after the maternal recognition of 

pregnancy at 16 days gestation (Hansen 2007). 

 

1.9.6 Age at first caving 
 

Many farmers are conscious of the cost of heifer rearing, which is amplified by the 

increasing number of heifers reared away from the main farm as a result of increasing 

herd sizes. Discussion is therefore frequent on the benefit of reducing mean age at first 

calving to 23-25 months as advised by Cooke (2013) and Wathes (2014). Although 

heifer growth rates will have slowed substantially prior to first calving, growth 

trajectories suggest that most cows will grow into their third lactations (Cooke 2013). It 

is likely that this growth will require dietary energy, and energy will be partitioned into 

growth and production over reproduction (Berry 2009). Therefore, since younger heifers 

will need to grow more, any decrease of age at first calving below 23 months is likely to 

lead to reduced fertility (Evans 2006).  

 

There are more heifers calving above the target age than below it and this is also likely 

to impair subsequent reproductive performance (Ettema 2004). This is thought to be due 

to these heifers having a higher average body condition score and mobilising increased 

body fat leading to increased metabolic, production or periparturient diseases.  

 

1.9.7 Length of dry period 
 

Dry period length has typically been 56-60 days which has traditionally been thought to 

be a compromise time period to allow development of mammary tissue for milk 

production, to allow longer dry cow antibiotics to be used to improve cure rates of 

intramammary infections, whilst at the same time not allowing reduced lifetime milk 

yield as a result of long periods of time not producing milk. 
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Most farmers will have a target length of dry period which they use for the majority of 

cows in the herd. This remains typically 56-60 days but is shortened in some herds to 42 

days and has been investigated to be shorter than this in a number of studies (Gumen 

2005, Watters 2009, Chen 2015). There are also a number of cows in herds that deviate 

from the length of dry period set out in herd policies as a result of individual 

management or health factors such as low milk yield, low or high body condition score or 

attempts to cure persistent mastitis.  

 

The association between length of dry period and reproduction is thought to principally 

be due to milk yield and negative energy balance. Reducing dry period length leads to 

reduced yields and therefore less negative energy balance and therefore improved 

reproductive performance (Chen 2017, Kuhn 2006). Since increasing dry period length is 

less likely to be a herd policy (more often it will occur in individual cows), the mechanism 

for the likely reduced fertility in the subsequent lactation has not been elucidated. In a 

similar way to shortening lengths, it may be as result of increased milk yield or perhaps 

due to an increase in periparturient disease as a result of an increased likelihood of cows 

with a high body condition score.    

 

1.9.8 Genetics 
 

There is a strong correlation between high milk yield and decreased reproductive 

performance, which may be as high as 0.40 (Fu 2017). Selection for milk production 

from 1975 onwards (Rauw 1998) has been implicated in inadvertently breeding less 

fertile cows (Royal 2000, Lucy 2001, Rauw 1998, Pryce 2002). Since heritability of milk 

yield is relatively high, often over 0.30 (Schneider 1986), it has proved relatively 

straightforward to increase herd yields through genetic selection.  

 

The relatively low heritability of many fertility parameters, with most being less than 

0.05 has made any attempts at progress to even reverse declining fertility challenging 
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(Royal 2000). As a result, genetic selection for improvement in fertility has proved 

difficult. Identification of the timing of commencement of luteal activity with a heritability 

of between 0.16 and 0.27 (and it’s correlation with other reproductive parameters) has 

helped to begin improvements in the last 15 years since Wall (2002) described the use 

of a fertility index to reverse fertility decline in the UK.  

 

The UK fertility index was first introduced in May 2005 to allow attempts to improve 

reproductive performance through genetic selection. The index which is based around 

financial returns of the choices made identifies bulls as being in a range of -15 to +15. A 

bull with an above average (positive) value will sire daughters with improved 

reproductive parameters including calving interval. AHDB quote that every point increase 

in Fertility Index, (say from -3 to –2), will be transmitted as a decrease in calving 

interval by half a day and improve non return rates by 0.5% (AHDB 2020). The six 

heritable traits that contribute to the index, which are either direct measures of fertility 

(1,2,5,6) or have strong correlations with fertility (3,4), are collected on a bull’s 

daughters across the UK dairy herd are shown in Figure 1.1. 

 

 

 
 

 

 

 

 

Figure 1.1 Heritable traits contributing to UK fertility Index, from AHDB Fertility Index Factsheet, 2020. 

 

1.10 Summary, aims and objectives 
 

1.10.1 Significance of this work 
 

Reproduction remains essential to the operation and profitability of UK dairy herds. It 

also represents an area where there is a scope for improvement, which would be likely 

to have immediate effects on calf sales, milk sold and longevity within the dairy herd. 

1. Calving Interval  

2. Non return rate  

3. Body condition score  

4. Measure of milk yield around insemination  

5. Days from calving to first insemination  

6. Number of inseminations needed to get a cow in calf  
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Many farmers are hugely aware of this and are constantly looking for ways to improve 

and assessing which one of many steps to take or investments to make. Big data is 

being used increasingly to help make better decisions. This project attempts to combine 

these two fields to help UK dairy farmers improve herd fertility.  

The multifactorial nature of reproduction may represent a barrier to improvement, and it 

appears to be difficult to prioritise which improvement to make in one of the many areas 

of a given herd’s current position. Therefore, the ultimate aim of this project is to show 

how existing evidence fits together to create the opportunity for farmers and their 

advisers to make sound investment and management decisions that will improve the 

fertility of their herds. It is hoped that this project will be of help principally to UK dairy 

farmers, but also to their advisers and the dairy industry and its consumers. 

Although national fertility performance appears to be improving from a trough in about 

2008, the improvements have taken place variably and there are a large number of 

farms where substantial improvements could be made. 

 

It is hoped that this work will be perceived as true “close-to-farm” research: the aim is 

to enhance understanding of how the large body of existing knowledge fits together and 

improve decision making around which interventions are most likely to be beneficial in 

specific situations. Maximising the value derived from existing knowledge to enhance 

performance on UK dairy farms is the key objective. It is hoped that the better 

understanding of associations between potential investment decisions and reproductive 

performance established here will facilitate this.  

 

1.10.2 Aims and Objectives 
 

The aim of this project is to combine new and current quantitative data on factors 

affecting dairy cow fertility to develop a stochastic simulation model for use in furthering 
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understanding of associations between management decisions or health events and the 

probability of pregnancy at a herd level on hundreds of thousands of herds.  

 

To achieve this, the project has four objectives.  

 

Objective 1:  

To explore relationships between periparturient and early lactation health events and 

reproductive performance using a rich agri-informatics dataset from 468 UK dairy herds. 

This will update existing literature on the relationships between commonly occurring 

health events and reproduction. 

 

Objective 2: 

To identify current research knowledge in the field of dairy cow reproductive 

performance. A systematic literature evaluation is carried out which will include 

conversion of results into a mathematical format whereby they can be used further in 

the project as inputs for a decision model. Areas to be evaluated will include heifer 

rearing, oestrus detection, genetics, endemic infectious disease, the dry period, energy 

balance and heat stress.  

 

Objective 3: 

To explore the context of the periparturient and early lactation events in comparison to 

background herd level factors using simulation modelling. This will allow assessment of 

the association between the factors and herd level performance in contrast to their 

association at an individual cow level.  

 

Objective 4: 

To contextualise many of the most important factors influencing dairy cow reproductive 

performance using stochastic simulation modelling. Evidence from earlier chapters will 

be brought together and the impact of these factors will be compared and quantified.  
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Chapter 2 Assessment of the association between 
periparturient and early lactation disease and 

reproductive performance in UK dairy herds 

2.1 Introduction 
 

Periparturient and early lactation events include a range of conditions with multifactorial 

causes. They include infectious diseases of the reproductive tract (metritis and 

endometritis), endocrine related disorders of the ovary (cystic ovarian disease and other 

ovarian abnormalities), metabolic disease of the cow (milk fever) and events related to 

obstetrics (dead calves, twin births, assisted calving and retained foetal membranes). 

This wide range of initial causes share in common that they can lead to an interruption 

to the normal calving process and involution of the reproductive tract in the first 42 days 

of the lactation. 

 

Periparturient and early lactation events happen to dairy cows in the UK with typical 

lactational incidence rates ranging between 3.6% of lactations affected by retained foetal 

membranes to 14.9% affected by vulval discharge in 40 herds over a 10 year period 

(Esslemont 2002). This contrasts with mastitis and lameness which were presented as 

occurring with an incidence rate of between 22% and 29% (lameness) and 34% and 

51% (mastitis) in the same herds over the same time period (Esslemont 2002). 

Although limited to a single occurrence in each lactation, the health events that occur at 

calving or early in the lactation can have significant impacts on the production, 

reproduction and in some cases culling that can follow. This can result in 305 day milk 

yields being reduced by 259kg as a result of metritis and by 753kg as a result of 

retained foetal membranes (Dubuc 2011). 

 

Events that are considered to impair the normal events of calving, uterine involution and 

resumption of ovarian cyclicity may lead to impaired reproductive performance. Reduced 

feed intakes and consequent negative energy balance as a result of a protracted or 
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difficult calving, systemic disease or demands of twin or large calves can all interrupt this 

normal process. This can also be interrupted by contamination of the uterine lumen with 

bacteria, leading to infection of the uterus and increased exposure of the follicle within 

the ovary (Leblanc 2002, Potter 2010, Williams 2007, Dervishi 2016). Multifactorial 

causes lead to the occurrence of periparturient and early lactation health events and the 

subsequent impact of each is thought to be wide ranging, leading to both other health 

events, and reduced fertility. 

 

Animals calving twins are thought to be more likely to have retained foetal membranes 

(Nir Markusfeld 2003), more likely to suffer from dystocia (Bell 2007) and more likely to 

have reduced feed intakes and to lose body condition, both of which may predispose to 

negative energy balance and this cause may be as a result of reduced gestation length 

and therefore less time on a pre-calving diet (Bell 2007). Twin pregnancies are also 

associated with interrupted uterine involution which is thought to be important in 

ensuring reproductive efficiency. This is as a result of the larger uterus associated with 

twin pregnancies compared to single pregnancies (Mellado 1994, Sheldon 2008). There 

is thought to be a complex interaction between twins and several of the other 

periparturient events (Nir Markusfeld 2003). Twin births have been found to have a 

range of incidences of 2.8% to 4.2% by three studies (Peeler 1994, Domecq 1997, Bell 

2007) and to be associated with increased calving to conception intervals of between 9 

and 22 days by three studies (Mellado 1994, Esslemont 2002, Bell 2007). 

 

The birth of a dead calf is often the result of a disturbed calving (Potter 2010). Possible 

causes of death include a delay to parturition due to malpositioning or foetal oversize. 

Any correction or intervention may have an impact on normal uterine involution and 

elimination of uterine bacterial contamination. Stillbirth and dystocia, and stillbirth and 

retained foetal membranes are strongly correlated (Nir Markusfeld 2003) and it is 

difficult to separate the effects of each disease. It may therefore be that dystocia and 

RFM are having the largest effect on fertility performance. Potter (2010) concluded that 
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traumatic disturbances to the reproductive tract such as these had the biggest 

association with endometritis, and this therefore may be the cause of the impaired 

reproductive performance. Dead calves have been found to have a range of incidences of 

6.6% to 9.4% by three studies (Markusfeld 1997, McDougall 2001, Bicalho 2007) and to 

be associated with increased calving to conception intervals of between 17 and 88 days 

by three studies (Mangurkar 1984, Esslemont 2002, Bicalho 2007). 

 

Assisted calving has a complex interaction to make both stillbirth and retained foetal 

membranes more likely (Nir Murkusfeld 2003). As a factor itself it may cause impaired 

fertility through the increased likelihood of trauma to the reproductive tract, meaning 

that elimination of bacteria from the uterus will take longer (Potter 2010). This is an 

essential part of a return to pregnancy (Sheldon 2008). Assisted calvings have been 

found to have a range of incidences of 5.9% to 13.6% by three studies (Whittaker 2004, 

Hayes 2012, Piccardi 2016) and to be associated with increased calving to conception 

intervals of between 16 and 49 days by three studies (Coleman 1985, Djemali 1987, 

Simerl 1992). 

 

Hypocalcaemia (also known as milk fever) can have marked clinical effects, most 

dramatically resulting in paresis and recumbency. An individual recumbent cow has a 

large likelihood of early, involuntary culling and a reduced milk yield in the subsequent 

lactation (Esslemont 2002). Milk fever is also likely to be associated with other events, 

such as assisted calving, dead calf and foetal membranes and is likely to result in 

delayed removal of post calving bacterial contamination, leading to metritis and 

endometritis. Milk fever is also associated with cows with increased parity and increased 

milk yield. Direct associations with impaired reproductive performance are less often 

discussed. Milk fever has been found to have a range of incidences of 5.0% to 8.0% by 

three studies (Rajala 1998, Whittaker 2004, Chiwome 2017) and to be associated with 

increased calving to conception intervals of between 0 and 13 days by three studies 

(Borsberry 1989, Harman 1996, Hayes 2012). 
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Retained foetal membranes are also an indication of impairment to a normal calving and 

retention is thought to lead to trauma to the endometrium and an increased likelihood of 

bacterial contamination of the uterus leading to endometritis. There appear to be further 

complex interactions between retained membranes and other health events (Nir 

Markusfeld 2003) with an interaction with metritis also thought to occur (Mellado 1994).  

Retained foetal membranes has been found to have a range of incidences of 4.1% to 

6.6% by three studies (Emmanuelson 1998, Joosten 1998, Hayes 2012) and to be 

associated with increased calving to conception intervals of between 5 and 22 days by 

three studies (Emmanuelson 1998, Esslemont 2002, Hayes 2012). 

 

Metritis is diagnosed in the first 21 days after calving either by clinical signs of pyrexia, 

an abnormal bloody or mucopurulent discharge on examination or by a systemically ill 

cow. It is also detected by the characteristics of smell and colour from the discharge 

itself in an otherwise healthy cow that had not been detected as abnormal. Metritis and 

endometritis are often associated in the same cow, and both can have substantial effects 

on future reproductive health by causing inflammation of the uterus, impaired ovarian 

function (Sheldon 2008) and ultimately a suboptimal environment for the development 

of a conceptus. Metritis has been found to have a range of incidences of 12.1% to 17.0% 

by three studies (Leblanc 2002, Barrett 2009, Piccardi 2016) and to be associated with 

increased calving to conception intervals of between 22 and 36 days by three studies 

(Benzaquen 2007, Giuliodori 2013, Piccardi 2016). 

 

Endometritis is the inflammation of the endometrium after 21 days post-calving and is a 

common sequalae to retained foetal membranes and metritis (Sheldon 2008). The 

abnormal purulent vulval discharge that characterises this condition is indicative of 

continuing bacterial contamination of the uterine lumen which reduces the likelihood of 

successful implantation of the conceptus (Leblanc 2002). Endometritis has been found to 

have a range of incidences of 16.9% to 28.4% by three studies (Leblanc 2002,  
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Benzaquen 2007, Piccardi 2016) and to be associated with increased calving to 

conception intervals of between 28 and 70 days by three studies (Leblanc 2002, Barrett 

2009, Giuliodori 2013). 

 

Uterine disease can lead to ovarian disease in the same parity through the local effects 

of the Escherichia coli endotoxin LPS and the host inflammatory mediator TNFalpha on 

the ovary (Williams 2007, Sheldon 2008). However, cystic ovarian disease (and other 

ovarian abnormalities) can also begin as a result of the failure of ovulation due to stress-

induced interference with luteinising hormone (LH) pulses and surges (Dobson 2000).  

The stress-induced interference can continue after the resolution of the original cystic 

ovarian structure. Since LH pulses can continue to be affected, cows can continue to not 

show oestrus behaviour, not ovulate, and produce follicles of low quality for a prolonged 

period after calving. This can all result in impaired fertility, more obviously at the time 

the cyst is present, but also for some time after it has either ovulated or become atretic. 

Cystic ovarian disease has been found to have a range of incidences of 2.7% to 15.9% 

by three studies (Rajala 1998,  McDougall 2001, Cattaneo 2015) and to be associated 

with increased calving to conception intervals of between 64 and 77 days by three 

studies (Borsberry 1989, Kim 2005, Cattaneo 2015). 

 

One of the significant drawbacks of a comparison of the reproductive performance of 

populations of cows that were affected by a health event and those that were not is that 

in many cases there is an interaction between the health events (for example the 

occurrence of twins is likely to make the occurrence of retained foetal membranes more 

likely, Bell 2007) and between other factors such as milk yield and parity and the health 

events. For example, increased milk yield is likely to be associated with impaired 

reproductive performance (Bello 2012) and therefore without accounting for yield it is 

difficult to assess whether retained foetal membranes were more likely to impair 

reproductive performance alone, or because they were made more likely by increased 

yield. Without accounting for other potential explanatory variables, it is difficult to 
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determine the true association between an individual health event (such as milk fever) 

and reproductive performance. 

 

Studies have been performed making associations between various periparturient 

diseases (Nir Markusfeld 2003) and between various diseases and reproductive 

performance (Ribeiro 2013, Loeffler 1999) using multivariable models. A large number 

and range of studies show the incidence of a large number of health events at calving 

and in early lactation and their impacts on subsequent reproduction. However, the use of 

multivariable logistic regression models to account for confounding, and the use of 

random effects to improve correction for unmeasured factors is rare in this area. The aim 

of this chapter is to include a large range of health events and other herd level factors as 

explanatory variables in a multivariable logistic regression model. This model will then be 

used to explore relationships between clinical disease events that are commonly 

occurring and are focussed on the periparturient and early lactation period, and 

reproductive performance.  

 

2.2 Materials and Methods 
 

2.2.1 Data collection and processing 
 

Data used in this study comes from a dataset collected from the farm clients of 20 

veterinary surgeons throughout England and Wales, as described by Hudson (2012). The 

data came from a variety of herd management software programmes and from bureau 

services provided by veterinary practices or milk recording organisations. Data had 

previously been anonymised, extracted from software into Microsoft Access and data 

outside of the years 2000-2009 removed. The data were restructured so that each line 

represented a parity and contained basic details about that parity such as animal ID and 

calving date. 
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Records were searched in order to assign relevant individual cow events that had been 

recorded by the farm to match to the basic parity details. As most management software 

allows the user to configure events freely, a variety of search terms were used in order 

to capture events recorded under different names. The search terms were based on a 

complete list of every event name recorded in the database, and the author’s experience 

of the default setups of the more common recording software systems. Examples of the 

search terms used to search the database for health event characteristics can be found 

in Table 2.1. The original dataset consisted of 646,000 parities from 468 herds. 

 

Table 2.1 Event characteristic search terms for data extraction 

Health event characteristic Search Term(s) 

Milk fever (MF) Event "milk fever", "milkfever", "hypoc*" 

Retained foetal membrane 

(RFM) 

Event "retained*", "RFM", "RP", "cleansing", "held cl*" 

Twins Derived from OffSprLive and OffSprDead 

Dead calf Derived from OffSprLive and OffSprDead 

Assisted calving Comment/result/category of calving event - "*help*", 

"*aid*", "*hard*", "*assist*", "dyst*" or "malp*" or 

"*oversize*" 

VLD (vulval discharge) Event "VLD", "endo*", "dirty", "washout", "vulval 

discharge", "whites", "metritis", "metricure", "metrijet" 

OR comment/result/category of PNC/ONO/*FERT* 

Cyst Event "cyst", "cystic", "COD" 

OOA (other ovarian 

abnormality) 

Event “no structures”, NS”, “ONO” 

Service/ insemination Event - "SERVED" or relevant software event type 
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2.2.2 Data quality screening and processing 
 

The data were restructured so that each parity could be identified by the cow ID, the 

year and the herd, background events such as insemination dates, calving dates and 305 

day yield amalgamated, and a series of periparturient and early lactation health events 

recorded next to each parity as binary events with a code of either 1 (event occurred) or 

0 (event did not occur). As recording of event and other data were variable between 

herds and over time, data quality screening was carried out in order to produce a robust 

dataset for analysis. This took three stages- the recoding of individual events deemed to 

be unrepresentative, the exclusion of individual parities and the exclusion of herd years. 

 

The 305 day milk yield for cows that exited the herd prior to 305 days was converted 

from the existing cumulative figure to a 305 day equivalent figure based on current milk 

produced using a mean lactation curve (for primiparous or multiparous cows) to avoid 

using an unrepresentatively low figure. Health events that appeared to have been 

entered with unexpected dates relative to calving dates (such as a retained foetal 

membrane case 35 days after calving) were recoded as having not occurred and the 

parity retained. Dates of final insemination and subsequent calving were checked against 

the software-calculated conception date, and where this revealed a discrepancy a date 

281 days before the subsequent calving entered, following accepted standard gestation 

lengths (McGuirk 1998, McGuirk 1999). 

 

Individual parities were in some cases determined to be inaccurately recorded or 

unrepresentative outliers and were therefore excluded. Exclusion criteria included calving 

to conception intervals of less than 20 or more than 420 days, two conception dates 

recorded by two different recording methods being more than 14 days apart, a cow with 

a 305 day yield of less than 3000 or more than 18000 litres, or the cow exiting the herd 

less than 7 days after calving. 



60 

 

 

In order to estimate the frequency of event recording, data were restructured into herd-

years (data summarised for each herd in each calendar year) such as herd01_year2008, 

in order to facilitate assessment of which herd-years were likely to contain the required 

data. Each herd year was then analysed further in order to ascertain the quality of the 

data from that herd year. A large number of herds under recorded periparturient and 

early lactation events, either by only recording them sporadically and potentially 

inaccurately or by not recording them at all. 

 

2.2.3 Dataset restructuring for model building 
 

Table 2.2 describes three datasets that were developed following removal of parities that 

did not meet the initial required criteria. Dataset B was produced by sorting the herd 

years within Dataset A by event incidence and all of the herd years that did not record 

any of the seven principle health events (twins, dead calf, assisted calving, milk fever, 

retained foetal membranes, vulval discharge and cyst) were discarded.  Dataset C was 

produced by sorting the herd years within Dataset B by event incidence and the herd 

years in the lowest 25% by event incidence of each of the seven principle health events 

(twins, dead calf, assisted calving, milk fever, retained foetal membranes, vulval 

discharge and cyst) were discarded.   

 

Table 2.2 Description of Datasets A, B and C 

Dataset Origin Number of 

herd years 

represented 

Number 

of 

parities 

included 

A All parities from 468 herds, with the majority of 

these covering 10 years 

4564 603121 

B Parities from herd years where at least one 

event was recorded at least once 

1872 321027 
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C Parities from herd years where all events were 

recorded at least once, and the herd years with 

the lowest 25% of incidence of disease were 

then excluded  

25 6262 

 

Datasets B and C had any herd years containing less than 50 parities removed. Uterine 

events were recoded according to event occurrence before and after 21 days and ovarian 

events were recoded according to disease occurrence before and after 42 days. Figure 

2.1 shows an example for one health event of the low level of recording of periparturient 

and early lactation events in the majority of herd years. The 25 herd years in Dataset C 

represented 14 different herds and from cows calving in 7 of the 10 years of the original 

dataset.   

 

 

Figure 2.1 Herd years (x axis) ordered by lactational incidence of vulval discharge (y axis) for Dataset A of 

603,121 parities from 4564 herd years 

 

Datasets B and C were then restructured into a format where each line represented a 7 

day risk period in every lactation between 28 and 300 days in milk (therefore up to 40 
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risk periods per parity). Cows were censored if they were culled, died or became 

pregnant. Occurrence of pregnancy was recorded as a binary event for each risk period.  

 

2.2.4 Model building 
 

Discrete time survival analysis was used within a logistic multivariable regression model 

to explore the associations between the outcome variable, the probability of a cow 

becoming pregnant in a given 7 day risk period, conditional on her not already having 

become pregnant, and 17 potential explanatory variables. These variables included 11 

periparturient and early lactation health events. All variables are listed in Table 2.3.  

 

Table 2.3 Potential explanatory and outcome variables for each 7 day risk period 

Basic Variable Variable type 

 Outcome  

Becomes pregnant Binary  

 Explanatory- risk period level 

Days in milk at start of risk period Continuous 

Month of risk period Categorical 

 Explanatory- parity level 

Parity Categorical 

Month of calving Categorical 

Year of calving Categorical 

305 day milk yield Continuous 

Twins Binary 

Dead Calf Binary 

Assisted calving Binary 

Milk Fever Binary 

Retained Foetal Membranes Binary 
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Vulval discharge first diagnosed less than 

21 days 

Binary 

Vulval discharge first diagnosed more 

than 21 days 

Binary 

Cyst first diagnosed less than 42 days Binary 

Cyst first diagnosed more than 42 days Binary 

Other ovarian abnormality first diagnosed 

less than 42 days 

Binary 

Other ovarian abnormality first diagnosed 

more than 42 days 

Binary 

 

A 4 level hierarchical random effects structure (risk period within parity within cow within 

herd) was rejected because a high proportion of cows were only contributing one parity, 

so there was little variation between parities within. A 3 level hierarchical model (risk 

period within cow within herd) was initially constructed, with risk periods nested within 

cows, nested within herds. The model took a conventional form (Yang 2003):  

 

Pregnantijt ~ Bernoulli probability (mean = ∏ijt)  

Logit (∏ijk) = α + β1Xijk + β2Xjk + β3Xk + ujk + vk  

 

where i, j and k denote the ith timepoint for the jth cow in the kth herd, ∏ijk the fitted 

probability of Pregnantijk (the outcome of whether the jth cow from the kth herd became 

pregnant at the ith timepoint), α the regression intercept, Xijk the vector of timepoint 

level covariates, β1 the coefficients for covariates Xijk, Xjk the vector of cow level 

covariates, β2 the coefficients for covariates Xjk, Xk the vector of herd level covariates, 

β3 the coefficients for covariates Xk, ujk the random effect to reflect residual variation 

between cows and vk the random effect reflecting residual variation between herds. 

During model building it became apparent that model fit was unacceptable with this 
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random effects structure. Removal of the cow level random effect resulted in satisfactory 

fit so a two level model was adopted. 

 

Model building was carried out in MLwiN version 2.20 (Rasbash 2010). Initial model 

building was carried out using iterative gerneralised least squares estimation (IGLS) for 

initial parameter estimation. Final parameter estimation was carried out using Markov 

chain Monte Carlo (MCMC) in R (R 2017) using a burn in chain length of 5000 and 

monitoring chain lengths of at least 20000 iterations. Estimate traces were visually 

assessed for satisfactory convergence.  

 

Models were built using forward selection, with explanatory variables retained in the 

model if the magnitude of the central coefficient estimate was more than twice the 

standard error (equivalent to p<0.05). Discarded variables were individually 

reintroduced and retained if they satisfied the above criteria. First-order interactions 

between health event explanatory variables were tested, as were interactions between 

days in milk and health event variables. Not all potential explanatory variable interaction 

terms were tested as the association with health events across the lactation were the 

main clinical focus of the modelling. Interaction terms between health events were 

tested to account for the possibility that the association between health events and the 

probability of pregnancy changed in a non-linear fashion as the lactation progressed. 

Polynomial terms were explored for days in milk and milk yield and were applied if they 

fitted the data more closely than the original variable. 

 

Two models were constructed using Dataset B (1872 herd years) and Dataset C (25 herd 

years). A sensitivity analysis was performed to assess for the introduction of sampling 

bias. Odds ratios were created for both models and compared. The direction of the 

effects was generally similar between the two models, but coefficient sizes were smaller 

with Dataset B (as would be expected in the presence of substantial missing event data) 

and Dataset B was therefore discarded. Dataset C containing 96008 blocks from 6262 
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parities from 4679 cows from 25 herd years from 14 herds was used for final parameter 

estimation. Odds ratios for explanatory variables found to be associated with the 

probability of pregnancy per unit time were created by exponentiation of the central 

estimate and 95% highest posterior densities (HPDs) created by exponentiation of the 

95% coverage interval of the MCMC chains. 

 

2.2.5 Model checking and model fit 
 

Regression validations are commonly used as a step to assess model fit (Green 2009). In 

order to do this, the data was subset 16 times according to various different 

characteristics of the explanatory variables (this included several of the health event 

variables as well as some randomly determined explanatory variable categories, for 

example parity 4 and the calving month of June). In addition, the data was sorted 

according to the probability of pregnancy into deciles. For each form of subset full MCMC 

chains were used to generate predictions for that subset and observed proportion of 

pregnancy for each subset compared to the prediction. Fit was considered acceptable.  

 

2.2.6 Model predictions 
 

In order to produce more intuitive graphical representation of the association between 

health events and the probability of pregnancy, the model was used to predict the 

probability of pregnancy for each 7 day risk period from day 28 to day 150 of the 

lactation for pairs of hypothetical cows. All other variables were kept at mean values, 

with the only difference being the occurrence or absence of specific health events found 

to be associated with pregnancy. These were presented as comparative individual event 

line charts. In addition, a summary bar chart of the 100 day in calf rate for lactations 

affected and unaffected by the events was created. The individual bars were calculated 

by multiplying the probabilities that the cow does not become pregnant from each risk 

period up to 100 days in milk together and subtracting this figure from one. 
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Population Attributable Fractions (PAFs) were determined for the 6 periparturient and 

early lactation events remaining in the model by generating predictions for an alternative 

version of the data where each event in turn was set to zero for every risk period. So, 

for example, for the retained foetal membrane PAF an overall predicted probability of 

pregnancy was calculated from the original dataset and compared to a prediction for 

probability of pregnancy for a version of the dataset where retained foetal membranes 

was set to zero for every risk period. By creating a ratio of the two figures we create a 

PAF for the occurrence of retained foetal membranes.  This was repeated for each 

iteration of the MCMC chains, calculating PAF for each iteration of the chain allowing the 

creation of a central estimate and confidence intervals for the set of PAFs. 

2.3 Results 
 

2.3.1 Descriptive statistics 
 

Summary statistics are shown in Table 2.4 describing herd production and reproduction 

performance based on mean and distribution figures for the 14 herds. Mean lactational 

incidence figures for the 25 herd years from these 14 herds are shown in Table 2.5. 

These figures include the five periparturient and six early lactation health events which 

were initially used in model building. Five of these events (twins, dead calf, milk fever, 

and both cysts and other ovarian abnormalities diagnosed before 42 days in milk) were 

not retained in the final model construction. Lactational incidence was considered to be 

within typical incidence recorded in the literature (Borsberry 1989, Fourichon 2001, 

Leblanc 2002, Hayes 2012, Piccardia 2016). 
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Table 2.4 Summary descriptive statistics about the 14 dairy herds 

 

100 day in 

calf rate 

(%) 

200 day in 

calf rate 

(%) 

305 day milk 

yield (kg) 

Calving 

index (days) 

Culling rate (% 

of calvings) 

Herd 

size 

Min 26.9 56.4 7295 384 11.2 80 

25% 30.9 62.1 8147 399 19.1 114 

50% 35.9 68.3 9118 407 21.4 179 

75% 40.8 70.1 9789 414 25.3 321 

Max 48.7 80.2 10544 424 30.2 642 

 

Table 2.5 Mean lactational incidence of 11 periparturient and early lactation health events 

Event Mean Lactational 

incidence 

Twins 3.4 

Dead calf 5.5 

Assisted calving 11.5 

Milk Fever 5.3 

Retained Foetal Membranes 6.3 

Vulval Discharge Diagnosed 21 Days or Less Post Calving 9.0 

Vulval Discharge Diagnosed More Than 21 Days Post 

Calving 

8.2 

Cyst Diagnosed 42 Days or Less Post Calving 1.2 

Cyst Diagnosed More Than 42 Days Post Calving 10.0 

Other Ovarian Abnormality (OOA) Diagnosed 42 Days or 

Less Post Calving 

0.0 
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Other Ovarian Abnormality Diagnosed More Than 42 Days 

Post Calving 

0.9 

 

2.3.2 Output from multilevel discrete time survival model 
 

The logistic regression model output is recorded in table 2.6. Odds ratios (ORs) can be 

interpreted as the odds of a pregnancy as a result of the explanatory variable in ratio to 

the odds of pregnancy for a reference category. A number of the explanatory variables 

not related to health events in the period around and after calving were associated with 

the odds of pregnancy during a given 7 day risk period. For example, the odds of 

pregnancy reduced with increasing parity in reference to a parity 1 animal, with a parity 

5 or greater animal having an OR (and 95% HPD) of 0.674 (0.613-0.736). The odds of 

pregnancy was also reduced by increasing yield and days in milk. There were also 

associations between a calving month of February and March and the odds of pregnancy 

decreasing and a risk period month of November and December and the odds of 

pregnancy increasing.  

 

Six of the explanatory variable health events were associated with the outcome variable. 

Odds ratios for two periparturient events (assisted calving and retained foetal 

membranes) and for four early lactation events (vulval discharge diagnosed before and 

after 21 days and the disorders of the ovary caused by cysts or other causes diagnosed 

after 42 days) can be seen in Table 2.6.  

 

Interaction terms between the health events and the natural logarithm of days in milk 

were inserted into the model to improve model fit since the health events were 

considered likely to have a decreasing association with the probability of pregnancy per 

unit time as days in milk increases. The OR greater than one for these interaction terms 

indicate that for each of the six events the association with pregnancy reduces as the 

lactation proceeds.  
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Table 2.6 Parameter estimates for discrete time survival model with pregnancy during a 7 day risk period as the 

outcome variable 

    
95% 
HPD 

Interval 

Model term n Coefficient Odds 
Ratio 

Lower Upper 

Intercept 96008 -5.41  -5.60 -5.18 

Parity 1 23055  Reference   
Parity 2 24288  0.929 0.850 1.00 

Parity 3 16649  0.899 0.821 0.988 

Parity 4 11777  0.844 0.756 0.941 

Parity 5 or Greater 20239  0.674 0.613 0.736 

Days In Milk ^1 96008 6.47 x 10-2  
6.10 x 
10-2 

6.80 x 
10-2 

Days In Milk ^2 96008 -4.10 x 10-4  
-4.35 x 

10-4 
-3.87 x 

10-4 

Days In Milk ^3 96008 7.50 x 10-7  
6.96 x 
10-7 

8.06 x10-

7 

Centred 305 Day Milk Yield (‘000kg) ^1 

 

96008 

 0.956 0.940 0.971 

Centred 305 Day Milk Yield (‘000kg) ^2 

 

96008 

 0.994 0.989 1.00 

Risk Period Month Other 77910  Reference   

Risk Period Month November or December 

 

18098 

 1.13 1.05 1.22 

Calving Month Other 82001  Reference   
Calving Month February or March 14007  0.845 0.772 0.919 

No Assisted Calving 84967  Reference   
Assisted Calving 11041  0.343 0.154 0.773 

No Retained Foetal Membranes 89969  Reference   

Retained Foetal Membranes 6039  
7.24 x 10-

2 
2.25 x 
10-2 

0.318 

No Vulval Discharge Diagnosed 21 Days or Less 
Post Calving 

 

87375 

 Reference   

Vulval Discharge Diagnosed 21 Days or Less 
Post Calving 

 

8633 

 0.233 8.43 x 
10-2 

0.571 

No Vulval Discharge Diagnosed More Than 21 
Days Post Calving 

 

88089 

 Reference   

 

Vulval Discharge Diagnosed More Than 21 Days 
Post Calving 

 

7919 

 

 

5.87 x 10-

3 

 

1.36 x 
10-3 

 

2.53 x 
10-2 

No Cyst Diagnosed More Than 42 Days Post 
Calving 

 

86450 

 Reference   

Cyst Diagnosed More Than 42 Days Post Calving 

 

9558 

 
1.38 x 10-

3 
4.45 x 
10-4 

5.00 x 
10-3 
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No Other Ovarian Abnormality Diagnosed More 
Than 42 Days Post Calving 

 

95108 

 Reference   

Other Ovarian Abnormality Diagnosed More 
Than 42 Days Post Calving 

 

900 

 
3.60 x 10-

6 
1.08 x 
10-8 

6.52 x 
10-4 

Assisted Calving * Natural Logarithm of Days In 
Milk 

 

11041 

 1.22 1.03 1.45 

Retained Foetal Membranes * Natural Logarithm 
of Days In Milk 

 

6039 

 1.66 1.25 2.16 

Vulval Discharge Diagnosed 21 Days or Less 
Post Calving * Natural Logarithm of Days In 

Milk 

 

 

8633 

 1.28 1.06 1.58 

Vulval Discharge Diagnosed More Than 21 Days 
Post Calving * Natural Logarithm of Days In 

Milk 

 

 

7919 

 2.65 1.95 3.53 

Cyst Diagnosed More Than 42 Days Post Calving 

* Natural Logarithm of Days In Milk 

 

9558 

 3.59 2.75 4.46 

Other Ovarian Abnormality Diagnosed More 
Than 42 Days Post Calving * Natural Logarithm 

of Days In Milk 

 

 

900 

 10.9 3.93 33.3 

Dead Calf * Other Ovarian Abnormality 
Diagnosed More Than 42 Days Post Calving 

 

56 

 12.7 2.03 68.6 

Vulval Discharge Diagnosed More Than 21 Days 
Post Calving * Other Ovarian Abnormality 

Diagnosed More Than 42 Days Post Calving 

 

 

181 

 
5.00 x 10-

2 
5.23 x 
10-3 0.375 

 

2.3.3 Predictions of model fit 
 

Posterior predictions were then assessed for various different subsets of the data and 

found to fit it well. Figure 2.2 shows various categorical subsets of explanatory variables 

with the observed probabilities of pregnancy all within the 95% coverage intervals of the 

predicted probabilities. Similarly Figure 2.3 shows observed probabilities of pregnancy 

within the 95% coverage intervals for the predictions for subsets of risk deciles. 
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Figure 2.2 Comparison between Predicted and observed probabilities of pregnancy for a selection of subsets of 

the data. Full Markov Chain Monte Carlo chains were used to generate predictions for each subset and 

observed proportion of pregnancy for each subset was compared to the predictions. Error bars indicate 95% 

coverage interval. 
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Figure 2.3 Comparison between Predicted and observed probabilities of pregnancy for risk deciles within the 

data. Full Markov Chain Monte Carlo chains were used to generate predictions for each subset and observed 

proportion of pregnancy for each subset was compared to the predictions. Error bars indicate 95% coverage 

interval. 
 

2.3.4 Model predictions of the probability of pregnancy 
 

Figures 2.4 to 2.9 each represent model predictions for six health events. They 

demonstrate the probability of pregnancy in each 7 day risk period between 28 and 150 

days in milk for pairs of hypothetical cows which both followed the population means for 

all other explanatory variables. They were only differentiated by the presence or absence 

of each of the health events that were significantly associated with the probability of 

pregnancy per unit time in the logistic regression model. These are presented as line 

charts with solid blue lines representing unaffected lactations and dashed lines 

representing 95% coverage intervals around these predictions. Solid red lines (with 

dotted lines for 95% coverage intervals) represent predicted probability of pregnancy for 

increasing days in milk for cows affected by one of the health events, which differ in 

each plot.  
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Although of different shapes, the six paired curves follow a similar form, with a small 

difference between affected and unaffected at 28 days in milk (but with narrow 

confidence intervals that do not overlap). This difference between the paired curves 

increases until approximately 100 days in milk when the paired lines begin to converge. 

In the majority of predictions there remains a difference between the paired lines at 150 

days in milk but often with overlapping confidence intervals. The probability of 

pregnancy per unit time has not begun to decrease by 150 days in milk for the affected 

cows for the majority of the plots (represented by the six red lines).  

 

Of the six events, there is the largest difference between the paired affected and 

unaffected cows for predicted probability of pregnancy for the event other ovarian 

abnormality diagnosed at greater than 42 days in milk. The events cystic ovarian disease 

diagnosed after 42 days after calving and vulval discharge diagnosed after 21 days after 

calving (usually termed endometritis) also show a marked difference between the paired 

cows, which is particularly stark between 60 and 120 days in milk. 
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Figure 2.4 Model predictions of the probability of pregnancy between 28 and 150 days in milk for lactations 

affected and unaffected by assisted calving 
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Figure 2.5 Model predictions of the probability of pregnancy between 28 and 150 days in milk for lactations 

affected and unaffected by retained foetal membranes 
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Figure 2.6 Model predictions of the probability of pregnancy between 28 and 150 days in milk for lactations 

affected and unaffected by vulval discharge diagnosed less than 21 days post calving 
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Figure 2.7 Model predictions of the probability of pregnancy between 28 and 150 days in milk for lactations 

affected and unaffected by vulval discharge diagnosed more than 21 days post calving  
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Figure 2.8 Model predictions of the probability of pregnancy between 28 and 150 days in milk for lactations 

affected and unaffected by cyst diagnosed more than 42 days post calving  
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Figure 2.9 Model predictions of the probability of pregnancy between 28 and 150 days in milk for lactations 

affected and unaffected by cyst diagnosed more than 42 days post calving  

 

Figure 2.10 represents a summary of the model predictions for the probability of 

pregnancy per unit time, by showing the 100 day in calf rate for lactations affected by 

the six health events, again with all other variables unchanged between the predicted 

lactations between the two groups. This has been calculated from the probabilities of 

pregnancy for each of the 7 day risk periods prior to 100 days in milk. This shows a 

reduction in the probability of pregnancy for all six of these explanatory variables and is 

particularly marked for the events diagnosed more than 21 days into the lactation. 

Although the probability of pregnancy prior to 100 days in milk following diagnosis of an 
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OOA is only 0.02, this may have less of an impact on a population of cows as a result of 

the considerably lower lactational incidence of this event. The use of PAFs allows this to 

be considered as they take into account both effect size and lactational incidence. 
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Figure 2.10 Comparison between model predictions of 100 day in calf rate for lactations affected or unaffected 

by six periparturient or early lactation events. 

2.3.5 Population Attributable Fractions 
 

Table 2.7 shows population attributable fractions (PAF) for the six events identified as 

having an association with the probability of pregnancy per unit time. PAF is a method of 

further explaining the association between the explanatory and outcome variables from 

the logistic regression model and is a recognised method of determining the impact on 

the health of a population as the result of the exposure of the population to that event 

(Mansournia 2018, Brady 1998). PAF is defined by Mansournia (2018) as follows: ‘the 

fraction of all cases of a particular disease or other adverse condition in a population that 

is attributable to a specific exposure; PAF equals (O − E)/O, where O and E refer to the 

observed number of cases and the expected number of cases under no exposure, 

respectively.  

 

In the case of the health event explanatory variables from the logistic regression model, 

the percentage of PAF for each event in Table 2.7 indicates the reduction in the 

percentage of pregnancies per unit time that has occurred as a result of the health 

event. Despite a much reduced odds of pregnancy as a result of OOA occurring 

compared to other health events at the level of the individual risk period, the PAF for 

OOA is much lower for this event as a result of the event since PAF is assessed at the 

level of the population, and the lactational incidence of OOA is much lower.  

 

The sum of the PAFs for the 6 events of nearly 11% indicates that a substantial 

reduction in the probability of pregnancy per unit time is expected as a result of the 

additive effect of their occurrence. However, an 11% increase in the probability of 

pregnancy would only be expected to occur in the hypothetical situation of the lactational 

incidence of all six events becoming zero, which would be difficult to achieve clinically. 
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Table 2.7 Population attributable fractions for six periparturient and early lactation health events associated 

with the probability of pregnancy per unit time 
 

 

  

Event PAF 

% 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Assisted Calving 1.48 0.40 2.53 

Retained Foetal Membranes 1.04 0.37 1.67 

Vulval Discharge Diagnosed 21 

Days or Less Post Calving 

2.01 1.18 2.80 

Vulval Discharge Diagnosed More 

Than 21 Days Post Calving 

2.94 2.19 3.66 

Cyst Diagnosed More Than 42 Days 

Post Calving 

2.96 2.16 3.73 

Other Ovarian Abnormality 

Diagnosed More Than 42 Days Post 

Calving 

0.50 0.26 0.71 
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3.4 Discussion 
 

The work in this chapter has established that there are significant associations between a 

number of periparturient and early lactation health events and the subsequent 

reproduction of dairy cows. The periparturient events assisted calving and retained foetal 

membranes and the early lactation events vulval discharge before 21 days, vulval 

discharge after 21 days, cystic ovarian disease after 42 days and other ovarian 

abnormalities after 42 days were all associated with impaired fertility. This reduced the 

predicted probability of pregnancy before 100 days of lactation by between 5% and 31%  

in affected cows compared to otherwise equivalent unaffected cows.  

 

There is considerable evidence from the literature on the associations between a number 

of periparturient and early lactation health events (that often have a lactational incidence 

of between 5 and 20%) and reproduction at the level of the individual lactation or 

insemination (Djemali 1987, Simerl 1992, Esslemont 2002, Hayes 2012, Giuliodori 2013, 

Piccardi 2016, Leblanc 2002, Barrett 2009, Kim 2005, Cattaneo 2015). These have 

established, often using univariate analysis techniques, that individual health events 

reduce the probability of pregnancy at an individual lactation level.  

 

The use of random effects discrete time survival regression analysis in this chapter has a 

number of advantages compared to many studies in this area, principally in that it allows 

other explanatory variables to be accounted for and therefore allows the separation of 

the impacts of different health events in the same model. Without the use of 

multivariable modelling it becomes difficult to know which of many interacting health 

events (such as twins and retained foetal membranes), which often occur in sequence in 

the lactation, was responsible for the subsequent poor reproductive performance. Milk 

fever, twins and dead calf were not found to be associated with reproductive 

performance once their associations with other interlinked diseases were separated by 

the model. In this study the only significant impacts of these on reproduction appeared 
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to be via making other events (such as retained foetal membranes or assisted calving) 

more likely. 

 

Other studies that have used multivariable modelling to allow the other variables to be 

accounted for have drawn similar conclusions (Loeffler 1999, Ribeiro 2013). This work 

aimed to investigate the calving and early lactation periods and therefore included only 

events that occur at this time. Direct comparison with other published work is therefore 

challenging as a result of different explanatory variables not being included.  

 

However, Loeffler (1999) used some of the same health events as inputs to a logistic 

regression model as were used in this work and also established an association between 

cystic ovarian disease and reproductive performance. However, despite also establishing 

an association between metritis and reproduction, quantitative comparisons between 

results are not possible due to, among other reasons, contrasting disease definitions 

(Loeffler defining metritis as an infection of the uterus throughout the lactation, rather 

than being limited to the first 21 days, as was classified in the work in this project).  

 

Ribeiro (2013) also used a variety of diseases that occur throughout the lactation as 

explanatory variables to multivariable models. Although these variables differ from the 

work in this chapter, some comparisons can be made. Using similar disease definitions 

their work showed a reduction in the odds of pregnancy per AI of 36% for endometritis, 

62% for metritis and 48% for assisted calving for cows affected by these conditions 

compared to unaffected cows. Different methodology and inclusions to the models make 

exact comparisons with the work in this project impossible. 

 

This model structure (discrete time survival analysis) has also allowed analysis and 

presentation of how the relationship between reproduction and disease changes through 

lactation through the use of predictions. Line charts such as these show not just that a 

periparturient event does reduce fertility, but by how much and crucially at which stages 
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of the lactation this is most pronounced. The use of predictions of probability of 

pregnancy allow an immediate visual comparison between affected and unaffected cows. 

 

A large number of studies have reported lactational incidence of health events. The 

diseases, and other disturbances to a normal calving and post partum return to cyclicity 

are events that are reported to occur in between 2% and 30% of lactations. This figure 

is some way below the incidence rates of mastitis and lameness, but these events are 

frequent and can have substantial impacts on production and culling in addition to 

associations with reproduction. Incidence rates from this work appear to be comparable 

to other studies (Esslemont 2002, Whitaker 2004), with periparturient events ranging 

from 3.4% for twins to 11.2% for assisted calving and early lactation events ranging 

from 0.9% for other ovarian abnormalities to 10.0% for cystic ovarian disease. 

 

PAFs were determined for the 6 periparturient and early lactation events that remained 

in the model by generating predictions for an alternative version of the data where each 

event in turn was set to zero for every risk period and compared to observed probability 

of pregnancy from the model. This determined that between vulval discharges diagnosed 

before and after 21 days, uterine disease was reducing the probability of pregnancy per 

unit time by nearly 5%. PAFs suggest that of the six events identified as being 

associated with reproductive performance, early lactation events made the largest 

reductions in the probability of pregnancy per unit time. Interventions in this area, for 

example by diagnosing and treating cases of uterine and ovarian disease earlier in the 

lactation may result in improved herd reproductive performance in herds with high 

incidences of these diseases. 

 

The results from the model in this chapter have only been used for inferences on the 

data that supplied the model and have not been used to make predictions on comparable 

data from other herds and therefore the concern about overfitting has not been 

investigated. Should the model be used for this purpose it would be logical to attempt to 
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detect whether the model represents patterns that are specific to the data using cross 

validation techniques. Should this be found to be the case, a new model construction 

would be required. 

 

The dairy industry and national herd reproductive performance have changed in the 

years since this data from 2000 to 2009 was collected but it would seem unlikely that 

the changes in this time (for example an improvement in national herd submission rate, 

Hanks 2010-2020) will have included a change in the relationships between health 

events and reproduction. Similarly, despite the ‘big data’ that was initially reworked, the 

model was built using data from approximately 1% of the original parities collected. 

Although this is a substantial reduction, it is important to consider that model checking 

ensured that the model fitted the data used well.  

 

However, it is also important to consider whether selection bias has occurred and 

whether any changes would not represent a typical UK herd should these results be 

utilised by the industry (for example to consider alterations to herd management 

policies). Basic descriptive statistics presented in Table 2.4 suggest that the 14 herds 

used in this model were of similar size to the average for UK dairy herds but had a lower 

culling rate and a higher milk yield. By definition of their inclusion in this study, they 

keep records well. These factors may suggest that results from these herds may not be 

completely replicated should a more random sample of 14 herds be collected in the 

future. 

 

The work in this chapter adds to discrete time survival models investigating the 

associations between mastitis and lameness, and reproduction (Hudson 2012, Hudson 

2014). Areas of further extension for future models and datasets may include the 

addition of further clinical conditions such as displaced abomasa, or subclinical ketosis 

diagnosed at routine monitoring, or the building of more sophisticated models 

incorporating a series of any health events recorded on dairy farms. In the years since 
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the dataset on which this chapter was based was collected, software programmes and 

farmer interest in herd performance data have increased. Repeating the study on more 

herds using current data would allow comparisons to be drawn and assessment on 

whether the associations established in this work between health events and 

reproduction have altered. 
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Chapter 3 Systematic evidence review of factors 
associated with reproductive performance 
 

3.1 Introduction 
 

3.1.1 Chapter Objectives 
 

This chapter describes a systematic literature evaluation, exploring associations between 

health events, farm management decisions and environmental conditions, and dairy cow 

reproductive performance. The first chapter objective is to summarise existing evidence 

across key areas in a format which can be used within a simulation framework to 

evaluate which factors are most important in which situations. 

 

Further output is through the exploration of the relationship between commonly (and 

often historically) used interval fertility data and more intuitive (and often more recent) 

means of expressing reproductive performance such as 21 day pregnancy rate. 

Techniques of literature searching, assimilation and the methods of summarising a broad 

ranging topic are also discussed.  

 

For each factor a systematic literature evaluation has been performed, using standard 

techniques, in order to identify published studies (meeting quality criteria for study 

design and statistical robustness) which provide quantitative evidence on the impact of 

the factor on reproductive performance. Relative risks of pregnancy per unit time as a 

means of expressing the difference in likelihood of pregnancy between an affected and 

an unaffected comparison population are established. 
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3.1.2 Critical appraisal of studies 
 

There is a consistent agreement that studies of different designs provide different 

weights of evidence to support a scientific argument, the so called ‘hierarchy of evidence’ 

(Murad 2016, Burns 2011). As a result of this, in order to construct a robust review of 

literature or identification of papers upon which to build an argument, it is logical to 

consider different study designs or publications reviewing literature in a particular field. 

For example, a systematic review will generally carry more weight than a randomised 

controlled trial, which itself will carry more weight than a cohort study and in turn a case 

report (Guyatt 2008). As a result of this it is important in the context of this chapter to 

consider the type of study as well as other assessments of the quality of the paper when 

considering whether it can be included.  

 

When determining the quality of research, assessment of the standard of reporting of 

the methods and results, the study design and how logically the study has been placed 

within the broader literature is critical. Study types high in the ‘hierarchy of evidence’ 

and studies using high quality reporting, design and execution allow the reader to trust 

the findings and add weight to any scientific argument put forward when using the study 

as a reference for future work. For example, randomised control trials are often seen as 

high quality evidence, but poor design and implementation can make them unreliable 

(Barton 2000). High quality observational studies may provide stronger evidence than 

poor quality randomised control trials, which have a high risk of bias, raising questions 

about the validity of the findings.  

 

Critical appraisal of studies is therefore important to assess the risk of bias and the 

reliability of the results. Critical appraisal tools are useful when reading scientific studies, 

to help to determine whether the research is of good quality, and to enable comparison 

between different studies (Ma 2020). Numerous tools for assessing study quality exist, 
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including the checklists from Critical Appraisals Skills Programme (CASP) and the Centre 

for Evidence-based Veterinary Medicine (CEVM) at the University of Nottingham. 

 

3.1.3 Evidence review techniques 
 

Standard techniques to review published literature are increasingly being used to 

assimilate information from published work to make sure that data retrieved, and 

conclusions drawn can be considered consistent, logical and robust and to attempt to 

ensure no areas are missed. This becomes important to ensure a literature review is 

conducted thoroughly (so allowing a researcher’s work to be placed in an appropriate 

context). It also becomes essential when using techniques to draw out knowledge and 

data from other sources.  

 

Methods of how to conduct different types of review, such as a systematic review and a 

rapid review have been described (Grant 2009, Young 2014). A systematic review, often 

using meta-analysis techniques within the review framework is the gold standard but can 

be very slow and labour intensive (Miwa 2014). A rapid review is much quicker and 

designed to answer a specific clinical question, often with a less structured way of 

conducting the review. However, it can omit relevant studies, which can alter 

significance or associations when using meta-analyses (Marshall 2019). 

 

Grindlay (2012) reviewed the coverage of veterinary journals by nine bibliographic 

databases and concluded that when attempting to find papers from a wide range of 

journals, the use of CAB Abstracts (CABI publisher) allowed a much greater coverage 

than any other database and therefore advised it’s use in the first instance. Combination 

with a second database increased coverage further, and the same review concludes that 

Medline (US National Library of Medicine publisher) may be best placed since it has a 

focus on biomedical topics.  
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Once the most appropriate databases are selected, it is next important to use the correct 

search terms, in order to identify as many possible papers that meet the relevant 

criteria. To aid the development of search terms, questions can be asked which can 

define a problem and aid the gathering of evidence in an attempt to answer them 

(Richardson 1995). The paradigm of evidence-based medicine (EBM) recommends the 

formulation of clinical questions in terms of the problem/population, intervention, 

comparison, and outcome (Huang 2006, Sayers 2008). Together, these elements 

comprise a PICO framework. Although this was developed to facilitate the formulation of 

clinical queries, it has been extended to aid the finding of high-quality evidence.  

 

3.1.4 Combining results from multiple sources of evidence 
 

Since reproductive performance in dairy cattle is a broad area with many contributing 

factors, which are often hard to measure and hard to contextualise between each other, 

it can be challenging to know which steps to take to make improvements. As such, 

despite it being a well researched area, it is one in which attempts to bring together 

evidence from different sources can also be challenging.   

 

The use of systematic reviews is a recognised technique to bring together sources of 

evidence and much greater weight can be brought to conclusions than for individual 

studies, through the use of meta-analysis techniques to synthesise the findings of 

several studies. Meta-analysis as part of review articles has been conducted in dairy 

reproduction (Rabiee 2005, Fourichon 2000, Lean 2009) to look at individual topics such 

as the use of fixed time artificial insemination (AI) programmes.  

 

Bringing together a large number of factors in this area has only been done through 

review articles (Crowe 2018). While review articles can be a useful way of introducing 

genuine research and advancing knowledge if carefully structured (Snyder 2019), they 
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are often not quantitative and therefore can be subjective. By methodically performing a 

series of reviews and using meta-analysis techniques to pool results across studies, the 

work in this chapter has identified key studies in each area, converted output from each 

into a standard unit and combined these to give a pooled effect for each area. This 

allows the opportunity to develop the results further to explore their relative associations 

with reproductive performance. 

 

3.2 Materials and Methods 
 

3.2.1 Factors influencing reproductive performance 
 

Factors thought to be associated with reproductive performance were identified through 

discussion with the project team and collaborators and unstructured literature searching. 

The longlist of areas was very consistent across the project team and collaborators and 

very aligned with areas covered in key textbook chapters in the area of dairy cow 

reproduction and therefore was considered appropriate. Factors were initially grouped 

according to categories of management, disease, environment and genetics. From an 

initial longlist, a shortlist of 11 factors were selected which were subjectively felt to have 

a substantial impact on dairy cow reproduction and considered to be important to UK 

dairy farmers.   

 

Consideration was given to the boundaries of the project such that it was essential to 

cover a range of topics to allow assessment of the relative importance of factors to 

reproductive performance later in the project. At the same time, it was considered that if 

the initial longlist had been used that a review of evidence could not be conducted in 

sufficient depth and a number of important evidence sources may have been missed. 

The factors to be investigated were in some cases subdivided into several categories and 

were as follows: 

• Subclinical ketosis 
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• Oestrus detection 

o Use of fixed time AI/ synchronisation 

o Use of automated activity meters 

• Endemic infectious disease 

o BVD 

o Johne’s Disease 

o Leptospirosis 

o IBR 

• Length of dry period 

• Genetics 

• Heat stress 

• Age at First Calving. 

 

3.2.2 Search terms 
 

Clinical questions were constructed in a PICO framework (in terms of the population, 

intervention, comparison, and outcome) in order to particularly define the factor that 

was to be investigated and the change in that factor that may lead to impaired 

reproductive performance. An example of this (using BVD virus) would be as follows: 

 

“In <dairy herds (P)> what effect would <uncontrolled high levels of BVD virus (I)> 

have compared to <naïve or steady low levels of BVD virus (C)> on <reproductive 

performance (O)>?” 

 

The outcome (O) terms (<reproductive performance>) remained constant throughout. 

The population (P), intervention (I) and comparison (C) terms for the factors can be 

seen in Table 3.1. 
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Table 3.1 PICO terms for factors investigated for their impact on reproductive performance 

Factor Population Intervention Comparison 

Subclinical 

ketosis 

 

<dairy cows> <ketosis as measured by 

blood biochemistry in the 

first 2 weeks of lactation>  

<no ketosis> 

Age at first 

calving 

 

<first lactation 

heifers> 

<an extended rearing 

period> 

<a standard rearing 

period> 

Length of 

dry period 

 

<second 

lactation or 

greater dairy 

cows> 

<having a lactation following 

an extended dry period 

length> 

< having a lactation 

following a standard 

dry period length> 

Genetics <dairy herds> <use of high fertility index 

bull> 

<use of an average 

fertility index bull> 

Heat Stress 

 

<dairy cows> <high temperature and 

humidity> 

<normal temperature 

and humidity> 

BVD virus <dairy herds> <uncontrolled high levels of 

BVD virus> 

<naïve or steady low 

levels of BVD virus> 

Johne’s 

Disease 

<dairy cows> <being positive to Johne’s 

disease> 

< being negative to 

Johne’s disease> 

Leptospirosis <dairy herds> <uncontrolled high levels of 

Leptospirosis> 

<naïve or steady low 

levels of 

Leptospirosis> 

IBR <dairy herds> <uncontrolled high levels of 

IBR virus> 

<naïve or steady low 

levels of IBR virus> 

Fixed time 

AI 

<dairy herds> <using fixed time AI 

following ovsynch> 

<traditional oestrus 

detection methods> 
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Automated 

activity 

monitors 

 

<dairy herds> <using automated activity 

monitors> 

<traditional oestrus 

detection methods> 

 

Searching for literature was done using a searching framework that was as repeatable 

and consistent as possible between factors, while recognising that there were inevitably 

differences in the volume, quality and detail of studies in each area. The use of PICO 

based questions aided the design of the search terms that were to be employed during 

these literature searches and helped to frame the populations of cows or herds that were 

to be compared. An example of this method is shown in Figure 3.1 using BVD virus as an 

example. 

 

 

 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Level One 
1     cow.mp. [mp=abstract, title, original title, broad terms, heading words, identifiers, cabicodes] (85399) 
2     cows.mp. (293714) 
3     cattle.mp. (647659) 
4     bovine.mp. (147878) 
5     bovines.mp. (5072) 
6     bos.mp. (596109) 
7     1 or 2 or 3 or 4 or 5 or 6 (713642) 
 

Database Used 
Database: CAB Abstracts <1910 to 2016 Week 46> 
Search Strategy: 
-------------------------------------------------------------------------------- 
 



97 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 3.1 Use of levels to ensure thorough search terms are entered into bibliographic databases, to ensure a 

high percentage of relevant papers are detected; in this example search terms used to identify papers 

associating BVD and reproduction in cattle 

 

Further detail on the searching methods employed utilising these search terms in given 

in section 3.2.4. The levels shown identify the population (level 1 brought in populations 

Level Two 
8     bovine viral diarrhoea.mp. (2428) 
9     bovine viral diarrhea.mp. (2719) 
10     bovine pestivirus.mp. (91) 
11     bovine viral diarrhoea virus.mp. (1717) 
12     pestivirus.mp. (14005) 
13     bovine viral diarrhea virus.mp. (2441) 
14     bovine viral diarrhoea virus 1.mp. (169) 
15     bovine viral diarrhea virus 1.mp. (1043) 
16     Bovine viral diarrhea virus 1.od. (1031) 
17     bovine viral diarrhoea virus 2.mp. (18) 
18     bovine viral diarrhea virus 2.mp. (505) 
19     BVDV.mp. (2680) 
20     BVD.mp. (5221) 
21     mucosal disease.mp. (5192) 
22     bovine mucosal disease.mp. (45) 
23     8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 (14879) 
24   7 and 23 (8371) 

Level Three 
25     pregnant.mp. (64695) 
26     pregnancy.mp. (120243) 
27     pregnancy rate.mp. (7814) 
28     pregnancy outcome.mp. (1274) 
29     reproduction.mp. (101930) 
30     preg rate.mp. (4243) 
31     pregnancy risk.mp. (3587) 
32     21 day pregnancy rate.mp. (103387) 
33     conception rate.mp. (10077) 
34     conception risk.mp. (5270) 
35     fertility.mp. (167609) 
36     reproductive performance.mp. (26462) 
37     submission rate.mp. (6586) 
38     submission risk.mp. (2854) 
39     serve rate.mp. (1948) 
40     oestrus detection rate.mp. (3105) 
41     25 or 26 or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 (404480) 
42     24 and 41 (991) 
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of cattle) and the outcome (level 3 brought in reproductive parameters) and the 

intervention and comparison (level 2 brought in the factor involved- typically a 

management decision or health event, in this example bovine viral diarrhoea virus 

(BVD)). Search terms varied across the 11 factors investigated, with levels 1 and 3 

remaining similar between factors and level 2 being changed with each factor. 

 

3.2.3 Inclusion criteria for studies 
 

As part of the literature searching process, assessments of the studies were conducted. 

Consideration was given to appropriate study design, sample size, understandable and 

comprehensive analytical methods, completeness of description of methods, consistent 

and understandable presentation of results, and context placement in introduction and 

discussion sections. Consistency of search methods, assessment of study quality and 

inclusion criteria were considered important, but some flexibility included to allow 

relevant studies to be obtained across a range of factors. Inclusion and exclusion criteria 

for selected studies are listed in Table 3.2. 

 

Table 3.2 Inclusion and exclusion criteria for studies 

Criteria Inclusion Exclusion 

Population of interest Bovine 

Dairy cattle 

Any other species 

Beef cattle 

Publication type Randomised Controlled 

Trials 

Controlled trials without 

randomisation 

Cohort studies 

Case-control studies 

Case series 

Case study 

Cross sectional studies 

Narrative reviews 

Conference proceedings 

Subject Make reference to 

reproductive performance 

and dairy cattle and factor 

involved within the title or 

abstract of the paper. 

No reference to 

reproductive performance 

and dairy cattle and factor 

involved within title and 

abstract 

Measurement Presence of a 

control/comparison group 

Quantitative presentation 

of results 

Absence of a 

control/comparison group 

No quantitative 

presentation of results 
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Measure of uncertainty 

(standard error, confidence 

intervals) 

No measure of uncertainty 

(standard error, confidence 

intervals) 

Language English Any language other than 

English 

Publication type Full study reported 

Published literature 

Abstracts (full methods and 

results available) 

Non-peer reviewed 

Grey literature 

Abstracts (methods and 

results not available) 

Book/ book section/generic 

 

 

Availability Able to obtain through 

University of Nottingham 

library or inter-library loan 

or by request 

Cannot obtain whole 

manuscript 

 

3.2.4 Search methods 
 

 

It has been deemed essential when conducting literature reviews and searches for 

evidence to maintain a consistent, repeatable and justifiable approach (Xiao 2017, Munn 

2018). Since the aim of this project is to bring together a large scope of research 

covering the broad topic of dairy cow reproduction, it can be considered that a series of 

reviews needed to be conducted. Since bringing together a series of reviews to evaluate 

the interaction between them has not commonly been undertaken in veterinary 

research, it was deemed appropriate to conduct 11 separate appropriate reviews for the 

11 factors investigated, which while not completely identical, could be explained using a 

consistent methodology. 

 

Since the 11 areas of interest listed above had a wide range of levels of published data, 

different approaches were used to identify papers containing suitable data associating 

each factor and reproductive performance in dairy cows, whilst ensuring a consistent and 

efficient search process. Searches were initially conducted using 3 level search terms 

using Medline and CAB Abstracts databases (as described by Grindley 2012). A search of 

CAB Abstracts (1910-2017) and Medline (1948-2017) using the OVID interface was 

performed. The abstract, title, original title, broad terms and heading words were 

searched using search terms as described in 3.2.2. Each search was linked with the 
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Boolean terms AND or OR. An illustrative example of this is as follows: [cow] OR 

[bovine] AND [BVD] OR [pestivirus] AND [pregnancy rate] OR [submission rate]. A more 

comprehensive illustration is seen in Figure 3.1.  

 

Many of the factors investigated are areas of considerable research interest and 

therefore returned large numbers of papers despite the use of rigorous and detailed 

search terms. When initial searches using CAB and Medline databases returned more 

than 1000 papers, it was deemed necessary to reduce the number of papers returned by 

conducting a search through the database Web of Science with reduced search terms 

(this might include the search terms [cattle], [reproduction] and [BVD] for example). 

Although this method may reduce the number of papers returned and therefore 

introduce the possibility of high quality papers being missed, it did allow searching of 

specific journals deemed likely to contain the most relevant papers to the topic.  

 

When the approach above using Web of Science returned more than 500 papers, it was 

deemed appropriate to reduce the search terms further. In this circumstance, review 

articles were identified using search terms in Web of Science and reference and citation 

lists checked to identify relevant papers that met the inclusion criteria, contained 

relevant evidence and met quality of publication criteria. 

 

Each title was reviewed and then the abstract retrieved of any paper deemed to have a 

relevant title. Abstracts were reviewed, and where the abstract suggested the study was 

relevant to the area under consideration the full paper was reviewed, and results collated 

if they met the criteria. 

 

3.2.5 Final search strategy for each factor 
 

Since there was a large range of papers found (in terms of numbers and suitability) 

when exploring associations between management decisions or health events and 



101 

 

reproductive performance, it was decided to conduct an evidence review using different 

methods for each factor. Consistency between methods was considered desirable but 

absolute consistency not achievable within the project boundaries and therefore different 

numbers of level 2 search terms were used in initial database searching, and in some 

cases searches using different methods employed (as described in section 3.3.4) in order 

to efficiently identify the most relevant studies for each factor. Table 3.3 shows two 

typical and contrasting search strategies. 

 

Table 3.3 Illustration of methods used when searching for papers containing data associating management 

decision or health event and reproductive performance in dairy cattle using Leptospirosis and subclinical 

ketosis as examples 

Search method and result of 
search 

Endemic infectious disease- 
Leptospirosis 

Subclinical ketosis 

CAB Abstracts/Medline 
Advanced Search 

Identified over 900 papers, 
once exclusion criteria applied 
13 papers identified for 
further assessment  

Identified over 1000 papers, 
Web of Science basic search 
conducted 

Web of science basic search Not required  Identified over 1000 papers, 
Web of Science review article 
search conducted 

Web of science review article 
search 

Not required  3 recent review articles 
identified from high impact 
factor journals  
Each referenced papers 
thought to be relevant from 
their titles and the majority 
were referenced by all 3 
review papers. 18 papers 
identified for further 
assessment 
 

Final method employed CAB Abstracts/Medline 
Advanced Search 

Web of science review article 
search 
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Papers identified 13 papers identified through 
assessment of titles but on 
reading abstracts or full 
publications, 0 met inclusion 
criteria (for example studies in 
beef cattle, or not published 
in peer reviewed publications, 
or inadequate methodology) 
 

18 papers identified through 
references of review articles. 
13 met inclusion criteria 
having reviewed abstracts 
6 met inclusion criteria having 
reviewed full publications 
 

Number of papers to be used 0 6 

Result of literature search Since no papers were 
identified, unable to further 
explore association between 
Leptospirosis and 
reproductive performance 

6 papers with quantitative 
evidence to be utilised, 
allowing exploration of 
association between 
subclinical ketosis and 
reproductive performance 

 

Following the individual evidence reviews, varying numbers of papers were identified for 

each factor (Table 3.4). For 7 of the 11 factors, between 4 and 6 suitable papers were 

identified. For 2 factors (Leptospirosis and IBR) no studies were deemed to meet the 

inclusion criteria and as a result these factors were not investigated further. Alternative 

approaches were taken for genetics and heat stress (described in section 3.4). 

Table 3.4 Number of papers identified following evidence reviews for each factor investigated 

Factor Papers Identified 

Subclinical Ketosis 6 

Age at First Calving 5 

Length of Dry Period 5 

Genetics Index 

Heat Stress 1 

Endemic Infectious Disease- BVD 4 
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Endemic Infectious Disease- Leptospirosis 0 

Endemic Infectious Disease- Infectious Bovine Rhinotracheitis 0 

Endemic Infectious Disease- Johne’s Disease 4 

Oestrus Detection- Fixed Time AI 6 

Oestrus Detection- Automated Activity Monitors 5 

 

3.2.6 Converting results to a consistent outcome measure 
 

In broad terms the outcome measures contained within papers identified as suitable 

were reported as relative risks or odds ratios from regression models of binary outcomes 

(such as conception outcomes) or as pregnancies per unit time or as intervals from a 

calving. They had results (with measures of uncertainty) for both control and 

intervention groups and were either interval measures or proportions for binary 

outcomes.   

 

In order to combine results from multiple papers to produce a single estimate for each 

factor, a method was required to convert results from each study into a consistent 

outcome measure. Relative risk of pregnancy per unit time was chosen as this 

represented overall reproductive performance, is widely accepted as being the most 

appropriate measure of overall reproductive performance (Denis-Robichaud 2016) and 

was the format required for the simulation model later in the project. Odds ratios were 

converted to relative risks using standard methods (Zhang 1998).  

 

Generally, studies illustrating results using intervals reported calving interval as the 

outcome; where other intervals were reported these were converted to a calving interval 

equivalent (for example by adding a gestation period length to a calving to conception 

interval figure). Outputs from studies using interval outcome measures were converted 

to relative risk of pregnancy per unit time using the following methodology. 
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A simple deterministic model was built in Microsoft Excel (Microsoft Corporation 2018) to 

explore the proportion of cows in a herd conceiving in each 21 day block of a lactation 

under different 21 day pregnancy rates. This was used to calculate calving interval for 

various values of 21 day pregnancy rate. This produced the relationship shown in fig 3.3, 

to which a quadratic regression line was fitted, enabling conversion of a given calving 

interval to an equivalent 21 day pregnancy rate. As values of voluntary waiting period or 

decision point of the lactation for culling were unknown for most studies, a range of 

values for these were explored, producing a family of curves similar to the curve shown 

in fig 3.2. Although the different curves gave different “point” values for 21 day 

pregnancy rate corresponding to a given calving interval, there appeared to be little 

difference in the ratios between the two calving interval values established when 

assessing the intervention and comparison, so the curve in Figure 3.2 was used across 

all studies. 

 

 

Figure 3.2 Relationship between calving interval and 21 day pregnancy rate. .The points and line show a fitted 

line for a  function of the form y=ax^2 + bx + c where y= 21 day pregnancy rate and x = calving interval 
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Studies reporting results using interval measures generally used a confidence interval or 

standard error to illustrate uncertainty in results. Where this was the case, 1000 draws 

of calving interval were taken from a normal distribution produced from the mean and 

standard deviation based on the published result. Each of the 1000 resulting calving 

intervals was converted to a 21 day pregnancy rate using the quadratic regression line 

described above. This was done for both intervention and comparison groups, and the 

ratio between the two 21 day pregnancy rates calculated at each iteration. The mean 

and 95% confidence interval for this set of 1000 ratios were used to represent central 

estimates and confidence intervals for relative risk for this paper. 

 

3.2.7 Pooling of multiple relative risks to create a summary 
relative risk using meta-analysis techniques 
 

A summary table for each factor was then produced illustrating the relative risks for each 

area of interest for each paper. Once finalised, the relative risk results from each paper 

were then combined to allow a final association between each area (such as subclinical 

ketosis) and reproductive performance. The Metafor package (Viechtbauer 2010) in R 

was used to combine the results by random effects meta-regression (Berkey 1995) on 

log-relative risks (as they are designed to cope with error symmetrical around a central 

estimate). These were then converted back to relative risks to create a final combined 

pooled estimate and 95% confidence interval for relative risk in each area of interest. 

Data were presented in Forest Plots for each factor. 

 

3.3 Results 

 
Of the 11 factors originally searched for evidence, 9 have results describing the 

association between the factor and reproductive performance listed below. As described 

in section 3.2, searches for literature for Leptospirosis and IBR did not yield suitable 
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studies. The approach and results associating both heat stress (in section 3.3.4) and 

genetics (in section 3.3.5), and reproduction are described below. 

 

Results are presented from the other 7 of the 11 investigated factors as summary tables 

displaying the papers identified, their outcomes, and brief summaries of the study 

population and comparisons made between the intervention and comparison groups. For 

these factors, forest plots are presented using meta-analysis to show a pooled summary 

estimate of the association between the factor and reproductive performance. Two 

diamonds at the bottom of the plots illustrate this estimate with the range of spread of 

the diamond showing the precision of confidence of the estimate. Within the plot, the 

relative weight that each study provides is represented by the size of the square on the 

line associated with that study. This weighting of each is also described as a percentage 

contribution to the model.  

 

Heterogeneity between studies has been assessed as part of this technique (as shown by 

I² percentage at the bottom left of the plot). In brief terms, a value above 50% 

represents large heterogeneity and above 25% modest heterogeneity (Ioannidis 2008). 

This can be seen for example for the forest plot for Johne’s disease studies (in section 

3.3.7). Values such as this suggest that the observed effect of Johne’s disease between 

studies differ more from each other than would be expected from within study variation 

alone (Guddat 2012). In this circumstance the random effects model would be more 

appropriate to be used to summarise the pooled estimate of the effect of Johne’s disease 

on reproduction. It can be seen that there is a wider range of confidence in the summary 

estimate for this model than for the common effects model. This suggests a low level of 

confidence in the association between Johne’s and reproduction. This is also suggested 

by the large diamond for the random effects estimate, the fact that the diamond crosses 

the vertical line indicating a lack of difference between the intervention and comparator 

groups and the fact that the confidence intervals for this model are either side of the 

figure zero. 
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In contrast, the forest plot for subclinical ketosis (in section 3.3.1), which also has an I² 

value above 50% indicating that the random effects model is likely to be more 

appropriate, has a diamond with a small range of confidence intervals which do not cross 

zero, suggesting that there is a greater likelihood that there is an association between 

subclinical ketosis and reproduction from the pooled estimate of the results from the 

selected papers.  

 

The forest plots for age at first calving and length of dry period (in sections 3.3.2 and 

3.3.3) have I² values of 0%, representing homogeneity between studies within the 

meta-analysis. This indicates that the same effect from the factors is likely to be 

provided in all studies. In these factors, the common effects model would be most 

appropriate to be used to summarise the pooled estimate of the effect of the factors on 

reproductive performance. For both of these models, small diamonds which do not cross 

zero indicate a difference between the intervention and comparison groups and therefore 

an association between both length of dry period and age at first calving, and 

reproductive performance. 

 

3.3.1 Subclinical ketosis 
 

The results of searches for studies presenting associations between subclinical ketosis 

and reproductive performance are shown below (Table 3.5 and Figure 3.3). Six studies 

were identified with all showing similar relative risks and confidence intervals suggesting 

a decreased likelihood of pregnancy of a range of 13% and 61% as a result of subclinical 

ketosis. This resulted in a pooled estimate with narrow confidence intervals that do not 

cross zero. 
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Table 3.5 Relative risk of pregnancy for cows with subclinical ketosis compared to cows without subclinical 

ketosis (indicating the decrease in likelihood of pregnancy as a result of subclinical ketosis) 

 

Paper Country 
Sample 

Size 
Groups Outcomes RR 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Walsh 07 Canada 

796 cows 

in 25 

herds 

Either BHB >1000 week 1 

post partum or >1400 week 

2 post partum v BHB not 

elevated in either week 

Calving to 

conception 

interval 124 v 108 

0.734 0.601 0.884 

Ospina 10 USA 

2259 

cows in 91 

herds 

BHB >1000 3-14d post 

partum v not elevated 
HR 0.87 0.870 0.712 1.062 

McArt 12 USA 

1717 

cows in 4 

herds 

BHB >1200 at any of 6 tests 

3-16d post partum v not 

elevated 

Calving to 

conception 

interval 104 v 96 

0.870 0.717 1.035 

Ribeiro 13 USA 
957 cows 

in 2 herds 

NEFA >700 at 7 or 14d post 

partum v not elevated 
OR 0.52 0.575 0.402 0.798 

Cook 01 UK 
410 cows 

in 3 herds 

Milk acetone >0.4 12-60d 

post partum v paired cow 

<0.3 

Calving to 

conception 

interval 138.7 v 

84.7 

0.399 0.208 0.718 

Rutherford 

16 
UK 

203 cows 

in 3 herds 

BHB >1200 7-21d post 

partum v not elevated 

Adjusted services 

per conception 

2.8 v 2.0 

0.720 0.573 0.902 
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Figure 3.3 Forest Plot showing pooled estimate of association between subclinical ketosis and reproductive 

performance from 6 studies 

 

3.3.2 Age at first calving 
 

The results of searches for studies presenting associations between age at first calving 

and reproductive performance are shown below (Table 3.6 and Figure 3.4). Five studies 

were identified with all showing similar relative risks and confidence intervals suggesting 

a decreased likelihood of pregnancy of a range of 8% and 32% in the first lactation as a 

result of calving following an extended rearing period. This resulted in a pooled estimate 

with narrow confidence intervals that do not cross zero. 

 

 
Table 3.6 Relative risk of pregnancy for heifers calving after extended rearing period compared to heifers 

calving after normal rearing period 

 

Paper Country Sample Size Groups Outcomes RR 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Cooke 13 UK 
445 heifers in 

17 herds 

26-30m v 

23-25m 

Calving to conception 

interval 137 v 117 
0.683 0.452 1.021 

Ettema 04 USA 
1905 heifers 

in 3 herds 

>750d v 

700-750d 

Calving to conception 

interval 154.5 v 148.6 
0.900 0.752 1.069 

Eastham 12 UK 
396,534 

heifers 
26m v 24m 

Calving interval 428 v 

423.6 
0.918 0.883 0.954 



110 

 

Krpalkova 

14a 

Czech 

Republic 

780 heifers in 

2 herds 

>750d v 

700-750d 

Calving interval 418.8 v 

408.5 
0.819 0.552 1.181 

Krpalkova 

14b 

Czech 

Republic 

18139 heifers 

in 33 herds 

>800d v 

750-799d 

Calving interval 401.2 v 

396.4 
0.916 0.668 1.204 

 

 

Figure 3.4 Forest Plot showing pooled estimate of association between age at first calving and reproductive 

performance from 5 studies 

 

3.3.3 Length of Dry Period 
 

The results of searches for studies presenting associations between length of dry period 

and reproductive performance are shown below (Table 3.7 and Figure 3.5). Five studies 

were identified with all showing similar relative risks and confidence intervals suggesting 

a decreased likelihood of pregnancy of a range of 1% and 28% in the subsequent 

lactation as a result of calving following an extended dry period. This resulted in a pooled 

estimate with narrow confidence intervals that do not cross zero. 

 
Table 3.7 Relative risk of pregnancy for cows calving after extended dry period compared to cows calving after 

standard dry period 

 

Paper Country Sample Size Groups Outcomes RR 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Pinedo 11 Chile 
145984 

cows 

77-142d v 

53-76d 

Calving to conception 

interval 131.9 v 128.9 
0.950 0.931 0.976 
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Kuhn 07 USA 
118736 

cows 

71-80d v 

56-60d 
Days open 132 v 129 0.970 0.939 1.000 

Hossein-

Zadeh 13 
Iran 

384717 

cows 

71-80d v 

51-60d 

Calving interval 413.9 v 

411.6 
0.987 0.966 1.008 

Kuhn 06 USA 
318276 

cows 

71-80d v 

56-60d 
Days open 151 v 148 0.952 0.932 0.973 

El-Tarabany 

15 
Egypt 

1000 cows 

in 1 herd 

<75d v 60-

75d 
Days open 182 v 140 0.716 0.533 0.935 

 

 

Figure 3.5 Forest Plot showing pooled estimate of association between length of dry period and reproductive 

performance from 5 studies 

 

3.3.4 Genetics 
 

A comparison of two bull choices is shown in Table 3.8. This is based on figures 

determined by the AHDB fertility index (AHDB 2020). The relative risk presented 

represents the increased likelihood of pregnancy as a result of using the mean figure for 

the top 50 Holstein bulls ranked on Fertility Index from the AHDB bull report publication 

(AHDB 2021b), in comparison to an ‘average bull’ as determined by AHDB. The UK 

fertility index has been used since 2005 following initial methodology determined by Wall 

2002 with proofs republished twice per year.  
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Each increase of a point in Fertility Index represents a prediction of a 0.5 day decrease 

transmitted to the calving interval for the daughter of the bull. Since the mean of the top 

50 bulls on Fertility Index is 16.8, this equates to a calving interval decrease of 4.2 days 

for the daughter (since the sire contributes half the genetic potential for fertility to the 

daughter). The intervention and comparator calving intervals of the daughters from a 

top 50 bull and an average bull were converted to 21 day pregnancy rates using the 

quadratic fitted line described in section 3.3.6 and a ratio of these 2 rates created to 

represent a relative risk of pregnancy as a result of using a high fertility index bull. This 

has been determined to be representative of the choice a farmer may make when 

advised to select bulls for improved reproductive performance, where they had not 

previously considered this.  

 

 
Table 3.8 Relative risk of pregnancy for daughters from top 50 fertility index bulls compared to daughters from 

‘average’ bulls 

Fertility Index top 50 bull  

Relative risk 1.085 

Lower confidence interval 1.072 

Upper confidence interval 1.117 

Calving interval of daughter of ‘average’ bull 400.0 

Calving interval of daughter of top 50 bull 395.8 

21 day pregnancy rate of daughter of ‘average’ bull 0.207 

21 day pregnancy rate of daughter of top 50 bull 0.225 

 

 

3.3.5 Heat Stress 
 

A comparison of the likelihood of pregnancy at different Temperature Humidity Index 

(THI) values is shown in Table 3.9. These results have been transformed from results 

presented in a large scale study of more than 150,000 inseminations from 550 herds in 
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southern USA (Ravagnolo 2002). Although a number of papers were identified following 

initial evidence searches, this paper was the only one to meet inclusion criteria. Since 

the paper met inclusion criteria and was referenced as a high quality paper in review 

articles about heat stress, results from the paper were used to create a relative risk of 

pregnancy following heat stress.  

 

The authors of the paper presented 45 day non-return rates at THI values from 50 to 82 

as a measure of reproductive performance. These values were converted to odds ratios 

through the use of a logistic regression model and transformed to relative risks using 

standard methods. Since reproductive performance was only reduced at THI values 

above 62, the pooled values of inseminations below 64 have been used as comparators 

and the risk of pregnancy at each value from 64 to 82 considered as intervention values 

against this reference in Table 3.9.  

 

Table 3.9 Relative risk of pregnancy at higher values of THI compared to values of 62 and below 

THI 

Relative 

Risk 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

64 0.976 0.959 0.992 

66 0.955 0.939 0.972 

68 0.946 0.930 0.962 

70 0.920 0.903 0.936 

72 0.898 0.882 0.914 

74 0.848 0.832 0.864 

76 0.827 0.809 0.844 

78 0.800 0.783 0.817 

80 0.753 0.735 0.772 

82 0.685 0.666 0.704 
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3.3.6 BVD 
 

The results of searches for studies presenting associations between BVD and 

reproductive performance are shown below (Table 3.10 and Figure 3.6). Four studies 

were identified with all showing similar relative risks and confidence intervals suggesting 

a decreased likelihood of pregnancy of a range of 0% and 15% in cows from herds with 

high levels of BVD virus seropositivity, compared to cows from herds with low levels of 

seropositivity. This resulted in a pooled estimate with narrow confidence intervals, and a 

negative central estimate, but with confidence intervals either side of zero, suggesting a 

lack of difference between the association with reproductive performance between the 

intervention and comparison groups. 

 

 
Table 3.10 Relative risk of pregnancy for BVD high positive herds compared to BVD negative herds 

 

Paper Country 
Sample 

Size 
Groups Outcomes RR 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Niskanen 

95 
Sweden 

213 

herds 
High v low 

Calving interval 394 v 

385 
0.845 0.750 0.941 

Robert 04 France 
6149 

herds 
High v low RR 1.00 1.000 0.980 1.020 

Heuer 07 
New 

Zealand 

590 

herds 
High v low 

Calving to conception 

interval 89.9 v 87.5 
0.960 0.924 0.996 

Valle 01 Norway 
1620 

herds 

After and 

before seroconv 

Calving interval 394.4 v 

393.7 
0.991 0.819 1.172 
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Figure 3.6 Forest Plot showing pooled estimate of association between BVD and reproductive performance 

from 4 studies 

 

3.3.7 Johne’s Disease 
 

The results of searches for studies presenting associations between Johne’s Disease and 

reproductive performance are shown below (Table 3.11 and Figure 3.7). Four studies 

were identified showing quite different relative risks to each other and wide confidence 

intervals suggesting a range in likelihood of pregnancy from a decrease of 62% to an 

increase of 10%, in cows seropositive or faecal culture positive, compared to negative 

cows, reflecting a lack of certainty in any associations between the disease and 

reproductive performance. This was reflected in a pooled estimate with wide confidence 

intervals, and a negative central estimate, but with confidence intervals a large distance 

from zero, suggesting a lack of difference between the association with reproductive 

performance between the intervention and comparison groups.  

 

The heterogeneity between studies suggests a large disagreement in study findings. This 

is most apparent in a large study showing increased likelihood of pregnancy (with narrow 

confidence intervals) in cows with Johne’s disease (Marce 2009), which disagrees with 

the findings of two other studies (Raizman 2007, Johnson- Ifearulundu 2000), which 

show a decreased likelihood of pregnancy. 
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Table 3.11 Relative risk of pregnancy for Johne’s Disease positive animals compared to Johne’s Disease 

negative animals 

 

Paper Country Sample Size Groups Outcomes RR 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Van Leeuwen 

10 
Canada 

2876 cows 

from 151 

herds 

Seropos v seroneg 

from random 

sample 

OR 1.05 1.049 0.575 1.514 

Marce 09 France 

48,914 cows 

from 1069 

herds 

Seropos v seroneg 

from neg herds 
RR 1.10 1.100 1.050 1.150 

Raizman 07 USA 
1052 cows 

from 2 herds 

Faecal pos v faecal 

neg 
OR 0.36 0.377 0.188 0.731 

Johnson-

Ifearulundu 00 
USA 

533 cows from 

5 herds 

Faecal pos or 

seropos v Faecal 

neg or seroneg 

Days open 

146.9 v 119 
0.609 0.329 1.075 

 

Figure 3.7 Forest Plot showing pooled estimate of association between Johne’s Disease and reproductive 

performance from 4 studies 

 

3.3.8 Fixed Time AI 
 

The results of searches for studies presenting associations between the use of fixed time 

AI and reproductive performance are shown below (Table 3.12 and Figure 3.8). Six 

studies were identified. Four of these studies showed relatively similar relative risks and 

confidence intervals suggesting an increased likelihood of pregnancy of a range of 6% 
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and 28% in cows from herds with using fixed time AI, compared to cows from herds 

using visual oestrus detection.  

 

A fifth study (Tenhagen 2004) showed a large relative risk of 2.003 but with very large 

confidence intervals suggesting large uncertainty in the results, which is reflected in the 

low weighting of this study to the meta-analysis model pooled effect. The sixth study 

(Jemmeson 2000) showed the opposite association- in this study the use of fixed time AI 

was associated with a reduced likelihood of pregnancy with narrow confidence intervals. 

These six studies resulted in an unclear association between fixed time AI and 

reproduction from the pooled estimate, with narrow confidence intervals, and a positive 

central estimate, but with confidence intervals either side of zero. This suggests a lack of 

difference between the association with reproductive performance between the 

intervention and comparison groups. 

 

Table 3.12 Relative risk of pregnancy with use of Fixed Time AI compared to other oestrus detection methods 

 

Paper Country Sample Size Groups Outcomes RR 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Denis-

Robichaud 16 
Canada 832 herds 

Visual v 

FTAI v AAM 

21dPR 16.8 v 17.9 v 

16.8 
1.066 0.975 1.167 

de la Sota 98 USA 
304 cows in 1 

herd 

Visual v 

FTAI 
Days open 90.0 v 77.6 1.229 1.038 1.466 

Fodor 18 Hungary 
23784 cows 

in 34 herds 

Visual v 

FTAI 

Calving to conception 

interval 143 v 132 
1.278 0.541 2.232 

Jemmeson 00 Australia 
620 cows in 8 

herds 

Visual v 

FTAI 
OR 0.69 0.881 0.755 0.994 

Stevenson 99 USA 
308 cows in 1 

herd 

Visual v 

FTAI 

Calving to conception 

interval 112 v 110 
1.058 0.776 1.378 

Tenhagen 04 Germany 
650 cows in 1 

herd 

Visual v 

FTAI 

Days open 117.0 v 

94.4 
2.003 0.230 7.529 
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Figure 3.8 Forest Plot showing pooled estimate of association between Fixed Time AI and reproductive 

performance from 6 studies 

 

3.3.9 Automated Activity Monitors 
 

The results of searches for studies presenting associations between automated activity 

monitors and reproductive performance are shown below (Table 3.13 and Figure 3.9). 

Five studies were identified with all showing similar relative risks and confidence 

intervals suggesting an increased likelihood of pregnancy of a range of 3% and 41% as a 

result of the use of automated activity monitors. Although three of the studies 

individually had confidence intervals that crossed zero, the pooled estimate of all 5 

studies did not, with relatively narrow confidence intervals. 

  
Table 3.13 Relative risk of pregnancy with use of Automated Activity Monitors compared to other oestrus 

detection methods 

 

Paper Country Sample Size Groups Outcomes 
Relative 

Risk 

Lower 

Confidence 

Interval 

Upper 

Confidence 

Interval 

Denis-

Robichaud 

16 

Canada 832 herds 
Visual v FTAI v 

AAM 

21dPR 16.8 v 

17.9 v 16.8 
1.003 0.887 1.123 

Marques 20 USA 
4200 cows 

from 1 herd 

Existing methods v 

AAM 

95d post AI 

31.1 v 36.3 
1.180 0.955 1.454 

Neves 15 Canada 223 herds 
Before and after 

AAM introduction 

21d PR 14.9 v 

17.0 
1.143 1.020 1.269 
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Michaelis 14 Germany 
676 cows 

from 1 herd 
Visual v AAM 

200d HR of 

pregnancy 1.41 
1.410 1.110 1.790 

Veronese 19 USA 
4200 heifers 

from 1 herd 

Mounting devices 

v AAM 

73d post AI 

34.3 v 27.5 
1.268 0.812 1.857 

 

 

Figure 3.9 Forest Plot showing pooled estimate of association between Automated Activity Monitors and 

reproductive performance from 5 studies 

 

3.3.10 Summary of Results 
 

Table 3.14 summarises the results for this chapter. The relative risk of pregnancy per 

unit time for the intervention cow or herd in comparison to the risk of pregnancy for the 

comparison cow or herd is shown for each factor, with each population group described 

and confidence intervals around this pooled estimate. The relative risk figures have been 

derived from the exponentiation of the pooled estimates derived by meta-analysis and 

displayed in the Forest plots in earlier sections. The genetics and heat stress relative risk 

figures have been described above. 
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Table 3.14 Summary of evidence associating factors with reproductive performance. Each section has an 

accompanying explanation of being affected and unaffected by the factor. A relative risk of pregnancy when 

affected by the factor compared to being unaffected, and confidence intervals are displayed  

 

Parameter 
Intervention 

population 

Comparison 

population 

Relative 

Risk 

Lower 

confidence 

interval 

Upper 

confidence 

interval 

Subclinical 

Ketosis 

Cows with ketosis 

measured by 

biochemistry, 

generally BHB in 

first 2 weeks post 

calving 

Cows with 

normal ketone 

parameters on 

blood 

biochemistry 

0.745 0.648 0.856 

Age at First 

Calving 

First lactation 

heifers following 

an extended heifer 

rearing period, 

generally greater 

than 26 months 

First lactation 

heifers following 

a standard heifer 

rearing period, 

generally 24 

months 

0.914 0.881 0.948 

Length of 

Dry Period 

Lactation following 

extended dry 

period, generally 

71-80 days 

Lactation 

following 

standard dry 

period length, 

generally 56-60 

days 

0.947 0.936 0.958 

Genetics 

and bull 

choice 

Use of top 50 

fertility index bull 

(mean 16.8 FI 

from Aug 2020 

AHDB evaluation) 

Use of bull 

determined 

‘average for 

population of 

bulls’ under 

AHDB criteria 

1.085 1.072 1.117 



121 

 

Heat stress 

Temperature 

humidity index of 

76 (for example 

25 degrees C at 

80% humidity) 

Temperature 

humidity index 

of 62 or less 

(for example 17 

degrees C at 

70% humidity) 

0.827 0.809 0.844 

BVD 

Herds with 

uncontrolled BVD 

infection, 

generally high 

seropositivity 

without 

vaccination 

Herds naïve or 

stable low 

prevalence of 

seropositivity to 

BVD 

0.955 0.893 1.021 

Johne’s 

Disease 

Cows seropositive 

or faecal culture 

positive to Johne’s 

disease 

Cows 

seronegative or 

faecal culture 

negative to 

Johne’s disease 

0.770 0.481 1.235 

Fixed time 

AI 

Herd policy use of 

fixed time AI 

following Ovsynch 

protocol 

Herd policy of AI 

on observed 

oestrus 

1.057 0.922 1.212 

Automated 

Activity 

Monitors 

Herd use of 

activity monitors 

to aid oestrus 

detection 

No activity 

monitors 

1.151 1.025 1.293 

 

3.4 Discussion 
 

A large review of the literature exploring associations between both management 

techniques and health events and reproductive performance has been conducted. 

Although this has not been constructed as a narrative review summarising key papers 
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and discussing current and future challenges to attempts to improve reproductive 

performance, it has allowed a summary through a consistent format and importantly 

through quantitative assessment. Key papers have been found, assessed for quality and 

the results assimilated and summarised into relative risks of pregnancy between two 

populations of animals across each technique or event.  

 

The use of systematic reviews following recognised methodology is thought to be the 

gold standard way of assessing literature in a specific field and the use of any other 

methods risk missing key papers and altering any conclusions that are drawn (Marshall 

2019). Although full systematic reviews have not been conducted in this chapter, 

evidence has been synthesised through a consistent and thorough method to allow the 

use of meta-analysis to obtain a pooled estimate of association with reproduction in a 

number of key areas.  

 

As a general principle, each meta-analysis in the published literature has been 

constructed to answer a specific scientific question posed by the author at that point in 

time. Any future meta-analysis on that broad topic within a review will inevitably ask a 

different question and have different and more up to date studies available to bring 

together to help answer that question.  

 

In a number of areas of this chapter, a meta-analysis has been conducted to reliably 

answer the question of what level of association there is between an event or 

management technique and reproduction. Therefore, a number of meta-analyses are 

now available to help answer research questions and aid decision making by farmers and 

their advisers. 
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There are however a number of areas in which this method has not allowed complete 

conclusions to be drawn. Despite following recommended search methods, insufficient 

papers were found to quantitatively assess the relationship between Leptospirosis and 

IBR, and reproductive performance. A more thorough systematic review in this area, 

perhaps encompassing all endemic infectious diseases may have found more suitable 

studies and extending inclusion criteria (perhaps for example to translate articles from 

other languages into English) may also have brought more articles into the evidence 

gathering process. 

 

Despite a robust search method which found several articles on each topic, there was 

some contradiction between study findings which made it difficult to assess the 

association between Johne’s disease and reproductive performance. More intricately 

designed questions and search terms may have separated the subclinical stages of 

Johne’s disease (where the disease may be associated with improved reproductive 

performance) and the clinical stages of Johne’s disease (where the disease may be 

associated with decreased reproductive performance). Better use of search terms may 

for example have brought more studies that could have allowed one or both disease 

stages to be investigated, with more reliable associations elucidated. 

 

In a similar way, the association between the use of fixed time AI and reproduction may 

have been distorted by attempts to maintain a consistent methodology between factors. 

A paper using fixed time AI in seasonally calving herds was included (Jemmeson 2000) 

which found a reduced likelihood of pregnancy as a result of the use of fixed time AI. 

Excluding this paper may have resulted in a significant association since the remainder 

of the papers found an increased likelihood of pregnancy. An evidence review of only this 

factor may have allowed the exclusion of papers around seasonally calving herds (they 

were not excluded to maintain consistency of methodology since these papers may have 

been useful in other areas). 
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Despite attempts to maintain consistency, the methods of searching and reviewing have 

not been constant between factors. This has meant that for some factors it has been 

very difficult to find papers and in others difficult to know which ones of a huge number 

to exclude. The lack of consistency may result in missed papers, which may result in less 

ability to compare the associations with reproductive performance between factors. This 

can only be remedied by conducting full systematic reviews of each factor. 

 

The genetics and bull choice relative risk of pregnancy per unit time summary result was 

determined using a different method. The direct use of the UK fertility index 

methodology may have introduced errors, despite the index being based on previously 

published work (Wall 2002, Wall 2003) and updated regularly according to results from 

the national herd. Integration with methods used to calculate the index, rather than the 

summary of the index itself may be a useful future development of this project. 

 

The findings recorded in this chapter can be utilised to crudely compare different 

management techniques or reductions in health events and the relative risks of 

pregnancy may in simple terms allow discussion between farmers and their advisers 

about what steps may be of benefit to a herd’s reproductive performance. Although 

crude, the work in this chapter does allow much easier comparison between the relative 

effects in each area of reproductive performance. For example, in some areas, study 

quality can be variable and with many different outcome measures (for example the use 

of a large number of different interval parameters).  

 

For areas in which an investment in an area in an attempt to improve reproductive 

performance is a simple binary choice (for example when considering better control of 

BVD virus or the use of activity monitors or a herd policy of fixed time AI), a direct 

comparison between the likely outcome of each of the three interventions is possible just 

from these results. But for factors like changes to the incidence of subclinical ketosis or 
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endometritis the interventions apply to some but not all cows and therefore a direct 

comparison with each other or with the binary choices such as the use of activity 

monitors is more challenging. However, one of the key aims of this chapter is to 

establish inputs in these areas to a simulation model built to assess the association 

between a range of these inputs and 21 day pregnancy rate. 

 

It is expected that the findings from this chapter will be developed further. The 

framework used remains flexible and can be extended and updated by performing full 

systematic reviews in each area, which are more likely to have a more repeatable 

literature searching method and thus ensure the meta-analyses conducted are more 

detailed and accurate. As described in section 3.2.1, there were several areas 

subjectively thought to be important that were excluded as a result of limitations of the 

project boundaries. These included male factors (such as the use of multiple bulls within 

a straw or the use of sexed semen or using inseminators from external companies) and 

many other factors influencing a cow’s immediate environment (such as cubicle comfort 

and feed space). These could be returned to and their inclusion may add further to the 

contextualisation of the varying effects of factors on reproductive performance. 
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Chapter 4 The use of simulation to investigate 
the association between periparturient and early 

lactation health events and reproduction 

 

4.1 Introduction 
 

Reproduction is considered an essential contributor to efficiency and has a role to play in 

ensuring the dairy industry is financially and environmentally sustainable at all levels, 

from individual units to globally. The field is very well studied compared to many other 

areas of veterinary epidemiology. However, the multifactorial nature of fertility makes it 

difficult to evaluate the potential value of alternative strategies to improve performance. 

  

Chapter 2 adds to many studies quantifying the association between periparturient and 

early lactation health and fertility (Esslemont 2002, Bell 2007, Bicalho 2007, Dubuc 

2011, Hayes 2012, Giuliodori 2013, Cattaneo 2015, Piccardi 2016), and further supports 

the detrimental impact of increasing incidence of these health events on the probability 

of a successful insemination for an individual cow. However, it does not allow 

assessment of the value a reduction in the incidence of these events would have on 

improving herd level reproductive performance. As such it remains unclear what impact 

investment in steps to improve for example uterine and ovarian health may have on 

herd fertility.  

 

The motivation of dairy farmers will inevitably differ between units and many would 

consider that even if improving periparturient and early lactation health were not to lead 

to an improvement in overall herd reproductive performance, doing so would still be of 

considerable benefit to their herd. Alternative motivations may include improved animal 

welfare, reduced labour costs, reduced culling or even improved individual cow fertility 

leading to continuing a particular family line within a herd.  
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Probabilistic sensitivity analysis is a technique widely used in health economics to 

evaluate cost-effectiveness of interventions. It is used where a model has multiple inputs 

which have the potential to influence the model outcomes. Each input is assigned a 

distribution, and a value for each input is drawn from that input’s distribution at each 

iteration of the simulation. By running the model over a large number of iterations, the 

joint probability space of the various inputs is covered, and relationships between inputs 

and outcomes evaluated, often through the use of regression modelling of the simulation 

output.  

 

Probabilistic sensitivity analysis (PSA) draws values for inputs from probability 

distributions and uses simulation to explore the interrelationship between sets of inputs 

and outputs around a complex system (Adalsteinsson 2013). PSA is increasingly used in 

veterinary population studies where increasing amounts of data are available. Since 

reproduction at a herd level has complex inputs, PSA can be used to rationalise their 

importance and provide information for farmers attempting to rank various options for 

herd improvement and investment.  

 

Dairy cow reproduction is a highly suitable subject for the use of PSA through simulation 

modelling, since it consists of sequential, defined steps leading to a cow becoming 

pregnant. Many simulation models of varying complexity are reported in the literature 

(Archer 2015, Bekara 2019, Liang 2017). The work reported in this chapter adds to the 

investigation of the association between the endemic diseases mastitis and lameness 

and reproduction (Hudson 2012, Hudson 2014, Hudson 2015). These studies identified 

that many such associations were strongly statistically significant and had relatively 

large effect sizes (as measured, for example, by odds ratios through the use of 

inferential statistical modelling). However, altering the incidence or prevalence of 

mastitis or lameness in a herd would be unlikely to influence the herd’s overall 

reproductive performance by a meaningful amount in most situations when further 

assessed using stochastic simulation modelling. 
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In this chapter PSA is used to assess model inputs with uniform distributions, such that 

all values within a plausible range are equally likely to be drawn with each iteration of 

the simulation. The aim of this work is to evaluate the change in herd reproductive 

performance resulting from changes in the incidence of periparturient and early lactation 

health events relative to other background herd level inputs. 

 

4.2 Materials and Methods 
 

4.2.1 Use of the output from a discrete time survival model 
 

The random effects discrete time survival regression model described in chapter two 

determined explanatory variables that were significantly associated with reproductive 

performance, specifically the probability of pregnancy in 7-day risk periods. These 

explanatory variables were used as input parameters for the stochastic simulation model 

described in this chapter (Table 4.1). The model terms from the preceding logistic 

regression model were used to determine how the probability of pregnancy was 

associated with each input variable for each simulated lactation. 

 

4.2.2 Description of distributions of input variables 
 

The types of variable and distributions from which values were drawn are shown in Table 

4.1. Input values were drawn from uniform distributions considered plausible and 

thought to be encompassing a typical range of values for the majority of UK herds. The 

distributions were not expected to represent the real life population, but to allow a full 

range of plausible scenarios so that the relationship between periparturient and early 

lactation health events, and reproductive performance could be fully explored. Both herd 

level inputs and risk period within each lactation level inputs were drawn from 

distributions based on the herd level parameters.  
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Table 4.1 Input parameters used at each level of simulation and distributions from which inputs were 

drawn. 

 

Input variable Type  Input distribution 

Herd level 
 

  

Submission rate (proportion of eligible 
cows inseminated every 21 days)  

Continuous Uniform (0.1, 0.7) 

Conception risk (proportion of 
inseminations leading to a pregnancy)  

Continuous  Uniform (0.1, 0.5) 

Herd average 305 day milk yield (kg)  Continuous Uniform (6000, 12000) 

Proportion of herd which are first 
lactation  

Continuous Uniform (0.2, 0.3) 

Proportion of calvings affected by Assisted 
Calving  

Continuous Uniform (0., 0.1) 

Proportion of calvings affected by 
Retained Foetal Membranes 

Continuous Uniform (0., 0.1) 

Proportion of calvings affected by Vulval 
Discharge at less than 21 days in milk 

Continuous Uniform (0., 0.1) 

Proportion of calvings affected by Vulval 
Discharge at more than 21 days in milk 

Continuous Uniform (0, 0.25) 

Proportion of calvings affected by Cystic 
Ovarian Disease at more than 42 days in 
milk 

Continuous Uniform (0, 0.05) 

Proportion of calvings affected by Other 
Ovarian Abnormality at more than 42 days 
in milk 

Continuous Uniform (0, 0.025) 

   

Lactation level   

Lactation number  Categorical 
(1, 2, 3, 4, 

> 4) 

Multinomial, based on 
proportion of herd in 
lactation 1 from herd 
inputs and remainder of 
herd split across lactations 
in same proportions as 
observed data  

305 day milk yield (kg)  Continuous Betapert, centred on herd 
average, draws in range 
+/- 3000kg 

Occurrence of Assisted Calving  Binary Binomial, with probability 
based on background 
herd proportion 

Occurrence of Dead Calf  Binary Binomial, with probability 
based on background 
herd proportion 

Occurrence of Retained Foetal 
Membranes  

Binary Binomial, with probability 
based on background 
herd proportion 

Occurrence of Vulval Discharge at less 
than 21 days in milk 

Binary Binomial, with probability 
based on background 
herd proportion 

Occurrence of Vulval Discharge at more 
than 21 days in milk 

Binary Binomial, with probability 
based on background 
herd proportion 
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Occurrence of Cystic Ovarian Disease at 
more than 42 days in milk 

Binary Binomial, with probability 
based on background 
herd proportion 

Occurrence of Other Ovarian Abnormality 
at more than 42 days in milk 

Binary Binomial, with probability 
based on background 
herd proportion 

 

 

4.2.3 Simulation model construction 
 

A stochastic simulation model was constructed in a step wise manner, as described in 

Figure 4.1. The simulation was constructed using R.4.1.2 (R core Development Team). A 

total of 500,000 herds were simulated with each herd consisting of 500 lactations. This 

process was started by drawing both herd level and lactational level values from within 

their determined distributions. This included not only health events from the previous 

chapter, but also age structure of the herd and input of the herd’s background 

submission rate and conception rates. 

 

Age structure was included by firstly determining the herd percentage of heifers from a 

uniform distribution. The proportion of ages of the remainder of the herd was then 

determined by considering the percentage of heifers and then using the age structure 

from the original data from chapter 3 to decide the structure of the remainder of the 

herd from the proportion of cows that were in each lactation for this simulated herd 

(categorised into lactations 2, 3, 4 and 5 or greater). 

 

The six periparturient and early lactation health events considered to be associated with 

reproductive performance in the previous logistic regression model (assisted calving, 

retained foetal membranes, vulval discharge at less than 21 days in milk, vulval 

discharge at greater than 21 days in milk, cystic ovarian disease at greater than 42 days 

in milk and other ovarian abnormalities at greater than 42 days in milk) were included as 

herd level input parameters and draws taken from a uniform distribution of a plausible 

range. 
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Herd yield and herd reproductive performance (background herd submission and 

conception rates that differ between herds and would not otherwise be explained by 

explanatory variables to the model) were also drawn from uniform distributions across a 

plausible range.  

 

Once overall herd values were determined, draws for the first lactation for that herd 

were taken. These were based on binomial distributions (so for example each animal 

could be affected or unaffected by assisted calving) with the probability of being affected 

determined by the proportion affected in the background herd level. Individual animal 

lactation number and milk yield were also drawn from distributions based on background 

herd level proportions and values respectively. Individual cow yield for that lactation was 

based around a betapert distribution from the herd’s yield with a range of 3000 litres 

either side of the herd yield.  

 

The estimates of the association between health event and the probability of pregnancy 

from chapter two were used to calculate the probability of pregnancy in each 7-day risk 

period. The lactation proceeded from a voluntary waiting period of 42 days through as 

many as 37 risk periods, each of 7 days. The lactation was thus simulated to one of two 

end points- either pregnancy or 300 days in milk. Cows that reached 300 days in milk 

were therefore determined to be empty and considered equivalent to a cow culled for 

failure to conceive.  
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Figure 4.1 Overview of simulation model process.  
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4.2.4 Recording of outcomes 
 

A summary of each lactation was collected with reproductive performance outcomes- a 

binary outcome of pregnancy, a binary outcome of failure to conceive, the calving 

interval for that cow (calculated as days to conception +281) and the number of eligible 

7 day blocks for each cow, as well as lactation inputs. After 500 lactations were 

simulated, the herd data were stored with a summary of inputs and outcomes as an 

average from the 500 lactations.  

 

On completion of each herd, and after summary statistics were recorded, a further herd 

was simulated. Simulations proceeded until summary data were recorded for each of 

500,000 herds. For each herd 21 day pregnancy rate was calculated from the number of 

pregnancies and the number of eligible 7 day blocks. In order to determine whether the 

number of simulated herds was adequate, subsets of the full simulation model output 

were taken and the estimates and errors from the regression models of a series of 

subsets and the full model output were compared. Since results with 250,000 herds were 

very similar to those from the full dataset, it was concluded that increasing the number 

of simulated herds to more than 500,000 was unlikely to increase the validity and 

robustness of the results. 

 

4.2.5 Analysis of results 
 

Information about the association between model inputs and outcome were initially 

illustrated using high density scatterplots which were presented in a group to contrast 

the varying associations between inputs on outcomes. Spearman rank correlation 

coefficients further illustrated the non-parametric correlations between the variables. A 

multiple regression model was constructed from the summary output from the stochastic 

model. This was used to partition variance in 21-day pregnancy rate between herd input 

parameters and to predict the effect of changes in the input variables. A tornado plot 

illustrated the predicted change in 21-day pregnancy rate when changing each input 
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from median to upper quartile of its distribution, while keeping the other input variables 

at their median values. These changes again allowed a visual contrast between varying 

associations between inputs on reproductive performance. 

  

4.3 Results 
 

4.3.1 Distribution of inputs and outcomes 
 

The simulation was run for 500 lactations for 500,000 herds and input distributions were 

designed to explore very thoroughly a large range of plausible input values. This can be 

seen in Figure 4.2, which demonstrates the values of herd inputs that were recorded 

alongside summary reproductive performance for each herd. The input values 

demonstrated in these histograms are from uniform distributions. The individual points 

that were included are a mean value from each of the 500 lactations that make up each 

of the simulated herds.  

 

Despite being from uniform distributions, the histogram bins are not of even height 

throughout. This is as a result of a relatively small herd size of 500 cows, resulting in a 

limited number of values the input can take. For example, 1 case from the 500 cows 

would equate to 0.002, 2 cases would equate to 0.004, 3 cases would equate to 0.006. 

This explains the blocky nature of some of the histograms, which is a circumstance of 

where the breaks between histogram bins fall- for example some bins would contain 

both 0.02 and 0.04, whilst the next bin would only have 0.06, and therefore the second 

histogram bin would appear lower than the first, despite the uniform distribution.  
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Figure 4.2 Histograms showing proportion of herds with mean value of input parameters across the range of 

distribution of inputs and illustration of the distribution of 21 day pregnancy rates as outcomes across 500,000 

simulated herds 

 

4.3.2 Association between variables and outcomes 
 
High density scatterplots and corresponding Spearman rank correlation coefficients (rs) 

demonstrating the relationship between herd level input parameters and herd 21 day 

pregnancy rate are shown in Figure. 4.3. These show a very weak negative correlation 

between the 6 periparturient and early lactation health parameters and the outcome 

variable. This can be seen by a square appearance to the point densities with no distinct 

concentration of dark colours. Of the 6 events, vulval discharge diagnosed at greater 

than 21 days in milk showed the strongest negative correlation with the outcome, but 

there was very little appearance of concentration of points to the bottom right of the 

scatter plot. Milk yield showed a similar concentration of dark coloured density with a 

very slight pattern of an increased concentration of results in the bottom right corner 

and a weak negative Spearman rank correlation of -0.105, representing a very small 

decrease in reproductive performance with increasing yield.  
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In contrast, both submission rate and conception rate showed a strong positive 

correlation with 21 day pregnancy rate, as shown by Spearman rank correlation 

coefficients of 0.627 (conception rate) and 0.726 (submission rate). Although the high 

density scatterplots reflect this, with herds with low submission and conception rates 

having low 21 day pregnancy rates and herds with high submission and conception rates 

having high 21 day pregnancy rates, there is a pronounced difference with herds with 

low input variables and a low outcome being more concentrated than those with high 

input variables. In addition, this concentrated effect is more pronounced for submission 

than conception, suggesting a closer association between low submission and low 

performance than between low conception and low performance. 
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Figure 4.3 High density scatterplots showing associations between herd-level input variables and herd 21 day 

pregnancy rate from 500,000 simulated herds.  

Darker colours equate to higher concentration of data points. rs= Spearman rank correlation coefficient 

 

4.3.3 Multiple regression analysis 

 
The results of partition of variance using regression analysis are shown in Table 4.2. 

Each individual line of the table reflects the proportion of variance in 21 day pregnancy 

rate that is explained by each individual input, when also considering the variation 

explained by the other inputs. It can be seen that a huge proportion (over 93%) of 

variance was explained by a combination of submission and conception rates and a tiny 

proportion (just over 0.5%) by periparturient and early lactation events. Of these health 

events, variance partitioned by vulval discharge diagnosed at greater than 21 days 

explained the highest figure at 0.424%. 
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Table 4.2 Output of regression model and partition of variance in 21 day pregnancy rate between input 

parameters 

Input parameter Regression 
coefficient 

Standard Error % Variance Explained 

Mean Lactation Number -0.010 0.001 0.023% 

% Assisted Calving -0.015 0.005 0.005% 

% Retained Foetal Membranes -0.032 0.004 0.027% 

% Vulval Discharge at Less than 21 Days 
In Milk 

-0.024 0.005 0.013% 

% Vulval Discharge at Greater than 21 
Days In Milk 

-0.057 0.002 0.424% 

% Cystic Ovarian Disease At Greater 
Than 42 Days In Milk 

-0.062 0.009 0.023% 

% Other Ovarian Abnormality At Greater 
Than 42 Days In Milk 

-0.097 0.016 0.018% 

305 Day Yield/ kg 0.000 0.000 1.226% 

Submission Rate 0.269 0.001 52.992% 

Conception Rate 0.356 0.001 40.910% 

TOTAL   95.662% 

 
The predicted effects of changing input variables on 21 day pregnancy rate are 

illustrated in the tornado plot in fig 4.4. Changing to upper quartile submission and 

conception rates had a much larger impact on herd 21-day pregnancy rate than changes 

to periparturient event distributions. Of these, uterine disease had the largest impact (a 

predicted increase of 0.293% in the outcome), with nearly equivalent predicted effects 

from vulval discharge diagnosed before 21 days in milk and after 21 days in milk. This 

demonstrates that a combined increase in early uterine disease from 5% to 7.5% of 

lactations, and of later uterine disease from 12.5% to 18.75% of lactations would be 

expected to reduce 21 day pregnancy rate by a relatively small amount. In contrast, an 

increase in 21 day submission rate from 40% to 55% would be expected to increase 21 

day pregnancy rate by more than 4%. The results of this modelling clearly demonstrate 

that health events around calving and early lactation have a small effect on herd 

reproductive performance compared to background submission rate and background 

conception rate. 
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Figure 4.4 Tornado plot showing predicted percentage change in 21 day pregnancy rate with 25% increase in 

value of input parameter from the median value to the upper quartile (UQ) of its input distribution while other 

input parameters remain unchanged at the median values of their input distributions.  

The input parameters are listed at the right of the plot and the change in the distributions from median to UQ 

are listed below. For example, the predicted effect of moving from a proportion of lactations affected by vulval 

discharge at greater than 21 days in milk of 12.5% (the median of the input distribution) to 18.75% (the UQ of 

the input distribution) would be a decrease in herd 21 day pregnancy rate of 0.151%.  

Submission Rate  (median 40% to UQ 55%) 

Conception Rate (30% to 40%) 

Mean lactation number (2.825 to 3.0125) 

% Vulval discharge at greater than 21 days in milk (12.5% to 18.75%) 

% Vulval discharge at less than 21 days in milk (5% to 7.5%) 

% Retained Foetal Membranes (5% to 7.5%) 

% Cystic ovarian disease at greater than 42 days in milk (2.5% to 3.75%) 

% Other ovarian abnormality at greater than 42 days in milk (1.25% to 1.875%) 

% Assisted calving (5% to 7.5%) 

305 day yield/ kg (9,000 to 10,500) 

 

4.3.4 Investigation of extreme input values 
 

The kernel density plots shown in Figure 4.5 further demonstrate the weak association 

between periparturient and early lactation health events and reproductive performance. 

Similarly they also show the strong association between submission and conception rates 

and 21 day pregnancy rate. The red and blue lines in these plots represent extreme ends 

of a range of clinically plausible values. Where the 2 lines follow a very similar shape, 
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there is an indication that values from different ends of the input distribution result in 

little difference in reproductive performance.  

 

 
 

Figure 4.5 Kernel density plots showing density of herd 21 day pregnancy rates associated with extreme high or 

low input parameter values  

The red and blue lines indicate high and low input values respectively. The input parameters with high and low 

input values are listed below: 

Mean lactation number (low less than 2.5 and high more than 3.1) 

305 day yield/ kg (less than 7,000 and more than 11,000) 

Submission Rate (less than 20% and more than 60%) 

Conception Rate (less than 20% and more than 40%) 

% Assisted calving (less than 1% and more than 9%) 

% Retained Foetal Membranes (less than 1% and more than 9%) 

% Vulval discharge at less than 21 days in milk (less than 1% and more than 9%) 

% Vulval discharge at greater than 21 days in milk (less than 2% and more than 20%) 

% Cystic ovarian disease at greater than 42 days in milk (less than 0.5% and more than 4%) 

% Other ovarian abnormality at greater than 42 days in milk (less than 0.25% and more than 2%) 

 

 

Very little difference can be seen between high and low levels in the middle and bottom 

rows for the health events. As previously described, vulval discharge diagnosed greater 

than 21 days in milk showed the biggest association with a difference in 21 day 

pregnancy rate detectable for herds with an incidence of less than 2% compared to 

greater than 20%. In contrast herds with very low submission and conception rates have 

a very clearly lower 21 day pregnancy rates than herds with very high rates, and these 
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herds also have a much tighter distribution of 21 day pregnancy rates (as indicated by 

higher peaks in density of the blue lines in these plots). 

 

4.4 Discussion 
 
Periparturient and early lactation events have been associated with impaired 

reproductive performance at an individual cow level, with literature supporting large 

effects of cases of uterine diseases, ovarian diseases and retained foetal membranes on 

the subsequent fertility of affected cows. For example, endometritis was found to 

increase calving to conception interval by between 28 and 70 days by three studies 

(Leblanc 2002, Barrett 2009, Giuliodori 2013). Cystic ovarian disease was found to 

increase calving to conception interval by between 64 and 77 days by three studies 

(Borsberry 1989, Kim 2005, Cattaneo 2015). Retained foetal membranes were found to 

increase calving to conception interval by between 5 and 22 days by three studies 

(Emanuelson 1998, Esslemont 2002, Hayes 2012). These effects were confirmed in 

chapter 2 with reduced model predictions of probabilities of pregnancy by 100 days of 

lactation for endometritis, cystic ovarian disease and retained foetal membranes of 20%, 

22% and 11%. 

 

Use of this simulation model demonstrated that these events are unlikely to have a 

substantial impact on herd level reproduction under most typical farm scenarios. The 

association between herd periparturient and early lactation events and herd reproductive 

performance is strong but of a small effect size despite strong associations and effects 

between the events and reproduction at a lactation level. A huge proportion (over 93%) 

of variance from the regression model was explained by a combination of submission 

and conception rates and a tiny proportion (just over 0.5%) by periparturient and early 

lactation events. Farmers assessing their own herd reproductive performance may 

consider that improvements to other factors that improve submission rate and 
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conception rate would be of greater benefit to overall performance than reductions in the 

incidence of periparturient and early lactation health events. 

 

Of these health events, variance partitioned by vulval discharge diagnosed at greater 

than 21 days explained the highest figure at 0.424%, which was more than 80% of the 

variance partitioned by all of the events. This finding is in contrast to individual cow level 

associations between fertility and periparturient and early lactation disease, where, as 

discussed above, cystic ovarian disease is often found to have a comparable effect on an 

individual affected cow.  

 

A common criticism of stochastic simulation modelling is that unjustified assumptions are 

often made about parameter input distributions. The use of clinical judgement to 

determine input variable ranges is used commonly. The inputs for both the herds and 

lactations used in this simulation model were drawn from a distribution of values decided 

upon by the author. The use of clinical judgement to determine input ranges is also a 

common criticism of the technique of stochastic simulation (Corlu 2020). It is possible 

that the selected ranges of distributions were not representative and that this could 

influence the outcome of the work.  

 

There was no requirement in this instance for the overall distribution of the output value 

of the simulation model to be representative of a real situation- for example a realistic 

estimate of the total lost reproductive performance in a particular herd or to replicate the 

21 day pregnancy rate of all 12,000 UK dairy herds. If that were required it may be 

important to ensure that the input distributions were representative. But in order to 

thoroughly explore the relationships between inputs and outcome, some of the more 

extreme ends of the input distribution also need exploring thoroughly. It was considered 

more important to explore all possible combinations of inputs to particularly develop a 

knowledge of rarer combinations of events (such as herds with very high or low rates for 

any inputs). 
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The model simulated 500,000 herds and sensitivity analysis was performed to assess 

whether increasing this number would change the output. It was found that there was no 

difference between the results of regression models created from this dataset and from 

randomly selected smaller subsets of it. However, further sensitivity analysis may have 

included further assessments of distributions, such as comparing the output when 

normal rather than uniform distributions were used, or by narrowing or widening the 

range of input distributions. 

 

High levels of reproductive performance are vital when attempting to maximise efficiency 

on dairy farms but assessing which areas around this topic to alter in order to improve 

this performance can be difficult, due to the multifactorial nature of the process. This 

chapter has highlighted that it is essential to consider all potential explanatory variables 

to avoid exaggerated inference of an association.  

 

Detailed knowledge exists in many corners of the literature surrounding dairy cow 

fertility but bringing together these areas to achieve clarity on the most important 

factors influencing levels of reproductive performance can be challenging. This simulation 

model could be supplemented and further developed to assess the association between 

further herd level inputs and reproduction. This will require inputs from further studies 

investigating different factors and may ultimately allow farmers to rank alternative 

investments that could improve their herds. 
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Chapter 5 Evidence synthesis in dairy cow 
reproduction and contextualisation using 

stochastic modelling 
 

5.1 Introduction 
 

 

This chapter brings together data synthesised in chapters 2 and 3 and utilises similar 

methods to those used in chapter 4; using stochastic simulation modelling to create a 

large dataset for further analysis. Data from this simulation were then used to create a 

regression model to explore associations between a large range of factors thought to 

impact reproductive performance and 21 day pregnancy rate. Chapter 5 expands the 

previous chapters and brings conclusions, by adding results from existing literature to 

allow more potential interventions or factors to be considered, with the objective of 

putting the factors into an appropriate context.  

 

Reproduction in dairy cattle remains a complex area with many possible variables 

influencing potential improvements in performance. It encompasses a large scope of 

biological and agricultural systems and influences on it can include complex technology, 

detailed management and large background information on genetics. Attempts to 

determine the extent of individual influences on performance at cow and herd level are 

common in the literature of this area, but decisive attempts to assess the magnitude of 

associations in relation to each other are much rarer. 

 

Attempts to discuss the complex nature of the interaction between potential variables 

can also be found in the literature. It is recognised that this is an area in which 

contextualisation has proved difficult (Hudson 2011), with Mee (2012) suggesting it to 

be a ‘wicked problem’. ‘Wicked problems’ (in contrast to ‘tame problems’) were first 

discussed in 1973 when discussing difficulties over transport policy. They are thought to 
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be issues characterised by a lack of consensus over the solution, hampered by a lack of 

scientific progress to allow resolution, a lack of a set goal and set rules of how to achieve 

the goal, they persist as problems and are constantly redefined by parties attempting to 

solve them from different directions (Mee 2012, Coyne 2005, Rittel 1973). 

 

There are a number of studies that have attempted to rank explanatory variables on 

their association with reproductive performance (Loefler 1999, Schefers 2010, Caraviello 

2006, Fodor 2018). These have used a variety of statistical methods including logistic 

regression models, machine learning algorithms and survey questionnaires.  

 

Bringing together evidence sources and the construction of models using these sources 

has been proposed when looking to improve dairy cow reproductive performance (Crowe 

2018) and attempts made to implement these techniques (McNamara 2013). Simulation 

has been utilised to explore relationships in reproduction in dairy cows, with the aim of 

presenting a range of outcomes with probabilities of occurrence attached as a result of 

herd management techniques as explanatory variables (Archer 2015). The cost of 

reproductive losses as a result of various scenarios has been simulated (Meadows 2005, 

Bekara 2019).  

 

The use of a large range of evidence sources of various types (including expert opinion 

and quantitative data) to provide inputs for complex stochastic models using Bayesian 

methods has been discussed with regard to infectious diseases in humans for some 

decades. This has particularly involved planning for epidemics and mapping their 

progression, with reference to HIV and influenza widespread in the literature (Birrell 

2018, De Angelis 2014, Ratmann 2012). This has extended to cattle infectious disease 

outbreaks and mapping of epidemics. This has particularly encompassed Foot and Mouth 

Disease outbreaks in the UK (Pomeroy 2017). 
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This chapter describes the use of PSA to weave together these techniques and attempt 

to rank a series of inputs on their level of association with reproductive performance. In 

doing so, it attempts to draw meaningful conclusions from information presented in 

earlier chapters and put context to a complex issue which has considerable economic 

importance to the UK dairy industry. 

 

5.2 Materials and Methods 
 

5.2.1 Sources of inputs into stochastic model 
 

Various sources of data were used to supply inputs to the simulation model used in this 

chapter. The explanatory variables that were significantly associated with reproductive 

performance from the random effects discrete time survival regression model described 

in chapter 2 were used to investigate periparturient and early lactation disease. A 

regression model created using a large dataset of 312 herds described in Hudson (2018) 

was used to give the probability of pregnancy at different days in milk, parity and yield. 

Further explanatory variables were provided from summary relative risks and confidence 

intervals from chapter three. These explanatory variables were used as input parameters 

for the stochastic simulation model described in this chapter (Table 5.1).  

 

5.2.2 Description of distributions of input variables 
 

The types of variable and distributions from which values were drawn are shown in Table 

5.1. Input values were drawn from uniform distributions considered plausible and 

thought to be encompassing a typical range of values for the majority of UK herds. The 

ranges were not expected to represent true herd distributions, but to allow a full range 

of plausible scenarios so that the relationship between health events and management 

decisions, and reproductive performance could be fully explored. Both herd level inputs 
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and risk period within each lactation level inputs were drawn from distributions based on 

the herd level parameters.  

 

Table 5.1 Input parameters used at each level of simulation and distributions from which inputs were 

drawn. 

 

Input variable Type  Input distribution 

Herd level 
 

  

Submission rate (proportion of 
eligible cows inseminated every 21 
days)  

Continuous Uniform (0.4, 0.65) 

Conception rate (proportion of 
inseminations leading to a 
pregnancy)  

Continuous  Uniform (0.35, 0.45) 

Herd average 305 day milk yield 
(kg)  

Continuous Uniform (6000, 12000) 

Proportion of herd which are first 
lactation  

Continuous Uniform (0.2, 0.3) 

Proportion of lactations affected 
by Johne’s Disease  

Continuous Uniform (0., 0.2) 

Proportion of 7 day risk periods 
affected by High THI 

Continuous Uniform (0, 0.2) 

Proportion of lactations affected 
by Retained Foetal Membranes 

Continuous Uniform (0., 0.1) 

Proportion of lactations affected 
by Vulval Discharge at less than 21 
days in milk 

Continuous Uniform (0., 0.1) 

Proportion of lactations affected 
by Vulval Discharge at more than 
21 days in milk 

Continuous Uniform (0, 0.3) 

Proportion of lactations affected 
by Cystic Ovarian Disease at more 
than 42 days in milk 

Continuous Uniform (0, 0.1) 

Proportion of lactations affected 
by subclinical ketosis 

Continuous Uniform (0.02, 0.5) 

Proportion of lactations following a 
long dry period 

Continuous Uniform (0, 0.2) 

Proportion of lactations following a 
high age at first calving 

Continuous Uniform (0, 1) 

Use of fixed time AI Binary Binomial (0, 1) 

Use of activity monitors Binary Binomial (0, 1) 

Use of fertility index Binary Binomial (0, 1) 

Herd with high level of 
uncontrolled BVD virus 

Binary Binomial (0, 1) 

   

Lactation level   

Lactation number  Categorical 
(1, 2, 3, 4, 

> 4) 

Multinomial, based on proportion 
of herd in lactation 1 from herd 
inputs and remainder of herd 
split across lactations in same 
proportions as observed data  
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305 day milk yield (kg)  Continuous Betapert, centred on herd 
average, draws in range +/- 
3000kg 

Occurrence of Subclinical Ketosis  Binary Binomial, with probability based 
on background herd proportion 

        Occurrence of Long Dry Period  Binary Binomial, with probability based 
on background herd proportion 

Occurrence of High Age at First 
Calving  

Binary Binomial, with probability based 
on background herd proportion 

Occurrence of Retained Foetal 
Membranes  

Binary Binomial, with probability based 
on background herd proportion 

Occurrence of Vulval Discharge at 
less than 21 days in milk 

Binary Binomial, with probability based 
on background herd proportion 

Occurrence of Vulval Discharge at 
more than 21 days in milk 

Binary Binomial, with probability based 
on background herd proportion 

Occurrence of Cystic Ovarian 
Disease at more than 42 days in 
milk 

Binary Binomial, with probability based 
on background herd proportion 

Occurrence of Johne’s Disease Binary Binomial, with probability based 
on background herd proportion 

   

Risk period level   

Occurrence of High THI day Binary Binomial, with probability based 
on background herd proportion 

 

 

5.2.3 Simulation model construction 
 

A stochastic simulation model was constructed in a step wise manner (this followed a 

similar process to Figure 4.1 in chapter four, with a large number of herds of 500 cows 

simulated following draws from pre-defined herd and lactation inputs). The simulation 

was constructed using R.4.1.2 (R core Development Team). A total of 640,000 herds 

were simulated with each herd consisting of 500 lactations. This process was started by 

drawing both herd level and lactational level values from within their determined 

distributions. This included health events from chapter two, age structure of the herd, 

input of the herd’s background submission rate and conception rates and herd 

management and health events from which data was synthesised in chapter three. 

 

Age structure was included by firstly determining the herd percentage of heifers from a 

uniform distribution. The proportion of ages of the remainder of the herd was then 

determined by considering the percentage of heifers and then using the age structure 

from the original data from chapter two to decide the structure of the remainder of the 
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herd from the proportion of cows that were in each lactation for this simulated herd 

(categorised into lactations 2, 3, 4 and 5 or greater). 

 

The four periparturient and early lactation health events with the largest associations 

with reproductive performance that were elucidated in Chapter four (retained foetal 

membranes, endometritis, metritis and cystic ovarian disease) were included as herd 

level input parameters and draws taken from a uniform distribution of a clinically 

plausible range. Herd yield and herd reproductive performance (submission rate and 

conception rate) were also drawn from uniform distributions across a clinically plausible 

range. Five continuous variables from Chapter 3 (prevalences of Johne’s disease, heifers 

calving old, long dry periods, subclinical ketosis and proportion of high THI days) were 

included as explanatory variables and draws taken from uniform distributions of plausible 

ranges. Four binary variables from Chapter 3 (herd BVD status, use of fixed time AI, use 

of activity monitors and use of a genetic fertility index for bull selection) were included 

and draws taken from a binomial distribution.  

 

Once overall herd values were determined, draws for the first lactation for that herd 

were taken. These were based on binomial distributions (so for example each animal 

could be affected or unaffected by retained foetal membranes) with the probability of 

being affected determined by the proportion affected in the background herd level. 

Individual animal lactation number and milk yield were also drawn from distributions 

based on background herd level proportions and values respectively. Individual cow yield 

for that lactation was based around a betapert distribution from the herd’s yield with a 

range of 3000 litres either side of the herd yield.  

 

The estimates of the association between explanatory variables and the probability of 

pregnancy from chapters 2 and 3 were used to calculate the probability of pregnancy in 

each 7-day risk period. The lactation proceeded from a voluntary waiting period of 42 

days through as many as 37 risk periods, each of 7 days. The lactation was thus 
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simulated to one of two end points- either pregnancy or 300 days in milk. Cows that 

reached 300 days in milk were therefore determined to be empty and considered 

equivalent to a cow culled for failure to conceive.  

 

5.2.4 Recording of outcomes 
 

A summary of each lactation was collected with reproductive performance outcomes- a 

binary outcome of pregnancy, a binary outcome of failure to conceive, the calving 

interval for that cow (calculated as days to conception +281), the number of eligible 7 

day blocks for each cow and the number of inseminations, as well as lactation inputs. 

After 500 lactations were simulated, the herd data was stored with a summary of inputs 

and outcomes as an average from the 500 lactations. On completion of each herd, and 

after summary statistics were recorded, a further herd was simulated. Simulations 

proceeded until summary data was recorded for each of 640,000 herds. Summaries of 

this data are presented in Table 5.2, illustrating summary statistics and confirming the 

explanatory variables and reproductive outcomes involved with the initial stochastic 

model for this chapter. For each herd, 21 day pregnancy rate was calculated from the 

number of pregnancies and the number of eligible 7 day blocks. 
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Table 5.2 Summary of herd input explanatory variables and stochastic model outcomes 

Variable 

Number of 

herds Mean 

Standard 

Deviation Median Minimum 

Lower 

Quartile 

Upper 

Quartile Maximum 

         

Herd Input Explanatory 

Variables         

Proportion of Heifers 640000 0.250 0.029 0.250 0.200 0.225 0.275 0.300 

305 day yield/ ‘000 kg 640000 9.003 1.731 9.003 6.000 7.505 10.500 12.000 

Submission Rate 640000 0.525 0.072 0.525 0.400 0.462 0.588 0.650 

Conception Rate 640000 0.400 0.029 0.400 0.350 0.375 0.425 0.450 

Prevalence of Subclinical Ketosis 640000 0.260 0.138 0.260 0.020 0.140 0.380 0.500 

Prevalence of High Age at First 

Calving 640000 0.500 0.288 0.500 0.000 0.250 0.749 1.000 

Prevalence of Long Dry Periods 640000 0.100 0.058 0.100 0.000 0.050 0.150 0.200 

Use of Fertility Index 640000 0.500 0.500 0.000 0.000 0.000 1.000 1.000 

Herd BVD status 640000 0.501 0.500 1.000 0.000 0.000 1.000 1.000 
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Prevalence of Johne’s Disease 640000 0.100 0.058 0.100 0.000 0.050 0.150 0.200 

Proportion of High THI days 640000 0.100 0.058 0.100 0.000 0.050 0.150 0.200 

Prevalence of Retained Foetal 

Membranes 640000 0.050 0.029 0.050 0.000 0.025 0.075 0.100 

Prevalence of Endometritis 640000 0.150 0.087 0.150 0.000 0.075 0.225 0.300 

Prevalence of Metritis 640000 0.050 0.029 0.050 0.000 0.025 0.075 0.100 

Prevalence of Cysts 640000 0.050 0.029 0.050 0.000 0.025 0.075 0.100 

Use of Fixed Timed AI 640000 0.499 0.500 0.000 0.000 0.000 1.000 1.000 

Use of Activity Monitors 640000 0.499 0.500 0.000 0.000 0.000 1.000 1.000 

         

Reproductive Performance 

Outcomes         

Number of Inseminations 640000 1417.182 173.300 1403.000 893.000 1290.000 1531.000 2285.000 

Calving Interval 640000 405.866 9.449 406.063 368.825 399.300 412.600 440.710 

Number of Failures to Conceive 640000 45.617 23.979 42.000 0.000 27.000 60.000 180.000 

Number of eligible 7 day blocks 640000 7473.629 1171.792 7423.000 3763.000 6621.000 8275.000 12414.000 
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Number of pregnancies 640000 454.383 23.979 458.000 320.000 440.000 473.000 500.000 

21 day pregnancy rate 640000 0.188 0.039 0.185 0.078 0.160 0.214 0.397 
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5.2.5 Analysis of results 

 
 

Information about the association between model inputs and outcome were initially 

illustrated using high density scatterplots for continuous input variables and box and 

whisker plots for binary input variables which were presented in a group to contrast the 

varying associations between inputs on outcomes. Spearman rank correlation 

coefficients further illustrated the non-parametric correlations between the variables.  

 

A multiple regression model was constructed from the summary output from the 

stochastic model. This was used to partition variance in 21-day pregnancy rate between 

herd input parameters and to predict the effect of changes in the input variables. 

Qualitative sensitivity analysis was performed to assess the relative influence of each 

input (as described by Pianosi 2016). A tornado plot illustrated the predicted change in 

21-day pregnancy rate when changing each input by an amount deemed to be 

reasonably comparable, while keeping the other input variables at their median values. 

These changes allowed a visual contrast between varying associations between inputs on 

reproductive performance. 

 

In order to determine whether a sufficient number of iterations of the simulation had 

been performed, subsets of the full simulation model output were taken and the 

estimates and errors from the regression models of a series of subsets were compared. 

Since results with 320,000 herds were very similar to those from the full dataset, it was 

considered unlikely that including a larger number of iterations would materially change 

the results. 

 

 



155 

 

5.3 Results 
 

5.3.1 Association between input variables and outcomes 
 
High density scatterplots demonstrating the relationship between continuous herd level 

input parameters and herd 21 day pregnancy rate and box and whisker plots 

demonstrating the relationship between binary herd level input parameters and herd 21 

day pregnancy rate are shown in Figure 5.1. Spearman rank correlation coefficients are 

shown within Table 5.3.  

 

Submission rate and conception rate show a strong positive correlation with 21 day 

pregnancy rate, with highest point density on the bottom left of the scatterplots 

(indicating the highest correlation between herds with low submission rates and low 21 

day pregnancy rates). There is a very clear pattern of changing colours on the plots as 

rates increase with increasing 21 day pregnancy rate, with this increase being more 

marked for submission than conception. This is also reflected in the respective Spearman 

rank correlations (with high values for both but considerably more marked for 

submission (0.623) than conception (0.313)). This suggests a closer association between 

lower submission and lower 21 day pregnancy rate than between lower conception and 

lower 21 day pregnancy rate.  

 

Milk yield had a strong negative correlation with reproductive performance, with the red 

and orange colours on the scatterplot (reflecting density of herds) being concentrated to 

the bottom right of the plot. This intensity of herds showed an even more marked (yet 

inverse) pattern to submission rate, with a high density of herds over 10,000 litres with 

lower than average 21 day pregnancy rates.  

 

The remaining 9 scatterplots all show that the input variables have a much lower 

correlation with reproductive performance than the 3 inputs described above. The point 

density appears constant as the prevalence on the x axis increases. The most obvious 
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asymmetry to the plots are for subclinical ketosis and to a lesser extent for endometritis 

where increasing prevalence shows a decrease in 21 day pregnancy rate. This is also 

reflected in Spearman coefficients of -0.181 and -0.094 respectively. 

 

All four of the dual box and whisker plots show a difference between the two values of 

the input variables. This is most marked for the use of activity monitors, where there is a 

clear increase in 21 day pregnancy rate in herds where activity monitors were used. 

Smaller but still visually apparent differences between the two plots for the use of a 

fertility index and for the use of fixed time AI can be seen, with use of these 

management techniques in herds being associated with increased 21 day pregnancy 

rates. There is also a difference between the 2 plots for BVD, with the herds with lower 

21 day pregnancy rates being those with uncontrolled BVD virus in the herd (coded 1) 

compared to herds naïve to BVD (coded 0). 
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Figure 5.1 High density scatterplots and box and whisker plots showing associations between herd-level input 

variables and herd 21 day pregnancy rate from 640,000 simulated herds.  

In the case of the high density scatterplots warmer colours represent highest point density (with a reducing 

scale from red to yellow to green to blue)  
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5.3.2 Multiple regression analysis 

 
The results of partition of variance using regression analysis are shown in Table 5.3. 

Each individual line of the table reflects the proportion of variance in 21 day pregnancy 

rate that is explained by each individual input, when also considering the variation 

explained by the other inputs. A large proportion (73.3%) of variance was explained by a 

combination of submission and conception rates and milk yield. A much smaller 

combined percentage (20.3%) of variance was explained by the other 13 explanatory 

variables. Of these, the biggest variance in the model is explained by the use of activity 

monitors (8.6%), the use of a genetic fertility index (3.6%) and the prevalence of 

subclinical ketosis (3.5%).  

 

Table 5.3 Spearman rank correlation coefficients and output of regression model and partition of variance in 21 

day pregnancy rate between input parameters 

Input parameter Spearman 
Rank 

Correlation 
Coefficient 

Regression 
coefficient 

Standard Error % Variance 
Explained 

Submission Rate 0.623 0.337 0.000172 38.181 

Conception Rate 0.313 0.441 0.000430 10.438 

305 day yield/ kg -0.497 -0.011 0.000007 24.690 

Prevalence of Subclinical 
Ketosis -0.181 -0.054 0.000090 3.546 

Prevalence of High Age at 
First Calving -0.026 -0.004 0.000043 0.086 

Prevalence of Long Dry 
Periods -0.011 -0.007 0.000215 0.012 

Proportion of High THI 
days -0.022 -0.018 0.000215 0.068 

Use of Activity Monitors 0.284 0.023 0.000025 8.648 

Use of Fixed Timed AI 0.127 0.010 0.000025 1.728 

Prevalence of 
Endometritis -0.094 -0.046 0.000143 1.024 

Prevalence of Retained 
Foetal Membranes -0.012 -0.019 0.000430 0.020 

Prevalence of Metritis -0.013 -0.018 0.000430 0.018 

Prevalence of Cysts -0.033 -0.049 0.000429 0.132 

Herd BVD status -0.099 -0.008 0.000025 1.040 

Prevalence of Johne’s 
Disease -0.058 -0.041 0.000215 0.360 
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Use of Fertility Index 0.182 0.015 0.000025 3.598 

TOTAL    93.590 
 

The predicted effects of changing input variables on 21 day pregnancy rate are 

illustrated in the tornado plot in Figure 5.2. Changing to upper quartile background  

submission and conception rates (the herd level variation in submission and conception 

rates unexplained by all the other model inputs) and lower quartile herd milk yield had a 

much larger impact on herd 21-day pregnancy rate than changes to a number of the 

inputs that represented variables the farmer may consider investigating, such as the 

majority of the periparturient events and lactations following long dry periods or 

prolonged heifer rearing periods.  

 

However, there were a number of the input variables represented by health or 

management factors that could be changed by a farmer that did compare with the 

impact of the causes of unspecified contributors to submission and conception rates on 

21 day pregnancy rate. These included the use of activity monitors, the use of fixed time 

AI, the use of the fertility index to select bulls and the control of BVD virus. All of these 

inputs are predicted to increase 21 day pregnancy rate by between 0.75% and 2.5%. 

 
Figure 5.2 Tornado plot showing predicted percentage change in 21 day pregnancy rate with 25% change in 

value of continuous input parameter from the median value of its input distribution or with change from false to 

true in binary variables, while other input parameters remain unchanged at the median values of their input 

distributions.  
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The change in the input parameters are listed at the left of the plot and the values that the inputs were changed 

from and changed to are listed below.  

 

For example, the predicted effect of changing from a herd 305 day yield of 9000 litres (the median of the input 

distribution) to 7500 litres (the lower quartile of the input distribution) would be an increase in herd 21 day 

pregnancy rate of approximately 1.7%. 

  

Use of Activity Monitors (0 to 1) 

Submission Rate (52.5% to 58.75%) 

305 day yield/ kg (9,000 to 7,500) 

Use of Fertility Index (0 to 1) 

Conception Rate (40% to 42.5%) 

Use of Fixed Timed AI (0 to 1) 

Herd BVD status (1 to 0) 

Prevalence of Subclinical Ketosis (26% to 14%) 

Prevalence of Endometritis (15% to 7.5%) 

Prevalence of Johne’s Disease (10% to 5%) 

Prevalence of Cystic Ovarian Disease (5% to 2.5%) 

Prevalence of High Age at First Calving (50% to 25%) 

Proportion of High THI days (10% to 5%) 

Prevalence of Retained Foetal Membranes (5% to 7.5%) 

Prevalence of Metritis (5% to 7.5%) 

Prevalence of Long Dry Periods (10% to 5%) 

 

5.4 Discussion 
 

Various techniques have been used to measure associations between a large number of 

factors and reproductive performance in dairy cows. Many of these studies have been 

able to determine associations between factors such as endometritis and infection with 

Johne’s disease, and fertility at an individual cow level. The use of meta-analysis (often 

within a broader systematic review) has been able to bring together several studies 

asking similar research questions to ascertain a summary estimate, often presented as a 

single relative risk with 95% confidence intervals (Lean 2009).  

 

Other literature has examined association between factors such as infection with BVD 

virus (Robert 2004) and the use of activity monitors (Neves 2015) and reproduction at a 

herd level. There have also been attempts to use meta-analysis to bring together several 

studies to examine association between a factor such as the use of fixed time AI and 
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reproduction at a herd level (Rabiee 2005). However, studies encompassing the whole 

scope of dairy cow reproduction at a herd level have generally been left to review 

articles (Cardoso Consentini 2021) which often summarise the factors involved but are 

unable to quantify their described associations with reproductive performance. In 

contrast, the findings of this chapter have allowed associations between explanatory 

variables and reproduction to be quantified and simultaneously put into context against 

other factors.  

 

 

Stochastic simulation modelling in Chapter 4 allowed the conclusion that although 

endemic periparturient diseases had important associations with reproduction at the 

individual cow level, they had limited associations at the herd level, in contrast to 

background herd submission and conception rates. Output from the regression model in 

this chapter allowed a similar conclusion- that a majority of the variance in the model 

output data could be accounted for by background herd submission and conception 

rates; that is factors that influence these two determinants of 21 day pregnancy rate 

that could not be more closely specified.  

 

A more sophisticated stochastic model was used in this chapter, with considerably more 

input variables. These variables included factors that are likely to influence background 

submission rates (such as use of automated activity monitors) and background 

conception rates (such as control of BVD virus) and some that are likely to influence 

both (such as use of the use of a fertility index for bull selection or prevalence of 

subclinical ketosis). Partly as a result of this inclusion, the output of partition of variance 

tables and the shape of the tornado plots in this chapter appear different to those in 

chapter 4. Variance partitioned by this model into background herd rates has been 

reduced in proportion and replaced by that partitioned into specified explanatory 

variables, which may have been part of the unspecified background rates in the previous 

chapter.  
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However, there were further differences between the construction of the two models that 

may help to explain the difference in the partition of variance results. As was discussed 

in section 4.4, clinical judgements made concerning the range of the chosen distribution 

may materially alter the output of the simulation model. Since it was determined that a 

much larger model had been built in this chapter, with a much larger number of 

explanatory variables, it was considered important (for a given number of iterations of 

the simulation) to explore the parameter spaces for the other input variables more 

thoroughly. Therefore, it was decided that it was less important to simulate as full a 

realistic range of background submission and conception rate values. Since the 

background submission and conception rate inputs vary so much less than in chapter 

four, they will inevitably appear to be less important compared to the other inputs to the 

simulation model.  

 

The model used in this chapter simulated 640,000 herds and sensitivity analysis was 

performed to assess whether increasing this number would change the output. It was 

found that there was no difference between the results of regression models created 

from this dataset and from randomly selected smaller subsets of it. As a further 

development to this project, and prior to development of a proposed decision support 

tool, further sensitivity analysis will be performed to further assess different distributions 

of background submission and conception rates and the distributions of the other 

explanatory variables. For example, this will allow comparison of the output and partition 

of variance from regression models using the output, when normal rather than uniform 

distributions are used, or when the range of input distributions is widened or narrowed. 

 

 

By partitioning variance in specific areas that farmers and their advisers can readily 

appreciate and understand, this work has identified, quantified and illustrated factors 

that are commonly associated with reproductive performance. This allows farmers and 
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their advisers to consider investment decisions with a weight of evidence behind them 

and some quantifiable expectation of how much this may benefit their unit.  

 

The ultimate aim of the stochastic simulation was to allow contextualisation and 

quantification of the impact of the many different factors that influence reproductive 

performance and attempt to show how they fit together. Part of this is to show the 

amount of impact of each in a way that can be quickly appreciated and the use of a 

tornado plot to show this can be readily understood. Binary changes at a herd level 

(such as control of BVD virus and starting to use fixed time AI) can be easily compared 

in this way and a comparison of two different improvements in 21 day pregnancy rate 

appreciated quickly.  

 

Unfortunately any changes that affect only a proportion of cows in the herd (such as the 

incidence of endometritis or subclinical ketosis) cannot be as easily compared using the 

current graphics as the change of incidence of disease entered on the plot are choices 

that may ultimately not be universally accepted. To improve this, a tool that allows the 

user to change various inputs to suit their farm and see the impact will be of much more 

use. 

 

The work in this chapter has been based around a technique known as probabilistic 

sensitivity analysis which allows research results to be accounted for, explained and put 

into the context of other results. This approach also allows answers to be produced 

based on probabilities, which are intuitive and realistic. It is expected that one of the 

most practical uses of this research for the agricultural sector will be in the development 

of decision support tools, an area of increasing interest (Ferchiou 2021).  

 

For example, at any point in time a farmer may be considering their herd’s current 

position on control of BVD virus, the performance of current oestrus detection methods 

and the effect of heat stress during the summer months, and their combined impact on 



164 

 

herd reproductive performance. Results from this chapter could be used within a decision 

support tool to predict the impact of any management change on 21 day pregnancy rate 

and thus allow them to make a transparent comparison between any suggested 

investments or management changes.  

 

The amount of variance from the regression model that was explained by a combination 

of background unspecified submission and conception rates (48.5%) is much larger than 

the amount explained by a combination of all of the specified explanatory variables 

(20.3%). However, this magnitude of difference is very different to the unspecified 

compared to specified difference in the previous chapter (93% compared to 0.5%).  

 

Of the specified explanatory variables, variance in the model explained by automated 

activity monitors is 8.6%, genetics and bull choice 3.6% and subclinical ketosis 3.5%. 

These three factors are all perceived to be areas of interest in the industry. Nutritional 

management (such as feed presentation and ration content), transition cow 

management, and the immediate environment of the cow are all likely to influence the 

incidence of subclinical ketosis and are very regular discussion points and areas where 

farmers are constantly striving to change and improve. Both the use of bull choices to 

improve herd fertility and automated activity monitors to improve oestrus detection are 

developments of the past 10-15 years that are perceived to have contributed to the 

improvements in the reproductive performance of the national herd in the same time 

period. These are areas that are considered regularly when farmers are considering what 

to alter and where to look for improvements. Findings from this chapter suggest that 

these three areas are important areas for agricultural scientists to continue to 

investigate- how to further improve cow feeding and comfort, biosensors and software 

programmes and the reliability of bull genetic profiles.  
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Ultimately it is hoped that the research findings will make existing knowledge around 

dairy cow reproduction more accessible to end users and help to improve UK dairy cow 

reproductive performance as a result.  
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Chapter 6 Discussion 

 

6.1 Key findings 

 

This project has furthered investigations into the associations between common health 

events and management decisions made by farmers, and the reproductive performance 

of their herds. This has been done by both analysing UK herd data using regression 

modelling and by developing and using a method for rapid evidence review. Evidence 

synthesis techniques were then used to combine multiple sources of information. Results 

from both of these techniques were then used within a stochastic simulation model to 

evaluate the relative importance of the different factors.  

 

Chapter 2 showed significant associations between several important health events that 

generally occur in the crucial period between calving and the first weeks of lactation, and 

reproductive performance. 

 

Chapter 3 developed both methods of reviewing evidence and methods to convert 

between different reproductive parameters. These were then used as inputs to meta-

analysis techniques to produce a pooled “result” summarising literature evidence in a 

number of areas. 

 

Chapter 4 furthered the findings from the logistic regression model in Chapter 2 and 

explored the context of the periparturient and early lactation events in comparison to 

herd submission and conception rates, using stochastic simulation. This showed that 

although relevant to an individual lactation, the health events were less likely to have a 

substantial impact on reproductive performance at herd level.  
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Chapter 5 used stochastic simulation to bring together key data from Chapters 2 and 3 

to contextualise and assess the impact of a number of events and decisions on 

reproduction on dairy farms. This established that a number of these factors can have a 

considerable impact on performance and allowed these impacts to be quantified.  

 

6.2 General discussion of overall project themes 
 

Reproduction sits alongside milk production, calf sales and strategic culling as a key 

facet of the workings and income generation of a dairy herd. Reproductive parameters 

can be hard to use and interpret and factors that influence performance can be hard to 

contextualise and rank. This work has attempted to aid this process in a way that can be 

visualised and interpreted by farmers and their advisers and establish associations with 

reproduction that can aid farmers in their decision making and investment choices. 

 

Advisers to farmers are often keen to establish a framework of factors that happen 

commonly and have a large impact. This research has investigated a proportion of the 

factors thought to influence reproductive performance, some of which affect as many as 

20% of cow lactations (in terms of health events) or are considered daily for cows 

eligible for insemination (such as oestrus detection).  

 

Reproduction remains a frustration for farmers with attempts to improve performance 

often perceived to be slow and costly. There does seem to be widespread acceptance 

that there is room for improvement with very few herds entering performance levels 

where discussion is required about whether further improvement would be profitable. 

However, a small improvement has been seen in the performance of the national herd in 

the past decade and this has motivated farmers that changes can bring benefits and that 

investment can be cost effective and improve income. It is therefore essential to be able 
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to determine which of many factors are most likely to improve performance, and to 

estimate by how much. This work aids this by bringing together evidence from many 

reviewed sources to establish what improvements to 21 day pregnancy rate would be 

expected across typical herds.  

 

There is considerable evidence from the literature on the associations between a number 

of periparturient and early lactation health events (that often have a lactational incidence 

of between 5 and 20%) and reproduction at the level of the individual lactation or 

insemination (Borsberry 1989, Leblanc 2002, Esslemont 2002). This has established that 

the health events reduce the probability of pregnancy at an individual lactation level. The 

use of random effects discrete time survival regression analysis in this project has a 

number of advantages, not least that many potential confounding variables can be 

accounted for appropriately and that it allows analysis and presentation of how the 

relationship between reproduction and disease changes through lactation. This project 

has supported existing literature using a recent sample of UK herds, establishing 

lactational incidence figures and the association with pregnancy at points in time for an 

individual lactation. These results have been illustrated in ways to confirm the impact of 

the events at various stages of the lactation. 

 

However, when the output of the regression model was used to explore these 

associations using stochastic simulation modelling of 500,000 herds, it was established 

that the health events were unlikely to markedly influence reproductive performance at 

herd level and that other factors were much more substantial influences on herd level 

reproduction. These were principally herd level factors such as the yield and especially 

background submission and conception rates.  

 

Farmers are often determined to reduce incidence of retained foetal membranes and 

uterine and ovarian disease. Population attributable fraction calculations suggest that in 

rare cases, for example if a herd has very high lactational incidence rates of several of 
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these health events concurrently, that a large reduction in incidences may be 

accompanied by significant improvement in reproductive performance. In this case a 

substantial return on financial investment in changes around periparturient and early 

lactation health may be achieved. However it is likely that any reduction in incidence of 

these events will perhaps improve the performance of a minority of individual cows but 

will not improve herd performance markedly and they should look elsewhere when 

considering where to attempt to improve, and to invest, should improvements in overall 

herd reproductive performance be their main motivation. 

 

Evidence synthesis has been used extensively to put various studies in context and to 

attempt to answer complex clinical questions by reviewing and bringing together data 

from a variety of sources, using study designs such as systematic reviews and 

techniques such as meta-analysis. This has been done in the field of dairy cow 

reproduction to aid others contextualise information and answer questions (for example 

de Boer 2014 performed a systematic review of diagnostic tests for reproductive tract 

infection and inflammation).  

 

A variety of data from a variety of sources illustrating factors known to be associated 

with reproductive performance have been brought together in Table 3.14 in Chapter 3. 

This has allowed summary estimates of the effect of different illustrative scenarios in 

each of the key areas to be produced, importantly also with a representation of the 

degree of uncertainty in the research evidence in the summary figures. These intuitive 

and straightforward numbers can be easily interpreted and allow dairy farmers to 

determine an estimate of what impact a change to herd management may make on a 

typical farm, according to evidence from a number of sources in the scientific literature. 

 

Drawing conclusions on overall performance on this information alone still remains 

challenging since it would remain difficult to compare the impact of changes to factors 

that influence every risk period in the herd (such as changes to policies on the control of 
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BVD virus and activity monitors) with changes that apply only to certain cows in the herd 

(such as changes to the incidence of subclinical ketosis or endometritis). Putting these 

factors into context, by the use of stochastic modelling allows more understanding of 

how best to fit potential improvements together. 

 

Using probabilistic techniques and stochastic modelling to illustrate results remains rare 

in veterinary literature, with studies only becoming more frequent in the last few years 

(Archer 2015, Bekara 2019, Liang 2017). The use of this technique in this project is 

thought to aid establishing context between factors that a farmer can influence and 

invest in. It will avoid over interpretation of research findings from individual studies and 

therefore avoid the over emphasis on certain health events and management 

techniques. Complex management decisions can be aided by establishing and illustrating 

how existing evidence fits together and therefore the likely impact of each factor in 

context of other factors in reproductive performance in dairy cattle, which remains a 

complex multifactorial area. 

 

Assimilation of data from literature and attempts to bring it together to provide 

summaries are commonly done by review articles, often by invitation in order to fill gaps 

in research knowledge and to help readers to put existing literature into context and help 

answer clinical questions. These review articles have the advantage of being wide 

ranging and can allow the author to summarise a large scope, for example an area as 

large as the factors that influence reproductive performance in dairy cattle (Crowe 2018, 

Consentini 2021, Walsh 2011, Sheldon 2003, Berry 2016). They have the disadvantage 

of not quantitatively assessing the data between studies and any assessment of study 

quality and design remain subjective. 

 

Meta-analysis is a technique that brings together data from several studies and 

quantitatively summarises it. Meta-analysis is used in review articles as a way of 

answering a particular scientific question by assessing and weighting the evidence 
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behind it and coming to a single quantitative conclusion that is usually easy for the 

reader to understand and robust in terms of study design. This technique has been used 

thoroughly in reproduction in dairy cattle (Rabiee 2005, Abdelli 2017, Fourichon 2000). 

In terms of widescale evidence gathering, meta-analysis remains an excellent way of 

answering a specific question. However, since the aim of this project was to effectively 

bring together a series of questions, it was not possible to find examples of meta-

analyses in the veterinary literature that fully answered the question of what steps 

needed to be taken to improve reproduction in dairy cows. Therefore, a series of 

different meta-analyses were performed, and further techniques used to integrate their 

summary estimates.   

 

The use of a combination of evidence gathering and assimilating techniques, inferential 

statistical modelling and stochastic simulation modelling has allowed this project to 

contextualise many of the most important factors influencing dairy cow reproductive 

performance in a way that has not yet been done. It is hoped that these findings will aid 

farmers and their advisers with information that has not been presented in this way 

before. 

 

The use of models to support decision making in agriculture is increasing, and with 

increasing computational power, models are becoming increasingly sophisticated 

(Ferchiou 2021, Kebreab 2019, Alawneh 2018). As this field continues to develop, it is 

expected that data from many sources will be integrated to improve descriptive analyses 

and degree of representation of distributions that act as model inputs. This project has in 

contrast introduced evidence from literature in lots of related areas of reproduction into 

the model and allowed the propagation of uncertainty into the model outputs.  

 

Gathering and assessing evidence has been used extensively in human medicine, with 

systematic reviews including meta-analysis forming an essential part of the evidence 

required to justify interventions and diagnostic tests on a single topic for the National 
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Health Service (such as Ilic 2018, Jones 2019).  Bringing together evidence sources 

across a range of topics and then attempting to integrate them would appear to provide 

powerful weight to support decision making.  For example, Yuan 2020, brought together 

a range of evidence around risk factors for type 2 diabetes and used Multivariable 

Mendelian randomisation (MR) to assess the importance of one of these risk factors. The 

use of simulation modelling following meta-analysis techniques is not well represented in 

the literature with most of the studies in this area in the fields of epidemics in humans 

such as those caused by influenza and HIV (Birrell 2018, De Angelis 2014) and animals 

such as caused by Foot and Mouth Disease (Pomeroy 2017). The current project uses a 

combination of these methods to further research in dairy cow reproduction. 

 

6.3 Limitations of the project 
 

The UK dairy herd is thought to be made up of up to 20% seasonally calving herds and 

80% all year round calving herds (Gooderham 2021, Tasker 2017). There are differences 

in management requirements across the different systems and one of the most 

discussed differences and motivations for seasonal calving concerns the perception of 

focussing on one aspect of the calving cycle at a time across the herd, which has 

substantial implications for reproductive performance. The general perception that 

overall performance is better in seasonal than all year round herds is supported by few 

articles (Morton 2010 being one of the few articles to compare the reproductive 

performance between the two systems directly). 

 

This project has been based around all year round calving systems since they constitute 

the majority of UK herds. The dairy industry has begun to look at a series of ways of 

satisfying the different requirements of seasonal herds (for example AHDB now suggest 

the use of a different fertility index for bull selections) and any future work involving 

decision support tools may need to consider the different priorities and management of 
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the two systems. This may require the development of a different dataset from a 

simulation model, or work in parallel with simulation models already created in the area 

of seasonal calving reproductive performance modelling (Fenlon 2017). 

 

One of the reasons systematic reviews and work involving meta-analyses are considered 

to rank highly on a scale of hierarchy of evidence of scientific publications is due to the 

large number of publications involved. This does mitigate the concern about an over 

reliance on the data and scientific scrupulousness of other individual unknown 

researchers. The studies contributing to the evidence synthesis chapter 3 were all 

critiqued for study design and data quality, but this does not allow assessment of 

publication bias. This ‘file drawer’ problem (Scargle 2000) occurs when researchers do 

not publish non-significant findings or those thought to not reinforce a desired argument, 

preferring only to publish work with large associations or significance. This therefore can 

lead to the possibility of falsely large effects of interventions and unreliability of results. 

There are methods to attempt to identify and correct publications bias, including the use 

of funnel plots to assess where studies may be positioned in terms of their findings (odds 

ratio) and distribution from central estimate (standard error). However, these plots can 

also be misinterpreted and analysis of them can be difficult (Sterne 2011). 

 

Extensive attempts were made to ensure only high quality data was used. This included 

data cleaning of a dataset from 468 UK herds and inclusion criteria for studies that 

resulted in removal of studies thought to be designed poorly or not including robust 

results. In some areas, despite often starting investigations with a large dataset, smaller 

datasets were used in the interests of high quality. This included the use of 25 herd 

years from 14 herds which were determined to have well recorded periparturient and 

early lactation health events, despite initially exploring data from 468 herds. A reduction 

in dataset size can introduce sampling bias, and a concern that the remaining herds are 

not representative of the original dataset, or of all UK herds, resulting in a different 



174 

 

relationship between the events and reproductive performance being established, 

compared to a typical UK dairy herd.  

 

Assessment of study quality and of robustness of data presentation resulted in the 

exclusion of large numbers of studies. In some instances, it was no longer possible to 

explore a topic due to a lack of any suitable studies (for example there were not herd 

level studies associating Leptospirosis and reproductive performance). In other areas few 

studies remained within the inclusion criteria and further transformation of published 

data was required to allow the topic to remain within the study. For example, when 

assessing the association between THI and reproduction, one large scale study remained 

suitable and expansion of the published data was required by simulation of the study 

results.  

 

The inputs for both the herds and lactations to the simulation models were drawn from a 

distribution of values created by the clinical experience of the author and colleagues. It 

is possible that the selected ranges of distributions are not representative and that this 

could influence the outcome of the work. Although the use of clinical judgement to 

determine input variable ranges is a common method, it is also a common criticism of 

the technique of stochastic simulation (Corlu 2020).  

 

The majority of the input draws were taken from uniform distributions and therefore no 

shape was put on the range of values from which values could be drawn and no attempt 

made to replicate a ‘real life’ set of values (for example from data from existing herds).  

This was done intentionally to allow the exploration of all possible combinations of inputs 

to particularly develop knowledge of rarer combinations of events (such as herds with 

very high or low rates for any inputs). There was therefore no attempt made to simulate 

a range of herds with similar 21 day pregnancy rates to the 12,000 UK dairy herds 

(which would have allowed the opportunity to check our model outputs against sample 

real life UK herds). 
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6.4 Extensions of the project 
 

The creation of tools to help answer clinical questions is a natural extension of stochastic 

simulation and is becoming used more extensively (Rose 2016, Cabrera 2018) to aid 

farmers in making better evidence based decisions. The use of decision support tools in 

other health and production areas (Green 2007, Hyde 2017, Hyde 2021) has already 

proven popular and useful. This approach can be extended into decision making around 

reproductive performance using the results of this project. 

 

This will allow producers and their advisers to explore the likely impact of a wide range 

of given interventions (such as BVD vaccination, investment in oestrus detection 

technology or investment in fans and misting systems) on the reproductive performance 

of the herd, given the information the farmer already knows (such as current 21 day 

pregnancy rate, proportion of heifers calving old and incidence of endometritis). The 

foundations for this method have been laid in earlier published work (Green 2010) but 

the approach will be extended in this project.  

 

The use of such a decision support tool (Figure 6.1) would allow a farmer to explore a 

scenario (for example changing the prevalence of subclinical ketosis from 30% to 20%) 

and be presented with outputs in a simple, intuitive and probabilistic way. Outputs could 

include a new median predicted herd 21 day pregnancy rate, a likelihood of 

improvement in fertility performance shown as a percentage and a graph showing the 

predicted range of outcomes. It would be important to present the likely impact of a 

given intervention not only as a central (or “most likely”) estimate (as with simpler 

deterministic decision support tools), but also with a probability of achieving specific 

levels of 21 day pregnancy rate. It is hoped that this approach will provide a quantitative 
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estimate of the likely change in performance which would result from a given 

intervention, as well as the degree of certainty associated with this change. 

 

 

Figure 6.1 Example of dairy fertility decision support tool  

 

As has been discussed in earlier chapters, farm income is often determined by 

reproductive performance but also importantly by milk production and culling and 

replacement policies. This work using simulation and support tools may be extended 

further to investigate associations and investment decisions between the health and 

management factors already presented, and these vitally important indicators of income. 

21 day pregnancy rate has been used as an outcome throughout the project and this is a 

figure that farmers are increasingly using to summarise their herd’s fertility. Extending 

this interchangeably with outcomes in pounds sterling may also be a useful explanation 

to aid impact and context. 

 

The events and decisions determined to be most important and those for which evidence 

was available to allow associations to be explored were included in the results of 

chapters 3 and 5. Extensions of these areas would be possible and could be considered 

for further simulation modelling and any further extensions such as support tools. Areas 

may include the cow’s immediate environment (such as feed space and ration 
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presentation, cubicle surface and dimensions), farm environment (such as rainfall or 

price of concentrate feed) and male factors (such as sperm numbers per straw and use 

of external company inseminators). 

 

6.5 Conclusions 
 

Reproductive performance is an essential part of the day to day management of UK dairy 

herds. This project has added to the scientific knowledge of this area, exploring 

relationships between common factors and performance using established and more 

novel techniques, and presenting results in simple and interpretable ways. Although 

substantial between herd variability remains unexplained by factors that were 

investigated, other substantial associations with reproductive performance have been 

explained, specified and quantified.  

 

The UK dairy industry continues to face substantial challenges to allowing the individual 

dairy farmer to sustain an income and way of life. Continuing the improvements in 

reproductive performance of the national herd made in the last decade are an essential 

part of confronting these challenges. Scope for improvement remains considerable and it 

is to be hoped that techniques employed, and results presented here will help to sustain 

interest and aid decision making. 
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