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Abstract  

Although there has been a noticeable reduction in the prevalence of bovine viral 

diarrhoea virus (BVDV) in New Zealand over the past decade, it is well recognised that 

New Zealand will need a systematic compulsory programme to eliminate BVDV. The aims 

of this thesis were to address the knowledge gaps around the epidemiology and economics 

of BVDV to explore the cost-effectiveness of different national BVDV control frameworks. 

First, the risk factors for BVDV infection were explored using data collected from cattle 

herds across the country. A Bayesian network analysis revealed that animal contacts 

between neighbouring farms significantly increased the risk of herds being seropositive for 

BVDV. The second study used data collected from New Zealand commercial beef farms 

to estimate the transmission rate of BVDV from extensively grazed persistently infected 

(PI) animals. Using an approximate Bayesian computation method, the BVDV 

transmission rate was estimated at 0.11 per PI animal per day, which was lower than 

previously derived estimates for dairy herds and intensively farmed beef herds. 

For the third study, BVDV simulation models were developed for New Zealand dairy 

and beef farms to estimate the economic impacts of BVDV outbreak and to identify the 

most cost-effective control strategies at an individual farm level. The direct losses due to 

BVDV outbreak were estimated as NZ$ 22.22 per dairy cow per year and NZ$ 41.19 per 

beef cow per year. Annual testing to cull identified PI calves and annual vaccination were 

economically beneficial to control a BVDV outbreak for a dairy and beef breeding farm, 

respectively. In the fourth study, BVDV transmission was simulated at a national scale with 

the models, predicting that BVDV could be successfully and economically controlled by 

requiring dairy farms to double fence boundaries and perform either annual calf testing or 

herd-level screening test and requiring beef farms to conduct annual vaccination. 

Overall, the findings from the thesis highlight that BVDV elimination is both technically 

feasible and cost-efficient in New Zealand. The outputs of this thesis can be used to 
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facilitate discussion with farmers and stakeholders about the benefits and feasibility of 

national BVDV elimination in New Zealand. 
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Chapter 1 

Introduction  

1.1. Epidemiological features of BVDV 

Bovine viral diarrhoea virus (BVDV) is a pestivirus in the Flaviviridae family that can 

have significant detrimental impacts on animal health and production performance (Lanyon 

et al., 2014). Cattle infected with BVDV have a wide range of subclinical and clinical signs 

including diarrhoea, respiratory illness, immunosuppression, congenital defects, and 

abortion/stillbirth (Fray et al., 2000). The key characteristic of BVDV epidemiology is the 

presence of persistently infected (PI) animals that shed large quantities of the virus 

throughout their life time (Houe & Meyling, 1991). A PI calf can be generated if a heifer 

or cow that is naïve to BVDV becomes infected during the risk period of early-to-mid 

pregnancy and then subsequently gives birth to a live calf. PI calves are generally ill-thrifty 

and have a short life expectancy, however, apparently normal looking PI calves can survive 

for more than three years (Hill, Reichel, et al., 2010; Voges et al., 2006). Accordingly, the 

most important risk factor for naïve cattle to be exposed to BVDV is through direct contacts 

with PI animals (Houe & Meyling, 1991). In contrast to persistent infections, animals that 

are transiently infected (TI) with BVDV shed lower levels of the virus for a limited time 

(Thurmond, 2005) and typically recover within two to three weeks of infection (Duffell & 

Harkness, 1985). 

 

1.2. Global situation 

BVDV is prevalent in most cattle producing countries worldwide (Anonymous, 2020). 

A meta-analysis of global BVDV prevalence reported an average of 67.7% cattle herds 

across 73 countries showing evidence of recent BVDV exposure with 27.2% of herds likely 

containing PI animals (Scharnböck et al., 2018). Although the prevalence of PI animals 
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within an actively infected farm is generally less than 5% (Richter et al., 2019), previous 

studies have shown that even small numbers of PI animals on a cattle farm could result in 

the seroconversion of up to 97% of susceptible animals in the herd in a given year (Houe 

& Meyling, 1991). Given the high infectious pressure of PI animals and their prevailing 

presence across cattle industries, BVDV is known to have significant economic impacts. 

According to Richter et al., (2017) who reviewed the estimated economic impacts of 

BVDV in 15 endemic countries, the mean direct losses of BVDV infection was 

approximately US$ 200 per dairy cow and US$ 170 per beef cow. 

These significant economic losses due to BVDV infection have driven many countries 

to implement regional or national BVDV control programmes with either voluntary, 

compulsory, or phased voluntary to compulsory frameworks (Pinior et al., 2017). Several 

countries in Europe including Sweden, Norway, Finland, and Denmark have already 

successfully eliminated the disease within a decade using systematic compulsory strategies 

tailored to their cattle production system. Follow-up studies have economically justified 

that BVDV elimination programmes in these countries have incurred greater benefits than 

costs (Richter et al., 2017). Yet, despite the successful examples from Europe, many 

countries have not achieved elimination potentially due to the complexities of BVDV 

epidemiology and/or the lack of a systematic and coordinated approach to disease control. 

As highlighted by Wernike et al., (2017), the voluntary BVDV control programme 

originally implemented in Germany was not able to successfully eliminate the disease and 

the authors argued that systematic compulsory strategies should be adopted in countries 

with high cattle densities and frequent animal movements. Nevertheless, many countries 

with BVDV are still struggling to convince farmers and stakeholders to support transition 

from voluntary to compulsory national BVDV control programme despite the well-

established returns on investment from implementing coordinated compulsory national 

strategies (Richter et al., 2017; Wernike et al., 2017). 
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Chapter 2 

Elimination of bovine viral diarrhoea virus in New Zealand: a review 

of research progress and future directions 

 

Jun-Hee Han1, Andrew M. Weir2, Jenny F. Weston3, Cord Heuer1, M. Carolyn Gates1 

1 EpiCentre, School of Veterinary Science, Massey University, Private Bag 11-222, 

Palmerston North, New Zealand 

2 Eltham District Veterinary Services, PO Box 24, Eltham, New Zealand 

3 School of Veterinary Science, Massey University, Private Bag 11-222, Palmerston North, 

New Zealand 

 

2.1. Abstract 

The significant impacts of bovine viral diarrhoea (BVD) on cattle health and production 

have prompted many countries to embark on national elimination programmes. These 

programmes typically involve identifying and removing persistently infected (PI) cattle in 

infected herds and implementing biosecurity measures such as vaccination and pre- or post-

movement testing to prevent the virus from spreading to pregnant dams at risk of creating 

new PI calves. Although the same tools are available to the New Zealand cattle industries, 

there are still many unanswered questions about how they should be implemented to 

achieve the greatest benefits to the industries at the lowest cost to individual farms. The 

epidemiological situation for BVD in New Zealand is unusual due to the extensive pasture-

based and seasonal nature of cattle production, the frequent movements of animal between 

farms, and the potential role of sheep in disease transmission. In this manuscript, we briefly 

review the key epidemiological features of BVD and the current state of knowledge about 

BVD in New Zealand. We introduce the ongoing elimination programmes in Europe and 

highlight the knowledge gaps that we are aiming to address with a new three-year research 
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control in Germany was that a voluntary programme has only a limited effect (Wernike et 

al., 2017), and it has been demonstrated that elimination of BVD in countries with high 

animal density and movements is not possible without implementing a systematically 

coordinated scheme (Moennig, Houe, et al., 2005). Therefore, a framework-shift from the 

current ad hoc voluntary situation to a more systematic approach would be required to 

eventually eliminate BVD in New Zealand. 

In order to design a systematic national control programme that achieves the greatest 

benefits to the industries at the lowest cost to individual farmers, an accurate understanding 

of the epidemiology, economics, and social motivation for BVD control in New Zealand is 

necessary. Although a number of BVD research projects have been undertaken in New 

Zealand, there are still many questions that must be answered to design a cost-effective 

systematic scheme to control the disease. This article reviews the current state of 

knowledge about BVD in New Zealand and highlights the knowledge gaps that need to be 

addressed. We first provide a brief review of the important epidemiological features of 

BVD, and then describe current knowledge of prevalence, risk factors for transmission, and 

financial impacts of BVD in New Zealand. BVD control frameworks from other European 

countries are then discussed along with the validity of BVD diagnostic testing and 

vaccination in New Zealand. Finally, we report the challenges that must be addressed to 

design a cost-effective national control programme to eliminate BVD in New Zealand. To 

help understanding of readers, all financial values are reported in NZ$ and standardised to 

the year 2016 (Anonymous, 2016b, 2016a). 

 

2.3. General features of BVD 

2.3.1. Biology of BVD 

BVD virus is a Pestivirus in the Flaviviridae family that primarily affects cattle, but can 

also cause infection in small ruminant species (Evans, Pinior, et al., 2019). Classically, 
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fetus (Peterhans & Schweizer, 2013), causing the fetus to become immune-tolerant to the 

infecting virus stain. Once born, the PI calf will continuously shed large quantities of the 

BVD virus throughout its life time (Houe & Meyling, 1991). Generally, PI calves are weak, 

ill -thrifty, and have reduced life expectancy (Houe, 1993), however, some can be clinically 

normal and survive beyond three years of age (Voges et al., 2006). 

Another feature related to the BVD virus biotype is the occurrence of mucosal disease 

(MD), which is the result of PI animals becoming superinfected with a homologous cp 

strain (Brownlie et al., 1984). While the recombination of an innate ncp strain with either 

host RNA or a newly introduced heterologous cp strain can create a homologous cp strain 

(Goens, 2002), MD can also be developed by a point-mutation of an innate ncp strain itself 

(Kümmerer et al., 2000). Once this occurs, MD is invariably accompanied by serious 

clinical manifestations of fever, anorexia, gastrointestinal erosions, severe diarrhoea and 

eventually death (Houe, 2005). A more detailed review of the pathogenesis of BVD/MD 

has been provided by Lanyon et al., (2014). 

 

2.3.2. Transmission 

Direct contact with PI animals is the most important route of BVD transmission in most 

cattle herds (Houe, 2005; Moen et al., 2005). Introduction of a PI animal can result in 

devastating consequences in a naïve herd as the virus can spread rapidly resulting in up to 

97% of susceptible cows seroconverting (Houe & Meyling, 1991). BVD can also be 

transmitted over the fence between neighbouring farms through direct nose-to-nose contact. 

In Denmark, 67 cases of BVD virus introduction in dairy herds were investigated; the most 

common transmission pathway was contact with PI animals in a neighbouring herd (36%), 

followed by the purchase of PI animal (28%) (Bitsch et al., 2000). The purchase of Trojan 

dam (i.e. a non-PI pregnant cow/heifer carrying a PI fetus) is another important BVDV 

transmission pathway between farms, and the movement of Trojan cows has been estimated 
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test to confirm the exposure to BVDV and presence of PI animals, respectively. With some 

variation by year, the authors found that 63.1 ~ 70.1% of the dairy herds had evidence of 

exposure to BVD virus. Based on RT-PCR, it was suggested that 8.6% of North Island 

herds and 32.0% of South Island herds contained at least one PI animal. As pointed out by 

the authors, one limitation of this study was that it was based on herds conveniently selected 

from only some regions of the country, so the results may not be representative of other 

parts of New Zealand. 

 

2.4.1.2. Prevalence in the beef sector  

Compared to the dairy sector, there have been fewer studies estimating the prevalence 

of BVD virus infection in New Zealand beef herds due to the greater logistical challenges 

of conducting diagnostic tests in extensively managed herds (Sanhueza et al., 2013). Heuer 

et al., (2008) reported that 64.9% (61 out of 94) of beef herds in New Zealand had evidence 

of previous exposure to BVD virus. Based on the seropositivity of young stock, the authors 

implied that 46.8 ~ 50.7% of New Zealand beef herds were actively infected with BVD 

virus. A similar estimate was reported by a recent study using the BVD antibody ELISA 

test of individual serum samples. Assuming that more than 20% seropositivity in a sampled 

herd indicates active BVD virus infection, W. Cuttance & Cuttance, (2014) estimated that 

the proportion of beef herds in the North Island with at least one PI animal was 58.1% 

(25/43). However, the estimated prevalence of actively infected beef herds may be 

inaccurate because (1) none of the previous studies confirmed the presence of actively 

circulating virus in the herds with evidence of exposure, and (2) only a small number of 

beef farms participated in each study and these were either willing to test for BVD or had 

a high index of suspicion for BVD, which makes these herds potentially non-representative 

of the general population. Further studies including larger numbers of beef farms across 

New Zealand and confirming the presence of BVD virus are required to accurately estimate 

the prevalence. 
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2.4.1.3. Within -herd prevalence of PI animals  

The prevalence of PI animals within BVD virus infected herds in New Zealand is 

reported to be less than 2% for both dairy and beef herds (W. Cuttance & Cuttance, 2014; 

Voges et al., 2006), similar to other countries (Fulton et al., 2009; Rüfenacht et al., 2000). 

Even though PI animals often have a short life expectancy, there have been several reports 

that PI cows can survive for at least three years under New Zealand farming conditions 

(Hill, Reichel, et al., 2010; Voges et al., 2006). 

 

2.4.2. Risk factors for transmission 

Several studies have been conducted to identify the risk factors for BVD transmission 

in New Zealand. Previous studies suggested that factors, such as the purchase of cattle, 

grazing dams away from the home farm during early pregnancy, or contact with 

neighbouring cattle, are significantly associated with active BVD virus infection (W. 

Cuttance & Cuttance, 2014; Weir & Heuer, 2009). There is, however, conflicting evidence 

that herd size is a risk factor with several studies suggesting that herd size was not a risk 

factor for BVD virus infection in New Zealand (Thobokwe et al., 2004; Voges, 2008) and 

another study showing significantly increased risk with increasing herd size (Weir & Heuer, 

2009). Estimates of regional risk of BVD virus infection vary as well. Significant 

geographical patterns in disease prevalence were observed for New Zealand dairy herds, 

indicating that local spread and local trade networks may influence BVD transmission 

(Voges, 2008). In contrast for beef herds, W. Cuttance & Cuttance, (2014) found that there 

was no significant difference in herd level prevalence of active BVD virus infections in 

beef herds across different regions. This discrepancy around the importance of region as a 

risk factor could originate from the inherent differences in the management systems 

between dairy and beef herds (Gates et al., 2014). 
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2.4.3. Financial losses due to BVD 

As well as causing direct production losses in infected farms, the cost of preventive 

measures on naïve farms, such as vaccination or diagnostic testing, significantly increases 

the economic burden of BVD to the cattle industries (Richter et al., 2017). Many studies 

have been conducted internationally to quantify the financial losses due to BVD infection. 

A recent systematic review estimated that the direct losses due to BVD virus infection 

ranged from NZ$ 3.45 to NZ$ 988.04 per animal (Richter et al., 2017). It should be noted 

that the estimated losses greatly vary between studies as they applied different estimation 

approaches (e.g. type of quantitative model, target population, study design, stock and 

production values, or disease effects contributing to economic losses) as well as different 

epidemiological settings (e.g. virulence of virus strain, duration of BVD, within- or 

between-herd prevalence, or herd production level). Nevertheless, it is well recognised that 

BVD causes substantial economic losses to cattle industries (Houe, 1999). 

Given the widespread prevalence of BVD throughout New Zealand, it is likely that 

BVD has a significant impact on the national economy. Accordingly, the economic impact 

of BVD in New Zealand cattle herds has been estimated. Several studies have reported 

significant growth retardation and reduced milk production in New Zealand cattle herds 

containing PI animals (Compton & McDougall, 2005; Hill, Reichel, et al., 2010; Voges, 

2008). Compton et al., (2006) suggested that infertility, abortion, and reduced milk 

production induced by BVD virus infection caused an annual loss of NZ$ 109.30 per cow 

in a dairy herd with PI animals. Assuming 304 cows per herd and 17% of national herds 

carrying PI animals, the authors estimated the economic impact of BVD to be NZ$ 71.5 

million in the dairy industry alone. Using modelling approaches, Heuer et al., (2007) also 

analysed the financial loss in the New Zealand dairy industry due to BVD virus infection; 

assuming an average dairy herd size of 215 with 14.6% of those herds having at least one 

PI animal, the authors estimated losses to the dairy industry of NZ$ 52.8 million per year. 

These studies likely underestimate the true cost of disease as indirect effects, such as 
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diagnostic testing, vaccination, and increased susceptibility to other infectious diseases, 

were not considered. Another study calculated that acute infection caused NZ$ 91.10 per 

adult dairy cow due to discarded milk, reduced conception and pregnancy rates, and extra 

veterinary costs (Weir et al., 2016). In the New Zealand beef industry, one study suggested 

that BVD virus infection resulted in a 5% decrease in pregnancy rate (Heuer et al., 2008). 

However, no studies have been conducted to estimate the financial cost of BVD virus 

infection in the beef sector. 

 

2.5. Control of BVD 

2.5.1. European programmes 

The three critical principles of BVD control in cattle herds are (1) the timely 

identification and elimination of PI animals to break the within-herd transmission cycle, (2) 

improved herd biosecurity to prevent BVD virus introduction or re-introduction from 

outside sources, and (3) continuous surveillance to early detect the re-introduction of 

BVDV to farms that achieved freedom (Lindberg & Houe, 2005). The latter is why many 

European countries (e.g. Sweden, Norway, Finland, Denmark, Austria, Switzerland, 

Germany, the Netherland, Belgium, Scotland, and Ireland) have implemented regional or 

national systematic BVD control programmes (Moennig & Becher, 2018; Richter et al., 

2017). The frameworks used to eliminate BVD in those countries can be generally 

categorised into three different groups. 

 

2.5.1.1. Scandinavian framework  

This framework was adopted in Sweden, Norway, Denmark, and Austria (Houe et al., 

2006). The programme has three stages; (1) An initial BVD antibody screening test is 

conducted for each herd using bulk tank milk (BTM). If positive, or in the case of beef 
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recalibrated cut-off value, the relative sensitivity and specificity for the milk sample 

compared to the same test on serum samples were estimated as 0.99 and 1.00, respectively. 

Hill et al., (2007) validated the BVD antigen ELISA test (IDEXX Ag-ELISA; IDEXX 

Scandinavia, Österbybruk, Sweden) using skin and serum samples from 276 animals. For 

30 PI animals confirmed by RT-PCR test, ELISA test results using both samples showed 

complete agreement as well as with the RT-PCR test. This study indicated that using a skin 

sample for the BVD antigen ELISA test could be a valid and cheaper approach to accurately 

detect PI calves in New Zealand. RT-PCR on BTM has also been validated to be sensitive 

to detect PI animals in New Zealand dairy herds. Hill et al., (2010b) demonstrated that RT-

PCR on BTM detected 2 PI animals among a herd of 800 cows. However, the test failed to 

detect 1 PI animal among 800 cows, implying that RT-PCR on BTM was able to detect 1 

PI animal among up to 400 negative cows in New Zealand. Based on the result, the authors 

argued that RT-PCR on BTM was a reliable screening test in New Zealand dairy herds. 

 

2.5.3. Validity of BVD vaccination in New Zealand 

In New Zealand, McArthur, (2004) assessed the efficacy of fetal protection of a trivalent 

vaccine and reported that two out of eight vaccinated cows produced PI calves and a further 

cow aborted, resulting in a vaccine efficacy of 62.5%. A more recent study assessed the 

efficacy of two commercially available BVD vaccines (BVDV-1a and BVDV-1c vaccines) 

in New Zealand (Packianathan et al., 2017). Twenty-five heifers were vaccinated and 

boosted against BVD virus, and the heifers were challenged with BVDV-1a after 6 months. 

Of the 22 fetuses where the authors could retrieve fetal tissue, 15 were successfully 

protected (e.g. 5 out of 8 for the type 1a vaccine, 10 out of 14 for the type 1c vaccine) 

giving 62.5% (95% confidence interval: 29.0% ~ 96.0%) and 71.4% (95% confidence 

interval: 47.8% ~ 95.1%) of fetal protection efficacy against BVDV-1a and BVDV-1c 

strain, respectively. 
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2.5.4. Financial benefit of BVD control programmes 

Many studies have been conducted worldwide to assess the financial cost and benefit of 

implementing BVD control programmes. It should be noted that the estimated cost and 

benefit of BVD control programmes varies greatly between studies depending on the 

assumptions around the target populations, economic parameters, prevalence of BVD, 

timescale, or type of control measures. However, a crucial point is that most of the previous 

studies on the financial assessment of BVD prevention programmes worldwide concluded 

that the implementation of a BVD control programme was economically beneficial (Pinior 

et al., 2017). 

The applicability of some control schemes has been financially evaluated for New 

Zealand dairy farms. Reichel et al., (2008) conducted a cost-benefit analysis of three 

different BVD control programmes (i.e. vaccination, test-and-cull, and increasing 

biosecurity) with varying efficacy of protection, and found that increasing the biosecurity 

(specifically screening purchased cattle for BVD and enhancing farm boundary biosecurity) 

resulted in maximum benefit. Another study with a similar aim was conducted testing more 

options for control schemes and concluded that the combination of double fencing, 

screening of in-coming animals, and PI elimination was the most cost-effective option 

(Weir et al., 2014). In both studies, the authors concluded that implementing any form of 

control measure for BVD benefited farm profitability significantly more than doing nothing. 

No studies to date have been conducted to estimate the financial benefit of BVD control 

measures in the New Zealand beef industry. It will be crucial to generate good estimates 

for both the beef and dairy sectors, given the high degree of contact between them 

(Anonymous, 2017b). 
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2.6. Discussion 

Today, many European countries are running BVD control programmes regionally or 

nationally, and some of these countries have virtually eliminated the disease (Richter et al., 

2017). Although running a BVD control programme costs significant money, time, and 

effort, there have been multiple simulation studies demonstrating that the benefits of BVD 

elimination far out-weigh the cost of the disease control programme (Pinior et al., 2017). 

An anecdotal report estimated that at least NZ$ 150 million per year is lost due to BVD in 

the New Zealand cattle industries (Anonymous, 2015). Considering its major impact on the 

industries, the general consensus on implementing a systematically coordinated national 

BVD control programme should be built to increase the productivity of cattle farms. 

Successful control of BVD will not only reduce the economic burden of the disease, but 

also increase the animal welfare by preventing the stress and pain experienced by animals 

infected with BVD virus. 

In the past decade, the science around BVD in New Zealand has advanced significantly 

and we now have the technical capability to eliminate the disease. However, there are still 

some questions that should be answered before we can determine the most cost-effective 

tools to employ for a national control programme. 

Firstly, most studies on BVD in New Zealand have been conducted in the dairy industry 

and there is limited knowledge about the disease in the beef sector. This is mainly because 

beef herds in New Zealand are extensively grazed with few mustering events during the 

production season (Geenty & Morris, 2017), which makes it difficult for researchers to 

collect accurate epidemiological and economic data, such as live weight gain for 

susceptible, TI, or PI animals (Sanhueza et al., 2013). Another epidemiological challenge 

associated with extensive beef herds is that calves typically stay with their dams from birth 

to weaning at approximately 6 months of age, which means there are limited opportunities 

to identify and remove PI calves before they can expose susceptible dams during the next 

mating period. This is particularly a concern if the contact rate between cattle in extensive 
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3.1. Abstract 

Understanding risk factors for bovine viral diarrhoea (BVD) transmission is important 

for planning national disease control programmes. However, traditional statistical 

approaches may miss important features of BVD epidemiology due to the highly correlated 

nature of many farm-level risk factors. In this cross-sectional study, we used data collected 

from 304 cattle herds in New Zealand during 2015/2016 to compare the results from 

multivariable logistic regression with Bayesian network (BN) analysis. Blood samples 

from 15 heifers from each farm were pooled and analysed with an antibody ELISA test to 

classify BVD virus exposure status. Farmers were surveyed about their general 

management practices, knowledge about BVD, and risk factors for disease transmission, 

including onto- and off-farm movements, within- and between-farm contacts, and whether 

they implemented BVD control measures for their service bulls. Multiple imputation was 

used to infer missing values in the dataset prior to statistical analysis. The results showed 

that 57/116 (49.1%) beef farms and 95/188 (50.5%) dairy farms were likely to be actively 
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infected with BVD virus. Almost 60% of farms had movements of heifers/cows onto the 

premises and 13.8% of farmers reported contact with cattle from other farms. The results 

of the multivariable logistic regression showed that farms where heifers/cows had been 

moved onto the premises during all or most of the past five years were at higher risk of 

being BVD seropositive than farms without those movements (odds ratio: 2.21, 95% 

confidence interval: 1.29 ~ 4.24). Farms where cattle had occasional or rare contacts with 

cattle on other farms were also at increased risk compared with farms without any animal 

contacts between farms (Odds ratio: 2.63, 95% confidence interval: 1.33 ~ 5.41) although 

this association was not frequency-dependent. Only close animal contacts between farms 

was directly associated with BVD status in the BN model, however, this approach further 

untangled other complex associations between correlated management factors, and 

provided additional important insights into BVD epidemiology. Compared to other 

countries with intensive production systems, over the fence contact appeared to play a more 

important role in New Zealand pastoral-based production systems and should be considered 

when developing strategies for a national BVD control programme. 

 

3.2. Introduction  

Bovine viral diarrhoea (BVD) is an OIE-listed cattle disease that exists worldwide and 

is recognised for its significant impact on cattle health, welfare and production 

(Anonymous, 2017c). A distinct characteristic of BVD epidemiology is that, if dams are 

infected in early-mid gestation before the fetus has developed a competent immune system, 

the fetus will become persistently infected (PI) with BVD virus and the resulting calf will 

shed large quantities of the virus throughout its life-time (Fray et al., 2000). Control 

schemes for BVD in many countries are therefore focused on identifying and eliminating 

existing PI animals in a timely fashion and preventing the creation of new PI animals 

through vaccination and improved herd biosecurity (Lindberg & Houe, 2005). 
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Many studies have used standard multivariable regression to explore risk factors for 

BVD with the aim of identifying important transmission pathways to improve herd 

biosecurity plans and national disease control programmes. In particular, the purchase of 

heifers or cows, mean number and distance of neighbouring farms, sharing a common 

pasture, or over-the-fence contacts between herds have been shown to significantly 

increase the risk of BVD transmission (Ersbøll & Stryhn, 2000; Obritzhauser et al., 2005; 

Valle et al., 1999), and the sharing of farming instruments or contaminated biologicals have 

also been identified as possible transmission routes (Lindberg & Houe, 2005). These risk 

factors for BVD transmission are generally highly correlated farm management factors 

(Gates et al., 2013; Lewis & McCormick, 2012) and using multivariable approaches that 

only consider the association of variables with one specific outcome of interest may restrict 

our understanding of how general farm management practices influence BVD 

epidemiology.  

Considering the correlated nature of farm management factors, a multivariate analysis 

capable of examining complex inter-relationships among all variables of interest may 

provide a better understanding of BVD epidemiology, which is crucial for better 

recommendations for BVD control. There are many multivariate techniques, such as factor 

analysis or principal component analysis, to explore associations between variables, and 

Bayesian network (BN) analysis is one such multivariate approach that illustrates 

associations between variables as a directed acyclic graph (DAG) by estimating joint 

probabilities (Nagarajan et al., 2013). BN modelling empirically discovers an optimal DAG, 

or network structure, that best represents the associations between variables in a given 

dataset and can be used to distinguish between indirect and direct associations with the 

outcome of interest. Although it may require adequate sample size (Zuk et al., 2006), it is 

generally accepted that BN is not restrained by small sample size (Uusitalo, 2007), meaning 

that many variables can be considered simultaneously with a restricted number of 

observations. BN analysis has been increasingly applied in the field of veterinary 
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confidence intervals (CI). All the regression modelling was conducted in R (R Core Team, 

2016). 

 

3.3.5. BN modelling 

To further investigate associations between risk factors for active BVD virus infection 

and to identify possible risk factors that were not captured by the multivariable approach, 

we also constructed a BN model. Construction of a BN involves structure discovery and 

parameter estimation. Structure discovery is the process of identifying an optimal DAG 

showing best fit to a given dataset. Since we had 1,000 imputed datasets, an optimal DAG 

was identified in two steps; (1) identify 1,000 network structures using imputed datasets 

with a random restart greedy hill-climbing search (Bouckaert, 1995), and then (2) generate 

an optimal DAG as a majority consensus network among the 1,000 structures (Wilson et 

al., 2013). Given that the direction of the BN does not indicate causality (Lewis & 

McCormick, 2012), the majority consensus network was set by retaining arcs with a 

summed number of appearances over both directions being more than 50% of the 1,000 

structures (e.g. undirected majority consensus network) (Poon et al., 2007a). Once an 

optimal DAG was discovered, the DAG was translated into an additive BN, of which a 

parameterisation process is similar to the multivariable generalized linear models, to 

estimate the parameter of each arc in forms of OR (Benjamin J. J. McCormick et al., 2017). 

For the calculation of OR, direction of undirected arcs in the optimal DAG was re-assigned 

with the one that appeared at a greater frequency in the 1,000 structures (Poon et al., 2007b). 

Then, the marginal distributions of every parameter on the optimal DAG were calculated 

for each imputed dataset, resulting in 1,000 marginal distributions of OR for each arc on 

the DAG. Those distributions were aggregated to estimate median and 95% credible 

interval (CrI) of each OR, and an arc was treated as significant if the 95% CrI did not 

overlap with one. Any arc that was not statistically significant was dropped. 
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Figure 3. 1. Figure 3.1. Proportion of cattle farms actively infected with BVD. Note that no cattle farms 

from three regions (Gisborne, Taranaki, and Nelson) were sampled. 
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Survey responses from the 304 participating farms are summarised in Table 3.1. The 

overall median number of replacement heifers was 90 animals (IQR 50 to 140) and the 

number of heifers for dairy farms (median: 103, IQR: 70 ~ 168) were significantly greater 

(P-value < 0.001) than for beef farm (median: 59, IQR: 30 ~ 100). It was common practice 

for cattle farms to introduce at least one animal into the herd annually with only 6 out of 

285 farmers (2.1%) that provided complete responses about onto-farm movements of cattle 

reporting that they maintained completely closed herds. Among the 279 farms that 

maintained open herds, 255 (91.4%) had onto-farm movement of any type of cattle 

throughout all or most of the last five years. The most common type of cattle brought onto 

the farm during the last five years was bulls (94.1%), followed by heifers/cows (30.2%), 

replacement heifers (19.6%), weaners/stores (16.9%), and carry-overs (11.0%). Frequent 

close animal contact between different management groups within a farm was observed on 

72/284 farms (25.4%), while only 40/289 farmers (13.8%) reported to have frequent close 

animal contacts between animals from different farms. Sharing cattle yards with 

neighbouring farms was not a common management practice, reported by only 108/297 

farmers (36.4%). 
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All/most years 254 256 (255 ~ 256) 127 (127 ~ 127) 1.19 (0.50 ~ 2.91) 

Onto-farm movement of weaners/stores (n= 294) Never 193 198 (197 ~ 199) 95 (94 ~ 95) Reference 

Occasionally/rarely 56 59 (58 ~ 60) 33 (33 ~ 33) 1.38 (0.75 ~ 2.55) 

All/most years 45 47 (46 ~ 47) 24 (24 ~ 25) 1.19 (0.61 ~ 2.33) 

Onto-farm movement of replacement heifers (n= 291) Never 209 212 (212 ~ 213) 101 (101 ~ 102) Reference 

Occasionally/rarely 29 30 (30 ~ 31) 18 (18 ~ 19) 1.67 (0.75 ~ 3.84) 

All/most years 53 61 (60 ~ 62) 32 (32 ~ 33) 1.24 (0.68 ~ 2.25) 

Onto-farm movement of carry-overs (n= 289) Never 230 236 (235 ~ 237) 114 (113 ~ 114) Reference 

Occasionally/rarely 29 31 (30 ~ 32) 15 (14 ~ 15) 0.95 (0.43 ~ 2.08) 

All/most years 30 37 (36 ~ 38) 24 (23 ~ 24) 1.88 (0.91 ~ 4.07) 

Sharing cattle yards (n= 297) Never 189 192 (192 ~ 193) 90 (89 ~ 90) Reference 

Occasionally/rarely 82 84 (84 ~ 85) 51 (50 ~ 51) 1.74 (1.01 ~ 3.00) 

All/most years 26 27 (26 ~ 28) 11 (11 ~ 12) 0.83 (0.35 ~ 1.93) 

Number of replacement heifers (n= 270) (Continuous) - - - 1.00 (1.00 ~ 1.00) 

Off-farm movement of heifer herd (n= 298) No 152 155 (154 ~ 156) 76 (75 ~ 76) Reference 

Yes 146 149 (148 ~ 150) 76 (76 ~ 77) 1.10 (0.69 ~ 1.76) 

BVD control measures on service bulls for heifer herd  

(n= 259) 

Bulls not used 83 87 (86 ~ 89) 43 (42 ~ 44) Reference 

No 42 52 (51 ~ 54) 30 (29 ~ 31) 1.36 (0.67 ~ 2.81) 

Yes 134 164 (162 ~ 165) 78 (78 ~ 79) 0.93 (0.54 ~ 1.60) 

Close animal contacts within a farm (n= 284) Never 46 50 (49 ~ 51) 20 (19 ~ 21) Reference 

Occasional/rarely 166 176 (174 ~ 177) 92 (90 ~ 93) 1.59 (0.82 ~ 3.13) 

Often 72 79 (78 ~ 80) 40 (39 ~ 41) 1.51 (0.72 ~ 3.23) 

Close animal contacts between farms (n= 289) Never 43 47 (46 ~ 49) 16 (15 ~ 16) Reference 

Occasional/rarely 206 215 (214 ~ 216) 119 (118 ~ 119) 2.44 (1.24 ~ 4.97) 

Often 40 42 (41 ~ 42) 17 (17 ~ 18) 1.43 (0.58 ~ 3.55) 

Off-farm movement of mixed-age cows (n= 272) No 171 187 (186 ~ 189) 94 (93 ~ 95) Reference 
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Table 3. 2. Multivariable logistic regression of significant farm management risk factors on active 

infection with BVD in 304 New Zealand cattle farms. 

Variable Level/units Coefficient (SE) Odds ratio (95% CI) P-value 

Onto-farm movement of 

heifers/cows 

Never Reference Reference < 0.05 a 

Occasionally/rarely 0.03 (0.29) 1.02 (0.58 ~ 1.81) 0.92 

All/most years 0.84 (0.30) 2.21 (1.29 ~ 4.24) < 0.01 

Close animal contacts 

between farms 

Never Reference Reference < 0.05 a 

Occasionally/rarely 0.97 (0.36) 2.63 (1.33 ~ 5.41) < 0.01 

Often 0.33 (0.46) 1.39 (0.56 ~ 3.46) 0.48 

Key: CI, confidence interval; SE, standard error. 

a: The P-value indicates the significance of given variable. 

 

A total of 286 farmers completed the questions about their awareness of BVD, PI 

animals, and Trojan cows. Over 40% of them (119/286) answered that their awareness of 

the disease was good. While most farmers (235/286, 82.2%) reported that they knew what 

PI animals were, only 85/286 (29.7%) responded that they knew about Trojan cows. 

Farmers with good awareness of BVD were significantly more likely to know the definition 

of both PI animals and Trojan cows. When awareness of BVD and PI animals was 

compared, 117 out of 119 farmers (98.3%) with good awareness of BVD reported knowing 

about PI animals, while 118 out of 167 farmers (70.7%) with lesser awareness of BVD 

knew about PI animals (P-value < 0.001). Similarly, 63/119 famers (52.9%) with greater 

awareness of BVD understood the concept of Trojan cows, whilst only 22/145 (15.2%) 

with lesser awareness of BVD did (P-value < 0.001). 

In terms of biosecurity, it was common practice for farmers to implement BVD control 

measures on service bulls both for mating the herd of replacement heifers (134/258; 51.7%) 

and for mating the herd of mixed-age breeding cows (161/255; 63.1%). Self-reported 

awareness of BVD was not significantly associated with the likelihood of farmers 

implementing BVD controls for bulls. Among 253 farmers with complete responses about 

awareness of BVD and implementing BVD control measures on service bulls for mating 

the heifers, 56 out of 104 farmers (53.8%) with greater awareness of BVD reported to 

control BVD on service bulls and 75 out of 149 farmers (50.3%) with lesser awareness of 
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BVD implemented controls on service bulls for mating the heifers (P-value 0.67). Similar 

patterns were observed for mating the mixed-age breeding cows, as 71/103 farmers (68.9%) 

with good awareness of BVD reported that they implemented BVD control measures on 

bulls and 89/146 farmers (61.0%) with lesser awareness of BVD used BVD-controlled 

bulls for mating the mixed-age cows (P-value 0.26). 

 

3.4.2. Multivariable regression analysis 

The median (and IQR) of farms over 1,000 imputed datasets for each category of 

variables is summarised in Table 3.1, and the results of the univariable and multivariable 

logistic regression analyses of risk factors for active BVD virus infections based on the 

imputed datasets are presented in Tables 3.1 and 3.2, respectively. Although five variables 

were significant in the univariable analysis (Table 3.1), only the frequency of onto-farm 

movement of heifers/cows and the frequency of close animal contacts between farms were 

significantly associated with active BVD virus infection in the multivariable model. 

The odds of having active BVD virus infection were approximately 2.2 times greater in 

farms with onto-farm movement of heifers/cows (95% CI: 1.29 ~ 4.24) compared with 

farms that had no onto-farm movement of heifers/cows during the last five years, and the 

odds of having active BVD virus infection were 2.7 times greater in farms with 

occasional/rare animal contacts between farms (95% CI: 1.33 ~ 5.41) compared with farms 

that never had close between-farm contacts. 
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Figure 3. 2. Additive Bayesian network representing significant associations between farm management risk factors on active infection with BVD virus. For each arc, the median 

odds ratio is reported, and solid and dashed arcs indicate positive and negative associations, respectively. Blue arcs indicate associations with beef farm, and red counterpart 

describing the one with dairy farms. Active BVD virus infection status is highlighted in grey, and production type (beef and dairy) is described in rectangle node. 
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3.4.3. Bayesian network analysis 

The majority consensus network across 1,000 DAGs had a total of 31 arcs. The arc 

between the number of replacement heifers and awareness of BVD was dropped from the 

final network due to a lack of statistical significance. The optimal DAG is described in 

Figure 3.2 along with the median odds ratio of each arc. 

According to the optimal DAG, the odds of being actively infected with BVD virus 

were significantly higher in herds with more frequent close animal contacts between farms 

(OR: 2.3, 95% CrI: 1.2 ~ 4.6). Frequency of close animal contacts between farms was also 

positively correlated with the number of neighbouring farms (OR: 2.2, 95% CrI: 1.1 ~ 4.6) 

and the frequency of sharing cattle yards (OR: 2.6, 95% CrI: 1.2 ~ 6.1). Other than the 

frequency of close animal contacts between farms, no variables were directly associated 

with BVD virus infection status. 

Several farm management risk factors were highly associated with production type. 

Dairy farms had greater odds of onto-farm movement of heifers/cows (OR: 2.9, 95% CrI: 

1.8 ~ 4.7) and off-farm movement of replacement heifers (OR: 7.0, 95% CrI: 4.1 ~ 12.6), 

while beef farms had higher odds of onto-farm movement of weaners/stores (OR: 5.5, 95% 

CrI: 2.9 ~ 10.7). Close animal contacts within a farm was less frequent in dairy farms (OR: 

0.1, 95% CrI: 0.0 ~ 0.4), and awareness of BVD was lower amongst beef farmers (OR: 0.3, 

95% CrI: 0.2 ~ 0.5). 

With the exception of bulls used for mating, onto-farm movements of different types of 

cattle were directly or indirectly associated with each other. Farms introducing carry-over 

cows for grazing tended to introduce other types of cattle as well, including weaners/stores 

(OR: 6.8, 95% CrI: 3.5 ~ 14.0), heifers/cows (OR: 6.9, 95% CrI: 3.3 ~ 16.5), or replacement 

heifers (OR: 31.9, 95% CrI: 15.3 ~ 73.6). Management practices applied to the mixed-age 

breeding cows tended to be the same for the heifers. For example, off-farm movement of 

the heifers and mixed-age cows was significantly and positively associated (OR: 2.7, 95% 
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CrI: 1.7 ~ 4.6). Also, implementing BVD control measures on service bulls for mating 

heifers and mixed-age cows tended to be correlated (OR: 19.8, 95% CrI: 9.2 ~ 45.1). 

 

3.5. Discussion 

In the current study, approximately half of unvaccinated beef and dairy farms in New 

Zealand showed evidence of active BVD virus infection based on the diagnostic criteria of 

having an S/P ratio greater than 0.75 on the pooled BVD antibody ELISA test. Previous 

research has shown that farms with a S/P ratio less than 0.75 on pooled serum sample from 

15 to 16 animals are extremely unlikely to have PI animals and the probability of having 

PI animals increased from 14.3% to 58.3% as the S/P ratio increased from 1.00 to 1.50 

(Hill, McCoy, et al., 2010). Although it is possible that some of the positive farms were 

therefore falsely classified as having active BVD virus infection with PI animals, the 

prevalence of active BVD virus infection on beef farms in our study is in accordance with 

previous research that reported a prevalence of active infection among beef herds in the 

North Island of New Zealand was 58.1% (95% CI: 43.4 ~ 72.9%) based on BVD antibody 

test (W. Cuttance & Cuttance, 2014). Interestingly, the prevalence of active BVD virus 

infection on dairy farms in our study was higher than previous estimates of 8.6% to 32.0% 

(varied by region) based on RT-PCR on bulk tank milk (Weir et al., 2016). This could 

partly be explained by our sampling eligibility  criterion, which included only farms that 

were not implementing any BVD control measure such as vaccination or culling of PI 

animals. Anecdotal reports from veterinarians suggest that more than 70% of dairy farms 

are currently implementing at least one control measure for BVD (i.e. vaccination, test and 

cull, or routine monitoring) compared with less than half of beef farms (Stewart, 2013; 

Weir et al., 2016). Considering that implementing any BVD control measure is quite 

common in the dairy industry, the prevalence of dairy farms being actively infected with 

BVD virus in this study would be overestimated by selection bias. Nevertheless, a key 

message of this study is that BVD is still endemic in both beef and dairy industries in New 
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highlights the importance of improving herd biosecurity through measures such as double 

fencing or movement restrictions to prevent BVD transmission between farms. 

Similar to the multivariable regression model, a direct association between active BVD 

virus infection and the frequency of close animal contacts between farms was identified 

using the BN. Moreover, a BN uncovered indirect associations between active infection 

with BVD virus and both the number of neighbouring farms and the frequency of sharing 

cattle yards via close animal contacts between farms. Importantly, it suggests that the close 

between-farm animal contacts was actually a mediator variable of other two variables, and 

that the variable should not be considered for multivariable logistic regression if the other 

two variables would have been inserted. However, when the number of neighbouring farms 

and the frequency of sharing cattle yards were considered for the multivariable logistic 

regression instead of the frequency of close animal contacts between farms, neither of them 

was significantly associated with active BVD virus infection status (not presented in the 

study). It indicates that a multivariable regression method would not be the optimal choice 

to identify indirect risk factors for BVD virus infection in this study, even though it is 

logical that having multiple neighbouring farms or sharing cattle yards could further 

increase the risk of BVD transmission by increasing the frequency of potentially infectious 

between-farm contacts if PI animals were present on other farms (Bitsch et al., 2000; Presi 

et al., 2011). Therefore, using a BN approach in this study provided a refined and more 

holistic insight into interrelated risk factors for BVD virus infection in the New Zealand 

cattle industries by revealing more plausible and statistically significant pathways between 

them. It may further be implied that local spread could be an important BVD transmission 

route in pasture-based farms in New Zealand. 

Interestingly, we could not find any preventive effect of implementing BVD control 

measures on service bulls in either analytical approach. This is contrary to findings from a 

previous New Zealand study, which suggested that vaccinating newly introduced bulls 

against BVD prevents active infection with BVD virus (W. Cuttance & Cuttance, 2014). 
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estimated as 0.11 per persistently infected (PI) animal per day with a 95% highest posterior 

density interval between 0.03 ~ 0.34. This suggests that BVDV transmission in extensively 

grazed beef herds is generally slower than in dairy herds where the transmission rate has 

been estimated at 0.50 per PI animal per day and therefore may not be sufficient to ensure 

that all susceptible breeding females gain adequate immunity to the virus before the risk 

period of early pregnancy for generating new PI calves. 

 

4.2. Introduction  

Bovine viral diarrhoea virus (BVDV) is recognised for its significant impacts on cattle 

health, welfare and production worldwide (Anonymous, 2018b). An important 

epidemiological feature of BVDV is that if susceptible dams are infected in early-mid 

gestation before the fetus has developed a competent immune system, the fetus will become 

persistently infected (PI) with BVDV and the resulting calf will shed large quantities of the 

virus throughout its life-time (Fray et al., 2000). Since PI animals act as the primary 

reservoir for BVDV transmission in cattle populations, most BVDV control programmes 

are therefore focused on identifying and eliminating existing PI animals in a timely fashion 

as well as preventing the creation of new PI animals (Lindberg & Houe, 2005). This can 

be accomplished through various interventions such as conducting animal- or herd-level 

diagnostic testing, vaccinating susceptible animals, and improving farm biosecurity (Evans, 

Pinior, et al., 2019). 

To appraise the economic argument for implementing BVDV control measures, several 

research groups have developed mathematical simulation models to explore BVDV 

transmission dynamics and its impact on production at varying scales (e.g. in a farm or 

multiple farms in a region/country) (Cherry et al., 1998; Innocent et al., 1997; Viet et al., 

2004). In these models, the infection of a susceptible individual is determined by the force 

of infection, which is a function of the numbers of PI and transiently infected (TI) 
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farms using an ABC method while accounting for differences in the herd management 

structures. 

 

4.3. Materials and methods 

4.3.1. Data collection and extraction 

A panel study was conducted from September 2017 to September 2018 to estimate the 

proportion of first-calf heifers that were still susceptible to BVDV prior to their second 

breeding and to estimate the rates of seroconversion to BVDV during the breeding/early 

pregnancy period. A total of 75 commercial beef breeding farms from different regions 

across New Zealand were recruited by convenience sampling through 10 participating 

veterinary clinics. The selection criteria were that the farms (1) were not currently 

vaccinating replacement breeding females against BVDV since vaccination is known to 

interfere with antibody-based screening tests for BVDV, (2) had at least 15 replacement 

heifers due to calve in the 2017/2018 calving season (generally between August 2017 and 

November 2017), and (3) were willing to yard animals at two time points for sampling 

(once prior to the second breeding (i.e. first sampling event) and again at pregnancy 

scanning or weaning (i.e. second sampling event)). 

For each enrolled farm, a participating veterinarian collected blood samples from 15 

randomly selected first-calf heifers with calves at-foot before the breeding period and 

recorded the ear tag IDs for each individual animal. The samples were then transported to 

a commercial veterinary diagnostic laboratory and analysed individually using a BVDV 

antibody ELISA test (IDEXX BVDV Total Ab Test; IDEXX Laboratories Inc., Westbrook 

MA, USA). The samples were considered as BVDV antibody test-positive if the sample to 

positive (S/P) ratio was > 0.17 which was determined by the laboratory (cut-off value by 

the manufacturer was 0.2). A survey was administered to farmers at the time of sampling 

to collect information about general management practices including the date of 
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individual animals that tested negative for BVDV antibodies were re-sampled to determine 

whether they had seroconverted. An illustration of the simulation is provided in Figure 4.1 

and the definition and values for the model parameters are shown in Table 4.1. 

 

 
Figure 4. 1. Description of within-herd simulation for estimating within-herd BVDV transmission rate. 

Blue and red shaded areas indicate the breeding and calving periods, respectively. Red dotted arrow 

represents the contribution to the force of BVDV infection. 
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2 School of Veterinary Science, Massey University, Private Bag 11-222, Palmerston North, 

New Zealand 

 

5.1. Abstract 

Bovine viral diarrhoea virus (BVDV) is a prevalent pathogen in the New Zealand cattle 

industries, yet few studies to date have evaluated the economics of BVDV in pastoral dairy 

and beef herds to help inform management decisions. To address this knowledge gap, we 

developed stochastic individual-based simulation models to represent the transmission 

dynamics of BVDV in typical spring-calving dairy and beef farms in New Zealand. The 

models conservatively estimated the direct losses due to a BVDV outbreak at NZ$ 22.22 

and NZ$ 41.19 per mixed-age cow per year for a naïve dairy and beef farm, respectively, 

over a 5-year period. The greatest economic impacts for the dairy farm occurred when a 

persistently infected replacement heifers joined the lactating cow group and caused 

transient infection of cows to drop in milk production, whereas the greatest impacts for the 

beef farm was through the loss of fattening stock for sale due to lowered pregnancy rates. 

Various combinations of diagnostic testing, vaccination, and biosecurity measures were 

then explored to evaluate the cost-efficiency of different strategies for controlling BVDV 

at the farm-level. We identified that the annual testing of breeding calves with or without 

double fencing on dairy farms and the vaccination of breeding animals with annual booster 
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on beef farms were economically beneficial. Providing farmers with the estimates of 

economic impacts of BVDV in their herds may further encourage the uptake of control 

measures, but close collaboration with a veterinarian to determine the optimal strategy for 

their unique farm circumstances is still required. 

 

5.2. Introduction  

Bovine viral diarrhoea virus (BVDV) causes a wide spectrum of subclinical and clinical 

manifestations in affected cattle including infertility, abortion, reduced milk production, 

diarrhoea, and immunosuppression (Houe, 1999). In New Zealand, BVDV has been 

endemic since at least the 1960s (Salisbury et al., 1961), and, according to recent studies, 

nearly half of New Zealand cattle farms have evidence of recent exposure to BVDV with 

an estimated 10% of farms possibly harbouring persistently infected (PI) animals (Gates, 

Han, et al., 2019; Han, Holter, et al., 2018). Due to its high prevalence in New Zealand, 

BVDV is believed to cause significant economic losses for the cattle industries as a whole, 

although less is known about the impacts of BVDV in individual herds, particularly with 

extensive beef farms where it is more logistically challenging to yard cattle at the 

appropriate times to collect data (Han, Weir, et al., 2018). 

Currently, there is no compulsory national BVDV control programme in New Zealand, 

and any uptake of control measures such as testing and vaccinating replacement breeding 

cattle is at the discretion of individual farmers (Han, Weir, et al., 2018). It has been reported 

that fewer than 10% of New Zealand dairy farmers routinely test for and cull identified PI 

animals (Stewart, 2013), although as many as 65% of dairy farms may be performing 

routine annual bulk tank milk testing (Gates, Han, et al., 2019). In the beef sector, less than 

30% of New Zealand farmers had tested their herds for BVDV during the last 5 years, 

which is believed to be due to the low perceived impact of BVDV or the high perceived 

cost of BVDV control (Gates, Evans, et al., 2019). Internationally, it has been demonstrated 
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Figure 5. 1. Schematic representation of demographic events in a dairy farm. C, YH, BH, and MA 

indicate calf herd, young replacement heifer herd, breeding replacement heifer herd, and mixed-aged 

cow herd, respectively. Filled and shaded area in the mating period indicate the period of artificial 

insemination and natural mating with bulls, respectively. 

 

 
Figure 5. 2. Schematic representation of demographic events in a beef farm. CH, CM, YH, BH, MA, 

FH, and FS indicate calf herd from breeding heifers, calf herd from mixed-aged cow herd, young heifer 

herd, breeding heifer herd, mixed-aged cow herd, fattening heifer herd, and fattening steer herd, 

respectively. 
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     Dams were infected during 42 ~ 150 days of gestation 

     Dams were PI and at 0 ~ 41 days of gestation 

     Dams were PI and at 42 ~150 days of gestation 

0.174 

0.0086 (/day) 

0.0128 (/day) 

Probability of BVDV infection status of calves if dams were 

infected during 42 ~ 150 days of gestation: 

     PI calves 

     Passively immunized calves via maternal antibody 

     Recovered calves 

 

 

0.934 

0.033 

0.033 

Viet et al., (2004) 

Key: PI, Persistently infected; TI, Transiently infected; N(·,·), Normal distribution (mean, variance); U(·,·), Uniform distribution (lower, upper limit); D, Dairy; B, Beef. 
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calf, and all calves were M or R if their dams were infected with BVDV during 0 ~ 41 or 

> 150 days of gestation, respectively (Viet et al., 2004). For the calves from dams infected 

between 42 and 150 days of gestation, the probability of becoming PI was 93.4%, and the 

rest became either M or R (3.3% for each) (Viet et al., 2004). Schematic representations of 

transition between BVDV infection status and the BVDV infection status of new born 

calves are illustrated in Figure 5.3. Parameters related to BVDV infection are provided in 

Table 5.1. 
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Table 5. 2. Model parameters for production/economic and control components. 

Parameters Value (unit) Reference 

Production and economic component   

Production of milk solid of: 

     Primiparous cows 

     Multiparous cows 

 

1.33 (kg/day) 

1.76 (kg/day) 

Anonymous, (2018a) 

Reduced production of milk solid in PI cows 0.478 Voges et al., (2006) 

Reduced live-weight gain per day of: 

     PI animals 

     TI animals 

 

0.81 

0.92 

Moffat & Bruere, (2018); Voges et al., (2006) 

Price of milk solid 6.79 (NZ$/kg) Anonymous, (2018a) 

Price of cattle:  Anonymous, (2019b) 

     Bobby calf 

     Pregnant mixed-age cow 

     Replacement heifer 

40.00 (NZ$) 

1,700.00 (NZ$) 

1,300.00 (NZ$) 

 

Price of carcass of: 

     Calf or young heifer 

     Fattening steer or heifer, and breeding heifer 

     Mixed-age cow 

 

3.45 (NZ$/kg) 

5.76 (NZ$/kg) 

4.41 (NZ$/kg) 

Anonymous, (2019c) 

Cost of artificial insemination 31.85 (NZ$) Anonymous, (2019a) 

Cost of treatment 27.00 (NZ$) Our estimation 

Cost of BVDV RT-PCR test on bulk tank milk 170.90 (NZ$) Anonymous, (2019d) 

Cost of BVDV antigen ELISA 17.09 (NZ$) * Reichel et al., (2008) 

Cost of BVDV vaccination 6.74 (NZ$) * Reichel et al., (2008) 

Cost of double fencing 

 

1.80 (NZ$/m) �Œ Anonymous, (2016d) 
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insemination, the cost of artificial insemination (NZ$ 31.85) was deducted from GFR 

(Anonymous, 2019a). We also deducted the cost of purchasing replacement heifers 

(NZ$ 1,300.00/heifer) and treatment for TI animals (lactating MA only) (NZ$ 27.00/TI 

animal) from GFR (Anonymous, 2019b). For the beef model, we assumed that GFR for 

each production year was only affected by the overall carcass weight of culled and 

slaughtered animals (FH and FS: NZ$ 5.76/kg, MA: NZ$ 4.41/kg) and the number of 

surplus MAs sold, however, we did not consider the treatment of TI animals in the beef 

model (Anonymous, 2019c). Parameters related to production and economic components 

are provided in Table 5.2. 

 

5.3.5. BVDV control strat egies 

In this study, we examined different BVDV control strategies as a combination of 

different control options in three categories: (1) annual BVDV testing and culling of 

identified PI animals, (2) vaccination of breeding animals, and (3) increasing biosecurity 

by double fencing. We assumed that a BVDV control strategy was continually performed 

during the simulation once it was implemented. 

For annual BVDV testing and culling, we considered two sub-options (i) testing all 

female calves selected as replacement heifers using BVDV antigen (Ag) ELISA on ear 

notch sample, followed by culling of confirmed PI animals, or (ii) screening of BVDV 

using RT-PCR on bulk tank milk (BTM) for the dairy farm or using individual BVDV Ag 

ELISA on serum samples from randomly chosen 15 YHs for the beef farm, followed by a 

PI hunt (i.e. testing all breeding animals using BVDV Ag ELISA with culling of any test-

positive animals) of all breeding animals if the screening test was positive. It was assumed 

that all female calves were tested (i.e. initial test) at 4 days old for dairy calves and on the 

day of weaning for beef calves. All test positive calves were re-tested (i.e. subsequent test) 

28 days after the initial test to confirm their infection status as PI, and all confirmed PI 
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that administering two doses before the first mating (V2), each of which could involve 

annual boosting (V1AB, V2AB). For the V1 of the dairy model, all replacement heifers in 

the YH herd were vaccinated for the first time on April 1st and the second time on May 1st 

to immunise animals before being grazed on off-site. The third dose was administered on 

September 26th which was 4 weeks before the PSM. For the V2 of the dairy model, all 

animals in the BH herd were first vaccinated on August 31st and the second time on 

September 26th. Dairy cows in the MA herd were assumed to be vaccinated on September 

26th for annual boosting for V1AB and V2AB. For the V1 of the beef model, the first 

vaccination was administered to calves on the day of weaning. The second and third doses 

were given on May 1st and October 29th (4 weeks before the PSM), respectively, to YHs. 

For the V2 programme, the first and second doses of the beef farm were administered to 

YHs on October 1st and 29th, respectively. The annual booster was administered on October 

29th to all breeding females in MA and BH herds for both V1AB and V2AB. The cost of 

BVDV vaccination was NZ$ 6.74 per animal per vaccination (Reichel et al., 2008). Table 

5.2 provides model parameters related to control measures. 

We assumed that double fencing totally prevented the transmission of BVDV from 

neighbouring farms. The cost for installing double fencing varied by farm, and was 

calculated at NZ$ 1.80/metre (Anonymous, 2016d) where the fencing distance was 

estimated based on the total herd size with the circular farm area of 2.84 hectare/cattle 

(Anonymous, 2018a). The cost of installing double fencing only applied in the first year of 

simulation, and 10% of the cost was assumed to be spent in following years for maintenance. 

 

5.3.6. Model initiation and BVDV outbreak  

We initiated the dairy model with 400 pregnant MAs and 80 BHs. In the beef model, 

the initial population consisted of 150 pregnant MAs, 30 pregnant BHs, and 30 YHs. The 

simulations started on the day of the PSC, and the occurrence of demographic events (e.g. 
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different test and cull, vaccination, and double fencing options (Table 5.3), and was iterated 

1,000 times to adjust for the variation caused by stochasticity, resulting in 30,000 

simulations for each of the dairy and beef models. For each simulation, we calculated the 

total GFR and total cost of BVDV control during the simulation period (i.e. cumulative 

cost while discounting by 1.9% per year). We then established a multivariable linear 

regression model with the total GFR as an outcome and the various BVDV control 

strategies as explanatory variables. The constant of the multivariable model represented the 

total GFR without any control measures, and the coefficients were the average benefits (i.e. 

surplus in total GFR) by adapting relevant control strategies. Coefficients of the model 

were used to analyse the benefit/cost ratio of BVDV control strategies, which was 

calculated as a ratio of the coefficient to the total cost of BVDV control strategies. Given 

the amount of output data, we only considered any variable that had P value < 0.01 as 

statistically significant in multivariable models. Since the purpose of the regression models 

was to estimate the economic impact or efficacy of all control strategies, we examined only 

the full models that considered all the explanatory variables, and therefore did not use any 

type of model selection process based on statistical significance. The simulation models in 

this study were coded in the C programming language and were called in R (version 3.5.2) 

to substitute the varying parameter values (R Core Team, 2018). All analyses of the 

simulation results were performed in R. 
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Figure 5. 5. The economic impact of BVDV introduction on naïve dairy (left) and beef (right) farms in 

New Zealand. Green and orange bars indicate the gross farm revenue without and with BVDV, 

respectively. 
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5.4. Results 

5.4.1. Dynamics of BVDV and its economic impact 

The number of transiently and persistently infected animals on both dairy and beef farms 

during the 5 years are illustrated in Figure 5.4. On average, the number of PI animals 

(excluding initially introduced PI calves) on both dairy and beef farms was highest one 

year after initial introduction. By the end of the simulation period (year 5), BVDV had 

almost been eliminated naturally on the dairy farm, whereas some TI and PI animals still 

persisted on the beef farm. 

Figure 5.5 illustrates the annual GFR during the simulation period with and without 

BVDV. The largest reduction in GFR was observed during year 2 ~ 3 on the dairy farm, 

whereas it was at year 3 on the beef farm. The annual GFR was restored to the level of year 

1 at the final year (year 5) on the dairy farm, however, it continued to be affected on the 

beef farm indicating that the economic impact of BVDV in a beef farm would last longer 

than 5 years. Mean (standard deviation) losses in total GFR were approximately 

NZ$ 44,400 (1,555) and NZ$ 30,900 (912) on dairy and beef farms, respectively. Dividing 

the total loss by the number of MAs on each farm, the economic losses per MA (95% 

confidence interval) were NZ$ 22.22 (20.69 ~ 23.74) per year for the dairy farm and 

NZ$ 41.19 (38.81 ~ 43.58) per year for the beef farm. 

 

5.4.2. Cost-benefit of BVDV control strategies 

Table 5.5 and 5.6 show the results of multivariable linear regression models on total 

GFR, and the cost and benefit of implementing BVDV control are illustrated in Figure 5.6 

with benefit/cost ratio. On both types of farm, the highest benefit was incurred when annual 

testing of breeding calves was implemented with the vaccination programme that 

administering three doses before the first mating and annual boosters (NZ$ 22,864.65 for 

dairy, NZ$ 21,582.50 for beef farms). 
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In a dairy farm, only the BVDV control strategies of annual testing of female calves 

incurred significantly higher benefit compared to its cost (B/C ratio of 2.02). Other 

strategies, such as the annual testing of calves with double fencing, generated marginally 

higher benefit than the control cost. In a beef farm, any control strategies that included 

vaccination with ongoing annual boosters being administered (either V1AB or V2AB) 

incurred higher benefit than cost as long as double fencing was not considered in the 

strategies. The highest benefit/cost ratio of 2.02 was observed when only a vaccination 

programme consisting of two doses before first mating with annual boosting was 

implemented. Some BVDV control strategies, such as annual screening only, vaccination 

only without administering annual boosters, or double fencing only, were not economically 

beneficial on dairy or beef farms based on our models. 
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Table 5. 5. Benefit and cost of implementing BVDV testing and culling (TC), vaccination (VC) 

with/without annual boosting (AB), and double fencing (DF) in New Zealand dairy farm. Benefit-cost 

(B/C) ratios of control strategies with significant benefit are shown in bold. 

Control options Gross farm revenue Control cost B/C ratio 

TC VC AB DF Coefficient * P value  (95% CI interval)  

    5,599,708.42  < 0.001   

   �9 3,334.23  0.046 11,461.78  0.29 (0.01, 0.58) 

 1   -5,365.87  < 0.001 8,710.92  -0.62 (-0.99, -0.24) 

 1  �9 -391.19  0.82 20,186.81  -0.02 (-0.18, 0.14) 

 1 �9  16,879.25  < 0.001 26,672.48  0.63 (0.51, 0.76) 

 1 �9 �9 15,444.55  < 0.001 38,127.40  0.41 (0.32, 0.49) 

 2   -17,045.09  < 0.001 5,062.94  -3.37 (-4.01, -2.72) 

 2  �9 -12,612.55  < 0.001 16,527.15  -0.76 (-0.96, -0.57) 

 2 �9  319.83  0.85 22,971.96  0.01 (-0.13, 0.16) 

 2 �9 �9 3,013.12  0.07 34,433.93  0.09 (-0.01, 0.18) 

C    15,839.51  < 0.001 7,837.05  2.02 (1.60, 2.44) 

C   �9 19,558.63  < 0.001 19,248.79  1.02 (0.85, 1.19) 

C 1   15,264.38  < 0.001 16,430.06  0.93 (0.73, 1.13) 

C 1  �9 18,922.61  < 0.001 27,870.03  0.68 (0.56, 0.80) 

C 1 �9  22,620.82  < 0.001 34,325.46  0.66 (0.56, 0.75) 

C 1 �9 �9 22,864.65  < 0.001 45,777.77  0.50 (0.43, 0.57) 

C 2   7,680.56  < 0.001 12,867.75  0.60 (0.34, 0.85) 

C 2  �9 13,753.00  < 0.001 24,299.27  0.57 (0.43, 0.70) 

C 2 �9  18,158.10  < 0.001 30,728.76  0.59 (0.48, 0.70) 

C 2 �9 �9 19,994.54  < 0.001 42,188.03  0.47 (0.40, 0.55) 

S    -2,596.41  0.12 12,781.46  -0.20 (-0.46, 0.05) 

S   �9 5,871.85  < 0.001 20,759.68  0.28 (0.13, 0.44) 

S 1   -2,772.11  0.10 21,964.89  -0.13 (-0.28, 0.02) 

S 1  �9 4,995.77  < 0.01 29,716.38  0.17 (0.06, 0.28) 

S 1 �9  12,087.36  < 0.001 32,296.11  0.37 (0.27, 0.48) 

S 1 �9 �9 15,398.28  < 0.001 42,608.76  0.36 (0.28, 0.44) 

S 2   -10,988.67  < 0.001 18,612.09  -0.59 (-0.77, -0.41) 

S 2  �9 -7,466.35  < 0.001 27,265.51  -0.27 (-0.39, -0.15) 

S 2 �9  413.32  0.80 28,806.18  0.01 (-0.10, 0.13) 

S 2 �9 �9 2,339.74  0.16 39,669.77  0.06 (-0.02, 0.14) 

Key: C, annual testing of breeding calves; S, annual screening test; 1, administering three vaccine doses 

before the first mating; 2, administering two vaccine doses before the first mating; CI, confidence interval. 

* Standard error of intercept and coefficients were 1,179.34 and 1,667.83, respectively. 
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Table 5. 6. Benefit and cost of implementing BVDV testing and culling (TC), vaccination (VC) 

with/without annual boosting (AB), and double fencing (DF) in New Zealand dairy farm. Benefit-cost 

(B/C) ratios of control strategies with significant benefit are shown in bold. 

Control options Gross farm revenue Control cost B/C ratio  

TC VC AB DF Coefficient * P value  (95% CI interval)  

    1,155,505.96  < 0.001   

   �9 1,625.02  0.07 11,461.78  0.14 (-0.01, 0.29) 

 1   1,650.24  0.06 3,653.23  0.45 (-0.02, 0.93) 

 1  �9 1,507.78  0.09 15,115.14  0.1 (-0.02, 0.21) 

 1 �9  20,112.43  < 0.001 12,065.61  1.67 (1.52, 1.81) 

 1 �9 �9 21,060.75  < 0.001 23,527.52  0.9 (0.82, 0.97) 

 2   946.39  0.29 2,131.42  0.44 (-0.37, 1.26) 

 2  �9 2,462.03  < 0.01 13,593.09  0.18 (0.05, 0.31) 

 2 �9  18,261.73  < 0.001 9,031.74  2.02 (1.83, 2.21) 

 2 �9 �9 17,889.89  < 0.001 20,493.66  0.87 (0.79, 0.96) 

C    1,782.37  0.05 2,823.56  0.63 (0.01, 1.25) 

C   �9 1,526.92  0.09 14,289.19  0.11 (-0.02, 0.23) 

C 1   2,329.24  < 0.01 6,463.88  0.36 (0.09, 0.63) 

C 1  �9 2,202.30  0.01 17,926.57  0.12 (0.03, 0.22) 

C 1 �9  21,471.95  < 0.001 14,813.76  1.45 (1.33, 1.57) 

C 1 �9 �9 21,582.50  < 0.001 26,271.46  0.82 (0.76, 0.89) 

C 2   2,996.56  < 0.01 4,947.30  0.61 (0.25, 0.96) 

C 2  �9 3,454.11  < 0.001 16,409.54  0.21 (0.1, 0.32) 

C 2 �9  18,930.05  < 0.001 11,789.22  1.61 (1.46, 1.75) 

C 2 �9 �9 19,252.41  < 0.001 23,249.34  0.83 (0.75, 0.9) 

S    1,025.18  0.25 4,850.98  0.21 (-0.15, 0.57) 

S   �9 590.66  0.51 15,998.81  0.04 (-0.07, 0.15) 

S 1   800.95  0.37 7,975.19  0.1 (-0.12, 0.32) 

S 1  �9 1,387.72  0.12 19,393.08  0.07 (-0.02, 0.16) 

S 1 �9  20,927.91  < 0.001 15,194.02  1.38 (1.26, 1.49) 

S 1 �9 �9 20,624.91  < 0.001 26,722.75  0.77 (0.71, 0.84) 

S 2   854.89  0.34 7,101.91  0.12 (-0.12, 0.37) 

S 2  �9 1,415.76  0.11 18,524.80  0.08 (-0.02, 0.17) 

S 2 �9  18,210.25  < 0.001 12,791.07  1.42 (1.29, 1.56) 

S 2 �9 �9 17,917.75  < 0.001 24,244.34  0.74 (0.67, 0.81) 

Key: C, annual testing of breeding calves; S, annual screening test; 1, administering three vaccine doses 

before the first mating; 2, administering two vaccine doses before the first mating; CI, confidence interval. 

* Standard error of intercept and coefficients were 1,179.34 and 1,667.83, respectively. 
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Figure 5. 6. Average annual benefit (green) and cost (red) of BVDV control strategies per mixed-age 

cow for dairy (left) and beef (right) farms in New Zealand. Non-significant or negative benefits are not 

presented in this figure, and any average benefit/cost ratio of >1 is written in red. TC, VC, AB, and DF 

indicate testing and culling, vaccination, annual boosting, and double fencing, respectively. C, S, 1 and 

2 indicate the annual testing of female breeding calves, annual screening test, administering three 

vaccine doses before the first mating, and administering two vaccine doses before the first mating, 

respectively. 
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5.4.3. Sensitivity analysis 

For the dairy farm, the largest variation in the number of TI animals was explained by 

the within-herd BVDV transmission rate by a PI animal (43.4%), followed by mortality of 

PI animals (25.6%) and number of introduced Trojan cows (21.6%). The number of PI 

animals was mostly affected by the mortality of PI animals (35.3%), number of introduced 

Trojan cows (31.7%), and within-herd BVDV transmission rate by a PI animal (24.6%). 

For the beef farm, the variation of both the number of TI and PI animals was mainly 

explained by the mortality of PI animals (70.3% and 68.5%, respectively). The decrease in 

GFR due to BVDV infection was dominated by the number of introduced Trojan cows in 

both dairy and beef farm (66.4% and 66.8%, respectively). Detailed results from the 

sensitivity analysis are provided in Section 4 of Appendix 3. 

 

5.5. Discussion 

In this study, we estimated the economic impacts of BVDV in New Zealand dairy and 

beef pastoral farming systems using an individual-based modelling approach. We used an 

individual-based modelling approach because the demographic characteristics of 

individual animals (e.g. age, sex, and production type) infected with BVDV could have a 

significant impact on the magnitude of production losses (Richter et al., 2017). Furthermore, 

New Zealand cattle farming systems are highly seasonal with management events 

occurring at single, discrete time points, rather than continuously across the year, so it is 

more difficult to capture by using a traditional compartmental modelling approach. Using 

an individual-animal based simulation approach, we believe the direct economic losses due 

to BVDV for typical dairy and beef farms in New Zealand were properly estimated. 

Based on this study, the total direct losses caused by BVDV outbreak on the dairy farm 

was NZ$ 22.22 per dairy MA per year and NZ$ 41.19 per beef MA per year. Interestingly, 

the total direct losses per cow due to BVDV in other countries have been reported to be 
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generally lower in the beef industry compared to the dairy industry (Richter et al., 2017). 

This discordant result from our study compared to other countries was possibly due to the 

unique management characteristics in the New Zealand dairy industry; a narrow seasonal 

breeding period which limits the risk period for generating PI calves, selling/culling most 

calves at approximately 4 days old, grazing heifers off-site, and lower average milk yields 

per cow. We suspect that the early removal of new born PI calves from the property and 

the limited within-farm transmission due to off-site grazing of replacement heifers likely 

protect against more severe BVDV outbreaks. Consequently, the reduced infectious 

pressure in this production type would have limited impact on reproduction and lactation, 

which are the main contributors to economic losses in dairy farms. Although it suggests 

that the relative economic impact of BVDV in the New Zealand dairy industry might not 

be as strong as in other countries, it should be noted that the total direct losses will vary 

between farms depending on the infectious burden of BVDV (e.g. introduced number of PI 

animals) or the time or duration of BVDV introduction, as well as other farm management 

factors, such as the duration of the mating period or the proportion of MAs being replaced 

(Damman et al., 2015). 

Several modelling studies have been conducted to estimate the economic losses of 

BVDV on New Zealand dairy farms. Previously, Heuer et al., (2007) estimated that the 

economic losses due to BVDV was NZ$ 109.05 per cow per year (adjusted for inflation 

rate since original publication). In a long-term period, Reichel et al., (2008) calculated the 

total loss of BVDV infection as NZ$ 43.28 per cow per year (adjusted for inflation rate 

since original publication). Our estimation of total direct loss per dairy cow per year 

(NZ$ 22.22) was lower than these previously estimated values, however, we believe the 

previously reported values would be overestimated as the previous studies were based on 

the average performance of BVDV infected herds, where the low performance of BVDV 

infected herds would not be entirely contributed to BVDV infection (Heuer et al., 2007; 

Reichel et al., 2008). Compared to those studies, our results would be more conservative 
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estimates as we considered the direct impact of BVDV infection on the production of each 

individual animal. However, it is worth noting that the estimated total losses in this study 

did not incorporate other indirect impacts, such as increased susceptibility to other diseases 

among infected animals. 

To the best of our knowledge, no studies have been conducted to estimate the direct 

losses due to a BVDV outbreak on New Zealand beef farms. This is mainly due to the 

logistic challenges of handling extensively grazed herds, which makes it difficult to 

monitor production (e.g. live weight gain per day) and the infection status of individual 

animals on a regular basis (Han, Weir, et al., 2018). Therefore, we used a disease simulation 

approach to estimate the economic impact of BVDV outbreak on New Zealand beef farms 

assuming BVDV infection would affect the live-weight gain per day of infected animals. 

However, the estimated loss based on BVDV simulation models highly depends on the 

modelling assumptions, such as demographic structure or parameter values (Damman et 

al., 2015). For example, Gunn et al., (2004) measured the annual economic loss due to 

BVDV outbreak in Scottish beef herds as NZ$ 129.96 per cow (adjusting for inflation rate 

from the year of original publication), however, this figure was calculated by counting the 

number of TI or PI animals generated while ignoring the BVDV status of other animals (i.e. 

whether they were susceptible, immune, or recovered). A more recent study modelled the 

decrease of production due to BVDV outbreak in French beef herds (Damman et al., 2015). 

This study revealed that the production loss was the highest after one year of BVDV 

introduction, due to the increased number of abortions. Although a high number of 

abortions was also observed in the second year of our beef model (data not shown), the 

economic loss in our study was highest at year 3, when the increased number of abortions 

in year 1 and 2 resulted in a decreased number of fattening stocks able to be sold. Other 

factors, such as the culling age or price of fattening cattle, should also be noted when 

interpreting the direct losses of BVDV outbreak based on modelling studies. 
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The simulation models also provided valuable information on the anticipated 

benefit/cost ratios for different combinations of BVDV control options in dairy and beef 

farms. For the dairy farm, the annual testing of replacement breeding calves to find and 

eliminate PI animals showed the best benefit/cost ratio to control BVDV. Similar results 

haves been reported in another study (Weir et al., 2014), and, indeed, testing and culling of 

PI animals as early as possible has been suggested as one of the most effective ways to 

rapidly eliminate BVDV within a farm (Houe et al., 2006). However, the testing and culling 

of PI breeding calves alone did not result in the highest benefits, which was likely because 

there was still significant risk of BVDV introductions onto the farm via contacts with 

infected stock on neighbouring farms or at off-site grazing locations for heifers. Therefore, 

implementing the annual testing of breeding calves with improving farm biosecurity 

through control measures, such as double fencing or movement restrictions, would be the 

most cost-efficient strategy for New Zealand dairy farms to control BVDV. Furthermore, 

improving farm biosecurity is likely to have positive benefits in reducing the between-farm 

transmission of other pathogens besides BVDV. 

For the beef farm, the highest benefit/cost ratio was observed when a vaccination 

programme that involved administering only two doses before the first mating with annual 

boosting was implemented. However, this was due to the relatively low cost of control and 

it only resulted in a limited amount of benefit. Interestingly, additional control measures, 

such as annual testing or screening were not found to provide significant returns on 

investment for New Zealand beef farmers. This was because the annual testing or screening 

in this study was scheduled at the time of weaning. By the time PI calves were identified 

and culled, susceptible animals in the breeding herd had been exposed to those PI calves 

during the time window with the greatest risk of reproductive losses and generating PI 

calves. However, it is highly likely for most of beef farmers being reluctant to yard cows 

with calves at-foot prior to weaning due to the risk of injury to calves. Also, control 

measures, such as double fencing all farm boundaries, may not be logistically feasible for 
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all New Zealand beef farmers given the extensive farming conditions (Gates, Evans, et al., 

2019). Therefore, we argue that vaccinating breeding stock for three doses before their first 

mating and maintaining immunity with annual boosters is likely to be a more economically 

beneficial and logistically feasible approach to control BVDV on New Zealand beef farms, 

even though it is still important to identify and remove PI animals from the herd and to 

prevent local transmission from neighbouring farms. 

The model results also highlighted several strategies that were unlikely to be cost-

effective for the typical New Zealand dairy and beef farms. A previous unpublished 

modelling study estimated the cost-benefit of different BVDV control options in New 

Zealand dairy farms and found that implementing almost any option would be 

economically beneficial for BVDV infected farms compared to doing nothing (Weir et al., 

2014). The discrepancy between the previous and our current study was likely due to 

different model assumptions, such as the initial BVDV status of modelled animals (e.g. 

totally naïve or partially immune), type of animals that initially introduced BVDV (e.g. 

Trojan cows, PI cows, or calves), or conditions of BVDV introduction (e.g. endemic only, 

BVDV incursion only, or BVDV incursion under endemic condition). Therefore, one 

should consider the general context of BVDV introduction/infection when comparing the 

cost-benefit of different BVDV control options. Double fencing alone, for example, 

generated only a limited amount of benefit, however, we argue that this was due to the 

study design of forcing the PI animals to be initially present on the farm. Under 

circumstances where BVDV introduction via animal purchases was well-controlled and PI 

animals on neighbouring farms were the only source of transmission, double fencing alone 

could be one of the most cost-effective options to control BVDV (Reichel et al., 2008). 

Our results showed that most BVDV control strategies involving annual screening tests 

were not economically beneficial for both dairy and beef farms. It suggests that a BVDV 

screening test based on BTM or blood samples from young heifers to detect either the virus 

or BVDV Ag would have poor performance to capture a recent BVDV outbreak on New 
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6.1. Abstract 

Bovine viral diarrhoea virus (BVDV) is a widespread and economically important 

disease for most cattle producing countries worldwide. Several European countries have 

already implemented successful compulsory regional or national BVDV elimination 

programmes, which have led to complete elimination or significant reduction in disease 

prevalence. BVDV is currently under voluntary control in New Zealand and there is 

growing interest in evaluating whether national BVDV elimination would be cost-effective 

for the predominantly extensive pastoral production system. In this study, a stochastic 

individual-based metapopulation model was developed to simulate BVDV transmission 

within and between cattle herds and to explore the cost-effectiveness of different potential 

national BVDV elimination programmes. The model results suggest that BVDV 

transmission in New Zealand is maintained in an endemic state primarily through local 

spread between cattle herds grazed in adjacent pastures with direct farm-to-farm cattle 

movements contributing less to transmission events. The most cost-effective national 

BVDV elimination programmes involved (1) double fencing of shared boundaries for dairy 

farms accompanied by either annual testing and culling of persistently infected (PI) female 
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breeding calves or annual herd-level screening tests followed by a PI hunt, and (2) annual 

vaccination of breeding animals for beef breeding farms. The estimated benefit/cost ratio 

of the national BVDV elimination programmes ranged from 1.04 to 1.99 with the median 

time until reaching the break-even point ranging from 7 to 11 years depending on the 

programme, which highlights that BVDV elimination is both technically feasible and cost-

effective for New Zealand pastoral production systems. 

 

6.2. Introduction 

Similar to many cattle producing countries worldwide, bovine viral diarrhoea virus 

(BVDV) is a widespread and economically important endemic disease in the New Zealand 

cattle industries (Anonymous, 2020). According to a recent analysis of BVDV diagnostic 

laboratory accession data, more than half of approximately 12,000 New Zealand dairy 

herds had high bulk tank milk (BTM) antibody levels indicating recent exposure to BVDV 

whilst approximately 7% also identified as RT-PCR positive implying active circulation of 

the virus within the milking herd (Gates, Han, et al., 2019). In the beef industry, several 

field studies have estimated that 40 to 60% of approximately 9,200 commercial farms have 

evidence of recent BVDV exposure with 22% likely containing persistently infected (PI) 

animals that actively shed BVDV throughout their lives (W. Cuttance & Cuttance, 2014; 

Gates, Han, et al., 2019; Han, Holter, et al., 2018). Given the high prevalence of exposed 

and actively infected farms, it is believed that BVDV causes significant economic impacts 

for the New Zealand cattle industries (Han, Weir, et al., 2018). Consequently, there has 

been growing interest in understanding whether implementing a national BVDV 

elimination programme could result in similar financial benefits to those observed in 

European countries with compulsory programmes. 

The cornerstone of any national BVDV elimination programme is to remove PI animals 

from the cattle population through testing and culling in positive herds as well as enhancing 
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cost-efficiency of national BVDV elimination in order to convince farmers and 

stakeholders of the value of BVDV elimination. 

Disease simulation modelling is a common tool for exploring the transmission dynamics 

of BVDV in cattle populations (Damman et al., 2015; Viet et al., 2004) and for evaluating 

the cost-effectiveness of BVDV control programmes to provide decision-makers with 

guidance about the feasibility of BVDV elimination (Gethmann et al., 2019; Sekiguchi et 

al., 2018; Thulke et al., 2018). For instance, a recent simulation study suggested that a 

control programme based on Ag testing of all new born calves to identify and cull PI 

animals would reduce national BVDV prevalence to 0.01% with acceptable benefit/cost 

ratio in Germany (Gethmann et al., 2019). However, it is difficult to adopt the findings 

from models developed for one country to others with different farming systems because 

different demographic structures and contact patterns within cattle populations can 

significantly influence model results. 

Although BVDV has been prevalent in New Zealand with its substantial economic 

impacts (Han, Weir, et al., 2018), there have been no published studies to simulate the 

transmission of BVDV or to evaluate the cost-effectiveness of national BVDV elimination 

programmes under a unique extensive pastoral cattle production system of New Zealand. 

With the aid of our recent studies about BVDV infection or transmission on New Zealand 

beef farms (Gates, Evans, et al., 2019; Han et al., 2019; Han, Holter, et al., 2018), we 

therefore aimed in this study (1) to develop a stochastic individual-based simulation model 

to explore the transmission dynamics of BVDV in the New Zealand cattle industries, and 

(2) to evaluate the cost-effectiveness of different approaches for national BVDV 

elimination. 

 



123 
 

6.3. Material and methods 

To simulate the transmission dynamics of BVDV in the New Zealand cattle industries, 

we developed a stochastic individual-based metapopulation model with components to 

describe (1) the transition of individual animals between demographic and disease status 

within each farm (or subpopulation), (2) the spread of BVDV between farms through cattle 

movements and local spread from adjacent farms, and (3) the efficiency of different 

potential national BVDV elimination programmes. As there is currently no national 

database that provides complete information about the cattle population in New Zealand, 

we inferred the demographic structure of the New Zealand cattle industry (e.g. numbers of 

cattle farms and their location, herd size of each cattle farm, calving and mating dates of 

each cattle farm, and animal movements between those farms) by using available data in 

the National Animal Identification and Tracing (NAIT) system data. The model was 

developed using the C programming language, and the model was operated in a discrete 

time step of one week with a year consisted of 52 weeks (e.g. week 1: first week of January, 

week 52: last week of December). 

6.3.1. Data processing 

An extract of data from the NAIT system containing all known records from 01 January 

2014 through 31 December 2016 was used to inform the demographic structure of cattle 

farms in New Zealand for the simulation model. The NAIT system has been in operation 

since 2012 with legislation requiring that all cattle owners or managers in New Zealand 

record the movements of individual cattle between different premises on the NAIT system 

within 48 hours of the movement occurring. Along with demographic details about the 

individual animals (e.g. animal ID, sex, date of birth), the owners or managers are also 

required to record other information about the movements including the premise ID, 

movement date, geo-coordinates of premises (as a point location), location type of the 

source and destination premises (e.g. farm, sale-yard, abattoir), and the farm type of the 

source and destination farms (e.g. dairy or beef farm). However, there are known issues 
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with the completeness and quality of these data due to the low level of compliance of New 

Zealand farmers (Edge & Kavalali, 2018; Jewell et al., 2016). Furthermore, there are 

currently no data fields to capture the total number of cattle on each farm, the size or 

boundary of farms, farm management information (e.g. planned start date of mating and 

calving), whether a farm is a commercial or hobby farm, the detailed production type of 

beef farms (e.g. beef breeding, beef fattening, bull breeding), and the purpose for the cattle 

movements (e.g. trade, show, bulls leased for breeding, heifer agistment). 

To inform the demographic components of the simulation model, we therefore had to 

make inferences from the available data to (1) estimate the total number of active cattle 

farms in New Zealand, (2) allocate a herd size and planned start date of mating to each 

dairy and beef breeding farm, and (3) assign a point location to each farm to identify those 

that are likely adjacent to each other and therefore at risk of BVDV transmission through 

local spread. We also used the historical data on individual between-farm cattle movements 

to model BVDV spread in New Zealand through animal movements. Figure 6.1 provides a 

general overview of the data processing steps. 
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three weeks before the week of weaning and pregnancy scanning was performed one week 

before the week of weaning. Breeding bulls were not considered in the simulation models 

for both dairy and beef farms since most of them are tested for, and vaccinated against, 

BVDV (Han, Holter, et al., 2018). Parameter values for the national model are provided in 

Table 6.1. More detailed information about the demographic structure and events of within-

farm models is provided in Appendix 4 (see Section 2) and Chapter 5. Description of 

demographic events in both dairy and beef farms in the national model is provided in Figure 

6.3. 

 

 
Figure 6. 3. Illustration of demographic events in the New Zealand dairy and beef industries. SD, start 

of dry-off period; OG, week to move from/to off-site grazing location; PSC, planned start of calving; 

PSM, planned start of mating; Testing and culling, annual testing and culling of female breeding calves; 

Screening test, annual screening of bulk tank milk (dairy) or serum samples of 15 young heifers (beef) 

followed by a PI hunt; VX 1st, 2nd, and 3rd, the first, second, and third BVDV vaccination, respectively; 

AB, annual boosting of BVDV vaccination. 
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     Passively immunised calves via maternal antibody 

     Recovered calves 

0.559 

0.209 

* Values in square bracket were tested for the parameter calibration. Bold italic values were the calibrated parameter values that used for the national model. 

Key: PI, Persistently infected; TI, Transiently infected; N, Normal distribution; U, Uniform distribution; D, Dairy; B, Beef. 
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6.3.2.2. Movement reconstruction  

When we incorporated the real movement data directly into the model to add or remove 

individual cattle from a herd, the size of the cattle populations on some farms often either 

increased or decreased substantially over time. To address this problem, we used a network 

re-wiring algorithm that connected pairs of farms that moved cattle in any given week based 

on the procedure described below. 

For a given week, the same number of dairy (or beef breeding) source and destination 

farms were selected in a random order. The number of selected farms was chosen as the 

larger number between the numbers of dairy (or beef breeding) source and destination 

farms in the relevant week. For the first source farm, the probability of trading with each 

destination farm was calculated based on a multivariable logistic regression model that 

considered the distance, herd size, and tuberculosis movement restriction status (see 

Section 2 in Appendix 4); we then assumed that animals were sold to the destination farm 

with the highest probability. Once those two farms were connected, the algorithm moved 

on to the next source farm, calculated the probability of trading with each of the remaining 

destination farms, and connected it to the farm with the highest probability. The re-wiring 

process for a given week was finished once there were no remaining farms to either sell or 

purchase cattle. 

Once the farms trading cattle were paired in each week, animals from a source farm 

were randomly selected and moved to a destination farm regardless of their BVDV 

infection status. However, we assumed that calves from both dairy and beef breeding farms 

and BHs from dairy farms were not eligible for trade due to their age and off-site grazing, 

respectively. The probability of an individual animal being selected for trade from a source 

farm was assumed to be the same for every animal (except those that were not eligible) 

from all the source farms in a given week, and varied between weeks to match the total 

number of animals traded in a given week in the simulation to the number of cattle traded 

per week in a relevant week from NAIT data. 
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the model with x number of pregnant MAs, y number of pregnant BHs, y number of YHs, 

and z number of both CMs and CHs where x, y and z were 100.0%, 20.0% and 91.0% of 

the allocated MA herd size, respectively. Those proportions of initial animals on each farm 

was determined based on the national statistics for cattle populations in New Zealand 

(Anonymous, 2018c). 

Simulations started on week 1 of year 1, and the model was run for 5 years as a 

demographic burn-in period to stabilise the population demography. We then introduced 

BVDV to 796 randomly selected farms (5% of sum of dairy and beef breeding farms) by 

converting one new born calf to a PI animal (dam of the calf was then converted to 

recovered) for each farm. The model was then run for another 40 years (from year 6 to year 

45) to allow BVDV to establish an equilibrium state across New Zealand reflective of the 

current endemic situation on New Zealand cattle farms. Outputs from the last 15 years of 

simulation were visually inspected to confirm the stability of the population demographics. 

We also confirmed that the observed prevalence of BVDV positive farms (i.e. proportion 

of cattle farms carrying at least one PI animal) matched estimates of the national disease 

prevalence during the last 15 years (Gates, Han, et al., 2019). The overall modelling process 

is illustrated as a flow chart in Appendix 4 (see Section 4). 

 

6.3.3. National BVDV elimination programmes 

In this study, we examined eight different national BVDV elimination programmes 

(Table 6.2). Since we confirmed the equilibrium state of BVDV between year 31 and year 

45, we implemented each programme continually from week 1 of year 31 onward and the 

effect of the programme was monitored over the following 15 years which encompassed 

the timeframe reported for the elimination of BVDV in European countries (Ståhl & 

Alenius, 2012). Each possible programme was a combination of five different potential 

control options: (1) movement restriction, (2) annual testing of female calves selected for 
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replacement heifers and culling of identified PI animals, (3) annual screening test using 

bulk tank milk (for dairy farms) or serum samples of 15 YHs (for beef breeding farms), 

followed by a PI hunt (i.e. identifying and culling of possible PI animals) of all breeding 

female animals if the screening test was positive, (4) vaccination of breeding animals with 

annual boosting, and (5) double fencing (Table 6.2). 

6.3.3.1. Movement restriction  

For the movement restriction option, female breeding animals were tested using a 

BVDV Ag ELISA before departing the source farm, and only the negative animals were 

moved to destination farms. We also restricted the movement of off-site grazing (both 

sending and returning) by conducting BVDV Ag ELISA testing four weeks before the week 

of off-site grazing and only allowing the movement of test negative heifers. 

6.3.3.2. Annual testing and culling  

The same Ag ELISA was used for the annual testing of female breeding calves, and the 

test was conducted at 1 week old for dairy calves and at weaning for beef calves. When 

animals were tested using the BVDV Ag ELISA (in both movement restriction and annual 

test and cull of breeding calves), test positive animals were re-tested after 4 weeks (i.e. 

follow-up test) using the same ELISA, and culled immediately if the result of the follow-

up test was positive. When the follow-up test was conducted, dams of the positive animals 

were also tested using the BVDV Ag ELISA, and culled immediately if the result was 

positive. Sensitivity and specificity of the BVDV Ag ELISA was assumed to be 83.5% and 

99.4%, respectively (Lanyon et al., 2013). 

6.3.3.3. Ann ual screening test  

Given the endemic status of BVDV, the annual screening test was aimed at detecting 

BVDV using RT-PCR on bulk tank milk (BTM) for dairy farms or BVDV Ag using the 

ELISA on individual serum samples from 15 randomly chosen YHs for beef farms. If the 

RT-PCR test of BTM (dairy farms) or the Ag ELISA of at least one serum sample (beef 
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breeding farms) was positive, a PI hunt was conducted after 4 weeks (dairy farms) or 3 

weeks (beef breeding farms) from the initial screening test. The screening test was 

conducted at the PSM for dairy farms and 3 weeks before the week of weaning for beef 

breeding farms. We assumed the sensitivity and specificity of RT-PCR to detect BVDV on 

BTM was perfect (Table 6.2) (Lanyon et al., 2013). 

6.3.3.4. Vaccination  

Given that only killed BVDV vaccines are available in New Zealand, we assumed that 

the length of fetal protection after the second and third dose (and thereafter) of BVDV 

vaccination were 26 and 52 weeks, respectively, and the efficacy of vaccination differed 

according to the number of doses that had been given (i.e. no effects after the first dose, 

and partial protective effect after the second dose and thereafter). We scheduled BVDV 

vaccination to confer 52 weeks of immunity to female breeding animals before their first 

mating. On dairy farms, all YHs were vaccinated for the first time 4 weeks before being 

sent for off-site grazing, the second time at the week they were sent to off-site grazing, and 

the third time 4 weeks before the PSM. On beef breeding farms, the first BVDV vaccination 

was administered to calves at weaning, the second vaccination 4 weeks later, and the third 

time 4 weeks before the PSM. Annual boosters were administered to MAs (and BHs in 

case of beef farms) at 4 weeks before the PSM for both dairy and beef farms. Parameter 

values related to BVDV vaccination are provided in Table 6.1, and detailed information 

about the parameterisation of BVDV vaccination is provided in Chapter 5 

6.3.3.5. Double -fencing  

We assumed that the double fencing option prevented any local spread of BVDV from 

PI animals on adjacent farms as well as from the exposure to background prevalence of PI 

animals. 
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Table 6. 2. Description of the national BVDV elimination programmes. 

Programme Dairy farms Beef breeding farms 

P1 Movement restriction Movement restriction 

P2 Annual testing and culling Annual testing and culling 

P3 Annual screening test Annual screening test 

P4 Double fencing Double fencing 

P5 Vaccination with annual boosting Vaccination with annual boosting 

P6 Double fencing Vaccination with annual boosting 

P7 Annual testing and culling + Double fencing Vaccination with annual boosting 

P8 Annual screening test + Double fencing Vaccination with annual boosting 

 

6.3.4. Model Outputs 

In order to compare the effect of implementing different national BVDV elimination 

programmes, we first monitored the number of dairy and beef breeding farms that were 

positive to BVDV during the simulation period (from week 1 year 31 to week 52 year 45) 

by assuming that a farm was BVDV positive if there was at least one PI animal on the farm 

over that time period. We then measured the effectiveness of each national BVDV 

elimination programme as the % reduction in the number of BVDV positive farms at the 

end of the simulation period compared to that one at the beginning of the simulation period. 

The number of BVDV positive farms was also divided by the total number of dairy and 

beef breeding farms (i.e. 15,923) to estimate the national prevalence of BVDV positive 

farms, and we recorded the last timepoint that the national prevalence of BVDV positive 

farms was 2.0% in order to evaluate how quickly the elimination programmes reduced the 

burden of the disease (i.e. time-efficient). 

Next, we examined the gross farm revenue (GFR) and BVDV control cost per year for 

all dairy and beef breeding farms to conduct cost-benefit analysis of BVDV elimination 

programmes for the New Zealand cattle industries. We calculated the annual benefit as the 

sum of (1) difference between GFRs with and without various BVDV elimination 

programmes per year, and (2) an annual control expenditure which was the total cost 

currently spent for voluntary BVDV testing by individual cattle farmers (Yarnall & 
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Thrusfield, 2017). The annual control expenditure was estimated as NZ$ 12.7 million per 

year based on the total number of BVDV-related laboratory tests during 2016-2017 (Gates, 

Han, et al., 2019). The parameter values to estimate the annual GFR and BVDV control 

cost for New Zealand dairy and beef breeding farms are provided in Chapter 5. For each 

programme, we accumulated the annual benefit and BVDV control cost with a discounting 

rate of 1.9%, and examined (1) whether or when a BVDV elimination programme had a 

break-even point (i.e. a timepoint that the accumulated benefit was the same as or larger 

than the accumulated BVDV control cost), and (2) the benefit/cost ratio of BVDV 

elimination programmes. The benefit/cost ratio was calculated as the accumulated benefit 

divided by the accumulated BVDV control cost in the final year. Due to the high 

computational burden of running a national model, each elimination programme was 

iterated only 100 times, however, we confirmed that the 100 iterations adequately captured 

the variation caused by the stochasticity (see Section 5 in Appendix 4). 

 

6.4. Results 

6.4.1. Effectiveness of national BVDV elimination programmes 

The effectiveness of different national BVDV elimination programmes is provided in 

Table 6.3, and the national prevalence of BVDV positive farms over the simulation period 

is illustrated in Figure 6.4, 6.5, and 6.6. Implementing the BVDV elimination programmes 

of movement restriction, annual testing and culling, and annual screening test for both dairy 

and beef farms (P1, P2, and P3, respectively) was not effective as sole control strategies to 

reduce the national prevalence of BVDV infections. Any programme that involved double 

fencing almost eliminated BVDV from the New Zealand dairy industry (Table 6.3). For 

the beef breeding farms, any elimination programme that included vaccination was 

generally effective in reducing BVDV infections, with the lowest number of BVDV 

positive farms being observed when P7 was implemented (Table 6.3). 
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The last week that the national prevalence of BVDV positive farms being 2.0% with 

respect to different national BVDV elimination programmes is provided in Table 6.3. The 

most time-efficient BVDV elimination programmes were P7 and P8 with the median of 7 

years (364 and 365 weeks, respectively) to reach national BVDV prevalence of 2.0%, and 

this was followed by P6 (median of 7.2 years or 372 weeks) and P5 (median of 8.9 years 

or 463 weeks). 

 

Table 6. 3. Median (95% prediction interval) of the % reduction in the number of BVDV positive farms 

between the beginning and end of simulation period (i.e. % reduction) and the last week that the national 

prevalence of BVDV positive farms being 2.0% (i.e. last week for 2.0%) with respect to implementing 

different national BVDV elimination programmes. 

Programme % reduction  Last week for 2.0% 

 Dairy (%) Beef breeding (%)  

P1 38.0 (37.8, 38.3) 4.6 (4.4, 4.7) - 

P2 71.7 (69.5. 73.3) 1.8 (1.3, 2.4) - 

P3 20.7 (20.4, 21.0) 5.7 (4.7, 5.8) - 

P4 99.8 (99.4, 100.0) 69.7 (68.5, 70.6) - 

P5 89.5 (88.6, 91.2) 89.6 (88.8, 90.4) 563 (463, 772) 

P6 99.8 (99.3, 100.0) 89.8 (88.6, 93.7) 411 (372, 419) 

P7 100.0 (100.0, 100.0) 98.7 (94.3, 99.4) 364 (372, 414) 

P8 100.0 (99.9, 100.0) 93.6 (89.3, 98.4) 365 (375, 414) 
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Figure 6. 4. National prevalence of BVDV positive farms (black) with respect to implementing no 

BVDV elimination programme, movement restrictions (P1), and annual testing and culling of breeding 

female calves (P2) for both dairy and beef breeding farms. Red and blue lines indicate the contribution 

of the dairy and beef industries, respectively, to the national BVDV prevalence. Solid line and shaded 

area indicate the median and 95% prediction interval, respectively. 
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Figure 6. 5. National prevalence of BVDV positive farms (black) with respect to implementing annual 

screening test followed by a PI hunt (P3), double fencing (P4), and vaccination of breeding animals 

with annual boosters (P5) for both dairy and beef breeding farms. Red and blue lines indicate the 

contribution of the dairy and beef industries, respectively, to the national BVDV prevalence. Solid line 

and shaded area indicate the median and 95% prediction interval, respectively. 
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Figure 6. 6. National prevalence of BVDV positive farms (black) with respect to implementing double 

fencing (P6), annual testing and culling of breeding female calves with double fencing (P7), and annual 

screening test followed by a PI hunt with double fencing (P8) for dairy farms. For all strategies, 

vaccination of breeding animals with annual boosters was implemented for beef farms. Red and blue 

lines indicate the contribution of the dairy and beef industries, respectively, to the national BVDV 

prevalence. Solid line and shaded area indicate the median and 95% prediction interval, respectively. 
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Figure 6. 7. Accumulated benefit (blue) and BVDV control cost (red) for different BVDV elimination 

programmes over time. Solid line and shaded area indicate median and 95% prediction interval, 

respectively. 
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6.4.2. Cost-benefit analysis of national BVDV elimination programmes 

The accumulated benefit and BVDV control cost over time is shown in Figure 6.7 and 

Table 6.4. Implementing P7 resulted in the highest benefit with the median (95% 

predication interval (PrI)) accumulated benefit estimated to be NZ$ 650.3 million 

(NZ$ 583.6 to 731.1 million) over a 15-year period. P5 was the most expensive BVDV 

elimination programme with the median cost of NZ$ 815.5 million (95% PrI: NZ$ 815.3 

to 815.7 million). 

The benefit/cost ratio of different elimination programmes is provided in Table 6.4. At 

the end of the simulation period, BVDV elimination programmes of P4, P6, P7, and P8 

incurred a significantly larger benefit than cost with the median (95% PrI) benefit/cost ratio 

of 1.97 (1.75 ~ 2.18), 1.95 (1.78 ~ 2.14), 1.16 (1.04 ~ 1.30), and 1.80 (1.63 ~ 1.99), 

respectively. For each of these programmes, a break-even point was observed after the 

median (95% PrI) of 7 years (6 to 8), 6 years (5 to 8), 11 years (8 to 14), and 7 years (6 to 

8), respectively, from the implementation of the elimination programme. 

 

Table 6. 4. Median (95% prediction interval) of accumulated benefit (Benefit), BVDV control cost 

(Cost), year of break-even point, and benefit/cost ratio with respect to implementing different national 

BVDV elimination programmes. 

Programme Benefit (million NZ$) Cost (million NZ$) Break-even (yr) Benefit/cost ratio 

P1 222.6 (155.4, 308.1) 525.9 (525.6, 526.1) - 0.42 (0.30, 0.59) 

P2 223.9 (154.3, 282.9) 272.4 (272.3, 272.5) - **  0.82 (0.57, 1.04) 

P3 103.5 (-43.6, 223.2) 158.1 (156.2, 159.6) - **  0.65 (-0.28, 1.41) 

P4 571.5 (505.9, 631.3) 289.7 * 7 (6, 8) 1.97 (1.75, 2.18) 

P5 449.8 (377.9, 516.9) 815.5 (815.3, 815.7) - 0.55 (0.46, 0.63) 

P6 644.4 (588.4, 708.8) 330.6 (330.5, 330.6) 6 (5, 8) 1.95 (1.80, 2.14) 

P7 650.3 (583.6, 731.2) 560.4 (560.2, 560.5) 11 (8, 14) 1.16 (1.04, 1.30) 

P8 645.0 (585.0, 710.8) 357.8 (357.4, 358.3) 7 (6, 8) 1.80 (1.63, 1.99) 

Key: yr, Year. 

* Accumulated BVDV control cost did not vary between simulations. 

** Break-even point was beyond the simulation period for the median and upper limit of 95% 

prediction interval. 
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BVDV in New Zealand. Although it was not modelled in this study, there is always a risk 

of transmission from the beef industry back to the dairy sector through local spread and/or 

the movement of PI or TI breeding bulls. This is of significant concern since the levels of 

natural immunity in dairy herds have been decreasing over the past decade as more herds 

have taken measures to eliminate active BVDV infections (Gates, Han, et al., 2019; 

Thobokwe et al., 2004). Therefore, the model results highlight the need for both industries 

to work together to effectively control BVDV. 

Based on the current situation in New Zealand, we therefore believe that either P7 or P8 

would offer the most cost-effective and practical framework for successfully elimination 

of BVDV in New Zealand. However, it should be noted that neither approach was able to 

completely eliminate BVDV from New Zealand within a time period of 15 years. This was 

due to the imperfect BVDV vaccine efficacy resulting in the continued creation of PI 

animals in beef herds. This highlights the need to view an elimination programme as a 

dynamic process where regulations may need to change as the epidemiology changes. For 

instance, the BVDV control programme in Switzerland required all new-born calves to be 

tested against BVDV Ag at the beginning, then this changed to Ab based screening tests to 

monitor BVDV incidences as the national prevalence gradually decreased (Stalder et al., 

2016). Given the BVDV transmission model in a national scale of New Zealand has been 

developed in this study, different elimination programmes that constantly changing over 

time with respect to the epidemiological situation of BVDV in individual farms can be 

examined in future researches. It would even be possible to switch the programme to a 

more risk-based elimination programme similar to the approach used for bovine 

tuberculosis control in New Zealand (Hidano et al., 2016) whereby farms with a higher risk 

of BVDV introductions are targeted for more intensive surveillance and control. 

We acknowledge several limitations that might affect the validity of this study. First, 

BVDV simulation of this study was based on poor-quality data about the number, boundary, 

and location of cattle farms in New Zealand. This is most likely to affect the estimates of 
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Chapter 7 

General discussion 

7.1. Overview of key findings 

This thesis evaluated the cost-effectiveness of national bovine viral diarrhoea virus 

(BVDV) elimination programmes in New Zealand by addressing the knowledge gaps 

around the epidemiology and economics of BVDV and its control in the New Zealand cattle 

industries. 

One of the previously recognised knowledge gaps was around the risk factors for BVDV 

infection in pasture-based New Zealand cattle herds. In Chapter 3, a risk factor analysis 

using data from 304 herds participating in a national cross-sectional study revealed that 

local spread between neighbouring farms as well as onto-farm movements of breeding 

heifers/cows are the key transmission routes of BVDV in the New Zealand cattle industries. 

Another epidemiological knowledge gap was the speed at which BVDV spread within 

extensively grazed beef herds in New Zealand. In Chapter 4, the within-herd BVDV 

transmission rate was estimated using longitudinal seroconversion data from nine New 

Zealand beef breeding farms. The transmission rate was inferred to be 0.11 per persistently 

infected (PI) animal per day, suggesting that the spread of BVDV in New Zealand beef 

herds is slower than in dairy herds. 

Based on the findings from the previous chapters, BVDV transmission models for 

typical New Zealand dairy and beef breeding farms were developed in Chapter 5. Using 

this modelling approach, the direct losses due to a BVDV outbreak on a naïve dairy and 

beef farm were estimated at NZ$ 22.22 and NZ$ 41.19 per mixed-age cow per year, 

respectively. Also, it was revealed that annual testing of breeding calves to cull identified 

PI animals for dairy farms and annual vaccination of breeding animals for beef farms would 
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be the most economically beneficial strategies for controlling a BVDV outbreak on New 

Zealand dairy farms and beef farms, respectively. 

In Chapter 6, the BVDV simulation modelling approach was scaled up to the national 

level using data from the national animal identification and tracing (NAIT) system to infer 

the demographics of the New Zealand cattle industries as well as between-farm BVDV 

transmission through animal movements and neighbourhood contacts. This study 

highlighted that the endemic state of BVDV infection in New Zealand is primarily 

maintained through local spread between cattle herds on adjacent farms. This study also 

demonstrated that a substantial reduction in national BVDV prevalence could be achieved 

in a cost-effective manner by requiring all dairy farms for double fencing of boundaries 

with either annual testing and culling or annual herd-level screening and all beef breeding 

farms for annual vaccination of every female breeding animal. 

 

7.2. Risk factors for BVDV infection in New Zealand cattle farms 

The risk factor analysis for BVDV infection in this thesis (chapter 3) revealed that 

having close contacts with animals on neighbouring farms significantly increased the risk 

of BVDV infection on New Zealand cattle farms. Local spread through nose-to-nose 

contact over fence-lines has been identified as a common transmission route of BVDV in 

many countries (Bitsch et al., 2000; Valle et al., 1999) and a previous study from New 

Zealand also showed that over-the-fence contacts with cattle on neighbouring farms 

resulted in increased BVDV antibody (Ab) titres in bulk tank milk (BTM) samples from 

dairy herds (Weir et al., 2016). These findings were corroborated through the national 

simulation model (chapter 6), which indicated that local spread is the primary reason for 

BVDV remains endemic in the New Zealand dairy industry. A similar finding has been 

reported in France where an estimated 93.1% of BVDV incidences at a farm-level were 

attributable to neighbourhood contacts (Qi et al., 2019). The importance of biosecurity 
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measures to prevent local spread has been repeatedly highlighted by Scandinavian 

countries where BVDV has been eliminated (Ståhl & Alenius, 2012). Given that double 

fencing of shared boundaries can prevent the spread of many other infectious diseases, this 

control measure should be strongly considered for inclusion as part of any national disease 

control programme in New Zealand. 

The study also identified onto-farm movements of breeding heifers/cows as a significant 

risk factor for BVDV infection in New Zealand cattle herds, which is similar to findings 

from previous studies. Using RT-PCR on BTM from New Zealand dairy herds, Weir et al., 

(2016) showed that herds had purchased cows with unknown BVDV status were 2.2 times 

more likely to have active circulation of BVDV. In beef farms, W. Cuttance & Cuttance, 

(2014) reported that purchasing replacement heifers significantly increased the odds of 

BVDV infection although the study suffered from a lack of precision. The movement of 

animals between cattle farms is a well-established risk factor for BVDV infection (Valle et 

al., 1999). In particular, there is a significant risk that purchasing pregnant female breeding 

animals with unknown BVDV infection status would result in the introduction of BVDV 

through the birth of a PI calf. Although it is possible to assess the BVDV infection status 

of a fetus prior to the purchase of pregnant animals, it is very labour-intensive and may 

induce abortion as it requires fetal fluid for testing (Callan et al., 2002). Another approach 

to diagnose Trojan dams (i.e. non-PI dams that carrying PI fetus) is to use BVDV Ab 

ELISA test, however, the test is valid only after 7 months of gestation period with moderate 

specificity (0.7) (Lindberg et al., 2001). Therefore, national control programmes that 

restrict the movement of cattle with unknown BVDV status are likely to be practical and 

effective in reducing the between-farm BVDV transmission in New Zealand. In cases 

where movement restrictions are not feasible, the calves of any purchased pregnant dams 

should be tested for BVDV as early as possible after birth. 

In the New Zealand dairy industry, it is common practise for farmers to send 

replacement heifers to off-site locations for grazing and breeding before they return to the 
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mixed-age cow herd just prior to delivering their first calf (i.e. off-site grazing). This carries 

substantial risk of introducing BVDV to the milking herd through the birth of PI calves if 

naïve heifers were exposed to BVDV during the risk period of pregnancy, particularly if 

they were unvaccinated or if there was poor biosecurity at the off-site location. It has 

previously been reported that BVDV BTM Ab titres of New Zealand dairy farms that 

grazed heifers off-site were higher than the ones that raised heifers on farm (Weir et al., 

2016), suggesting that there is greater exposure to BVDV at off-site locations. A study from 

Switzerland also reported a similar finding that grazing animals at a distant location 

increased the risk of BVDV infection (Presi et al., 2011). Although it was not possible to 

confirm that the off-farm movements of either replacement heifers or cows increased the 

risk of BVDV infection in Chapter 3, off-site grazing still poses a risk of BVDV 

introduction for New Zealand dairy herds given the endemic status of BVDV in New 

Zealand. Considering the current high background prevalence of BVDV in New Zealand, 

vaccinating heifers before off-site grazing and testing the calves of the heifers would be 

recommended. 

Overall, this study suggests that local spread over fence-lines and the movements of 

female breeding animals with unknown BVDV infection status should be targeted to 

eliminate BVDV in New Zealand cattle farms. However, the Bayesian network (BN) 

approach in Chapter 3 revealed that onto- and off- farm movements of heifers are frequent 

in New Zealand dairy farms whereas beef farms were less prone to these risk factors. The 

BN approach also discovered that New Zealand beef farmers had lower awareness of 

BVDV, which may make it more difficult to convince farmers to conduct BVDV control 

measures, such as annual BVDV testing to identify and cull PI animals, given the logistical 

challenges of routinely gathering animals for identifying and sampling (Gates, Evans, et 

al., 2019). These findings indicate that movement restrictions that require a rigorous 

process of testing individual animals may be more suitable and effective in the dairy 

industry. This speculation was supported by the national BVDV simulation study (chapter 
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source (i.e. purposely exposing PI animals to susceptible animals to replicate the protective 

effect of BVDV vaccination) is likely to fail in extensively grazed cattle herds in New 

Zealand. 

Another implication of this finding with respect to BVDV control in New Zealand is 

that detecting a recent BVDV introduction in a naïve beef herd by conducting a spot test 

(i.e. BVDV Ab ELISA using a pooled serum sample of 10 to 15 animals) may have poor 

sensitivity if there has not been sufficient time for enough animals to be exposed to the 

virus. In European countries where BVDV has been systematically controlled, spot tests 

using blood samples from 10 to 15 youngstock are often used as an inexpensive screening 

test to make inferences about farm-level BVDV infection status to determine if a PI hunt 

is warranted (Houe et al., 2006). Given the slower BVDV dynamics in extensively grazed 

beef farms in New Zealand, the application of a similar spot test is unlikely to be a reliable 

indicator of BVDV infection status at a herd-level, so future studies should be conducted 

to explore the sensitivity and specificity of using Ab-based spot test to detect active 

circulation of BVDV. 

 

7.4. Economics of BVDV and its control 

In New Zealand, the direct losses from a BVDV outbreak on typical dairy and beef 

breeding farms were estimated to be NZ$ 22.22 and NZ$ 41.19 per mixed-age cow per 

year, respectively (chapter 5). These estimated losses were relatively lower than estimates 

from other countries, which have ranged from NZ$ 4 to 4,512 per dairy animal and from 

NZ$ 41 to 504 per beef animal (Richter et al., 2017). Although the economic impacts of 

BVDV depend on a variety of factors, such as the value of cattle or cattle products, 

production level, and management features, these findings imply that the current impacts 

of BVDV infection in the New Zealand cattle industries may be less than in other countries 

due to (1) the unique management characteristics of the dairy industry; a narrow seasonal 
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breeding period, selling/culling most calves at approximately 4 days old, grazing heifers 

off-site, and lower average milk yields per cow, and (2) a slower BVDV transmission rate 

caused by extensive grazing with a lack of frequent gathering events in the beef sector 

(chapter 4). However, it is worth noting that most of the previous studies estimated the 

economic impacts by comparing the difference in average production levels or reproductive 

performances between herds with and without BVDV. It is likely that herds with BVDV 

have other infectious disease or management issues on farm that could be contributing to 

their poor performance. Given that the estimation in Chapter 5 was based on the direct 

impact of BVDV at an animal-level, it is likely a reasonable and conservative estimate of 

the economic impacts of BVDV in New Zealand. 

The within-herd simulation models in Chapter 5 revealed that control of BVDV on a 

naïve dairy farm was economically beneficial for some, but not all combinations of 

available control measures. The highest benefit/cost ratio of 2.02 occurred with 

implementing annual testing of female breeding calves to identify and remove PI animals. 

Adding double fencing to the annual testing also incurred marginally greater benefit than 

the cost of control (benefit/cost ratio of 1.02). Other strategies were not economically 

beneficial, which was in contrast to a study by Reichel et al., (2008) who suggested that 

implementing any type of control measures incurred more benefits than costs for a typical 

New Zealand dairy farm. However, the previous study likely overestimated the economic 

impacts of BVDV infection as it assumed the continuous presence of PI animals in the herd 

for the 10 years of the study period. Considering the high self-clearance rate of BVDV 

infection in New Zealand dairy herds (Gates, Han, et al., 2019), it is more likely that not 

all BVDV control options would be economical for New Zealand dairy farms. 

Several strategies that based on the annual vaccination of breeding female animals were 

identified as being cost-effective to control a BVDV outbreak on a typical New Zealand 

beef breeding farm (chapter 5). Interestingly, implementing additional control measures on 

top of vaccination, such as annual testing of breeding calves or performing annual screening 



165 
 

tests to determine if a PI hunt was warranted generated only limited benefits. This was 

likely due to the model assumption that testing or screening was conducted around when 

calves were weaned. Since calves were co-grazed with dams for 6 to 7 months before 

weaning in the model to reflect common practises in the beef industry, there was ample 

opportunity for susceptible dams to be exposed to new-born PI calves during the risk period 

of pregnancy for generating a new PI fetus. However, the time of weaning is the most 

logistically convenient time for beef farmers to conduct sampling especially given the risk 

of injuries of calves at-foot would be an obstacle to conduct early testing and culling of PI 

beef calves (Gates, Evans, et al., 2019; Han, Weir, et al., 2018). These results indicate that 

vaccination would be the most practical and effective approach to control BVDV in the 

New Zealand beef industry unless farmers are willing to test and cull PI calves prior to the 

start of the next mating period. 

 

7.5. National BVDV elimination programmes 

In the national scale model (chapter 6), any elimination programmes that required all 

dairy farms to double-fence shared boundaries with either annual testing and culling of all 

breeding calves or annual herd-level screening tests followed by a PI hunt and all beef herds 

to vaccinate every female breeding animal before the mating period effectively reduced 

national BVDV prevalence in New Zealand with the median of benefit/cost ratios ranging 

from 1.16 to 1.80 and the time until break-even ranging from 7 to 11 years (median). 

Interestingly, this is similar to the estimated break-even points of 2 to 15 years in other 

European countries with either regional or national elimination programmes (Richter et al., 

2017). This highlights that eliminating BVDV on a national scale in New Zealand is 

technically feasible with a similar level of cost-efficiency compared with other countries 

even though the economic impact of BVDV infection on individual farms is generally 

lower in New Zealand. 
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secondary data, it was not possible to confirm whether BVDV was actively circulating on 

the 304 sampled farms. Considering that approximately half of dairy farms were 

categorised as actively infected with BVDV in the study while it has been recently 

estimated as approximately 7% (Gates, Han, et al., 2019), it would indicate that the large 

number of farms with active BVDV infection in Chapter 3 was false positive, which 

possibly drove most of coefficients of explanatory variables into the null. The survey design 

could affect the association between the explanatory and outcome variables even worse, 

since the survey captured the risk of BVDV introduction or incidence during the past 5 

years while the outcome measured the possible evidence of current BVDV persistence 

within farms. Future studies on risk factor analysis for BVDV infection should be based on 

more evident outcomes such as the confirmation of BVDV Ag or presence of PI animals. 

In Chapter 4, an approximate Bayesian computation-sequential Monte Carlo method 

was used to infer the value of model parameters that related to BVDV transmission in 

extensively grazed beef herds in New Zealand (e.g. BVDV transmission rate, initial 

proportion of BVDV seropositive animals, proportion of introduced PI animals, and day of 

PI animals being introduced) with empirical data on the seroconversion of first-calf heifers 

between two sampling events. With this relatively limited data, particularly without 

knowing how many PI animals were present in the herds, it was not possible to accurately 

estimate all unknown model parameters. Future studies should track the serological status 

of the whole herd across more sampling points to better estimate seroconversion rates. 

However, as previously highlighted, it is logistically challenging and expensive to perform 

intensive sampling in extensive New Zealand beef farms since cattle are infrequently 

handled. 

The stochastic individual-based BVDV simulation models developed in Chapter 5 were 

based on many assumptions about the demographic structure of an average dairy or beef 

farm in New Zealand as well as assumptions around the impact and cost of BVDV 

outbreaks. For example, the model assumed that beef farmers would only conduct annual 
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screening tests of breeding calves at weaning, which was not a cost-effective strategy since 

the removal of PI calves was too late to break the BVDV transmission cycle. It is possible 

that this strategy would have been more cost-effective if farmers were willing to yard and 

test calves prior to the start of the next mating period. The model results of economic 

impacts were also highly dependent on both the number of Trojan cows (i.e. non-PI dams 

carrying a PI fetus) that were introduced to seed the outbreak and the mortality rate of PI 

animals, and the value of these parameters used in this study may not accurately reflect the 

true epidemiological situation for all individual herds in New Zealand. As another future 

direction for research, it would be interesting to use longitudinal data about production 

performance, such as milk yield and live-weight gain, of individual animals with their 

BVDV infection status over time and then fit the models to more accurately predict the 

economic benefits of controlling BVDV. 

The stochastic individual-based metapopulation model developed for Chapter 6 was 

significantly limited by the lack of complete and accurate data on the demographics of 

individual cattle and cattle farms in the NAIT system as well as the lack of information on 

the true BVDV status of individual cattle. Given that the simulation model was based on 

inferred demographic structures, it is likely that the dynamics of BVDV transmission in the 

New Zealand cattle population differ in the real world. Furthermore, the cattle trade 

movements for the model were also simulated from NAIT data, which has known issues 

with underreporting of movements, particularly those involving the temporary movement 

of animals to off-site locations (Edge & Kavalali, 2018). The contribution of animal 

movements to between-farm BVDV transmission may therefore be underestimated in the 

national model, leading to a further underestimation in the cost-effectiveness of movement 

restriction as a strategy to control BVDV in New Zealand. However, it is worth noting that 

less than 9% of PI animals generated in Irish herds were attributable to cattle movements 

(Reardon et al., 2018), so it is possible that the impact of underestimated animal movements 

on national BVDV transmission in New Zealand might also be negligible. Regardless, 
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7.8. Conclusion 

BVDV is prevalent in cattle farms in New Zealand, and its economic impacts including 

direct and indirect losses and current expenses for voluntary controls on the whole cattle 

industries are believed to be significant. To propose cost-effective national BVDV control 

programmes for elimination of the disease, the studies in this thesis analysed the risk factors 

for BVDV infection and estimated the within-herd BVDV transmission rate to better 

understand the epidemiology of BVDV in the New Zealand cattle industries. Also, the 

direct losses of a BVDV outbreak and cost-effectiveness of BVDV control in New Zealand 

dairy and beef breeding farms were measured to address the economic knowledge gaps 

around BVDV and its control in New Zealand. Finally, it was demonstrated that some 

control programmes could substantially reduce national BVDV prevalence with attractive 

benefit/cost ratios. With these findings, this thesis delivers a key message that successful 

BVDV control is technically feasible and economically beneficial in the New Zealand 

cattle industries. 

Although these results support the technical feasibility of successful control of BVDV, 

it should be noted that, in countries where BVDV has been eliminated, the implementation 

of BVDV control programmes was initiated by farmers and their representative groups 

(Lindberg et al., 2006). Thus, elimination of BVDV in New Zealand will not be achievable 

without the compliance and cooperation of farmers and industry stakeholders. Eliciting 

support for national BVDV control programmes from farmers and industry stakeholders is 

likely to be a challenging task given the current low uptake of voluntary control measure 

among New Zealand farmers. Therefore, I sincerely hope the findings of this thesis ignite 

farmers, veterinarians, and stakeholders to further engage in discussions about the value 

and achievability of national BVDV elimination in the New Zealand farming context. 
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Appendix 1 

Section 1. Original survey form 
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Appendix 2 

Section 1. A copy of survey administered to New Zealand beef breeding farmers. 
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