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ABSTRACT

Bovine viral diarrhea virus (BVDV) infection has a 
major effect on the health of cows and consequently on 
herd performance. Many countries have implemented 
control or eradication programs to mitigate BVDV in-
fection and its negative effects. These negative effects 
of BVDV infection on dairy herds are well documented, 
but there is much less information about the effects of 
new introduction of BVDV on dairy herds already par-
ticipating in a BVDV control program. The objective of 
our study was to investigate the effect of a new BVDV 
introduction in BVDV-free herds participating in the 
Dutch BVDV-free program on herd performance. Lon-
gitudinal herd-level surveillance data were combined 
with herd information data to create 4 unique data 
sets, including a monthly test-day somatic cell count 
(SCC) data set, annual calving interval (CIV) and cull-
ing risk (CR) data sets, and a quarterly calf mortality 
rate (CMR) data set. Each database contained 2 types 
of herds: herds that remained BVDV free during the 
whole study period (defined as free herds), and herds 
that lost their BVDV-free status during the study pe-
riod (defined as breakdown herds). The date of losing 
the BVDV-free status was defined as breakdown date. 
To compare breakdown herds with free herds, a random 
breakdown date was artificially generated for free herds 
by simple random sampling from the distribution of the 
breakdown month of the breakdown herds. The SCC 
and CIV before and after a new introduction of BVDV 
were compared through linear mixed-effects models 
with a Gaussian distribution, and the CR and CMR 
were modeled using a negative binomial distribution in 
generalized linear mixed-effects models. The explana-

tory variables for all models included herd type, BVDV 
status, year, and a random herd effect. Herd size was 
included as an explanatory variable in the SCC, CIV, 
and CMR model. Season was included as an explanatory 
variable in the SCC and CMR model. Results showed 
that free herds have lower SCC, CR, CMR, and shorter 
CIV than the breakdown herds. Within the breakdown 
herds, the new BVDV introduction affected the SCC 
and CMR. In the year after BVDV introduction, the 
SCC was higher than that in the year before BVDV 
introduction, with a factor of 1.011 [2.5th to 97.5th 
percentile (95% PCTL): 1.002, 1.020]. Compared with 
the year before BVDV breakdown, the CMR in the 
year of breakdown and the year after breakdown was 
higher, with factors of 1.170 (95% PCTL: 1.120; 1.218) 
and 1.096 (95% PCTL: 1.048; 1.153), respectively. This 
study reveals that a new introduction of BVDV had a 
negative but on average relatively small effect on herd 
performance in herds participating in a BVDV control 
program.
Key words: bovine viral diarrhea virus, control 
program, somatic cell count, calving interval, culling

INTRODUCTION

Bovine viral diarrhea is endemic in many cattle-raising 
countries around the world (Houe, 1995; Pinior et al., 
2019). The disease is caused by an infection with bovine 
viral diarrhea virus (BVDV), which results in diverse 
clinical manifestations, such as fever, reproductive dys-
functions, congenital defects, growth retardation, and 
death (Baker, 1995; Houe, 2003; Khodakaram-Tafti 
and Farjanikish, 2017). Through these manifestations, 
BVDV infection negatively affects the productivity and 
economic benefits of dairy herds (Richter et al., 2017).

It is well established that BVDV infection causes 
poor herd performance, resulting in decreased udder 
health, premature culling, extended calving intervals 
(CIV), and increased mortality among cows and calves 
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(Baker, 1995; Houe, 1995; Gunn et al., 2005; Richter et 
al., 2017). The bulk tank milk SCC in BVDV-infected 
herds is higher than in uninfected herds (Laureyns et 
al., 2013; Tschopp et al., 2017), ranging from 6,000 
to 27,000 cells/mL (Lindberg and Emanuelson, 1997; 
Beaudeau et al., 2005; Laureyns et al., 2013). The CIV 
of the BVDV-infected herd was found to be 7 to 9 d 
longer than that of uninfected herds (Niskanen et al., 
1995; Burgstaller et al., 2016), whereas a nonsignifi-
cant difference in the CIV between the BVDV-infected 
and uninfected herds was found (Berends et al., 2008; 
Tschopp et al., 2017). The time to first calving is 14 
to 16 d longer in herds seroconverted to BVDV (Valle 
et al., 2001). Some studies show that the incidence of 
premature culling in clinical cases of BVDV infection 
is between 2% and 11% (Pritchard et al., 1989; David 
et al., 1994; Bennett et al., 1999), whereas others find 
little evidence of an increased culling rate due to BVDV 
infection (Gates et al., 2013; Pinior et al., 2019). The 
calf mortality rate (CMR) in BVDV seropositive herds 
is 3 to 7 percentage points higher than that in negative 
herds (Ersbøll et al., 2003; Gates et al., 2013).

Many European countries and regions have imple-
mented control or eradication programs to reduce the 
prevalence of BVDV and related direct losses (Lindberg 
et al., 2006; Santman-Berends et al., 2017; Evans et 
al., 2019; van Roon et al., 2020). In the Netherlands, a 
voluntary BVDV-free program was launched in 1997, 
and with success: the number of BVDV-free herds in-
creased and the new BVDV circulation in these herds 
declined (van Duijn et al., 2019). The percentage of 
dairy herds with BVDV-free or BVDV-unsuspected 
status increased from 29% in 2011 to 65% in 2018 (GD 
Animal Health, 2011, 2018). The percentage of dairy 
herds with recent BVDV circulation dropped from 
19.6% in 2009–2010 to 8.7% in 2015–2016 (GD Animal 
Health, 2011, 2018). To further reduce BVDV infection 
and improve animal health and welfare in Dutch dairy 
herds, the compulsory national BVDV control program 
was formally introduced on April 1, 2018 (ZuivelNL, 
2020). In the second quarter of 2020, 81% of dairy 
herds had a BVDV-free or BVDV-unsuspected status 
(GD Animal Health, 2020).

Successful BVDV control programs are characterized 
by a low rate of new introductions of BVDV. The prob-
ability of new viral introduction in a herd after previous 
eradication is particularly important when determining 
the direct loss due to BVDV and assessing the effi-
ciency of biosecurity measures in the BVDV control 
program (Lindberg et al., 2006; Stott et al., 2010). For 
herds participating in a BVDV control (or surveillance) 
program, it is possible to detect the BVDV circula-
tion earlier, which may prevent further outbreaks and 

reduce the negative effects. However, the effect of new 
introduction of BVDV on herd performance (e.g., ud-
der health, reproduction, culling, calf mortality) in a 
BVDV control program has not been quantified before.

The objective of our study was to investigate the effect 
of a new BVDV introduction on herd performance [i.e., 
SCC, CIV, culling risk (CR), and CMR] in BVDV-free 
herds participating in the Dutch BVDV-free program.

MATERIALS AND METHODS

Data Collection

Two data sets were collected to quantify the effect 
of new BVDV introduction on the SCC, CIV, CR, and 
CMR of dairy herds. The first data set consists of lon-
gitudinal herd-level BVDV status data and was previ-
ously described in Veldhuis et al. (2018) and Yue et 
al. (2021b). The BVDV status data set includes 4,334 
dairy herds that participated in the Dutch BVDV-
free program between September 4, 2006, and June 
15, 2016. Figure 1 shows the 3 phases that make up 
the BVDV-free program procedure. Phase I is the test 
and cull phase. If no newborn calves test positive for 
BVDV for 10 consecutive months, the herd is certified 
as BVDV free and enters the monitoring phase (phase 
II). If BVDV is detected during phase II, the dairy herd 
loses its BVDV-free certificate and enters the removal 
phase for persistently infected (PI) animals (phase III). 
Two important dates in the BVDV-free program are 
the date on which a herd is certified as BVDV free 
(i.e., when the herd enters phase II), the so-called free 
date; and the date on which a herd loses its BVDV-free 
certificate (i.e., when the herd enters phase III), the so-
called breakdown date. A herd that is certified BVDV 
free and stays in phase II until the end of the study 
period is defined as a free herd. A herd entering phase 
III is defined as a breakdown herd (Figure 1). The 
BVDV status data set also includes CMR records from 
January 1, 2011, to June 30, 2016 (i.e., the number of 
ear-tagged calves up to 1 yr old that are reported dead 
in a quarter, divided by the number of calf-quarters at 
risk during that same time period; the calf-quarters at 
risk is calculated by taking the number of calves per 
mo, and then averaging that to a number per quarter).

The second data set includes herd information and 
was obtained from CRV (Cattle Improvement Coop-
erative, Arnhem, the Netherlands), including herd-level 
monthly or annual records of 20,796 Dutch dairy herds 
between January 1, 2007, and December 31, 2016. The 
monthly test-day records contain information on av-
erage cow SCC and the number of cows sampled for 
SCC on that test day. The annual records include the 
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number of removed and present cows, the average CIV, 
and the number of cows used to calculate the average 
CIV. No animals were used in this study, so there is no 
experimental protocol that needs to be approved.

Data Editing

Four different data sets (for SCC, CIV, CR, and 
CMR) were created. The detailed data editing process 
of each data set is provided in Supplemental Figure S1 
(https: / / doi .org/ 10 .17026/ dans -2zc -7w88, Yue et al., 
2021a). For the SCC, CIV, and CR data sets, the herd 
information was merged with the BVDV status based 
on an anonymized unique herd number. The following 
herds were excluded: herds that quit the BVDV-free 
program before the end of the study period; herds with 
a breakdown date before January 1, 2008, or after De-
cember 31, 2014, to ensure sufficient date records be-
fore or after breakdown; herds with meaningless values 
(e.g., SCC = 0, CIV = 0, CR > 1, number of present 
cows = 0, CMR < 0) or records with missing data; and 
herds with <20 cows because they were not considered 
commercial farms. In addition, all records before the 
10-mo period before the free date (phase I) were ex-
cluded to ensure that the studied herds are indeed free 
of BVDV before its defined new introduction. Records 
earlier than 2 yr before and later than 3 yr after the 
breakdown date were not used in the statistical analy-
sis. The sample size was not calculated, and all herds 
that met the enrollment criteria were included in the 
study. The final 4 data sets include SCC data for 3,332 
Dutch dairy herds, CIV data for 3,318 herds, CR data 
for 3,262 herds, and CMR data for 3,167 herds, from 
January 1, 2007, to December 31, 2016 (for CMR data 
set, from January 1, 2011, to June 30, 2016). The SCC 
data set comprises information on 234,367 monthly test 
days. The CIV and CR data set contain 23,231 and 
23,431 annual records, respectively. The CMR data set 
consisted of 62,721 quarterly records.

Statistical Analysis

Descriptive statistics were performed on SCC, CIV, 
CR, and CMR for both breakdown and free herds. To 
estimate the effect of BVDV breakdown on the herd 
performance on the breakdown herds, the herd per-
formance was compared before and after breakdown. 
To correct for other effects in the outcome besides the 
change in BVDV status, such as weather, policy, and 
management decisions, free herds were also included 
in the analysis. Random breakdown dates were gener-
ated for free herds by simple random sampling from the 
distribution of the breakdown month of the breakdown 
herds. Consequently, the changes in herd performance 
due to BVDV breakdown could be calculated by com-
paring the differences in herd performance before and 
after the breakdown date on the breakdown herds, tak-
ing into account differences in herd performance before 
and after the artificial BVDV breakdown date of the 
free herds. Data editing and analysis were conducted in 
R version 3.5.0 (R Core Team, 2018).

Somatic Cell Count. The effect of BVDV break-
down on SCC was analyzed per year and per quarter. 
For the former, the 2 yr before and 3 yr after BVDV 
breakdown were taken into account. A linear mixed-
effects model was applied as follows:

ln
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For herd i ∈ 1 3 332, ,    ,…{ }  and test-day 

j ∈ …{ }01 01 2007 12 31 2016/ / , , / / ,  where SCCij is the 
average SCC per cow on test day j of herd i, in units of 
1,000 cells/mL. Because of the right skewed distribu-
tion of the SCC value, it was natural log-transformed. 
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Figure 1. Three phases of the bovine viral diarrhea virus (BVDV)-free program in the Netherlands and the definition of free herds and 
breakdown herds. A breakdown herd lost its BVDV-free status during the study period, and a free herd remained BVDV free during the whole 
study period.

https://doi.org/10.17026/dans-2zc-7w88
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BH_FHi is a dummy variable that represents herd type 
(breakdown herd or free herd). BVDV statusij is a de-
fined categorical variable, which indicates the BVDV 
status of herd i on test day j. BVDV statusij was defined 
based on the BVDV breakdown date (real and artifi-
cial) and consists of 5 categories: 2 yr before breakdown, 
1 yr before breakdown, 1 yr after breakdown, 2 yr after 
breakdown, and 3 yr after breakdown. The 1 yr before 
breakdown category was used as the reference category. 
The effect of BVDV introduction on SCC within the 
breakdown herd can be explained by the coefficients of 
the interaction term BH_FH × BVDV status in the 
model results. No. of animalsij is the number of cows 
sampled on the test day for SCC. Yearij (2007–2016) is 
a categorical variable that corrects for variation in SCC 
across different calendar years, with 2007 as the refer-
ence year. Seasonij is a categorical variable defined as 
spring (March–May), summer (June–August, reference 
category), autumn (September–November), and winter 
(December to next February). In the Netherlands, dairy 
farms have a year-round calving pattern (Derks et al., 
2013); thus, the effect of the time of BVDV introduc-
tion on the seasonal calving system was not considered. 
µherd(i) refers to the random herd effect in the ith herd 
that takes into account repeated measures within one 
herd (Dohoo et al., 2003). Further, the errors ε1j,..., ε3,332j 
are assumed to be independent with ~ , ,N 0 σ2( )  where 

σ2  is the variance component. Maximum likelihood 
estimates of the parameters in the linear mixed model 
were determined using the lmer function in the lme4 
package for R (Bates et al., 2015).

For the quarterly effect of BVDV breakdown on 
SCC, the model is similar, the only difference being the 
definition of the BVDV status variable. The quarterly 
analysis consisted of 5 categories representing the year 
before the BVDV breakdown date (reference category) 
and the first 4 quarters (quarter 1–quarter 4) of the 
year after BVDV breakdown.

The process of generating the random breakdown 
date and fitting the annual and quarterly SCC models 
was iterated 200 times, as were the models of the other 
studied parameters. Two hundred iterations were con-
sidered sufficient when the differences between the av-
erage transformed coefficients of the first 100 iterations 
and those of the last 100 iterations were less than 0.01. 
To include the uncertainty of generating the random 
artificial breakdown date for the free herds, a random 
breakdown date for the free herds was generated within 
each iteration. In addition, each iteration included a 
data editing step before running the model to ensure 
that all studied herds have data on the year before and 
the year after BVDV breakdown. The modeling results 
for each of the 200 iterations were combined to provide 

a final outcome, which included the mean, standard 
deviation, and 2.5th to 97.5th percentile (95% PCTL) 
of the natural exponential transformed coefficients of 
the 200 iterations. As the artificial breakdown date 
generated for free herds in each iteration is random, 
the significance of the model results was indicated by 
the summary of coefficients of 200 iterations instead 
of the P-value of each iteration. This 95% PCTL can 
inform the decision to (not) reject the hypothesis about 
a systematic increase or decrease of SCC or other herd 
performance variables. The normal distribution of the 
residuals of one iteration of the linear mixed model out-
come was evaluated by visual inspection. The perfor-
mance of the model was checked using the check_model 
function in R package performance (Lüdecke et al., 
2019). The conditional R2, which indicates how much 
the model variance is explained by both fixed and ran-
dom factors (Nakagawa and Schielzeth, 2013), was also 
calculated with the performance package.

Calving Interval. As CIV data are available per 
year, the effect of a new BVDV introduction on CIV 
was analyzed per year as well. In line with the SCC 
model, a linear mixed-effects model was applied to the 
CIV analysis, and specific model composition and vari-
able definitions are shown in Table 1. The model-fitting 
procedure was the same as the SCC model. The model-
ing results were summarized with the mean, standard 
deviation, minimum, maximum, and 95% PCTL of the 
natural exponential transformed coefficients of the 200 
iterations.

Culling Risk. Culling risk is available per year, so 
the effect of new introduction of BVDV on CR was 
analyzed per year. The herd-level CR was estimated 
using negative binomial distribution, and a logit-link 
function was used in a generalized linear mixed-effects 
model:

CullingRisk BH FH BVDV status
BH FH BVDV

ik i ik

i

_
( _

= + +

+ ×

β β β

β
0 1 2

3 sstatus Year uik ik ik) .+ +β4 Z

 [2]

For herd i ∈ …{ }1 3 262, , ,  and year k ∈ …{ }2007 2016, , ,  
where Culling Riskik was calculated by dividing the 
number of removed cows by the number of present cows 
on year k of herd i. The definition of explanatory vari-
ables BH_FHi, BVDV statusik, and Yearik is shown in 
Table 1. The random herd effect is uik and Z is the de-
sign matrix for the random part of the model (Dohoo 
et al., 2003). The random herd effect was assumed to be 
normally distributed. Maximum likelihood estimates of 
the parameters in the generalized linear mixed model 
were determined using the glmmTMB function in the 
glmmTMB package for R (Magnusson et al., 2017). 
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The model-fitting procedure was the same as for the 
SCC model. Overdispersion of the model was checked 
using the testDispersion function in the DHARMa 
package (Hartig and Hartig, 2017). The theoretical 
conditional R2 that can be used for the binomial distri-
bution was calculated with the r.squaredGLMM func-
tion in package MuMIn (Barton and Barton, 2019). 
The intercept term was transformed back to the prob-
ability, and the modeling results of fixed variables were 
summarized in the same way as for the CIV model.

Calf Mortality Rate. The CMR data were recorded 
quarterly; thus, the effect of a new BVDV introduction 
on CMR was analyzed per year and per quarter. A gen-
eralized linear mixed-effects model was applied (Table 
1). The calf mortality data were fitted to a negative 
binomial distribution. The modeling results were sum-
marized in the same way as for the CR model.

Subanalysis. Although all studied herds partici-
pated in the BVDV-free program, the antibody preva-
lence within each herd will vary, depending on when 
BVDV last circulated. The initial antibody prevalence 
can moderate the effect of BVDV introduction on herd 
performance. Therefore, a subanalysis was performed 
to determine the effect of initial BVDV antibody preva-
lence on the effects of BVDV introduction. The length 
of BVDV-free time (defined as the number of days 
between the free date and breakdown date) was used 
as an indicator of the BVDV antibody prevalence. The 
longer a herd is BVDV free, the lower the BVDV an-
tibody prevalence within the herd is. Therefore, in the 
subanalysis, only herds that had a BVDV-free status 
for more than 3 yr were included. After 3 yr of BVDV-
free status, the antibody prevalence in the herd was 
considered to be reduced to a low level (approximately 
28%, according to the control experience of infectious 
bovine rhinotracheitis in the Netherlands; Vonk Noor-
degraaf et al., 1998). The subanalysis was carried out 
for all 6 models mentioned in Table 1.

RESULTS

Descriptive Results

Table 2 presents descriptive results of the herd per-
formance (SCC, CIV, CR, and CMR) in relation to 
the BVDV status. The descriptive results show that 
the herd performance of free herds was generally better 
than of breakdown herds. The overall average SCC for 
breakdown herds and free herds was 198,000 cells/mL 
(SD ± 87,000) and 187,000 cells/mL (SD ± 87,000), 
respectively. The overall average CIV of cows in break-
down herds was on average 3 d longer than in free herds. 
The overall average CR in breakdown herds was 23.5% 
(SD ± 8.4%), which was 0.3 percentage points higher 
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than in free herds. The average CMR in breakdown 
herds was 0.44 percentage points higher than that in 
free herds. In addition, within the breakdown herds, 
SCC, CIV, CR, and CMR differed by years before or 
after BVDV breakdown.

Somatic Cell Count

Table 3 shows the summarized results of the SCC 
analysis. Figure 2a compares SCC in relation to BVDV 

breakdown in breakdown herds and free herds. Figure 
3a presents the results of the quarterly analysis. In 
the annual analysis, the SCC for breakdown herds was 
1.008 (95% PCTL: 1.000; 1.017) times higher than in 
free herds. The interaction term BH_FH × BVDV sta-
tus indicated the effect of BVDV introduction on SCC 
within the breakdown herds. In the year after BVDV 
breakdown, the SCC was 1.011 (95% PCTL: 1.002; 
1.020) times higher than in the year before BVDV 
breakdown. The SCC decreased by a factor of 0.997 

Yue et al.: NEW BOVINE VIRAL DIARRHEA VIRUS INTRODUCTION

Table 3. Summarized natural exponentiated regression coefficients of the linear mixed-effects model with 200 iterations for the effects of bovine 
viral diarrhea virus (BVDV) breakdown on SCC (1,000 cells/mL) per cow in 703 breakdown herds1 and 2,629 free herds1 in the Netherlands

Effect  Category

Exponent2 of estimated coefficients

Annual analysis

 

Quarterly analysis

Mean SD 95% PCTL3 Mean SD 95% PCTL

SCC intercept4   196 2 192; 200 198 3 192; 202
BH_FH1  Free herd Referent      

 Breakdown herd 1.008 0.005 1.000; 1.017 1.010 0.004 1.002; 1.019
No. of animals5   1.001 0.000 1.000; 1.001 1.000 0.000 1.000; 1.001
BVDV status  1 yr before breakdown Referent      

 2 yr before breakdown 1.000 0.006 0.990; 1.012 — — —
 1 yr after breakdown 0.995 0.005 0.987; 1.004 — — —
 2 yr after breakdown 0.993 0.007 0.980; 1.006 — — —
 3 yr after breakdown 0.989 0.008 0.975; 1.004 — — —
 Q1 after breakdown6 — — — 0.996 0.006 0.985; 1.007
 Q2 after breakdown6 — — — 0.995 0.007 0.982; 1.008
 Q3 after breakdown6 — — — 0.995 0.006 0.983; 1.008
 Q4 after breakdown6 — — — 0.996 0.007 0.984; 1.010

BH_FH × BVDV 
 status

 BH_FH × 1 yr before breakdown Referent      
 BH_FH × 2 yr before breakdown 1.007 0.005 0.996; 1.016 — — —
 BH_FH × 1 yr after breakdown 1.011 0.004 1.002; 1.020 — — —
 BH_FH × 2 yr after breakdown 0.997 0.006 0.985; 1.008 — — —
 BH_FH × 3 yr after breakdown 1.018 0.006 1.006; 1.029 — — —
 BH_FH × Q1 after breakdown — — — 1.007 0.006 0.996; 1.019
 BH_FH × Q2 after breakdown — — — 1.014 0.007 1.001; 1.027
 BH_FH × Q3 after breakdown — — — 1.005 0.006 0.993; 1.018
 BH_FH × Q4 after breakdown — — — 1.300 0.006 0.038; 2.460

Year  2007 Referent      
 2008 1.050 0.007 1.036; 1.064 1.039 0.007 1.021; 1.060
 2009 1.031 0.008 1.015; 1.046 1.022 0.008 1.001; 1.044
 2010 1.038 0.009 1.021; 1.055 1.036 0.008 1.013; 1.061
 2011 0.976 0.009 0.958; 0.993 0.981 0.009 0.957; 1.007
 2012 0.833 0.009 0.815; 0.849 0.837 0.008 0.811; 0.859
 2013 0.826 0.010 0.807; 0.845 0.824 0.009 0.795; 0.850
 2014 0.853 0.012 0.830; 0.875 0.840 0.011 0.814; 0.868
 2015 0.803 0.013 0.776; 0.825 0.783 0.012 0.742; 0.817
 2016 0.819 0.015 0.788; 0.848 — — —

Season7  Summer Referent      
 Autumn 0.939 0.002 0.936; 0.942 0.937 0.003 0.931; 0.943
 Winter 0.878 0.002 0.875; 0.882 0.883 0.003 0.877; 0.889
 Spring 0.887 0.002 0.884; 0.890 0.894 0.003 0.888; 0.899

Conditional R2 (%)   36.60 0.45 35.80; 37.50 38.50 0.65 37.30; 39.80
1A dummy variable indicating herd status [breakdown herd (BH) or free herd (FH)]. A breakdown herd lost its BVDV-free status during the 
study period; a free herd remained BVDV free during the whole study period.
2The natural exponentiated regression coefficient (except for the intercept term) is the ratio between the mean level of a specific category and 
the mean level of the reference category.
32.5th percentile to 97.5th percentile of the parameter estimate.
4The geometric mean of SCC.
5Number of cows sampled on the test day for SCC.
6Q1, Q2, Q3, and Q4 = the first, second, third, and fourth quarter following the BVDV breakdown date.
7Spring (March–May), summer (June–August), autumn (September–November), and winter (December to next February).
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(95% PCTL: 0.985; 1.008) in the second year after 
BVDV breakdown. In the quarterly analysis, the SCC 
increased mainly in the second quarter after BVDV 
breakdown, with a factor of 1.014 (95% PCTL: 1.001; 
1.027). Both the annual and quarterly analysis indi-
cated that BVDV introduction has negative effects on 
SCC in breakdown herds.

Calving Interval

Table 4 shows the summarized modeling results for 
the CIV analysis. Figure 2b compares the CIV in rela-
tion to the BVDV breakdown in breakdown herds and 
free herds. The CIV in breakdown herds was 1.005 (95% 
PCTL: 1.003; 1.007) times higher than in free herds. 
Within the breakdown herds, there was no significant 
change in the average CIV, whether in the year of the 
breakdown (mean ratio 1.000, 95% PCTL: 0.998; 1.002) 
or in the first 2 yr after BVDV breakdown.

Culling Risk

Table 5 shows the modeling results for the CR analy-
sis. Figure 2c compares the CR in relation to BVDV 
breakdown in breakdown and free herds. The mean 
intercept of CR was 20.4%, and the CR in breakdown 

herds was on average 1.020 (95% PCTL: 1.001; 1.040) 
times higher than in free herds. For the breakdown 
herds, the CR in the year of breakdown was lower than 
in the year before BVDV breakdown, with a factor of 
0.972 (95% PCTL: 0.949; 0.996). There was no signifi-
cant effect of BVDV introduction on CR in the 2 yr 
after breakdown.

Calf Mortality Rate

Table 6 shows the annual and quarterly modeling 
results for the CMR analysis. Figure 2d compares the 
CMR in relation to BVDV breakdown in breakdown 
and free herds. Figure 3b presents the results of the 
quarterly analysis. The mean intercept of CMR in an-
nual and quarterly results was 1.34% and 1.30%, re-
spectively, and the CMR in the breakdown herds was 
on average 1.105 (95% PCTL: 1.062; 1.150) and 1.265 
(95% PCTL: 1.231; 1.292) times higher than in free 
herds, respectively. For the annual analysis results, the 
CMR in the year of the breakdown and the year after 
BVDV breakdown was 1.170 (95% PCTL: 1.120; 1.218) 
and 1.096 (95% PCTL: 1.048; 1.153) times higher than 
the year before BVDV breakdown, respectively. In the 
quarterly modeling results, the CMR increased in the 
first and third quarter after BVDV breakdown, which 

Yue et al.: NEW BOVINE VIRAL DIARRHEA VIRUS INTRODUCTION

Figure 2. Effect of new introduction of bovine viral diarrhea virus (BVDV) on average cow SCC (a), calving interval (CIV; b), culling risk 
(CR; c), and calf mortality rate (CMR; d) for breakdown herds and free herds in the Netherlands. A breakdown herd lost its BVDV-free status 
during the study period, and a free herd remained BVDV free during the whole study period. Year 0 is not defined in the SCC analysis, and 
therefore there is no Y value. For SCC analysis, the BVDV status corresponding to the monthly SCC records was defined according to the 
breakdown date. In other analyses (CIV, CR, CMR), the BVDV status corresponding to the yearly or quarterly records was defined according 
to the breakdown year.
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was on average 1.070 (95% PCTL: 1.009; 1.134) and 
1.108 (95% PCTL: 1.048; 1.179) times higher than the 
CMR in the year before BVDV breakdown, respec-
tively. In the second and fourth quarter, the CMR was 
on average 0.941 (95% PCTL: 0.890; 0.991) and 0.824 
(95% PCTL: 0.768; 0.889) times lower than the CMR 
in the year before BVDV breakdown, respectively. Both 
the annual and quarterly analysis indicate that BVDV 
introduction has a negative effect on CMR in break-
down herds.

Subanalysis

The subanalysis comprised herds that were BVDV 
free for more than 3 yr. The descriptive results and 
estimates of the subanalysis for all 6 models are listed 
in Supplemental Tables S1, S2, and S3 (https: / / doi 
.org/ 10 .17026/ dans -2zc -7w88, Yue et al., 2021a). For 
the subanalysis of SCC, the SCC in breakdown herds 
in the first, second, and third year after BVDV break-
down was 1.021 (95% PCTL: 1.010; 1.032), 1.013 (95% 
PCTL: 1.002; 1.023), and 1.042 (95% PCTL: 1.033; 

1.053) times higher than in the year before BVDV 
breakdown, respectively. The results show that, com-
pared with the SCC for all studied herds, the SCC in 
herds that had the BVDV-free status for more than 3 yr 
increased more after BVDV introduction. The average 
CIV of breakdown herds in the first and second year 
after breakdown was 1.005 (95% PCTL: 1.003; 1.007) 
and 1.003 (95% PCTL: 1.001; 1.005) times the aver-
age CIV in the year before BVDV breakdown in the 
subanalysis, respectively. Compared with the effect of 
BVDV introduction on the average CIV of all studied 
herds, BVDV introduction had a larger effect on the 
average CIV in herds that had a longer BVDV-free sta-
tus. The subanalysis of the CR model showed that after 
BVDV introduction the reduction in CR was higher 
than in the overall analysis. In the year of breakdown, 
the CR in breakdown herds was 0.941 (95% PCTL: 
0.922; 0.961) times lower than in the year before break-
down. The CMR of breakdown herds increased with 
a factor of 1.223 (95% PCTL: 1.158; 1.280) and 1.156 
(95% PCTL: 1.094; 1.224) in the year of breakdown 
and the year after breakdown, respectively, compared 
with the CMR in the year before BVDV breakdown. 
Similar to the other parameters (i.e., SCC, CIV), the 
estimated negative effects of BVDV introduction on 
CMR increased for herds which were BVDV free for a 
longer time period.

DISCUSSION

The effect of a new BVDV introduction on herd per-
formance was quantified by examining SCC, CIV, CR, 
and CMR in Dutch dairy herds participating in the 
BVDV-free program. This study combined the herd-
level BVDV surveillance data and herd performance 
information from January 1, 2007, to December 31, 
2016. Both descriptive and multivariable model results 
show that BVDV-free herds perform better than break-
down herds. Free herds had lower SCC, CR, CMR, and 
shorter CIV. For the breakdown herds, our results indi-
cate that a new BVDV introduction has a negative, but 
on average relatively small, effect on herd performance 
(mainly on SCC and CMR) in dairy herds participating 
in the BVDV control program.

The effect of BVDV infection on SCC is smaller in 
our study than in other studies. Beaudeau et al. (2005) 
and Laureyns et al. (2013) reported that the SCC in 
BVDV-infected herds was 6,000 to 31,400 cells/mL 
higher than in noninfected herds. A possible explana-
tion for the smaller effect of BVDV infection in our 
findings might be that all the studied herds in our 
study participated in the BVDV-free program. The 
studied herds were able to detect BVDV infection at 
an early stage. Moreover, in the BVDV-free program, 

Yue et al.: NEW BOVINE VIRAL DIARRHEA VIRUS INTRODUCTION

Figure 3. Effect of new introduction of bovine viral diarrhea virus 
(BVDV) on average cow SCC (a) and calf mortality rate (CMR; b) for 
breakdown herds and free herds in the first year after breakdown in the 
Netherlands. A breakdown herd lost its BVDV-free status during the 
study period, and a free herd remained BVDV free during the whole 
study period. Q1 = first quarter; Q2 = second quarter; Q3 = third 
quarter; Q4 = fourth quarter.

https://doi.org/10.17026/dans-2zc-7w88
https://doi.org/10.17026/dans-2zc-7w88
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they were obligated to detect and cull the PI animals, 
so as to prevent more susceptible animals from being 
infected (and subsequent increase in cow SCC). These 
activities most probably will lead to relatively small ef-
fects of BVDV infections on herd performance. Another 
possible explanation for the smaller effect in our results 
is that previous studies were mostly cross-sectional 
studies and evaluated the effect of BVDV infection by 
comparing SCC in herds with different BVDV status. 
Few studies have investigated changes in SCC within 
BVDV-infected herds. Tschopp et al. (2017) assessed 
the effect of BVDV eradication on bulk milk SCC in 
Swiss dairy farms by matching case herds with more 
than one PI animal with control herds free of BVDV. 
After the eradication of BVDV, bulk milk SCC in case 
herds showed a slight decrease (Tschopp et al., 2017). 
However, other studies did not find a significant as-
sociation between bulk milk SCC and BVDV status of 
the herd (Waage et al., 1994; Heuer et al., 2007; Rola 

et al., 2014; Shafaei Novdeh et al., 2020). The effect of 
BVDV introduction on SCC in our study mainly ap-
peared in the first year after introduction, and this is in 
accordance with the findings of Beaudeau et al. (2005) 
and Laureyns et al. (2013).

Another finding is that CMR in breakdown herds 
increased significantly after a new BVDV introduction. 
These results are in accordance with previous studies 
indicating that BVDV infection attributes to mortality 
in young stock (Houe and Meyling, 1991; Bennett et 
al., 1999; Diéguez et al., 2009; Graham et al., 2013). 
However, the effect of BVDV infection on CMR found 
in our study is smaller than previous studies. Ersbøll 
et al. (2003) and Gates et al. (2013) reported that the 
CMR in herds affected with BVDV was 3.05 to 7.3 
percentage points (calculated to be 1.47 to 2 times) 
higher than in herds free from BVDV. One possible 
reason for the difference in results is the fact that herds 
in our study can detect virus circulation and cull PI 
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Table 4. Summarized exponentiated regression coefficients of the linear mixed-effects model with 200 iterations for the annual effect of bovine 
viral diarrhea virus (BVDV) breakdown on average calving interval (CIV; d) per cow in 706 breakdown herds1 and 2,612 free herds1 in the 
Netherlands

Effect  Category

Exponent2 of estimated coefficients

Mean SD Minimum 95% PCTL3 Maximum

CIV intercept4   420 1 420 420; 420 424
BH_FH1  Free herd Referent     

 Breakdown herd 1.005 0.001 1.003 1.003; 1.007 1.008
No. of animals5   1.000 0.000 1.000 1.000; 1.000 1.000
BVDV status  1 yr before breakdown Referent     
  2 yr before breakdown 1.000 0.001 0.996 0.997; 1.002 1.004
  Year of breakdown 1.000 0.001 0.996 0.997; 1.002 1.003
  1 yr after breakdown 0.999 0.001 0.996 0.997; 1.002 1.003
  2 yr after breakdown 0.999 0.002 0.995 0.996; 1.003 1.004
  3 yr after breakdown 0.999 0.002 0.993 0.995; 1.003 1.004
BH_FH × BVDV 
 status

 BH_FH × 1 yr before breakdown Referent     

  BH_FH × 2 yr before breakdown 0.998 0.001 0.995 0.996; 1.001 1.002
  BH_FH × year of breakdown 1.000 0.001 0.997 0.998; 1.002 1.003
  BH_FH × 1 yr after breakdown 1.001 0.001 0.998 0.999; 1.003 1.004
  BH_FH × 2 yr after breakdown 1.001 0.001 0.997 0.998; 1.003 1.005
  BH_FH × 3 yr after breakdown 0.998 0.001 0.994 0.996; 1.000 1.001
Year  2007 Referent     

 2008 1.007 0.001 1.004 1.005; 1.008 1.010
 2009 1.013 0.001 1.009 1.010; 1.015 1.016
 2010 1.002 0.001 0.998 0.999; 1.005 1.006
 2011 1.006 0.002 1.000 1.002; 1.009 1.010
 2012 1.006 0.002 1.001 1.002; 1.010 1.011
 2013 1.005 0.002 0.999 1.001; 1.010 1.012
 2014 0.999 0.003 0.992 0.994; 1.005 1.007
 2015 0.999 0.003 0.991 0.992; 1.005 1.007
 2016 0.993 0.004 0.984 0.986; 0.999 1.002

Conditional R2 (%)   68.90 0.51 67.70 67.90; 69.90 70.10
1A dummy variable indicating herd status [breakdown herd (BH) or free herd (FH)]. A breakdown herd lost its BVDV-free status during the 
study period, and a free herd remained BVDV free during the whole study period.
2The natural exponentiated regression coefficient (except for the intercept term) is the ratio between the mean level of a specific category and 
the mean level of the reference category.
32.5th percentile to 97.5th percentile of the parameter estimate.
4The geometric mean of average CIV.
5Number of cows used to calculate the average CIV.
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animals more quickly. In addition, a different definition 
of CMR was used in our study. In the studies by Ersbøll 
et al. (2003) and Gates et al. (2013), annual rather 
than quarterly CMR data were used. The annual CMR 
is higher than the quarterly CMR (Santman-Berends 
et al., 2014, 2019). We used quarterly CMR data in 
our analysis to determine the short-term effects of new 
BVDV introductions.

The effect of a new introduction of BVDV on CIV was 
only statistically significant (95% PCTL > 1 or < 1) for 
herds that had been BVDV free for at least 3 yr, as was 
shown in the subanalysis. Prior studies had conflicting 
results. Valle et al. (2001), Berends et al. (2008), and 
Gates et al. (2013) found no apparent effects; however, 
other studies observed a longer CIV (ranging from 7 
to 9 d) as a consequence of BVDV infection (Niskanen 
et al., 1995; Burgstaller et al., 2016). These different 
results may be due to the heterogeneity of the studied 
herds. In our study, herds that had been BVDV free for 
a longer time period had more susceptible cows. When 

BVDV was introduced into these herds, more naive 
cows could be transiently infected. This may further 
lead to increased abortion rates, decreased conception 
rates, increased early embryonic deaths, and so on 
(Houe et al., 1993; Berends et al., 2008; Burgstaller et 
al., 2016), resulting in an extended average CIV.

The CR was lower in breakdown herds in the year 
when BVDV was introduced; this finding is contrary to 
previous studies which suggested that BVDV infection 
results in higher risk of culling (Bennett et al., 1999; 
Valle et al., 2001; Tiwari et al., 2005) or has no sig-
nificant effect on culling (Niskanen et al., 1995; Gates 
et al., 2013). A possible explanation may be that in 
the BVDV-free program, a new infection usually starts 
with a small number of PI animals that will be quickly 
detected and culled. Herds that are certified BVDV 
free have no PI animal (Figure 1). After obtaining the 
BVDV-free certificate, the herd enters the monitoring 
phase (phase II) and is monitored by testing 5 random-
ly selected young stock at the age of 8 to 12 mo with 
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Table 5. Summarized exponentiated regression coefficients of the generalized linear mixed-effects model (with logit-link function and negative 
binomial distribution) with 200 iterations for the annual effect of bovine viral diarrhea virus (BVDV) breakdown on culling risk (CR; %) in 700 
breakdown herds1 and 2,562 free herds1 in the Netherlands

Effect  Category

Exponent2 of estimated coefficients

Mean SD Minimum 95% PCTL3 Maximum

CR intercept4 (%)   20.4 0.4 19.8 19.9; 20.9 21.1
BH_FH1  Free herd Referent     

 Breakdown herd 1.020 0.010 0.993 1.001; 1.040 1.046
BVDV status  1 yr before breakdown Referent     

 2 yr before breakdown 1.000 0.014 0.960 0.975; 1.027 1.043
 Year of breakdown 1.001 0.014 0.964 0.975; 1.027 1.036
 1 yr after breakdown 1.004 0.015 0.965 0.980; 1.035 1.049
 2 yr after breakdown 1.004 0.017 0.968 0.972; 1.035 1.050
 3 yr after breakdown 1.005 0.019 0.958 0.968; 1.042 1.057

BH_FH × BVDV 
 status

 BH_FH × 1 yr before breakdown Referent     
 BH_FH × 2 yr before breakdown 1.001 0.014 0.959 0.975; 1.027 1.045
 BH_FH × year of breakdown 0.972 0.013 0.940 0.949; 0.996 1.010
 BH_FH × 1 yr after breakdown 0.978 0.013 0.946 0.951; 1.003 1.011
 BH_FH × 2 yr after breakdown 0.984 0.012 0.948 0.960; 1.006 1.013
 BH_FH × 3 yr after breakdown 0.954 0.013 0.913 0.931; 0.980 0.996

Year  2007 Referent     
  2008 0.943 0.011 0.917 0.921; 0.963 0.974
  2009 1.265 0.016 1.228 1.231; 1.292 1.311
  2010 1.239 0.018 1.195 1.202; 1.275 1.288
  2011 1.275 0.021 1.229 1.234; 1.315 1.331
  2012 1.163 0.022 1.113 1.123; 1.204 1.218
  2013 1.009 0.022 0.957 0.968; 1.050 1.059
  2014 1.224 0.029 1.147 1.168; 1.279 1.292
  2015 1.045 0.028 0.981 0.994; 1.096 1.112
  2016 1.163 0.037 1.055 1.097; 1.232 1.261
Conditional R2 (%)   71.70 0.34 70.80 71.10; 72.50 72.70
1A dummy variable indicating herd status [breakdown herd (BH) or free herd (FH)]. A breakdown herd lost its BVDV-free status during the 
study period; a free herd remained BVDV free during the whole study period.
2The natural exponentiated regression coefficient (except for the intercept term) is the ratio between the mean level of a specific category and 
the mean level of the reference category.
32.5th percentile to 97.5th percentile of the parameter estimate.

4The intercept was transformed back to the probability by using the equation p Intercept
exp

( ) = ( )
+ ( )

β
β

0

01 exp
.
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an antibody ELISA every 6 mo or testing all newborn 
calves in the herd with an antigen ELISA (Veldhuis 
et al., 2018; van Duijn et al., 2019). Furthermore, in 
49% of breakdown herds antigen-positive animals are 
detected, and only 3.87% (782/20,213) were confirmed 
as PI animals (van Duijn et al., 2019). Therefore, 
BVDV breakdown is more likely to be due to transient 
infection. Transiently infected cows will develop anti-
bodies in 2 to 3 wk after infection, which often leads 
to lifelong seropositivity, and therefore the transiently 

infected cows do not need to be culled (Houe et al., 
2006; Scharnböck et al., 2018). In addition, the few 
herds that have detected PI calves only need to cull 
a small number of PI calves. The small number of PI 
animals has only a limited effect on the annual CR of 
breakdown herds.

The main reason for the limited effects of a new 
BVDV introduction on herd performance is the effec-
tive control measures of the BVDV-free program. In 
this study, the specific reasons for the introduction of 
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Table 6. Summarized exponentiated regression coefficients of the generalized linear mixed-effects model (with logit-link function and negative 
binomial distribution) with 200 iterations for the annual effect of bovine viral diarrhea virus (BVDV) breakdown on calf mortality rate (CMR, 
%) in 327 breakdown herds1 and 2,840 free herds1 in the Netherlands

Effect  Category

Exponent2 of estimated coefficients

Annual analysis

 

Quarterly analysis

Mean SD 95% PCTL3 Mean SD 95% PCTL

CMR intercept4 (%)   1.34 0.06 1.22; 1.43 1.30 0.05 1.20; 1.38
BH_FH1  Free herd Referent   Referent   
  Breakdown herd 1.105 0.023 1.062; 1.150 1.265 0.016 1.231; 1.292
Herd size   1.001 0.000 1.001; 1.001 1.001 0.000 1.001; 1.001
BVDV status  1 yr before breakdown Referent   Referent   

 2 yr before breakdown 1.002 0.037 0.937; 1.081 — — —
 Year of breakdown 0.993 0.033 0.924; 1.047 — — —
 1 yr after breakdown 0.988 0.053 0.889; 1.093 — — —
 2 yr after breakdown 0.969 0.069 0.821; 1.089 — — —
 3 yr after breakdown 0.961 0.083 0.796; 1.106 — — —
 Q1 after breakdown5 — — — 0.995 0.030 0.936; 1.052
 Q2 after breakdown5 — — — 1.011 0.031 0.958; 1.072
 Q3 after breakdown5 — — — 1.015 0.034 0.951; 1.081
 Q4 after breakdown5 — — — 1.000 0.042 0.922; 1.078

BH_FH × BVDV 
 status

 BH_FH × 1 yr before breakdown Referent   Referent   
 BH_FH × 2 yr before breakdown 0.976 0.029 0.913; 1.034 — — —
 BH_FH × year of breakdown 1.170 0.026 1.120; 1.218 — — —
 BH_FH × 1 yr after breakdown 1.096 0.030 1.048; 1.153 — — —
 BH_FH × 2 yr after breakdown 1.034 0.026 0.987; 1.087 — — —
 BH_FH × 3 yr after breakdown 1.067 0.031 1.001; 1.131 — — —
 BH_FH × Q1 after breakdown — — — 1.070 0.030 1.009; 1.134
 BH_FH × Q2 after breakdown — — — 0.941 0.026 0.890; 0.991
 BH_FH × Q3 after breakdown — — — 1.108 0.033 1.048; 1.179
 BH_FH × Q4 after breakdown — — — 0.824 0.032 0.768; 0.889

Year  2011 Referent   Referent   
 2012 1.045 0.031 0.991; 1.113 1.071 0.022 1.027; 1.116
 2013 1.161 0.056 1.058; 1.278 1.192 0.037 1.137; 1.266
 2014 1.131 0.080 0.996; 1.307 1.130 0.046 1.041; 1.224
 2015 1.255 0.112 1.075; 1.516 1.224 0.066 1.099; 1.373
 2016 1.454 0.159 1.198; 1.811 — — —

Season6  Summer Referent   Referent   
 Autumn 1.381 0.020 1.344; 1.418 1.368 0.029 1.317; 1.430
 Winter 1.619 0.022 1.579; 1.660 1.618 0.032 1.562; 1.685
 Spring 1.476 0.020 1.439; 1.513 1.530 0.028 1.481; 1.582

Conditional R2 (%)   85.70 0.33 85.10; 86.30 86.50 0.28 85.90; 87.00
1A dummy variable indicating herd status [breakdown herd (BH) or free herd (FH)]. A breakdown herd lost its BVDV-free status during the 
study period, and a free herd remained BVDV free during the whole study period.
2The natural exponentiated regression coefficient (except for the intercept term) is the ratio between the mean level of a specific category and 
the mean level of the reference category.
32.5th percentile to 97.5th percentile of the parameter estimate.

4The intercept was transformed back to the probability by using the equation p Intercept
exp

( ) = ( )
+ ( )

β
β

0

01 exp
.

5Q1, Q2, Q3, Q4 = the first, second, third, and fourth quarter following BVDV breakdown.
6Spring (March–May), summer (June–August), autumn (September–November), winter (December to next February).
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BVDV into each herd could not be determined due to 
lack of data on this. The route on how BVDV was 
introduced can however be indirectly inferred through 
the control measures of the BVDV-free program. In 
the test and cull phase (phase I) of the BVDV-free 
program, all cattle in the herd are tested for the vi-
rus, and the detected PI animals are culled. The herd 
can be certified as BVDV free only if the virus is not 
detected in newborn calves for 10 consecutive months. 
This process ensures that there are no PI animals in 
the herd when the herd is certified as BVDV free. After 
being certified as BVDV free, the herd has to perform 
antigen ELISA tests on the purchased animals if the 
animals are purchased from a herd with a lower BVDV 
status (Veldhuis et al., 2018). This measure prevents PI 
animals from entering the lactating herd. Furthermore, 
after the BVDV breakdown, the herd needs to quickly 
test and confirm whether there are PI animals in the 
herd, and remove the PI animals (if any) to obtain 
the BVDV-free certification again. In the study of van 
Duijn et al. (2019), the average age of detected PI 
animals was 7 mo, and the 99th percentile was 16 mo. 
Hence, PI animals are already removed before entering 
the lactating herd, which prevents them from infecting 
susceptible cows and causing a negative effect on herd 
performance. Without a BVDV-free program, BVDV 
introduction may be noticed and detected when clini-
cal signs appear or when herd performance is notably 
worsened. Clearly, the effects of the new introduction 
of BVDV may have a greater negative effect on herd 
performance of dairy herds that do not participate in a 
control program. The relatively minor effects of BVDV 
introduction, as found in our study, show the value of 
BVDV surveillance. Participation in a BVDV surveil-
lance program can be seen as insurance to limit the 
negative effects of the introduction of BVDV in a free 
herd. In addition, all studied herds participated in both 
the CRV data registration and the BVDV-free pro-
gram. The overall management of such herds may be 
better compared with herds that did not participate in 
these programs (expert opinion). Therefore, the effects 
of a new BVDV introduction may be underestimated 
in this study.

In this study, the breakdown date was assumed to 
be the date of BVDV introduction. Most free herds 
(3,811/4,334) monitor their BVDV status with anti-
body tests twice a year. The exact moment of introduc-
tion of BVDV may lie somewhere before the breakdown 
date. Yue et al. (2021b) developed 4 different scenarios 
to determine which period is closest to the true period 
of BVDV spread in the herd. In the default scenario, 
the BVDV introduction date is assumed to be the same 
as the BVDV breakdown date, and in the other sce-

narios the BVDV introduction date is set at 3, 6, or 9 
mo before BVDV breakdown date. The authors showed 
that the default scenario most closely resembles the 
true period of BVDV infection. In the current study, 
the same scenarios were tested. However, the model 
results and conclusion in different scenarios were nearly 
identical; therefore, these results are not presented.

Our statistical model may have potential limitations 
due to the nature of some variables. Multicollinearity 
between the explanatory variable BVDV status and 
Year is a common issue in the annual analysis of both 
the linear mixed models (SCC and CIV) and general-
ized linear mixed models (CR and CMR). This is a 
foreseeable problem because BVDV status is a categori-
cal variable on a yearly basis (e.g., a breakdown herd 
was BVDV free in the early years and at some point 
in time changed to breakdown and kept that status 
afterward). However, due to the indispensability of 
the BVDV status and Year variables, they are both 
retained in the final model. Although multicollinearity 
could reduce the precision of the estimated coefficients, 
this will only be a problem for the collinear variables. 
The coefficient of the variable of interest, the interac-
tion item BH_FH × BVDV status, will not be affected, 
and the performance of the collinear variable BVDV 
status and Year as controls will not be impaired (Al-
lison, 2012). Furthermore, we tested the overdispersion 
in the CR model. This is a problem that often appears 
in models with count data, and influences the standard 
errors of the indices and other parameters (McCullagh 
and Nelder, 1989; Hougaard et al., 1997) rather than 
affecting the coefficients. In our study, from each itera-
tion only the coefficients are stored (not the standard 
errors) and the obtained distribution of coefficients 
was used to summarize the model results. Therefore, 
we considered that overdispersion did not affect the 
final results of the CR model. In addition, we ran the 
SCC, CIV, CR, and CMR models with the duration of 
BVDV free as a categorical variable, but the models 
did not improve, and therefore results for this analysis 
were not provided.

CONCLUSIONS

In the Dutch BVDV-free program, BVDV-free herds 
had lower SCC, CR, and CMR, and shorter CIV than 
BVDV breakdown herds. Within breakdown herds, a 
new BVDV introduction had a negative but on average 
relatively small effect on herd performance (mainly on 
SCC and CMR). The modest effect is likely due to the 
fact that within the BVDV-free program these herds 
did monitor BVDV and were obliged to detect and cull 
PI animals. Our results inform that implementing the 
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BVDV surveillance program is expected to limit the 
negative effects of BVDV introduction at the herd level 
substantially.
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