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 ABSTRACT 

 Reduced longevity of cows is an important compo-
nent of mastitis costs, and increased somatic cell count 
(SCC) early in the first lactation has been reported 
to increase culling risk throughout the first lactation. 
Generally, cows must survive beyond the first lactation 
to break even on their rearing costs. The aim of this 
research was to assess the association between SCC of 
primiparous cows at 5 to 30 days in milk (SCC1), and 
survival over a 5-y period for cows in Irish dairy herds. 
The data set used for model development was based 
on 147,458 test day records from 7,537 cows in 812 
herds. Cows were censored at their last recording if 
identified at a later date in other herds or if recorded 
at the last available test date for their herd, otherwise, 
date of disposal was taken to be at the last test date for 
each cow. Survival time was calculated as the number 
of days between the dates of first calving and the last 
recording, which was split into 50-d intervals. Data 
were analyzed in discrete time logistic survival models 
that accounted for clustering of 50-d intervals within 
cows, and cows within herds. Models were fitted in a 
Bayesian framework using Markov chain Monte Carlo 
simulations. Model fit was assessed by comparison of 
posterior predictions to the observed disposal risk for 
cows aggregated by parameters in the model. Model 
usefulness was assessed by cross validation in a separate 
data set, which contained 144,113 records from 7,353 
cows in 808 herds, and posterior predictions were com-
pared with the observed disposal risk for cows aggre-
gated by parameters of biological importance. Disposal 
odds increased by a factor of 5% per unit increase in ln 
SCC1. Despite this, posterior predictive distributions 
revealed that the probability of reducing replacement 
costs by >€10 per heifer calved, through decreasing 
the herd level prevalence of cows with SCC1 ≥400,000 
cells/mL (from an initial prevalence of ≥20 to <10%) 

only exceeded 50% for less than 1 in 5 Irish herds. 
These results indicate that the effect of a reduction in 
the prevalence of cows with SCC1 ≥400,000 cells/mL 
on replacement costs alone for most Irish dairy herds 
is small, and future research should investigate other 
potential losses, such as the effect of SCC1 on lifetime 
milk yield.
 Key words:  dairy heifer, somatic cell count, early 
lactation, longevity

 INTRODUCTION

 Mastitis is well recognized as a costly disease in 
dairy cows, with losses accrued mainly from decreased 
milk production and discarded milk (Kossaibati and 
Esslemont, 1997). However, mastitis has also been as-
sociated with reduced longevity (Beaudeau et al., 1993; 
Seegers et al., 1998), and this has been estimated as the 
next biggest cost for dairy farmers (Huijps et al., 2008; 
Heikkilä et al., 2012). Further losses, such as the cost 
of drugs, veterinary services, diagnostic costs, labor, 
decreased milk quality, capital investments, and the 
adverse effects on other diseases (Halasa et al., 2007), 
are typically less, but may be important for particular 
herds (Huijps et al., 2008). Premature disposal is of 
particular relevance for heifers that develop mastitis 
(Heikkilä et al., 2012), as they must typically reach 
the second lactation to produce sufficient milk to break 
even on rearing costs. For example, under Irish con-
ditions, the cost of rearing to the point of calving is 
approximately €1,451 per heifer (Kennedy et al., 2011). 
With an average margin over variable costs €0.17/kg 
(Hennessy et al., 2011), 8,535 kg of milk is required to 
break even, which would take >1 lactation. Increased 
longevity of cows reduces demand for replacement heif-
ers and, in turn, provides economic benefits at the farm 
level, such as the opportunity costs of producing more 
beef calves, selling surplus heifers, increasing the size of 
the milking herd, or leasing resources. Alternatively, a 
surplus of replacement heifers creates the opportunity 
for increased voluntary culling and selective breeding to 
improve the genetic merit of the herd.
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Premature culling in the first lactation has been as-
sociated with IMI at calving in pasture-based herds in 
New Zealand (Compton et al., 2007). In Belgian herds, 
first lactation culling hazard increased by 11% per unit 
increase in ln SCC for primiparous cows at 5 to 14 
DIM, and by 32% when only culling for udder health 
reasons were considered (De Vliegher et al., 2005). 
However, the effect of SCC early in the first lactation 
on lifetime survival has not been evaluated, this is im-
portant because the full repercussions of IMI in early 
life may not become evident until later in life, when 
maturity is reached and milk yield and financial return 
are maximized (Madouasse, 2009). As heifers now make 
up the largest parity group in many Irish herds (ICBF, 
2011) following expansion (a trend that may continue 
in anticipation of the abolition of EU milk quotas in 
2015), understanding the repercussions of heifer IMI is 
of particular importance.

The aim of this research was to assess the association 
between SCC of parity 1 cows at 5 to 30 DIM (SCC1) 
and survival over a 5-y period for cows in Irish dairy 
herds. A Bayesian approach was taken and posterior 
predictions were used to evaluate the magnitude and 
financial relevance of this effect, in the context of par-
ticular herd scenarios.

MATERIALS AND METHODS

Data Selection

To be eligible for inclusion in the study, cows were 
required to have at least 1 SCC recording between 5 
and 30 DIM in parity 1 (p1). Cows were selected from 
a data set of Irish dairy herds based on recordings be-
tween 2005 and 2009 (Irish Cattle Breeding Federation, 
County Cork, Ireland), and 233,176 cows in 7,423 herds 
were included (p1_data).

Of the selected cows, 893 had more than 1 record 
between 5 and 30 DIM during parity 1, and SCC at the 
first of these was taken as SCC1. Two random samples 
of 1,000 herds were taken and all records for eligible 
cows were extracted using R (R Development Core 
Team, 2010). Not all herds sampled had dates of birth 
available for cows; for those that did, minimum age at 
first calving (AFC) was 371 d. Heifers with AFC <700 
d were deemed at increased risk of culling independent 
of SCC1 because of dystocia (Berry and Cromie, 2009), 
and individual cows with AFC <700 d (6% of the total 
population) were discarded to remove this effect. Fol-
lowing selection, 147,458 records from 7,537 cows in 
812 herds were included in the first sample data set 
(sample_1), used for model development, and 144,113 
records from 7,353 cows in 808 herds in the second 
(sample_2), used for cross validation.

Definition of Disposal

Survival time was estimated as the number of days 
between the dates of first calving and the last record-
ing and was aggregated into 50-d intervals. Disposal 
(death or culling) was assumed to occur in the last 
50-d interval for each cow, in the absence of censor-
ing. In survival analysis, censoring accounts for those 
cows in the data set for which disposal (the event of 
interest) may occur when not under observation. This 
allows them to contribute to the denominator popu-
lation at risk during the study period (Dohoo et al., 
2009). Three reasons were noted for censoring in this 
study. First, disposal could only occur in the last 50-d 
interval for each cow, and therefore censoring occurred 
in every interval survived until the last (this related 
to the data set structure). Second, cows were censored 
at the last 50-d interval if identified at a later time in 
other herds (assumed sold). Third, cows were censored 
at the last 50-d interval if they were present at the last 
available test date for the respective herd. Median and 
interquartile range (IQR) for variables in sample_1, 
and sample_2 were determined.

Model Development

Cow disposal was coded as a binary outcome. The 
discrete time logistic survival model used for analysis 
took the form

Disposedijk ~Bernoulli (probability = πijk),

logit (πijk) = α + intijk + intijk
2 + intijk

3  

+ Xijkβ1 + Xjkβ2 + Xkβ3 + vk + ujk,

 vk v~Normal ,0 2,σ( )  

 u jk u~Normal ,0 2,σ( )  

where the subscripts i, j, and k denote the ith 50-d in-
terval, for jth cow, in the kth herd, respectively; α = 
intercept value; int = 50-d interval numbered from first 
calving (included on a ln scale centered on the mean 
interval number); Xijk = matrix of exposure variables 
for each interval; β1 = vector of coefficients for Xijk; Xjk 
= matrix of exposure variables for each cow; β2 = vec-
tor of coefficients for Xjk; Xk = matrix of exposure 
variables for each herd; β3 = vector of coefficients for 
Xk; vk = random effect to account for residual variation 
between herds (assumed to be a normal distribution 
with mean = 0 and variance = σv

2); ujk = random effect 

to account for residual variation between cows (as-
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sumed to be a normal distribution with mean 0 and 
variance = σu

2 ). Covariates tested in the model were ln 

SCC1 with first test-day milk yield and fat proportion 
between 5 and 30 DIM in parity 1 (TDY1 and TDF1, 
respectively), and test-day protein proportion at this 
time; these continuous variables were centered on their 
mean value. Days in milk at the first recording was also 
tested, and this was centered on 5 DIM. Month and 
year of first calving and month of final recording were 
investigated as categorical variables.

Time-varying covariates are those that can take differ-
ent values depending on the 50-d interval, they refer to 
for a particular cow and are an important consideration 
in survival analyses (Gröhn et al., 1997). To investigate 
the effect of time-varying covariates on disposal from 
the herd, categorical variables were constructed such 
that missing values in particular 50-d intervals could be 
included as categories to maintain the structure of the 
data set, and hence represent time at risk of disposal 
for each cow. Lagged time-varying covariates from the 
2 previous 50-d intervals were investigated for inclusion 
in the model. The time-varying covariates were: SCC 
group (1 = <55,000 cells/mL; 2 = 55,000 to 147,000 
cells/mL; 3 = ≥148,000 cells/mL; and missing), TDY 
group (1 = <20 kg; 2 = 20 to 30 kg; 3 = ≥30 kg; and 
missing), and DIM group (1 = <100 DIM; 2 = 100 to 
199 DIM; 3 = 200 to 399 DIM; 4 = >399 DIM; and 
missing).

To avoid biased parameters associated with likeli-
hood methods (Browne and Draper, 2006), the final 
model was estimated in WinBUGS 1.4.3 (Lunn et al., 
2000), using 10,000 Markov chain Monte Carlo 
(MCMC) simulations for parameter estimation, fol-
lowing a burn-in of 1,000 MCMC simulations during 
which time-chain convergence occurred. Initial values 
for all covariates were generated in MLwiN using penal-
ized quasi-likelihood (Rasbash et al., 2009). Vague prior 
distributions were used for σv

−2 ~Gamma (0.001, 0.001), 
σu
−2 ~Gamma (0.001, 0.001), and β ~Normal (0, 106), 

which meant the data had overriding influence for esti-
mation of parameters (Green et al., 2004). Covariates 
and interaction terms were selected based on biological 
plausibility, and when the 95% Bayesian credible inter-
val (BCI) for the posterior odds ratio distribution ex-
cluded 1. Sensitivity of the results to prior distributions 
for the random effect variances (Spiegelhalter et al., 
2004) was evaluated by repeating simulations using the 
following priors; σv

2 ~Uniform (10−6, 106), and σu
2 ~Uni-

form (10−6, 106).

Model Assessment

To assess model fit (Green et al., 2009) and usefulness 
(Gelman et al., 1996), posterior-predicted distributions 

of disposal risk for subsets sample_1 and sample_2, 
were generated during the MCMC simulation. The 
posterior-predictive binomial distribution for the occur-
rence of disposal in each interval for each cow (yijk) can 
be summarized as

yijk ~p(yijk| β, sample_1, vk, ujk),

where p represents a conditional probability distribu-
tion; β is the vector of coefficient distributions; sam-
ple_1 is the data in the first sample data set; vk and ujk 
are conditional probability distributions;

 v p vk k v~ | σ2( ), 

 u p ujk jk u~ | ;σ
2( )  

and σv
2 and σu

2 are posterior predictive distributions for 
herd, and cow level random effect variances, respec-
tively. To assess model fit, the subsets of sample_1 used 
for posterior predictions were data relating to parame-
ters from the final model: 50-d interval from first calv-
ing, calendar month of first calving, and calendar 
month of last recording. To assess model usefulness, the 
subsets of sample_1 used for posterior predictions were 
data that were not used for parameter estimation in the 
final model, these were: SCC1 group (1 = <50,000/mL; 
2 = 50,000 to 99,000/mL; 3 = 100,000 to 164,000/mL; 
4 = ≥164,000/mL), estimated bulk milk SCC (BM-
SCC) group (geometric mean BMSCC estimated from 
all cow test day SCC records available for each herd, 
weighted by all TDY records in the full data set; 1 = 
<200,000/mL; 2 = 200,000 to 249,000/mL; 3 = 250,000 
to 399,000/mL; 4 = >399,000/mL), and AFC group (1 
= <730 d; 2 = 730 to 759 d; 3 = 760 to 849 d; 4 = >849 
d). To investigate whether results could potentially be 
generalized to other Irish herds, prediction of the con-
ditional binomial distribution for the occurrence of 
disposal yijk

xval ,( )  for cows in subsets based on SCC1 and 

BMSCC in sample_2, were made thus:

 y p yijk ijk
xval xval~ | ,sample_2 ,β( )  

where β is the vector of coefficient distributions and 
sample_2 is the data in the second sample data set, 
which was not used for estimating parameters in the 
final model.

Micro-Simulation of Herd Scenarios

To illustrate the effect of SCC1 on survival at herd 
level and to demonstrate financial relevance, a procedure 
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known as micro-simulation was used (Spiegelhalter et 
al., 2004). This method involves a simulation to model 
the trajectory of individual cows, and thus evaluate 
the expected outcomes for particular scenarios with all 
variability in the model parameters and dependence 
between variables being included (Spiegelhalter et al., 
2004). Therefore, the Bayesian model was extended 
to include a one-step micro-simulation of disposal risk 
for 1,000 theoretical cows with different characteristics 
in herds with ≥10 or ≥20% initial prevalence of cows 
with SCC1 ≥400,000 cells/mL. The SCC1 threshold of 
≥400,000 cells/mL was used to give relatively high spec-
ificity for identifying heifers with putative IMI (Bradley 
and Green, 2005). Initial herd-level prevalence group 
cutoffs were selected based on the observed distribu-
tions of cows with SCC1 ≥400,000 cells/mL in p1_data 
(Table 1), and data from the first milk recording at 5 
to 30 DIM for heifers in these groups were simulated 
from normal distributions determined from p1_data 
(Table 1). Scenarios were used such that for herds with 
≥10% of cows with SCC1 ≥400,000 cells/mL this was 
reduced this to <5%, and for herds with ≥20% of cows 
with SCC1 ≥400,000 cells/mL this was reduced to <5 
or <10%. To model these changes, distributions for ln 
SCC1 were used as shown in Table 1. Distributions for 
TDY1, and TDF1 remained unchanged to demonstrate 
solely the effect on disposal risk of achievable reduc-
tions in the herd-level prevalence of cows with SCC1 
≥400,000 cells/mL. For a straight-forward comparison 
between different herd scenarios, all simulated heifers 
had a first calving in February aged 24 mo and a final 
recording in December. The conditional predicted bino-
mial distribution for the occurrence of disposal (predij) 
in each 50-d interval (i) for each cow (j) was

predij ~p(predij| β, Xsim),

Table 1. Frequency of 7,423 Irish herds categorized by prevalence of cows with SCC11 ≥400,000 cells/mL, and 
mean and (variance) for normally distributed variables measured at 5 to 30 DIM in 233,176 parity 1 cows in 
these herds; values were used to simulate the economic effect of herd-level reductions in the prevalence of cows 
with SCC1 ≥400,000 cells/mL 

Item

SCC1 ≥400,000 cells/mL

≥10% ≥20% <5% <10%

Percentage of herds 55 19 25 45
SCC12 (cells/mL) 120,000 170,000 71,000 81,000
ln SCC1 4.79 (1.52) 5.11 (1.78) 4.26 (0.80) 4.39 (1.04)
TDY13 22.4 (30.0) 21.6 (32.3) —4 —
TDF15 0.041 (0.00007) 0.041 (0.00007) — —

1First test-day SCC record between 5 and 30 DIM in parity 1.
2Geometric mean.
3First test-day milk yield record (kg) between 5 and 30 DIM in parity 1.
4Indicates levels used in the simulation were unchanged.
5First test-day fat record (proportion) between 5 and 30 DIM in parity 1.

Figure 1. Diagram to represent calculation of the probability of 
cow disposal (probability of disposal in the ith interval for the jth cow 
= predij) within 350 d from first calving [probability of disposal within 
350 d from first calving = 1 − (probability of surviving 350 d)].
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where β is the vector of coefficient distributions in the 
final model and Xsim is a matrix of simulated exposure 
variables for the cows; which included ln SCC1, TDY1, 
and TDF1 that were drawn from the distributions in 
Table 1, 50-d interval, month of last recording, and 
DIM category. Risk of disposal from the herd within 
the 350, 700, 1,050, 1,400, and 1,750 d after first calv-
ing was calculated from the conditional probability of 
each cow surviving subsequent 50 d intervals, thus

 disposal risk within n 50-d intervals  = predj ij

i

n

1 1
1

− −


 =
∏






, 

where predij is the probability of disposal in the ith in-
terval for the jth cow. An example of this calculation is 
given in Figure 1 for disposal risk within 350 d from 
first calving (n = 7). The calculated disposal risk for 
each cow (j) was then used to draw from a Bernoulli 
distribution if each cow would be disposed (as a binary 
outcome) within n 50-d intervals (i) from first calving, 
thus: disposed within n 50-d intervalsj ~Bernoulli

probability 1 pred .= − −


























=

∏1
1i

n

ij

The difference in the number of cows disposed over 
time in the simulated herds following reductions in the 
prevalence of cows with SCC1 ≥400,000 cells/mL was 
multiplied by a replacement cost of €1,451 per cow 
(Kennedy et al., 2011) to give an estimated reduction 
in herd disposal cost attributable to changes in herd 
level prevalence of cows with SCC1 ≥400,000 cells/mL; 
this was expressed as the cost (€) per heifer calved 
into the herd. Following 10,000 MCMC simulations, the 
posterior probabilities of magnitudes of saving within 
1,750 d of first calving were plotted as a cumulative 
frequency distribution to illustrate the likelihood of dif-
ferent cost benefits. The posterior probability (Bayes-
ian P-value; Gelman et al., 1995) that disposal risk was 
higher for cows in herds with ≥20% initial prevalence 

of cows with SCC1 ≥400,000 cells/mL, compared with 
the same herds following reduction in prevalence to 
<5% was determined.

Micro-Simulation of Baseline Disposal Risk

To aid interpretation, the effect of SCC1 on disposal 
risk was investigated on a continuous scale with ln 
SCC1SIM defined as uniform (0, 9.2), to include the 
full range of possible values. Predictions were based on 
draws from this distribution for baseline cows (base; 
February calving, AFC = 24 mo, last recording in De-
cember, <100 DIM, TDY1 = 23 kg/d, TDF1 = 0.04, at 
450 to 500 d from first calving), thus

base ~p(base| β, XSIM2),

where p represents a conditional probability distribu-
tion; β is the vector of coefficient distributions; and 
XSIM2 is a matrix of data for the simulated cows. 
Simulations were repeated for groups of cows that were 
100 to 199, and 200 to 304 DIM. Regression lines were 
estimated for the posterior relationship between ln 
SCC1SIM, and risk of disposal in each group.

RESULTS

Descriptive Results

Descriptive statistics for sample_1 and sample_2 
were similar (Table 2). In sample_1, median SCC1 was 
86,000 cells/mL (IQR 51,000–172,000 cells/mL), and 
54% of cows were disposed of during the study period 
after a median time at risk of 3.7 yr (IQR 2.8–4.5 yr). 
Distributions of SCC1, time at risk, and AFC were 
right skewed. Distributions of other variables from the 
first recording (TDY1, TDF1, and TDP1) were normal. 
Four percent of cows moved to other herds and were 
censored.

Table 2. Descriptive statistics for cows with a recording 5 to 30 DIM from first calving in random samples of 812 and 808 Irish dairy herds1 

Item 812-herd model2 808-herd cross-validation model

Cows (no.) 7,537 7,353
Cows disposed (no.) 4,101 3,944
Median mo of first calving (IQR3) April 2005 (Feb. 2005–Feb. 2006) April 2005 (Feb. 2005–Feb. 2006)
Median age at first calving (IQR) 2.1 (2.0–2.3) y 2.1 (2.0–2.4) y
Median SCC4 (IQR) 86,000 (51,000–172,000) cells/mL 85,000 (49,000–176,000) cells/mL
Median test day milk yield4 (IQR) 23 (19–26) kg 23 (19–26) kg
Median test day fat proportion4 (IQR) 0.040 (0.036–0.045) 0.040 (0.036–0.045)
Median test day protein proportion4 (IQR) 0.032 (0.030–0.034) 0.032 (0.030–0.034)
Median time at risk5 (IQR) 3.7 (2.8–4.5) y 3.7 (2.8–4.5) y

1Based on herd test day data from 2005 to 2009.
2Discrete time logistic survival model for cow disposal in any 50-d interval from first calving.
3Interquartile range.
4At the first recording between 5 and 30 DIM following the first calving.
5Time between date of first calving and date of last recording. 
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Model Results

The final models are presented in Table 3. For Model 
1, which focused on SCC1 as the exposure of interest, 
the median odds of a cow disposal in any 50-d interval 
increased by 5% [median odds ratio (MOR) = 1.05; 
95% BCI = 1.02–1.09], with every unit increase in SCC1 
(as a ln linear score). Increased milk and fat proportions 
(TDY1 and TDF1), were negatively associated with 
disposal; unit and 0.01 unit increases were associated 
with 2% (MOR = 0.98; 95% BCI = 0.97–0.98), and 7% 
(MOR = 0.93; 95% BCI = 0.89–0.98) reductions in the 
odds of disposal in each interval respectively. Decrease 

in AFC from 27 to 24 mo was associated with a 10% 
reduction in the odds of disposal (MOR = 0.90; 95% 
BCI = 0.93–0.88). Cows with a first calving in Novem-
ber had the highest odds of disposal, 39% (MOR = 
1.39; 95% BCI = 1.12–1.73) greater than those calving 
in February; cows with their last recording in March 
had the highest odds of disposal, 10 times higher (MOR 
= 9.90; 95% BCI = 8.04–12.16) than cows with their 
last recording in December. Random effect variance 
was greater at herd level than cow level (Table 4), in-
dicating more variation in cow disposal between herds 
than between cows within herds. A <3% difference was 
noted in the MOR, and limits of the 95% BCI when 

Table 3. Final models1; 95% Bayesian credible intervals for the odds ratios for cow disposal from 812 Irish dairy herds, based on 10,000 
simulations 

Exposure2 (baseline)  Subset

Model 1 Model 2

Lower  
2.5% Median

Upper  
97.5%

Lower  
2.5% Median

Upper  
97.5%

Intercept  0.002 0.002 0.003 0.002 0.002 0.003
ln SCC1 (4.64)  1.020 1.052 1.085 1.010 1.043 1.075
TDY1 (23 kg)  0.968 0.976 0.983 0.971 0.978 0.986
TDF1 (0.04)  0.000 0.001 0.081 0.000 0.001 0.126
Month of first calving (February) January 0.896 1.010 1.135 0.897 1.010 1.138

March 1.106 1.222 1.343 1.106 1.213 1.337
April 1.132 1.287 1.460 1.110 1.264 1.433
May 1.187 1.436 1.720 1.176 1.417 1.699
June 0.885 1.160 1.503 0.873 1.137 1.459
July 0.909 1.398 2.073 0.911 1.400 2.086
August 0.967 1.486 2.187 1.021 1.535 2.270
September 1.176 1.465 1.802 1.197 1.490 1.848
October 1.069 1.317 1.603 1.075 1.319 1.611
November 1.121 1.393 1.728 1.134 1.405 1.737
December 0.927 1.164 1.442 0.935 1.166 1.458

Month of last recording (December) January 6.514 7.973 9.786 6.554 8.037 9.885
February 6.234 7.691 9.450 6.284 7.714 9.516
March 8.045 9.905 12.158 8.125 9.924 12.170
April 7.207 8.962 11.090 7.272 8.971 11.067
May 6.315 7.885 9.786 11.067 7.846 9.757
June 5.140 6.398 7.885 5.155 6.398 7.909
July 4.595 5.568 6.686 4.641 5.590 6.746
August 4.154 4.968 5.918 4.233 5.033 5.983
September 2.214 2.625 3.096 2.235 2.636 3.114
October 2.140 2.479 2.875 2.157 2.485 2.883
November 1.539 1.791 2.080 1.558 1.801 2.083

ln AFC (6.70)  1.753 2.275 2.927 1.752 2.263 2.907
[ln interval]1 (2.28)  1.260 1.363 1.473 1.299 1.412 1.526
[ln interval]2 (2.28)  1.849 1.972 2.102 1.809 1.923 2.057
[ln interval]3 (2.28)  1.198 1.247 1.299 1.182 1.229 1.282
ln SCC (<4/mL) 4 to <5/mL NA3 NA NA 0.993 1.101 1.223
 ≥5/mL NA NA NA 1.132 1.258 1.401
TDY (<20 kg) 20 to <30 kg NA NA NA 0.897 0.976 1.062
 ≥30 kg NA NA NA 0.532 0.622 0.726
DIM (<100 d) 100 to 199 d 2.654 2.939 3.267 2.336 2.615 2.907
 200 to 304 d 5.291 5.900 6.567 4.250 4.811 5.452

1Discrete time logistic survival models for cow disposal in any 50-d interval from first calving. Model 1 includes SCC1 only. Model 2 includes 
further time-varying covariates.
2ln SCC1 = first test-day SCC record between 5 and 30 DIM in parity 1; TDY1 = first test-day milk yield record (kg) between 5 and 30 DIM 
in parity 1; TDF1 = first test-day fat record (proportion) between 5 and 30 DIM in parity 1; AFC = age at first calving (d); interval = 50-d 
intervals from first calving (included as polynomials); ln SCC = SCC category in the penultimate interval for each cow (missing category not 
shown); TDY = test-day milk yield category in the penultimate interval for each cow (missing category not shown); and DIM = DIM category 
in the penultimate interval for each cow (missing category not shown).
3NA = not applicable.
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uniform prior distributions were used for the random 
effect variances; this had no substantive effect on model 
interpretation.

Inclusion of Time-Varying Covariates

Cows in late lactation had higher median odds of dis-
posal in the subsequent 50-d interval (Table 3); MOR 
were 2.9 (95% BCI = 2.65–3.27) and 5.9 (95% BCI 
= 5.29–6.57) for those cows 100 to 199 DIM and over 
199 DIM, respectively, compared with those <100 DIM 
(Model 1; Table 3). With the other time-varying covari-

ates added (Model 2; Table 3) results were similar, and 
cows in late lactation also had higher odds of disposal 
in the subsequent 50-d interval; median odds ratios 
were 2.6 (95% BCI = 2.34–2.91) and 4.8 (95% BCI = 
4.25–5.45) for those cows 100 to 199 DIM and over 199 
DIM, respectively, compared with those <100 DIM. In 
Model 2, the time-varying SCC categories 55,000 to 
147,000 cells/mL and ≥148,000 cells/mL were associat-
ed with 10% (MOR = 1.10; 95% BCI = 1.00–1.22) and 
26% (MOR = 1.26; 95% BCI = 1.13–1.40) increased 
odds of disposal in the subsequent 50-d interval, respec-

Table 4. Random effect variances from final models1; 95% Bayesian credible intervals for ln odds of cow 
disposal from 812 Irish dairy herds, based on 10,000 simulations 

Level

Model 1 Model 2

Lower  
2.5% Median

Upper  
97.5%

Lower  
2.5% Median

Upper  
97.5%

Cow 0.0003 0.0009 0.009 0.0005 0.001 0.003
Herd 0.225 0.284 0.352 0.233 0.291 0.356

1Discrete time logistic survival model for cow disposal in any 50-d interval from first calving. Model 1 includes 
SCC1 only. Model 2 includes further time-varying covariates.

Figure 2. Predictions from 10,000 simulations of the final and alternative versions (alternative model includes 7 additional categorical terms 
to improve fit to observed data) of Model 1 (discrete time logistic survival model for cow disposal in any 50-d interval from first calving) to as-
sess internal fit; disposal risk in each 50-d interval from first calving, and observed values in 812 Irish dairy herds used for model development.
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tively, compared with cows with SCC <55,000 cells/
mL. With these time-varying SCC categories added, 
the strength of association (MOR) between ln SCC1 
and disposal decreased by 0.9% compared with Model 
1, indicating that part of this effect is mediated through 
an association with SCC at later recordings (Table 3). 
Time-varying covariates for TDY were associated with 
2% (MOR = 0.98; 95% BCI = 0.90–1.82) and 38% 
(MOR = 0.62; 95% BCI = 0.53–0.73) decreased odds 
of disposal in the subsequent 50-d interval for cows 
with TDY of 20 to <30 kg and ≥30 kg, respectively, 
compared with cows with TDY <20 kg. Association 
of TDY1 with disposal from the herd was unchanged. 
Two models are presented because the effect of time-
varying covariates in Model 2 is useful to identify pos-

sible reasons for disposal of particular cows (Table 3). 
However, the main aim of the research was to evaluate 
the effect of SCC1 on cow disposal risk, specifically to 
focus on information available by 30 DIM in parity 1. 
It was therefore decided that further predictions and 
simulations would be based on Model 1.

Model Assessment

To demonstrate the internal fit of Model 1 (Table 
3) to sample_1, posterior-predicted risk of disposal 
by interval is shown in Figure 2. The observed data 
had a cyclical pattern, with higher risk of disposal in 
particular intervals. Although the 50-d time intervals 
relate to cow-time from the date of first calving, the 

Figure 3. Fixed-effect predictions of disposal risk from 10,000 simulations of Model 1 (discrete time logistic survival model for cow disposal 
in any 50-d interval from first calving) and observed values in 812 Irish dairy herds used for model development to assess within-model fit, and 
in 808 separate Irish dairy herds used for cross validation (indicates results can be generalized to other Irish dairy herds), grouped by SCC 
(group 1 = <50,000 cells/mL; group 2 = 50,000 to 99,000 cells/mL; group 3 = 100,000 to 164,000 cells/mL; group 4 = ≥164,000 cells/mL) at 
5 to 30 DIM in parity 1 (SCC1), and estimated herd bulk milk SCC (BMSCC) group (geometric mean BMSCC estimated from cow test day 
SCC, and milk records: group 1 = <200,000 cells/mL; group 2 = 200,000 to 249,000 cells/mL; group 3 = 250,000 to 399,000 cells/mL; group 
4 = >399,000 cells/mL).
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majority of cows in the data set calved in spring (Feb-
ruary to April), and thus cyclicity occurred because of 
an increased risk of disposal each autumn, when cows 
were in late lactation. A time-varying term for DIM 
was required to improve model fit to the observed data, 
although small discrepancies remained for certain inter-
vals. Categorical terms for 7 intervals were added to the 
model, which improved the fit, shown as the alterna-
tive model (Figure 2); however, odds ratio distributions 
were not deemed to change by a meaningful extent 
(<1% difference in MOR and limits of the 95% BCI), 
and the parsimonious model was retained. Predictions 
of disposal risk by month of first calving, and month 
of last recording in sample_1 indicated good model fit 
(not shown).

In terms of the usefulness of Model 1, close agreement 
was noted between predicted and observed disposal risk 
for cows grouped by SCC1, BMSCC (Figure 3), and 
AFC (not shown). Within model fit was good, as ob-
served values were within the 95% BCI of predictions. 
This was also the case on cross validation, and these 
results indicate that, in terms of SCC1, BMSCC, and 
AFC, Model 1 appeared to be generalizable to other 
Irish herds.

Micro-Simulation of Baseline Disposal Risks

Results based on Model 1 are presented graphically; 
the relationship between risk of disposal from the herd 
and SCC1 is shown for cows in different stages of lacta-
tion (Figure 4). Regression lines (on an ln scale), had 
slopes of 0.0011, 0.00061, and 0.0031, and intercepts of 
0.0022, 0.013, and 0.0064 for cows that were <100, 100 
to 199, and 200 to 304 DIM, respectively.

Micro-Simulation of Herd Scenarios

The posterior probability of disposal was greater for 
cows in herds with ≥20% initial prevalence of cows 
with SCC1 ≥400,000 cells/mL compared with the same 
herds after a reduction in prevalence to <5%, for 65, 
68, 74, 75, and 73% of simulations within 350, 700, 
1,050, 1,400, and 1,750 d from first calving, respectively 
(Figure 5). Figure 6 shows the estimated probability 
of different levels of potential savings per heifer calved 
into the herd attributable to reduced replacement 
costs within 1,750 d for various herd-level reductions 
in the prevalence of cows with SCC1 ≥400,000 cells/
mL. Herds with ≥20% prevalence of heifers with SCC1 
≥400,000 cells/mL had 54% probability of a cost sav-
ings of ≥€10 per heifer in the herd through reducing 
the prevalence of heifers with SCC1 ≥400,000 cells/mL 
to <10% (Figure 6). For example, for a herd that calves 
20 heifers per year, this equates to a saving of €200/yr 

through decreased replacement rate; further scenarios 
for the example herd are given in Table 5. When only 
the first 350 d from first calving (first lactation) are 
included in the economic simulation, the results are 
ostensibly the same, indicating that at herd-level the 
effect of SCC1 on disposal risk is greater over a shorter 
time period, or, conversely, other reasons for disposal 
become more important as the time period considered 
increases.

DISCUSSION

Somatic cell count in the first month of lactation 
during parity 1 was positively associated with risk of 
disposal from the herd, although the size of this effect 
appeared relatively small. A possible reason for this is 
that, in practice, other considerations have an overrid-
ing influence on cow disposal decisions. The effect of 
time-varying covariates in explaining cow disposal risk 
was demonstrated (Model 2), and this emphasizes the 
importance of recent health and production records in 
making disposal decisions. In seasonally calving herds, 
those cows not pregnant at the end of the breeding 
season may be at higher disposal risk at the end of 
lactation (Pinedo et al., 2010), in some herds this may 
limit the number of cows that can be removed for other 
reasons. Herd circumstances, such as the availability 

Figure 4. Scatter plot and regression lines from 1,000 simulations 
of Model 1 (discrete time logistic survival model for cow disposal in 
any 50-d interval from first calving); posterior predicted risk of dis-
posal between 450 and 500 d from first calving, against SCC at 5 to 
30 DIM (SCC1). Refers to cows calving in February, aged 24 mo, that 
produced 23 kg/d of milk with 4% fat between 5 and 30 DIM, and had 
their last recording in December, but at different stages of lactation.
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of replacement heifer and space in the dairy unit, may 
also influence disposal decisions (Lehenbauer and 
Oltjen, 1998); for European Union herds, milk quota 
availability may also require consideration. In the cur-
rent study, more variation in cow disposal risk was 
identified between herds than within herds, indicating 
that decisions on cow disposal do appear to be herd 
specific (Weigel et al., 2003) and may therefore reflect 
the underlying management objectives.

When the cost of potential interventions are consid-
ered, as a result of the small effect size and uncertainty 
in the outcome, reductions in the prevalence of cows 
between 5 and 30 DIM during parity 1 with SCC 
≥400,000 cells/mL appear only marginally beneficial in 
terms of reduced disposal costs for less than 1 in 5 Irish 
dairy herds with a prevalence ≥20% (Table 1). This 
judgment, however, depends on the decision makers’ 
attitude to risk (Figure 6) and how much uncertainty 

in a particular outcome they are comfortable with. If 
control measures to reduce SCC between 5 and 30 DIM 
during parity 1 were to be considered, they should fo-
cus on the prepartum period (Green et al., 2007, 2008). 
Further research is needed to include the effect of SCC 

Figure 5. Micro-simulation over 10,000 simulations of Model 1 (discrete time logistic survival model for cow disposal in any 50-d interval 
from first calving); cow disposal risk within 350, 700, 1,050, and 1,400 d from first calving in herds with ≥20% initial prevalence of cows with 
SCC at 5 to 30 DIM in parity 1 (SCC1) ≥400,000 cells/mL, and following a reduction in prevalence to <5%.

Table 5. Model 11 predictions for an example herd that calves 20 
heifers/yr; probability of annual savings through decreased replacement 
costs within 1,750 d of first calving associated with reductions in the 
number of heifers with SCC ≥400,000 cells/mL between 5 and 30 DIM 

Savings  
(€)

Change in number of parity 1 cows (/20)

≤4 to ≥1 ≤4 to 0 ≤2 to 0

≥0 0.68 0.70 0.52
≥200 0.54 0.55 0.38
≥400 0.40 0.41 0.24

1Discrete time logistic survival model for cow disposal in any 50-d 
interval from first calving.
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between 5 and 30 DIM during parity 1 on other costs, 
such as lifetime milk yield, before the cost-effectiveness 
of specific interventions can be properly evaluated. Ad-
ditional benefit may also exist through reduced inci-
dence of clinical mastitis in particular herds.

This study highlights the usefulness and importance 
of generating predictions from statistical models to 
show the effect of results, because significant findings 
may not be biologically or economically meaningful 
when considered in context. Use of MCMC for predic-
tions allows variability in parameters to be included, 
and therefore the full uncertainty in possible outcomes, 
as well as the central tendency, can be explored. For 
example, a conventional approach may base conclusions 
on the mean effect of SCC in early lactation on culling 
risk (De Vliegher et al., 2005), but variation in model 
parameters can affect the inference from these results 
(Green et al., 2010). The mean association of SCC 
early in the first lactation, and disposal in this research 
(Table 3), was less than that previously observed based 
on recorded culling dates over the first lactation (De 
Vliegher et al., 2005). However, cows in our study were 
followed up for over 5 y and up to a maximum of 6 
lactations, therefore the effect of SCC1 on disposal risk 
over a longer time period was less. This was also shown 

by introducing time-varying covariates for SCC (Table 
3) and the associated reduction in the coefficient for 
SCC between 5 and 30 DIM during parity 1, which 
was consistent with previous work (De Vliegher et al., 
2005).

With a more specific outcome definition (culling for 
udder health reasons only), strength of association with 
SCC early in the first lactation increased 3 fold (De 
Vliegher et al., 2005), emphasizing the importance of 
how an outcome is defined; although definitions and 
reliability of recording may also vary between herds. 
In the current study it was assumed that cows were 
disposed when recordings ceased (unless censored), 
although in reality it would likely be after this because 
of the logistics of economic carcass salvage. Despite 
this, trends in cow disposal appeared consistent with 
previous studies, indicating this was a reasonable proxy 
for culling. Specifically, cows in late lactation were at 
higher risk of disposal (Rajala-Schultz and Gröhn, 
1999a,b), which varied seasonally (Anderson, 1985; 
Crosse and O’ Donovan, 1989), and this could relate 
to an overall increased risk of disposal in the autumn 
for those cows in spring-calving herds that failed to 
conceive (Pinedo et al., 2010). Despite this, increas-
ing milk yield decreased disposal risk (Beaudeau et al., 
1994; Rajala-Schultz and Gröhn, 1999a).

Assessment of model fit for logistic regression models 
is not straightforward and is often neglected (Green 
et al., 2009). Demonstrating the extent to which mod-
els are useful, rather than simply correct, has been 
proposed as a rational approach to model assessment 
(Gelman et al., 1996). In this research, assessments of 
Model 1 based on aggregated predictions in groups of 
magnitude of SCC between 5 and 30 DIM during parity 
1 suggested that predictions were reliable, and were 
likely generalizable to other Irish herds. This permit-
ted use of a micro-simulation procedure to present the 
study results in a meaningful context.

CONCLUSIONS

Despite a negative association between SCC in the 
first month of lactation during parity 1 and longev-
ity, the effect was small and, therefore, unlikely to be 
economically important when considered in isolation. 
Further research is required to evaluate the effect of 
SCC early in the first lactation on other costs, such as 
lifetime milk yield, and how this relates to cow longev-
ity.
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Figure 6. Micro-simulation over 10,000 simulations of Model 1 
(discrete time logistic survival model for cow disposal in any 50-d 
interval from first calving); minimum saving per heifer calved into the 
herd attributable to reduction in replacement costs (probability of 
disposal within 1,750 d from first calving, multiplied by €1,451/cow 
replaced), for changes in the herd level prevalence of cows with SCC 
≥400,000 cells/mL at 5 to 30 DIM during parity 1.
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