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a b s t r a c t
Several health disorders, such as milk fever, displaced abomasum, and mastitis, as well as impaired
reproductive performance, are known risk factors for the removal of affected cows from a dairy herd.
While cow-level risk factors are well documented in the literature, herd-level associations have been
less frequently investigated. The objective of this study was to investigate the effect of cow- and herdlevel determinants on variations in culling risk in Québec dairy herds: whether herd inﬂuences a cow’s
culling risk. For this, we assessed the inﬂuence of herd membership on cow culling risk according to
displaced abomasum, milk fever, and retained placenta.
A retrospective longitudinal study was conducted on data from dairy herds in the Province of Québec,
Canada, by extracting health information events from the dairy herd health management software used
by most Québec dairy producers and their veterinarians. Data were extracted for all lactations starting
between January 1st and December 31st, 2010. Using multilevel logistic regression, we analysed a total
of 10,529 cows from 201 herds that met the inclusion criteria. Milk fever and displaced abomasum were
demonstrated to increase the cow culling risk. A minor general herd effect was found for the culling
risk (i.e. an intra-class correlation of 1.0% and median odds ratio [MOR] of 1.20). The proportion of ﬁrst
lactation cows was responsible for this signiﬁcant, but weak herd effect on individual cow culling risk,
after taking into account the cow-level factors. On the other hand, the herd’s average milk production
was a protective factor. The planning and management of forthcoming replacement animals has to be
taken into consideration when assessing cow culling risks and herd culling rates.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Several health disorders, such as milk fever, displaced abomasum, and mastitis, as well as impaired reproductive performance,
are known risk factors for the subsequent removal from a dairy
herd of the affected animals (Gröhn et al., 1998; Rajala-Schultz and
Gröhn, 1999; Beaudeau et al., 2000; De Vries et al., 2010). High
culling rates can sometimes be viewed as a sign of management
failure (Eicker and Fetrow, 2003) despite the lack of consensus
on an acceptable culling rate, each herd having an optimal culling
rate for its own management and dynamics (Rapnicki et al., 2003).
Nevertheless, culling rates greater than 30% are common in Amer-
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ican and Canadian dairy herds (Fetrow, 1987; Radke and Lloyd,
2000; Smith et al., 2000), despite improvements in cows’ health
and herd productivity (LeBlanc et al., 2006; Mee, 2007). While
cow-level culling risk factors are well documented in the literature, herd-level associations have been less frequently investigated.
But even without having this speciﬁc objective in mind, a signiﬁcant herd effect on cow culling risk was reported by some studies
(Beaudeau et al., 1995; Emanuelson and Oltenacu, 1998; Gröhn
et al., 1998). The farmer’s management style and attitude were
shown to contribute signiﬁcantly to the variation in farms’ performance (Bigras-Poulin et al., 1985; Tarabla and Dodd, 1990). It is also
recognized that group- or herd-level variables can affect or modify individual-level outcomes independently of the characteristics
of the individuals (Diez Roux, 1998). Therefore we could hypothesize that several herd characteristics can modify the cow culling
risk, such as suggested by Beaudeau et al. (2000): the availability of

8

D. Haine et al. / Preventive Veterinary Medicine 144 (2017) 7–12

Fig. 1. Directed acyclic graph (DAG) for the effect of retained placenta, milk fever, and displaced abomasum on culling (grey: intermediate variables; boxes/dashed lines:
unobserved [latent] variables; NEB: negative energy balance).

nulliparous heifers and milk quotas, the farmer’s attitude towards
risk and uncertainty, the milk and beef market, etc. Hence it would
be interesting to integrate the population context into individuallevel analyses to untangle the relationships between the variables
at various levels (Guthrie and Sheppard, 2001), which has not yet
been done in dairy cow culling research. Multilevel models achieve
this goal by decomposing the variability across hierarchical levels
(Stryhn and Christensen, 2014).
The objective of this study was to investigate the effect of herdlevel determinants on variations in cow culling risk in Québec dairy
herds, i.e. to examine whether, over and above cow factors, herd
inﬂuences a cow’s culling risk. To this end, we assessed and used
the effect of retained placenta (RP), milk fever (MF), and displaced
abomasum (DA) on culling.
2. Materials and methods
2.1. Dataset
A retrospective longitudinal study was conducted using data
from dairy herds in the Province of Québec, Canada, by extracting health information events from DSA Laitier (DSAHR Inc.,
Saint-Hyacinthe, QC, Canada), the dairy herd health management
software used by more than half of Québec producers and their
veterinarians. We had access to a purposive sample of all lactations
taking place between January 1st, 2001 and December 31st, 2010
(249,536 cows from 3735 herds), keeping herds that had a minimum of three consecutive years of data with DSA Laitier and for
which at least one culling was recorded over this period. From this
dataset, we extracted the data for all lactations starting between
January 1st and December 31st, 2010. If a cow had more than two
lactations starting in 2010, only the ﬁrst was kept. Production data
were obtained from the sole Québec dairy herd improvement (DHI)
service provider (Valacta, Sainte-Anne-de-Bellevue, QC, Canada).
The health and production data were matched based on herd- and
cow-level identiﬁcation. If that was not successful, further matching within herd was tried, based on birth date, calving dates, and
health and production history. Only herds for which at least 95%
of the lactations from the health dataset could be matched with
data from the production dataset were kept (42,809 cows from 714
herds). Herds with fewer than 30 animals, for which more than 30%
of the DHI monthly tests were missing, and with a 2010 lactational
incidence that was less than 3% for RP, and 1% for either MF or DA,
were removed to avoid herds with gross under-reporting. Cows
with a calving interval, or the interval between the last calving and

the end of data, longer than 580 days were censored at their last
calving date. If this censoring resulted in their ﬁrst calving date, the
observation was dropped.
The primary outcome, culling, was deﬁned as a cow’s being
removed from the herd, i.e. due to death, sold to another herd, or
sent for slaughter. A directed acyclic graph (DAG, Fig. 1) was used
to identify a minimal set of measured confounders for each disease studied (RP, MF, DA) (Greenland et al., 1999; Shrier and Platt,
2008), with the help of DAGitty software (Textor et al., 2011). Its
construction was based on empirical knowledge from the ﬁndings
of previous studies and on the authors’ educated knowledge. This
resulted in a single common DAG for the three diseases, with the
following confounders considered: clinical mastitis, parity (continuous), calving season (January to July and August to December),
dystocia, and abortion.
Six variables describing herd characteristics were included
as contextual variables based on Haine et al. (submitted for
publication): herd size, proportion of primiparous cows, average
age at ﬁrst calving, average milk production, milk fever incidence,
and pregnancy rate.
2.2. Data analysis
The data were analysed using a two-level logistic regression
model with cows (ﬁrst level) nested within herds (second level).
The independent inﬂuence of cow factors and herd factors on
the herd variance of culling was assessed using different models.
We ﬁrst estimated an ‘empty’ model (Model 1) with no variables
entered and which only included a random intercept. We then
adjusted the random intercept by adding cow-level factors in Model
2. Herd-level predictors (Model 3) were added to Model 2 to determine whether the cow-level differences were explained by herd
characteristics (Merlo et al., 2005). The random inter-herd variability was estimated by the herd-level variance, the intra-cluster
correlation coefﬁcient (ICC), and the median odds ratio (MOR). The
ICC was calculated based on the latent response formulation as
follows:
z2
z2 + (2 /3

) × 100

(1)

where z2 is the herd variance (Goldstein et al., 2002; Snijders and
Bosker, 2012). The ICC indicates the fraction of the total outcome
variability that is attributable to the herd level and provides a measure of the within-herd homogeneity. A lower ICC indicates a lower
likelihood of cows’ sharing herd experiences. However, the ICC can
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Table 1
Characteristics of cows by culling status (201 herds).

Parity
1
2
3
4+
Age at ﬁrst calving (months)
<24
24–26
26–28
>28
305-day milk production, kg (SD)a
Milk fever
Displaced abomasum
Dystocia
Abortion
Retained placenta
Calved, August to December
a

Non-culled
N = 7991

Culled
N = 2538

Total
N = 10,529

2609 (33%)
2082 (26%)
1458 (18%)
1842 (23%)

607 (24%)
472 (19%)
456 (18%)
1003 (40%)

3216 (31%)
2554 (24%)
1914 (18%)
2845 (27%)

1115 (15%)
3270 (43%)
1836 (24%)
1363 (18%)
9865 (±1919)
286 (4%)
339 (4%)
635 (8%)
158 (2%)
592 (7%)
2,878 (36%)

347 (15%)
940 (41%)
582 (25%)
437 (19%)
9875 (±1957)
219 (9%)
145 (6%)
290 (11%)
125 (5%)
244 (10%)
945 (37%)

1462 (15%)
4210 (43%)
2418 (24%)
1800 (18%)
9866 (±1921)
505 (5%)
484 (5%)
925 (9%)
283 (3%)
836 (8%)
3823 (36%)

Mean, based on real production; SD = standard deviation; non available for 1418 non-culled and 2185 culled cows.

be difﬁcult to interpret with binary outcomes, as the partition of the
variance between the different levels does not have the intuitive
interpretation of a linear model (Goldstein et al., 2002). Therefore
we also calculated the MOR, deﬁned as the median value of the odds
ratio between the herd at highest risk (higher culling rate) and the
herd at lowest risk when randomly picking out two herds (Larsen
et al., 2000). The MOR can be conceptualized as the increased risk
(in median) that a cow would have if moved to a herd with a higher
risk. It is statistically independent of the prevalence of culling and
is also the most appropriate indicator for measuring the variation
for dichotomous outcomes compared to ICC, which varies as a function of the prevalence and has serious interpretational drawbacks
for binary responses (Merlo et al., 2006). The values of MOR are
always ≥1. If the MOR is equal to 1, then there is no variation in the
probability of being culled between herds, whereas a value greater
than 1 indicates that there is a variation in the probability of being
culled between herds – the larger the odds ratio (OR), the greater
the variation (Larsen and Merlo, 2005; Merlo et al., 2006). In addition, we also calculated the percentage of proportional change in
variance (PCV) between two consecutive models to examine the
extent to which the variables explain the variation in culling across
herds.
The culling incidence was computed using a generalized estimating equation (GEE) model (Yan and Fine, 2004; Højsgaard et al.,
2006) with Poisson distribution, log link function, exchangeable
correlation structure, and robust sandwich estimator.
The parameters for the multilevel logistic regression models
were estimated using Markov Chain Monte Carlo (MCMC), implemented using the Stan (Carpenter et al., 2017) modelling language
through the rstan (Stan Development Team, 2016) interface to R (R
Core Team, 2015). This software implements Hamiltonian MCMC
using the ‘No U-turn’ sampler (Hoffman and Gelman, 2014), an
MCMC algorithm that avoids random walk behaviour by using the
gradient of the log-posterior (Neal, 2011). Each MCMC sample used
four sampling chains with 100 burn-in samples followed by 900
monitored samples. We checked for evidence of non-convergence
using trace plots and the chain convergence indicator R̂ (Gelman
et al., 2014). The model adjustments were assessed using the
Watanabe–Akaike Information Criterion (WAIC; Watanabe, 2010).
The models were run under the Amazon EC2 cloud-computing
environment (one node with a quad-core Intel(R) Xeon(R) CPU E52670 v2 and Ubuntu Server 14.04 LTS 64-bit operating system). The
effect of potential selection bias was checked with the R episensr
package in a probabilistic framework (Haine, 2016). Selection odds
ratios were computed for RP, MF, and DA based on the selection

proportion for each exposure from the non-selected observations
of the database (Lash et al., 2009). We assumed that the bias parameters were drawn from a trapezoidal distribution with minimum,
lower mode, upper mode, and maximum equal to the selection OR
minus 0.25, minus 0.2, plus 0.2, and plus 0.25, respectively. We
used 100,000 repetitions to randomly sample the selection OR to
obtain estimates of the back-calculated ORs for comparison with
the original, crude ORs.

3. Results
Table 1 presents the characteristics of the 10,529 cows from
201 herds that met the inclusion criteria. The median herd lactational incidence risks were 4.2%, 3.4%, and 7.1% for DA, MF, and
RP, respectively. Herd sizes ranged from 31.9 to 302.9 cow-years
(median: 58.1). Information on breed was sparse in the database,
but we estimated that at least 90% of the cows were Holsteins. The
culling incidence rate and 95% conﬁdence interval (CI) were 30.3
culled cows per 100 cow-year [28.8–31.8].
Table 2 gives the OR and their 95% credible intervals (CrI) for
the cow-level and contextual (herd-level) characteristics from the
three models used. With cow- and herd-level variables controlled
for, there was no difference between cows having or not RP on the
risk of being culled with an OR and 95% CrI of 1.12 [0.96–1.31].
The two other diseases, MF and DA, were signiﬁcantly associated
with culling (OR and CrI of 1.85 [1.52–2.24] and 1.31 [1.07–1.62],
respectively). The probability of a cow’s being culled increased with
parity (OR = 1.23 [1.19–1.26]). With the exception of calving season,
all other cow-level confounding variables had a signiﬁcant direct
effect on culling. Cows having clinical mastitis had a higher probability of being culled, by about 40%. Dystocia and abortion also
increased the odds of culling. Two herd-level variables showed a
signiﬁcant effect: the proportion of ﬁrst lactation cows in the herd,
and the average herd milk production. Over and above the cow
characteristics (presence of RP, MF, DA, clinical mastitis, dystocia
or abortion, parity, and time of calving), being in a herd with a large
proportion of primiparous cows increased a cow’s probability of
being culled (OR = 1.35 [1.16–2.59]). Similarly, a cow in a relatively
high producing herd has a slightly lower probability of being culled
(OR = 0.83 [0.71–0.98]). However, the relationship is less clear in
very high producing herds (top quartile of herd average production in Table 2; OR = 0.89 [0.76–1.05]). The associations between
the cow variables and culling were rather similar in all models (i.e.
2 and 3).
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Table 2
Multilevel logistic models showing variance, cow- and herd-level predictors for retained placenta, milk fever, and displaced abomasum (n = 10,529; 201 herds).
Model 1a
OR

Model 2b
95% CrI

Fixed effects
Cow level
Retained placenta
Milk fever
Displaced abomasum
Clinical mastitis
Parity
Calving, August to December
Dystocia
Abortion
Herd level
Herd size
1st quartile (smallest)
2nd quartile
3rd quartile
4th quartile (largest)
Proportion of primiparous
1st quartile (lowest)
2nd quartile
3rd quartile
4th quartile (highest)
Average age at ﬁrst calving
1st quartile (youngest)
2nd quartile
3rd quartile
4th quartile (oldest)
Average milk production
1st quartile (lowest)
2nd quartile
3rd quartile
4th quartile (highest)
Milk fever incidence
1st quartile (lowest)
2nd quartile
3rd quartile
4th quartile (highest)
Pregnancy rate
1st quartile (lowest)
2nd quartile
3rd quartile
4th quartile (highest)
Random effect
Variance
PCV (%)
ICC (%)
MOR
WAIC
WAIC change

0.038

0.014, 0.07

1.0
1.20
11,612

0.4, 1.9
1.12, 1.29

Model 3c

OR

95% CrI

OR

95% CrI

1.12
1.85
1.31
1.40
1.22
1.09
1.59
2.81

0.94, 1.32
1.53, 2.24
1.06, 1.59
1.24, 1.58
1.19, 1.25
0.99, 1.19
1.37, 1.84
2.2, 3.61

1.12
1.85
1.31
1.39
1.23
1.09
1.59
2.81

0.96, 1.31
1.52, 2.24
1.07, 1.62
1.23, 1.57
1.19, 1.26
0.99, 1.2
1.36, 1.85
2.2, 3.63

Ref.
1.03
1.04
1.02

0.86, 1.24
0.87, 1.24
0.86, 1.22

Ref.
1.13
1.22
1.35

0.96, 1.33
1.03, 1.44
1.16, 1.59

Ref.
1.09
1.08
1.01

0.93, 1.28
0.91, 1.27
0.85, 1.2

Ref.
0.83
0.83
0.89

0.71, 0.98
0.71, 0.98
0.76, 1.05

Ref.
0.91
1.00
1.00

0.78, 1.07
0.85, 1.18
0.85, 1.18

Ref.
1.06
1.02
1.04

0.9, 1.25
0.86, 1.2
0.88, 1.23

0.054
43
1.4
1.25
11,184
−429

0.025, 0.09
0.7, 2.4
1.16, 1.33

0.043
−21
1.1
1.22
11,192
9

0.013, 0.079
0.4, 2.1
1.12, 1.31

OR, odds ratio; CrI, credible interval; PCV, proportional change of herd variance; ICC, intraclass correlation coefﬁcient; MOR, median odds ratio; WAIC, Watanabe–Akaike
information criteria.
a
Empty model.
b
With cow-level variables.
c
With contextual variables.

In Model 1 (the empty model), there was a signiﬁcant variation in the log odds of culling across herds ( 2 = 0.038, 95% CrI
0.014–0.07). According to the ICC implied by the estimated intercept component variance, 1.0% of the total cow differences in
culling risk were at the herd level. Model 2 indicates that over
and above the cow characteristics only 1.4% of the total cow differences in the propensity of being culled were at the herd level.
Variations across herds remained statistically signiﬁcant, even after
controlling for cow-level and herd-level factors in the ﬁnal Model
3, thereby giving credence to the use of multilevel modelling to
account for herd variations. In Model 2, ICC and MOR were weak
(1.4% and 1.25, respectively) which indicate that the herd captures
some context for understanding a cow’s probability of being culled.
Taking into account the individual characteristics of the cows in
Model 2 increased the herd variance. According to the proportional

change in variance, about 21% of the variance in the log odds of
culling across the herds were explained by the herd-level factors
(Model 3).
The MOR results also conﬁrmed the evidence of a herd contextual phenomena modifying the likelihood of a cow’s being culled.
In the median case, if a cow is moved to a herd with a greater risk of
culling, the OR will be 1.20, which suggests a limited heterogeneity between herds. Controlling for cow-level factors increased the
unexplained heterogeneity between herds to an MOR of 1.25. The
unexplained herd heterogeneity decreased to 1.22 when all the factors were controlled for in the ﬁnal Model 3. Thus, between herd
variations in the likelihood of being culled are present, but these
variations are small.
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In assessing the model adjustment, we observed reduced WAIC
values after including contextual-level variables. All models converged quickly and every R̂ was below 1.01.
Selection ORs were 1.0, 1.08, and 0.96 for RP, DA, and MF, respectively. Adjusted crude ORs were equivalent to the non-adjusted
ones.
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were selected based on the availability of comprehensive health
event records. If under-reporting bias is then minimized, a selection bias could have been introduced. By comparing the selection
probability within levels of the exposure, the probabilistic sensitivity analysis gave about the same ORs and conﬁdence intervals. We
therefore have good conﬁdence in the validity of our results.
5. Conclusion

4. Discussion
It is usually acknowledged that RP has no effect by itself on
culling likelihood (Gröhn et al., 1998; Dubuc et al., 2011), even
if some studies report it as a risk factor (Beaudeau et al., 1994).
Rather, it is a risk factor for metritis and endometritis (LeBlanc,
2008), resulting in negative effects on reproductive performance
(Fourichon et al., 2000; Gröhn and Rajala-Schultz, 2000; Dubuc
et al., 2010). We demonstrated here the non-signiﬁcant total effect
of RP on culling risk. On the other hand, DA and MF are known
risk factors for culling (Beaudeau et al., 1994; Gröhn et al., 1998;
Hayes et al., 2012), and this study was no exception. More interesting was the exploration of a potential herd contextual effect on
the culling risk. Although we found a signiﬁcant variation between
herds, this observed general contextual effect was fairly small (i.e.
1.0%). The addition of the contextual characteristics explained 21%
of the herd variance, but variance was small (i.e.  2 = 0.043). Therefore it explains a substantial amount of a small effect. However,
as the ICC and the partition of variance between different levels
do not have the same intuitive interpretation as in linear models
(Goldstein et al., 2002), we can refer to the MOR for exploring herd
variation. None of the MOR credible intervals for the various models
included 1. So there was a herd effect on culling rate. However, the
herd effect was limited, as illustrated by a low MOR of 1.22. Even
if small, we found a positive association between the selected herd
characteristics and cow culling, over and above the cow’s individual
risk, possibly resulting from the pressure applied by the incoming
ﬂow of heifers on the herd size to remain constant. On the other
hand, average herd milk production served as a protective factor
for cow culling risk. However, when reaching a certain production threshold, the need to produce in these high-producing herds
establishes an increasing pressure on the cows.
Replacement heifers are generally raised on farms in the Québec
dairy herd management system. For a herd with good reproductive performance (i.e. 13 month calving interval) and heifer rearing
program (i.e. low mortality, ﬁrst calving around 24 months of age),
around 40% of the herd will have a female calf reaching the milk
production stage (Eicker and Fetrow, 2003). In other words, a herd
culling rate of 40%. All herd managers therefore face the same decision: a choice has to be made between the next heifers to come
into the herd, and the least proﬁtable cow. Having little variation
between herds (i.e. cow culling risk being rather uniform across
herds), implies there is no characteristic, or target, herd for lowering the herd culling rate. Once individual risk factors are managed
for the cows, all herds would beneﬁt from a comprehensive evaluation of the replacement heifer strategy. However, even though
the herd variation was small, a relatively large amount of variation
was still not explained by the contextual variables introduced in
the model. Other factors might be at play, including dairy producers’ perceptions of risk, and personal management preferences and
styles (Bigras-Poulin et al., 1985).
Potential biases might have hindered this study. However, herds
were deemed representative of Québec dairy herds using a monthly
DHI service for individual cow milk recording, and a computerized
data management system for reproduction and health management. The incidences of DA, MF, and RP in this study were in line
with what has been reported previously in the literature (Kelton
et al., 1998; Fleischer et al., 2001; Dubuc et al., 2010). The herds

We found a signiﬁcant but limited herd effect on individual cow
culling risk. Any attempt to manage the cull rate with the objective
of decreasing it will have to take into account the improvement
of both cow and herd health, including reproduction management
and milk production planning and quality assessment. However the
incoming ﬂow of heifers should not be forgotten, i.e. planning and
managing the forthcoming replacement animals.
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