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ABSTRACT

Bovine respiratory disease (BRD) is one of the lead-
ing causes of death in dairy heifers. The objective of 
this prospective cohort study was to characterize the 
epidemiology of BRD in preweaned dairy calves and 
to identify management practices associated with de-
creased risk of BRD. Dairies were chosen for the study 
based on management practices, location, size, and 
willingness to participate. A total of 6 dairies, ranging 
in size from 700 to 3,200 milking cows, in 6 counties 
across California’s Central Valley, were enrolled in the 
study for at least 1 year. A total of 11,945 calves were 
born on the study dairies and followed until wean-
ing. Incidence of BRD was estimated using treatment 
records. Trained study personnel performed compre-
hensive calf management surveys and estimated BRD 
prevalence on every dairy at least once every season. A 
shared frailty model was used to model the associations 
between management practices and BRD hazard. The 
final models included data from complete records of 
11,470 calves. The overall BRD study period prevalence 
across the study herds was 22.8%. The mean BRD in-
cidence density rate on all the study dairies was 0.17 
BRD cases [95% confidence interval (CI) = 0.16–1.74] 
per calf-month at risk. The shared frailty model identi-
fied that feeding only waste or saleable milk (compared 
with use of milk replacer), feeding over 3.8 L of milk 
per day to calves under 21 d of age, frequent changing 
of maternity pen bedding, and administration of modi-
fied live or killed BRD vaccines to dams before calving 
significantly reduced the risk of BRD. Risk factors for 
BRD included housing calves in wooden hutches with 
metal roofs, compared with all-wood hutches, twin 
births, and perception of dust occurring “regularly,” as 

reported by calf managers, compared with a perception 
of “no dust” in the calf-raising area. All 4 seasons were 
analyzed, and both summer (hazard ratio = 1.15; 95% 
CI = 1.01 to 1.32) and spring (hazard ratio = 1.26; 95% 
CI = 1.11 to 1.44) were associated with a higher risk of 
BRD compared with winter. The current longitudinal 
study identified specific housing and feeding practices 
that could be modified to decrease risk of BRD. In 
addition, season was observed to have a strong effect 
on calves’ risk of developing BRD on California dairies.
Key words: bovine respiratory disease, dairy calf, 
epidemiology, pneumonia

INTRODUCTION

One of the leading causes of morbidity in preweaned 
dairy calves in the United States is bovine respiratory 
disease (BRD; USDA, 2012). Bovine respiratory dis-
ease is multifactorial and can be caused by the interac-
tion of pathogenic bacteria and viruses, leading to a 
variety of clinical signs, which complicates the develop-
ment of effective treatment protocols and prevention 
practices. Despite advancements in treatments and 
changes in management practices, the national herd-
level incidence of BRD in dairy calves (from birth to 
weaning) has remained constant at around 22%, and 
BRD continues to be the cause of 30% of all calf mor-
talities (Gardner et al., 1990; Chigerwe et al., 2015).

Decreasing the incidence of BRD is of considerable 
importance, as several studies have shown that, in ad-
dition to the costs associated with treating sick calves, 
diagnosis of BRD during calfhood is associated with a 
lifetime productivity decrease in cattle (Warnick et al., 
1994, 1997). The decrease in productivity occurs due 
to a variety of factors, including increased likelihood 
of mortality, dystocia, culling before the first calving, 
and lower milk yields during first lactation (Schaffer et 
al., 2016).

Unlike BRD research reports from Canada, the 
eastern United States, and Europe, there have been 
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no comprehensive longitudinal studies characterizing 
the epidemiology of BRD in preweaned calves in the 
state of California since 1990 (Curtis et al., 1988; Gard-
ner et al., 1990; Virtala et al., 1996; Svensson et al., 
2003). California has mild winters and extremely hot 
and dry summers. Hence, studies conducted in other 
regions, especially those with harsher winters, identify 
risk factors that are often exclusive to colder climates, 
related to indoor housing and ventilation, rendering 
them not applicable to California (Lago et al., 2006). 
For example, indoor housing of calves during winter 
in cold climate regions commonly involves group hous-
ing, which has been associated with the greatest risk 
of BRD compared with other housing types (Losinger 
and Heinrichs, 1996; Svensson et al., 2003). In contrast, 
the mild winters of California allow for outdoor hous-
ing of calves year-round, with special consideration of 
nutrient requirements during cooler months. Similarly, 
the dairy industry in the northeastern United States 
has smaller herds (Pithua et al., 2009), limiting the 
application of findings for that region among the larger 
Californian herds (CDFA, 2016).

The objectives of the current study were to estimate 
seasonal variations in BRD incidence density rates 
(IDR) and to identify management practices or fac-
tors associated with reduced risk of BRD in preweaned 
dairy calves in California. Findings from the current 
study will be used to develop an evidence-based risk 
assessment tool for use by veterinarians and dairy man-
agers to reduce the incidence of BRD in preweaned 
dairy calves.

MATERIALS AND METHODS

This study was approved by the Institutional Animal 
Use and Care Committee at the University of Califor-
nia, Davis (Protocol #17496).

Study Herds Selection

Study herds were selected based on size, location, 
diversity of management practices, calf record keeping, 
and owner willingness to participate. Between March 
and August of 2015, 6 herds were enrolled in the study. 
The study herds were located in Northern California 
(2 dairies) and both the northern San Joaquin Valley 
(3 dairies) and the greater Southern California region 
(1 dairy), to represent the state’s 3 distinct dairy 
management systems and their characteristics (Figure 
1). The criteria considered when selecting the study 
dairies included location and herd size; specifically, 
the study included 2 small herds (under 1,000 milking 
cows), 3 medium-sized herds (over 1,000 milking cows 

but fewer than 3,000), and 1 large herd (over 4,000 
milking cows). In addition, dairies were also selected to 
include a variety of calf housing types as well as other 
management practices, including type of milk fed to 
calves and colostrum management (Love et al., 2016a). 
Of the study dairies, 4 had previously participated in a 
state-wide survey of management practices pertaining 
to BRD (Love et al., 2016a) and the BRD 100, a BRD 
prevalence study (Karle et al., 2019; Maier et al., 2019). 
The current article presents findings related to BRD 
morbidity; findings related to BRD-specific mortality 
in California are presented in a different article (Du-
brovsky et al., 2019).

Calf Enrollment and Exclusion Criteria

At commencement of the study, all preweaned calves 
without history of treatment for BRD on each study 
dairy were enrolled. Subsequently, calves were enrolled 
at birth and followed until weaning. Calves that were 
diagnosed with BRD, that were sold, or that died be-

Figure 1. California map identifying Northern California (NCA), 
the northern San Joaquin Valley (NSJV), and the greater Southern 
California region (GSCA), which includes the southern half of the 
San Joaquin Valley. Also identified in the map (stars) are the counties 
where dairies were enrolled in our longitudinal study of bovine respira-
tory disease in preweaned dairy calves.
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fore weaning were assigned the date of those events as 
their exit date. Male calves born on the study dairies 
and sold within 2 d of birth were not enrolled in the 
study. Any calves, male or female, sold more than 2 d 
after birth were included in the study. Any calves that 
died within 24 h of birth, or that were stillborn, were 
not enrolled in the study.

Treatment Records

The study dairies’ calf health staff reported use of 
observations on cough, nasal discharge, increased respi-
ratory rate, ocular discharge, and depression/fatigue as 
clinical signs to diagnose BRD. For the current study, 
the treatment crews were trained by study person-
nel and asked to complete a treatment card for each 
treated BRD case. Treatment cards included space for 
information on calf identification number (ID), breed, 
date of birth, sex, date of treatment, medications ad-
ministered, and a checklist of clinical signs. The clinical 
signs checklist included those from the California BRD 
scoring system: eye discharge, nasal discharge, head 
tilt/ear droop, cough, increased respiration rate, and 
temperature (Love et al., 2014). Calves were defined 
as having BRD when the dairy staff made the decision 
to treat the calf for BRD; at this point, staff filled out 
the treatment cards, including the clinical signs used to 
conclude that the calf had BRD. Treatment cards were 
printed on weatherproof material adhered to polypro-
pylene tags measuring 10 by 10 cm and affixed to calf 
hutches using staples or adhesive tape. Most dairies 
attached the cards to the hutches once a calf became 
a case and returned the cards to study personnel when 
the calf was weaned. On one dairy, calves were able to 
reach around to chew on the cards; hence, cards were 
not affixed to the hutches at that site and instead were 
kept by the calf caretaker. If a calf died before weaning, 
calf caretakers were instructed to note the date of death 
on the treatment card and return the treatment cards 
for dead calves to the study personnel.

Data Collection

A comprehensive management questionnaire based 
on a statewide BRD survey was administered at enroll-
ment and again every 2 to 4 mo for the duration of 
the study, to incorporate seasonal management changes 
(Love et al., 2016a). At each assessment, trained per-
sonnel interviewed the dairy calf manager or owner and 
asked questions about herd demographics, calving prac-
tices, calf housing, colostrum management and feeding, 
feeding programs for calves, respiratory disease vacci-
nations, and dust management practices. Questions in 

the first assessment referred to the previous 3 mo on 
the study dairy. Subsequent questionnaires referred to 
the period since the previous assessment.

In addition, at each visit, a subset (random sample) 
of calves on each dairy was selected and scored by 
researchers using the California BRD scoring system 
to obtain a BRD prevalence estimate, defined as the 
proportion of calves identified as BRD cases over the 
total number of calves sampled. The prevalence esti-
mate had a bound on error of estimation (B) assumed 
to be 10%, and was estimated based on a sample size 
(n) proportional to the size of the preweaned calf herd 
[Eq. 1]:

 n Npq
N D pq

=
− +( )

,
1

 [1]

where q = 1 − p, and D = B2/4, and where p is the 
population prevalence, assumed to be 25% based on the 
study investigators’ previous experience of the preva-
lence of BRD between birth and weaning on California 
dairies (Gardner et al., 1990; Scheaffer et al., 2006), 
and N is the total number of calves in the herd. This 
estimate was intended to provide a snapshot of BRD 
prevalence on the dairies, to allow comparison with 
studies that only report prevalence estimates, and was 
not incorporated in the shared frailty model for inci-
dence presented elsewhere.

Study personnel visited the study herds every 2 to 3 
weeks for the duration of the study to provide outreach 
and education to the dairy staff, observe calf feedings 
and treatments, observe disease recordings, assign 
treatment cards to calves, and collect treatment cards 
from weaned calves’ hutches and calf caretakers. In 
addition, during visits, investigators observed manage-
ment practices and reconciled the observed practices 
with questionnaire responses, and recorded hutch type 
for newborn calves on dairies with multiple hutch types.

Data Housing and Relational Database

The study data were stored in a relational database 
(Access, Microsoft Corporation, Redmond, WA). Dairy 
survey responses were linked to their respective indi-
vidual calf records (calf ID, birthdate, sex, events of 
interest, twinning status). Specifically, survey responses 
were time matched to calf records using calf birthdate 
and the time interval the survey covered. Calf ID was 
linked to events of interest (date of death, weaning 
date, BRD diagnosis date, date sold). Calf ID was also 
linked to BRD case records (symptoms listed, date of 
treatment, and treatment abbreviations). Treatments 
were linked into a case records table that contained 
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all of the treatment protocols for BRD in preweaned 
calves.

Descriptive Statistics

Measures of central tendency and uncertainty (mean 
and standard deviation, respectively) were computed 
for variables related to the herd (milking cow herd size, 
age at first calving, BRD prevalence, times per month 
maternity pen bedding was changed), calf management 
(preweaned calf herd size, weaning age, percent colos-
trum from uniparous dams), and calf feeding (volume 
and type of milk fed—saleable, waste, or milk replacer).

Clinical signs reported on the treatment card were 
used to generate a diagnosis of BRD based on the Cali-
fornia BRD scoring system, called the Scoring System 
Diagnosis (SSD). Separately, dairy staff were allowed 
to identify and treat BRD cases based on their on-farm 
criteria. Agreement between the California BRD scor-
ing system and calf caretakers’ diagnoses was measured. 
To obtain a quantitative measure of agreement between 
the SSD and the calf caretakers’ diagnoses of BRD, 
the 2 different diagnostic methods were evaluated for 
interrater agreement by estimating the kappa statistic 
(Cohen, 1960):

 ˆ ,k
p p
p
e

e
=

−( )
−( )

0

1
 [2]

where k̂  is the kappa statistic, p0 is the observed propor-
tion of agreement between the 2 BRD diagnostic meth-
ods, and pe is the expected proportion of agreement 
between the 2 methods.

Cumulative Incidence and IDR

Cumulative incidence and IDR of BRD were esti-
mated for all study calves, stratified by herd, twin birth 
status, season, and calf sex. Cumulative incidence was 
estimated as the proportion of new cases of BRD that 
occurred between enrollment and the end of the follow-
up period. The IDR was calculated for each of the 2 
methods of BRD diagnosis: one determined by the calf 
caretakers and the other by using the SSD as described 
previously, using Equation 3:

 Incidence density rate = 
No. of BRD cases

Sum of calf-days aat risk
. [3]

Days at risk for each calf included every day from birth 
to the event of interest (BRD diagnosis) or censoring 
(weaning, death, or sale). Calves were at risk for 51 d 
(birth to weaning) on some dairies, although calves on 

other dairies were at risk for 79 d. The IDR accounted 
for such differences by referencing the number of cases 
(numerator) to the number of calf-days at risk (denomi-
nator). Season was categorized as winter (December 1 
through February 28), spring (March 1 through May 
31), summer (June 1 through August 31), and fall 
(September 1 through November 30). Six calves did not 
have a designation as twin or single calves and were as-
sumed to be single-calf births. The sex of 20 calves was 
not recorded; however, they were assumed to be female 
because they were born on dairies where only female 
calves were assigned identification numbers.

Shared Frailty Model

Preweaned calves on the participating dairies at 
the beginning of the study had the study start date 
as their enrollment date. Calves born after the study 
began had their birth dates as their enrollment dates. 
Each calf in the study was followed from its enroll-
ment date to an occurrence of the event of interest or 
censoring. The event of interest for survival analysis 
was a BRD diagnosis based on calf caretaker recording 
of clinical signs in treatment records of study calves. 
Censoring otherwise occurred when a calf was weaned, 
was sold, or died before weaning. All enrolled calves 
exited the study at BRD diagnosis or censoring. Calf 
ID was recorded along with hutch types throughout the 
study on the dairies (with occasional gaps due to study 
personnel schedules), to match calves with hutch types, 
as many dairies had more than one hutch type. Any 
empty hutches were noted and checked against dairy 
records on deceased or sold calves.

A frailty model was used to account for dependence 
among calves born on the same dairy acting on the 
hazard function. A shared gamma-distributed frailty 
model was run, with the shared frailty variable specified 
as dairy, to adjust for herd effect, using this formula:

 h t h t Xij j ij( ) = ( ) ( ),α β0 exp  [4]

where hij is the conditional hazard function for the ith 
calf in the jth herd (Cohen, 1960; Kleinbaum and Klein, 
2005). The baseline hazard h t0 ( ) at time t was multi-
plied by αj , the model frailty, where all calves born on 
the same dairy had the same αj . The βXij  expression 
represents the subjects’ covariates, including herd and 
calf demographics and variables related to housing, 
colostrum management, feeding, vaccinations, and dust 
management.

Continuous variables were assessed for outliers, 
identified using the Tukey test for outliers; categorical 
independent variables were coded as dichotomous for 
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either absence or presence of a factor, or were specified 
with dummy variables, with the referent level being 
absence or the lowest level of a risk factor based on 
post hoc analysis, respectively. Each variable was first 
examined in a univariate shared frailty model, and con-
sidered statistically significant if P < 0.05, before being 
included in the full multivariate model. If a continuous 
variable was not significant in a univariate model, the 
variable was subsequently examined with frequency 
plots and categorized into approximately equal catego-
ries and then analyzed as a categorical variable in a 
univariate model. A manual forward model-building 
algorithm was applied, with variables related to herd 
and calf demographics entered first, followed by those 
related to housing, colostrum management, feeding, 
vaccinations, and finally dust-related variables. Inter-
actions between the dairies and all significant variables 
were investigated. Confounding was assessed using the 
method of change in estimates, contrasting models with 
and without potential confounders. A change greater 
than 20% in model estimates resulted in inclusion of 
the potential confounding variable in the final model. A 
5% level of significance was considered for statistically 
significant differences.

Two different methods were used to assess model 
goodness of fit. First, the likelihood ratio test was used 
to compare competing nested models first with a full 
model that included the variable of interest and then 
with a reduced model without the variable of interest 
(Greene, 2012). Second, a model with a lower Akaike 
information criterion estimate was denoted as a better 
fit (Akaike, 1998).

Dam- and Calf-Related Variables. The effects 
of twinning, being born to dams that had undergone 
in vitro fertilization or embryo transfer, season, and 
number of times maternity pen bedding was changed 
per month were included in the dam- and calf-related 
variables. Breed was also explored as a predictor, as 
were 2-way interaction terms for breed and dairy, be-
tween milk replacer use and type of milk fed (saleable 
or waste), and between type of milk fed and whether 
the milk was pasteurized.

Housing-Related Variables. Housing variables in-
cluded additional shade structures, hutch type, whether 
calves in adjacent hutches could touch, and whether 
hutches were elevated and a flush system used to clean 
manure. Several variables relating to dust in the calf 
area were examined: road surfaces around the hutches, 
and a variable based on whether dust was observed by 
the manager in the calf-raising area.

Colostrum Management Variables. Variables 
related to colostrum fed and its absorption included 

whether calves were fed pooled colostrum, colostrum 
quality as assessed using a colostrometer, and colostrum 
supplementation with colostrum replacer. Percentage 
of colostrum fed from first-calf heifers, evaluation of 
calves’ serum total protein as an indicator of failed 
passive transfer of immunity by the dairy, volume of 
colostrum fed in the first 12 h, and colostrum feeding 
method were also explored as predictors for hazard of 
BRD. Variables related to colostrum handling included 
heat treatment of colostrum, addition of a preservative, 
number of hours colostrum was stored before feeding, 
type of colostrum storage container, and colostrum 
storage temperature. Two-way interactions between 
supplementation with colostrum replacer and source of 
colostrum were also tested.

Calf Feeding-Related Variables. The order in 
which calves were fed in relation to age and health 
status was investigated. Other variables related to 
the milk fed to calves included the type of milk fed, 
whether calves under 21 d were fed waste milk, whether 
milk was pasteurized and whether it was tested for bac-
terial content before or after pasteurization (or both), 
use of milk replacer, volume of milk fed per feeding 
(a categorical variable), and antibiotics added to milk 
fed. Variables for method of feeding of milk (bucket 
or bottle), whether dairy staff reduced milk feedings 
to condition the calves before weaning, and intervals 
between feedings were examined. We also explored 
whether the youngest calves were offered water and 
whether water containers were filled within an hour of 
feeding milk.

Immunization-Related Variables. Modified live 
and killed vaccines used on the study dairies included 
antigens for bovine viral diarrhea virus (type 1 and 
2), infectious bovine rhinotracheitis, parainfluenza 3, 
and bovine respiratory syncytial virus. The intranasal 
vaccines used on the study dairies had similar composi-
tions to one another, with the exception of that for 
bovine viral diarrhea. Whether calves were vaccinated 
using intranasal or injectable vaccines before weaning 
was explored as a predictor of BRD only if vaccination 
occurred at least 15 d before weaning, to allow time for 
development of an immune response. In addition, use of 
a killed or modified live vaccine in pregnant dams was 
also explored, along with interaction terms with the 
volume of colostrum fed in the first 12 h after birth. 
Similarly, an interaction term between vaccines admin-
istered to cows and the use of colostrum replacer was 
also explored, as previous studies have found an asso-
ciation between the vaccines administered to pregnant 
cows and heifers and the quality of colostrum (Hodgins 
and Shewen, 1994).
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RESULTS

Descriptive Statistics

A total of 11,945 calves, 68.5% female and 31.5% 
male, were enrolled between March 2015 and July 2016 
on the 6 study dairies. The study herds are summarized 
in Table 1. Dairy 1 was primarily Holstein, and dair-
ies 2, 3, and 4 were exclusively Holstein. Dairy 5 was 
primarily a Jersey herd (less than 10% Jersey × Limou-
sin–cross calves). The study calves had a mean preva-
lence of preweaning BRD of 8.19% (2.93% to 12.62%), 
based on diagnosis with the California BRD scoring 
system over the entire study period and across all the 
study dairies. Tables 2 and 3 summarize the study dair-
ies’ calving and colostrum management, respectively. In 
addition to raising heifer calves, dairies 1, 2, 4, and 5 
raised male calves, whereas the remaining dairies sold 
all their male calves within a few days of birth. The calf 
populations for dairies 2 and 4 included approximately 
6% and 4.5% male calves, respectively. Dairies 1 and 5 
bred and sold bull calves for their genetic traits and had 
approximately 46% and 15% male calves, respectively. 
Table 4 summarizes calf housing practices on the study 
dairies, and Table 5 summarizes their feeding practices. 
Two dairies implemented changes in vaccination pro-
tocols during the course of the study period. Starting 
in March 2015, calves enrolled on dairy 1 were born to 
dams who had received 1 dose of modified live respira-
tory vaccine, whereas calves enrolled from June 2015 
through March 2016 were born to dams not vaccinated 
with any modified live vaccines. Finally, calves enrolled 
on dairy 1 between March and June 2016 were born to 
dams that received 1 modified live vaccine dose. In ad-
dition, dairy 1 calves enrolled from March 2015 through 
October 2015 were born to dams vaccinated with 1 
killed respiratory vaccine dose; no other calves were 
born to dams vaccinated with killed respiratory vac-
cines on that study dairy. Dairy 2 calves enrolled from 
March 2015 through April 2016 were born to dams that 
had received 1 killed respiratory vaccine dose, whereas 
those enrolled from April to June 2016 were born to 
dams that were vaccinated with 2 killed respiratory 
vaccine doses during pregnancy. As a result, approxi-
mately 63.5% and 69.9% of the study calves were from 
dairies that implemented changes during the study in 
their dams’ modified live or killed vaccine protocols, 
respectively.

Cumulative Incidence and Incidence Density Rates

Interrater agreement between SSD using the Cali-
fornia BRD scoring system and BRD cases identified 
by calf caretakers was 0.83 (SE = 0.01), as estimated T
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using the kappa statistic, which can be interpreted 
as “excellent agreement” (kappa ≥ 0.75; Fleiss et al., 
2003). Dairy 6 was excluded from the survival analysis 
due to noncompliance with study protocols in reporting 
clinical signs on treatment cards, and as a result only 
11,470 calves from the remaining 5 dairies were used 
in the analysis. Estimates for cumulative incidence and 
IDR on the study dairies using treatment records and 
SSD are summarized in Table 6. The season with the 
highest BRD IDR was spring at 0.21 cases per calf-
month (95% CI: 0.20, 0.23), followed by summer at 
0.17 cases per calf-month (95% CI: 0.15, 0.18), fall at 
0.14 cases per calf-month (95% CI: 0.13, 0.16), and fi-
nally winter at 0.14 cases per calf-month (95% CI: 0.13, 
0.15). The BRD IDR estimates alternatively can be 
interpreted as the rate at which cases occurred in the 
different seasons on the study dairies, to the magnitude 
of 21, 17, 14, and 14 cases of BRD for every 100 calves 
raised from birth to 30 d of age in spring, summer, fall, 
and winter, respectively.

The IDR of BRD among the study’s 652 (5.7%) twin 
calves was 0.22 cases per month (95% CI = 0.19, 0.25), 
compared with 0.16 cases per month (95% CI = 0.16, 
0.17) among singletons. The cohort of male calves on 
the study dairies comprised 3,762 (33%) calves, with 
a BRD IDR of 0.20 cases per month (95% CI = 0.19, 
0.22), compared with 0.16 cases per month (95% CI = 
0.15, 0.16) for the female cohort.

Shared Frailty Model

Data from 11,300 calves from 5 dairies were used in 
the shared frailty model. The final shared frailty model 
is presented in Table 7. Theta, which provided an es-
timate of the variance between dairies, was significant 
(P < 0.001). The univariate model for the association 
between modified live vaccination of dams and BRD 
in dairy 1 calves showed a higher hazard for BRD. 
However, Kaplan-Meier curves for dairy 1, comparing 
survival rates for calves of vaccinated dams with those 
of unvaccinated dams, showed a reduction in hazard 
of BRD after 50 d of age. Further exploration showed 
that age at first enrollment was higher for calves from 
modified live vaccinated dams than for calves from 
unvaccinated dams (mean 8.9 d versus 0 d of age at 
enrollment, respectively). More older calves from vac-
cinated dams were enrolled (from dairy 1) than younger 
calves from unvaccinated dams (from the remaining 
study dairies) at the start of the study, leading to the 
mixing of the effect of age and the effect of modified 
live vaccination of dams. Hence, an indicator variable 
was created for calves over 50 d of age in dairy 1 and 
introduced into the model, whereby confounding was 
confirmed, as indicated by a change in the magnitude T
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of the coefficient for modified live vaccination of dams 
by more than 20%. Specifically, models with the in-
dicator variable showed a change in the direction of 
the association, from modified live vaccination of dams 
being a risk factor for BRD to modified live vaccination 
having a protective effect against BRD. All crossbred 
calves were excluded from the model, as they were beef 
crosses (Limousin).

DISCUSSION

Bovine respiratory disease continues to be a signifi-
cant cause of morbidity in dairy calves on California 
dairies, with 22.8% of the 11,470 calves in this study 
treated for BRD before weaning. Increasing the volume 
of milk fed and vaccination of pregnant dams were asso-
ciated with decreased risk of BRD. Other management 
practices that could be modified to decrease the risk 
of BRD include dust abatement practices, type of milk 
fed to calves, and modification of calf hutch style. The 
current morbidity estimate (17.4% using BRD scoring 
system; 22.8% using on-farm BRD diagnosis criteria) 

is similar to that estimated from other recent studies, 
such as that of Windeyer et al. (2014), in which 21.9% 
of all calves were diagnosed with BRD. In addition, the 
National Animal Health Monitoring System (NAHMS) 
survey found that 18.1% of calves were diagnosed with 
BRD in 2011 (USDA, 2012). A recent study estimated 
the prevalence of BRD on a convenience sample of 
California’s Central Valley dairies and calf ranches 
to be 31.7% (Love et al., 2016b). The 31.7% reported 
prevalence from the Love et al. study may be due to 
the diagnosis of calves in the previous study using 
thoracic auscultation and ultrasound and the nested 
case-control study design, compared with the current 
estimate (8.2%) based on calves scoring positive by ob-
served clinical signs from several cross-sectional surveys 
conducted over time (Love et al., 2014). Another recent 
study that also did not use thoracic auscultation or 
ultrasound, but which sampled a larger number of dair-
ies, estimated a BRD prevalence in 4,636 calves on 100 
California dairies of 6.9% (SE 0.7; Karle et al., 2019)

A significant finding of the current study is the 
association between seasons in California and BRD 

Table 7. Final shared survival frailty model for bovine respiratory disease in 11,300 calves followed from birth to weaning on 5 California dairies 
between March 2015 and July 2016

Variable β coefficient
Hazard 
ratio SE

95% CI

P-valueLower Upper

Feeding only saleable and waste milk1 −0.610 0.544 0.069 0.424 0.698 <0.001
Volume of milk fed to calves <21 d of age       
 2–4 quarts per day Referent — — — — —
 4.5–6 quarts per day −2.514 0.081 0.046 0.027 0.247 <0.001
Hutch type2       
 Wood Referent — — — — —
 Wood and metal combination 0.216 1.242 0.091 1.075 1.433 0.003
 Metal with extra roof 0.059 1.061 0.079 0.917 1.228 0.427
 Plastic 0.375 1.456 0.563 0.682 3.106 0.332
Modified live vaccine administered to dam −1.120 0.326 0.036 0.263 0.405 <0.001
Killed vaccine administered to dam −0.166 0.847 0.059 0.739 0.971 0.017
Season3       
 Winter Referent — — — — —
 Fall 0.065 1.067 0.092 0.901 1.262 0.453
 Summer 0.158 1.171 0.082 1.021 1.344 0.024
 Spring 0.256 1.292 0.087 1.133 1.474 <0.001
Use of water truck for dust abatement on dairy 2.939 18.892 11.099 5.973 59.754 <0.001
Changed maternity pen bedding/month −0.020 0.980 0.007 0.967 0.993 0.004
Owner perception of dust in calf-raising area       
 Dust around calves opinion: regularly Referent — — — — —
 Dust around calves opinion: rarely −0.003 0.997 0.078 0.854 1.163 0.966
 Dust around calves opinion: never −0.550 0.577 0.113 0.393 0.848 0.005
Dairy 1 calves over 50 d of age4 −5.116 0.006 0.001 0.005 0.008 <0.001
1Referent: any mixture of waste or saleable milk without milk replacer.
2Housing types included all-wood hutches (wood) as the referent, wooden hutches with metal roofs (wood and metal combination), hutches 
with concrete floors and incomplete walls with metal bars and a separate roof (metal with extra roof over calf hutch area), and plastic hutches 
(plastic).
3Season categories included the months December to February (winter), September to November (spring), June to August (summer), and March 
to May (spring).
4Variable was included to account for confounding in the variables for modified live vaccination administered to dam and killed vaccine admin-
istered to dam. Reference variable was all calves under 50 d of age on dairy 1 and all calves (any age) on the other dairies.
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hazard. Calves had the lowest hazard of BRD during 
the winter and fall, with highest significant hazard in 
the spring and summer (Table 7). In contrast, a cross-
sectional study based on more than 4,000 calves on 100 
California dairies found that calves had higher odds of 
BRD during the fall than in the spring (Maier et al., 
2019). The majority of studies performed in the eastern 
United States and Canada have found that winter is 
the season with the highest risk of BRD, which may 
be due to the practice of collective housing indoors and 
lack of proper ventilation (Waltner-Toews et al., 1986). 
The implication of the differences in seasonal incidence 
of BRD between the western and eastern United States 
is that California dairy producers should be aggres-
sively controlling BRD in high-risk months and dur-
ing periods of large differences in daily minimum and 
maximum temperatures, by implementing preventative 
management practices.

The current study found that calf hutches made of 
a combination of metal and wood (a corrugated metal 
roof attached to wooden walls) were significantly as-
sociated with a 24% increased hazard of preweaning 
BRD compared with hutches made only of wood, with 
plastic hutches not varying significantly from only-
wood hutches. The higher risk of BRD among calves 
housed in metal and wood combination hutches may 
be because a metal roof is a better heat conductor 
than wood, which may lead to calves experiencing el-
evated temperatures for longer duration during the hot 
California summers. The amount of energy required to 
maintain homeostasis in the hotter hutches may strain 
calves’ immune system. Further research should be 
performed, investigating the temperature fluctuations 
and variations associated with different hutch types, to 
ascertain whether temperatures vary more in hutches 
with metal construction versus those made solely of 
wood or plastic.

A significant finding related to the amount of milk 
fed was that feeding over 3.8 L per day to calves under 
21 d of age decreased the hazard of BRD by 92% (Table 
7). Such a decrease in BRD hazard may be an indica-
tion that feeding calves less than 3.8 L per day may 
not fulfill their nutrient requirements for metabolic 
maintenance, growth, and immune system function. A 
study examining metabolic maintenance requirements 
for calves hypothesized that calves fed milk over the 
amount required for maintenance would have stronger 
immune systems (Drackley, 2008), which could explain 
the decrease in BRD hazard associated with increased 
volume of milk fed. The volume of milk fed on all dair-
ies in this study exceeded the 2.5-L per day benchmark 
deemed necessary for metabolic maintenance (Drackley, 
2008). However, the metabolic maintenance study was 

performed under thermoneutral conditions and does 
not account for the extra volume of milk necessary to 
meet metabolic maintenance requirements when calves 
are under thermoregulatory stress due to extremely hot 
or cold temperatures. Calves fed lower milk volumes 
may not receive enough nutrients to fulfill their mainte-
nance requirements during days with large temperature 
fluctuations.

The frailty model results also identified that calves 
fed only saleable and waste milk had a lower hazard, a 
46% reduction, compared with calves fed waste or sale-
able milk supplemented with milk replacer. Another 
study concluded that calves fed milk replacer had a 
higher risk of morbidity than calves fed pasteurized 
waste milk (Godden et al., 2005). Possible explana-
tions for these findings might be that milk replacer was 
not being mixed properly, that it might be diluted, or 
that it simply does not contain enough nutrients to 
adequately support calves’ growth and immune system 
health compared with whole milk either in the form of 
saleable or waste milk. The current study did not verify 
the nutrient composition of milk fed to the enrolled 
calves, which is a limitation to the study findings. 
Future studies should address this by collecting and 
testing samples of the milk fed at regular intervals.

The management variable with the highest hazard 
ratio (18.9) in the frailty model was for producer-
reported use of water trucks to spray roads near the 
calf-raising area for dust abatement (no water truck 
use for dust abatement being the referent). In contrast, 
previous studies found that dust abatement can help 
prevent BRD, as dust particles can significantly impair 
the respiratory tract defense mechanisms (Callan and 
Garry, 2002). One possible explanation for this seem-
ingly contradictory result is that trucks traveling near 
calf-raising areas may generate additional dust, which 
may offset the potential benefits of spraying water to 
control dust.

Producer reports of dust in the calf-raising area were 
significantly associated with BRD, complementing the 
significant association between dust abatement and a 
higher BRD hazard. In contrast, the dairies that re-
ported that dust was never observed had a 42% de-
crease in BRD hazard. Previous studies have correlated 
dust with increased risk for BRD because dust can 
be an inflammatory agent, which can increase calves’ 
susceptibility to BRD pathogens (Callan and Garry, 
2002). Dust particles impair the immune system and 
the respiratory tract’s defense mechanisms by increas-
ing phagocytic activity in the alveolar space, as well 
as impairing mucociliary clearance. Dust particles can 
also absorb and carry ammonia deeper into alveoli than 
it would travel unassisted (Hillman et al., 1992). More 
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research into alternative dust abatement strategies for 
dairies with excessive amounts of dust in the calf-raising 
area is needed, to reduce the risk of BRD.

Administration of modified live and killed vaccines 
against BRD pathogens to preparturient cows was as-
sociated with a decrease in hazard of BRD in calves 
born to vaccinated dams. The current study did not 
attempt to compare the specific vaccines used, as that 
was not our objective. Calves born to dams vaccinated 
with a modified live vaccine were 67% less likely to de-
velop BRD, and calves born to dams vaccinated with a 
killed vaccine were 15% less likely to develop BRD. Our 
findings are supported by previous studies, which found 
that calves born to cows vaccinated against infectious 
bovine rhinotracheitis and Pasteurella haemolytica, and 
fed colostrum from their individual dams within 8 h of 
birth, tested seropositive for these pathogens, as op-
posed to calves born to unvaccinated cows, indicating 
that vaccination of dams does have an immunological 
effect on calves (Hodgins and Shewen, 1994). Only 2 
of the dairies in our study modified their vaccination 
protocols during the study period; hence, the associa-
tions between vaccination of dams using modified live 
or killed vaccines and BRD morbidity should be inter-
preted with caution. Nevertheless, the 2 dairies that 
changed protocols contributed 70% of the study calves. 
Given this sample size and the significant association 
between vaccination of dams and risk of BRD for modi-
fied live and killed vaccines, and findings from previous 
studies, it is probable that vaccination of dams does 
have a protective effect against BRD in preweaned 
calves through colostrum intake.

The current study found an association between in-
creased frequency of maternity pen bedding changes 
per month and decrease in BRD risk in calves born in 
the same maternity pens. The likely explanation for 
the decrease in BRD incidence with increase in pen 
cleanings is reduction in the potential concentration 
of pathogens to which the calves are exposed during 
birth and immediately afterward. Previous studies have 
focused on individual versus group calving pens, includ-
ing a study that found that calves born in individual 
pens had lower odds of BRD than did calves born in 
group pens, which fits with the theory presented above, 
in that individual pens should have a lower pathogen 
load (Svensson et al., 2003).

Our study was limited by reliance on calf caretak-
ers to diagnose and accurately report BRD cases and 
clinical signs. The kappa statistic calculated, comparing 
calf caretaker records with clinical signs, was 0.83 and 
indicated excellent agreement between diagnoses using 
the California BRD scoring system and calf caretaker 
diagnoses (Fleiss et al., 2003). However, this statistic 

may not be an accurate representation, because most 
of the IDR calculated using the SSD were lower than 
the IDR based on calf caretaker diagnoses, which may, 
in turn, be due to false positives (caretakers treating 
calves that aren’t sick) or detecting BRD cases early 
before calves display the full range of symptoms. De-
spite the limitation of relying on calf caretakers for 
BRD diagnosis, previous longitudinal studies with 
similarly large cohorts also relied on dairy staff to cor-
rectly diagnose calves with BRD (Sivula et al., 1996; 
Windeyer et al., 2014). In our approach, we attempted 
to mitigate this limitation through regular visits to the 
study dairy to confirm that the calf health staff contin-
ued to follow the study protocol. Indeed, this measure 
resulted in the exclusion of one study dairy due to lack 
of compliance. Another limitation of the current study 
was that calf health staff only recorded clinical signs on 
a treatment card when they diagnosed and treated a 
calf. A calf with a single clinical sign (for example, na-
sal discharge) might not have been considered a BRD 
case by calf caretakers, and as a result clinical signs 
were not recorded, limiting the kappa agreement. Cases 
that met California BRD scoring system case criteria 
but not BRD criteria of caretakers were not recorded 
by the calf health staff, and thus were not included in 
the agreement analysis. An improvement on this study 
design would be for dairy staff to record clinical signs 
observed for all calves, including those that do not meet 
caretakers’ criteria for diagnosis of BRD.

Our study findings are also limited by the fact that 
only 5 dairies were used, primarily because of limita-
tions on time and the difficulty of ensuring compli-
ance in record keeping on the dairies when conducting 
longitudinal studies. Such a limitation, along with the 
biweekly visits to all enrolled dairies, excluded addition 
of more study herds. As a result, the dairies that con-
tributed data to this study may not be representative of 
all California dairies and could have introduced a bias 
toward dairies with better record keeping for calves. 
This may also have indirectly biased the sample size 
toward dairies that do more complete and thorough calf 
care and management.

CONCLUSIONS

The current study followed more than 11,000 calves, 
one of the largest cohorts of calves studied for BRD, 
and provided insight into risk factors for BRD in pre-
weaned dairy calves that are unique to California. On 
dairies with similar management practices to those of 
the study herds, several preventative measures can be 
implemented by managers to reduce the incidence of 
BRD. On dairies with high BRD incidence, herd man-
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agers should consider feeding calves more than 3.8 L of 
whole milk, commonly available on California dairies as 
saleable milk, although proper pasteurization of waste 
milk should reduce the microbial content and make this 
a second potential source of whole milk. Vaccinating 
dams for BRD pathogens during pregnancy and feeding 
their colostrum to calves, frequent changing of materni-
ty pen bedding, and housing calves in non-metal hutch 
structures were each found to reduce the risk of BRD 
in preweaned calves. Data collected in this study sug-
gest that implementing these changes to management 
practices has the potential to decrease the incidence 
of BRD in preweaned dairy calves in California. Such 
information can be applied to similar dairies in climates 
comparable to California’s.
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