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A B S T R A C T

Barn climate is believed to play a major role in the bovine respiratory disease complex. However, the exact air
quality parameters associated with (sub)clinical pneumonia or airway inflammation in calves are currently
unknown. The objective of this cross-sectional study was to assess associations of air quality parameters with
clinical signs, lung consolidation, pulmonary inflammation and infection in group-housed calves. In total, 60
beef and dairy farms were visited from January to April 2017 and 428 calves sampled. Measured air quality
parameters included continuous 24-h measurements of ammonia concentration, relative humidity and tem-
perature and punctual measurements of air velocity, ammonia, CO2 and bacterial air load. Calf sampling con-
sisted of clinical examination, thoracic ultrasonography and broncho-alveolar lavage sampling for bacter-
iological and cytological analysis of broncho-alveolar lavage fluid (BALf). Average air temperature was 14.2 °C
(standard deviation (SD) 4.4, range 5.5–23.9) and relative humidity 68.8 % (SD 8.9, range 52.2–91.6). Average
ammonia concentration was 1.7 ppm (SD 0.9, range 0–10.0). Lung consolidations of ≥1 cm, ≥3 cm and ≥6 cm
in depth were present in 41.1 % (176/428), 27.1 % (116/428) and 16.1 % (69/428) of the calves, respectively.
Average pen temperature was positively associated with consolidations of ≥1 cm (P = 0.005), ≥3 cm (P =
0.002) and ≥6 cm (P< 0.01). Ammonia exposure, in hours> 4 ppm, was associated with lung consolidation
≥1 cm (odds ratio (OR) = 1.73; confidence interval (CI) = 1.02–3.07; P = 0.04). Ammonia concentration was
positively associated with BALf epithelial cell percentage (P= 0.01). Air velocity> 0.8 m/s was associated with
increased odds of lung consolidation of≥3 cm (OR = 6.8; CI = 1.2–38.5; P= 0.04) and ≥6 cm (OR = 15.9; CI
= 1.2–200.0; P = 0.03). The prevalence of lung consolidations ≥1 cm was higher in the draught (81.8 %; P =
0.0092) and warm, dry and ammonia accumulation clusters (54.2 %; P = 0.02) compared to the presumably
normal cluster (31.6 %). In addition, in the warm, dry and ammonia cluster the prevalence of lung consolida-
tions ≥3 cm (38.1 %; P = 0.04) and ≥6 cm (31.4 %; P = 0.01) in depth were higher compared to the
presumably normal climate cluster (18.2 % and 9.1 %, respectively). Of all frequently measured indoor air
quality parameters, only average temperature, ammonia concentration and air velocity were associated with
pneumonia and might therefore be preferable for cost-effective evaluation of calf barn climate.

1. Introduction

Bovine respiratory disease (BRD) has major effects on economic
results, longevity and antimicrobial consumption in beef, dairy and veal
calves (Griffin, 1997; Bach, 2011; Pardon et al., 2013). The disease

results from the complex interaction of pathogens, host immunity and
environmental risk factors (Ellis, 2001; Griffin et al., 2010; Dubrovsky
et al., 2019). Continuing to control the impact of BRD solely by pro-
phylactic and metaphylactic antimicrobial treatment is both in-
completely effective and unacceptable in the era of antimicrobial
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resistance in humans and animals, demanding a decrease in anti-
microbial consumption (Baptiste and Kyvsgaard, 2017; EMA/EFSA,
2017). Therefore, a shift towards disease prevention is needed (WHO,
2001). Vaccination is one aspect of prevention, however it is clear that
broad vaccination alone appears insufficient to completely alleviate the
respiratory disease burden in cattle farms (Windeyer et al., 2012;
Dubrovsky et al., 2019). To further reduce its impact additional pre-
ventive strategies are essential, such as avoiding exposure to proven
risk factors. Besides reduction of infection pressure and improving calf
immunity by correct colostrum management (Virtala et al., 1999;
Windeyer et al., 2014), in recent years more attention is given to barn
climate. Next to thermal comfort, humidity and draught exposure,
several air pollutants can be present of which ammonia and bacterial
air load are best studied in calves (Lundborg et al., 2005; Lago et al.,
2006; Schnyder et al., 2019). For years empirical guidelines and re-
commendations exist, aiming at a healthy barn climate satisfying the
needs for thermal comfort and fresh air supply for calves (CIGR, 1984;
DIN 18910, 2017DIN 18910, 2017). Despite these recommendations a
serious limitation to elaborate effective preventive strategies, by as-
suring adequate barn climate, is that it is currently unknown which air
quality parameters are actually associated with health parameters of
the calves themselves.

Also, for practical and economic reasons, barn air quality para-
meters that are currently most often evaluated are those that are easily
accessible by performing punctual measurements on a single day, such
as temperature and relative humidity. As these parameters can show a
substantial diurnal variation (Seedorf et al., 1998), continuous 24 -h
measurements might improve identification of an unhealthy barn cli-
mate. Health effects resulting from exposure to an unhealthy barn cli-
mate are upper respiratory tract inflammation and infection, subclinical
and clinical pneumonia, all previously included under the term BRD or
respiratory disease (Ollivett and Buczinski, 2016). Available studies on
the association between barn air quality parameters and respiratory
health are limited to clinical signs, using a variety of definitions
(Lundborg et al., 2005; Schnyder et al., 2019), with one exception that
included thoracic ultrasonography (TUS) (Buczinski et al., 2018). The
BRD or respiratory disease concept does not differentiate between
airway inflammation and infection nor does it distinguish a pneumonia
from upper respiratory tract disease. Today the use of TUS on farm
(Ollivett and Buczinski, 2016) combined with validated clinical scoring
systems such as the Wisconsin respiratory score (McGuirk and Peek,
2014) and cytology and bacteriology on broncho-alveolar lavage sam-
ples offers much more possibilities to differentiate respiratory diseases
in term of anatomical localisation (upper or lower respiratory tract) and
infectious or non-infectious nature (van Leenen et al., 2020). The pri-
mary outcome of interest is lung consolidation, since this parameter has
been associated with growth retardation, carcass losses, increased
mortality and effects on fertility and longevity (Teixeira et al., 2017;
Dunn et al., 2018; Cramer and Ollivett, 2019). To the authors knowl-
edge, no previous work on the association of barn air quality para-
meters and airway inflammation exists in cattle, despite that airway
inflammation of various nature potentially precedes the development of
pneumonia, as documented in humans (Siegel and Weiser, 2015).
Therefore, the objective of this study was to assess which barn air
quality parameters are associated with clinical signs, lung consolida-
tion, airway inflammation and infection of the lower respiratory tract in
indoor group-housed calves. This information is essential to identify an
unhealthy barn climate and evaluate adaptations to buildings or re-
commend changes in management practices.

2. Materials and methods

2.1. Study design and sample size calculation

A cross-sectional study was performed with the calf as the experi-
mental unit. With the help of local veterinary practices 60 farms were

conveniently selected in Flanders (Belgium) and samples were taken
from January to April 2017. Selection of farms was based on willingness
to cooperate and informed consent by the farmer. Each farm was visited
twice in a 48-h period. On the first day all measurements on indoor air
quality were performed and on the second day the calves were sampled
to avoid interference with air parameters by animal handling. On each
farm the aim was to sample 6–8 calves, aged<4 months and housed in
the same pen or in adjacent pens. If less animals were present all
available group-housed calves were sampled. Only calves that had not
been treated with antibiotics in the 2 weeks prior to the study were
included. All sampling techniques and the study protocol were re-
viewed by the local ethical committee and permitted under experi-
mental license number EC2016–89.

Sample size was calculated for the multilevel logistic regression
with lung consolidation ≥1 cm as outcome variable. Calculations were
made to enable detection of a difference of 15 % in the probability of
lung consolidation ≥1 cm of depth, between calves exposed to a ca-
tegorical risk factor (assumed prevalence 30 %) and calves not exposed
(assumed prevalence 15 %), accounting for α and β errors of 5% and 20
%, respectively. The estimated sample size was 92 animals per cate-
gory, resulting in a total of 185 animals. The estimated sample size was
adjusted for clustering of calves within a herd, assuming an intraclass
correlation of 0.2 and an estimated average number of 7 animals
sampled per herd. This resulted in an adjusted sample size of 202 an-
imals per category or a total of 404 animals (Dohoo et al., 2009).

2.2. Farm and housing characteristics

A total of 23 dairy, 23 beef and 14 mixed dairy/beef farms were
included in the study. The majority of the farms was medium-sized with
53.3 % (32/60) having less than 100 cows and 36.7 % (22/60) between
100–200 cows in total. In 8.3 % (5/60) of the farms between 200 and
300 cows were present and one farm had>300 cows. Adult cattle was
present in the same building as the calves in 51.7 % (31/60) of the
barns. On all farms calves were group-housed with a mean group size of
7±4 calves (range 2–32) per group. The mean pen size was
22.9±15.0 m2, with a minimum of 4 m2 and a maximum of 79.7 m2.
On average space per calf was 3.7±2.3 m2 (range 0.3–14.1). On 33 out
of the 60 farms calves were able to have nose-nose contact with calves
in the adjacent group pen. Vaccination status of the calves or the adult
cattle was not determined.

All herds housed their calves in groups on solid concrete floors
bedded with straw, except for one herd where the pen consisted of a
slatted floor combined with a straw bedded solid concrete floor. Fresh
bedding was added on top of the soiled bedding in all farms. Re-bedding
frequencies were once a week on 6.6 % (4/60) of the farms, twice a
week on 18.3 % (11/60), three times a week on 30 % (18/60) and ≥4
times a week on 45 % (27/60) of the farms, respectively. A complete
cleaning of the pen was performed on 78.3 % (47/60) of the farms, with
a frequency of once a week (14.9 %; 7/47), once every two weeks (38.3
%; 18/47), once every month (23.4 %; 11/47) and once every two
months (23.4 %; 11/47), respectively. To assess the dryness of the
bedding a bedding dryness score was attributed to each farm with score
1 representing a dry, score 2 a moist and score 3 a wet bedding, re-
spectively. Additionally, a nesting score was given to each pen to assess
the distribution of fresh bedding, as suggested in a previous study (Lago
et al., 2006). Briefly, nesting score 1 was given when calves appeared to
lie on top of the bedding with legs exposed, a nesting score 2 was given
when the bedding allowed slight nestling and a nesting score 3 was
assigned when calves were able to nestle deeply in the bedding.

Calves were fed milk (milk replacer or whole milk with substantial
variation between farms) on 53 of the farms, six of these farms supplied
milk replacer using an automatic milk feeder. Roughage and/or con-
centrates were provided on all farms consisting of hay and concentrates
(17), silage and concentrates (10), concentrates (8), silage (9), silage
and hay (9), silage and straw (2) and straw and concentrates (5).
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A total of 38.3 % (23/60) of the calf barns was open on one side and
36.7 % (22/60) was open on two sides, 25 % (15/60) of the barns were
completely enclosed. Natural ventilation was used in the majority of the
barns, except for five farms which used mechanical ventilation systems
(3 positive pressure tube systems and 2 negative pressure systems).
Most of the naturally ventilated farms (43.6 %; 24/55) were oriented
with their long axis perpendicular to the prevailing wind direction,
which is south-west in the studied area. Pen partitioning that was not
completely solid and allowed air circulation between pens, was present
in 66.7 % (40/60) of the farms. Protective measures at the inlet to
prevent high air velocity at calf level were present in 53.3 % (32/60) of
the farms and consisted of curtains in 50 % (16/32), space boarding in
31.3 % (10/32), and a solid protective cover for shelter at calf height in
18.7 % (6/32) of the farms. The average air volume per calf was
24.8±50.9 m3 (range 1.9–377.2).

2.3. Measurement of air quality parameters

Measurements of indoor air quality parameters were performed
during the day of the first visit. As the study objective focused on indoor
air quality parameters associated with calf respiratory health, mea-
surements were performed at calf breathing level. Sampling equipment
was placed in the pen where all sampled calves were housed or in the
pen that housed the majority of the calves in case the adjacent pen also
needed to be sampled to obtain the pre-set sample size of 6 calves on
each farm.

Continuous 24 -h measurements were performed for temperature
and relative humidity on all 60 farms and for ammonia concentration
on 27 of the farms. Ammonia was measured continuously on half of
sampled farms because only one sampling device could be used that
was rotated between farms. The sampling equipment used for these
continuous measurements was placed in the left front corner of the pen
with the sensors placed 50 cm above ground level which corresponds
with the breathing level of the calves. To avoid damage of the equip-
ment by the animals all sampling devices were placed in a custom made
mesh wired box (100 × 69.5 cm), with a mesh size of 4.2 × 8.8 cm,
secured to the headlocks or feed barrier.

Temperature and relative humidity were measured and logged with
a one-minute measuring interval, using a mobile weather housing
aerosol spectrometer (Grimm 1.109, Grimm Aerosol Technik GmbH &
Co. KG, Ainring, Germany) equipped with a meteorological sensor
(1.153FH) for temperature (range (R): 0.3–80 °C, accuracy±0.3 K)
and relative humidity (R: 0−100%, accuracy±1%). Mean tempera-
ture and relative humidity and maximum and minimum values over the
24 -h measuring period were calculated.

Ammonia concentrations were measured in two different ways
using one-time measurements and a continuous measuring device.
Continuous measurements for ammonia were carried out using a
pumped handheld device with electrochemical sensor (R: 0−100 ppm,
accuracy± 10 %) (MulitRAE lite, RAE Benelux, Hoogstraten, Belgium)
attached to the side of the protective mesh wired box. Measurements
were carried with a 30 s measuring interval and mean 24-h ammonia
concentration was calculated.

Punctual one-time measurements detecting air velocity and mea-
suring CO2 and ammonia concentrations were performed on each farm
during the morning of the first visit in the right front, middle and left
back of the pen, respectively. A punctual measurement for the con-
centration of CO2 or ammonia was obtained during a one-minute
measuring period and was defined as the concentration at which the
sensor reached equilibrium. Air velocity was measured using a hand-
held thermal anemometer (R: 0−30 m/s, accuracy 0.06 m/s) (Airflow™
TA45, TSI Inc, Shoreview, MN). A punctual measurement value of air
velocity was defined as the speed at which the sensor indicated a steady
state velocity during the 30 s measuring period. Maximal air speed
measured in any of the three sampling places of the pen was used for
analysis. Levels of CO2 (R: 0−50000 ppm, accuracy±5.0 %) and NH3

(R: 0−500 ppm) in each pen were measured using an aspirated
handheld monitor (IBRID™MX6, Industrial Scientific, Pittsburgh, PA).
All used instruments were calibrated by the manufacturer before use.

Microbiological air quality in the pen was measured by sampling
one litre of air onto a Columbia blood agar plate with 5% sheep blood
(Oxoid™, Hampshire, UK) using an impaction air sampler (MAS-100
Eco®, Merck KGaA, Darmstadt, Germany). To avoid interference of
bacteria coming from the calf or the stable bedding the sampler was
placed with the inlet faced to the roof and placed in the middle of the
box on a block with a height of 30 cm above ground level. To correct for
the background bacterial contamination in the air, on each farm an
outdoor baseline measurement was performed with a minimal distance
of 5 m from the barn, using the same sampling procedure. Agar plates
were incubated for 24 h at 35 °C without CO2 and colony-forming units
were counted manually. To obtain the final pen bacterial air load
baseline measurements were subtracted from pen measurements.

2.4. Clinical examination, thoracic ultrasonography and broncho-alveolar
lavage

During the second day of the farm visit, all examinations of the
calves were performed after dismanteling all sampling equipment to
avoid interference of movement of the calves with the climatic data.
Clinical examination of the calves was performed and animals were
considered healthy or diseased based on the Wisconsin calf respiratory
score (McGuirk and Peek, 2014), with calves scoring ≥5 considered
diseased. Thoracic ultrasonorgraphy was performed including bilateral
examination of the cranial lung lobes, as previously described (Pardon,
2019). A portable ultrasound with a linear probe with a frequency of
7.5 MHz set at a depth of 8 cm (Tringa Linear Vet®, Esaote, the Neth-
erlands) was used with 70 % isopropylalcohol as a transducing agent.
Presence of lung consolidation was documented according to location
(dorsal/ventral ; left/right) and depth in centimetres measured in a
dorso-ventral plane.

After clinical and thoracic ultrasonographic examination a small-
volume (0.6 mL/kg body weight) non-endoscopic broncho-alveolar la-
vage (nBAL) was performed in standing unsedated calves, to collect
broncho-alveolar fluid (BALf) for bacteriological and cytological ana-
lysis, as described previously (Van Driessche et al., 2017). Cytological
examination of BALf consisted of manual determination of total nu-
cleated cell count (TNCC) using a haemocytometer followed by calcu-
lation of the differential cell count by counting 400 cells on cytospin
preparations, as described previously (van Leenen et al., 2020).

Bacterial culture of BALf for Pasteurellaceae and Mycoplasma bovis
was done on Columbia blood agar and pleuro pneumonia-like organism
agar (PPLO), respectively, as more extensively described elsewhere
(Van Driessche et al., 2017). Species confirmation of Pasteurellaceae and
M. bovis was performed using Matrix-Assisted Laser Desorption Ioni-
zation-Time of Flight Mass Spectrometry (MALDI-TOF MS) (Brüker
Daltonik GmbH, Bremen, Germany). Bacterial cultures were interpreted
according to isolation of target bacteria, commonly associated with
BRD in calves, namely: Pasteurella multocida, Mannheimia haemolytica,
Histophilus somni and Mycoplasma bovis. Culture results were considered
negative for the target bacteria if growth was absent after an incubation
period for 48 h for Pasteurellaceae and 5 days for M. bovis, or if con-
taminants or multiple bacterial colonies with different morphology
were present on the agar plate (polymicrobial) and no target bacteria
could be subjected to subculture for further identification. Bacterial
cultures were considered positive if a dominant or pure culture result
was obtained for the target bacteria (Van Driessche et al., 2017). All
examinations, sampling procedures and sample analyses were per-
formed by the same veterinarian.

2.5. Statistical analyses

Data were analysed in two different ways, first linear regression and
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mixed model analyses were performed. Second, a cluster analysis of the
indoor air quality parameters was carried out.

2.6. Linear regression and mixed models

Analyses were performed using SAS® version 9.4 (SAS Institute Inc.,
Cary, N.C.) for Windows. The experimental unit was the calf. Four
groups of outcomes were tested: clinical signs (1 binary outcome), lung
consolidation (3 binary outcomes), airway inflammation (5 continuous
outcomes and 2 binary outcomes) and lower respiratory tract infection
(4 binary outcomes). For binary outcomes 0 represents a negative and 1
represents a positive outcome. The presence of clinical signs was re-
presented by a positive Wisconsin respiratory score, analysed as the
binary outcome variable WI-score (0/1). Lung consolidations were
analysed as three binary outcomes: lesion depth ≥1 cm (0/1), ≥3 cm
(0/1), and ≥6 cm (0/1), respectively. Lesion depth was measured on
ultrasonographic images, if bilateral lesions were present the lesion of
maximum depth was used to assign a score to the calf. For airway in-
flammation no clear cut-off values are present to date defining different
types of inflammatory BALf profiles in calves. Therefore, airway in-
flammation was analysed as a group of continuous outcome variables
(TNCC, neutrophil percentage, macrophage percentage, lymphocyte
percentage, epithelial cell percentage, basophil percentage and eosi-
nophil percentage). These continuous outcome variables were checked
for a normal distribution and log + 1 transformed when required. Log
transformation was needed for TNCC, lymphocyte percentage and
epithelial cell percentage. Neutrophil and macrophage percentage were
normally distributed. For eosinophil and basophil percentage no
transformation to a normal distribution was possible, therefore these
outcomes were analysed as binary outcomes. Samples containing> 1%
eosinophils were considered positive (increased). For basophils, a
sample was considered positive if any of these cells were seen in the 400
cells counted (Meyer, 2007). A lower respiratory tract infection was
deemed to be present in the calf when at least one of the pathogens
Pasteurella multocida, Mannheimia haemolytica, Histophilus somni or
Mycoplasma bovis was isolated from BALf in pure or dominant culture.
This was represented by the binary outcome variables P. multocida
isolation (0/1), M. haemolytica isolation (0/1), H. somni isolation (0/1)
and M. bovis isolation (0/1).

Predictors were continuous measurements of temperature, relative
humidity and ammonia and punctual measurements of air velocity,
ammonia, CO2 and bacterial air load. For temperature and relative
humidity the 24 -h average was tested as continuous value. From the
average 24 -h ammonia concentration in ppm as original continuous
value a derived variable was created for analytical purposes. Based on
one of the parameters of interest, ultrasonographic consolidation ≥1
cm in depth, a new predictor was created using the maximum ammonia
concentration measured over a 24-h period. To determine the optimal
cut-off value for the maximum ammonia concentration, to predict the
presence of ultrasonograpic consolidation ≥ 1 cm in depth with highest
sensitivity and specificity, a receiver operating characteristics (ROC)
curve with the Youden’s index was used. Using this approach the de-
rived variable time ammonia>4 ppm (hours) was created as a derived
continuous predictor variable.

Four punctual measurements were tested: air velocity, ammonia in
the front of the pen, CO2 in the front of the pen and total bacterial air
load (cfu/m3). Ammonia concentration, CO2 concentration and total
bacterial air load were analysed as continuous variables. Since obtained
values of the punctual air velocity were very low and close to the de-
tection limit in a number of barns, this parameter was analysed as a
derived binary variable. Based on the maximum air velocity measured
at any of the three places in the pen (front, middle or back) a ROC curve
with the Youden’s index was created to determine the optimal max-
imum air velocity cut-off value with highest sensitivity and specificity
to predict the presence of an ultrasonographic consolidation of ≥1 cm
in depth. The binary variable air velocity> 0.8 m/s (0/1) was created

after this procedure.
Five multivariable linear regression models (PROC MIXED) were

made to determine the association of TNCC, neutrophil percentage,
macrophage percentage, lymphocyte percentage, and percentage of
epithelial cells, as outcome variables representing airway inflammation,
with the seven predictors mentioned above. In each model herd was
added as a random effect to account for clustering of calves within a
herd. In a first step the association of the different predictors with the
outcome variable was tested univariably. All parameters with P<0.20
were withheld for the next step. Pearsons and Spearman correlation
were determined, and of predictors correlated over 0.6, only the most
significant one was withheld from the modelling process. The regres-
sion model was built stepwise backwards, gradually excluding not
significant variables. Significance level was set at α = 0.05 with a 95 %
confidence interval. Pairwise comparisons between different categories
of significant effects were made using Bonferroni corrections.
Biologically plausible interactions between significant main effects
were tested. Model fit was assessed by visual inspection of residual plots
and normality testing of residuals.

The association of the seven predictors with the binary outcome
variables Wisconsin respiratory score (representing clinical signs), ul-
trasonographic consolidation ≥1 cm, ultrasonographic consolidation
≥3 cm, ultrasonographic consolidation ≥6 cm, eosinophils, basophils
(representing airway inflammation) and P. multocida isolation, M.
haemolytica isolation, H. somni isolation and M. bovis isolation (re-
presenting lower respiratory tract infection) was determined using a
generalized linear mixed model (PROC GLIMMIX) with binomial dis-
tribution and logit link function with Wald’s statistics for type 3 con-
trasts. Herd was added as a random factor to account for clustering of
calves within a herd. First, the same predictors as mentioned above
were tested in univariable analysis. The same variable selection criteria
as mentioned above were used for the further model building proce-
dure. Model fit was evaluated using the Hosmer-Lemeshow goodness-
of-fit test for logistic models. All possible and biologically relevant in-
teractions between main effects were tested.

2.7. Cluster analysis

A cluster analysis of indoor air quality parameters was performed to
identify barns with similar climatic conditions (barn climate clusters)
using SPSS® version 25.0 (IBM®, Armonk, NY, 2019). K-means clus-
tering was conducted to determine the centroid with a minimized
within cluster sum of squared Euclidean distance among each ob-
servation. Using this clustering method farms were grouped based on
standardized values of average 24 -h temperature, average 24 -h re-
lative humidity, punctual NH3 and CO2 concentration in front of the
pen, bacterial air load and the maximum air velocity. The number of
clusters was determined by the Elbow method (scree plot), which plots
the within-cluster sum of square according to the number of clusters k.
This resulted in a number of four clusters: 1 (n = 19), 2 (n = 8), 3 (n =
25), 4 (n = 3). Clusters were labelled based on the dominant factors
being above average measurements of temperature and below average
measurements of relative humidity as indicators of a dry and warm
climate, above average measurements of ammonia, CO2 and bacterial
air load as signs of an under-ventilated stable with accumulation of air
pollutants. Above average maximum air velocity is used as indicator for
the presence of draught. To examine the associations between barn
climate clusters and clinical signs and lung consolidation a single factor
logistic regression was performed for WI-score, as representing variable
for clinical signs, and lung consolidation ≥1 cm, ≥3 cm and ≥6 cm,
respectively. To determine associations between barn climate clusters
and airway inflammation a single factor linear and logistic regression
was performed for TNCC, neutrophil percentage, macrophage percen-
tage, lymphocyte percentage and epithelial cell percentage as con-
tinuous variables and eosinophils and basophils a binary variables, re-
spectively. To determine associations between barn climate clusters and
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lower respiratory tract infection a single factor logistic regression was
performed for the 4 outcome variables of interest: P. multocida positive,
M. haemolytica positive, H. somni positive and M. bovis positive. Herd
was added as random factor to account for clustering of calves within a
herd. Model building and fit evaluation was as described above.

3. Results

3.1. Calf characteristics

A total of 428 calves included in the study, 4.0 % (17/428)
were< 4 weeks old, 35.7 % (153/428) 4–8 weeks old and 60.3 % (258/
428) were 8 weeks and older. The Holstein-Friesian breed (dairy) was
represented in 49.8 % (213/428) of the calves, the Belgian Blue breed
(beef) in 45.1 % (193/428) and 5.1 % (22/428) of the calves was of a
mixed breed (dairy and beef crossbreeds). The average number of eli-
gible calves present on each farm was 6±3 (R = 2–22) and on average
7± 2 (R = 2–10) calves per farm were sampled.

3.2. Indoor climate and barn measurements

Temperature and relative humidity was measured on 58 and 57
farms, respectively. Missing values were due to technical failure of
equipment or human error. Continuous measurements of ammonia
were performed on 27 farms. Punctual measurements of air velocity,
CO2, ammonia and bacterial air load were performed on 60 farms.
Results of these measurements on calf breathing level are presented in
Table 1. Bacterial air load concentration was corrected for outdoor
baseline bacterial concentrations which were on average 63.3 cfu/m3

(SD 92.6; min 0; max 411). On 33.3 % (9/27) of the farms where
continuous ammonia measurements were performed, the maximum
NH3 concentration exceeded the 4 ppm threshold. The average time
NH3> 4 ppm was 0.51± 1.47 h (range 0–6.3 hour). On 5% (3/60) of
the farms air velocities> 0.8 m/s could be measured in a minimum of
one of the three measurement points in the pen.

Continuous measurements of minimum, maximum and average
temperature were positively correlated (Range (R) = 0.80 – 0.95;
P<0.01), the same positive correlations were found between
minimum, maximum and average relative humidity measurements over
a 24-h measuring period (R = 0.56 – 0.91; P<0.01). Temperature and
relative humidity measurements (minimum, maximum and average)
were negatively correlated (R ranging from -0.21 – -0.66; P<0.01).

Continuous ammonia measurements, punctual ammonia measure-
ments, air velocity, CO2 and bacterial air load were not correlated with
any of the other variables measured. Punctual measurements of NH3 (R
= 0.90 – 0.93; P<0.01) and CO2 (R = 0.53 – 0.71; P<0.01) in
different places of the pen were mutually positively correlated.

A bedding dryness score of 1 was assigned on 36.7 % (22/60) of the
farms, score 2 on 40 % (24/60) and score 3 on 23.3 % (14/60) of the
farms, respectively. A nesting score of 1 was given on 76.7 % (46/60), a
score of 2 on 20 % (12/60) and a score of 3 on 3.3 % (2/60) of the
farms, respectively. Bedding dryness score or nesting score were not
associated with any of the air quality parameters studied.

3.3. Clinical signs, ultrasonographic lesions, BALf cytology and bacteriology

A Wisconsin score ≥5 was observed in 20.2 % (86/425) of the
calves. Ultrasonographic consolidations of ≥1 cm, ≥3 cm and ≥6 cm
were present in 41.1 % (176/428), 27.1 % (116/428) and 16.1 % (69/
428) of the calves, respectively.

Within-herd prevalence of lung consolidation was 40.8 % (SD 29.7,
R = 0−100) for lung consolidation ≥1 cm in depth, 28.7 % (SD 26.9,
R = 0−100) for≥3 cm in depth and 18.5 % (SD 26.9, R = 0−100) for
≥6 cm in depth.

Total nucleated cell count (TNCC) could be determined in 404
calves and complete cytological differential cell count profiles of BALf
were available for 80.1 % (343/428) of the calves. Reasons for loss of
samples were staining errors and artefacts hindering a reliable inter-
pretation of cell types. Mean BALf TNCC concentration was 1.8 × 109

cells/L (SD 1.7, R 0–13.7). Differential cell counts are represented in
Table 2. Basophils were present in BALf of 10.2 % (35/343) of the
calves and eosinophilia (> 1% eosinophils) was noted in 12.8 % (44/
341). BALf was positive for P. multocida in 31.8 % (136/428), for M.
haemolytica in 14.5 % (62/428), for H. somni in 3.7 % (16/428) and for
M. bovis in 2.8 % (12/428) of the calves, respectively.

3.4. Associations of indoor air quality parameters with WI-score and
ultrasonographic findings

Mixed model analysis was performed on a dataset of 394 calves for
Wisconsin respiratory score. The results of this analysis are presented in
Table 3.

Continuous ammonia measurements were not associated with ul-
trasonographic findings. The ROC analysis for maximum 24 -h

Table 1
Indoor air quality parameters, measured at calf breathing level, in group-housing pens (January to April 2017, Belgium).

Parameter Number of farms Mean±SD Range (min-max)

Continuous measurementsa

Minimal pen temperature (°C) 58 10.6± 4.2 2.5 – 20.0
Maximal pen temperature (°C) 58 17.5± 4.9 9.2 – 28.1
Average pen temperature (°C) 58 14.2± 4.4 5.5 – 23.9
Difference pen temperature (°C) 58 7.0± 2.8 2.2 – 14.7
Minimal pen relative humidity (%) 57 54.6± 12.6 30.8 – 86.2
Maximal pen relative humidity (%) 57 81.8± 8.9 46.7 – 95.4
Average pen relative humidity (%) 57 68.8± 8.9 52.2 – 91.6
Difference relative humidity (%) 57 27.6± 11.5 0 – 48.1
Minimal pen ammonia (ppm) 27 0.1± 0.3 0 – 1.0
Maximal pen ammonia (ppm) 27 4.2± 2.1 1 – 10.0
Average pen ammonia (ppm) 27 1.7± 0.9 0 – 4.0
Punctual measurements
Maximal air velocity pen (m/s) 60 0.1± 0.3 0 – 2.0
CO2 front pen (ppm) 60 1758.5± 1743.0 0 – 7800
CO2 middle pen (ppm) 60 1926.7± 1526.8 0 – 7000
CO2 back pen (ppm) 60 1890.0± 1676.9 0 – 8000
Ammonia front pen (ppm) 60 2.23± 1.23 0 – 6.0
Ammonia middle pen (ppm) 60 2.32± 1.23 1 – 7.0
Ammonia back pen (ppm) 60 2.37± 1.19 1 – 7.0
Bacterial air load (cfu/m3) 60 247002±113307 28000 - 400000

a Continuous measurements performed over a 24-h period. SD = standard deviation.
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ammonia concentration demonstrated that the optimal cut-off (area
under the curve = 0.58; sensitivity = 45.0 %; specificity = 75.9 %) to
predict the presence of an ultrasonographic consolidation with a depth
of ≥1 cm was 4 ppm. Using this derived variable, in the multivariable
model the time (hour) that ammonia exceeded the 4 ppm cut-off ppm
was associated with ultrasonographic consolidation of ≥1 cm in depth
(Table 4). Punctual ammonia measurements were not associated with
ultrasonographic consolidation of any depth.

To explore the associations of air velocity with ultrasonographic
consolidation a ROC analysis was performed demonstrating that the
optimal cut-off (area under the curve = 0.508; sensitivity = 10.2 %;
specificity = 98.4 %) to predict the presence of an ultrasonographic
consolidation with a depth of ≥1 cm was an air velocity of 0.8 m/s. In
the multivariable model, the presence of an air velocity> 0.8 m/s on
any of the three places in the pen was associated with ultrasonographic
consolidation ≥3 cm and ≥6, as is shown in Table 4. Of all other in-
door climate parameters only pen temperature was associated with
consolidation of all depths (Table 4).

3.5. Associations of barn air quality parameters with BALf cellular variables
and bacterial culture

The multivariable models for TNCC, neutrophil percentage,

lymphocyte percentage and epithelial cell percentage are presented in
Table 5. Increases in ammonia increased TNCC and percentage of epi-
thelial cells. The odds for having>1% basophils increased in more
moist environments (OR = 1.1 for each increase in average relative
humidity by 1%; 95 % CI = 1.04–1.13; P = 0.0001). No associations of
any of the air quality parameters with BALf neutrophil, macrophage or
lymphocyte percentage could be found. None of the bacterial re-
spiratory pathogens isolated from BALf were associated with the air
quality parameters studied.

3.6. Barn climate cluster analysis

Four distinct climatic clusters could be identified on farm level
based on average pen temperature and relative humidity, maximal air
velocity, NH3 and CO2 concentration and bacterial air load, which are
displayed in Fig. 1. All evaluated parameters contributed significantly
to the clusters. Barns in cluster 1 were characterised by a warm and dry
climate with ammonia accumulation (n = 19). Cluster 2 represented
under-ventilated barns with accumulation of air pollutants (NH3, CO2)
and high bacterial air load (n = 8). Temperature and relative humidity
values were close to average in cluster 3, furthermore barns in this
cluster displayed low concentrations of NH3, CO2 and bacteria in the air
combined with low air velocity. Therefore, cluster 3 was labelled as a
presumably normal indoor climate characterised by sufficient ventila-
tion (n = 25). Cluster 4 was labelled as the draught cluster, char-
acterised by high air velocity (n = 3).

Table 2
Differential cell counts in broncho-alveolar lavage fluid of 343 indoor group-
housed weaned and pre-weaned calves (January to April 2017, Belgium).

Cell type Mean (%)± SD Range (min-max)

Neutrophils 37.2± 23.7 0 – 97.4
Macrophages 42.4± 18.8 2.4 – 92.3
Lymphocytes 5.2± 5.0 0 – 45.8
Eosinophils 0.3± 0.8 0 – 9.1
Basophils 0± 0.1 0 – 0.7
Epithelial cells 14.8± 13.0 0 – 95.9

Table 3
Multivariable logistic regression model for the association of indoor air quality
parameters with Wisconsin respiratory score (≥5) in indoor group-housed
calves (n = 388).

Variable Regression
coefficient β (SE)

OR 95 % CI P-value

Intercept −2.66 (0.74) < 0.0001
Average pen relative

humidity (%)
0.04 (0.018) 1.04 1.01 –

1.08
0.03

SE = standard error, OR = odds ratio, CI = confidence interval.

Table 4
Multivariable logistic regression model for the association of indoor air quality parameters with ultrasonographic consolidation of variable depth in indoor group-
housed calves (January to April 2017, Belgium).

Variable Regression coefficient β (SE) OR 95 % CI P-value

Ultrasononographic consolidation ≥1 cm (n = 184)
Intercept −3.66 (1.12) 0.0003
Average pen temperature (°C) 0.19 (0.068) 1.22 1.06 – 1.40 0.005
Time ammonia > 4 ppm (hour) 0.57 (0.28) 1.73 1.02 – 3.07 0.04
Ultrasononographic consolidation ≥3 cm (n = 414)
Intercept −1.5 (1.04) 0.16
Average pen temperature (°C) 0.14 (0.05) 1.2 1.06 – 1.26 0.002
Air velocity > 0.8 m/s Absent Referent

Present 1.9 (0.9) 6.8 1.23 – 38.5 0.03
Ultrasononographic consolidation ≥6 cm (n = 414)
Intercept −4.8 (1.8) 0.0009
Average pen temperature (°C) 0.32 (0.08) 1.4 1.17 – 1.63 0.0002
Air velocity > 0.8 m/s Absent Referent

Present 2.8 (1.3) 15.9 1.2 – 200 0.03

SE = standard error, OR = odds ratio, CI = confidence interval.

Table 5
Linear regression models for the association of broncho-alveolar lavage fluid
characteristics with indoor air quality parameters in indoor group-housed
calves (January to April 2017, Belgium).

Variable Regression coefficient β (SEb) P-value

TNCC (cells x 109/L) (n = 404)
Intercept 1.09 (0.11) < 0.0001
Ammonia front pen (ppm) −0.04 (0.02) 0.03
Air velocity > 0.8 m/s Absent

Present −0.30 (0.11) 0.014
Epithelial cells (%) (n = 311)
Intercept 7.4 (0.14) < 0.001
Ammonia front pen (ppm) 0.14 (0.05) 0.01

TNCC= total nucleated cell count, SE = standard error, OR = odds ratio, CI =
confidence interval.
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3.7. Associations of barn climate clusters with WI-score, ultrasonographic
findings, BALf cytology and bacteriology

The warm, dry and ammonia cluster (cluster 1) consisted of 118
calves, the under-ventilated cluster (cluster 2) of 65, the presumably
normal climate cluster (cluster 3) of 187, and the draught cluster
(cluster 4) of 22 calves, respectively. No associations of barn climate
clusters with WI-score could be evidenced. Lung consolidations of all
depths were associated with barn climate clusters (Fig. 2). The per-
centage of calves with an ultrasonographic consolidation of ≥1 cm was
higher in the warm, dry and ammonia accumulation cluster (54.2 %)
compared to the presumably normal climate cluster (31.6 %) (P =
0.02). Additionally, a significant difference was found for the presence
of lung consolidation with a depth of ≥1 cm between the under-
ventilated and draught cluster (32.3 % in the under-ventilated cluster
versus 81.8 % in the draught cluster, P = 0.026 ) and for the normal
versus the draught cluster (31.6 % in the normal cluster versus 81.8 %
in the draught cluster, P = 0.0092).

Ultrasonographic consolidations with a depth of ≥3 cm were more
frequently present in the warm, dry and ammonia accumulation cluster
(38.1 %) compared to the normal climate cluster (18.2 %) (P = 0.04).
The same results were found for ultrasonographic consolidation ≥6 cm

in depth, which was 31.4 % in the warm, dry and ammonia accumu-
lation cluster compared to 9.1 % in the presumably normal climate
cluster (P = 0.01). Cytological findings in BALf stratified by climate
cluster are displayed in Table 6. Of all cytological parameters only BALf
epithelial cell percentage was significantly higher in the warm, dry and
ammonia accumulation cluster (16.4± 0.8 %) compared to the pre-
sumably normal barn climate cluster (12.8±1.0 %) (P = 0.01).

No significant associations were present for bacterial isolation from
BALf and the four different climate clusters.

4. Discussion

For decades the role of barn climate in the prevention of BRD has
been recognized (Ames, 1997; Lago et al., 2006; Lundborg et al., 2005;
Schnyder et al., 2019). However the specific parameters that should be
monitored or controlled remain a subject of debate. In an attempt to
clarify some of these issues we performed a cross-sectional study on
both dairy and beef farms representative for the current housing con-
ditions of pre-weaned and weaned calves in medium-size farms in dif-
ferent European countries.

Our study showed that temperature, relative humidity, air velocity
and ammonia concentration are associated with lung consolidation and

Fig. 1. Climate clusters of 55 naturally ventilated barns used for group-housing of (pre-)weaned calves in Belgium.

Fig. 2. Ultrasonographic findings in 392 indoor group-housed (pre-) weaned calves stratified by barn climate clusters.
Different letters indicate significant differences between groups (P<0.05).
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BALf cellular composition and could therefore be useful parameters in
the evaluation of calf barn climate. Also, the importance of evaluating
indoor climate by combined analyses of a variety of parameters was
illustrated, enabling identification of two types of indoor climate as-
sociated with respiratory disease. First, barns likely coping with in-
sufficient ventilation were identified, characterised by a warm and dry
indoor climate with accumulation of ammonia. Secondly, barns with
possible problems due to cold stress induced by excessive ventilation or
draught exposure were found, characterised by presence of a high air
velocity. The different parameters associated with respiratory disease in
our study will be discussed below.

First, the effects of temperature. The hypothesis was that low tem-
peratures were associated with respiratory disease in calves, since re-
commended temperatures range from 16−20 °C for calves less than 60
kg of bodyweight and 10−20 °C for calves of 60−150 kg (DIN 18910,
2017DIN 18910, 2017). Our results indicate that temperature indeed
plays a role, but in the opposite direction with increasing pen tem-
peratures being associated with ultrasonographic lesions. Additionally,
the percentage of calves with ultrasonographic consolidations of all
depths was higher in the warm, dry and ammonia accumulation cluster
compared to the presumably normal climate cluster. Our results re-
semble recent studies indicating that heat stress or warm and dry en-
vironmental conditions are associated with increased BRD incidence
(Louie et al., 2018) and mortality in pre-weaned calves (Egberts et al.,
2019). These findings suggest that calves are tolerant and adaptable to
moderately cold ambient temperatures when provided with a high
plane of nutrition and kept in a dry bedded environment, as stated by
others (Rawson et al., 1989; Lago et al., 2006; Nonnecke et al., 2009).
This is in contrast to the relation between exposure to cold ambient
temperatures, and decreasing humidity, and increased occurrence of
respiratory infections in humans (Mäkinen et al., 2009). However,
studies in humans suggest that there is a certain lag period between
changes in temperature or humidity levels and disease (Mourtzoukou
and Falagas, 2007; Mäkinen et al., 2009). Since we only measured
temperature and humidity levels during a relatively short 24 -h period
and lesions found in the calves could be related to climatic conditions
days or weeks before our visit these relations could not be evidenced in
our study. Furthermore, despite parallels with existing literature it
should be noted that temperature ranges in our study were very mod-
erate, typical for European weather conditions that are partially re-
flected in the indoor climate in naturally ventilated barns (Seedorf
et al., 1998). Extremely cold or high temperatures were not measured,
although in several barns temperatures below recommended minimal
temperature of 10 °C for the age and weight categories studied (CIGR,
1984) were noted. Finally, temperature effects might be more indirect,
for example by increasing ammonia production as is often suggested
(Herbut and Angrecka, 2014). However, these correlations could not be
reproduced with our data, resembling other studies where these cor-
relations could only be found in poultry and pig housings, but not in
cattle barns (Seedorf and Hartung, 1999; Kaufman et al., 2015). Dif-
ferences in floor types, floor bedding, ventilation system and air volume
between housing modalities of different species could explain these

findings.
Second, the effects of relative humidity. Recommendations for re-

lative humidity range from 60 to 80% in mechanically ventilated
stables whereas 40–70 % should suffice in heated stables (DIN 18910,
2017DIN 18910, 2017). For naturally ventilated stables no re-
commendations considering this parameter are available. Average re-
lative humidity was the only parameter significantly linked with Wis-
consin respiratory score in the multivariable models of our study.
Calves housed in a barn with a higher average pen relative humidity
over a 24 -h period, had increased odds of being WI-score positive. An
increased relative humidity could be resulting from wet bedding con-
ditions in the pen, which could also augment the effects of cold and
increased wind velocity on calf level, possibly explaining the associa-
tions with the WI-score. Increased 24 -h relative humidity was also
associated with an increased odds of finding basophils in BALf. A more
humid indoor climate could enhance growth of moulds and fungi. In-
halation of aerosols containing spores or fungal parts could initiate an
inflammatory or allergic reaction, characterised by presence of baso-
phils in BALf, as has been shown in horses (Beeler-Marfisi et al., 2010).
Possibly, the effects of relative humidity are indirect and complex by
hampering or promoting survival of respiratory pathogens, depending
on their type and characteristics (Ames, 1997). Furthermore, relative
humidity and temperature are biologically interrelated. If the water
content of air stays the same and temperature increases, the relative
humidity will decrease because hot air can hold more water compared
to colder air. The impact of relative humidity on respiratory tract im-
munity, and its influence on survival of different respiratory pathogens
needs to be further investigated.

Third, the effects of ammonia. The presence of mild ultrasono-
graphic lesions (≥1 cm consolidation) was associated with prolonged
ammonia exposure and calves housed in the warm, dry and high am-
monia climate showed an increased percentage of lung consolidation
compared to the presumably normal climate cluster. Remarkably, only
exposure to concentrations above a certain threshold, in this case 4
ppm, was linked with pneumonia. These results could possibly indicate
that chronic exposure to low concentrations is involved in the BRD
complex, and it would be advisory to measure concentrations con-
tinuously over a period of time. However, punctual ammonia con-
centrations could render important information when combined with
other climate measurements at the same time, such as relative humidity
and temperature, to distinguish climatic clusters which could provide
information on the complex interaction of indoor climate and re-
spiratory disease. Albeit that measured ammonia concentrations in our
study were comparable to other studies in both Europe (Seedorf and
Hartung, 1999) and other parts of the world (Lago et al., 2006;
Kaufman et al., 2015; Buczinski et al., 2018), it should be noted that
during our 24 -h measuring period overall very low values, close to the
detection limit of the used devices, were measured. Therefore, results
should be interpreted with caution. We suggest that future studies
consider use of more sensitive analytical measurement methods to
evaluate ammonia concentrations in calf housings. Furthermore, since
measurements were only performed for a short 24 -h period or as a one-

Table 6
Cytological findings in broncho-alveolar lavage fluid of 392 indoor group-housed pre-weaned calves, stratified by barn climate cluster (January to April 2017,
Belgium).

Warm, dry and ammonia accumulation (n
= 118)

Humid with accumulation of air pollutants
(n = 65)

Normal indoor climate (n =
187)

Draught (n = 22)

Mean± SD (min – max) Mean± SD (min – max) Mean± SD (min – max) Mean±SD (min – max)
BALf TNCC (cells x 109 /L) 1.5± 1.2 (0.02–5.9) 1.9± 1.7 (0.02–8.2) 2.0±2.1 (0.04–13.8) 1.0± 0.7 (0.07–2.4)
BALf neutrophils (%) 35.0±19.9 (0.5–84.3) 39.3± 27.7 (11.1–97.4) 40.7± 25.6 (0–89.4) 36.2± 18.6 (3.3–66.2)
BALf macrophages (%) 42.0±15.9 (9.7–77.6) 39.6± 20.5 (2.4–82.4) 41.2± 19.8 (8.6–89.6) 43.7± 17.2 (14.5–75.4)
BALf lymphocytes (%) 5.8± 4.0 (0.5–24.3) 4.9± 4.9 (0.2–20.2) 5.0±6.0 (0–45.8) 5.9± 4.3 (0.2–18.8)
BALf epithelial cells (%) 16.4±8.6 a (0.7–39.0) 15.9± 17.8 ab (0–95.9) 12.8± 12.1 b (0–72.1) 13.9± 9.8 ab (0.4–41.6)

Different letters indicate significant differences between groups (P<0.05).
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time measurement no information on climatic conditions in the period
preceding our visit was available. Possibly calves were exposed to
higher ammonia concentrations in the period before our visit. This
could have resulted in lesions that were detected during our visit, since
ultrasonographic lesions can also represent an earlier episode of re-
spiratory disease. Notwithstanding, although ammonia concentrations
are substantially lower than the recommended maximum value of 20
ppm (CIGR, 1984), a handful of other studies also showed associations
of disease with ammonia concentrations lower than this documented
threshold value. Associations with concentrations of ≥10 ppm with
increased antimicrobial use in veal calves are demonstrated (Schnyder
et al., 2019). Others found a counterintuitive protective effect of a high
ammonia concentration (≥6 ppm) on the risk of respiratory disease
(Lundborg et al., 2005). However, the latter study classified calves as
healthy or diseased based on thoracic auscultation and clinical scoring,
examination methods which are less accurate compared to thoracic
ultrasonography (Buczinski et al., 2015). Besides associations with ul-
trasonographic lesions our study was the first to demonstrate a positive
relation of ammonia concentration with BALf epithelial cell percentage.
It is described in humans that the reaction of water soluble ammonia
with moisture on respiratory epithelia creates a corrosive ammonium
hydroxide solution (Brautbar, 1998). This could damage respiratory
epithelial cells, disrupting the epithelial barrier, resulting in increased
susceptibility to infectious pathogenic and opportunistic organisms,
predisposing for pulmonary infection (Ackermann et al., 2010;
Weitnauer et al., 2015). In contrast to a previous study (Phillips et al.,
2010), pulmonary inflammation induced by ammonia exposure, char-
acterised by presence of neutrophils in broncho-alveolar lavage fluid,
was not found in our study. Yet, ammonia concentrations in that study
were excessively high (15–45 ppm) and thus not comparable to the low
concentrations typically present in calf housings, hindering direct
comparison of these studies. Future research is needed to unravel the
effects of chronic, low concentration ammonia exposure on pulmonary
immunity in calves.

Fourth, the effects of air velocity. In practice, draught exposure is
considered a very important risk factor for respiratory disease, and the
most frequently used cut-off values are maximum velocities of 0.3 m/s
(Buczinski et al., 2018) or 0.5 m/s (Lundborg et al., 2005), determined
by punctual measurements. However, the peer-reviewed published
evidence for these suggested cut-offs is not extensive. Only one study
showed an association of air velocity (> 0.5 m/s) with increased re-
spiratory sounds on lung auscultation (Lundborg et al., 2005). Lung
auscultation is highly variable between observers (Pardon et al., 2019)
and a less accurate diagnostic tool for pneumonia diagnosis compared
to thoracic ultrasonography (Buczinski et al., 2014). In contrast to a
recent study evaluating the 0.3 m/s cut-off for its association with lung
ultrasonographic findings (Buczinski et al., 2018), we did find an as-
sociation with lung consolidation, albeit at a slightly higher cut-off
(> 0.8 m/s). Since air velocity can be highly variable during a given
day, mostly depending on outdoor weather conditions in naturally
ventilated stables, the association of a one-time punctual measurement
was noteworthy. Lung consolidation as detected by ultrasound on a
single occasion can either represent acute of chronic pneumonia. It is
inherent to a cross-sectional study design, that no causal, or time re-
lated inference can be drawn on the association between air velo-
cities> 0.8 m/s and lung consolidation. Furthermore, the effects of air
velocity on respiratory disease and thermal comfort of calves are often
considered in combination with temperature, as high air velocity has a
chilling effect, increasing cold stress by enhancing perception of low
temperatures (Da Silva, 2012). Our findings showed no associations of
air velocity with temperature and as discussed above the effects of low
temperatures itself could also not be demonstrated. A possible patho-
genesis could be that draught exposure first induced airway in-
flammation, which can further develop into pneumonia. We did how-
ever not find any association between air velocities above 0.8 m/s and
increase in neutrophils of other cell types in BALf. Air velocity was only

negatively associated with TNCC, which is the least useful parameter to
study airway inflammation, since its concentration is influenced by
several other factors such as returned broncho-alveolar lavage volume
and presence of blood staining in the BALf sample (van Leenen et al.,
2019).

In recent years bacterial air load was introduced as a useful para-
meter to estimate stable climate and monitor improvements by changes
in ventilation type or system (Lago et al., 2006). However, no links
could be found for any of the studied outcomes with bacterial air load,
resembling a recent study (Buczinski et al., 2018). In our study mean
bacterial air load was higher than in the original study showing an
association between bacterial air load and clinical signs (on average
247.002 cfu/m3 vs. 112.280 cfu/m3) (Lago et al., 2006). The larger
stocking density and animal mass in our study, with older calves having
a larger body surface, could explain these findings since the major
source of bacteria in a barn are the calves themselves (Hill et al., 2011).
Considering the isolation of respiratory bacterial pathogens from BALf,
it is known that opportunistic bacteria are present in the upper re-
spiratory tract of healthy calves (Griffin et al., 2010). These potential
pathogens colonize the airways, and this can proceed to infection when
predisposing factors hamper innate immunity of the respiratory tract.
However, we could not identify any of the climate parameters which
would result in higher isolation rates of these opportunistic respiratory
pathogens. Besides disease transmission following exposure to airborne
bacteria another possibility should be considered in this context. As
stated by others (Lago et al., 2006), a solid barrier between individual
calf housings preventing nose-nose contact is associated with decreased
prevalence of BRD, as this reduces direct pathogen transmission be-
tween calves. Our results could be biased since calves in our study were
able to have nose-nose contact as they were group-housed.

Finally, despite its use as an indicator to estimate ventilation rates
and efficiency in other species such as pigs, the use of CO2 as an air
quality parameter in calf barns seems limited. Although measured CO2

concentrations in calf barns reach higher maximum values when com-
pared to pig housings (Van Ransbeeck et al., 2013), no associations with
health parameters were found. Moreover, in pig barns NH3 and CO2

concentrations are highly positively correlated (Van Ransbeeck et al.,
2013) and this correlation was not found in our study. These differences
might be attributable to variability in air composition between pig and
calf barns, possibly due to different ventilation systems used (me-
chanical ventilation in pig buildings versus predominantly natural
ventilation in calf barns) and differences in floor type and bedding
(slatted floors versus straw bedding). Interactions of CO2 and other
parameters such as temperature and draught could not be evaluated in
our study due to insufficient power.

Our study was subject to some limitations. Since the majority of
farms used a natural ventilation system specific microclimates could
exist on different places in the barn. Therefore, results could not always
be extrapolated to the barn as a whole or other sites within the barn.
For financial reasons viral pathogens were not included and therefore
their effects could not be excluded in this study. Other air quality
parameters, for instance dust or endotoxins, and viral pathogens should
be considered in future studies to further elucidate the complexity of
BRD in calves. Finally, measurements in our study were conducted on a
single occasion. Despite the fact that farmers were asked not to change
normal farm routine or purposely perform additional cleaning activities
before our visit, it cannot be excluded that some of these single mea-
surements were not entirely representative of everyday climate condi-
tions. To provide better insights in the climatic changes associated with
BRD in calves future studies should consider a longitudinal study de-
sign.

5. Conclusion

Of all barn air quality parameters investigated, only temperature,
ammonia concentrations above 4 ppm in 24-h measurements and
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presence of an air velocity> 0.8 m/s were associated with lung con-
solidation in group-housed calves. This is supported by the identifica-
tion of climate clusters, suggesting that draught and warm, dry and
increased ammonia climate clusters differ from under-ventilated and
presumably normal clusters. This information might aid towards a more
evidence based evaluation of barn climate, including continuous mea-
surements, resulting in tailor-made solutions for specific air quality
problems.
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