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Simple Summary: Maintaining an appropriate housing climate has a major impact on the welfare
of calves. The present study implemented a method for long-term measurement in the micro-
and macroclimate range of calf housing. Observed differences between stationary and mobile
measurements suggest that there are different microclimate areas in the housing. In particular,
ammonia concentrations measured at microclimate level showed strong fluctuations and high peak
values. The possibility of measuring ammonia in the direct environment of the calves might allow
for further research on the relations between ammonia concentrations and animal health, and for
investigations of management methods to optimize the housing climate at the animal level.

Abstract: In calf fattening, housing climate conditions are essential for optimal performance and
welfare. Validated methods to measure the long-term housing climate are lacking. The present study
investigated climate parameters for 14 weeks in Swiss calf fattening housing with two different
ammonia (NH3) sensors: six stationary sensors (Dräger Polytron 8100) were installed at animal level
and four mobile sensors (Dräger x-AM 5100) were attached to the calves’ heads. Temperature, relative
humidity, and carbon dioxide (CO2) concentrations were recorded by two stationary data loggers
(testo 160 IAQ). Data were analyzed descriptively, and 4 h mean values of maximum NH3 concentra-
tions of mobile and stationary sensors were compared using the Wilcoxon test for paired data. The
4 h mean values of temperature, relative humidity, and CO2 concentrations and the 4 h mean values
of maximum NH3 concentrations of stationary and mobile sensors were analyzed by ANOVA in two
linear models. The overall 4 h mean of maximum NH3 concentrations ranged between 5.9–9.4 ppm
for measurements of stationary sensors and between 11.3–14.7 ppm for measurements of mobile
sensors. The NH3 concentrations measured by mobile sensors showed significantly higher peak
values and more fluctuations. Additionally, an interaction effect was observed between the NH3 con-
centrations measured by either sensor and CO2 concentrations (p < 0.01 (mobile sensors); p < 0.0001
(stationary sensors), temperature values (p < 0.0001 (both sensors)), and relative humidity (p < 0.0001
(both sensors)). The measurements of the implemented method showed that corresponding housing
climate parameters fluctuated strongly, and NH3 reached high peak values. Validated measurement
methods might allow for a detailed assessment of the housing climate in practice, and for further
research on suitable management methods for housing climate optimization in the future.

Keywords: calf housing; livestock production; housing climate; management; noxious gases

1. Introduction

In recent years, precision livestock farming research has made substantial progress.
New technologies allow for improved monitoring, decision-making, and management in
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livestock farming, thus contributing to enhanced animal health and welfare [1]. Sensors
are an important element of this innovation. Accelerometers, for example, allow for early
detection of lameness in dairy cattle. Similarly, activity monitoring of cows is also useful in
detecting estrus [2].

In calf raising systems, the available technology to monitor calves’ health and welfare
includes, for example, automatic milk feeding systems, early warning systems to detect
increased coughing by sound [3], and accelerometers that monitor animals’ movement
and behavior. Furthermore, infrared thermography for early detection of infections is
already implemented [4]. While environmental sensors for measuring air quality in animal
housing exist, calf-specific systems to monitor the microclimatic conditions in the barn
are not yet available. Controlling climatic conditions in animal housing is considered to
have a major impact on animal health and welfare. Monitoring climatic conditions by
sensors provides a non-invasive approach to assess environmental conditions in calf pens.
It provides real-time insight on air quality. This can inform farmers for decisions regarding
ventilation and management measures, such as pen cleaning [4,5]. In calf fattening, this is of
particular relevance because high disease and mortality rates are challenging. Poor animal
health results in the widespread use of antibiotics in livestock farming and contributes
to economic losses [6,7]. Environmental and management factors, such as climate and
housing systems, are of major importance, especially for health in the early stages of
life [8–12]. Previous studies showed associations of housing climate parameters, such as
temperature and ammonia (NH3) concentration, with increased mortality and treatment
incidences. Maintaining a good air quality was, thus, recommended, for instance, to
keep NH3 concentrations low (<10 ppm) [11,12]. Based on previous studies, we assume,
therefore, that good climatic conditions in the housing are of major importance for the
optimal performance and welfare [13,14] of animals [9,12,15–18].

The main climate and environmental parameters described as being associated with
animal health are ambient temperature, relative humidity, harmful gas concentrations, air
contaminants (viruses and bacteria), dust, and air flow [9,12,17–21]. Noxious gases, such as
NH3, damage and irritate the eyes and the respiratory tract at high concentrations. Recently
it was shown that, in addition to other climate parameters, such as temperature and air
velocity, prolonged exposure to NH3 concentrations above 4 ppm is associated with lung
consolidation [12]. Indeed, calves are more sensitive to noxious gases, such as NH3, than
adult cattle are [21,22]. Furthermore, poor air quality may increase exposure to airborne
pathogens. The combination of high pathogen exposure and impairment of pulmonary
defense mechanisms facilitates infection. Air quality is, therefore, considered to be of major
significance as a predisposing factor in the pathogenesis of calf pneumonia [15,21–23].

In livestock facilities, NH3 is primarily set free by the breakdown of urea from the
animals’ urine by the enzyme urease produced by microorganisms in their feces [24].
Consequently, as calf urine and feces are mixed in the housing environment, NH3 concen-
trations often reach harmful levels. Hence, the interior conditions play an important role in
maintaining an animal-friendly housing climate [25,26]. Different management practices,
such as the cleaning of the stable, ventilation, litter type, feed quality, and livestock density,
as well as the structure of the housing, all influence air quality and the living conditions of
the calves [20,26].

Empirical guidelines and recommendations exist both at the international and national
levels. In relation to housing climate, the CIGR [27,28] published recommendations and
guidelines for a fresh air supply and thermal conditions for calf housing. For animal
housing, they recommend NH3 concentrations of a maximum value of 20 ppm and CO2
concentrations of no more than 3000 ppm. Recommendations from the Swiss Federal
Government [20] regarding housing climate are available in Switzerland as well, where
relevant parameters for the assessment of housing climate in cattle housing are described.
The Swiss Federal Government recommends optimal and threshold values for temperature
(between 5 and 20 ◦C), relative humidity (between 50 and 80%), NH3 concentration (maxi-
mum 10 ppm), and CO2 concentration (maximum 3000 ppm) [20]. Furthermore, possible
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measurement methods for the individual climate parameters are described. However, it is
difficult to verify the implementation of these guidelines and recommendations in practice.
A variety of commercially available devices for the measurement of individual climate
parameters exists. To date, measurement devices for practical use have been tested or
validated in only a few studies. Therefore, evidence is sparse, especially for measurement
devices for noxious gases, such as NH3. In comparison, measuring devices for long-term
monitoring of housing temperature and relative humidity have already been used in previ-
ous studies for housing climate measurements [29–31]. A recent study analyzed repeated
point measurements of temperature, relative humidity, carbon dioxide (CO2), and NH3
concentrations, as well as continuous measurements of temperature and relative humidity
over 72 h in veal calf housing [32]. They stated that results of point measurements are
highly variable, particularly for noxious gases, and, thus, are difficult to interpret, and they
did not observe significant associations between the results of measurements of climate
parameters and animal health indicators. However, continuous measurements seemed
to be more appropriate to assess the housing climate, because strong fluctuations and
deviations from optimum values were observed by continuous measurements, but not by
point measurements. Continuous measurements of noxious gas concentrations were not
performed in this study, but point measurements showed a large variability in the values
of NH3 and carbon dioxide (CO2) concentrations measured at the same time in different
locations in the housing [32].

In the past, climate parameters in animal facilities were assessed by diverse measure-
ment methods. Concentrations of total NH3, CO2, methane, and other emissions have
been assessed in housing in several studies [33–36]. Nevertheless, there is no established
standard method, and commonly applied methods differ in cost, complexity, sensitivity,
and precision [37]. In practice, standardized methods for evaluating and regulating animal
friendly housing climates are lacking [38]. To assess the actual NH3 exposure of calves
under practice conditions, a measurement method is required that closely reflects the true
NH3 concentration they encounter.

Multipoint sampling is useful to accurately estimate the exposure of animals to a
certain climate parameter, such as NH3. In order to obtain the best possible resolution
and coverage of the environment to be sampled, climate parameters are measured in
several locations [37]. In contrast, single-point measurements, for example with one single
stationary device, have often been applied in previous studies to assess the exposure of
animals. Furthermore, researchers often used short-term or one-time measurements, or
one-time measurements at several sampling spots, such as with portable devices [12,29,32].
One-time measurements only represent the current conditions at the sampling location
and/or time and are, thus, not a reliable indicator of the development of NH3 concentrations
or other housing climate parameters over time [37]. It is known that NH3 concentrations,
temperature, and relative humidity may show diurnal, seasonal, and long-term variations.
Therefore, long-term monitoring of climate parameters in animal housing, is essential for
accurately assessing housing climate conditions [21,32,39,40].

In previous studies, measurement devices have been mounted on the housing ceiling
or outside the animal compartments, rather than on the animals or in their immediate sur-
roundings [12,32,41,42]. Such approaches only cover the macroclimate area of the housing.
However, macroclimate measurement values do not necessarily reflect the microenviron-
ment. Measurements in the animal compartments itself and at animal level, reflect the
microclimate, and, therefore, the climatic conditions in which the animals actually live. The
position of the measuring device has been shown to be important for obtaining relevant
measurement values. Since NH3 is produced in the microclimate range, it should also be
measured there. Likewise, measurements should be taken in the immediate environment of
the animals. In fact, it is assumed that the assessment of the conditions inside the housing
at animal level is essential, especially for developing future regulation systems to maintain
an animal-friendly housing climate [26].
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The aim of the present study was to collect reliable data on housing climate in the
microclimate range. This study involved long-term data collection of macro- and microcli-
matic conditions in calf housing. Therefore, a method to measure NH3 concentrations in the
direct environment of the calves was implemented. Measurements performed by stationary
and mobile devices were compared, and the applicability of the devices under practice
conditions was evaluated. We hypothesized that NH3 concentrations measured with the
mobile NH3 sensors attached to the calves’ heads would be significantly different from
the measurements with stationary devices. Furthermore, we expected variations in tem-
perature, relative humidity, and CO2 concentrations to correlate with NH3 concentration
fluctuations. By performing measurements in the animal’s direct environment, we aimed to
provide important information on the air quality and microclimate within animal housings.

2. Materials and Methods
2.1. Housing and Ventilation

The study was conducted in Switzerland in an experimental calf fattening barn in
Hendschiken (Canton Aargau). The measurements lasted for two months, corresponding
to one fattening period, from 5 June to 8 August 2019. The barn is a free-standing building
at 473 m.a.s.l. (Google Maps, 2021) [43]. The building envelope is made of concrete and
wood. It is a single barn with two compartments of equal size, A and B. A paved corridor
divides the two compartments in the center of the barn. A half-height fence made of metal
bars with plastic panels separates the compartments from the corridor. Each compartment,
therefore, has such a fence adjacent to the corridor which runs through the middle of the
barn. There are five windows per compartment (two windows located to the east, left
and right of the gate to the outside area, with the other three on the outer wall of each
compartment; see Figure 1).

Each compartment consists of a feeding platform oriented to the west with automat-ed
drinking devices (4 Förster drinkers per compartment, 9.25 calves per suckling station).
A lying area littered with deep straw (73.5 m2, 1.89 m2 per animal) is adjacent to the
feeding platform, and each compartment has a permanently accessible outside pen (69 m2,
1.87 m2 per animal). The unroofed paved outdoor area is oriented to the east. One gate per
compartment leads to the outdoor area, and plastic curtains in the outlet gates reduce the
air draft.

Two ventilation tubes (VET.SMART, NEOWOLF GmbH, Graz, Austria) are set in the
barn, one above each compartment. Each tube is 10.6 m long with a diameter of 40.93 cm,
with holes at regular intervals (outer tube: 5 lines with 30 holes per line; distance between
holes in the same line: 33.2 cm), and a fan (Multifan, Vostermans Ventilation, Venlo, The
Netherlands) with a diameter of 362 mm and a delivery volume of 2940 m3/h at 37 Pa static
pressure. The fan is installed on the outer side of the barn, above the outside area. The
ventilation system is designed in such a way that the fresh air arrives at the calves’ lying
area at a maximum speed of 0.3 m/s. The ventilation was switched on constantly during
the whole experiment. To avoid heat stress, farm personnel removed the barn windows and
opened the gates as necessary. Throughout the experiment, we documented any changes to
windows, doors, and ventilation. The farm personnel documented manure removal, litter
consumption, and ventilation parameters on a specially designed form during the entire
measurement period.
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Figure 1. Schematic representation of the experimental barn and experimental set-up, with stationary
NH3 measuring devices (A1–A3, B1–B3) and mobile NH3 measuring devices (A4, A5, B4, B5). The
white dots at position A1/B1 represent the Testo data loggers for measurements of the temperature,
relative humidity, and CO2 concentration. The black bars represent doors and gates. The gray bars
represent windows. The different areas are indicated by different shades and are named accordingly.

2.2. Animals

During data collection, a total of 74 calves was present in the barn. Calves were
kept according to the guidelines of Coop Naturafarm Kalb [44]. The purchased calves
underwent general examination carried out and documented by the farm personnel upon
arrival. This general examination is carried out routinely for each new fattening cycle
on that particular farm. After arrival, the calves were uniformly distributed between the
2 barn compartments, into groups of 37 calves each. All calves arrived at the farm within
two days. Group A consisted of 21 female and 16 male calves, and group B consisted of
20 female and 17 male calves. They belonged to common dairy, beef, and mixed breeds
(e.g., Holstein Friesian, Braunvieh, and Limousin, respectively). The calves originated from
70 different birth farms and were between 21 and 83 days old when they were brought in
for fattening. The farm personnel weighed each calf upon arrival (57–89.5 kg), three times
during the fattening period after 21, 56, and 83 days (13.06.19, 18.07.19, 14.08.19), and on
the day of slaughter (first calf slaughtered 09.08.19), and the weights were recorded in the
barn journal. Additionally, the farm personnel kept records of calf health over the entire
fattening period, where they registered the health status (incl. daily rectal temperature of
sick calves) and any medication used. The calves left between 121 and 171 days of age,
with slaughter weights between 160 and 247.5 kg.
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2.3. Sensors

The following sensors were used to carry out measurements of climate parameters.

2.3.1. Stationary Device for NH3 Measurement

A Dräger Polytron 8100 data logger with DS NH3 FL Agriculture electrochemical
sensor (Drägerwerk AG & Co. KGaA Dräger. 2023, Lübeck, Germany) was used to measure
NH3 concentration. According to the manufacturer’s information, the sensor is capable of
measuring NH3 concentrations in a range of 0–300 ppm, with a precision of 1 ppm, over
a temperature range of −40–65 ◦C. For detailed information on sensor technology refer
to [45–47] and see supplementary material.

2.3.2. Mobile Device for NH3 Measurement

A Dräger x-Am 5100 data logger with Prototype NH3 electrochemical sensor (Dräger-
werk AG & Co. KGaA Dräger. 2023) was used to measure NH3 concentration. According
to the manufacturer’s information, the sensor is capable of measuring NH3 concentrations
in a range of 0–100 ppm, with a precision of 1 ppm, over a temperature range of −40–65 ◦C.

2.3.3. Stationary Device for Temperature, Relative Humidity, Atmospheric Pressure, and
CO2 Measurement

A Testo 160 IAQ (Testo SE & Co. KGaA Testo AG. 2003, Titisee-Neustadt, Germany)
radio data logger was used to measure the temperature, relative humidity, atmospheric
pressure, and CO2 concentration. According to the manufacturer’s information, this sensor
is capable of measuring temperature in a range of 0–50 ◦C, with a precision of ±0.5 ◦C;
relative humidity, range 0–100% rF, with a precision of ±2.0%; absolute pressure, range
600–11,000 mbar, with a precision of ±3 mbar; CO2, a concentration range 0–5000 ppm,
and a precision of ±50 ppm.

2.4. Set-Up Measuring Devices
2.4.1. NH3 Sensors

We installed a total of six stationary NH3 sensors (A1–A3, B1–B3) and four mobile
NH3 sensors (A4, A5, B4, B5) in the barn (see the barn plan in Figure 1 for positions). The
stationary sensors were equally distributed between compartments A and B. They were
installed approximately 25 cm above the floor, i.e., at the level of the calves’ head when they
were lying on the litter mat. Metal wire cages of 25 × 20 cm × 20 cm served as protection
for the stationary NH3 sensors. The mobile sensors were prototypes made to perform
measurements in the nose area of the calves. For this purpose, we randomly chose two
calves per compartment to be fitted with a mobile NH3 sensor attached to their head with a
halter. The halter maintained the sensor in position, approximately 10 cm behind the nose.
The calves equipped with a mobile sensor were able to move freely in their compartments
and the outdoor area, like all other calves of the group.

The measurement intervals for all NH3 sensors were set to 1 s, and the maximum
value during each 10 min interval was recorded. A recording of the peak values was chosen
to potentially determine the frequency and duration of the exposure to NH3 values that
exceeded the recommended limits. We checked all of the sensors every three weeks. For
this purpose, the latest versions of the software provided by the manufacturer were used:
Dräger PolySoft (Dräger Safety AG & Co. KGaA. 2021, Lübeck, Germany) and Dräger cc-
Vision (Dräger Safety AG & Co. KGaA. 2021, Lübeck, Germany). Furthermore, we replaced
the dust filters and calibrated the sensors with a calibration gas from the manufacturer
every three weeks. The calibration gas had an NH3 concentration of 50 ppm (+/−5%). To
avoid data loss due to premature switch-off, we replaced the batteries of the mobile NH3
sensors once a week. The stationary sensors were powered by electricity.
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2.4.2. Temperature, Relative Humidity, Atmospheric Pressure, and CO2 Sensors

One Testo IAQ 160 radio data logger was installed in each compartment (A and B) in
the same locations as the stationary NH3 sensors, at positions A1 and B1 (see Figure 1). The
recording interval was set to 10 min and instantaneous values were recorded. Calibration
and battery replacement during the measurement period was not needed for these data
loggers. The data loggers automatically stored the measurement data in a data cloud,
where they could be accessed at any time by the study team.

2.5. Statistical Analysis

Data from NH3 sensors were available as text files and were converted to the Excel
(Microsoft Corporation Microsoft Excel 2019) format for further processing. Implausible
data, i.e., measured values outside the measurable range of the devices, were registered
as missing data in the data set. Measurement values registered during times at which the
measurement devices were calibrated were excluded from the dataset, because calibration
influenced the measured values, and, thus, resulted in incomplete measures. For the
exclusion of data, the last timestamp with a measurement value before and after calibrating
served as reference points. We subtracted 30 min from the last measurement value of the
measurement device that was calibrated first. This determined timestamp served as the
beginning of data exclusion. The first measurement value of the last calibrated measuring
device served as the end point, to which 30 min were added, and data were removed up
to the determined timestamp. All values recorded during the resulting timespan were
removed from the data set for all measuring devices (NH3 concentration, CO2 concentration,
temperature, and relative humidity). This procedure was repeated for all calibrations and
replacements of batteries. In addition, values of continuous measurements were not
obtained at certain times, due to the failure of the measurement devices. An overview of
the number of recorded values available for descriptive and statistical analyses is given in
Tables 1–4.

Table 1. Descriptive statistical analysis of NH3 concentrations [ppm] measured in an experimental
calf barn over the study period between June 5 and 8 August 2019.

Sensor Overall Mean Sd Minimum Maximum n ≥ 10 ppm % ≥ 10 ppm n ≤ 5 ppm % ≤ 5 ppm n

A1 8.46 4.76 0 43.50 2924 32.78 2461 27.59 8921
A2 7.05 3.76 0 26.00 1835 20.58 3258 36.53 8918
A3 5.94 4.56 0 47.00 1856 20.82 5219 59.35 8915
A4 14.67 8.63 1 99.00 6376 72.13 521 5.89 8839
A5 13.69 11.05 0.5 96.50 5178 58.59 1241 14.04 8837
B1 7.60 5.41 0 65.50 2364 26.6 3469 39.03 8858
B2 8.78 4.63 0.5 31.00 3005 33.68 2165 24.27 8921
B3 9.40 6.49 0 45.50 3275 36.72 2531 28.37 8920
B4 11.33 8.89 0.5 98.5 3484 47.50 1475 20.11 7335
B5 13.84 9.92 1 97.5 5361 60.28 878 9.87 8894

Mean = overall mean of all individual measurements (the highest value observed during 10 min intervals was
recorded) performed by the respective devices, Sd = standard deviation, A1–A5 = measurements in compartment
A (see Figure 1), B1–B5 = measurements performed in compartment B; A1, A2, A3, B1, B2, B3 = stationary sensors,
A4, A5, B4, B5 = mobile sensors (attached with halters to the calves’ head), n = number of measurements included
in the analysis.

Table 2. Descriptive statistical analysis for CO2 concentrations [ppm] measured in an experimental
calf barn over the entire study period from 5 June to 8 August 2019.

Sensor Overall Mean Sd Min Max n ≥ 3000 ppm % ≥ 3000 ppm n

A1 1256 445 0 4952 90 1.02 8790
B1 1340 502 0 4966 121 1.38 8759

n = number of measurements included in the analysis, Sd = standard deviation, n > 3000 ppm = number of
measured values (and proportion in %) of the respective measured values exceeding the recommended maximal
value for calf barns of 3000 ppm [20]; Min = minimum measured value, Max = maximum measured value.
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Table 3. Descriptive statistical analysis for temperature values [◦C] measured in an experimental calf
barn over the entire study period from 5 June to 8 August 2019.

Sensor Overall Mean Sd Min Max n ≥ 20 ◦C % ≥ 20 ◦C n

A1 24.78 3.36 16.2 34.0 8154 92.07 8857
B1 24.7 3.24 15.1 33.5 8212 92.64 8864

n = number of measurements included in the analysis, Sd = standard deviation, n > 20 ◦C = number of measured
values (and proportion in %) of the respective parameters exceeding the recommended maximal values for calf
barns of 20 ◦C [20]; Min = minimum measured value, Max = maximum measured value.

Table 4. Descriptive statistical analysis for relative humidity [%rH] measured in an experimental
barn over the entire study period from 5 June to 8 August 2019 for sensor A, respectively, from 5 June
to 10 July 2019, for sensor B due to technical issues after that date.

Sensor Overall Mean +/− Sd Min Max n ≥ 80% rH % ≥ 80% rH n ≤ 50% rH % ≤ 50% rH n

A1 73.2 9.11 39.5 93.9 2302 25.99 117 1.32 8857
B1 74.8 12.10 34.1 99.4 1696 34.27 128 2.59 4949

n = number of measurements included in the analysis, Sd = standard deviation, n > 80% RH, <50% RH = number of
measured values (and proportion in %) of the respective parameters exceeding or falling below the recommended
maximal and minimal, respectively, values for calf barns of 50–80% [20]; Min = minimum measured value,
Max = maximum measured value.

The statistical analyses were carried out using the statistical program R (R Core Team
R: A Language and Environment for Statistical Computing 2021). We calculated 4 h mean
values of the recorded barn climate parameters individually for the respective devices. This
resulted in 4 h means of the recorded peak values of NH3 concentrations (stationary NH3,
mobile NH3) and 4 h means of the recorded point values of temperature, relative humidity,
and CO2 (Testo data logger). First, the data were visualized and analyzed for a normal
distribution, and a paired t-test was performed. Because the data were non-normally
distributed and not independent, we used a Wilcoxon test for paired data to compare the
peak values of NH3 measurements from mobile devices with stationary devices. For this
purpose, the previously generated 4 h mean peak values of all stationary NH3 sensors
were combined to one mean peak value per 4 h. The same was carried out for all mobile
NH3 sensors. This resulted in overall 4 h mean peak values of NH3 concentrations per
sensor type.

To test for effects between peak NH3 concentrations and the other measured climate
parameters, we conducted a two-way analysis of variance (ANOVA) on two linear models.
For this purpose, the overall 4 h mean peak values of NH3 concentrations measured with
stationary and mobile devices were used as response variables, and overall 4 h mean values
of temperature, relative humidity, and CO2 concentration were used as explaining variables.
To achieve better fit and an approximate normal distribution, data were log-transformed.

3. Results
3.1. NH3 Concentrations

Table 1 shows descriptive statistics of the NH3 concentrations measured by each sensor
over the entire study period. Because of a technical defect, mobile sensor B4 did not generate
data between 24 and 31 July, and after 3 August 2019. No other measurement gaps occurred;
the other sensors recorded data continuously. Overall, the 4 h mean values of maximal NH3
concentrations measured by the mobile sensors (A4–A5, B4–B5) were slightly higher than
the 4 h mean values of the maximal NH3 concentrations measured by the stationary sensors
(A1–A3, B1–B3, Table 1, Figure 1) (p < 0.001). The overall means of the NH3 concentrations
measured by mobile sensors were 10 ppm, whereby a large proportion (47.50–72.13%) of
individual measured maximal NH3 concentrations were above the recommended limit
of 10 ppm [20]. The overall means of the NH3 concentrations measured by stationary
sensors were below 10 ppm, whereby the proportion (20.58–36.72%) of individual measured
maximal NH3 concentrations above the recommended limit of 10 ppm was smaller than
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for NH3 concentrations measured by mobile sensors. The proportion of measured NH3
concentrations below 5 ppm was lower for the mobile sensors, compared to the stationary
sensors (5.89–20.11%, 24.27–59.35%).

Figure 2 shows an example of the calculated 4 h mean values of NH3 concentrations
over a course of 10 days. The NH3 concentrations fluctuate strongly throughout the day,
and diurnal patterns are visible. NH3 values recorded by mobile sensors were slightly
higher, showed higher peak values and stronger fluctuations compared to the NH3 values
measured by stationary sensors.
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Figure 2. Four-hour mean values of NH3 concentrations in compartment A for mobile and stationary
measuring devices over the course of ten days. Light green lines = mobile sensors A4 and A5, blue
lines = stationary sensors A1 to A3, red dashed line = 10 ppm (recommended maximal NH3 value for
calf barns). Indicated are the 24 h time intervals from day 30 to day 40.

The boxplots in Figure 3 show the data distribution in the NH3 measurements per-
formed with stationary and mobile devices. Measurements from mobile devices are dis-
tributed in a higher range compared to the measurements from the stationary devices.
This is visible in the overall representation of measurements across all stationary and all
mobile devices over the entire study period (Figure 3a), as well as in the boxplots for the
individual devices and compartments (Figure 3b,c). The overall 4 h mean peak values
of NH3 concentrations measured by stationary and by mobile devices were analyzed us-
ing the Wilcoxon test for paired data, and a statistically significant difference was found
(W(378) = 23, p < 0.001).
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Figure 3. (a) The boxplots show all NH3 concentrations measured by stationary and mobile sensors
over the entire study period in both compartments of the barn for stationary and mobile measurement
devices separately (p < 0.001). (b) The boxplots show NH3 concentrations of each measuring device
in compartment A (A1–A5) over the entire measurement period. (c) The boxplots show NH3 concen-
trations of each measuring device in compartment B (B1–B5) over the entire study period. Dark grey
boxes = stationary NH3 measurement devices; light grey boxes = mobile NH3 measurement devices.

3.2. CO2 Concentrations, Temperature, and Relative Humidity

Tables 2–4 show an overview of the climate data measured by the two Testo IAQ
160 climate sensors over the entire study period. After 10 July 2019, humidity values
recorded by the Testo B1 humidity sensor were permanently very high (above 90% relative
humidity). Because of the high humidity over a long time, the humidity sensor corroded.
The high values occurred after the barn was cleaned out on 11 July 2019. We suspect that
the sensor was contaminated with splash water during this procedure. Data on relative
humidity from this sensor were, therefore, classified as implausible after 10 July 2019,
and were excluded from further analyses. There were slightly more data outages during
measurements with Testo IAQ 160 devices (29 days), compared to the NH3 measurements
(14 days). Nevertheless, plausible data could also be generated over a long time period for
these three climate parameters. CO2 concentrations were generally below the recommended
maximum, and only a small percentage were above 3000 ppm (Table 2). In contrast, the
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temperature exceeded the recommended limit of 20 ◦C most of the time during the summer
measurement period, and very high values were recorded, with maximum temperatures of
up to 34 ◦C (Table 3). Finally, relative humidity in the experimental barn was mostly within
the recommended limits of 50–80%; however, values above and below the recommended
values were observed as well (Table 4).

All three climate parameters, namely CO2 concentration, temperature, and relative hu-
midity, showed interaction effects with NH3 concentrations. The ANOVA analysis revealed
an interaction effect between the three climate parameters with NH3 concentrations mea-
sured by mobile as well as stationary devices. A significant effect was observed between the
NH3 concentrations measured by the mobile sensors with the measured CO2 concentrations
(F(375, 1) = 7.9, MSE = 0.16, p < 0.01), temperature values (F(375, 1) = 167.97, MSE = 3.4,
p < 0.0001), and relative humidity (F(375, 1) = 77.15, MSE = 1.57, p < 0.0001) (Figure 4). For
the stationary NH3 measurement devices, CO2 concentration (F(375, 1) = 55.19, MSE = 1.45,
p <0.0001), temperature (F(375, 1) = 180.13.5, MSE = 4.73, p < 0.0001), and relative humidity
(F(375, 1) = 156.75 MSE = 4.11, p < 0.0001) also showed significant effects on the NH3
concentration (Figure 4).
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Figure 4. The NH3 concentrations measured with the mobile and stationary devices are depicted
over the entire study period from 5 June to 8 August 2019, with (a) the measured CO2 concentrations,
(b) the measured temperature values, and (c) the relative humidity (after 10 July, only values from
Testo A1 due to a technical defect in Testo B1). The NH3 concentrations of the mobile devices (A4, A5,
B4, B5) were combined into a 4 h average and are shown in light green. The NH3 concentrations of
the stationary devices (A1–A3, B1–B3) were combined into a 4 h average and are shown in blue. The
other climate parameters measured with the Testo (A1, B1) were summarized to a 4 h mean value
and are shown in gray. Indicated are the 24 h time intervals from day 30 to day 40.

4. Discussion

A new long-term measurement method for NH3 concentrations in micro- and macro-
climatic conditions was successfully implemented in an experimental calf barn in Switzer-
land. To our knowledge, this is the first study where NH3 concentrations were continuously
measured in the barn microclimate with mobile sensors attached directly to the calves’
heads, combined with continuous stationary measurements in the macroclimatic range.
The continuous measurements provided information about typical NH3 concentrations in
a barn in summer. The devices performed well under real-world farm settings. Thus, data
on NH3 concentrations collected in the barn micro- and macroclimate range, as well as on
CO2 concentrations, relative humidity, and temperature in the barn macroclimate, were
obtained over several months in the direct surroundings of fattening calves.

To properly assess a barn’s climate, it is important to consider conditions at the mi-
croclimatic scale [26,39,48]. By performing NH3 concentration measurements with sensors
attached to the calves’ heads, we first found a significant difference between measure-
ments taken by stationary sensors and measurements taken by mobile sensors. Second,
we found high variance between measurements not only in the data from mobile devices,
but also for stationary devices. Therefore, we confirm the results from previous studies,
where strong fluctuations in the climate of livestock and cattle barns were recorded as well.
Depending on housing system, strong seasonal but also diurnal effects were observed,
especially in cattle and calf housing, which were characterized by wider variations in barn
climate [16,39,40]. There is evidence for the existence of microenvironments in calf barns.
In a previous study it was observed that, in terms of temperature, pens may represent
different microenvironments within a barn [16]. In our study, we could show that such
microenvironments exist in terms of temperature, as well as for noxious gases.

Placement of the measurement devices is an important factor to accurately assess barn
climate. NH3 concentrations decrease with increasing distance from the source location [26].
In the study by [26], measuring devices were installed at different distances above the floor,
and it was found that NH3 concentrations decreased with increasing height in the barn.
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Consequently, it is important to install the measuring devices at animal level; otherwise,
the barn climate might be misjudged. Therefore, in our study, we installed all measurement
devices at the level of the animals’ noses, and our findings are in agreement with those of
the study mentioned above. The NH3 concentrations measured by the mobile devices vary
more significantly than measurements from stationary sensors. Because calves moved freely
around the barn, the measurements originate from different locations and heights. However,
variations were also observed in the measurements of the stationary sensors, which were
installed at different locations as well. Since barn climate is variable and comes with the
expectation of strong spatial fluctuations, previous studies already found that multipoint
sampling and a high spatial resolution of measurement points is important [37,38]. By
performing point measurements, or measurements over short time periods, the fluctuation
and variability (spatial and temporal) of NH3 concentrations observed in this study likely
would have gone undetected. Furthermore, our results were also in line with the findings
of [48], who detected different accumulation areas, with higher gas concentrations in
the microclimate range. They observed high spatial variation in noxious gases in dairy
buildings. Spatial distribution of noxious gases is not uniform and is influenced by many
complex factors, such as air temperature, air flow, which is affected by ventilation, building
structures, and animal distribution in the building [37]. On this basis, one could expect that,
depending on a calf’s location in the barn, the NH3 concentrations might vary strongly.
Our measurement method covered this range, by allowing calves equipped with mobile
sensors to range freely in the inside and outside areas. If only stationary sensors had been
used for barn climate assessment, those fluctuations and sudden high peaks, which might
be caused by such accumulation areas in the microclimate, would have been lost.

Continuous multipoint sampling, as performed in this study, can provide more realistic
data on the NH3 concentrations that calves are exposed to, which are needed for decisions
to improve animal welfare [37–40]. Regarding animal health, the interpretation of climate
data obtained by point measurements has been shown to be challenging [32]. Nevertheless,
high NH3 concentrations have been associated with respiratory health problems in cattle
and calves [21,22,30,49]. The new possibility of continuous and close-proximity NH3
measurements near calves’ noses should allow for further investigation of associations
between NH3 concentrations and animal health. So far, this has been difficult to achieve
with methods that rely on short-term and punctual measurements of NH3 concentration in
calf barns [32].

Previous studies showed that calves spend majority of their time lying down [50,51].
NH3 is primarily emitted from the floor/litter mat, where manure and urine are accumu-
lated; therefore, we expect peak values to occur there [24,52]. We hypothesize that the high
peak NH3 concentrations observed in the mobile measurements are caused by calves lying
on the straw mat. A possible explanation for the high peak values would be that, during
resting on the side of the measuring device, the mobile sensor was directly exposed to the
litter mat where NH3 is produced. In the present study, we did not document the behavior
or activity of the calves, as our primary aim was to implement the measurement method
and test it for its practical application.

Furthermore, this method might be useful to investigate the effect of different manage-
ment methods on air quality. It allows an accurate and simultaneous assessment of the barn
climate in practice; therefore, in further investigations, the efficiency of ventilation systems
might be investigated. In practice, it might, for example, allow us to determine the optimal
time for litter removal, due to its ability to provide accurate climate data. Appropriate
management could lead to optimizations in the barn climate and, in turn, could potentially
lead to improvements in animal health. However, these questions will be further pursued
in a subsequent study [53,54].

The measurement devices themselves are a limiting factor in many barn climate
studies. It is difficult to find suitable measuring devices that can withstand the rough
conditions in a calf barn. Among other things, major challenges for the sensor itself
include the presence of high humidity, noxious gases, and dust production in the barn.
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Furthermore, the devices have to withstand rough conditions consecutive to animal contact,
which can cause strong forces that cause damage to the sensors. In fact, sensors often
corrode under normal barn climate conditions because of moisture and condensation [37].
Another negative effect is sensor drift, which might create measurement errors. A variety
of factors can cause sensor drift; the environment of the sensor is important, but correct
handling should also be considered [45]. To avoid measurement errors by sensor drift, the
devices were regularly calibrated and used according to the manufacturer’s instructions.
According to the manufacturers and external test reports, the electrochemical sensors used
are specifically designed for the conditions in animal barns [37,46,47,55]. The manufacturer
of the Dräger sensors indicates a two-year sensor durability [47]. For the Testo data loggers,
annual inspection by the manufacturer is recommended, and no information is available
for sensor durability. Some of the measurement devices used in this study are commercially
available. The mobile NH3 sensor is not available, as it was a prototype and was only
produced on a small scale; as such, it is currently not for commercial use.

Based on previous studies, we expected accumulation of NH3 in the microclimate;
however, the magnitude of the observed peak NH3 concentrations was unexpected. NH3
concentrations measured in previous studies during different seasons in cattle and calf
barns exceeded the recommended values of up to 20 ppm [48] and 25 ppm [32], but overall
average NH3 concentrations were below the recommended limit value of 10 ppm [32,48]. In
this study the average NH3 concentrations measured by mobile sensors was above 10 ppm;
additionally, a significant portion of both stationary and mobile sensor measurements
exceeded 10 ppm. Neither of the previous studies employed long-term microclimate
measurements. Nevertheless, it has been suggested that high NH3 concentrations in
combination with other non-optimal environmental conditions can be negatively associated
with animal health [16,27,30]. NH3 concentrations of 5 ppm in combination with air
pollutants resulted in increased damage to the upper respiratory tract in pigs [49]. Another
study on pigs concluded that the maximal NH3 concentration tolerated in the air of pig
housing systems is 9 ppm [56]. For calves, a recent study showed that exposition to low NH3
concentrations (>4 ppm) might contribute to the severity of respiratory diseases. Indeed,
they observed a link between exposure to concentrations above 4 ppm and pneumonia in
calves. Furthermore, they highlighted that combined measuring of barn climate parameters,
such as NH3, temperature, and relative humidity, might provide important information
on climatic clusters and the complex interaction between indoor climate and respiratory
disease, which was supported by the evidence of the different climate clusters found in
their study [12].

The results of the present study showed that all measured climate parameters, i.e.,
temperature, relative humidity, and concentrations of noxious gases, exceeded the recom-
mended values for calf barns [20] during summer months, in some cases by large extents.
High indoor air temperatures are a known problem in mechanically ventilated calf housing
systems, where ventilation cannot cope with variable climate conditions over time [39].
In the present study, the overall mean value of air temperature was above 20◦ C in both
compartments, thus constantly exceeding the recommended optimal range [20]. The high
temperatures observed during the study period likely caused heat stress and negative
effects on the fattened calves during the study period. Heat stress has been shown to
change behavior and negatively affect feed intake and growth performance (average daily
weight gain) in calves and heifers [57–59]. However, neither the behavior of the animals
nor the daily weight gains were examined in this context in the present study. The overall
mean relative humidity was above 70% and might have further contributed to heat stress.
In combination with temperatures above 20 ◦C, the relative humidity should be between
40% and 70% [27]. Most CO2 concentrations remained below the recommended maximal
values, although values largely in excess of the recommended value of 3000 ppm were also
measured here (up to 5000 ppm, which was the upper measuring limit of the device). CO2
serves as an indicator for the assessment of air quality and ventilation in housing systems.
If enough fresh air is delivered, inside CO2 concentrations should be comparable to the
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concentrations found in outside/fresh air conditions (about 380 ppm). CO2 is produced
by the respiration of animals and manure decomposition [60–62]. The high observed CO2
concentrations, while not fatal, might have negative effects on calf welfare and performance.
High concentrations of CO2 can decrease appetite; consequently, reduced daily weight gain
might occur [22,63].

Values of barn climate parameters above or below the recommended thresholds are
known to have a negative impact on animal health, and highly fluctuating environmental
conditions also have an impact. Large fluctuations in temperature or relative humidity
cause thermic stress and, thus, can have a negative impact on animal health. Consequently,
this likely leads to increased mortality and morbidity rates and indirectly causes economic
loss through lower daily gains and long-term survival [11]. In the analyses, positive
correlations between NH3 concentrations measured by mobile or stationary devices and
measured values of CO2 concentrations, temperature, and relative humidity were observed.
Correlations of NH3 concentration with temperature and relative humidity have been
described in previous studies.

Previous studies reported positive associations between NH3 concentration and both,
indoor air temperature and relative humidity in various livestock barns, including cow
barns [64] and free-stall dairy barns during different seasons [65]. Some studies reported
weak correlations for point measurements of NH3 and other climate parameters, like CO2,
temperature, and humidity, over different seasons [32]. Our findings align with these
observations regarding CO2 concentrations. Air temperature and humidity significantly
influence NH3 concentration. Our results are consistent with previous studies on diverse
farm animals, such as poultry [31,38,66], sheep [26,38], pigs [40], and cattle [39,40,48,53],
whereas data on calf housing are limited and, in recent studies, no such correlations could
be found [12,32]. NH3 is released by the decomposition of urine and feces. CO2 release
is dependent on the same decomposition process. Microorganism activity increases with
increasing temperature, which might explain the positive correlations observed in our
study [24,37]. Significant correlations between air temperature, relative humidity, and
NH3 concentrations were not found in calf fattening barns in a recent study [12]. That
study included a single sampling point at the feeding stand for continuous measurements
of NH3 concentration and a measurement period of 24 h. Furthermore, punctual one-
time measurements were performed. Nevertheless, the importance of combined climate
monitoring to obtain relevant data on correlations with calf health was pointed out. We
agree, and our results support the concept that monitoring different climate parameters
is important to understand the complex interactions of barn climate and its correlations
with calf health [12]. Continuous measurement methods over several weeks as used in
the present study were not performed in any of the mentioned studies. Our study was
conducted in one single calf fattening barn; therefore, the external validity of the findings is
limited. It will be important to conduct further studies in different types of calf housing. A
standardized measurement method, for example using comparable measurement devices,
defined sampling intervals, and comparable measurement locations (animal level, within
the compartment, directly at animals nose), may be used to confirm the observations of
this study and to identify further factors that might potentially be associated with NH3
concentrations and other barn climate parameters.

5. Conclusions

This study implemented a measurement method with mobile NH3 sensors to measure
NH3 concentrations in the microclimate near calves’ heads. Our findings demonstrate that
NH3 concentrations tested with mobile sensors significantly differ from those measured by
stationary sensors. Mobile sensors measured higher peak values and stronger fluctuations.
The new measurement method with mobile NH3 sensors implemented in this study has the
potential to improve future research on barn climate parameters in the microclimate range.
Multipoint sampling with stationary sensors and continuous short-term measurements
in the macroclimatic range did not show associations of climate parameters, such as air
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temperature, relative humidity, or NH3 concentrations with animal health indicators [32].
Long-term measurement of NH3 in the respiration area of the animals appears promising
as a basis for management decisions on the farm. Long-term continuous measurements of
other climate parameters than NH3 concentrations might be interesting for further research
as well.
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