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Abstract

Animal welfare is a fundamental pillar for livestock farming,
and it can be endangered by a series of aspects, among which is the
presence of undesired microclimates. This condition can be moni-
tored by measuring the temperature-humidity index (THI), an index
able to inform about the emergence of heat-stressing conditions in
the barns. The THI can be influenced by the external environmental
conditions and the barn structure, orientation, thermal buoyancy,
and roof insulating materials. In order to evaluate these structural
aspects of buildings and the consequent microclimate, in this study,
a survey was carried out in 8 dairy cattle barns located in the north-
ern part of Italy that were monitored continuously during ther-
moneutral, warm, and cold periods. Experts observed the structural
aspects ,and the environmental parameters were measured with sen-
sors. From the results emerged that the barns had structural charac-
teristics that considerably affect the internal microclimate, with
openings, roof height, forced ventilation, and building orientation
playing a significant role in estimating of the THI in the barn. The
more critical period was the warm one when the structures could not
mitigate the external conditions, and THI exceeded the threshold of
72 for a big share of the period in all monitored farms (range
between 50-80% of observations). In the best situation, the cooling
systems were able to maintain the external conditions. The results
confirm the importance of the barn design and of an appropriate
ventilation to improve air exchanges.
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Introduction

In intensive livestock systems, the reared animals commonly
live lifelong in a confined environment; therefore, it is of funda-
mental importance that the barn is built adequately to respond to
their needs (Fernandez et al., 2008). These needs principally
depend on the reared species, metabolism, management opera-
tions, welfare requirements, and local climate. Safe environments
and optimal welfare conditions are prerequisites for healthy and
productive animals (Polsky and von Keyserlingk, 2017) and con-
sequently also for overall sustainable productions (Halachmi et
al., 2019; Lovarelli et al., 2020a). However, because of the global
warming and increase of temperatures, all reared animal species
can be endangered in the current decades by an intensification of
heat stressing events that affect health, welfare, and productivity
(Hempel et al., 2019).

Focusing on dairy cattle, building adequate barns to respond
to local environmental issues is essential (Berman, 2019). Dairy
cattle have optimal performances in thermally neutral conditions
(from about —5 to 25°C and 45 to 90% relative humidity) (CIGR,
2014), generally measured through the temperature-humidity
index (THI). THI is calculated with temperature and relative
humidity data collected in the barn and should be optimally main-
tained below 72 (Allen et al., 2015), although some authors iden-
tified heat stress starting already with THI>68 (Polsky and von
Keyserlingk, 2017). Exceeding this threshold leads to significant
production losses, quantified in 10-35% reductions already with
temperatures higher than 24°C or relative humidity higher than
70-75% (Bohmanova et al., 2007). In addition, altered animal
behaviour such as different feed and water intake, affective state
and life naturalness (Polsky and von Keyserlingk, 2017), and
health and reduced fertility are monitored with excessive THI
(Das et al., 2016). In Northern Europe, Russia, Canada, efc.,
where winter is very harsh, cattle are reared in closed buildings
that protect them from excessive cold. However, at lower latitudes
and temperate climates such as in South and Central Europe, cows
suffer frequently from warm temperatures (Hempel et al., 2018);
therefore, livestock barns are primarily open and have lateral and
ridge openings to favour the natural ventilation and air exchanges,
and reduce relative humidity. Natural ventilation (e.g., thermal
buoyancy and wind action) is by far the most widespread solution
for dairy cattle housing (CIGR, 2014; Tomasello et al., 2019)
when it is sufficient to maintain good air quality. Besides having
windows and doors, the ridge openings are important structural
solutions that, if properly built, permit the correct air movements
and thermal buoyancy. These last improve air exchange rates and
air quality (e.g., removal of pollutants such as methane and ammo-
nia, removal of dust, and reduction of moisture that makes air
heavier and promotes bacterial growth) (Bagdoniene and
Bleizgys, 2014). A suitable height and width of the ridge opening
guarantees that the air incoming from windows and lateral open-
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ings runs into the barn and exits from the roof involving proper air
exchanges (De Paepe et al., 2012). In the study by De Paepe et al.
(2012), authors showed that an enlarged inlet opening height or a
completely removed front wall does not affect the air exchange
rate as much as a wholly removed outlet wall can. Furthermore, air
exchanges can be favoured by the barn orientation. The longitudi-
nal orientation of the building east-west (E-W) is the best since it
reduces the exposition to solar radiation because the two long
walls are, in turn, exposed to the sun during the day (CIGR, 2014);
moreover, this different exposition brings a temperature difference
on the two long walls that favours the natural ventilation of the
building (thermal buoyancy). The proper orientation should also
consider the predominant wind direction. After all, an appropriate
wind circulation (guaranteed by a perpendicular orientation with
the predominant wind direction) favours the internal air exchanges
(Firfiris et al., 2019). Finally, the insulation material of walls and
roofs is another key element that influences the radiant heat load
and the thermal balance of animals (Berman, 2019). As shown in
Firfiris et al. (2019), there is wide variability in materials and
thicknesses to be used with different insulating capabilities and
costs. Menconi and Grohmann (2014) realized a life cycle cost
(LCC) analysis showing that the most expensive and cheap mate-
rials were polyurethane (best temperature control but high primary
energy cost) and glass wool, respectively. According to Firfiris et
al. (2019), the best solutions are glass wool or expanded
polystyrene.

Considering all these structural aspects and the need for a safe
environment, properly building a barn is quite complex (Fernandez
et al., 2008; CIGR, 2014). In fact, in each farm, there can be a
series of alternatives to consider when building a new barn and
retrofitting already existing buildings. Aspects such as the local cli-
mate and the barn orientation can lead forcefully to defined deci-
sions (Firfiris et al., 2019). When an existing building needs to be
improved, some suggestions include, for example, the planting of
trees in the surroundings or the installation of green roofs with a
shading effect and support in dealing with air pollutants (Bar et a/.,
2019; Berman, 2019). Shaded areas can also help with animal wel-
fare (Van laer et al., 2015) and maintain adequate respiration rates
during hot periods (Das et al., 2016). A complement to these is
forced ventilation, an effective and immediate solution to reduce
heat-stressing conditions when no structural improvements can be
introduced or are not economically sustainable. Forced ventilation
involves the installation of fans that induce air movements in the
barn and favour air exchanges, thus limiting the effects of exces-
sive relative humidity and metabolic heat releases and reducing
cows’ body temperatures. Forced ventilation is becoming more
common in many countries, among which in Italy, where summer
heatwaves are putting much pressure on cattle health and perfor-
mances (Porto et al., 2017; Berman, 2019). Fogging and/or sprin-
kler systems can be added to the standard circulation fans and ceil-
ing fans. Using water to cool air or wet animals’ skin is an effective
practice (Firfiris et al., 2019). However, the disadvantage is related
to the initial investment, maintenance, and high water and electric-
ity consumption that represent both an economic and environmen-
tal cost (e.g., climate change, use of non-renewable resources, etc.)
(Polsky and von Keyserlingk, 2017). In particular, fogging systems
need high pressures to nebulize water that evaporates and cools air
temperature (De Paepe et al., 2012), while sprinklers directly wet
animals’ skin, involving much higher water consumption at lower
pressure, finally resulting in more effective in cooling the microen-
vironment. Berman (2019) showed the beneficial effect of combin-
ing forced ventilation with wetting cows’ bodies to increase the
convective heat loss of animals but underlying the need to pay
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attention to slippery wet floors. Moreover, Pinto ef al. (2019) test-
ed different frequencies for ventilation systems, reporting the ben-
eficial effects on the respiration rate when ventilation was turned
on more frequently. Honig et al. (2012) achieved the same results,
identifying benefits on welfare and behaviour (lying and ruminat-
ing time) when forced ventilation worked frequently. Finally, Porto
et al. (2017) compared two cooling systems from which emerged
that the fogging system installed in the lying area guaranteed the
lying time, while the sprinkler system in the feeding area had no
influence on the standing time and a low influence on the feeding
activity.

Although a posteriori interventions to improve air exchanges
can be considered effective, the starting point should be the proper
barn building. Therefore, in this study, a survey was carried out in
8 dairy cattle farms in Northern Italy that are typical for the area,
where structural characteristics were observed, and the environ-
mental conditions inside and outside the barns were studied. This
study aims to demonstrate the influence of the structure on the
internal microclimate of dairy cattle barns to maintain proper envi-
ronmental conditions for cows’ welfare.

Materials and methods

In Northern Italy, and more precisely in the Lombardy region,
about 33% of Italian dairy cattle are reared (ISTAT, 2021). The
livestock farms are relatively homogeneously distributed in most
of the provinces of the region: in Milan (8%), Bergamo (17%),
Brescia (8%), Pavia (14%), Cremona (14%), and Lodi (16%) and
the average herd dimension is 101 dairy cows/farm (i.e., 65 dairy
cows in production stage/farm). In the context of the Prin Project
‘Smart Dairy Farming: Innovative solutions to improve herd pro-
ductivity’, eight dairy cattle barns were selected to be thoroughly
monitored for one year. Among the criteria to choose the farms
were the farmers’ availability to the monitoring and the identifica-
tion of farms that could be paired at short distances to reduce the
effect of any external parameter that could affect the single micro-
climate of the barn. Hence, were selected livestock farms located
in Brescia (farms A and B), Cremona (farms C and D), Lodi and
Pavia (farms E and F), and Cremona and Brescia (farms G and H).
The last two groupings show farms in different provinces but in
such a position that their distances are maintained within a few
kilometres (5-15 km). The farms showed some variability in terms
of bred animals, counting an average of 88+38 monitored
cows/barn and bred almost entirely Italian Holstein dairy cows.
The farms were grouped in pairs on both a geographical basis (i.e.,
short distances for paired farms) and a temporal one for the moni-
toring (i.e., same monitoring week for the paired farms). In other
words, the available instrumentation allowed monitoring the
paired farms contemporarily.

The monitoring lasted for one year, in which thermoneutral,
warm, and cold periods were surveyed. Every survey lasted one
week, during which environmental data about the microclimate in
the barn were collected continuously. Moreover, the cows’ lying
activity was measured through pedometers installed on the hind
leg of cows as described in Lovarelli et al. (2020b), and cows’ pro-
ductivity was measured through the daily average milk production.
The observations took place from 15% Jan. to 25 ™ Feb. (cold peri-
od), from 16 ™ Apr. to 24 " May and 23" Oct. to 30 ™ Oct. (ther-
mally neutral period), and from 2" Jul. to 7 " Aug. (hot period). A
visit was carried out at every farm at the beginning (day 1) and at
the end (day 7) of each survey; thus, 6 visits per farm were done in
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one year. During the first visit, the barn structure, dimension, ori-
entation, and ventilation systems were observed to have a complete
and clear understanding of the main structural characteristics and
livestock management. In addition, the environmental sensors
were installed and then uninstalled on day 7 of each survey.

The environmental data were collected using sensors to mea-
sure the air temperature (T, °C) and relative humidity (RH, %).
These sensors (HOBO U12 Temp/RH/Light/External Data Logger
- Onset Computer Corporation, Bourne, MA, USA) were installed
in 2 positions at the height of about 2 meters in one part of the barn
and recorded data every half hour, thus having 24 h-7 d data. In
addition, local weather conditions were investigated by download-
ing from the Regional Environmental Protection Agency (ARPA)
of Lombardy Region website the hourly average temperature and
relative humidity of the ground-based weather station closest to
each farm. Although the weather stations were not on the farm,
they were pretty close, so it was assumed that minor differences
could be found with the effective weather on the farm; the same
method was presented in Tomasello et al. (2019). With these data,
THI was quantified with the equation suggested by ASABE
(ASABE, 20006), both in the barn (microclimate) and outside the
barn (external weather conditions). To analyse the differences of
barn structures and microclimate, and evaluate the difference
between inside and outside, were calculated daily: i) deltaT (°C),
i.e., the difference between average internal temperature and exter-
nal temperature; ii) deltaRH (%), i.e., the difference between inter-
nal and external average relative humidity; iii) deltaTHI, i.e., the
difference between internal and external average THI.

The data analysis was carried out using the software SAS 9.4
(TS1M3, 2012, SAS Inst. Inc. Cary, NC). First, descriptive statis-
tics were carried out; then, using the Proc FASTCLUS procedure,
hourly data were clustered concerning the external THI, which
allowed comparing farms considering their similar external weath-
er conditions. In a third step, classes of internal THI were built
using hourly data to evaluate in detail the THI in the different barns
and the different clusters. Therefore, 6 classes were built based on
the internal THI and focused on the warm conditions. In particular,
all THI values below 58 were included in a first class with low THI

data (class (i) THI <=58). Then, an intermediate class in which no
stress occurs was considered (class (ii) THI 58-69), and then the
other classes included very small ranges of THI, first with the class
(iii) 69-72 that highlights the emergence of stressing conditions
and then the other more alarming and dangerous classes, following
Provolo and Riva (2008): (iv) 72-75, (v) 75-78, (vi) >78.
According to CIGR (2014) and Polsky and von Keyserlingk
(2017), the first signals of heat stress can be observed from a THI
value equal to 69, especially for the most productive and sensitive
cows. This is the reason why this value was included in the classes.

Finally, the Proc GLM (generalized linear model procedure)
was done to build a model predicting the variable of the THI in the
barn and evaluate the effect of a series of structural parameters on
the proper design of a dairy cattle barn. The model used a series of
class variables: i) the clusters previously formed with Proc
Fastclus (3 levels: <N, W, C); ii) the presence of lateral openings
(2 levels: yes, partially); iii) the roof height (2 levels: medium - if
between 7-14 m, low - if less than 7 m); iv) ventilation system (3
levels: in the feeding area, in resting area, in both); and v) barn ori-
entation (3 levels: E-W, NW-SE, and NE-SW). For all the param-
eters included in the model, LSMeans were also calculated.

Results and discussion

Barns structures

Table 1 reports the characteristics of barn structures, dimen-
sions, orientation, and ventilation studied during the first visit to
the farms. In addition, also the main herd information (average
milk production, average lying time, and bedding materials in
cubicles) is reported. For herd information, the monitored cows
had an average milk production within the ranges of local farms’
productivity: on average, farm D was the most productive (41 kg/d
per cow), while farm E was the least productive (29 kg/d per cow).
Similar productivity data can be found in other studies in Northern
Italy, where average milk production was lower than or about 30

Table 1. Herd and building information (barn and cooling system) for each farm.

A 60 309 105 Straw E-W 672 Yes 7 23 N.P. Partial Curtains Circ. fans +  Circ. fans ~ Fans + fogging
fogging

B 106 32 10.1 Straw NW-SE 1288 No 12.2 28 Adequate  Partial Walls Circ. fans+ NP, Fans
(I'm) fogging

¢ 7 32 109 Mattr. E-W 902 No 6.5 11 N.P. Partial Walls NP Ceiling fans NP

D 144 4 1.7 Mattr.  NE-SW 1162 Yes (N 15  Adequate  Partial Curtains Circ.fans+ NP NP
(1.3 m) sprinkler

E 35 29 98 Mattr. NW-SE 362 Yes 7 13 Adequate  Yes Partial walls Sprinkler ~ Ceiling fans Fans
(1.9m)

F 143 32 112 Straw NW-SE 3640 Yes 134 33 Adequate  Partial Curtains NP Ceiling fans Fans
(08 m)

¢ 54 32 113 Sand NW-SE 1242 Yes 54 13 Adequate  Yes Curtains Sprinkler Ceiling fans + Fans
(0.5m) sprinkler

H 88 35.5 1.7 Mattr. E-W 1440 Yes 75 10 Insufff  Partial Curtains Circ. fans +  Circ. fans NP
(02 m) sprinkler

N.P, not present; Circ. fans, circulation fans. *Number of cows present in the section of the barn monitored; °surface of the section of the barn monitored; *insufficient dimension: adequate values for ridge open-

ing consist in ridges of at least 0.05 m wide every 3 m of barn width. Source Lovarelli et al., 2020b.
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kg/d per cow (Bellingeri et al, 2019). Regarding the bedding
material, mattresses and straw were the two most frequently cho-
sen solutions, one because it is a hygienic solution, the other
because it facilitates manure handling and management (Ferraz et
al., 2020).

Regarding the structure, all farms in this study had a good lon-
gitudinal barn orientation, with farms A, C, and H oriented E-W,
and the other 5 farms oriented NW-SE or NE-SW. Although pre-
senting the best orientation, farms A and C lacked the ridge open-
ing, and farm H had an insufficient dimension (<0.2-0.3 m) for air
movements (De Paepe ef al., 2012). Farms A, B, and F had rela-
tively high roof slopes that facilitate the air exchange rates exploit-
ing natural ventilation, but with no excessive roof inclinations
(>30%) that may cause unnecessarily high roof temperatures (Vox
et al., 2016). Farms C and G had a low ridge height (<7 m) that
affected air exchange rates, especially in farm C with a low roof
slope, no ridge opening, and no insulating material on the roof; this
last characteristic was in common with farm B. According to
Menconi and Grohmann (2014), the lack of insulation can cause
increased temperatures inside the barn.

As other systems to improve the microclimate, most farms
adopted sidewall curtains on the barn side exposed to the sun in the
hottest part of the day to protect from solar radiation (Polsky and
von Keyserlingk, 2017). An alternative was the construction of
concrete walls (farms B, C, and partially E). Forced ventilation
systems were installed in all the studied farms. Circulation fans
coupled, in some cases, with fogging or sprinklers, and/or ceiling
fans were present in the feeding or lying areas or both areas. In
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some farms, fans were also installed in the holding and milking
parlour areas. Only farms C and F did not have any ventilation sys-
tem in the feeding area, while only farms B and D did not have
forced ventilation at lying. Farm C had the least tools installed.

Environmental conditions

By running the FASTCLUS Procedure, three clusters were
built based on hourly external THI. The resulting expected overall
R2 was equal to 0.89, and the cubic clustering criterion was met
(equal to 4.8). The clusters’ means and standard deviations resulted
in 58.0+4.7, 73.7+4.7, 37.845.6, respectively, for Cluster 1, 2, and
3. From these results, it can be assumed that Cluster 1 includes
observations in thermally neutral conditions, while Cluster 2 com-
prises warm periods (highest THI) and Cluster 3 those of the cold-
est periods (lowest THI). Hence, they are indicated further on as
Cluster N (for Cluster 1 with thermally neutral data), Cluster W
(for Cluster 2 with warm data), and Cluster C (for Cluster 3 with
cold data).

Table 2 reports the daily average data measured in the moni-
tored periods about temperature (T, °C), relative humidity (RH,
%), and the calculated THI both inside the barn (internal microcli-
mate) and outside the barn (external weather conditions) per farm
and cluster. Besides, the differences between inside and outside the
barn are shown with deltaT (°C), deltaRH (%), and deltaTHI.

Regarding the THI in the barn, in all the analysed farms, the
average value for Cluster W (i.e., cluster with observations of
warm days) exceeded the threshold for welfare cattle conditions,
set at 72 (Das et al., 2016). Primarily, this occurred in farms A and

Table 2. Daily means and standard deviations for the monitored periods for temperature (T; °C), relative humidity (RH; %), and tem-
perature-humidity index (THI) in the barn (microclimate) and outside the barn (external conditions) for the 8 farms and 3 clusters.
The differences between inside and outside are shown as deltaT (°C), deltaRH (%), and deltaTHI.

N A 17.7+3.9 68.5+12.2 0354 15633 786+214 59443 2.6+1.6 -10.1+14 3.7+2.6
B 17.3+4.2 68.7+10 62.6+5.9 15.8+3.7 31+143 6065 15+13 —45+82 219
C 16.3+3.9 T1.1£138 60.9+5.7 14.8+3.1 815+195 586448 1.6+2.2 -104£115 23433
D 16.2+3.7 708+13.1 60.8+5.5 14.7+3.2 80.8£19.7 585448 1.6+2 -10+10.6 2.3+2.9
E 15.7+44 62.7+14.4 60.3+6 135+34  T768+£237 56849 2.3+2. -141£118 35434
F 15.8+4.4 63.4+11.9 60.36.1 13.3+3.3 7594245  56.7+48 2.5+2.1 -12.6£15.7  3.6+34
G 15.5+2.7 68.216.6 097437 14+2.8 786+236 57542 14+18 -105£103 22426
H 14.9+3 66.114.7 98.9+4.1 14+2.8 79+235 575442 1£2 -12.9+178 14+3
Mean+SD 16 +3.8 67.3 £14.2 60.5 £5.3 14.3 +3.2 78222 58447 1.7 £2 -109£134 2543

W A 218+4 5994 76.6+4.8 26.6+4.1 60.9+15.1  74.9+47 1.3+2.1 -1.9+£105  L7x21
B 26.8+3.9 62.9+8.8 75.8+5.4 218+44  534+111 759451 —1+2 9.5+7.2 —0.1+2
¢ 244+29 10£12.7 73+4.2 245+38 66.9+159  T2.5+44 —0.1+2.9 3111 0.5+3.5
D 241£3.1 68.6+11.5 723441 244+37 67.3£15.6 72444 03425 13100 -0.1+2.9
E 24.7+3 62.8+13.1 727438 25.1+4.1 63.6+19.7  72.9+45 —04+2.7 07122 0243
F 249+3 66.1+14.6 733438 25.2+4 63+19.7 73+44 —0.3+2.4 3.1£10.9 0.3+2.7
G 259434 68.2+12.9 74.8+4 253443 73+224 739445 0.6+2.7 —48+146  09+28
H 26+3.3 66.8+12.7 74.9+3.9 03+43  T31+224 13945 0.7+2.9 —6.2+15.9 0.9+3
Mean+SD 25.6 £3.5 65.4 £12.5 741 4.5 256 +42 647189 T3 +4T 0+2.6 08+12.5  05+28

C A 5446 10.5+14 4417 15424 8554192 364x53 3.9+43 ~15+188 7.6+73
B 5445 69.8+13.8 4167 2.3£2.3 803163 38448 3.1+43 -105£178 57473
C 9.5 78464 43141 2.6+3.3 888122  37.9+6.3 2415 -104482  5.2+33
D 54226 757415 43.9+43 2.6+3.3 887123 37.9+63 28+13 -13.1£74 63
E 45+2.9 78.8+7.6 42.1%5 3.143 964486 37857 14+1.1 -176+58 4323
F 9.9+2.4 75.5£5 448+3.8 343 964486 37857 29+11 —20.9+5.7 T+2.6
G 1.3+43 69.5+14.4 46.9+6.5 28+2.8 90.6+11.6 38453 4533 211497 8.9+48
H 6.8+4.1 T1.1£134 46.1+6.2 23428 907116 38453 4+3.5 -195498  81sb.1
Mean+5D 08 +3.8 732 £119 446459 25429  892+141 378456 3.3 +3. -16+125  68+5.2

SD, standard deviation.
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B (THI equal to 76.6 and 75.8, respectively), where also the exter-
nal weather conditions were undesired. Regarding the other farms,
high RH in the barn was observed in farms D, G, and H, where the
installed sprinkler systems affected the internal air humidity. Also,
farm C had high RH, but it was not equipped with sprinkler/fog-
ging systems; therefore, this result was due to insufficient forced
ventilation or capability of achieving sufficient air exchange rates.

Regarding the other clusters: i) temperature in the cluster, C
ranged between 4.5°C-7.3°C and in cluster N between 14.9°C-
17.7°C; ii) internal RH in cluster C ranged between 70-79% and in
cluster N between 63-71%; iii) internal THI was on average 42.1-
46.9 in cluster C and 58.9-63.0 in cluster N.

Focusing on deltaTHI, 5 out of 8 farms showed values higher
than zero in Cluster W, meaning that the internal THI exceeded the
external one. This is an expected result due to radiant heat and the
release of animals’ metabolic heat (Berman, 2019; Polsky and von
Keyserlingk, 2017). DeltaTHI was close to zero in most farms,
except for farms A, G, and H that had wider differences (i.e., the
internal THI exceeds the external one considerably), which can be
a signal for a more alarming microenvironment for cows than other
farms. Farms B, D, and E had an average deltaTHI in Cluster W
slightly lower than zero; therefore, the barn structure and the cool-
ing systems also helped reduce the internal THI, reducing relative
humidity and temperature through air exchanges and cooling ani-
mals’ bodies. The fact that the external THI was measured with
weather stations not directly located on the farm may have affected
the assessment of differences between inside and outside the barns;
however, the weather stations were very close to the farms, so the
differences in temperature and relative humidity within such a
short distance were assumed negligible.

Figure 1 reports the distinction per cluster and farm of the rel-
ative contribution of the 6 THI classes to the barn microclimate.

In cluster W, farms A, B, G, and H highlighted the most fre-
quent emergence of undesired THI values. These farms had 80%,

72%, 76% and 78% of THI data above 72 (classes 72<THI<=75,
75<THI<=78 and THI>78), respectively. Of these, farms A and B
had 63% of data in the two worst classes (75<=THI<78 and
THI>=78), while farms G and H had 48% for both. Farms C, D, E,
and F had much better conditions, with about 26-33% of data in the
THI classes above 75.

All farms showed difficulties in maintaining acceptable THI
values in cluster W, and in some cases, this occurred in cluster N
(<10% of data). Besides the THI, the consecutive hours in which
THI is above the threshold of 72 are even more important (Allen et
al., 2015) because this condition compromises cows’ ability to dis-
sipate excess body heat, finally leading to reduced feed intake,
milk production, reproductive efficiency, health and welfare prob-
lems (Das et al., 2016). About this aspect, farms A and B had con-
stantly a THI>=72 for the whole week observed in the warm sur-
vey, thus even at night, no relief was observed. The other farms
had, on average: farm C 14.3+12.7 consecutive hours of THI>=72,
farm D 14.344.9 h, farm E 15.3£3.4 h, farm F 14.0£6.0 h, farm G
22.8+23.2 h, and farm H 20.4+22.7 h.

From the assessment on the microclimate, farms A, B, G, and
H had the most critical conditions for THI. This could be due to the
high external temperatures but mainly to the insufficient response
of the structure to external conditions (upper opening and related
dimension, insulation materials, height of the barn, and roof incli-
nation).

Statistical effects of structural and environmental
aspects

Farms were analysed considering microclimate and structural
aspects to understand if and how the barn structure effectively
affected the microclimate. In particular, the GLM procedure was
carried out to develop a model that predicted the THI internal to
the barn based on structural parameters. The 3 clusters based on
external THI (clusters N, W, and C) were used as input to the

BETHI<=58 @B58<THI<=69 B69<THI<=72 O72<THI<=75 O75<THI<=78 @OTHI>78

Share per THI class
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Figure 1. Contribution of each class of internal temperature-humidity index (THI) per cluster (N, W, and C) and per farm (A to H) to

internal THI.
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model, together with the effects of lateral openings, roof height,
forced ventilation, and orientation.

The model was highly significant (P<0.0001) and had a coef-
ficient of determination R2=0.85. All parameters introduced in the
model were significant. Model estimates and standard errors are
reported in Table 3 for all parameters used. Those parameters
whose estimate resulted equal to zero were not included in the
table, and they were: ‘Cluster C’, ‘Total lateral openings’,
‘Medium roof height’, ‘Forced ventilation feed+rest’, and
‘Orientation: NW-SE’.

Table 4 reports the LSMeans of the effects included in the
model.

In cluster W, the THI in the barn is 29.7 points higher than the
intercept, while cluster N is 15.9 points higher than the intercept.
In cluster C, no increase/reduction with respect to the intercept is
observed. Furthermore, interesting findings emerge from the struc-
tural aspects: if partial lateral openings are present, internal THI is
strongly affected, resulting in 4.36 points higher than the intercept;
therefore, introducing total lateral openings allows maintaining
better internal THI. Similarly, if the barn has a low roof height (<7
m), then the internal THI is 1.98 points higher than the intercept,
therefore, also, in this case, higher roof heights improve air
exchanges and permit to avoid increasing the internal THI. Respect
to the orientation, the E-W option is the best since internal THI
results in —2.35 points than the intercept and the NE-SW orienta-
tion achieves —1.90 points. Considering the ventilation system, the
most interesting results are achieved with the forced ventilation
introduced in the feeding area that reduces THI by —1.98 points
with respect to the intercept, and the one in the lying area that
achieves —3.44. Thus, introducing the proper forced ventilation in
one of the 2 areas of the barn results sufficient to improve THI.

In general, the lack of openings and proper orientation, and
small roof height are the main structural aspects that influence
thermal buoyancy. Natural and forced ventilation are key aspects
to keep THI below the threshold of heat stress and to bring relief
to cows’ perceived temperature (Bohmanova et al., 2007; Allen et
al., 2015; Das et al., 2016; Polsky and von Keyserlingk, 2017,
Berman, 2019). Therefore, studying the optimal application of
ventilation is fundamental, especially thinking about the predicted
future increase of temperatures and heatwave events (Hempel et
al., 2018). In literature, few studies focus on the evaluations about

Table 3. Model with parameters, estimates, and standard error for
the model carried out with the generalized linear model (GLM)

procedure.

press

barn structures and the building aspects of dairy cattle barns, to the
authors’ knowledge. Instead, much research has been done on
forced ventilation, its modelling, and the cooling effects on ani-
mals, thus primarily focusing on their behavioural and productive
responses (Honig et al., 2012; Porto et al., 2017; Pinto et al.,
2019).

Regarding the LSMeans, the internal THI values are reported
for all evaluated effects, each of which presented statistical differ-
ences among each other (P<0.0001), except for the orientation E-
W and NE-SW (P=0.68).

General remarks on barn structures

A proper barn structure is fundamental for achieving good
microclimatic conditions to benefit animals’ health, welfare, and
productivity (Halachmi er al., 2019; Lovarelli et al., 2020a). In
particular, the importance of the structural characteristics that
favour thermal buoyancy and generally natural and forced ventila-
tion as well as of good air exchange rates was confirmed by this
study.

The best condition can be achieved with a properly designed
barn that allows optimal natural ventilation, which is also cost-
effective. However, in climatic conditions such as those in
Northern Italy, forced ventilation is becoming more important due
to heatwaves, sensitive high-productive animals, and increased
welfare requirements (Berman, 2019). In Hempel et al. (2018), for
example, authors studied the mid-term heat stress risk in dairy cat-
tle farms in Germany and Spain and reported an increase in heat
stressing events and in prolonged periods with heat stressing con-
ditions for the future, especially for the Mediterranean area. A sec-
ond important advantage of forced ventilation is its role in improv-
ing indoor air quality (e.g., ammonia, methane), which can also be
important for animals’ health in some barn structures (Firfiris et
al.,2019). Forced ventilation coupled with cooling systems such as
sprinklers or fogging can even increase animals’ comfort. In any
case, the literature suggests that forced ventilation must be well
balanced in the different parts of the barn; otherwise, cows may
show behavioural alterations with undesired results (Honig et al.,
2012; Porto et al., 2017). Among the main ones can be listed the
preference of areas where ventilation is present (CIGR, 2014), at
the expense of other areas (e.g., they may tend to eat and stand,

Table 4. LSMeans of the effects included in the generalized linear
model (GLM) procedure.

Cluster N 59.1%**
Intercept 43.17 0.26 w T2.8%%*
Cluster N 15.94 020 C .1
Cluster W 2971 0.19 Lateral openings Partial 60.5%**
. . Total 56.2%**
Partial lateral openings 4.36 0.61 Roof heish L pryven
. oof height oW .
EOW “fff he'llg i feedi li9:8 322 Medium e
orce vent¥ at?"“ - teeding = : Forced ventilation Feed 58.2%%x
Forced ventilation - resting —3.44 0.41 Lying 56 Tk
Orientation EW —2.35 0.44 Feed+lying 60.1%**
Orientation NE-SW -1.90 0.32 Orientation E-W 574 (n.s.)
The parameters for which the estimate value is zero are not reported (i.e, ‘Cluster C', ‘Total lateral NE-SW 579 (H.S.)
openings’, ‘Medium roof height’, ‘Forced ventilation feed-+rest’, ‘Orientation: NW-SE”. S.E., standard NW-SE 59.8%**

error.
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***Statistically significant difference among effects; (n.s.), the difference between these two options
in the orientation effect is not statistically significant. THI, temperature-humidity index.

OPEN 8ACCESS



= press

reducing the lying and rumination time or they lie down too much
and not eat).

For these reasons, the continuous real-time monitoring of
barns is becoming very important since it is evident that the more
is known and quantified, the easier it is to understand what hap-
pens and improve the managerial activities and decision-making
process (CIGR, 2014). In particular, farmers can understand the
cows’ responses to the microclimate and make decisions to
improve comfort, welfare, health, and productivity. In this context,
Precision Livestock Farming (PLF) approach and its further
achievements can represent the proper way towards holistic moni-
toring of livestock farming (Halachmi et al., 2019; Arcidiacono et
al., 2020; Tassinari et al., 2021), especially considering the possi-
bility of automatically starting or regulating the devices in the
barns, such as the forced ventilation. In this regard, future research
could focus on integrating the microclimatic measures with other
automatic devices in the barns to allow the objective evaluation of
animals’ living conditions and improve the management, struc-
tures, and equipment of dairy barns with rapid and automatic inter-
ventions.

Conclusions

This study studied the relation between barn structure and
microclimate in 8 dairy cattle barns selected in Northern Italy. The
results showed that both structural aspects and natural and forced
ventilation helped improve the internal THI of the barns and, there-
fore, the animals’ comfort. In particular, all the farms showed some
difficulties responding to heat stress. The barn characteristics
affected the internal microclimate, with the warm season being the
more critical period in the study area. The structures examined
could not mitigate the external conditions; therefore, the need to
improve the efficiency of the combination of structural aspects
such as lateral openings, ridge height, forced ventilation, and cool-
ing systems emerged. In fact, the less efficient farms were those in
which the natural ventilation was found limited. In these condi-
tions, the installed forced ventilation and cooling systems mitigat-
ed the lack of the design for climate control but could not reduce
the internal THI to acceptable values. Moreover, the results also
confirm the importance of appropriate ventilation during the whole
year to avoid the excessive increase of internal humidity and THI
even in temperate conditions.
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