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Abstract

Many studies have reported that the impact of high temperatures affects physiology, welfare, health, and productivity of
farm animals, and among these, the dairy cattle farming is one of the livestock sectors that suffers the greatest effects. The
temperature—humidity index (THI) represents the state of the art in the evaluation of heat stress conditions in dairy cattle
but often its measurement is not carried out in sheds. For this reason, the aim of this study was the monitoring of the THI in
three dairy cattle farms in Mugello (Tuscany) to understand its influence on dairy cows. THI values were calculated using
meteorological data from direct observation in sheds and outdoor environments. Data relating to the animal’s behavior
were collected using radio collars. The Pearson test and Mann—Kendall test were used for statistical analysis. The results
highlighted a significant (P < 0.001) upward trend in THImax during the last 30 years both in Low Mugello (+ 1.1 every 10
years) and in High Mugello (+ 0.9 every 10 years). In Low Mugello sheds, during the period 2020-2022, more than 70% of
daytime hours during the summer period were characterized by heat risk conditions (THI > 72) for livestock. On average
the animals showed a significant (P < 0.001) decrease in time spent to feeding and rumination, both during the day and the
night, with a significant (P < 0.001) increase in inactivity. This study fits into the growing demand for knowledge of the
micro-climatic conditions within farms in order to support resilience actions for protecting both animal welfare and farm
productivity from the effects of climate change. This could also be carried out thanks to estimation models which, based on
the meteorological conditions forecast, could implement the thermal stress indicator (THI) directly from the high-resolution
meteorological model, allowing to get a prediction of the farm’s potential productivity loss based on the expected THI.
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Introduction

It is known that climate change is causing an increase in the
average temperature of the planet (NASA 2020, Masson-
Delmotte et al. 2021) and 2021 was the seventh consecutive
year in the period, between 2015 and 2021 (WMO 2021), in
LaMMA Consortium-Laboratory of Monitoring which the global temperature was 1 °C above the threshold
and Environm?ntal Modelling for Sustainable Development, of pre-industrial mean values (1850-1900). Europe is one
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of the areas of the planet most sensitive to climate change
which is manifested above all by an increase in summer
temperatures associated with an increase in the frequency
and intensity of heat waves (Morabito et al. 2017; Vitali
et al. 2020; Maggiolino et al. 2022). The Copernicus Climate
Change Service reports in August 2022, a global surface
air temperature 0.3 °C higher than the 1991-2020 average,
and in particular in Europe during the period June—August
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2022, the temperature was 0.4 °C higher over 2021, the hot-
test summer on record. Heat stress in animals is one of the
major climate change impacts on livestock raised in both
intensive and extensive production systems (Polsky and Von
Keyserlingk. 2017; Pasqui and Edmondo 2019; Thornton
et al. 2022).

The global dairy cattle industry is one of the most affected
livestock sectors from heat stress (Gauly and Ammer 2020).
In the last years, there was an increasing demand for milk
(Polsky and von Keyserlingk 2017), due to the constant
increase in the world population especially in emerging
economies and with a consequent increase in the number of
cattle raised, which has led to increased interest in the influ-
ence of heat stress on this sector. Numerous studies show
that particularly high temperatures and therefore heat stress
conditions during the lactation phase determine an increase
in the metabolic heat produced by animals with a decrease
in milk production and a worsening of its quality (Tao et al.
2020), with a decrease in the content of fats and proteins in
conjunction with an increase in somatic cells (Chebel et al.
2004; Pinto et al. 2020). In addition to the problem related
to milk production, the Italian Minister of Agriculture, Food
Sovereignty and Forests (MASAF) also highlights problems
regarding reproduction as well as animal welfare (MASAF
2023), an aspect that is increasingly requested by the con-
sumer, as also reported by a recent study carried out in Ire-
land on final consumers (Hyland et al. 2022). Heat stress
affects the basic behaviors which consequently can influence
the welfare and production of the animal. Lacetera (2018)
and Islam et al. (2021) revealed that heat stress can cause
metabolic dysfunctions, oxidative stress, and immune sup-
pression in large animals, generating infections and conse-
quently altering the animal’s welfare and performance. In the
breeding of dairy cows, to reduce the problem, with acclima-
tization (Nardone et al. 2010), the animals adopt strategies
such as the reduction of feed intake leading to a reduction
in rumination and the alteration of some physiological func-
tions (reproduction and productive efficiency), to increase
the maintenance metabolism (Acquilani et al. 2020) at the
expense, however, of the energy balance which is negative
(Soriani et al. 2013). This also leads to a general increase in
the animal’s inactivity (Nordlund et al. 2019). A systematic
review to assess the effect of heat stress on the behavior of
lactating cows housed in compost barns (Frigeri et al. 2023)
showed that heat stress generally promoted decreases in feed
events and the time that cows spent lying down. On the con-
trary, the authors report an increase in events of visiting the
water trough, the number of steps, agonistic behavior, and
dyspnea.

These effects, until a few decades ago, were only mani-
fested at low latitudes, where the persistence of high tem-
peratures was frequent, now with climate change are also
found at medium and high latitudes and in geographical
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areas where these climatic conditions were rare (Schiiller
et al. 2014).

The temperature and humidity index (THI), used to eval-
uate the conditions of well-being/heat stress for humans
(Thom 1959), even considering only temperature and
humidity, is currently the most used indicator in livestock
(Pinto et al. 2020), particularly in dairy cattle (De Rensis
et al. 2015; Ouellet et al. 2019). However, THI monitoring
is not carried out on all dairy farms. Often, in small and
medium-sized Italian farms (about < 100 and 100 + 300
cows, respectively), equipped with sheds without cooling
systems for animals, no THI registration is provided.

In Tuscany, the project, “The precision livestock farming
systems in the management of dairy cattle breeding in Mug-
ello to cope with climate change” (MILKLIMAT), aims to
assess the impact of microclimatic conditions, in particular
heat, on the health and performance of dairy cattle, to pro-
pose adaptation strategies that make it possible to protect
both animal welfare and farms productivity.

The aim of this study was to monitor, during summer sea-
sons, the THI values in three small/medium-sized dairy cow
farms located in a Tuscan pre-Apennine valley (Mugello), to
evaluate, if also in this area the climate change may gener-
ate or increase thermal discomfort in dairy cattle. This will
allow providing a useful tool for breeders to plan heat risk
mitigation interventions within the farm and thus safeguard
animal welfare and milk production.

Methods
Study area

The study was carried out in three dairy farms, located in
a Tuscany Apennine area (Mugello). The territorial layout
of Mugello is characterized by an evident bipartition due
to the Apennine: the southern part, Low Mugello (LM),
a wide valley (average altitude close to 250 m a.s.l.) and
the northern part, High Mugello (HM), a narrower valley
(average altitude 350 m a.s.l.). LM and HM are exposed
towards west—southwest and east—northeast, respectively;
HM appears more protected by the Apennines against mild
and humid western currents, but it is more exposed to cold
eastern currents, the opposite occurs for LM.

The other geographic variables, in addition to the exposi-
tion, i.e., latitude, longitude, and distance from the sea are
similar between LM and HM. Two farms are in LM close to
the locations of Vicchio (203 m a.s.l) and Luco di Mugello
(306 m a.s.l.) (Farm A: Lat. 43° 57' 49.392" N, Long. 11°
26' 48.048" E and Farm C: Lat. 44° 0" 30.528" N, Long.11°
23"10.752" E), one farm in HM around the location of Fire-
nzuola (420 m a.s.l.) (Farm B: 44° 7' 53.372" N, 11° 21’
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38.2" E) (Fig. 1). The altitude of the farms range between
260 (Farm A) and 575 m a.s.l. (Farm B).

Farm management

The three farms have a total of about 400 lactating cows
with an average daily milk production of 32 kg/head/day.
The farming system showed only an isolated cover without
walls with similar height (about 5.5 m). The cows were kept
in a free stall consisting of a feed alley and staging area. The
cows were absent from the pen during milking, for approxi-
mately 30 minutes, twice a day from 5:00 to 7:00 and 17:00
to 19:00.

Data collection
Meteorological data from direct observation

Air temperature (°C) and relative humidity (%) were
collected in the summer (June—August) for the period
2020-2022 inside three dairy cow sheds using thermo-
hygrometer data loggers model Xtech RHT10 (Fig. 1(i))
with an hourly sampling interval. In particular, 3 thermo-
hygrometers data logger were installed inside each shed at
three different levels from the ground (0.5 m, 1.5 m, and
3 m) and an average value between the three heights was
calculated. The three thermo-hygrometers were centrally
located in the shed between the alley and the resting cubi-
cles. Moreover, to monitor the outdoor environmental con-
ditions (however not frequented by animals), a complete
weather station, model HOBO U30 NRC (Fig. 1(z)), and
a thermo-hygrometer data logger shielded from radiation,
were installed in LM and HM, respectively.

Fig. 1 Study area: Mugello val-
ley in Tuscany (Italy). LM, Low
Mugello; HM, High Mugello; i,
thermo-hygrometer installed in
the dairy cow sheds; z, weather
station located in one of the
farms in LM

Meteorological data derived from spatialization

Since the time series thus collected were limited to only
three summer seasons and therefore not being useful for out-
door environment climatological considerations, a research
for meteorological weather stations with a long time series
around the farms was carried out. The lack of such meteoro-
logical weather stations in the study area made it necessary
to use outdoor spatialized data. LaMMA Consortium is the
available database of meteorological parameters spatialized
over Tuscany region.

The daily outdoor spatialized data were calculated using
the all meteorological daily observations available for the
Tuscany Region archived in the LaMMA database for the
period 1991-2022. The weather stations used belong to the
networks of Ufficio idrografico di Pisa, Genova, Parma,
Bologna e Roma, Servizio Idrologico della Regione Tos-
cana, ARSIA, Aeronautica Militare, LaMMA Consortium,
UCEA, and other minor networks for a total of 965 termo-
metric stations and 588 hygrometric stations. The spatialized
meteorological parameters used in this study are maximum
daily air temperature and average daily relative humidity.

The spatialization was performed using an improved ver-
sion of the Daymet algorithm (Thornton et al. 1997). This
algorithm generates a spatial interpolation of the meteoro-
logical variables using a DTM of the area of interest and the
observations from a series of weather stations. The origi-
nal algorithm has been calibrated for the Tuscany region,
using a DTM at 250 m around Tuscany (in the area between
44.5719-42.1323 N latitude and 9.68646-12.474 W lon-
gitude) for the period 1995-2017 (17 years). The results
of cross-validation for the calibration period show a mean
error of — 0.04736 °C and — 0.08613% and mean absolute
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error of 1.35214 °C and 6.72616% for the maximum tem-
perature and average relative humidity. For the location of
Firenzuola (HM) and Borgo San Lorenzo (LM), the latter in
an intermediate position between Vicchio and Luco di Mug-
ello extracted the daily outdoor spatialized data of maximum
air temperature and relative humidity of the summer, for the
period 1991-2022.

Behavioral data of animals

The physiological and behavioral data of the animals were
collected through the use of sensors within collars applied
to dairy cow. The systems Cowscout used, together with
the herd management system DairyPlan C21 (GEA Farm
Technologies, Germany; manufactured by Nedap Livestock
Management, the Netherlands), recorded 24/7 the data
continuously to monitor cow activity by identifying varies
movements. The sensors detect specific activities patterns,
recording the time individual cows spend eating, ruminating
and standing still (inactivity). Each behavior was expressed
as frequency during the day. All these data were used to
evaluate welfare/heat stress conditions of dairy cows based
on THI changes inside sheds in the study period.

Thermal stress indicator

The temperature—humidity index (THI) was used in this
study to evaluate well-being/heat stress conditions of dairy
cows according to the following formula (NRC 1971; Yan
et al. 2021):

THI = (1.8 X TA + 32) — (0.55 — 0.0055 x RH) X (1.8 X TA — 26)

where TA is the air temperature (°C) and RH is the relative
humidity (%).

There are numerous THI thresholds used internationally
to identify risk levels for dairy cows and in this study those
provided by the Italian Ministry of Agriculture, Food Sover-
eignty and Forestry (MASAF) have been used; two classifi-
cations of risk can be used, the first with lower THI thresh-
olds aimed to protect milk productivity, and the second with
higher THI thresholds aimed to protect from cow mortality.
Furthermore, each of the two classifications provides differ-
ent thresholds for the daytime (07:00-20:00) and nighttime
(20:00-07:00). In this work, daylight and nighttime thresh-
olds (Table 1) to protect milk productivity were used.

The hourly daytime and nighttime THI was calculated
inside the sheds (shed THI) using the data collected by the
thermo-hygrometric data loggers for the three summer peri-
ods 2020-2022; for the same period, the corresponding out-
door (outdoor observed THI) data were calculated using val-
ues from the complete meteorological station and from the
thermo-hygrometric data logger, respectively, in LM and HM.
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Table1 THI daylight and nighttime milk productivity thresholds
for dairy cow. Modified by https://www.politicheagricole.it/flex/cm/
pages/ServeBLOB.php/L/IT/IDPagina/6095

Risk class Level Daylight thresholds Nighttime

thresholds
1 No risk THI <72 Ore THI < 62
2 Low risk 72 < THI <78 Ore 62 < THI < 68
3 Moderate risk 78 < THI < 84 Ore 68 < THI < 74
4 Alert THI > 84 Ore THI > 74

All hourly THI data were also classified according to the day-
light and nighttime thresholds to protect milk productivity. The
frequency distribution of hourly THI data together with the
percentage of hours falling into each risk class for outdoor and
inside sheds, daylight and nighttime, were calculated for each
summer month. The outdoor observed THI daily maximum
(outdoor observed THImax) was also calculated. Shed THI
and outdoor observed THI on an hourly basis were also com-
pared by means of a linear regression analysis.

The outdoor THImax was also calculated for the period
1991-2022 using the outdoor daily spatialized data (outdoor
spatialized THImax) of Borgo San Lorenzo and Firenzuola.

Over the three summer seasons 2020-2022 a comparison
between the outdoor spatialized THImax and the outdoor
observed THI max was carried out to verify the degree of
representativeness of the spatialized data for the two locations.

Outdoor spatialized THImax was aggregated over each sum-
mer and its trend in the period 1991-2022 was calculated for
LM and HM; in addition, also, the number of summer days
with outdoor spatialized THImax higher than the lower heat
risk threshold (> 72) and then higher risk class (> 84) was
calculated.

Data analysis

Regarding climatic data, the significance of the trends was cal-
culated using the Pearson test (Pearson 1990) where the dis-
tribution was parametric, while in the case of non-parametric
distribution, the Mann—Kendall test was used (Mann 1945).
The significant levels were set to P < 0.05 (¥), P < 0.01 (¥%),
and P < 0.001 (***). Graphs and tables were created with
Microsoft Excel. As regards animal’s data, records of rumina-
tion, inactivity, and eating behavior were normally distributed.
Data were analyzed under the following linear mixed model,
using the R function /mer of Im4 R package (Bates et al. 2015):
Yy = s+ TH + Fy 4 (THI 5 F)) + (A] ) + gy

where Y is the behaviors expressed as frequency/100 for
ruminating, inactivity, and eating, y is the overall mean, THI
is the effect of the ith THI estimates, analyzed both as the
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average of diurnal THI (calculated from 7:00 AM to 7:00
PM), and the average of nocturnal THI (calculated from 8:00
PM to 6:00 AM) and expressed as continuous variables,
fixed effect of the jth farm (3 levels), A is the random effect
of the kth animal, nested within the farm, and e is the random
residual.
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and outdoor observed THImax for LM and HM in the summer peri-
ods 2020-2022

Fig.3 Trend of summer out- 88
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Results

Outdoor spatialized THI trend analysis
over the period 1991-2022

In order to proceed to a climatological evaluation of the
outdoor heat stress conditions of the study areas and con-
sidering the absence of meteorological stations with a
long timeseries of data, it was necessary the use historical
timeseries derived from spatialization procedure. In the
period of contemporary availability of outdoor observed
THImax and outdoor spatialized THImax (three summers),
a comparison between them was carried out by means of
a linear regression; a very good correlation was observed
(Fig. 2) being statistically significant both for LM (R? =
0.94, P < 0.001) and HM (R> = 0.78, P < 0.001).

By using the outdoor spatialized THI, it was possible
to calculate the possible trends of THI over the period
1991-2022. The summer outdoor spatialized THImax
showed a highly significant (P < 0.001) upward trend in
the last 30 years both in LM (+ 1.1 every 10 years) and in
HM (+ 0.9 every 10 years) (Fig. 3).

On the other hand, considering the number of days with
THImax higher than the lower daytime risk threshold (>
72, classes 2, 3 and 4), the upward trend was statistically
significant (P < 0.01) only in the HM with an increase
of more than 6 days every 10 years (Fig. 4), against an
upwards trend of 3.6 more days for LM.

Considering instead the maximum daytime risk thresh-
old (spatialized THImax > 84; class 4), the upward trend
was statistically significant (P < 0.001) in LM with 8.6
more days every 10 years, while it was not in HM (Fig. 5).
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Welfare/heat stress conditions of dairy cows
inside sheds and outdoor over the summers 2020-
2022

In this section, only THI values derived from direct mete-
orological observation were used.

By comparing sheds and outdoor observed hourly THI
by means of a linear regression analysis, a significant cor-
relation between them (R*> = 0.92 in LM and R? = 0.66 in
HM) was observed (data not shown). Considering LM, the
correlation was greater during daytime (R?> = 0.89, P <
0.0001) than in nighttime (R*>=0.73, P < 0.001) (Fig. 6);
similar results were also observed for HM even if with a
lower correlation (data not shown).

In Fig. 7, the summer monthly frequency distribution of
hourly THI outdoor and inside sheds, for HM and LM, is
shown for daytime (Fig. 7A) and nighttime (Fig. 7B).

Considering daytime, the sheds in LM (box white)
recorded, in all the summer months, the highest THI values
compared to both the sheds in HM (box light gray) and the
outdoor environments.

The highest shed THI values were recorded in July with
mean and maximum values of 75.9 and 84.3 respectively,
followed by the month of August (mean 75.0; max 84.4).
As regards the HM sheds, the highest average values were
recorded in July (74.2) with maximum peaks of 83.2. Con-
sidering the outdoor environments, the differences between
areas were less, but with LM values slightly higher than
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Fig.6 Correlation (P < 0.0001)
between shed and outdoor
observed hourly THI for LM
daytime (A) and nighttime

(B) in the summer periods
2020-2022

THI sheds

THI sheds

HM ones, with the exception of July when values are very
similar. Also, during nighttime, the LM sheds were uncom-
fortable than in HM, during all summer months, with the
highest values in July and August (mean 68.6 and 68.3,
respectively). Mean value for HM were 66.6 in August and
66.4 in July. Greater differences between the two areas were
observed outdoor during the nighttime when the HM tend
to cool down much better than LM.

Table 2 shows the monthly percentage frequencies of
each risk class during the daytime period (07:00 am—20:00)
in LM and HM both in the sheds and outdoor environments.

In outdoor environments, during the daytime period in
June, the HM had most of the hours with no risk (class 1);
instead, in the LM, only about half of the hours (49.7%)
were risk-free. In July and August, the hours at risk sig-
nificantly increased, in LM, were 69.5% and 64.9% respec-
tively, while in HM, the risk-free hours continued to prevail
(July 61.8 %, August 66.7%). The two highest risk classes
(3 and 4) were highly more frequent in the LM; in par-
ticular, in July were 23.8%, compared to 16.1% in HM.

Daytime

e y=1.1202x - 10.822
R2=0.8933
60 65 70 75 80 85 90
Outdoor observed THI
Nighttime
y =1.1519x - 12.003
e R2=0.7282
[ ]
55 60 65 70 75 80 85 90

Outdoor observed THI

Similar behavior was also found in August (19.7% in LM
and 11.2% in HM).

Overall, in both areas, the situation was worse in the
shades, with confirmed greater frequency of high classes (3
and 4) in LM. In particular, in August, the hours with class 3
or 4 was overall about three times higher in LM (27.6%) than
in HM (8.8%). Furthermore, the class 4 has never occurred
in the HM shades during the entire summer period.

Also, during the nighttime, differences emerged, both in
the shades and outdoor environments (Table 3).

In the outdoor HM environment, during the summer
period, about 78% of the hours were not at risk (class 1)
against only about 30.8% in LM. In sheds, in LM, about 53%
of the hours in July and August were in the two highest risk
classes (3 and 4), with 4.7% in July and 4.1% in August in
class 4. In HM sheds, on the other hand, the frequency of
the two maximum risk classes was much lower during all
summer months.

The animal data recorded by radio-collars put in evidence
of different behaviors linked to the THI increase (Table 4).
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In particular, it is denoted how the animal’s behaviors
are associated with increases in THI both during the day
and at night. On average the animals showed a decrease in
feeding (— 0.25 and — 0.21 THI-D and THI-N, respectively)

and rumination (— 0.16 and — 0.14 THI-D and THI-N
respectively) frequency and an increase in general inactiv-
ity (+0.39 and +0.34 THI-D and THI-N, respectively) for
each THI point of increase. As regards the behavior of the
animals in each individual farm (F), although the trend of the
values with respect to the increase in THI was similar, the
data recorded significant differences as shown in the table 4
and as can be extrapolated from the descriptive analysis of
the Fig. 8.

Figure 8 shows a different behavior in the three farms,
with the Farm B located in the HM showing fewer animal
stress and less variable behavior over the months. Farm A
showed lower feeding values especially in the periods of
June and July connected to an increase in animal inactivity.

Discussion

The use of outdoor spatialized data made it possible to
obtain the maximum daily THI values of the last 30 years for
two locations representative of the two study areas and for
which long time series of data from weather station were not
available. The data analysis highlighted a significant trend in
the increase of heat stress conditions (increase in THImax
values) in the summer period 1991-2022, in Mugello areas,
more evident in LM despite HM. Our results confirm that of
Polsky and von Keyserlingk (2017), according to which the
number of days where THI exceeds the comfort threshold
(> 72) is increasing in the northern United States, Canada,
and Europe. This suggests a potential aggravation of the heat
stress conditions for farmed animals.

However, as shown by Segnalini et al. (2011) for the
period 1951-2007, THI increasing trend in Mediterra-
nean Basin were not homogeneous in all geographic areas.

Table 2 Percentage of hours of

. ; Daytime Farm areas THI risk classes
the daytime period for each THI (07:00-20:00)
risk class 1 2 3 4
THI <72 72 <THI <78 78 < THI < 84 THI > 84
June LM shed 37.5 47.3 15.2 0.0
HM shed 53.7 422 4.0 0.0
LM outdoor 49.7 42.4 7.9 0.0
HM outdoor 78.3 18.6 32 0.0
July LM shed 17.7 46.1 35.9 0.3
HM shed 26.8 57.1 16.1 0.0
LM outdoor 30.5 45.7 23.8 0.0
HM outdoor 61.8 22.1 16.1 0.0
August LM shed 24.0 48.3 27.4 0.2
HM shed 29.7 61.4 8.8 0.0
LM outdoor 35.1 45.2 19.7 0.0
HM outdoor 66.7 22.2 11.1 0.1
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Table 3 Percentage of hours of

- . : Nighttime Farm areas THI risk classes
the nlghttlme period for each (21:00-06:00)
THI risk class 1 2 3 4
THI < 62 62 < THI < 68 68 < THI < 74 THI > 74
June LM shed 20.7 52.1 26.5 0.8
HM shed 41.4 429 15.6 0.1
LM outdoor 52.8 36.9 10.0 0.2
HM outdoor 84.0 10.2 5.0 0.8
July LM shed 7.0 39.9 48.4 4.7
HM shed 16.6 49.9 322 14
LM outdoor 24.1 47.8 27.0 1.1
HM outdoor 77.0 15.7 5.5 1.8
August LM shed 4.0 42.7 49.2 4.1
HM shed 13.1 552 31.0 0.6
LM outdoor 15.6 56.8 25.1 2.5
HM outdoor 76.0 17.2 6.8 0.0
Table 4 Varia}tion Of, behavioral Increase in THI-D Increase in THI-N
parameters with the increase of
each THI point (daytime and P-value F FxTHI P-value F FxTHI
nighttime)
Eating - 0.25 < 0.001 ook ook -0.21 < 0.001 Hokk ok
Rumination —0.16 < 0.001 Hokk ok -0.14 < 0.001 ok ok
Inactivity +0.39 < 0.001 ok ook +0.34 < 0.001 ok ok

THI-D diurnal temperature—humidity index. THI-N nocturnal temperature—humidity index, F farm effect;
FxTHI interaction between farm and THI, P-value, significance value for the effect of increasing THI, n.s

not statistically significant
*P < 0.05

**P <0.01

*kP < 0.001

In particular, in our study, the increase in THImax values
(about 1 more per decade in both areas) was coherent with
the average temperature increase per decade in Europe
between 1991 and 2021 according to the Copernicus Report
(2022). This confirms that the Mediterranean region is one
of the most responsive areas to climate change and was iden-
tified as a major “hot-spot” based on global climate change
analyzes (Todaro et al. 2022). In support of this, a rather
recent study (Morabito et al. 2017) highlights how in the
period 1980-2015, the frequency and intensity of heat waves
significantly increased in the main cities of the Mediterra-
nean Basin. The significant correlation between the outdoor
spatialized THI and the outdoor observed THI data during
the three summer seasons of the study confirms the adher-
ence of the spatialized data with the measured one also on
the study areas, thus allowing to strengthen the meaning of
increase trend found in THI values in Mugello. Furthermore,
the THI values inside the sheds showed a high correlation
with the outdoor observed THI, substantially confirming
what was identified by Chamberlain et al. (2022) in southern

England cowsheds where, during the summer season 2021,
a Pearson correlation coefficient between 0.94 and 0.98 was
observed.

During all the summer months, the THI inside the sheds
was higher than that measured outdoors in both areas, con-
firming what was identified by Shock et al. (2016) which
highlighted an underestimation (1 unit less of THI) of the
conditions of heat stress in 48 stables in Ontario (Canada)
using outdoor data. In addition, the uncertainty of the meas-
urement must also be take into account, as shown by Hempel
et al. (2018).

Shock et al. (2016) also highlighted a great variability
in the THI values among the 48 cowsheds monitored in
Canada, variability which, according to the author, can be
attributed to the different characteristics of the sheds, in par-
ticular their orientation and presence within adaptation sys-
tems such as fans. This consideration, although the number
of sheds in our study was decidedly lower, also appears to be
valid for Mugello where some sheds have sprayers and fans
while others have none. The sheds construction materials
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Fig.8 Descriptive analysis of the variation in behavior in the 3 farms
over the 3 months of the study. Box, values between the 25th and
75th percentile; line in the box, mean

also have their influence, concerning this a recent study con-
ducted in the Czech Republic (Kic 2022) showed as older
brick cowsheds, used after reconstruction and modernization
in many cases, for housing certain groups of cows, such as
dry cows, or before and after calving, have a better heat
storage. This is reflected in a good attenuation of indoor
air temperatures and a shift of the highest temperatures by
several hours.

@ Springer

The study revealed that in Mugello, and in particular
in LM sheds, more than 70% of daytime hours during the
summer period were characterized by heat risk conditions
(THI > 72) for livestock with potential consequences both
for their health and productivity. Pinto et al. (2020) reported
that environmental conditions already under a THI between
70 and 74 can produce a potential heat stress for cattle. A
decline in the thermal gradient between an animal and its
environment due to heat stress (high THI value) compro-
mises the loss of metabolic heat and contributes to heat load
(Kaufman et al. 2018). Numerous studies have shown that
THI above 72 causes a decreased milk production by 21%
and dry matter intake by 9.6% (Herbut et al. 2018; Bouraoui
et al. 2002).

As regards the nighttime, about 90% of the hours in the
LM and 77% in the HM were characterized by THI higher
than the first risk threshold (THI > 62) with potential wide-
spread conditions of thermal heat stress for animals. Leliveld
et al. (2022) had realized a study in cow farms in North Italy
during 2018-2019, and they showed how high THI during
nighttime had a significant negative effect on the lying dura-
tion and cows rest more while standing to improve evapora-
tive cooling. This demonstrates the importance of continu-
ous monitoring of the microclimate inside the sheds during
the summer, even during the nighttime.

Analyzing the influence of climatic parameters
recorded, especially inside the stables, on animal behav-
ior, although a fairly short period of study was taken and
for this reason characterized by limited climatic variations,
it can be seen that the increase in THI involves variations
in the three behaviors analyzed, highlighting trends that
lead to possible situations compromising welfare and pro-
duction. In fact, the decrease in feeding and rumination
combined with the increase in inactivity lead to imbal-
ances in the biological and physiological mechanisms of
the animal as reported by many works (Grinter et al. 2022;
Tao et al. 2020; Soriani et al. 2013) resulting in health and
milk production consequences. The evaluation of the influ-
ence of nocturnal THI was also important, which showed
that the lack of a restorative period for the animal can
lead to an increase in stress due to the heat. Many studies
report that the effect of heat stress in recent years is due
precisely to the increase in THI even during the night,
leading to a lack of possibility for the animal to recover
during the 24 hours of the day (Vizzotto et al. 2015; Silan-
ikove et al. 2009). The use of precision zootechnical tools,
together with an adequate construction of the stable based
on its location, can help mitigate the effect of heat stress.
Many studies report how the location and correct orienta-
tion of the structures can affect the environmental condi-
tion (Polsky and von Keyserlingk 2017; Boyu et al. 2020).
The values reported in the study demonstrate how farms
located in different positions are conditioned by different
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environmental factors, impacting on animal health. In
fact, as the authors expected, different managements or
farm locations, although the trends of behaviors varia-
tion may be similar, can generate different conditions and
therefore different values of these. The use of technolo-
gies such as those used in the present work, capable of
recording various data of the animal in real time, can help
the farmer in the continuous individual monitoring of the
animals to prevent the onset of stress problems. In addition
to these, the technological implementation of the struc-
tures, through instruments for the mitigation of problems
related to heat stress, has proved to be valid strategies to
combat the problem (Becker and Stone 2020; Almuhanna
et al. 2021).

The main strength of this study is that microclimate
monitoring in Mugello has highlighted how heat stress
conditions during summer seasons (high THI values) now
also occur in areas (inner Apennine valleys) where until
a few years ago this problem did not have to be faced.
The most marked heat stress conditions were recorded in
indoor environments (sheds) frequented by the animals,
thus highlighting the need to adopt adaptation strategies
in the sheds to counteract the climate change.

Furthermore, the significant correlation between the
outdoor observed THI and the sheds THI could allow to
estimate the heat stress conditions inside the sheds even
using outdoor data (albeit with a certain margin of uncer-
tainty due to the many variables involved). In considera-
tion of this, the implementation of a forecasting chain to
predict the outdoor THI values, by means of meteoro-
logical model, could represent an important tool for risk
estimation even inside sheds. However, the uncertainty
between the weather data obtained from nearby weather
stations and the climate inside the barns has to be taken
into account, as well as the errors that can occur when
using regression models to predict THI in barns (Mylosty-
vyi et al. 2020).

Knowing in advance the potential heat stress conditions
could allow the farmer to deal with them more effectively,
for example, by varying the animals’ feed in advance or in
any case activating other possible mitigation strategies.

The main limitation of this study was represented by
the small sample of cow sheds used which, moreover, are
probably not well representative of the construction char-
acteristics of the sheds (building materials and presence of
fans or sprayers) located in the study areas. Despite this, the
correlation between the THI in the sheds and the outdoor is
however high and confirmed the results of other studies. In
addition, data relating to animal behavior (monitoring with
collars) and milk production collected during the study have
not yet been processed and as soon as they are available
they will be integrated to assess the impact of heat stress
conditions on the animal performance. We also intend, in

the coming months, to increase the study area to identify
new dairy cow farms available to carry out new monitoring
during the next summer seasons.

Conclusions

The results showed that there was a direct interaction
between the THI trends and the animal’s behaviors which
are most used to monitor health status and anticipate produc-
tion losses. In particular, how increases in THI have led to
a reduction in the frequency of behaviors linked to feeding
and an increase in inactivity. This also highlighted how the
application of technological solutions can help the farmer in
managing his herd. The characterization of the local climatic
conditions thanks also to the correlation between external
and internal data of the sheds can help to monitor more pre-
cisely the possible onset of stress conditions. Another useful
adaptation tool for breeders could be the use of forecasting
models able to provide information on the expected THI a
few days in advance as well as an estimate of the potential
associated loss of productivity.

Acknowledgements The authors thank the Worklimate project (BRIC
INAIL 2019) for the support in the research activity and in particular
for the supply of meteorological instrumentation.

Funding This study was funded by MILKLIMAT Project (FEASR-
PSR 2014/2020 GAL START Sottomisura 16.2)

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Acquilani C, Fabbri MC, Confessore A, Pugliese C, Sirtori F (2020)
Effects of THI changes on milk production and composition of
three dairy cattle farms in Mugello from 2010 to 2018: a prelimi-
nary study. Acta Fytotechn Zootechn 23. https://doi.org/10.15414/
afz.2020.23.mi-fpap.167-173

Almuhanna EA, Gamea GR, Osman OE, Almahdi FM (2021) Per-
formance of roof-mounted misting fans to regulate heat stress in

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15414/afz.2020.23.mi-fpap.167-173
https://doi.org/10.15414/afz.2020.23.mi-fpap.167-173

International Journal of Biometeorology

dairy cows. J Therm Biol 99:102984. https://doi.org/10.1016/].
jtherbio.2021.102984

Bates D, Michler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67(1):1-48. https://doi.
org/10.18637/js5.v067.101

Becker CA, Stone AE (2020) Graduate student literature review: heat
abatement strategies used to reduce negative effects of heat stress
in dairy cows. J Dairy Sci 103(10):9667-9675

Bouraoui R, Lahmar M, Majdoub A, Djemali M, Belyea R (2002) The
relationship of temperature-humidity index with milk production
of dairy cows in a Mediterranean climate. Anim Res 51:479-491

Boyu J, Banhazi T, Perano K, Ghahramani A, Bowtell L, Wang C, Li
B (2020) A review of measuring, assessing and mitigating heat
stress in dairy cattle. Biosyst Eng 199:4-26. https://doi.org/10.
1016/j.biosystemseng.2020.07.009

Chamberlain T, Powell CD, Arcier E, Aldenhoven N (2022) The
relationship between on-farm environmental conditions inside
and outside cow sheds during the summer in England: can tem-
perature humidity index be predicted from outside conditions?
Animal - Open Space 1(1):100019. https://doi.org/10.1016/j.
anopes.2022.100019

Chebel RC, Santos IEP, Reynolds JP, Cerri RLA, Juchem SO, Over-
ton M (2004) Factors affecting conception rate after artificial
insemination and pregnancy loss in lactating dairy cows. Anim
Reprod Sci 84:239-255. https://doi.org/10.1016/j.anireprosci.
2003.12.012

Copernicus Report (2022) https://climate.copernicus.eu/esotc/2022/
temperature

De Rensis F, Garcia-Ispierto I, Gatius L (2015) Seasonal heat stress:
Clinical implications and hormone treatments for the fertility of
dairy cow- a review. Theriogenology 60:1139-1151. https://doi.
org/10.1016/j.theriogenology.2015.04.021

Frigeri KDM, Deniz M, Damasceno FA, Barbari M, Herbut P, Vieira
FMC (2023) Effect of heat stress on the behavior of lactating
cows housed in compost barns: a systematic review. Appl Sci
13(4):2044. https://doi.org/10.3390/app 13042044

Gauly M, Ammer S (2020) Review: challenges for dairy cow produc-
tion systems arising from climate changes. Animal 14(1):196—
203. https://doi.org/10.1017/S1751731119003239

Grinter LN, Mazon G, Costa JHC (2022) Voluntary heat stress abate-
ment system for dairy cows: Does it mitigate the effects of heat
stress on physiology and behaviour. J Dairy Sci 106(1):519-533.
https://doi.org/10.3168/jds.2022-21802

Hempel S, Konig M, Menz C, Janke D, Amon B, Banhazi TM, Estellés
F, Amon T (2018) Uncertainty in the measurement of indoor tem-
perature and humidity in naturally ventilated dairy buildings as
influenced by measurement technique and data variability. Biosyst
Eng 166:58-75. https://doi.org/10.1016/j.biosystemseng.2017.11.
004

Herbut P, Agrecka S, Godyn D, Hoffmann G (2018) The physiological
and productivity effects of heat stress in cattle — a review. Ann
Anim Sci. https://doi.org/10.2478/aoas-2019-0011

Hyland JJ, Regan A°, Sweeney S, McKernan C, Benson T, Dean
M (2022) Consumers attitudes toward animal welfare friendly
produce: An island of Ireland study. Anim Front. https://doi.org/
10.3389/fanim.2022.930930

Islam MA, Lomax S, Doughty A, Islam MR, Jay O, Thomson P, Clark
C (2021) Automated monitoring of cattle heat stress and its miti-
gation. Front Anim Sci 2:737213. https://doi.org/10.3389/fanim.
2021.737213

Italian Minister of Agriculture, Food Sovereignty and Forests-MASAF
(2023). Heat stress on dairycow. https://www.politicheagricole.
it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/6096, Accessed
on 15 May 2023

Kaufman JD, Saxton AM, Rius AG (2018) Short communication: rela-
tionships among temperature-humidity index with rectal, udder

@ Springer

surface, and vaginal temperatures in lactating dairy cows experi-
encing heat stress, J. Dairy Sci 101(7):6424-6429. https://doi.org/
10.3168/jds.2017-13799

Kic P (2022) Influence of external thermal conditions on tempera-
ture—humidity parameters of indoor air in a Czech dairy farm
during the summer. Animals 12:1895. https://doi.org/10.3390/
anil2151895

Lacetera N (2018) Impact of climate change on animal health and wel-
fare. Anim Front 9(1):26-31. https://doi.org/10.1093/at/vfy030

Leliveld LMC, Riva E, Mattachini G, Finzi A, Lovarelli D, Provolo
G (2022) Dairy cow behavior is affected by period, time of
day and housing. Animals 12(4):512. https://doi.org/10.3390/
ani12040512

Maggiolino A, Landi V, Bartolomeo N, Bernabucci U, Santus E, Bra-
gaglio A, De Palo P (2022) Effect of heat waves on some Italian
brown Swiss dairy cows’ production patterns. Front Anim Sci
2:800680. https://doi.org/10.3389/fanim.2021.800680

Mann HB (1945) Nonparametric tests against trend. Econometrica
13:245-259

Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan C, Berger S,
Caud N, Chen Y, Goldfarb L, Gomis MI, Huang M, Leitzell K,
Lonnoy E, Matthews JBR, Maycock TK, Waterfield T, Yelekci
O, Yu R, Zhou B (2021) IPCC-summary for policymakers. In:
Climate change 2021: the physical science basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change

Morabito M, Crisci A, Messeri A, Messeri G, Betti G, Orlandini S,
Raschi A, Maracchi G (2017) Increasing heatwave hazards in
the Southeastern European Union Capitals. Atmosphere 8:115.
https://doi.org/10.3390/atmos8070115

Mylostyvyi R, Izhboldina O, Chernenko O, Khramkova O, Kapshuk
N, Hoffmann G (2020) Microclimate modeling in naturally ven-
tilated dairy barns during the hot season: checking the accuracy
of forecasts. ] Therm Biol 93:102720

NASA. RELEASE 21-005 (2020) Tied for Warmest Year on Record,
NASA analysis shows. https://www.nasa.gov/press-release/2020-
tied-for-warmest-year-on-record-nasa-analysis-shows [Accessed:
th 10 December 2022]

Nardone A, Ronchi B, Lacetera N, Ranieri MS, Bernabucci U (2010)
Effects of climate changes on animal production and sustainability
of livestock systems. Livest Sci 130(1-3):57-69. https://doi.org/
10.1016/j.1ivsci.2010.02.011

Nordlund KV, Strassburg P, Bennett TB, Oetzel GR, Cook NB (2019)
Thermodynamics of standing and lying behavior in lactating dairy
cows in freestall and parlor holding pens during conditions of heat
stress. J Dairy Sci 102(7):6495-6507. https://doi.org/10.3168/jds.
2018-15891

NRC (1971) A guide to environmental research on animals. National
Academy of Sciences, Washington, DC, USA

Ouellet V, Cabrera VE, Fadul-Pacheco L, Charbonneau E (2019) The
relationship between the number of consecutive days with heat
stress and milk production of Holstein dairy cows raised in a
humid continental climate. J Dairy Sci 102:8537-8545. https://
doi.org/10.3168/jds.2018-16060

Pasqui M, Edmondo DG (2019) Climate change, future warming, and
adaptation in Europe. Anim Front 9(1):6-11. https://doi.org/10.
1093/af/vfy036

Pearson ES (1990) ‘Student’ a statistical biography of William Sealy
Gosset. Claredon Press, Oxford

Pinto S, Hoffmann G, Ammon C, Amon T (2020) Critical THI thresh-
olds based on the physiological parameters of lactating dairy
cows. J Therm Biol 88:102523. https://doi.org/10.1016/].jther
bi0.2020.102523

Polsky L, von Keyserlingk MAG (2017) Effects of heat stress on dairy
cattle welfare. J Dairy Sci 100(11):8645-8657. https://doi.org/10.
3168/jds.2017-12651


https://doi.org/10.1016/j.jtherbio.2021.102984
https://doi.org/10.1016/j.jtherbio.2021.102984
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.biosystemseng.2020.07.009
https://doi.org/10.1016/j.biosystemseng.2020.07.009
https://doi.org/10.1016/j.anopes.2022.100019
https://doi.org/10.1016/j.anopes.2022.100019
https://doi.org/10.1016/j.anireprosci.2003.12.012
https://doi.org/10.1016/j.anireprosci.2003.12.012
https://climate.copernicus.eu/esotc/2022/temperature
https://climate.copernicus.eu/esotc/2022/temperature
https://doi.org/10.1016/j.theriogenology.2015.04.021
https://doi.org/10.1016/j.theriogenology.2015.04.021
https://doi.org/10.3390/app13042044
https://doi.org/10.1017/S1751731119003239
https://doi.org/10.3168/jds.2022-21802
https://doi.org/10.1016/j.biosystemseng.2017.11.004
https://doi.org/10.1016/j.biosystemseng.2017.11.004
https://doi.org/10.2478/aoas-2019-0011
https://doi.org/10.3389/fanim.2022.930930
https://doi.org/10.3389/fanim.2022.930930
https://doi.org/10.3389/fanim.2021.737213
https://doi.org/10.3389/fanim.2021.737213
https://www.politicheagricole.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/6096
https://www.politicheagricole.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/6096
https://doi.org/10.3168/jds.2017-13799
https://doi.org/10.3168/jds.2017-13799
https://doi.org/10.3390/ani12151895
https://doi.org/10.3390/ani12151895
https://doi.org/10.1093/af/vfy030
https://doi.org/10.3390/ani12040512
https://doi.org/10.3390/ani12040512
https://doi.org/10.3389/fanim.2021.800680
https://doi.org/10.3390/atmos8070115
https://www.nasa.gov/press-release/2020-tied-for-warmest-year-on-record-nasa-analysis-shows
https://www.nasa.gov/press-release/2020-tied-for-warmest-year-on-record-nasa-analysis-shows
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.3168/jds.2018-15891
https://doi.org/10.3168/jds.2018-15891
https://doi.org/10.3168/jds.2018-16060
https://doi.org/10.3168/jds.2018-16060
https://doi.org/10.1093/af/vfy036
https://doi.org/10.1093/af/vfy036
https://doi.org/10.1016/j.jtherbio.2020.102523
https://doi.org/10.1016/j.jtherbio.2020.102523
https://doi.org/10.3168/jds.2017-12651
https://doi.org/10.3168/jds.2017-12651

International Journal of Biometeorology

Schiiller LK, Burfeind O, Heuwieser W (2014) Impact of heat stress on
conception rate of dairy cows in the moderate climate considering
different temperature—humidity index thresholds, periods relative
to breeding, and heat load indices. Theriogenology 81:1050-1057.
https://doi.org/10.1016/j.theriogenology.2014.01.029

Segnalini M, Nardone A, Bernabucci U (2011) Dynamics of the tem-
perature-humidity index in the Mediterranean basin. Int ] Biom-
eteorol 55:253-263. https://doi.org/10.1007/s00484-010-0331-3

Shock AA, LeBlanc SJ, Leslie KE, Hand K, Godkin MA, Coe JB,
Kelton DF (2016) Studying the relationship between on-farm
environmental conditions and local meteorological station data
during the summer. ADSA 99:2169-2179. https://doi.org/10.
3168/jds.2015-9795

Silanikove N, Shapiro F, Shinder D (2009) Acute heat stress brings
down milk secretion in dairy cows by up-regulating the activity of
the milk-borne negative feedback regulatory system. BMC Physiol
9:13. https://doi.org/10.1186/1472-6793-9-13

Soriani N, Trevisi E, Calamari L (2013) Relationships between rumina-
tion time, metabolic conditions, and health status in dairy cows
during the transition period. J Anim Sci 90(12):4544-4554.
https://doi.org/10.2527/jas.2012-5064

Tao S, Rivas RMO, Marins TN, Chen YC, Gao J, Bernard JK (2020)
Impact of heat stress on lactational performance of dairy cows.
Theriogenology 150:437-444. https://doi.org/10.1016/j.theri
ogenology.2020.02.048

Thom EE (1959) The discomfort index. Weatherwise 12:57-69

Thornton PE, Running SW, White MA (1997) Generating surfaces of
daily meteorological variables over large regions of complex ter-
rain. J Hydrol 190:214-251

Thornton P, Nelson G, Mayberry D (2022) Herrero M (2022) Impacts
of heat stress on global cattle production during the 21st century:
a modelling study. Lancet Planet Health 6:¢192—201

Todaro V, D’Oria M, Secci D, Zanini A, Tanda MG (2022) Climate
change over the Mediterranean region: local temperature and pre-
cipitation variations at five pilot sites. Water 14:2499. https://doi.
org/10.3390/w14162499

Vitali A, Felici A, Lees AM, Giacinti G, Maresca C, Bernabucci U
(2020) Heat load increases the risk of clinical mastitis in dairy
cattle. J Dairy Sci 103:8378-8387. https://doi.org/10.3168/jds.
2019-17748

Vizzotto EF, Fischer V, Thaler Neto A, Abreu AS, Stumpf MT, Wer-
ncke D, Schmidt FA, McManus CM (2015) Access to shade
changes behavioral and physiological attributes of dairy cows
during the hot season in the subtropics. Animal 9(9):1559-1566.
https://doi.org/10.1017/S1751731115000877

WMO (2021) One of the seven warmest years on record, WMO con-
solidated data shows. https://public.wmo.int/en/media/press-relea
se/2021-one-of-seven-warmest-years-record-wmo-consolidated-
data-shows [Accessed: 1 June 2022]

Yan G, Shi Z, Li H (2021) Critical temperature-humidity index thresh-
olds based on surface temperature for lactating dairy cows in a
temperate climate. Agriculture 11:970. https://doi.org/10.3390/
agriculture11100970

@ Springer


https://doi.org/10.1016/j.theriogenology.2014.01.029
https://doi.org/10.1007/s00484-010-0331-3
https://doi.org/10.3168/jds.2015-9795
https://doi.org/10.3168/jds.2015-9795
https://doi.org/10.1186/1472-6793-9-13
https://doi.org/10.2527/jas.2012-5064
https://doi.org/10.1016/j.theriogenology.2020.02.048
https://doi.org/10.1016/j.theriogenology.2020.02.048
https://doi.org/10.3390/w14162499
https://doi.org/10.3390/w14162499
https://doi.org/10.3168/jds.2019-17748
https://doi.org/10.3168/jds.2019-17748
https://doi.org/10.1017/S1751731115000877
https://public.wmo.int/en/media/press-release/2021-one-of-seven-warmest-years-record-wmo-consolidated-data-shows
https://public.wmo.int/en/media/press-release/2021-one-of-seven-warmest-years-record-wmo-consolidated-data-shows
https://public.wmo.int/en/media/press-release/2021-one-of-seven-warmest-years-record-wmo-consolidated-data-shows
https://doi.org/10.3390/agriculture11100970
https://doi.org/10.3390/agriculture11100970

	Temperature–humidity index monitoring during two summer seasons in dairy cow sheds in Mugello (Tuscany)
	Abstract
	Introduction
	Methods
	Study area
	Farm management
	Data collection
	Meteorological data from direct observation
	Meteorological data derived from spatialization
	Behavioral data of animals

	Thermal stress indicator
	Data analysis

	Results
	Outdoor spatialized THI trend analysis over the period 1991–2022
	Welfareheat stress conditions of dairy cows inside sheds and outdoor over the summers 2020–2022

	Discussion
	Conclusions
	Acknowledgements 
	References


