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Simple Summary: This study investigated heat loads determined using the parameters enthalpy and
temperature–humidity index (THI). For this purpose, weather station data were used, and specified
threshold exceedance in German districts with intensive turkey production was analyzed. Over a
period of 50 years, increases in both parameters were observed in all districts. Most of the trends in
terms of exceeding the thresholds, and thus towards heat stress, were statistically significant. Heat
stress in turkeys should, therefore, not be underestimated, especially when considering ongoing
global warming.

Abstract: This study analyzed trends of enthalpy and the temperature–humidity index (THI) over a
period of 50 years in outer air, which lead to severe heat stress in turkeys. Weather station data from
15 German districts with high densities of turkey production were used to investigate the heat input
into the barns. Therefore, the parameters of enthalpy and THI with specified thresholds were used for
heat stress assessment. Trends in extreme weather situations where these thresholds were exceeded
were analyzed and tested for significance using the Mann–Kendall test. In all districts, the heat load
increased between 1973 and 2022 for both parameters. Statistically significant heat stress trends were
found in 9 of the 15 districts for enthalpy and 14 out of 15 districts for THI. Thus, the established
THI thresholds seem to be more sensitive for the detection of heat stress than the chosen enthalpy
values. As heat stress is an important issue and a rising concern in times of climate change, farmers
and constructors of farm animal facilities should take this into account in future sustainable work.

Keywords: climate change; animal welfare; Turkeys; enthalpy; THI; heat stress; global warming; poultry

1. Introduction

Climate change and the associated global warming may affect the performance and
health of farm animals [1]. Meteorologists predict that the earth will become increasingly
warmer and, therefore, heat stress on farm animals may likewise increase [2]. In regions
with rising temperatures, if no appropriate cooling measures are introduced, animals
may increasingly leave their thermal neutral zone, also known as the comfort zone [3].
Consequences could be a reduced animal performance by poorer feed conversion [4–6],
changes in intestinal microflora [5], reduced milk yield [4], and poorer fertility [4,7], for
instance. Another economic aspect is the negatively affected meat quality of pig and poultry
meat when animals grow under heat stress [8–10]. In the case of poultry, feathering and
missing sweat glands make birds particularly susceptible to heat stress compared to other
monogastric animals [5].

Turkey production plays an important role in Germany and explicitly in the federal
state of Lower Saxony [11]. In 2021, about 32% of the global production with 1853 thousand
tonnes of carcass weight was produced in the European Union (EU) [12]. Of all EU
countries, Germany was the largest producer with 363 thousand tonnes of slaughter weight
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in 2021 [12]. Turkeys in Germany are typically kept in naturally ventilated barns with
additional fans inside to create wind chill effects [13], which also may be equipped with
fogging or sprinkler systems. Especially at the end of fattening periods, high enthalpy
values can lead to heat stress within the flocks and birds react with decreasing food
intake as well as an increasing water consumption and respiration rate that may appear as
exaggerated panting [14]. Furthermore, their body temperature may increase, and turkeys
can become dehydrated at different, high temperature–humidity combinations. This can
occur in all age groups [15,16]. Behavioral changes such as lethargy, less activity, and
seeking for cooler areas could be observed. If no counter measures are taken and heat stress
persists, productivity is affected negatively, and the mortality rate can increase [17–20].

The effects of global warming vary regionally. While regions are growing warmer, it
is not yet clear how changes in ocean currents will have an impact on some continental
regions [21]. Therefore, trend analyses can help in assessing local climate change and its
potential impact on livestock.

However, focusing on temperature alone is not sufficient to assess heat stress in ani-
mals. The enthalpy (H) of moist air is a key factor when animals regulate their temperature.
The higher the humidity at the same temperature, the higher H. Birds normally lose about
half of their body heat through evaporation as they breathe [22]. Nonetheless, higher
relative humidity (RH) reduces their possibility of evaporation. At high RH and high
temperatures, birds have problems reducing excess heat. In extreme situations, such as a
prolonged time at 85% RH and 35 ◦C, for instance, turkeys can even die [22]. In Germany,
for instance, at H values ≥ 67 kJ/kg in the outer air, farmers are encouraged to control the
climate on their farms and to consider measures to reduce heat stress in their flocks [23].
Above that threshold, farmers should provide ventilation to ensure adequate air exchange
in the barn [24].

To assess heat stress on farm animals, H values, or the energy content of the air
calculated as the specific enthalpy (kJ/kg) as well as the temperature–humidity index (THI)
are both used. For turkey production, such H values and different THIs considering heat
stress are available.

THIs were created for many species and were classified to values representing ‘no
heat stress’ or ‘extreme heat stress’ [25]. Moraes et al. [26] mentioned that turkeys suffer
from severe discomfort when THI reaches values of 81.

However, a retrospective calculation of enthalpy and THI frequencies may provide
information about heat stress trends in local regions. This could be useful information
for farmers concerned with future planning and preventive measures for their animals
concerning heat stress.

The aim of this study was to analyze trends of heat stress in German regions of dense
turkey populations using enthalpy and THI values calculated from weather data of the
last 50 years. Thresholds of severe heat stress were considered to highlight critical weather
situations, which also might have a negative health impact on the birds in the barns.
Possible consequences for future turkey production are discussed.

2. Materials and Methods
2.1. Weather Station Data

Data from 15 weather stations from the years 1973 to 2022 provided by the German
Weather Service ‘Deutscher Wetterdienst (DWD)’ concerning 15 German districts (Table S1)
with particularly intensive turkey production [11] were analyzed and are shown in Figure 1.
These are predominantly in Northern Germany, particularly in Lower Saxony.

As Germany belongs to the temperate climate zone, heat stress usually occurs from
late spring to early fall. Thus, in the present study, yearly data from May 1st to September
30th were considered for analysis. Data contained the daily maximum air temperature
(◦C), the daily mean relative humidity (RH, %), and the daily enthalpy maximum (kJ/kg)
calculated by the DWD. The H values provided were used for the analysis, while the THI
was calculated using the specified temperature and humidity values.
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2.2. Heat Stress Classification

For poultry, the DWD classified the calculated enthalpy values to heat stress classes,
which are shown in Table 1 [28].

Table 1. Heat stress classification for poultry with units of measurement and description referring
to the enthalpy values from German Weather Service (DWD) [28] and temperature–humidity index
(THI) values according to Moraes et al. [26].

Enthalpy THI

Value [kJ/kg] Description Value Description

<50 no heat stress ≤72 absolute comfort
50 to <58 mild heat stress 73 to 76 light discomfort
58 to <67 moderate heat stress 77 to 80 moderate discomfort
67 to <72 severe heat stress 81 to 84 severe discomfort

≥72 extreme heat stress ≥85 life threatening

An enthalpy value of 67 kJ/kg ambient air was chosen as the threshold, as according to
the DWD, severe or extreme heat stress can be expected in poultry houses above this level.

In addition to the enthalpy classification by DWD, THI limits were considered to classify
turkeys’ heat stress according to Moraes et al. [26] (Table 1), taking into account the following
Equation (1) (firstly presented by Thom [29] and modified by Buffington et al. [30]):

THI = 0.8 Tdb + RH (Tdb − 14.3)/100 + 46.3 (1)

with:

- Tdb = air dry-bulb temperature (◦C);
- RH = relative humidity of air (%).

As the study by Moraes et al. [26] described the heat stress classes as ‘bird comfort’,
their formulations have likewise been adopted in Table 1.

For trend analyses, the classes from ‘severe heat stress’ and ‘extreme heat stress’ con-
cerning enthalpy values ≥ 67 kJ/kg were set as heat stress thresholds and were compared
to THI classes of ‘severe discomfort’ and ‘life threatening’ with values ≥ 81. For data
processing, frequencies in days over the thresholds of the chosen heat stress classes in
the complete data set were determined (Excel 2016, Microsoft Corporation, Redmond,
WA, USA), and at each location exceedances of these thresholds of both parameters were
counted for each year.

2.3. Statistical Analysis

Statistical analysis was performed using RStudio version 4.2.1 [31] and the package
‘trend’ [32]. Data had been tested for normal distribution and autocorrelation previously.
Heat stress trend lines for each location and for all locations were created and their gradients
and gradient equations were specified. Furthermore, during the 50 analyzed years, the
additional number of days on which enthalpy (≥67 kJ/kg) and THI (≥81) exceeded the
threshold was calculated for each location (Table 2). Average values from all weather
stations were calculated by averaging the frequencies, which represents the number of
days with exceedance, in the individual years. These frequencies were then used to create
a graph and a trend line with a trend line equation. The values 1 and 50 (for the beginning
and end of the study period) were used in this trend line equation. The determined values
are shown in Table 3. Finally, significant increases in the heat stress trend during the
50 years were analyzed for each location using a (modified) Mann–Kendall test. A level of
significance set at p < 0.05 was determined.
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Table 2. Gradient for enthalpy and temperature–humidity index (THI) for each weather station over
the whole study period and calculated in days. This gradient indicates the additional days achieved
by the annual gradient. For this purpose, the annual gradient was multiplied by the study period of
50 years. The values indicate the difference in days applied at the end of the period compared to the
beginning.

Weather Station Enthalpy [Days] THI [Days]

Alfhausen 1.25 4.09
Boltenhagen 0.52 1.89

Diepholz 0.68 4.89
Dörpen 1.85 4.93

Friesoythe-Altenoythe 0.47 5.10
Gardelegen 0.48 10.46

Großenkneten 2.81 9.26
Kiefersfelden-Gach 2.86 13.01

Kleve 3.24 8.46
Müncheberg 0.99 11.26

Nienburg 1.47 6.91
Rotenburg (Wümme) 0.35 3.63

Rothenburg ob der Tauber 0.39 11.37
Ueckermünde 2.49 4.94

Waren (Müritz) 1.07 6.83
Average 1.375 7.14

Table 3. Number of days over all locations when enthalpy (≥67 kJ/kg) and temperature–humidity
index THI (≥81) thresholds were exceeded in the specified year, calculated using the trend line equation.

Year Enthalpy THI

1973 0.19 1.93
2022 1.54 8.92

3. Results

Enthalpy values between 11.8 and 83.6 kJ/kg were recorded at all weather stations
analyzed during the 50-year period. The THI values varied between 39.97 and 91.84. For
descriptive statistics, trend lines were drawn for both parameters and all weather stations.
For all locations the gradient of the trend lines was positive, indicating a general increase in
high enthalpy values and high THIs over the previous 50 years, as the gradient indicated an
increase from year to year and therefore an annual increase. The results of the gradient of
the trend line for each location are shown in Table S2. Gradient values for enthalpy ranged
from 0.0069 in Rotenburg (Wümme) to 0.0647 in Kleve. For the THI, the values ranged
between 0.0378 in Boltenhagen and 0.2602 in Kiefersfelden-Gach (Table S2). Generally, the
frequencies and variations in the THI trend lines were higher compared to those given
enthalpy thresholds.

The average values of the number of days exceeding the enthalpy threshold for severe
and extreme heat stress of ≥67 kJ/kg are shown in Figure 2a, and those of the average THI
number of days exceeding the threshold of values ≥ 81, representing ‘severe discomfort’
and ‘life threatening’ (Table 1), are shown in Figure 2b. Both trend lines were positive.

The results of the increases in days for the entire study period are listed in Table 2.
The additional number of days that were added to the base level due to the increases
that were recorded exceeding the enthalpy thresholds ranged from 0.4 days in Rotenburg
(Wümme) to 3.2 days in Kleve, for instance. The additional number of days exceeding the
enthalpy thresholds ranged from 0.4 days in Rotenburg (Wümme) to 3.2 days in Kleve,
for instance. Regarding the additional number of days where the THI thresholds were
exceeded for the analyzed period, these ranged from 1.9 days in Boltenhagen to 13.0 days
in Kiefersfelden-Gach (Table 2).
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Figure 2. Average frequencies in days of exceeded thresholds concerning (a) enthalpy values
(≥67 kJ/kg) and (b) temperature–humidity index (THI) values (≥81) over all locations in the analyzed
years from 1973 to 2022. The gradient of the trend line can be read from the equation by looking at
the factor in front of the variable. The years are plotted on the x-axis. The trend line equation was
created for the period of 50 years and therefore also calculates with the values from 1 to 50, which are
used as variable in the equation.

The value calculated with the trend line equation where the threshold value of
67 kJ/kg was exceeded amounted to 0.19 days for enthalpy for all locations in Germany
in 1973 and averagely 1.54 days in 2022 (Table 3). Concerning the THI, the average value
calculated with the trend line equation where the threshold was exceeded for all locations
increased from averagely 1.93 days in 1973 to 8.92 days in 2022 (Table 3).

The results of the (modified) Mann–Kendall test analyzing significant trends during
the 50-year period for each site are shown in Table 4. For the parameter enthalpy, 9 out
of 15 trends were significant. Except for one location (Rotenburg (Wümme) p = 0.094), all
increases for THI were significant (p < 0.05) (Table 4).

Table 4. Results of the analysis of the gradient (Mann–Kendall’s Tau and p-values) of the heat stress
trends for each weather station in terms of enthalpy (≥67) and temperature–humidity index (THI,
≥81), calculated using the Mann–Kendall test.

Weather Station Enthalpy ≥ 67 THI ≥ 81

Tau p-Value Tau p-Value

Alfhausen 0.270 0.016 0.220 0.030
Boltenhagen 0.174 0.134 0.290 0.008

Diepholz 0.175 0.119 0.210 0.039
Dörpen 0.379 <0.001 0.275 0.007

Friesoythe-Altenoythe 0.166 0.129 0.228 0.025
Gardelegen 0.098 0.392 0.448 <0.001

Großenkneten 0.559 <0.001 0.474 <0.001
Kiefersfelden-Gach 0.341 0.001 0.440 <0.001

Kleve 0.512 <0.001 0.404 <0.001
Müncheberg 0.304 0.006 0.494 <0.001

Nienburg 0.003 0.010 0.333 <0.001
Rotenburg (Wümme) 0.108 0.339 0.170 0.094

Rothenburg ob der Tauber 0.111 0.333 0.483 <0.001
Ueckermünde 0.352 0.001 0.465 <0.001

Waren (Müritz) 0.300 0.007 0.417 <0.001
Average 0.425 <0.001 0.426 <0.001
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4. Discussion

Climate change may not only increase temperatures but also the enthalpy of air, which
affect the welfare, productivity and health of farm animals. The present study investigated
the trends of high enthalpy values and high THIs in regions of intense turkey production
in Germany.

High density of commercial turkey farms in particular regions combined with the
difficulty of obtaining weather data from some districts during the last decades limited the
number of weather stations, which could be used for the study. Thus, this study analyzed
data of an unequal distribution of selected weather stations in Germany.

The chosen thresholds for enthalpy (≥67 kJ/kg) and THI (≥81) of outer air were
suspected of causing severe heat stress and severe discomfort, respectively. The effects of
such high values on poultry can be manifold and might result in poorer meat quality [8,10],
lower productivity [9,10,19], or an increased mortality rate [9,18,19]. However, although
heat stress might already occur at lower values in turkey flocks, this study aimed to show
how more extreme weather situations might impair turkeys’ health and welfare due to
an ongoing climate change in future. Significant increases in trend were found in 9 of the
15 regions for high enthalpy values and in 14 of 15 regions for high THIs, respectively.

Concerning the average number of occurrences, THI values showed more days of
exceedance per year up until 2022 (8.9 days, Table 3) than the exceedance of enthalpy values
(1.5 days, Table 3).

It is assumed that the threshold set by Moraes et al. [26] is more sensitive and more
likely to indicate an onset of severe discomfort due to the different application of the
values. In the regions examined in this study, humidity and temperature data revealed
THI values that exceeded the threshold earlier compared to enthalpy values. This is not
necessarily applicable for other regions because temperature and humidity combinations
may differ. However, the choice of thresholds may impact prevention measures. For
instance, high mortality rates in poultry barns were reported from veterinary offices during
the heat waves in Germany in 1992 and 1994. Measures to reduce the heat in barns were not
taken into account, not sufficient or the conduction of counter-measures was too late [33].
Observations and measurements by veterinarians revealed that outside enthalpies higher
than 60 kJ/kg led to lethal enthalpy values in poultry barns. In a case in the district
Diepholz in northern Germany in 1994 for instance, 7.5% of broilers died at enthalpy values
of 60.6 kJ/kg outside and 73.7 kJ/kg in the barn, respectively [34]. In this year, an average
of 3 days with enthalpies ≥ 67 kJ/kg (Figure 2a) and an average of 22 days with THI values
≥ 81 (Figure 2b) occurred. From empirical observations within the two heat wave periods
in Germany it was concluded that sufficient ventilation in poultry barns prevent from death
due to heat when outside enthalpy values are below 67 kJ/kg. However, birds suffer from
heat stress below 67 kJ/kg and even if no irreversible pathological findings are detectable,
productivity can be affected. Therefore, the THI ≥ 81 as a threshold to consider additional
measures to reduce heat stress would probably contribute to fewer affected birds in the
later fattening period.

Moraes et al. [26] compiled specific thresholds for poultry and classification of THI into
ranges of bird comfort or discomfort. The trends in the districts can vary greatly; for exam-
ple, in the district Boltenhagen (located at the Baltic Sea), only 1.9 additional days exceeded
the THI, while in Kiefersfelden-Gach (located in southern Germany with proximity to the
mountains), the additional number of days exceeding the THI amounted to 13.0. Therefore,
regional climatic differences can be influenced by geographic location, topography, land
use and microclimatic conditions [35]. In addition to time series analysis, the exploration
of variability in spatial relationships complemented long-term trend analysis, especially
in this study covering a large spatial extent. As demonstrated by Cesca et al. in beef
cattle [35], the use of descriptive statistics makes it possible analyze spatial dependence,
and classify the degree of data dependence according to thermal comfort indices. Therefore,
for studies involving historical series of spatially distributed meteorological data, the joint
use of temporal and spatial analyses, which can provide relevant additional information, is
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recommended. This implies that models may be useful to analyze regional consequences
of climate change, or to predict requirements for a successful production of farm animals
in future.

Furthermore, it seems that as the number of days with heat stress increases, so does the
energy in the outdoor air. For instance, the trend in the district Kleve showed no enthalpy
value over equal 67 kJ/kg until 1986. Nevertheless, in the following years (1986–2022),
there was a total of 62.0 days exceeding above the specified threshold, and the highest
number in any one year was six (6.0 days in 2015, Figure S1).

The used Mann–Kendall test is a robust non-parametric test for time series trends and
thus preferably used in studies of hydrologic time series and climatic variations [36–38].
Other studies calculated complex weather forecast models to analyze regional trends
of climate factors [39–41]. However, for Germany, a positive temperature trend was
forecast [42]. As temperature is one of the main factors for THIs and enthalpy values,
it can be assumed that these parameters will also continue to rise.

Despite current and future efforts to reduce heat stress through management or tech-
nical measures, the question remains as to whether production costs, and therefore the
costs and losses caused by heat stress, will increase. Necessary measures could include
feeding strategies [43], reducing stocking density [16], or supplemental cooling through
additional air [44], heat exchangers, etc. However, even if management and cooling can
reduce the heat content of the air in the barn, these capacities are limited [45] and livestock
farmers should consider whether their systems are able to cope with climate change. For
instance, in warm regions, turkey barns are usually equipped with cooling systems such
as fogger systems, spray cooling, or pad cooling systems [13]. All systems are based on
the principle of evaporation chill and can reduce heat stress in the flock efficiently [22].
However, some requirements and limitations have to be considered. First, it is important
that microbiologically uncontaminated water in the system is used because the birds might
inhale aerosols. Second, the systems should not damp the litter in the barn due to a potential
risk of an increased occurrence of footpad dermatitis. According to Mailyan et al., systems
should not be activated or operated when the RH in the barn is >80% [22]. Furthermore,
we have to keep in mind that heat stress increases relatively at higher RH, as evaporation
is the main process to regulate the birds’ temperature. For instance, a fogging system
may decrease according to manufacturer the temperature in a poultry barn by 7 ◦C when
the outer air temperature is 36 ◦C and the humidity of incoming air is 50% [46]. At the
average atmospheric pressure at sea level of 1013.25 hPa, this air contains an enthalpy of
84.5 kJ/kg [47]. Thus, when the air is cooled by a fogging system to 29 ◦C but simultane-
ously humidity increases to 85% [46], the enthalpy stays at 84.5 kJ/kg [47]. Therefore, the
measure might decrease the temperature, but the enthalpy remains high, and the birds stay
stressed. As shown in the trend analyses in the present study, days with higher enthalpy
values have already intensified and probably will become more frequent in future. Thus, to
avoid additional heat stress situations, other, or additional measures should be taken into
account to protect the birds and to maintain their performance, health, and welfare. This
could also include calculating and regulating the entire climate in animal houses based on
enthalpy values and not only by measuring temperatures. In this context, the management
and equipment of the barn play a crucial role. These can not only provide relief, but also
create situations that are more comfortable than those outside the barn. The barn provides
shade from direct sunlight and cooling from the ventilation systems. Heat stress is therefore
not only a problem of indoor housing but also of outdoor housing [25].

Further possibilities to counter increasing heat stress situations due to climate change
in future could be the adaptation of breeds. The genetics of the animals and therefore
their metabolism and heat production have obviously changed over time. Sensitivity to
heat depends on genetics [1], and the occurring breeds experience heat stress in warm
regions. Thus, keeping and fattening heat-resistant breeds could be of even greater interest
in the future.
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Concerning the rapidly growing world population and the ever-increasing challenges
associated with climate change, it seems essential to maintain poultry production. This
should also apply to other species and other areas of agriculture. Heat stress has a direct
impact on food security, animal welfare, and production [20] and obviously represents a
challenge for future farm animal production.

5. Conclusions

The trend analyses conducted in this study showed an increase in enthalpy and THI
values in the investigated German districts. It is assumed that these increases have a
negative impact on the animals in the barns if not counteracted. In future, it is expected that
housing systems will face greater challenges in coping with heat stress and therefore need to
be adapted to meet these challenges. Enthalpy values and THIs should be used in addition
to temperature control to assess the climate in the barn and possible countermeasures.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ani14010072/s1, Figure S1: Number of days of exceeded
thresholds concerning enthalpy values (≥67 kJ/kg) in Kleve (from 1973 to 2022); Table S1: Location
of weather stations (data provided by the German weather service (Deutscher Wetterdienst). The
number of turkeys and farms are listed for each district; Table S2: Gradients of the trend line equation
for the enthalpy values and temperature–humidity index (THI) for each weather station. Gradients
indicate the average increase from year to year as the gradient corresponds to the annual increase
in days.

Author Contributions: Conceptualization, B.S. and J.S.; methodology, B.S. and J.S.; validation, B.S.
and N.V.; formal analysis, B.S. and N.V.; investigation, B.S.; resources, N.K. and J.S.; data curation,
B.S.; writing—original draft preparation, B.S. and N.V.; writing—review and editing, B.S., N.V., N.K.
and J.S.; visualization, B.S.; supervision, J.S.; project administration, J.S.; funding acquisition, N.K.
and J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Niedersächsische Tierseuchenkasse (Lower Saxony Animal
Disease Fund). This Open Access publication was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)—491094227 “Open Access Publication Funding” and the
University of Veterinary Medicine Hannover, Foundation.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank the German Weather Service (Deutscher
Wetterdienst) for providing the weather data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gershoni, M. Transgenerational transmission of environmental effects in livestock in the age of global warming. Cell Stress

Chaperones 2023, 28, 445–454. [CrossRef] [PubMed]
2. Mikovits, C.; Zollitsch, W.; Hörtenhuber, S.J.; Baumgartner, J.; Niebuhr, K.; Piringer, M.; Anders, I.; Andre, K.; Hennig-Pauka, I.;

Schönhart, M. Impacts of global warming on confined livestock systems for growing-fattening pigs: Simulation of heat stress for
1981 to 2017 in Central Europe. Int. J. Biometeorol. 2019, 63, 221–230. [CrossRef] [PubMed]

3. Omomowo, O.; Falayi, F. Temperature-humidity index and thermal comfort of broilers in humid tropics. Agric. Eng. Int. CIGR J.
2021, 23, 101–110.

4. Habeeb, A.A.; Gad, A.E.; Atta, M.A. Temperature-humidity indices as indicators to heat stress of climatic conditions with relation
to production and reproduction of farm animals. Int. J. Biotechnol. Recent Adv. 2018, 1, 35–50. [CrossRef]

5. Zaboli, G.; Huang, X.; Feng, X.; Ahn, D.U. How can heat stress affect chicken meat quality?—A review. Poult. Sci. 2019, 98,
1551–1556. [CrossRef] [PubMed]

6. Purswell, J.L.; Dozier, W.A.; Olanrewaju, H.A.; Davis, J.D.; Xin, H.; Gates, R.S. Effect of Temperature-Humidity Index on Live
Performance in Broiler Chickens Grown from 49 to 63 Days of Age. In Proceedings of the 2012 IX International Livestock
Environment Symposium (ILES IX), Valencia, Spain, 8–12 July 2012.

https://www.mdpi.com/article/10.3390/ani14010072/s1
https://doi.org/10.1007/s12192-023-01325-0
https://www.ncbi.nlm.nih.gov/pubmed/36715961
https://doi.org/10.1007/s00484-018-01655-0
https://www.ncbi.nlm.nih.gov/pubmed/30671619
https://doi.org/10.18689/ijbr-1000107
https://doi.org/10.3382/ps/pey399
https://www.ncbi.nlm.nih.gov/pubmed/30169735


Animals 2024, 14, 72 10 of 11

7. Büscher, W. Klimawandel: Konsequenzen für die landwirtschaftliche Nutztierhaltung. In Proceedings of the 23. Wissenschaftliche
Fachtagung, Bonn, Germany, 29 January 2009.

8. McKee, S.R.; Sams, A.R. The effect of seasonal heat stress on rigor development and the incidence of pale, exudative turkey meat.
Poult. Sci. 1997, 76, 1616–1620. [CrossRef]

9. St-Pierre, N.R.; Cobanov, B.; Schnitkey, G. Economic Losses from Heat Stress by US Livestock Industries. J. Dairy Sci. 2003, 86,
E52–E77. [CrossRef]

10. Gregory, N.G. How climatic changes could affect meat quality. Food Res. Int. 2010, 43, 1866–1873. [CrossRef]
11. Land und Forstwirtschaft, Fischerei Viehhaltung der Betriebe Agrarstrukturerhebung. 2016. Available online: https://www.

destatis.de/SiteGlobals/Forms/Suche/Servicesuche_Formular.html?input_=207832&gtp=474_list%253D3&resourceId=2414
&submit.x=0&submit.y=0&templateQueryString=agrarstrukturerhebung+2016&pageLocale=de (accessed on 31 August 2022).

12. Beck, M.M. MEG Marktbilanz 2022, 1st ed.; Eugen Ulmer KG: Stuttgart-Hohenheim, Germany, 2022.
13. Haltung und Aufzucht. Available online: https://deutsches-gefluegel.de/news/haltung-und-aufzucht/ (accessed on 20

September 2023).
14. Brown-Brandl, T.M.; Beck, M.M.; Schulte, D.D.; Parkhurst, A.M.; DeShazer, J.A. Physiological responses of tom turkeys to

temperature and humidity change with age. J. Therm. Biol. 1997, 22, 43–52. [CrossRef]
15. Brown-Brandl, T.M.; Beck, M.M.; Schulte, D.D.; Parkhurst, A.M.; DeShazer, J.A. Temperature humidity index for growing tom

turkeys. Am. Soc. Agric. Biol. Eng. 1997, 40, 203–209. [CrossRef]
16. Jankowski, J.; Mikulski, D.; Tatara, M.R.; Krupski, W. Effects of increased stocking density and heat stress on growth, performance,

carcase characteristics and skeletal properties in turkeys. Vet. Rec. J. Br. Vet. Assoc. 2015, 176, 21. [CrossRef] [PubMed]
17. Jongbo, A.O. Evaluation of the environmental parameters of battery-caged poultry house in the humid tropical climate. Rev.

Colomb. Cienc. Anim. 2020, 12, 12–21. [CrossRef]
18. Kang, S.; Kim, D.-H.; Lee, S.; Lee, T.; Lee, K.-W.; Chang, H.-H.; Moon, B.; Ayasan, T.; Choi, Y.-H. An Acute, Rather Than

Progressive, Increase in Temperature-Humidity Index Has Severe Effects on Mortality in Laying Hens. Front. Vet. Sci. 2020,
7, 568093. [CrossRef] [PubMed]

19. González-Zapata, F.; Sanginés-García, J.; Piñero-Vázquez, Á.; Velázquez-Madrazo, P.; Itzá-Ortíz, M.; Bello-Pérez, E.; Chay-Canul,
A.; Aguilar-Urquizo, E. Performance of Turkeys in Enrichment Environment with Perches and Outdoor Access under Tropical
Conditions. Braz. J. Poult. Sci. 2022, 24, eRBCA-2021-1553. [CrossRef]

20. Uyanga, V.; Musa, T.; Oke, O.E.; Zhao, J.; Wang, X.; Jiao, H.; Onagbesan, O.M.; Lin, H. Global trends and research frontiers on
heat stress in poultry from 2000 to 2021: A bibliometric analysis. Front. Physiol. 2023, 14, 1123582. [CrossRef] [PubMed]

21. Boers, N. Observation-based early-warning signals for a collapse of the Atlantic Meridional Overturning Circulation. Nat. Clim.
Chang. 2021, 11, 680–688. [CrossRef]

22. Mailyan, E.; Schie, T.V.; Heijmans, M.; Nixey, C.; Buddiger, N.; Günther, R.; Hafez, H.M.; Holleman, J. Turkey Signals a Practical
Guide to Turkey Focused Management; Roodbont Publishers B.V.: Zutphen, The Netherlands, 2019.

23. Niedersächsisches Ministerium für den ländlichen Raum Ernährung Landwirtschaft und Verbraucherschutz. Merkblatt zur
Vermeidung von Hitzestress bei Puten. 2019. Available online: https://www.laves.niedersachsen.de/startseite/tiere/tierschutz/
tierhaltung/geflugel/vermeidung-von-hitzestress-bei-gefluegel-144675.html (accessed on 26 October 2022).

24. Niedersächsisches Ministerium für Ernährung Landwirtschaft Verbraucherschutz und Landesentwicklung. Bundeseinheitliche
Eckwerte für Eine Freiwillige Vereinbarung zur Haltung von Mastputen. 2013. Available online: https://www.bmel.de/
SharedDocs/Downloads/DE/_Tiere/Tierschutz/ZDG-Eckwerte-Haltung-Mastputen.html (accessed on 24 May 2023).

25. Thornton, P.; Nelson, G.; Mayberry, D.; Herrero, M. Increases in extreme heat stress in domesticated livestock species during the
twenty-first century. Glob. Chang. Biol. 2021, 27, 5762–5772. [CrossRef]

26. De Moraes, S.R.P.; Yanagi Júnior, T.; De Oliveira, A.L.R.; Yanagi, S.d.N.M.; Café, M.B. Classification of the temperature and
humidity index (THI), aptitude of the region, and conditions of comfort for broilers and layer hens in Brazil. In Proceedings of
the Central Theme, Technology for All: Sharing the Knowledge for Development. Proceedings of the International Conference
of Agricultural Engineering, XXXVII Brazilian Congress of Agricultural Engineering, International Livestock Environment
Symposium-ILES VIII, Iguassu Falls City, Brazil, 31 August–4 September 2008.

27. Deutschlandkarte Erstellen. Available online: https://www.mixmaps.de/7fx0hju3 (accessed on 23 April 2023).
28. Dokumentation Hitzetstress (Geflügel, Rinder). Available online: https://www.dwd.de/DE/fachnutzer/landwirtschaft/

dokumentationen/isabel/meinagrar_hitzestress.html (accessed on 3 August 2023).
29. Thom, E.C. The discomfort index. Weatherwise 1959, 12, 57–61. [CrossRef]
30. Buffington, D.; Collier, R.; Canton, G. Shade management systems to reduce heat stress for dairy cows in hot, humid climates.

Trans. ASAE 1983, 26, 1798–1802. [CrossRef]
31. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing; R Core Team:

Vienna, Austria, 2020.
32. Pohlert, T. Trend: Non-Parametric Trend Tests and Change-Point Detection, Version 1.1.6; R Core Team: Vienna, Austria, 2023.
33. Anonymous. Tierschutzbericht 1997: Bericht über den Stand der Entwicklung des Tierschutzes; Deutscher Bundestag, Drucksache

13/7016; Bundesanzeiger Verlagsgesellschaft mbH: Bonn, Germany, 1997; ISSN 0722-8333.
34. Hartung, J.; Institute for Animal Hygiene, Animal Welfare and Farm Animal Behavior, University of Veterinary Medicine

Hannover, Foundation, 30173 Hannover, Germany. Personal Communication, 2023.

https://doi.org/10.1093/ps/76.11.1616
https://doi.org/10.3168/jds.S0022-0302(03)74040-5
https://doi.org/10.1016/j.foodres.2009.05.018
https://www.destatis.de/SiteGlobals/Forms/Suche/Servicesuche_Formular.html?input_=207832&gtp=474_list%253D3&resourceId=2414&submit.x=0&submit.y=0&templateQueryString=agrarstrukturerhebung+2016&pageLocale=de
https://www.destatis.de/SiteGlobals/Forms/Suche/Servicesuche_Formular.html?input_=207832&gtp=474_list%253D3&resourceId=2414&submit.x=0&submit.y=0&templateQueryString=agrarstrukturerhebung+2016&pageLocale=de
https://www.destatis.de/SiteGlobals/Forms/Suche/Servicesuche_Formular.html?input_=207832&gtp=474_list%253D3&resourceId=2414&submit.x=0&submit.y=0&templateQueryString=agrarstrukturerhebung+2016&pageLocale=de
https://deutsches-gefluegel.de/news/haltung-und-aufzucht/
https://doi.org/10.1016/S0306-4565(96)00033-2
https://doi.org/10.13031/2013.21246
https://doi.org/10.1136/vr.102216
https://www.ncbi.nlm.nih.gov/pubmed/25371498
https://doi.org/10.24188/recia.v12.n2.2020.753
https://doi.org/10.3389/fvets.2020.568093
https://www.ncbi.nlm.nih.gov/pubmed/33251258
https://doi.org/10.1590/1806-9061-2021-1553
https://doi.org/10.3389/fphys.2023.1123582
https://www.ncbi.nlm.nih.gov/pubmed/36824469
https://doi.org/10.1038/s41558-021-01097-4
https://www.laves.niedersachsen.de/startseite/tiere/tierschutz/tierhaltung/geflugel/vermeidung-von-hitzestress-bei-gefluegel-144675.html
https://www.laves.niedersachsen.de/startseite/tiere/tierschutz/tierhaltung/geflugel/vermeidung-von-hitzestress-bei-gefluegel-144675.html
https://www.bmel.de/SharedDocs/Downloads/DE/_Tiere/Tierschutz/ZDG-Eckwerte-Haltung-Mastputen.html
https://www.bmel.de/SharedDocs/Downloads/DE/_Tiere/Tierschutz/ZDG-Eckwerte-Haltung-Mastputen.html
https://doi.org/10.1111/gcb.15825
https://www.mixmaps.de/7fx0hju3
https://www.dwd.de/DE/fachnutzer/landwirtschaft/dokumentationen/isabel/meinagrar_hitzestress.html
https://www.dwd.de/DE/fachnutzer/landwirtschaft/dokumentationen/isabel/meinagrar_hitzestress.html
https://doi.org/10.1080/00431672.1959.9926960
https://doi.org/10.13031/2013.33845


Animals 2024, 14, 72 11 of 11

35. Cesca, R.S.; Santos, R.C.; Goes, R.H.d.T.; Favarim, A.P.C.; Oliveira, M.S.G.d.; Silva, N.C.d. Thermal comfort of beef cattle in the
state of Mato Grosso do Sul, Brazil. Ciência E Agrotecnologia 2021, 45. [CrossRef]

36. Shah, S.A.; Kiran, M. Mann-Kendall test: Trend analysis of temperature, rainfall and discharge of Ghotki feeder canal in district
Ghotki, Sindh, Pakistan. Environ. Ecosyst. Sci. 2021, 5, 137–142. [CrossRef]

37. Frimpong, B.F.; Koranteng, A.; Molkenthin, F. Analysis of temperature variability utilising Mann–Kendall and Sen’s slope
estimator tests in the Accra and Kumasi Metropolises in Ghana. Environ. Syst. Res. 2022, 11, 1–13. [CrossRef]

38. Tabari, H.; Taye, M.T.; Willems, P. Statistical assessment of precipitation trends in the upper Blue Nile River basin. Stoch. Environ.
Res. Risk Assess. 2015, 29, 1751–1761. [CrossRef]

39. Sillmann, J.; Thorarinsdottir, T.; Keenlyside, N.; Schaller, N.; Alexander, L.V.; Hegerl, G.; Seneviratne, S.I.; Vautard, R.; Zhang, X.;
Zwiers, F.W. Understanding, modeling and predicting weather and climate extremes: Challenges and opportunities. Weather
Clim. Extrem. 2017, 18, 65–74. [CrossRef]

40. Wang, H.; Dai, Y.; Yang, S.; Li, T.; Luo, J.; Sun, B.; Duan, M.; Ma, J.; Yin, Z.; Huang, Y. Predicting climate anomalies: A real
challenge. Atmos. Ocean. Sci. Lett. 2022, 15, 100115. [CrossRef]

41. Doblas-Reyes, F.J.; García-Serrano, J.; Lienert, F.; Biescas, A.P.; Rodrigues, L.R.L. Seasonal climate predictability and forecasting:
Status and prospects. WIREs Clim. Chang. 2013, 4, 245–268. [CrossRef]

42. Klimawandel-Ein Überblick. Available online: https://www.dwd.de/DE/klimaumwelt/klimawandel/ueberblick/ueberblick_
node.html (accessed on 24 May 2023).

43. Farghly, M.F.A.; Mahrose, K.M.; Galal, A.E.; Ali, R.M.; Ahmad, E.A.M.; Rehman, Z.U.; Ullah, Z.; Ding, C. Implementation of
different feed withdrawal times and water temperatures in managing turkeys during heat stress. Poult. Sci. 2018, 97, 3076–3084.
[CrossRef]

44. Uemura, D.; Regmi, P.; Grimes, J.; Wang-Li, L.; Shah, S. Low Airspeed Impacts on Tom Turkey Response to Moderate Heat Stress.
AgriEngineering 2023, 5, 1971–1988. [CrossRef]

45. Raza, H.; Ashraf, H.; Shahzad, K.; Sultan, M.; Miyazaki, T.; Usman, M.; Shamshiri, R.; Zhou, Y.; Ahmad, R. Investigating
Applicability of Evaporative Cooling Systems for Thermal Comfort of Poultry Birds in Pakistan. Appl. Sci. 2020, 10, 4445.
[CrossRef]

46. How Lubing Misting Systems Can Reduce Heat Stress and Promote High-Welfare Poultry Production. Available online:
https://poultry.network/how-misting-systems-in-broiler-units-can-reduce-heat-stress-risk/ (accessed on 17 November 2023).

47. Rechner Feuchte Luft. Available online: http://www.nabu-eibelshausen.de/Rechner/feuchte_luft_enthalpie.html (accessed on
17 November 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1590/1413-7054202145008321
https://doi.org/10.26480/ees.02.2021.137.142
https://doi.org/10.1186/s40068-022-00269-1
https://doi.org/10.1007/s00477-015-1046-0
https://doi.org/10.1016/j.wace.2017.10.003
https://doi.org/10.1016/j.aosl.2021.100115
https://doi.org/10.1002/wcc.217
https://www.dwd.de/DE/klimaumwelt/klimawandel/ueberblick/ueberblick_node.html
https://www.dwd.de/DE/klimaumwelt/klimawandel/ueberblick/ueberblick_node.html
https://doi.org/10.3382/ps/pey173
https://doi.org/10.3390/agriengineering5040121
https://doi.org/10.3390/app10134445
https://poultry.network/how-misting-systems-in-broiler-units-can-reduce-heat-stress-risk/
http://www.nabu-eibelshausen.de/Rechner/feuchte_luft_enthalpie.html

	Introduction 
	Materials and Methods 
	Weather Station Data 
	Heat Stress Classification 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

