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1  |  INTRODUC TION

Heat stress in domesticated livestock arises when environmental 
conditions challenge the animal's thermoregulatory mechanisms. 
These conditions result from combinations of temperature, humid-
ity, solar radiation, and wind speed beyond the ability of an animal to 
thermoregulate (Silanikove, 2000). The effects of heat stress include 

reduced productivity, reduced animal welfare, reduced fertility, in-
creased susceptibility to disease, and in extreme cases increased 
mortality (Godde et al., 2021), and affect all domesticated species.

The ways in which a specific animal will respond to heat stress, 
and the point at which production losses begin to occur, vary widely 
(Hammami et al., 2013). They depend on factors such as spe-
cies, breed, age, genetic potential, physiological status, nutritional 

Received: 27 May 2021  | Revised: 2 August 2021  | Accepted: 2 August 2021

DOI: 10.1111/gcb.15825  

I N V I T E D  P R I M A R Y  R E S E A R C H  A R T I C L E

Increases in extreme heat stress in domesticated livestock 
species during the twenty- first century

Philip Thornton1  |   Gerald Nelson2  |   Dianne Mayberry3  |   Mario Herrero3

This is an open access article under the terms of the Creat ive Commo ns Attri butio n- NonCo mmerc ial- NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non- commercial and no modifications or adaptations are made.
© 2021 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

1CGIAR Research Program on Climate 
Change, Agriculture and Food Security 
(CCAFS), International Livestock Research 
Institute (ILRI), Nairobi, Kenya
2University of Illinois, Urbana, Illinois, USA
3Commonwealth Scientific and Industrial 
Research Organisation (CSIRO), St Lucia, 
Qld, Australia

Correspondence
Philip Thornton, CGIAR Research Program 
on Climate Change, Agriculture and Food 
Security (CCAFS), International Livestock 
Research Institute (ILRI), PO Box 30709, 
Nairobi 00100, Kenya.
Email: p.thornton@cgiar.org

Present address
Mario Herrero, Department of Global 
Development, College of Agriculture and 
Life Sciences & Cornell Atkinson Centre 
for Sustainability, Cornell University, 
Warren Hall, Ithaca, New York 14850, 
USA

Funding information
CGIAR Trust Fund and bilateral donors 
(https://ccafs.cgiar.org/donors)

Abstract
Anthropogenic climate change is expected to have major impacts on domesticated 
livestock, including increased heat stress in animals in both intensive and extensive 
livestock systems. We estimate the changes in the number of extreme heat stress 
days per year for animals raised outdoors that can be expected in the major domes-
ticated animal species (cattle, sheep, goats, poultry, and pigs) across the globe during 
this century. We used the temperature humidity index as a proxy for heat stress, 
calculated using temperature and relative humidity data collated from an ensemble 
of CMIP6 climate model output for mid and end century. We estimate changes in the 
proportions of different livestock species that may be at increased risk of extreme 
heat stress under two contrasting greenhouse gas emission scenarios. Results are  
discussed in relation to changes in the suitability of different climate conditions for 
domesticated livestock during the current century. We find that by end century,  
extreme heat stress risk is projected to increase for all livestock species in many parts 
of the tropics and some of the temperate zones, and to become climatically more 
widespread, compared to 2000. Although adaptation options exist for both intensive 
and extensive livestock production systems, the increasing pervasiveness of extreme 
heat stress risk in the future will seriously challenge the viability of outdoor livestock 
keeping, particularly in the lower latitudes in lower and middle- income countries 
where the costs of adaptation may be challenging to address.
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status, animal size, and previous exposure, with high- yielding indi-
viduals and breeds the most susceptible (Godde et al., 2021). For 
example, dairy cows are generally more susceptible than beef cat-
tle, and temperate Bos taurus breeds tend to be more susceptible 
than tropically adapted Bos indicus cattle and their crosses (Polsky & 
von Keyserlingk, 2017). Within the dairy breeds, Holsteins are less 
heat tolerant than other breeds such as Jersey and Brown Swiss, in 
that they have a higher core temperature, are larger and thus have 
a lower skin surface to mass ratio (Polsky & von Keyserlingk, 2017), 
have thicker coats, and higher yield potential (Galán et al., 2018). In 
general, increases in the productive capacity of domestic animals, 
partially driven by increased selection pressure for animals with 
higher productivity, can compromise thermal acclimation and plas-
ticity; this is a serious issue in view of the escalating demand for 
livestock products in lower and middle- income countries (LMICs), 
steadily increasing temperatures, and the investments that are likely 
to be required for domestic livestock to adapt to new thermal envi-
ronments (Collier & Gebremedhin, 2015).

The increased seriousness of the heat stress issue as a result 
of anthropogenic greenhouse gas emissions in the present century 
has been underlined in recent literature (see, e.g., Hempel et al., 
2019; Rahimi et al., 2021; Rashamol et al., 2019; Sejian et al., 2018). 
Increases of 1.5°C and above may exceed limits for normal thermo-
regulation of poultry (broiler and layer chickens), pigs, and cattle and 
could result in persistent heat stress for these animals in a range of 
different environments (Dunn et al., 2014; Lallo et al., 2018; Rahimi 
et al., 2021; Ranjitkar et al., 2020). In Brazil, high ambient tempera-
tures (29– 35°C) reduced average daily weight gain in growing- 
finishing pigs by nearly 10% and feed intake by nearly 14% compared 
with a thermoneutral environment (18– 25°C; da Fonseca de Oliveira 
et al., 2019). Compared with cattle, the direct effects of higher tem-
peratures on sheep and goats may be less severe, though goats are 
better able to cope with multiple stressors than sheep (Sejian et al., 
2018). In LMICs, indigenous poultry contribute significantly to the 
livelihoods of many households, including via modest improvements 
in nutritional outcomes of children in the household (de Bruyn et al., 
2018). Indigenous poultry are often assumed to be hardy and well 
adapted to stressful environments, but there is little information 
about their performance under warmer climates or about possible 
interactions with other production challenges (Nyoni et al., 2019).

We present new information on projected increases in extreme 
heat stress in five of the major domesticated animal species (cattle, 
sheep, goats, poultry, and pigs) during the present century, using the 
temperature humidity index (THI) as a proxy for heat stress, calcu-
lated using daily temperature and relative humidity data collated 
from an ensemble of bias- corrected and downscaled CMIP6 climate 
model output for mid and end century under two contrasting green-
house gas emission scenarios. Results are presented in relation to 
changes in the proportion of animals affected in future and changes 
in the suitability of different environmental conditions for domesti-
cated livestock. For future livestock production systems, a range of 
adaptation options exist. We conclude with some comments as to 
their limits in intensive and extensive production systems and some 

critical knowledge gaps. These gaps include more nuanced informa-
tion on the impacts of heat stress on the productivity of different 
species and breeds, and how livestock producers in different con-
texts may be able to adapt.

2  |  METHODS

2.1  |  Heat stress

There are several methods for assessing the risk of heat stress in 
animals. These include the use of indices that combine ambient tem-
perature and relative humidity measurements to estimate the ther-
mal (dis)comfort of animals, and methods that involve estimating the 
temperature as actually experienced by the animal (Herbut et al., 
2018). Several different metrics have been proposed and compared 
to study heat stress effects over time periods of weeks and months 
(see, e.g., Dikmen & Hansen, 2009; Hammami et al., 2013; Herbut 
et al., 2018). The THI is the most widely used index, with much of the 
literature based on the equation of Thom (1959):

where T is the dry bulb air temperature (°C) and RH is the relative 
air humidity (%). The algebraically equivalent equation given by NRC 
(1971) is:

These two forms are numerically equivalent other than for some 
rounding differences in the coefficients. Various extensions and 
modifications to the basic THI equation have been used. For exam-
ple, St- Pierre et al. (2003) provided equations for production losses 
from cattle, pigs, and poultry (including mortality), using modifica-
tions to the basic THI formula that accounted for diurnal duration 
of heat stress and cumulative heat load. Gaughan et al. (2008) pro-
posed a heat load index (HLI), which is more sophisticated than THI 
as it takes account of wind speed and solar radiation.

Thermoneutral thresholds are usually determined by physio-
logical responses, such as changes to the animal's respiration rate 
and body temperature, rather than changes to behavior (e.g., Galán 
et al., 2018), and are dependent on other factors such as geo-
graphic location and type of animal (Jeelani et al., 2019). As such, 
a wide range of thresholds have been published in the literature. 
For dairy cattle, Pinto et al. (2020) cite a range of THI from 60 to 
72 as the threshold for milk yield losses, while the review of Wang 
et al. (2018) tabulates “THI thresholds of alert” of between 60 and 
78.2 for Holstein cattle across the United States and Europe, calcu-
lated using Equation (2) above. Similarly, Xin and Harmon (1998) re-
ported different THI thresholds for pigs, cattle, and laying hens, and 
Gaughan et al. (2010) reported substantial differences in thresholds 
of the HLI, based on a wide range of different cattle breeds and 
management. Clearly, the context of the animal's situation matters 
considerably.

(1)THI = 0.8 × T + ((RH∕100) × (T − 14.3)) + 46.4,

(2)THI = (1.8 × T + 32) − (0.55 − 0.0055 × RH) × (1.8 × T − 26.8) .
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For purposes of a global study such as this, there is strong justifi-
cation from the literature for using Equations (1) or (2) above for the 
five major livestock species (Table 1). THI thresholds for different 
levels of heat stress for the different livestock species are shown 
in Table 1. There are also clear breed differences in these thresh-
olds, but there is only very limited literature on THI differences in 
heat stress thresholds in different breeds of livestock. For example, 
Valente et al. (2015) showed that dry matter intake of Bos indicus 
bulls was not affected up to a THI value of 81.5, for example, sug-
gesting a THI threshold for extreme stress in such cattle of 94. In 
another study, McManus et al. (2016) estimated THI thresholds, 
equivalent to the onset of “moderate heat stress” in Table 1, for 12 
breeds of sheep (mostly European and Australasian) under Brazilian 
conditions; these ranged from 69 to 74.

Given the considerable uncertainties in THI thresholds by breed, 
we disaggregated global animal numbers based on temperate and 
tropical zones (defined for the purposes of this analysis as shown 
in Figure S1), and then empirically estimated THI thresholds for ex-
treme heat stress for the latter regions, as described below.

2.2  |  Weather and climate data

For climate data, downscaled climate projections from an ensem-
ble of the bias- adjusted, statistically downscaled outputs from five 
CMIP6 global climate models (MRI- ESM2- 0, IPSL- CM6A- LR, MPI- 
ESM1- 2- HR, UKESM1- 0- LL, GFDL- ESM4) were utilized. These data 
were from the ISIMIP3b simulation round (https://www.isimip.org), 
at a spatial resolution of 0.5° latitude– longitude. We assembled data 
for current and future time slices as projected in response to a lower 
and a higher greenhouse gas emission scenario (SSP1- 2.6, based on 
SSP 1 and RCP 2.6; and SSP5- 8.5, based on SSP5 and RCP 8.5; Lange, 
2019, 2020) to simulate a wide range of feasible future environmental 

conditions. We used daily data for years centered in 2000 (which we 
took as the baseline climate year), 2050, and 2090, for the following 
variables: daily average temperature and daily average relative humid-
ity. These data were at a spatial resolution of 0.5° latitude– longitude. 
Because of projected increases in the intensity and duration of heat 
waves during the current century (IPCC, 2018), we estimated the THI 
on a daily basis. This allowed us to identify areas where the risk of ex-
treme heat stress is projected to increase, to the extent that suitabil-
ity for outside livestock production may not be viable in the future.

2.3  |  Livestock numbers and distribution

We used the livestock density data layers of Gilbert et al. (2018) for 
cattle, sheep, goats, pigs, and chickens. These are for 2010, herd 
numbers at national level matching FAOSTAT country- level data for 
that year. Global animal numbers amounted to 1.43 billion cattle, 
0.93 billion goats, 1.1 billion sheep, 0.96 billion pigs, and 20.1 bil-
lion chickens (FAO, 2021). Livestock systems are highly dynamic, and 
both extensive and intensive livestock production systems can be 
expected to change significantly in the coming decades in response 
to drivers such as the changing demand for animal source foods of 
different types and the effects of climate change, for example (Rust, 
2019). In view of the difficulties involved in projecting livestock sys-
tem changes into the future, we decided to keep livestock numbers 
constant for the purposes of the analysis reported here.

2.4  |  Empirical estimation of extreme heat stress 
thresholds for temperate and tropical livestock

Although there is plenty of evidence that livestock breeds vary in 
their heat stress tolerance, there is little detailed information on 

TA B L E  1  Selected studies that use some form of the Thom (1959) equation for the temperature humidity index (THI) to estimate heat 
stress in animals, and the threshold values used

Species

Onset of heat stress level

ReferencesModerate High Extreme

General 70 75 80 Thom (1959)

General 72 78 90 Fuquay (1981)

Cattle— dairy 72 79 89 Moran (2005); Dunn et al. (2014); Ranjitkar et al. (2020); Rahimi et al. (2021); 
Pinto et al. (2020)

Cattle— general 72 79 90 Xin & Harmon (1998)

Cattle— beef 72 82 94 Valente et al. (2015)

Goats 70 79 89 Serradilla et al. (2018)

Sheep 72 78 90 McManus et al. (2016); Beldadj Slimen et al. (2019)

Pigs 75 79 84 Xin & Harmon (1998); Lallo et al. (2018); Mutua et al. (2020)

Poultry— broilers 74 79 84 Oliveira et al. (2019)

Poultry— layers 71 76 82 Du et al. (2020); Xin and Harmon (1998)

Poultry— general 73 81 85 Moraes et al. (2008)

Note: Moraes et al. (2008) used five different categories for poultry— light and moderate discomfort were merged here.

https://www.isimip.org
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differences in THI thresholds for species other than cattle; even the 
information for cattle is limited. We thus combined information on 
the current location of cattle and breed stress tolerance to develop 
a method to estimate plausible higher tolerance levels for sheep, 
goats, pigs, and poultry.

Several studies agree on a THI value of 89 as being the onset 
of extreme heat stress in several breeds of cattle in temperate re-
gions (Table 1). For current conditions (1991– 2010), we calculated 
pixel- specific THI values across the globe and then calculated the 
number of days per year on which this threshold was exceeded 
for cattle in the temperate zones identified in Figure S1, using the 
cattle distribution data layer of Gilbert et al. (2018). Nearly 10% 
of cattle in the temperate zones are located in places with one or 
more days each year with a THI value >89 (Table 2). The average 
number of extreme heat stress days per year in this population of 
cattle is 10.4 across all temperate subregions; several regions have 
zero days per year. We then calculated the number of days of ex-
treme heat stress per year for the tropical cattle population, using 
a range of integer THI thresholds. At a THI threshold of 94, nearly 
7% of the tropical cattle population experiences one or more days 
of extreme heat stress per year. This proportion increased to 14% 
at a THI threshold of 93 and decreased to 4% at a THI threshold 
of 95. We thus used a THI threshold of 94 for tropical cattle in 
subsequent analysis. This threshold for extreme heat stress onset 
is in accord with the estimate for a Bos indicus breed in the study 
of Valente et al. (2015). In the analysis of thresholds presented 
below, we made no distinction between dairy and beef cattle, al-
though there are differences in the effects of heat stress on dairy 
and beef animals, due to some differences in the mechanisms 
involved as well as differences in levels of production (St- Pierre 
et al., 2003).

We repeated this process of estimating THI thresholds for the 
separate temperate and tropical populations of goats, sheep, pigs, 
and poultry. Results are shown in Table 2. Extreme heat stress onset 
at a THI value of 89 (calculated as above, at the integer THI value giv-
ing as near to 10% of the population as possible) applies across the 
temperate zone for all species except for sheep, for whom onset was 
estimated to occur at THI threshold of 86. There was some variation 
in onset threshold for the tropical animals: 94 for cattle and goats, 
93 for sheep, and 92 for pigs and poultry.

2.5  |  Changes in the suitability niches of 
domesticated livestock

Following Xu et al. (2020), who investigated the future of the human 
climate niche, we summarized how livestock suitability niches might 
change in the future because of increasing extreme heat stress by 
plotting the current distribution of animals against mean annual 
temperature (MAT) and mean annual precipitation (MAP) for current 
(2000) and future conditions.

3  |  RESULTS

Results of the analysis were aggregated to the IPCC land subregions 
(Iturbide et al., 2020); see Figure S1.

3.1  |  Changes in the proportion of animals 
potentially exposed to extreme heat stress

The projected change in the number of days per year of extreme heat 
stress and the total number of animals affected are shown in Table 3, 
for the five livestock species under SSP1- 2.6 and SSP5- 8.5 in 2050 
and 2090, compared to 2000. The proportion of animals affected in 
temperate and tropical regions is shown in Table 4. For example, some 
8% of the global cattle herd is in areas with 8 days per year of extreme 
heat stress in 2000, or 9.7% of the temperate cattle herd and 6.8% of 
the tropical cattle herd. The number of days per year of extreme heat 
stress increases to 19 and 24 in 2050 under SSP1- 2.6 and SSP5- 8.5, 
respectively. By 2090, the percentage of cattle affected has declined 
slightly under SSP1- 2.6. This is because SSP1- 2.6 envisages that GHG 
emissions will peak in 2060, at an atmospheric concentration of some 
460 ppm CO2, and this falls to 440 ppm CO2 by 2100. Under SSP5- 
8.5, by 2090, more than 60% of the global cattle herd is projected 
to experience nearly 70 days per year of extreme heat stress. This 
is because SSP5- 8.5 represents a very high GHG- emission future, in 
which atmospheric CO2 concentration climbs to 630 ppm by 2060 
and accelerates to 1020 ppm by 2100 (Riahi et al., 2017). Acclimation 
and adaptation can occur within and between generations (Ahmed 
et al., 2017; Collier et al., 2019), but unabated extreme heat stress 
may severely affect the animal's reproductive cycle, reduce feed in-
take and production, and eventually lead to death (Silanikove, 2000).

Similar patterns are shown by the other four species: a doubling 
or more in the number of extreme stress days per year under SSP1- 
2.6 in 2050, with that number remaining approximately constant 
in 2090 as the atmospheric CO2 concentration peaks and then de-
clines, with 17%– 31% of animal numbers being affected, depending 
on species and breed (temperate or tropical). The effects in 2050 
under SSP5- 8.5 are larger than under SSP1- 2.6 for all species, with 
approximately a trebling of the proportion of animals affected and 
the number of days of extreme heat stress. By 2090, the propor-
tion of animals and the number of days per year have nearly doubled 
again. In most cases in Table 4, the proportion of animals affected 

TA B L E  2  The THI thresholds for “extreme heat stress” above 
which approximately 10% of livestock numbers in the tropical and 
temperate zones, as defined in Figure S1, are currently located

Species

THI threshold Population share, %

Temperate Tropical Temperate Tropical

Cattle 89 94 9.7 6.8

Goats 89 94 10.3 8.5

Sheep 86 93 12.5 8.0

Pigs 89 92 8.5 12.5

Poultry 89 92 12.4 11.3
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by extreme heat stress in the temperate zone is larger than the pro-
portion of animals affected in the tropics. This is not the case for 
goats under SSP5- 8.5 in 2050 and 2090 nor for cattle in 2090. The 
number of animals of each species affected in each IPCC region is 
shown in Tables S1– S5.

Changes in the number of days per year of extreme heat stress 
from 2000 to the 2090s under SSP5- 8.5 are shown in Figure 1 for 
the five species. These are mapped in relation to the current global 
distribution of each species (Gilbert et al., 2018); areas in gray show 
the presence of animals but no change in the number of days.

3.2  |  Changes in the suitability niches of 
domesticated livestock

Taking 2000 conditions as some indication of “suitability” for cattle 
(given that this is where they are found currently), Figure 2a shows 
how the distribution of cattle in the temperate zones could shift in 
relation to changes in MAT and MAP. In 2000, the largest proportion 
of cattle is found between 400 and 1500 mm MAP and 4– 25°C MAT 
(cattle in the temperate zone in very low MAP areas are the result of 
the coarse spatial resolution of the climate data). Under SSP5- 8.5 in 
2090, the range of MAP for cattle is similar to 2000, but the range of 
MAT has shifted to about 10– 30°C. At the same time, extreme heat 
stress days in 2090 occur over a larger MAP– MAT space compared 
to 2000, particularly where conditions are both warmer and wetter. 
For the tropical cattle herd, animal distribution in MAP– MAT space 
in Figure 2b contrasts strongly with the temperate herd. The tropi-
cal herd in 2090 is distributed across much wetter areas compared 
to 2000. By the same token, the relative proportion of extreme heat 
stress days per year in 2090 is far greater in the warmer, wetter 
areas of the tropics compared to 2000. Similar effects were found 
for the other four animal species; maps are shown in Figures S2– S5.

To summarize these effects, for all species, current distribution 
in MAP– MAT space shifts up (higher MAT) and to the right (higher 
MAP), although the effect is stronger for MAP than for MAT, and 
stronger for animals in the tropics compared with animals in the 
temperate zones. For all species, both in the tropics and the tem-
perate zones, there is a marked increase in the number of climates 
(represented by different combinations of MAP and MAT) in which 
extreme heat stress occurs in 2090 under SSP5- 8.5, compared to 
2000.

4  |  DISCUSSION AND CONCLUSIONS

The results presented here show that through to the end of the cen-
tury, the major domestic livestock populations will be at increasing 
risk of extreme heat stress, and in places these risks will be very high. 
The current climate niche in terms of MAP and MAT for humans, 
crops, and domesticated livestock overlap considerably, unsurpris-
ingly, and these conditions (within which humans have thrived) 
have remained largely the same since the mid- Holocene period 
(6000 years before the present; Xu et al., 2020). The changes in suit-
ability niches for domesticated livestock to the end of the present 
century as a result of increases in extreme heat stress risk present 
considerable challenges. We consider these below with respect to 
(1) animal displacement, (2) adaptation alternatives in lower input 
livestock production systems, and (3) adaptation alternatives in 
higher input livestock production systems.

4.1  |  Animal displacement

In some regions, local redistribution of livestock populations from 
areas with high risk of increased extreme heat stress to areas with 
much lower risk may be possible. For instance, in the southern part 
of East Africa (SEAF, Figure S1), there are approximately 106 mil-
lion chickens. Under SSP585 in 2090, some 20 million of them will 
be at risk of extreme heat stress, compared to 0.1 million in 2000  
(Table S5). These at- risk chickens are located mostly on the coastal 
strip of the SEAF region (Figure 1B), and there are large areas of the 
SEAF region that will see no increase in extreme heat stress to the end  
of this century (areas in gray in Figure 1b). Theoretically, the at- risk 
chickens could be moved to other parts of the region where the risk 
of extreme heat stress is much lower. The poultry situation in west-
ern Africa (WAF, Figure 1) is very different; by 2090 under SSP5- 
8.5, projections indicate that more than 98% of the region's poultry, 
numbering 470 million birds, will be at high risk of extreme heat 
stress. There are few parts of the region (Figure 1b) where poultry 
could be moved to, under similar management conditions as cur-
rently, to reduce the high risk of extreme heat stress (though they 
might be moved to other regions altogether, theoretically).

Whether such animal redistributions are even possible depends 
heavily on context. It would depend on a range of factors, including 

TA B L E  3  Number of days per year (days) of extreme heat stress by species, and number of animals affected (N, million), for current 
conditions and two time slices under two SSPs. Total N, global total in 2010 (Gilbert et al., 2018)

Species Total N

2000 2050 SSP1- 2.6 2090 SSP1- 2.6 2050 SSP5- 8.5 2090 SSP5- 8.5

N Days N Days N Days N Days N Days

Cattle 1,432 114 8 252 19 247 18 370 24 876 69

Goats 932 85 6 191 16 215 16 283 21 640 57

Sheep 1,095 117 11 231 23 218 22 336 31 692 77

Pigs 957 87 6 242 18 247 19 369 27 664 77

Poultry 20,117 2,421 11 5,757 28 5,901 28 8,606 36 15,089 87
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the adaptation options available in the original location, and in the new 
location, the availability and price of feed, and the costs of produc-
tion. Because the distribution of domesticated livestock and cropping 
is highly correlated with human population distribution (Reid et al., 
2000; Xu et al., 2020), as the human climate niche changes, so domes-
ticated livestock distributions can be expected to change also. The 
feasibility of animal redistribution could thus also include the costs of 
energy along what may be new value chains to supply livestock prod-
ucts to possibly different centers of demand. Furthermore, the socio- 
economic and cultural barriers to managed animal movements may 
be daunting. In many transhumant and pastoral livestock systems, 
for example, rangeland fragmentation and the privatization of com-
munal grazing lands have already placed considerable constraints on 
traditional seasonal livestock movement, and these constraints may 
become increasingly severe (Hobbs et al., 2008). The places where 
extreme heat stress risk is projected to increase may affect livestock 
keepers as well as their livestock. Human labor capacity is projected 
to decline markedly during the current century because of heat stress 
risk (Watts et al., 2018); the ability of some livestock keepers to man-
age their animals may be significantly constrained.

In general, reconfiguration and relocation of agricultural systems 
could be a highly effective adaptation strategy for moderate levels 
of climate change, moving crop, and livestock production to the 
land areas best suited to prevailing (and shifting) climatic conditions 
(Janssens et al., 2020). Any such movement toward regional land use 
optimization, including use of grazing lands, will depend on policy 
objectives of national governments and on the development and 
implementation of collaborative trading and security agreements. 
It should also be noted that livestock production suitability will in-
crease in some places, via a reduction in the colder temperatures 
that constrain production as well as warmer temperatures. Although 
not a focus of our analysis here, some locations in these higher lat-
itudes will be much less affected by extreme heat stress risk in the 
future. The biological potential of livestock production in some of 
these locations may be considerably higher than it is today.

4.2  |  Adaptation to extreme heat stress in lower 
input livestock production systems

Adaptation to extreme heat stress will become an imperative, as the 
climate niche occupied by domesticated livestock becomes warmer 
and wetter and the risks become more pervasive spatially. Adaptation 
options have been reviewed in several places (e.g., Godde et al., 
2021; Rojas- Downing et al., 2017). In lower input livestock systems, 
various lower cost adaptation strategies may be effective in reduc-
ing the impacts of heat stress in smallholder systems. These include 
the use of simple sheds to provide shade, animal baths, roof soaking, 
and installing fans in sheds, for example (Bang et al., 2021; York et al., 
2017). Certain arrangements of shade trees in silvopastoral livestock 
production systems, particularly in Latin America, have been shown 
to be an effective means of reducing heat stress (Cuartas Cardona 
et al., 2014; Ibrahim et al., 2006; Pezzopane et al., 2019).TA
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Exploiting existing variation in heat tolerance among different 
breeds and species may be a key adaptation strategy. This includes 
shifts such as from large ruminants to more heat- resilient goats for 
dairy production in Mediterranean systems or from cattle to camels 
in pastoral systems in East Africa, for instance (Kagunyu & Wanjohi, 
2014; Silanikove & Koluman, 2015; Wako et al., 2017).

Cross- breeding highly selected breeds with indigenous breeds 
may offer adaptation benefits in some situations, although its 
effectiveness as an adaptation appears dependent on context 
(Moore & Ghahramani, 2014; Wilkes et al., 2017). There is some 
scope for genetic improvement in animals to increase tolerance 
to heat stress, such as making use of the slick hair gene in cat-
tle (Ortiz- Colón et al., 2018) or the naked neck gene in poultry 
(Nawab et al., 2018). Although there are prospects for fast- track 
genetic improvement programs for domesticated livestock (Clark 
et al., 2020), the extent and pervasiveness of projected future ex-
treme heat stress risk indicate that extensive livestock systems 
in some parts of the global tropics may cease to be viable, in the 
absence of marked increases in heat tolerance in livestock in 
these systems. Poultry and pigs face major heat stress challenges 
in many parts of the tropics where they are currently raised; the 
same is true for all five major domesticated species in West Africa 
and South Asia.

4.3  |  Adaptation to extreme heat stress in higher 
input livestock production systems

Higher input livestock production systems include confined, 
intensive systems, and these are generally based on higher yield-
ing animals, which are more susceptible to heat stress (Godde et al., 
2021). Such production systems may need increasing investments 
in farm infrastructure if they are to adapt to increasing heat stress 
risk. There is a wide range of different ventilation systems, cooling 
systems, and building designs for confined and seasonally confined 
intensive livestock systems (pigs, poultry, beef, dairy) in temperate 
regions. The literature on the economic consequences and profit-
ability of different infrastructural options under different climate 
change scenarios in Europe and North America is already extensive 
(e.g., Derner et al., 2018; Hempel et al., 2019; Mikovits et al., 2019; 
Schauberger et al., 2019; Vitt et al., 2017), given that the economic 
costs of combatting increasing heat stress may increase sharply. If 
such systems become increasingly energy and capital intensive, and 
if energy costs are high, economic viability may be threatened, and 
they may become increasingly vulnerable to disruptions in energy 
supply (Godde et al., 2021) with investments in more distributed 
generation, including locally with solar panels, a potential replace-
ment for grid- based electricity.

F I G U R E  1  Change in the number of days per year above “extreme stress” values from 2000 to the 2090s for SSP5- 8.5, estimated using the 
temperature humidity index (THI). Data mapped for each species’ current global distribution (Gilbert et al., 2018). Gray areas show no change 
from zero. Regional boundaries shown are for the IPCC subregions (Iturbide et al., 2020). (a) cattle, (b) goats, (c) sheep, (d) pigs, (e) poultry 
[Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c) (d)

(e)

https://onlinelibrary.wiley.com/
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4.4  |  Concluding comments: Limits to adaptation?

Our broad- scale analysis shows that current domesticated livestock 
niches will become hotter and wetter, and extreme heat stress will 
become more pervasive. By the 2050s, some locations will become 
too hot and humid for animals to thrive without considerable adap-
tation. In such areas, extensive animal production may no longer be 
viable. This applies particularly to low input systems, where the costs 
of (and constraints to) adaptation may become prohibitive. Even for 
the higher input systems, in places where extreme heat stress risk in-
creases, adaptation costs will increase because of increasing energy 
and infrastructure costs, threatening economic viability.

In lower income countries, vulnerability to the health impacts of 
climate change will be shaped by the existing burden of ill- health and 

is expected to be highest in poor and socio- economically marginalized 
populations (Labbé et al., 2016). For many in the rural areas, livestock 
may be their primary asset. The labor capacity of rural populations in 
rural areas under a warming climate is likely to decrease further, be-
yond the 5% decrease estimated since 2000 (Watts et al., 2018). Loss 
of labor capacity may have critical implications for the vulnerability of 
those relying on subsistence farming and livestock keeping.

Much is unknown about the potential impacts of increased heat 
stress on domesticated livestock populations and the resulting pro-
duction and productivity effects, particularly in species other than 
cattle. The analysis above concerned the longer term impacts of heat 
stress on domesticated livestock. An additional element in the esti-
mation of heat stress impacts relates to the effects of heat waves, 
or relatively short periods of consecutive days when heat stress is 

F I G U R E  2  Relative distribution 
of cattle (dark blue plots) and of 
extreme heat stress days per year 
(dark green plots) in relation to mean 
annual precipitation and mean annual 
temperature, 2000 (left- hand panels) and 
2090 under SSP5- 8.5 (right- hand panels). 
Here (and in Figures S2– S5), the data 
were smoothed using a low- pass filter and 
bins with sparse data (<1%) omitted. (a) 
Cattle in the temperate zones, (b) cattle 
in the tropical zones [Colour figure can be 
viewed at wileyonlinelibrary.com]

(a)

(b)

https://onlinelibrary.wiley.com/
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severe or extreme (Gaughan et al., 2009). Heat waves of a few days’ 
duration can reduce animal performance and cause substantial eco-
nomic losses to the livestock industry (Hahn et al., 2002, cited in 
Gaughan et al., 2009; Garner et al., 2017; Lees et al., 2019).

In addition to further information on effects of heat waves on 
animal productivity, particularly in extensive systems, studies are 
needed that integrate heat stress effects with what is known about 
likely future impacts of climate change on feed and feed supply, and 
with information on projected shifts in climate- sensitive diseases 
and disease vectors and their impacts on livestock. Although a proxy 
of heat stress such as THI may provide useful information on the po-
tential extent and scope of the problem in the future at broad scale, 
there is a need for considerably more research on impacts and ad-
aptation options that can provide more context- specific, actionable 
information so that livestock keepers and policy makers can adapt to 
the impact of climate changes.

ACKNOWLEDG MENTS
PT acknowledges support from the CGIAR Research Program on 
Climate Change, Agriculture and Food Security (CCAFS), which is 
carried out with support from CGIAR Trust Fund and through bilat-
eral funding agreements. For details, please visit https://ccafs.cgiar.
org/donors.

CONFLIC T OF INTERE S T
We have no conflicts of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
Results from the study are included as Supplementary Information 
accompanying this article. Other data that support the findings of 
this study are available from the corresponding author upon reason-
able request.

ORCID
Philip Thornton  https://orcid.org/0000-0002-1854-0182 
Gerald Nelson  https://orcid.org/0000-0003-3626-1221 
Dianne Mayberry  https://orcid.org/0000-0003-1584-8066 
Mario Herrero  https://orcid.org/0000-0002-7741-5090 

R E FE R E N C E S
Ahmed, B. M. S., Younas, U., Asar, T. O., Dikmen, S., Hansen, P. J., & Dahl, 

G. E. (2017). Cows exposed to heat stress during fetal life exhibit 
improved thermal tolerance. Journal of Animal Science, 95, 3497– 
3503. https://doi.org/10.2527/jas20 16.1298

Bang, N. N., Gaughan, J. B., Hayes, B. J., Lyons, R. E., Chanh, N. V., Trach, 
N. X., Khang, D. N., & McNeill, D. M. (2021). Characteristics of cow-
sheds in Vietnamese smallholder dairy farms and their associations 
with microclimate— A preliminary study. Animals, 11(2), 351. https://
doi.org/10.3390/ani11 020351

Belhadj Slimen, I., Chniter, M., Najar, T., & Ghram, A. (2019). Meta- 
analysis of some physiologic, metabolic and oxidative responses of 
sheep exposed to environmental heat stress. Livestock Science, 229, 
179– 187. https://doi.org/10.1016/j.livsci.2019.09.026

Clark, E. L., Archibald, A. L., Daetwyler, H. D., Groenen, M. A. M., 
Harrison, P. W., Houston, R. D., Kühn, C., Lien, S., Macqueen, D. J., 

Reecy, J. M., Robledo, D., Watson, M., Tuggle, C. K., & Giuffra, E. 
(2020). From FAANG to fork: Application of highly annotated ge-
nomes to improve farmed animal production. Genome Biology, 21(1), 
1– 9. https://doi.org/10.1186/s1305 9- 020- 02197 - 8

Collier, R. J., Baumgard, L. H., Zimbelman, R. B., & Xiao, Y. (2019). Heat 
stress: Physiology of acclimation and adaptation. Animal Frontiers, 
9(1), 12– 19. https://doi.org/10.1093/af/vfy031

Collier, R. J., & Gebremedhin, K. G. (2015). Thermal biology of domestic 
animals. Annual Review of Animal Biosciences, 3(1), 513– 532. https://
doi.org/10.1146/annur ev- anima l- 02211 4- 110659

Cuartas Cardona, C. A. (2014). Contribution of intensive silvopastoral sys-
tems to animal performance and to adaptation and mitigation of cli-
mate change. Revista Colombiana de Ciencias Pecuarias, 27(2), 76– 94.

da Fonseca de Oliveira, A. C., Vanelli, K., Sotomaior, C. S., Weber, S. H., 
& Costa, L. B. (2019). Impacts on performance of growing- finishing 
pigs under heat stress conditions: A meta- analysis. Veterinary 
Research Communications, 43, 37– 43. https://doi.org/10.1007/
s1125 9- 018- 9741- 1

De Bruyn, J., Thomson, P. C., Darnton- Hill, I., Bagnol, B., Maulaga, W., 
& Alders, R. G. (2018). Does village chicken- keeping contribute 
to young children's diets and growth? A longitudinal observa-
tional study in rural Tanzania. Nutrients, 10(11), 1799. https://doi.
org/10.3390/nu101 11799

Derner, J., Briske, D., Reeves, M., Brown- Brandl, T., Meehan, M., 
Blumenthal, D., Travis, W., Augustine, D., Wilmer, H., Scasta, 
D., Hendrickson, J., Volesky, J., Edwards, L., & Peck, D. (2018). 
Vulnerability of grazing and confined livestock in the Northern 
Great Plains to projected mid- and late- twenty- first century climate. 
Climatic Change, 146(1), 19– 32. https://doi.org/10.1007/s1058 
4- 017- 2029- 6

Dikmen, S., & Hansen, P. J. (2009). Is the temperature- humidity index the 
best indicator of heat stress in lactating dairy cows in a subtropi-
cal environment? Journal of Dairy Science, 92, 109– 116. https://doi.
org/10.3168/jds.2008- 1370

Du, X., Carpentier, L., Teng, G., Liu, M., Wang, C., & Norton, T. (2020). 
Assessment of laying hens’ thermal comfort using sound technol-
ogy. Sensors, 20(2), 473. https://doi.org/10.3390/s2002 0473

Dunn, R. J. H., Mead, N. E., Willett, K. M., & Parker, D. E. (2014). 
Analysis of heat stress in UK dairy cattle and impact on milk yields. 
Environmental Research Letters, 9, 064006. https://doi.org/10.1088
/1748- 9326/9/6/064006

FAO. (2021). FAOSTAT database. http://www.fao.org/faost at/en/
Fuquay, J. W. (1981). Heat stress as it affects animal production. Journal 

of Animal Science, 52(1), 164– 174. https://doi.org/10.2527/jas19 
81.521164x

Galán, E., Llonch, P., Villagrá, A., Levit, H., Pinto, S., & del Prado, A. (2018). 
A systematic review of non- productivity- related animal- based in-
dicators of heat stress resilience in dairy cattle. PLoS One, 13(11), 
e0206520. https://doi.org/10.1371/journ al.pone.0206520

Garner, J. B., Douglas, M., Williams, S. R. O., Wales, W. J., Marett, L. C., 
DiGiacomo, K., Leury, B. J., & Hayes, B. J. (2017). Responses of 
dairy cows to short- term heat stress in controlled- climate cham-
bers. Animal Production Science, 57(7), 1233– 1241. https://doi.
org/10.1071/AN16472

Gaughan, J., Lacetera, N., Valtorta, S. E., Khalifa, H. H., Hahn, L., & Mader, 
T. (2009). Biometeorology for adaptation to climate variability and 
change. In K. L. Ebi, I. Burton, & G. R. McGregor (Eds.), Response of 
domestic animals to climate challenges (pp. 131– 170). Springer.

Gaughan, J. B., Mader, T. L., Holt, S. M., & Lisle, A. (2008). A new heat 
load index for feedlot cattle. Journal of Animal Science, 86, 226– 234. 
https://doi.org/10.2527/jas.2007- 0305

Gaughan, J. B., Mader, T. L., Holt, S. M., Sullivan, M. L., & Hahn, G. L. 
(2010). Assessing the heat tolerance of 17 beef cattle genotypes. 
International Journal of Biometeorology, 54(6), 617– 627. https://doi.
org/10.1007/s0048 4- 009- 0233- 4

https://ccafs.cgiar.org/donors
https://ccafs.cgiar.org/donors
https://orcid.org/0000-0002-1854-0182
https://orcid.org/0000-0002-1854-0182
https://orcid.org/0000-0003-3626-1221
https://orcid.org/0000-0003-3626-1221
https://orcid.org/0000-0003-1584-8066
https://orcid.org/0000-0003-1584-8066
https://orcid.org/0000-0002-7741-5090
https://orcid.org/0000-0002-7741-5090
https://doi.org/10.2527/jas2016.1298
https://doi.org/10.3390/ani11020351
https://doi.org/10.3390/ani11020351
https://doi.org/10.1016/j.livsci.2019.09.026
https://doi.org/10.1186/s13059-020-02197-8
https://doi.org/10.1093/af/vfy031
https://doi.org/10.1146/annurev-animal-022114-110659
https://doi.org/10.1146/annurev-animal-022114-110659
https://doi.org/10.1007/s11259-018-9741-1
https://doi.org/10.1007/s11259-018-9741-1
https://doi.org/10.3390/nu10111799
https://doi.org/10.3390/nu10111799
https://doi.org/10.1007/s10584-017-2029-6
https://doi.org/10.1007/s10584-017-2029-6
https://doi.org/10.3168/jds.2008-1370
https://doi.org/10.3168/jds.2008-1370
https://doi.org/10.3390/s20020473
https://doi.org/10.1088/1748-9326/9/6/064006
https://doi.org/10.1088/1748-9326/9/6/064006
http://www.fao.org/faostat/en/
https://doi.org/10.2527/jas1981.521164x
https://doi.org/10.2527/jas1981.521164x
https://doi.org/10.1371/journal.pone.0206520
https://doi.org/10.1071/AN16472
https://doi.org/10.1071/AN16472
https://doi.org/10.2527/jas.2007-0305
https://doi.org/10.1007/s00484-009-0233-4
https://doi.org/10.1007/s00484-009-0233-4


    |  5771THORNTON eT al.

Gilbert, M., Nicolas, G., Cinardi, G., Van Boeckel, T. P., Vanwambeke, S. O., 
Wint, G. W., & Robinson, T. P. (2018). Global distribution data for cat-
tle, buffaloes, horses, sheep, goats, pigs, chickens and ducks in 2010. 
Scientific Data, 5(1), 1– 11. https://doi.org/10.1038/sdata.2018.227

Godde, C., Mason- D’Croz, D., Mayberry, D., Thornton, P. K., & Herrero, 
M. (2021). Risk of climate- related impacts on the livestock sec-
tor: A review of the evidence. Global Food Security, 28, https://doi.
org/10.1016/j.gfs.2020.100488

Hahn, G. L., Mader, T. L., Harrington, J. A., Nienaber, J. A., & Frank, K. L. 
(2002). Living with climatic variability and potential global change: 
Climatological analyses of impacts on livestock performance. 
Proceedings of the 16th International Congress on Biometeorology, 
Kansas, MO, pp. 45– 49.

Hammami, H., Bormann, J., M’hamdi, N., Montaldo, H. H., & Gengler, N. 
(2013). Evaluation of heat stress effects on production traits and 
somatic cell score of Holsteins in a temperate environment. Journal 
of Dairy Science, 96(3), 1844– 1855. https://doi.org/10.3168/
jds.2012- 5947

Hempel, S., Menz, C., Pinto, S., Galán, E., Janke, D., Estellés, F., Müschner- 
Siemens, T., Wang, X., Heinicke, J., Zhang, G., Amon, B., del Prado, 
A., & Amon, T. (2019). Heat stress risk in European dairy cattle hus-
bandry under different climate change scenarios— Uncertainties 
and potential impacts. Earth System Dynamics, 10(4), 859– 884. 
https://doi.org/10.5194/esd- 10- 859- 2019

Herbut, P., Angrecka, S., & Walczak, J. (2018). Environmental parameters 
to assessing of heat stress in dairy cattle— A review. International 
Journal of Biometeorology, 62(12), 2089– 2097. https://doi.
org/10.1007/s0048 4- 018- 1629- 9

Hobbs, N. T., Galvin, K. A., Stokes, C. J., Lackett, J. M., Ash, A. J., Boone, 
R. B., Reid, R. S., & Thornton, P. K. (2008). Fragmentation of range-
lands: Implications for humans, animals, and landscapes. Global 
Environmental Change, 18(4), 776– 785. https://doi.org/10.1016/j.
gloen vcha.2008.07.011

Ibrahim, M., Villanueva, C., Casasola, F., & Rojas, J. (2006). Sistemas 
silvopastoriles como una herramienta para el mejoramiento de la 
productividad y restauración de la integridad ecológica de paisajes 
ganaderos. Pastos y Forrajes, 29(4), 383– 419.

IPCC. (2018). Summary for policymakers. In V. Masson- Delmotte, P. 
Zhai, H.- O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani, W. 
Moufouma- Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, 
Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, & 
T. Waterfield (Eds.), Global warming of 1.5°C. An IPCC. Special report 
on the impacts of global warming of 1.5°C above pre- industrial levels 
and related global greenhouse gas emission pathways, in the context 
of strengthening the global response to the threat of climate change. 
https://doi.org/10.1016/j.oneear.2019.10.025

Iturbide, M., Gutiérrez, J. M., Alves, L. M., Bedia, J., Cerezo- Mota, R., 
Cimadevilla, E., Cofiño, A. S., Di Luca, A., Faria, S. H., Gorodetskaya, 
I. V., Hauser, M., Herrera, S., Hennessy, K., Hewitt, H. T., Jones, R. 
G., Krakovska, S., Manzanas, R., Martínez- Castro, D., Narisma, G. T., 
… Vera, C. S. (2020). An update of IPCC climate reference regions 
for subcontinental analysis of climate model data: Definition and 
aggregated datasets. Earth System Science Data, 12(4), 2959– 2970. 
https://doi.org/10.5194/essd- 12- 2959- 2020

Janssens, C., Havlík, P., Krisztin, T., Baker, J., Frank, S., Hasegawa, T., 
Leclère, D., Ohrel, S., Ragnauth, S., Schmid, E., Valin, H., Van Lipzig, 
N., & Maertens, M. (2020). Global hunger and climate change ad-
aptation through international trade. Nature Climate Change, 10(9), 
829– 835. https://doi.org/10.1038/s4155 8- 020- 0847- 4

Jeelani, R., Konwar, D., Khan, A., Kumar, D., Chakraborty, D., & Brahma, 
B. (2019). Reassessment of temperature- humidity index for mea-
suring heat stress in crossbred dairy cattle of a sub- tropical region. 
Journal of Thermal Biology, 82, 99– 106. https://doi.org/10.1016/j.
jther bio.2019.03.017

Kagunyu, A. W., & Wanjohi, J. (2014). Camel rearing replacing cattle pro-
duction among the Borana community in Isiolo County of Northern 

Kenya, as climate variability bites. Pastoralism, 4, 1– 5. https://doi.
org/10.1186/s1357 0- 014- 0013- 6

Labbé, J., Ford, J. D., Berrang- Ford, L., Donnelly, B., Lwasa, S., Namanya, 
D. B., Twesigomwe, S., & Harper, S. L. (2016). Vulnerability to the 
health effects of climate variability in rural southwestern Uganda. 
Mitigation and Adaptation Strategies for Global Change, 21, 931– 953. 
https://doi.org/10.1007/s1102 7- 015- 9635- 2

Lallo, C. H. O., Cohen, J., Rankine, D., Taylor, M., Cambell, J., & 
Stephenson, T. (2018). Characterizing heat stress on livestock using 
the temperature humidity index (THI)— Prospects for a warmer 
Caribbean. Regional Environmental Change, 18(8), 2329– 2340. 
https://doi.org/10.1007/s1011 3- 018- 1359- x

Lange, S. (2019). Trend- preserving bias adjustment and statistical down-
scaling with ISIMIP3BASD (v1.0). Geoscientific Model Development, 
12, 3055– 3070. https://doi.org/10.5194/gmd- 12- 3055- 2019

Lange, S. (2020). ISIMIP3BASD v2.4.1. https://doi.org/10.5281/
zenodo.3898426

Lees, A. M., Sejian, V., Wallage, A. L., Steel, C. C., Mader, T. L., Lees, J. C., 
& Gaughan, J. B. (2019). The impact of heat load on cattle. Animals, 
9(6), 322. https://doi.org/10.3390/ani90 60322

McManus, C., Dallago, B. S. L., Lehugeur, C., Ribeiro, L. A., Hermuche, 
P., Guimarães, R. F., Carvalho Júnior, O. A., & Paiva, S. R. (2016). 
Patterns of heat tolerance in different sheep breeds in Brazil. Small 
Ruminant Research, 144, 290– 299. https://doi.org/10.1016/j.small 
rumres.2016.10.004

Mikovits, C., Zollitsch, W., Hörtenhuber, S. J., Baumgartner, J., Niebuhr, 
K., Piringer, M., Anders, I., Andre, K., Hennig- Pauka, I., Schönhart, 
M., & Schauberger, G. (2019). Impacts of global warming on con-
fined livestock systems for growing- fattening pigs: Simulation of 
heat stress for 1981 to 2017 in Central Europe. International Journal 
of Biometeorology, 63, 221– 230. https://doi.org/10.1007/s0048 4- 
018- 01655 - 0

Moore, A. D., & Ghahramani, A. (2014). Climate change and broada-
cre livestock production across southern Australia. 3. Adaptation 
options via livestock genetic improvement. Animal Production. 
Science, 54, 111. https://doi.org/10.1071/AN13052

Moraes, S. R. P., Yanagi Júnior, T., Oliveira, A. L. R., Yanagi, S. N. M., & 
Café, M. B. (2008). Classification of the temperature and humidity 
index (THI), aptitude of the region, and conditions of comfort for broil-
ers and layer hens in Brazil. International Commission of Agricultural 
Engineering (CIGR), Institut fur Landtechnik. https://www.cabdi 
rect.org/cabdi rect/abstr act/20093 272870

Moran, J. (2005). Tropical dairy farming: Feeding management for small-
holder dairy farmers in the humid tropics. Landlinks Press.

Mutua, J. Y., Marshall, K., Paul, B. K., & Notenbaert, A. M. O. (2020). 
A methodology for mapping current and future heat stress risk 
in pigs. Animal, 14(9), 1952– 1960. https://doi.org/10.1017/S1751 
73112 0000865

Nawab, A., Ibtisham, F., Li, G., Kieser, B., Wu, J., Liu, W., Zhao, Y., Nawab, 
Y., Li, K., Xiao, M., & An, L. (2018). Heat stress in poultry produc-
tion: Mitigation strategies to overcome the future challenges facing 
the global poultry industry. Journal of Thermal Biology, 78, 131– 139. 
https://doi.org/10.1016/j.jther bio.2018.08.010

Nyoni, N. M. B., Grab, S., & Archer, E. R. M. (2019). Heat stress and chick-
ens: Climate risk effects on rural poultry farming in low- income 
countries. Climate and Development, 11(1), 83– 90. https://doi.
org/10.1080/17565 529.2018.1442792

Oliveira, P. T. L., Amaro, A. L. N., Yanagi, T., Ferraz, G. A. S., & Yanagi, S. N. 
M. (2019). Bioclimatic zoning and trend analysis applied to broilers. 
Arquivo Brasileiro De Medicina Veterinaria E Zootecnia, 71(5), 1631– 
1638. https://doi.org/10.1590/1678- 4162- 10831

Ortiz- Colón, G., Fain, S. J., Parés, I. K., Curbelo- Rodríguez, J., Jiménez- 
Cabán, E., Pagán- Morales, M., & Gould, W. A. (2018). Assessing 
climate vulnerabilities and adaptive strategies for resilient beef and 
dairy operations in the tropics. Climatic Change, 146, 47– 58. https://
doi.org/10.1007/s1058 4- 017- 2110- 1

https://doi.org/10.1038/sdata.2018.227
https://doi.org/10.1016/j.gfs.2020.100488
https://doi.org/10.1016/j.gfs.2020.100488
https://doi.org/10.3168/jds.2012-5947
https://doi.org/10.3168/jds.2012-5947
https://doi.org/10.5194/esd-10-859-2019
https://doi.org/10.1007/s00484-018-1629-9
https://doi.org/10.1007/s00484-018-1629-9
https://doi.org/10.1016/j.gloenvcha.2008.07.011
https://doi.org/10.1016/j.gloenvcha.2008.07.011
https://doi.org/10.1016/j.oneear.2019.10.025
https://doi.org/10.5194/essd-12-2959-2020
https://doi.org/10.1038/s41558-020-0847-4
https://doi.org/10.1016/j.jtherbio.2019.03.017
https://doi.org/10.1016/j.jtherbio.2019.03.017
https://doi.org/10.1186/s13570-014-0013-6
https://doi.org/10.1186/s13570-014-0013-6
https://doi.org/10.1007/s11027-015-9635-2
https://doi.org/10.1007/s10113-018-1359-x
https://doi.org/10.5194/gmd-12-3055-2019
https://doi.org/10.5281/zenodo.3898426
https://doi.org/10.5281/zenodo.3898426
https://doi.org/10.3390/ani9060322
https://doi.org/10.1016/j.smallrumres.2016.10.004
https://doi.org/10.1016/j.smallrumres.2016.10.004
https://doi.org/10.1007/s00484-018-01655-0
https://doi.org/10.1007/s00484-018-01655-0
https://doi.org/10.1071/AN13052
https://www.cabdirect.org/cabdirect/abstract/20093272870
https://www.cabdirect.org/cabdirect/abstract/20093272870
https://doi.org/10.1017/S1751731120000865
https://doi.org/10.1017/S1751731120000865
https://doi.org/10.1016/j.jtherbio.2018.08.010
https://doi.org/10.1080/17565529.2018.1442792
https://doi.org/10.1080/17565529.2018.1442792
https://doi.org/10.1590/1678-4162-10831
https://doi.org/10.1007/s10584-017-2110-1
https://doi.org/10.1007/s10584-017-2110-1


5772  |    THORNTON eT al.

Pezzopane, J. R. M., Nicodemo, M. L. F., Bosi, C., Garcia, A. R., & Lulu, 
J. (2019). Animal thermal comfort indexes in silvopastoral systems 
with different tree arrangements. Journal of Thermal Biology, 79, 
103– 111. https://doi.org/10.1016/j.jther bio.2018.12.015

Pinto, S., Hoffmann, G., Ammon, C., & Amon, T. (2020). Critical THI 
thresholds based on the physiological parameters of lactating dairy 
cows. Journal of Thermal Biology, 88. https://doi.org/10.1016/j.jther 
bio.2020.102523

Polsky, L., & von Keyserlingk, M. A. G. (2017). Invited review: Effects of 
heat stress on dairy cattle welfare. Journal of Dairy Science, 100, 
8645– 8657. https://doi.org/10.3168/jds.2017- 12651

Rahimi, J., Mutua, J. Y., Notenbaert, A. M., Marshall, K., & Butterbach- 
Bahl, K. (2021). Heat stress will detrimentally impact future live-
stock production in East Africa. Nature Food, 2(2), 88– 96. https://
doi.org/10.1038/s4301 6- 021- 00226 - 8

Ranjitkar, S., Bu, D., Van Wijk, M., Ma, Y., Ma, L., Zhao, L., Shi, J., Liu, 
C., & Xu, J. (2020). Will heat stress take its toll on milk production 
in China? Climatic Change, 161, 637– 652. https://doi.org/10.1007/
s1058 4- 020- 02688 - 4

Rashamol, V. P., Sejian, V., Pragna, P., Lees, A. M., Bagath, M., Krishnan, 
G., & Gaughan, J. B. (2019). Prediction models, assessment method-
ologies and biotechnological tools to quantify heat stress response 
in ruminant livestock. International Journal of Biometeorology, 63, 
1265– 1281. https://doi.org/10.1007/s0048 4- 019- 01735 - 9

Reid, R. S., Kruska, R. L., Deichmann, U., Thornton, P. K., & Leak, S. G. A. 
(2000). Will human population growth and land- use change control 
tsetse during our lifetimes? Agriculture, Ecosystems and Environment, 
77, 227– 236. https://doi.org/10.1016/S0167 - 8809(99)00103 - 6

Riahi, K., Van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill, B. C., Fujimori, 
S., Bauer, N., Calvin, K., Dellink, R., Fricko, O., Lutz, W., Popp, A., 
Cuaresma, J. C., Kc, S., Leimbach, M., Jiang, L., Kram, T., Rao, S., 
Emmerling, J., … Tavoni, M. (2017). The Shared Socioeconomic 
Pathways and their energy, land us 017. The shared socioeconomic 
pathways and their energy, land use, and greenhouse gas emissions 
implications: An overview. Global Environmental Change, 42, 153– 
168. https://doi.org/10.1016/j.gloen vcha.2016.05.009

Rojas- Downing, M. M., Nejadhashemi, A. P., Harrigan, T., & Woznicki, 
S. A. (2017). Climate change and livestock: Impacts, adaptation, 
and mitigation. Climate Risk Management, 16, 145– 163. https://doi.
org/10.1016/j.crm.2017.02.001

Rust, J. M. (2019). The impact of climate change on extensive and in-
tensive livestock production systems. Animal Frontiers, 9(1), 20– 25. 
https://doi.org/10.1093/af/vfy028

Schauberger, G., Mikovits, C., Zollitsch, W., Hörtenhuber, S. J., 
Baumgartner, J., Niebuhr, K., Piringer, M., Knauder, W., Anders, I., 
Andre, K., Hennig- Pauka, I., & Schönhart, M. (2019). Global warm-
ing impact on confined livestock in buildings: Efficacy of adaptation 
measures to reduce heat stress for growing- fattening pigs. Climatic 
Change, 156(4), 567– 587. https://doi.org/10.1007/s1058 4- 019- 
02525 - 3

Sejian, V., Bhatta, R., Gaughan, J. B., Dunshea, F. R., & Lacetera, N. (2018). 
Adaptation of animals to heat stress. Animal, 12(s2), s431– s444. 
https://doi.org/10.1017/S1751 73111 8001945

Serradilla, J. M., Carabaño, M. J., Ramón, M., Molina, A., Diaz, C., & 
Menéndez- Buxadera, A. (2018). Characterisation of goats’ response 
to heat stress: Tools to improve heat tolerance. Goat Science (InTech). 
https://doi.org/10.5772/intec hopen.70080

Silanikove, N. (2000). Effects of heat stress on the welfare of extensively 
managed domestic ruminants. Livestock Production Science, 67, 1– 
18. https://doi.org/10.1016/S0301 - 6226(00)00162 - 7

Silanikove, N., & Koluman, N. (2015). Impact of climate change on the 
dairy industry in temperate zones: Predications on the overall neg-
ative impact and on the positive role of dairy goats in adaptation to 
earth warming. Small Ruminant Research, 123, 27– 34. https://doi.
org/10.1016/j.small rumres.2014.11.005

St- Pierre, N. R., Cobanov, B., & Schnitkey, G. (2003). Economic losses 
from heat stress by US livestock industries. Journal of Dairy Science, 
86, E52– E77. https://doi.org/10.3168/jds.S0022 - 0302(03)74040 - 5

Thom, E. C. (1959). The discomfort index. Weatherwise, 15(2), 57– 61. 
https://doi.org/10.1080/00431 672.1959.9926960

Valente, É. E. L., Chizzotti, M. L., Oliveira, C. V. R. D., Galvão, M. C., 
Domingues, S. S., Rodrigues, A. D. C., & Ladeira, M. M. (2015). 
Intake, physiological parameters and behavior of Angus and Nellore 
bulls subjected to heat stress. Semina: Ciências Agrárias, 36(6Suppl. 
2), 4565– 4574. https://doi.org/10.5433/1679- 0359.2015v 36n6S 
upl2p 4565

Vitt, R., Weber, L., Zollitsch, W., Hörtenhuber, S. J., Baumgartner, J., 
Niebuhr, K., Piringer, M., Anders, I., Andre, K., Hennig- Pauka, I., 
Schönhart, M., & Schauberger, G. (2017). Modelled performance of 
energy saving air treatment devices to mitigate heat stress for con-
fined livestock buildings in Central Europe. Biosystems Engineering, 
164, 85– 97. https://doi.org/10.1016/j.biosy stems eng.2017.09.013

Wako, G., Tadesse, M., & Angassa, A. (2017). Camel management as an 
adaptive strategy to climate change by pastoralists in southern 
Ethiopia. Ecological Processes, 6, 26. https://doi.org/10.1186/s1371 
7- 017- 0093- 5

Wang, X., Bjerg, B. S., Choi, C. Y., Zong, C., & Zhang, G. (2018). A re-
view and quantitative assessment of cattle- related thermal indices. 
Journal of Thermal Biology, 77, 24– 37. https://doi.org/10.1016/j.
jther bio.2018.08.005

Watts, N., Amann, M., Ayeb- Karlsson, S., Belesova, K., Bouley, T., 
Boykoff, M., Byass, P., Cai, W., Campbell- Lendrum, D., Chambers, J., 
Cox, P. M., Daly, M., Dasandi, N., Davies, M., Depledge, M., Depoux, 
A., Dominguez- Salas, P., Drummond, P., Ekins, P., … Costello, A. 
(2018). The Lancet Countdown on health and climate change: From 
25 years of inaction to a global transformation for public health. 
The Lancet, 391(10120), 581– 630. https://doi.org/10.1016/S0140 
- 6736(17)32464 - 9

Wilkes, A., Barnes, A. P., Batkhishig, B., Clare, A., Namkhainyam, B., 
Tserenbandi, Chuluunbaatar, N., & Namkhainyam, T. (2017). Is 
cross- breeding with indigenous sheep breeds an option for climate- 
smart agriculture? Small Ruminant Research, 147, 83– 88. https://doi.
org/10.1016/j.small rumres.2016.12.036

Xin, H., & Harmon, J. D. (1998). Livestock industry facilities and environment: 
Heat stress indices for livestock. Agriculture and Environment Extension 
Publications 163. http://lib.dr.iasta te.edu/exten sion_ag_pubs/163

Xu, C., Kohler, T. A., Lenton, T. M., Svenning, J. C., & Scheffer, M. (2020). 
Future of the human climate niche. Proceedings of the National 
Academy of Sciences of the United States of America, 117(21), 11350– 
11355. https://doi.org/10.1073/pnas.19101 14117

York, L., Heffernan, C., Rymer, C., & Panda, N. (2017). A deterministic 
evaluation of heat stress mitigation and feed cost under climate 
change within the smallholder dairy sector. Animal, 11, 900– 909. 
https://doi.org/10.1017/S1751 73111 6002706

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the 
Supporting Information section.

How to cite this article: Thornton, P., Nelson, G., Mayberry, D., 
& Herrero, M. (2021). Increases in extreme heat stress in 
domesticated livestock species during the twenty- first century. 
Global Change Biology, 27, 5762– 5772. https://doi.org/10.1111/
gcb.15825

https://doi.org/10.1016/j.jtherbio.2018.12.015
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/10.1038/s43016-021-00226-8
https://doi.org/10.1038/s43016-021-00226-8
https://doi.org/10.1007/s10584-020-02688-4
https://doi.org/10.1007/s10584-020-02688-4
https://doi.org/10.1007/s00484-019-01735-9
https://doi.org/10.1016/S0167-8809(99)00103-6
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.crm.2017.02.001
https://doi.org/10.1016/j.crm.2017.02.001
https://doi.org/10.1093/af/vfy028
https://doi.org/10.1007/s10584-019-02525-3
https://doi.org/10.1007/s10584-019-02525-3
https://doi.org/10.1017/S1751731118001945
https://doi.org/10.5772/intechopen.70080
https://doi.org/10.1016/S0301-6226(00)00162-7
https://doi.org/10.1016/j.smallrumres.2014.11.005
https://doi.org/10.1016/j.smallrumres.2014.11.005
https://doi.org/10.3168/jds.S0022-0302(03)74040-5
https://doi.org/10.1080/00431672.1959.9926960
https://doi.org/10.5433/1679-0359.2015v36n6Supl2p4565
https://doi.org/10.5433/1679-0359.2015v36n6Supl2p4565
https://doi.org/10.1016/j.biosystemseng.2017.09.013
https://doi.org/10.1186/s13717-017-0093-5
https://doi.org/10.1186/s13717-017-0093-5
https://doi.org/10.1016/j.jtherbio.2018.08.005
https://doi.org/10.1016/j.jtherbio.2018.08.005
https://doi.org/10.1016/S0140-6736(17)32464-9
https://doi.org/10.1016/S0140-6736(17)32464-9
https://doi.org/10.1016/j.smallrumres.2016.12.036
https://doi.org/10.1016/j.smallrumres.2016.12.036
http://lib.dr.iastate.edu/extension_ag_pubs/163
https://doi.org/10.1073/pnas.1910114117
https://doi.org/10.1017/S1751731116002706
https://doi.org/10.1111/gcb.15825
https://doi.org/10.1111/gcb.15825

