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Abstract: This study examined climate change impacts (CCI) on productivity of pig production systems,
their resource use, environmental impacts and the relevance of potential adaptation options. The impact
of increasing temperature and temperature-humidity index (THI) on performance of pigs in confined
housing systems was analysed by a meta-analysis. Using climate data for an Austrian site for the period
1981 to 2010, different scenarios (cold year, warm year, hot year, worst case scenario) were modelled
and compared. Although significant differences between thermoneutral and heat stress conditions
were detected for the analysed traits of growing and finishing pigs, overall performance, resource use
(cumulative energy demand) and environmental impacts (global warming, acidification and
eutrophication potential) per kg of live mass for finished pigs and reared piglets did not significantly
differ between most scenarios. Elements of pig production systems resilient to CCI, which were not
considered under performance and environmental impacts (LCA), were addressed in a system analysis
that was based on literature and expert knowledge. The most important detected system elements
are plants and animals with an appropriate genetic potential, securing the access to inexpensive feed,
including land for feed production, securing water supply and the implementation of health plans
and measures against diseases associated with CCI.

Keywords: livestock; heat stress; indoor climate; climate change impacts; global warming potential;
GWP; eutrophication potential; acidification potential; cumulative energy demand
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1. Introduction

Anthropogenic greenhouse gas (GHG) emissions are the major driver of climate change [1].
Food supply accounts for 19% to 29% of global GHG emissions, the vast majority of it coming from the
agricultural sector [2]. The livestock sector contributes 15% of global anthropogenic GHG emissions,
with pigs accounting for 9% of all livestock-related emissions [3]. At the same time, climate change
threatens global food security and affects livestock production, for instance, through effects on feed
production, through livestock diseases or heat stress [4]. Global temperature has already increased by
0.61 ◦C (with a 95% confidence interval of 0.55 to 0.67 ◦C) as compared to the pre-industrial period.
Until 2100, global temperatures are expected to increase by about 1.5 ◦C (0.75–2.2 ◦C) for a low-emission
scenario (emission mitigation) and up to above 4.5 ◦C (3.4–5.8 ◦C) for a high-emission scenario [1].
This will result in more frequent heat stress situations, especially during the summer months.

Commercial, highly productive livestock systems in temperate zones mainly use confined livestock
housing systems for pigs [5]. This entails advantages in terms of the control of thermal environment,
i.e., maintaining temperature within a specific range, e.g., by controlling the ventilation rate. Typical
ventilation systems in livestock buildings control temperatures by variable air volume flows. However,
during the summer months, their capacity is limited. In this regard, the question arises whether
cooling systems involving an air treatment will become necessary for pig houses in temperate zones
due to climate change in order to maintain livestock performance, including economic performance,
and ecological impact at acceptable levels [6].

In the past, animal genetics have been modified by breeding in order to increase output. Selection for
primary performance traits have put several mechanisms of physiological regulation under pressure.
This contributes, among other factors, to a specific vulnerability to heat stress in situations with high
ambient temperatures [7]. High performing livestock have to cope with high metabolic heat production
due to increased metabolic rates. The occurrence of high ambient temperatures, increased frequency
of diseases and increasing mortality following immunosuppression or increasing pathogen pressure,
may result in negative effects on fertility and other performance traits, such as growth rate of pigs [8,9].

Physiological mechanisms that lead to reduced performance include, among others, a reduced
feed intake [10] and a higher (maintenance) energy requirement due to thermoregulation [11]. In the
case of prolonged heat stress, there is a general change in the hormone status and the metabolic
rate [10]. When a decline in the adaptive thermoregulatory mechanisms becomes apparent, reduced
well-being occurs [12]. Below and above a certain temperature range, animals are no longer able to
maintain their core temperature on a constant level, and hypothermia and hyperthermia, respectively,
will occur. The critical upper limit for the body core temperature is about 42–45 ◦C [13]. The limits of
the thermoneutral zone (TNZ) for pigs depend on body mass and the age of the animals and vary
widely in the literature. It has to be noted that these temperature values are not independent from the
coinciding humidity values, which are considered together with the temperature in a temperature
humidity index (THI). The majority of publications reviewed by Escarcha et al. [14] (71%) dealt with
climate change impacts (CCI) on ruminants. Monogastric livestock, particularly pigs and chickens,
seem to receive less attention in the scientific literature, although their health and productivity may be
even more affected by CCI [10].

So far, considerations on the adaptation of livestock production systems (PS) to CCI mostly
focused on policy advice (national and international climate research panels) or were limited to the
technical adjustment of housing systems [15]. No system analysis assessing the sensitivity to CCI
specifically for pig production systems was identified in the literature, which takes into account the
multiple relationships between the various elements of a PS.

Quantitative analyses of global warming on production costs and profitability have been
conducted [16] and also the effects of global warming on ammonia and odour emissions have been
analysed in recent studies [17,18]. However, the repercussions of global warming on environmental
impacts and in particular on GHG emissions of confined livestock production systems are hardly
addressed in the literature. Feed intake and energy demand for ventilation, heating and cooling in
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confined housing systems are highly dependent on temperature. Moreover, those inputs strongly
contribute to the environmental impact of livestock production: life cycle assessments (LCA) found
that the highest contribution to the environmental impact of pig production originates from feed
supply, followed by on-farm energy inputs and on-farm animal- and manure-related emissions [19].
LCA is a well-recognised method for the holistic assessment of environmental impacts, which has
already been applied to a variety of pig production systems, see e.g., a review article [20] or specific
case studies, e.g., [19,21–25]. However, climate change adaptation has hardly been addressed.

Therefore, the present study will focus on the effect of increased ambient temperatures on the
performance of confined pigs. Furthermore, the effect of global warming on inputs for pig production,
i.e., feed requirements or energy demand per quantity of product, will be analysed. Accordingly,
the LCA reveals the environmental impact of pig production with rising temperatures. LCAs are
not sensitive to adaptation options, which do not directly affect animal performance, resource use or
emissions from pig housing systems. This will be covered by a semi-quantitative system analysis,
which identifies important factors for a comprehensive climate resilience of pig farms.

Four hypotheses are tested: (1) An increasing temperature such as expected until 2100 does not
significantly decline important performance traits including mortality in temperate zones in confined
housing systems. (2) Rising temperatures will not significantly increase inputs, i.e., feed and on-farm
energy requirements per unit of product. (3) The environmental impact of pig production regarding
energy use and emissions of greenhouse gases, acidifying and eutrophic substances (see definition in
Section 2.2) does not significantly increase with global warming. (4) Effects of climate change other than
those directly related to the performance of pigs, e.g., temperature increase and reduced precipitation
in feed production, show a high impact on pig production systems (see Sections 2.3, 3.3 and 4.3).

2. Materials and Methods

2.1. Model Calculations for Livestock Response to Temperature and THI Levels

To test the hypotheses above, different methods were combined. An indoor climate simulation
model reveals indoor climate parameters for various adaptation options [15]. Livestock responses
were modelled based on data from various literature sources and were used in order to (i) derive basic
functions for important production traits for confined pigs (i.e., body mass gain, feed intake,
feed conversion and mortality), and (ii) for characterising pigs’ response to increasing temperature.

For the analysis of the basic functions for important production traits, the literature sources and
model assumptions shown in Table S1 in the Supplementary Material were used. Gompertz functions,
linear and polynomic functions were derived from the sources listed in Table S1. Feed conversion
was described by combining results from functions for feed intake and for body mass gain. All basic
functions represent traits achieved under good environmental and hygienic conditions, i.e., among others,
in absence of heat stress.

Available data from the scientific literature were used to determine the effects of an increasing
indoor temperature, mainly data measured in feeding trials with controlled thermal environments
(climate chambers; see Table S2 in the Supplementary Material for references). Responses to heat stress
of feed conversion ratio, feed intake, body mass (gain) and mortality were derived for temperature
alone and for a temperature humidity index (THI) specifically for the pig-categories sows, piglets,
growing pigs and finishing pigs. Only few studies provide responses on humidity (plus temperature,
feeding and performance data); hence, the results presented herein mainly focus on increasing
temperature and correlated change of performance. For analysis of the THI effect, the THI-model
according to National Weather Service Central Region [26] was used, which has also been used in other
studies for pigs [27,28]:

THI = ((1.8T) + 32) − (0.55 ∗ (RH/100)) ∗ (((1.8T) + 32) − 58)
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T is the ambient temperature in ◦C and RH the relative humidity, ranging from 0 to 100 and divided
by 100 to be expressed in percent. To test differences between performance at normal temperatures
(THIs) vs. those under heat stress conditions, a two-sample t-test was used; level of significance was
set at p ≤ 0.05.

Furthermore, worst case heat stress responses were identified from single studies: parameters
(e.g., feed intake) from [29] for finishers and from [30] for growing pigs were included in a scenario
“worst case situation”, which simulates a temperature increase by 4.5 ◦C indoors for a period from
March to October.

The proportion of time spent under heat stress in a confined pig house (indoor climate) was derived
from the indoor climate simulation model presented in [15]. It is based on hourly meteorological data
between 1981 and 2017 and considers thermal properties of the building, the energy release of the
pigs as well as the ventilation system. The data were calculated for a site north of the Austrian Alps,
which is representative for confined livestock houses. The altitude of the province in Upper Austria is
around 300 m above sea level, the average annual precipitation in the period 1971 to 2000 amounts to
980 mm and the average mean annual temperature is 8.8 ◦C [31]. According to the climate classification
of Köppen and Geiger, the site is classified as “warm temperature, fully humid, warm summers
(Cfb)” [32]. Accordingly, the site is representative for large areas in Central Europe excluding the
Alps [15]. Additionally, the site is highly representative for intensive pig production, as it represents
the highest class of pig density with >250 pigs per km2 [5].

The outdoor and indoor temperatures—the latter for typical houses with mechanical ventilation
systems—and proportions of time spent under heat stress (times above critical temperatures) were
calculated for the period 1981 to 2010. A comparison between the coldest year in this period (1984)
and the warmest year (2003) shows that mean outdoor temperatures differ by 1.5 ◦C (8.2 vs. 9.7 ◦C),
while the mean indoor temperatures differ by 1.0 ◦C (18.4 vs. 19.4 ◦C). The comparison of the heat
stress potentials of these two years 1984 and 2003 is thus well suited to illustrate an effect of increased
global temperatures by 1.5 ◦C until 2100 following the low emission scenario [4].

For the heat stress effect on animal performance and on LCA impacts of pig production, proportions
of the total annual time with occurrence of heat stress and with exceedance of the temperature limits
were analysed. The indoor climate conditions were calculated for the housing systems without
any technical changes over the time series. The following scenarios were compared for their heat
stress effects:

• Cold year 1984
• Warm year 2003
• Hot year: 1984 plus 4.5 ◦C (extrapolated “hot” year following IPCC [4])
• Worst case situation (see description above).

For further methodological and technical details concerning the housing system (completely confined,
fully slatted floors) and its mechanical ventilation system, see [15].

2.2. LCA Method: Impact Categories, System Boundaries and Inventories

To assess the environmental impact of temperature increases on confined pigs, an LCA for the
following impact indicators was used:

• Cumulative energy demand (CED; method v.1.10; in MJ)
• Global warming potential (GWP; in CO2 equivalents according to IPCC [4])
• Acidification potential (AP; CML-IA non-baseline V3.04/EU25; in SO2-eq)
• Eutrophication potential (EP; aggregating freshwater and marine eutrophication from the method

ILCD 2011 Midpoint+ V1.10/EC-JRC Global, equal weighting; N-eq and P-eq in PO4
−-eq).

These environmental impact categories were identified as most important for pigs [20,22,23].
The assessment was conducted using SimaPro v8.5.0 and included provision of infrastructure.
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Using Monte-Carlo simulations in SimaPro v8.5.0, a probability distribution was generated with
10,000 iterations for every LCA result. This can be used to identify the uncertainty range of a result
and to test differences between results for their significance.

As shown in Figure 1, the system boundaries for the inventory include material and energy inputs
and emissions connected with livestock housing (manure management and enteric fermentation).
Sow and piglet rearing were covered within the pig LCA. The main functional unit is 1 kg body mass
of a finisher pig before slaughter, a further functional unit considered is 1 kg of reared piglet of 30 kg
body mass at the farm gate.

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 17 

As shown in Figure 1, the system boundaries for the inventory include material and energy 

inputs and emissions connected with livestock housing (manure management and enteric 

fermentation). Sow and piglet rearing were covered within the pig LCA. The main functional unit is 

1 kg body mass of a finisher pig before slaughter, a further functional unit considered is 1 kg of reared 

piglet of 30 kg body mass at the farm gate. 

Pig housing 
and manure 

management  
system

System boundaries

Rearing (sow/piglet)

Feed

Water

Bedding material

Heating energy

Electric energy Temperature

Feed Intake 

Mortality

1 kg piglet/pig body 
mass at farmgate

Body mass gain

Manure

Emissions from manure 
management

Emissions from 
livestock (enteric 

fermentation)

 

Figure 1. System boundaries for the pig production system with inputs and outputs and the effect of 

rising temperature on animal performance and environmental impact. 

2.2.1. Inventory Inputs 

Feed was identified as the most relevant input in the LCA studies mentioned above. The feed 

intake per kg body mass gain was calculated from equations in Table S1. For the feed ingredients, we 

used conventional default diets. The data for the average diet for sows (over the whole production 

cycle) including weaned piglets was derived from unpublished farm survey data and [33]; the 

average diet for growing-finishing pigs according to [34] can be seen in Table S3 in the supplementary 

material. The heat stress scenarios do not account for specific dietary modification as an attempt to 

reduce heat stress. Theoretical concepts exist for potential benefits of specific feeding strategies or 

single feeding measures for adapting to heat stress [35]. Some of these concepts are, however, 

questioned and generally applicable recommendations are lacking [36]. Therefore, dietary 

modifications are hardly implemented by pig producers in the analysed site. 

Other major inputs in pig production besides feed are: (1) electric energy for feed and water supply, 

lighting, ventilation, cooling and heating systems, etc., which was assumed with the Austrian electric 

energy mix; (2) the operation of lorries and/or tractors for transports of feed, manure etc.; (3) water.  

Table S4 in the supplementary material shows the quantities required per kg body mass gain 

and the sources used. Vaccinations and drugs were not accounted for in the inventory due to very 

low amounts applied and hence a very low influence on the impact categories addressed (CED, GWP, 

AP and EP). All environmental impacts related to energy and material inputs (e.g., feed) were 

calculated based on Ecoinvent data (v3.4) [37], following an attributional LCA approach. 

In intensive livestock production systems, feed is frequently produced off-farm, purchased at 

international markets and imported into the system [5]. As a consequence, CCIs for feed crop 

cultivation are situated outside the system boundaries of the LCA; however, they are addressed in a 

semi-quantitative system analysis (see Sections 2.3 and 3.3). 

2.2.2. Inventory Outputs 

As shown in Figure 1, inputs and outputs were allocated to the functional unit of 1 kg piglet or 

1 kg finished pig. Livestock produces manure, which replaces synthetic fertilisers for an integrated 

Figure 1. System boundaries for the pig production system with inputs and outputs and the effect of
rising temperature on animal performance and environmental impact.

2.2.1. Inventory Inputs

Feed was identified as the most relevant input in the LCA studies mentioned above. The feed intake
per kg body mass gain was calculated from equations in Table S1. For the feed ingredients, we used
conventional default diets. The data for the average diet for sows (over the whole production cycle)
including weaned piglets was derived from unpublished farm survey data and [33]; the average diet
for growing-finishing pigs according to [34] can be seen in Table S3 in the Supplementary Material.
The heat stress scenarios do not account for specific dietary modification as an attempt to reduce
heat stress. Theoretical concepts exist for potential benefits of specific feeding strategies or single
feeding measures for adapting to heat stress [35]. Some of these concepts are, however, questioned and
generally applicable recommendations are lacking [36]. Therefore, dietary modifications are hardly
implemented by pig producers in the analysed site.

Other major inputs in pig production besides feed are: (1) electric energy for feed and water supply,
lighting, ventilation, cooling and heating systems, etc., which was assumed with the Austrian electric
energy mix; (2) the operation of lorries and/or tractors for transports of feed, manure etc.; (3) water.

Table S4 in the Supplementary Material shows the quantities required per kg body mass gain
and the sources used. Vaccinations and drugs were not accounted for in the inventory due to very
low amounts applied and hence a very low influence on the impact categories addressed (CED, GWP,
AP and EP). All environmental impacts related to energy and material inputs (e.g., feed) were calculated
based on Ecoinvent data (v3.4) [37], following an attributional LCA approach.

In intensive livestock production systems, feed is frequently produced off-farm, purchased
at international markets and imported into the system [5]. As a consequence, CCIs for feed crop
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cultivation are situated outside the system boundaries of the LCA; however, they are addressed in
a semi-quantitative system analysis (see Sections 2.3 and 3.3).

2.2.2. Inventory Outputs

As shown in Figure 1, inputs and outputs were allocated to the functional unit of 1 kg piglet or
1 kg finished pig. Livestock produces manure, which replaces synthetic fertilisers for an integrated
production of feedstuffs on-farm, and which contributes to undesired losses. The latter consist of
ammonia (NH3), nitrogen oxides (NOX) and dinitrous oxide (N2O) emissions arising from manure
management. Furthermore, methane (CH4) emissions result from both enteric fermentation and
manure management.

For animal-related emissions, emission factors from [38,39] were utilised and typical slurry
systems were assumed, with 50% of slurry stores being covered. The CH4 emissions were assumed
to rise with increasing temperatures due to higher methane conversion factors [38]. NH3 emissions
from housing and manure management systems were modified for high temperature according to [17].
The potential emissions for the low temperature scenario (based on the year 1984) are provided in
Table S5 in the Supplementary Material.

Slurry-N (reduced for N-losses from manure management), P2O5 and K2O were accounted for as
potential fertilisers that substitute a market mix of conventional mineral fertilisers according to [37].
For approximately 0.03 kg N per kg finishing pig body mass gain, a potential utilisation efficiency was
assumed of 70% of the nitrogen applied. The amounts of P2O5 and K2O were assumed as 50% and
100%, respectively, of those for N.

2.3. Semi-Quantitative System Analysis

CCI effects on productivity parameters of the PS, which are in most cases outside the LCA
system boundaries, e.g., CCI impacts on feed production, and interactions between PS elements, were
estimated by a comprehensive system analysis. Besides the literature, e.g., [3,40,41], experts’ knowledge
was used for the system analysis, which was derived from a workshop with 13 experts and from
additional interviews with selected experts.

First, system elements directly related to pig production (animals and housing) address parameters
that could be affected by CCI or help to increase resilience against CCI. These are, for instance,
health plans and measures to improve animal welfare, water supply of livestock, availability of
affordable feed, feed losses, energy supply, access to CCI-related information and investments in
CCI-relevant infrastructure. Second, other system elements for on-farm or off-farm feed production
cover development of yields, locally adapted nutrient management, irrigation or landscape structures
for greater biodiversity and more favorable conditions in terms of evaporation (hedges, trees, etc.).
Third, further elements address soils or infrastructure, the type of tillage (e.g., conventional, conservation
or reduced), the degree of using home-grown feed and feed storage capacities, farms’ water and energy
supply or a potential impact on the water supply of neighboring farms. Fourth, an additional group
of system elements covers economic issues that may contribute to resilience: cooperation of farms,
knowledge exchange or social networking.

Finally, 97 potential system elements were identified in literature and from experts for pig PS,
including the upstream chains for e.g., feed. The whole system was divided into the two subsystems
“Climate change impacts and feed crop production” and “Climate change impacts and livestock”.
The 13 and 12 most important system elements out of each approximately 50 elements were categorised
to these subsystems, respectively (see Tables S6 and S7 in Supplementary Materials). The interaction of
each factor with all other factors was evaluated by the experts within the two subsystems. The intensity
of the relationship between elements varied from 0, i.e., no or ambiguous impact, up to 2, i.e., a strong
direct impact. These expert knowledge-based numbers were introduced into the software Systaim
SystemQ [42,43]. By using this software, both the direct and indirect feedback loops between the
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system elements were evaluated. The results of the analysis quantify the contribution of each element
to achieve a climate resilient pig production system.

3. Results

3.1. Effects of Temperature Increase on Animal Performance

Combining all literature data collected (Table S2), results for the TNZ and the upper critical
temperatures were derived, e.g., 30 ◦C for weaned piglets, 24 ◦C for finishing pigs and 20–22 ◦C for
sows (Table S8). Above these upper limits of the TNZ, heat stress situations occur with significant
effects on production traits. According to the literature analysed, upper temperature limits decrease
with an increasing body mass of the pig. Hence, gradually decreasing upper limit values were
used to derive heat stress impacts for growing pigs and finishing pigs (Table 1). No significant
heat stress effects were detected on mortality rates of growing and finishing pigs and on fertility of
sows. Generally, no heat stress effect was found for the performance of weaned piglets (Table 1).
The example of the thermophilic piglets shows that animals at certain age and body mass (young and
light-weight animals) are less affected by higher ambient temperatures than others. For lactating sows and
their piglets, which are kept together in one housing system (mostly with separated areas), temperature
demands diffe widely. While lactating sows require a temperature of about 20 ◦C, suckling piglets
need temperatures around 29 ◦C (Table S8). In sows, heat stress causes a decrease in milk yield
and subsequently in piglet growth. With separate living areas for sows and piglets, the different
requirements can be covered. Generally, the linear increments and reductions shown in Table 1
represent findings from trials, in which temperatures near hyperthermia were mostly not covered.
Hence, our analysis showed that only under conditions of hyperthermia (i.e., substantially exceeding
optimal temperatures), exponential relationships between temperature and, among other factors,
feed conversion ratio (FCR) become apparent.

Table 1. Effects of heat sqtress on production traits.

Significant Difference
between Thermoneutral

and Heat Stress Conditions

Average Change Per 1 ◦C
Temperature Change

Average Change
Per 1 THI Unit

Critical Temperatures for
a Beginning Heat Stress

Growing pigs (30–60 kg body mass)

Body mass gain yes −2.4% −2.2% from 25 ◦C to 21.5 ◦C
(in steps of 0.5 ◦C) for
body mass from 35 to
60 kg (in steps of 5 kg)

Feed intake yes −1.8% −1.6%

Feed conversion ratio yes +0.6% +0.6%

Finishing pigs (>60 kg body mass)

Body mass gain yes −4.2% −3.2% from 21.5 ◦C to 20 ◦C
(in steps of 0.107 ◦C) for
body masses from 60 to
≥130 kg (in steps of 5 kg)

Feed intake yes −3.2% −2.3%

Feed conversion ratio yes +1.1% +0.9%

Suckling piglets

Body mass gain no −0.5% −0.5%
30 ◦C

No significant heat stress
effect for piglets derived

from literature

Feed intake no −1.0% −0.4%

Feed conversion ratio no +0.5% +0.8%

Mortality no −1.5% −1.6%

Sows

Conception rate no (tending to significance) −0.8% 1.0% 23 ◦C

Although a ventilation system was assumed to be in place, heat stress occurs on quite a remarkable
proportion of days in the case study livestock building according to the results from the indoor climate
simulation model (Table 2; only growing and fattening pigs are covered, which are the only animal
categories showing a significant reaction to heat stress). Thereby, heat stress is assumed when the daily
average temperatures exceed the upper limit of the TNZ (see Table 1).
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Table 2. Proportions of time with significant heat stress (related to temperature only) in the case study
livestock building.

Growing Pig a Finishing Pig b

Proportion of days exceeding the critical maximum temperature for heat stress (daily average basis)

Average period 1981–2010 13.1% 27.9%

Cold year (1984) 6.3% 19.9%

Warm year (2003) 21.9% 34.8%

Scenario hot year (1984 plus 4.5 ◦C increase of outdoor
temperature) 27.4% 44.1%

Scenario worst case year (4.5 ◦C temperature increase indoor
(based on 1984) for March to October) 46.8% 64.4%

Difference between average temperature and critical maximum temperatures for proportion of days stated above (◦C)

Average period 1981–2010 2.24 2.72

Cold year (1984) 1.93 1.99

Warm year (2003) 2.59 3.59

Scenario hot year (1984 + 4.5 ◦C outdoor temperature) 2.40 3.41

Scenario worst case year (4.5 ◦C temperature increase indoor
(based on 1984) for March to October) 2.37 3.84

a with heat stress from 25 ◦C to 21.5 ◦C according to body mass (from 35 to 60 kg). b with heat stress from 21.5 ◦C to
20.0 ◦C according to body mass (from 60 to 130 kg).

The results in Table S9 show that feed intake and feed conversion rates are affected by heat stress
(related to temperature, not THI). Only significant effects (Table 1) were included here; for instance,
a basal mortality of 2% for both weaned piglets and growing-finishing pigs and 15% for suckling piglets
is included, but heat stress-related mortality increases are not included, as they are not significant
according to the t-test of the literature data.

If housing systems are not equipped with adequate ventilation systems and thereby indoor
temperature potentially increases by 4.5 ◦C in comparison to a ventilated system (scenario worst case),
heat stress becomes severe (Table 2) and also affects the FCR (Table 3). Still, the response of FCR to
increasing temperatures shown in Table 1 is too little to cause significant differences in LCA results.
For example, the difference for the FCR between the cold year 1984 and the simulated scenarios for the
hot year scenario and the worst case year scenario are only 1.0% and 1.8%, respectively (Table 3).

3.2. Effects of Temperature Increase on Resource Use and Environmental Impacts

Results for the GWP and the analysed temperature levels “cold” (based on year 1984), “warm”
(year 2003), “hot” (based on year 1984 + 4.5 ◦C increase outdoor) and “worst case” (based on
indoor climate in the year 1984 + 4.5 ◦C increase indoor) are presented in Figure 2 as well as in the
Supplementary Information in Figure S1 (CED non-renewable), Figure S2 (CED renewable), Figure S3
(AP) and Figure S4 (EP).



Sustainability 2020, 12, 9442 9 of 17

Table 3. Feed intake and feed conversion ratios as affected by heat stress and comparison to the year
1984 values.

Growing Pig a Finishing Pig b Growing-Finishing Pig (Total)

Feed intake (kg)

Period 1981–2010 78.0 204.4 282.4 (100.3%)

Year 1984 (cold) 78.0 203.5 281.5 (100.0%)

Year 2003 (very warm) 78.2 205.4 283.6 (100.4%)

Extrapolated hot year (1984 + 4.5 ◦C
outdoor temperature) 78.2 206.0 284.2 (101.0%)

Worst case: 4.5 ◦C temperature increase
indoor (based on 1984) for March to October 78.4 208.2 286.6 (101.8%)

Feed conversion ratio FCR (kg feed kg−1 body mass gain)

Period 1981–2010 2.60 2.92 2.82 (100.3%)

Year 1984 (cold) 2.60 2.91 2.82 (100.0%)

Year 2003 (very warm) 2.61 2.93 2.84 (100.4%)

Extrapolated hot year (1984 + 4.5 ◦C
outdoor temperature) 2.61 2.94 2.84 (101.0%)

Worst case: 4.5 ◦C temperature increase
indoor (based on 1984) for October
to October

2.61 2.97 2.87 (101.8%)

a with heat stress from 25 ◦C to 21.5 ◦C according to body mass (from 35 to 60 kg). b with heat stress from 21.5 ◦C to
20.0 ◦C according to body mass (from 60 to 130 kg).
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Figure 2. Average annual global warming potential (GWP) in kg CO2-eq per kg body mass at farm-gate.

It is obvious that only very small differences were found between the temperature scenarios (years)
for resource use and environmental impacts (Figure 2 and Figures S1–S4 in the Supplementary Material).

Significant differences in LCA results could not be identified except for one scenario comparison
under special circumstances: if only the most extreme heat stress responses from [29,30] are used
for finishers and growing pigs, the feed conversion and the GWP of the worst case scenario would
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increase by 12.2% and 21.3%, respectively, for the comparison with the cold year (1984), (see Figure 3;
Monte Carlo analysis with 10,000 runs). For all other comparisons with other temperature levels,
the 95% confidence intervals in the Monte Carlo uncertainty analysis overlap very clearly. This is also
a consequence of the fact that the uncertainties for many LCA emission factors and some input data
(Ecoinvent) are generally high.
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3.3. Effects of Temperature Increase on Pig Production Systems not Directly Covered in LCA

With regard to feed production, a number of system elements were found to be particularly
important for maintaining yields despite adverse abiotic and biotic consequences of climate change
(Figure 4): the use of plants with an appropriate genetic potential is highly relevant. Furthermore, in
the light of increasing competition for land, especially from construction and agro-energy businesses,
securing the access to land for feed production at reasonable costs is essential.

Other important elements are an intensity of land utilisation for feed production that is adjusted
to the local conditions and measures contributing to specific ecological and socio-economic resilience
against CCI, see also [44]. These include the protection of biodiversity and soil, the diversification
of products and income sources and the implementation of insurance options or investments in
CCI-relevant farm infrastructure. Moreover, options such as the installation of water-saving irrigation
systems as a buffer in dry years may be relevant for adapting to CCI.

Regarding pig production systems, the following factors were identified as particularly important
for achieving an optimal productivity, a high animal welfare status and a favorable economic
performance: securing a sufficient water supply (both in terms of quantity and quality) and the use of
technical measures against the effects of high temperatures or THIs during summer in housing systems.
Management measures such as the use of health plans and prophylaxis against diseases associated
with CCI are potentially important. Other options that may be considered are long-term feed security
and a high genetic potential of the animals regarding e.g., thermoregulation [11]. Technical options to
maintain (electrical) energy supply, i.e., emergency power generators, are necessary, particularly for
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sows and finishing pigs (Figure 4; the eight presented measures account for 57% of the resilience of an
optimal system).
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4. Discussion

4.1. Practical Implications for Pig Production

Despite the frequent occurrence of heat stress situations (Table 2), their impact on feed conversion
seems very low (Table 3). Similarly, the increase in electric energy demand for ventilation systems
appears negligible. This is mainly due to the low heat stress-related response in performance traits
(Table 1). With the assumption of a properly working ventilation system and the usual thermal
insulation, even a 4.5 ◦C increase in outdoor temperatures does not lead to dramatic temperature
changes inside the pig house (+1.6 ◦C), following the model described in [15]. In temperate zones,
relatively low night temperatures (i.e., a low number of tropical nights) seem to keep the heat stress low.
Longer heat stress phases would be physiologically more challenging than shorter phases which are
interrupted by cooler phases, mostly during the night [45].

On the contrary, globally increasing temperatures during the winter months can reduce the need
for heating, especially for piglets. However, typical (rather modern) housing systems with well running
ventilation systems were assumed in the indoor climate simulation. Inadequate technical solutions for
ventilation or thermal insulation would therefore result in higher average indoor temperatures and
greater impacts on livestock.

Due to a remarkably better data availability for temperature- than for THI-related effects of
heat stress, more robust estimates could be identified for temperature-related changes. Although
some equations disproportionately increase THI in relation to the temperature [46], the indoor climate
simulation performed in this study does not show a greater impact of a temperature-humidity increase
on pig performance than a temperature increase alone (calculations based on Table 1 and the climate
simulation model results according to [15]).
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The four hypotheses that were tested were confirmed: (1) Increasing temperatures do not
significantly decline performance of pig production chains (including mortality), involving confined
housing systems in temperate zones. (2) Requirements per product unit such as feed and electric
energy will not significantly increase with rising temperatures; accordingly, (3) environmental impacts
of pig production will not significantly rise with global warming. (4) CCI related to feed supply
may have a greater impact on pig production systems and their output as well as environmental
performance than those accounted for in the LCA. If there are no supra-regional feed production losses
and if on-farm losses can be compensated for by purchases, insurances, etc., effects on LCA results will
be relatively small.

The apparently small effects of climate change on mean annual pig performance and on
environmental impact should not weaken efforts to reduce resource use, to mitigate environmental
impacts and to adapt to CCIs. While, in the meta-analysis, no significant differences were detected for
mortality from heat stress impacts, they are observed in practice [47,48]. The findings in this paper are
based on system boundaries that include the entire production chain from reproduction and piglet
rearing to the finisher pig, considering production of inputs, as it is typical for LCA studies. While heat
stress is relevant mainly for the fattening-finishing phase, effects are not significant for sows and,
contrarily, piglets need warm temperatures and are a heat-tolerant, even thermophilic animal category.
If an LCA with narrow system boundaries would assess a farm that keeps fattening pigs only, a larger
heat stress effect could be expected, especially for the summer months. Furthermore, LCA results
are derived for annual averages (and not for warm seasons only). If differences between the climate
scenarios for the combined life cycles breeding and growing-fattening are compared for the each of the
summer months May, June, July, August and September, significantly higher CCI-induced LCA results
are derived for half of all possible scenario comparisons.

Among other measures, dietary adaptation can contribute to cope with situations of a more severe
heat stress of fattening pigs during summer months: in order to counteract a reduction in feed intake
and performance, the dietary nutrient density should be adjusted [11]. Furthermore, a reduction in
metabolic heat production can be achieved by increasing the dietary fat content and simultaneously
reducing the carbohydrate and protein proportions, while maintaining the content of essential amino
acids [35,36,49,50]. This was not accounted for in this study, but should be considered in future studies.
Generally, pigs show a more sensitive genetically determined reaction to feeding than to heat stress [11].

According to [15], the mean annual trend for the occurrence of heat stress situations point to an
increasing frequency of +1.3% to +5.8% per year for the three decades observed (1981–2010), relative to
the reference year 1981. The authors conclude that adaptation measures are needed to mitigate this
increase in heat stress situations and they emphasise its economic impact [15]. As decisions made
by farmers are primarily driven by economic considerations, it is suggested to focus at the economic
impacts of heat stress in future studies. In the context of a comprehensive sustainability assessment,
however, ethical (e.g., animal welfare, resource use) and ecological aspects must not be left out.
This paper aims at contributing to the latter.

4.2. Limitations of the Method

The small impact of heat stress on animal performance reported herein (Table 2) may be at least
partially due to the methodological approach: all plausible heat stress impacts from the literature
(Table 2) were combined into one dataset in order to derive the degree of change in FCR with an
increase in temperature and THI in a simplified meta-analysis. The huge variation in response traits in
the studies included obviously led to the relatively weak impact reported herein. Several individual
studies reported a more pronounced effect of heat stress on the performance of pigs, e.g., [29,30].
Substantial differences in the conditions under which the different trials included in this analysis had
been conducted (i.e., differing breeds, physiological stage, diets, trial factors such as the temperature
pattern, duration of exposition, etc.) have blurred or even counteracted a pronounced effect. However,
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the conditions in the field vary as well and, hence, the results reported herein represent the average
trend of expected effects.

A detailed analysis should specifically consider duration of individual heat stress phases; 24 h with
heat stress within a 36 h period, but interrupted by cooler 12 h in between, are less problematic for the
animals than a heat stress situation that lasts for 24 h [47]. In the performance response model, every day
with heat stress is equally accounted for, independent from the number of subsequent heat stress days.
The reason for this limitation is that experimental data on livestock performance from the literature
are not available, which would allow for an analysis of this relationship. Similarly, due to a lack of
high resolution data, heat stress impacts could not be derived on an hourly basis in the performance
response model, although data from the indoor climate simulation are available on an hourly basis.
These limitations are likely to be one reason for the low heat stress impacts found herein.

4.3. Implications from System Analysis

Previous studies regarding CCI on livestock systems dealt primarily with pastoralists and smallholder
farms in developing countries [40]. A comparison of the more vulnerable smallholder systems with
the pig PS considered in this study helps to illustrate specifically important elements regarding climate
resilience and thereby to highlight the most critical factors for potentially endangered PS. For instance,
smallholder farms are usually not connected to supra-regional markets where they could purchase
feed in order to counteract losses due to local droughts or floods, whereas most highly developed pig
production systems are. In many of the global key regions of pig production, feed is only partially,
if at all, grown on livestock farms. In some European countries such as Austria, however, a large
proportion of the feed is cultivated on the pig producing farms [51]. Therefore, in the system analysis
experts have assigned a high impact for resilience against climate change to “genetically adapted
feed crops”, “securing the access to land for feed production” and “irrigation systems”. For a high
climate-resilience, the combination of feed produced on the pig farm and a full access to feed markets
seems optimal.

Additionally, pig producers in moderate climate with modern, fully confined systems frequently use
insurance options for their crops and animals and thus are more resilient against CCI. Hansen et al. [52]
pointed out that insurances, conservation agriculture practices, genetically adapted feed crops and
diversified farming systems are the most important factors increasing resilience against CCIs. This is
to a great extent in accordance with the results from system analysis of the present study (Figure 4).

5. Conclusions

For pigs in confined livestock houses in Central European countries, as represented by this
Austrian case study, increasing temperatures do not significantly decline performance, do not increase
input requirements per kg pig produced and do not significantly increase environmental impacts.

Pig farms which are resilient against climate change impacts and which mitigate environmental
impacts can be characterised as follows:

(1) Pigs are kept in sufficiently thermally insulated housing systems that are at least mechanically
ventilated. According to the results of this study and using a whole year perspective, air conditioning
systems are not yet generally required. The environmental impacts do not increase significantly as
a consequence of the predicted CCI. However, in order to prevent losses of fattening pigs and
a reduced performance during the summer months, technical adaptations for improved indoor
climate should be considered (e.g., pig showers for farms with sufficient water availability).
As ventilation systems and other devices are dependent on electricity, a constant power supply
must be ensured by an emergency power generator.

(2) Attention is paid to good animal performance in order to minimise resource consumption and
environmental impacts. Thereby, the production systems contribute to climate change as little as
possible, i.e., low greenhouse gas emissions. Potential impacts from CCIs are considered in
the farm’s breeding goals; for instance, cross breeding could be practiced with slower-growing
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animals that are more resistant against heat stress. A systematic observation of the animals and
health plans are implemented against diseases in order to react to CCI.

(3) Attention is paid to the availability of inexpensive feed and of drinking water, especially for years
with droughts, floods, storms and other CCI. Efficient on-farm production of feed, using crop
varieties that are adapted to CCI, reduces feed costs when prices on the feed market increase as
a consequence of specific CCI. If water is available, an irrigation system should be considered
as a buffer for dry years. The integrated on-farm production of feed improves the efficiency of
the nutrient cycle between livestock farming and crop production via manure and thus reduces
resource requirements and related environmental impacts. Climate-resilient farms practice on
an efficient use of water and feed without avoidable losses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/22/9442/s1,
Table S1: Sources, model assumptions and parameters of functions for important production traits of confined pigs
in temperate Western European agriculture, Table S2: List of literature sources defining temperature requirements,
thermo-neutral zones, heat stress-temperatures and effects of increasing temperature on production traits, Table S3:
Composition of the sow diet (average over the whole production cycle) plus piglet feed and the average
growing-finishing pig diet in percent (on 88% dry matter basis), Table S4: Inputs other than feed and sources given
as specific energy demand related to animal places or body mass, Table S5: Biogenic emissions (kg/kg body mass)
as annual mean for the low temperature scenario for reared piglet and for growing-finishing pig (at farm-gate
before slaughtering), Table S6: Elements related to climate change impacts in the feed production system, Table S7:
Elements related to climate change impacts and livestock, Table S8: Thermoneutral zones (TNZ) of domesticated
pigs (◦C), Figure S1: Use of fossil energy (CED non-renewable) in MJ per kg body mass at farm-gate, Figure S2:
Use of renewable energy (CED renewable) in MJ per kg body mass at farm-gate, Figure S3: Acidification potential
(AP) in kg SO2-eq per kg body mass at farm-gate, Figure S4: Eutrophication potential (EP) in kg PO4

−-eq per kg
body mass at farm-gate.
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