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Abstract The objective of this study was to evaluate the
performance and thermoregulatory responses during acclimation to high ambient temperature (Ta) of pigs from two lines
selected for high (RFI+) or low (RFI−) residual feed intake
with the hypothesis that RFI− pigs producing less heat would
better tolerate high Ta. Pigs (50 kg initial body weight; 17 per
line among which 10 of them were catheterized) were individually housed in a climatic-controlled room where Ta was
maintained at 24.2±0.4 °C during 7 days and thereafter at
30.4±0.7 °C during 14 days. Irrespective of Ta, RFI− pigs had
lower feed intake (ADFI) and similar average daily gain
(ADG) than RFI+ pigs. Whatever the line, ADFI, ADG, and
feed efficiency decreased with increased Ta. Overall, the Ta
increase resulted in an increase in rectal temperature (RT),
skin temperature (ST), and respiratory rate (RR) within the
first 24–48 h and, subsequently, in a decrease followed by
stabilization. The RT decrease during acclimation occurred
24 h earlier in RFI− pigs than in RFI+. Thyroid hormones and
cortisol decreased at high Ta and it was similar in both lines.
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Based on performance and RT, ST, and RR responses, it seems
that selection for low RFI tends to ameliorate pigs’ tolerance
to high Ta. Nevertheless, this selection does not induce significant differences between lines in endocrine and metabolite
responses during thermal stress.
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Introduction
Heat stress has been suggested as a major threat to the viability
and sustainability of livestock production systems (Gaughan
et al. 2009), particularly in the current context of global
warming (Bernabucci et al. 2010) and the increase of animal
production in tropical and subtropical areas (Renaudeau et al.
2012). Under hot conditions, behavioral, physiological, and
metabolic adjustments allow maintaining homeostasis with
negative consequences on animal productivity and health
(Renaudeau et al. 2012). Pig production is particularly concerned by the negative effects of heat stress because pigs have
a decreased capacity to dissipate their heat by evaporative
mechanisms compared to most livestock species due to their
limited number of functional sweat glands (Curtis 1983). In
addition, modern genotypes seem to be more susceptible to
heat stress (Renaudeau et al. 2010) because of their increased
heat production (Brown-Brandl et al. 2003). According to
these authors, the fasting heat production in pigs increased
19 % from 1984 to 2002. Currently, selection for heat-tolerant
animals has been suggested as a promising strategy for mitigation of negative effects of heat stress on livestock production systems (Gaughan et al. 2009). Animal’s thermotolerance
and resilience are determined by its capacity to maintain
homeostasis in thermal challenging environments with minimal performance losses (e.g., growth, egg and milk
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production, and reproduction). In hot conditions, this capacity
is driven by the animal’s ability to dissipate heat loss or/and
reduce metabolic heat production (Renaudeau et al. 2010).
Studies have demonstrated that selection for low residual feed
intake (RFI), besides selecting for more efficient animals
(Gilbert et al. 2007), reduces metabolic heat production in
beef cattle (Herd and Bishop 2000), laying hens (Luiting
et al. 1991), and pigs (Barea et al. 2010). Thus, it is hypothesized that selection for RFI could modify animal’s adaptability to heat stress. On the other hand, it has been recently shown
that exposure to high ambient temperature had rather comparable effects on energy metabolism and components of heat
production in two lines of pigs divergently selected for RFI
(Renaudeau et al. 2013), which suggests that selection for low
RFI does not improve significantly the ability of the pig to
cope with thermal stress. The objective of the present study
was to validate this hypothesis by comparing the thermoregulatory responses and blood parameters in pigs from low and
high RFI divergent lines during short and medium acclimation
to heat.

Materials and methods
The experiment was conducted in accordance with the French
legislation on animal experimentation and ethics.
Animals and experimental design
This study was designed to evaluate the effects of selection for RFI on thermoregulatory responses in growing
pigs. Animals originated from a divergent selection experiment for low (RFI−) and high (RFI+) RFI conducted at
the Institut National de la Recherche Agronomique
(INRA), France since 2000. Details of the selection process have been described by Gilbert et al. (2007). Briefly,
from an initial purebred Large White population composed of 30 sires and 30 dams, two divergent lines were
produced in two INRA experimental farms (INRA
Génétique, Expérimentation et Systèmes InnovantsGenESI, Le Magneraud, Charente-Maritime, France) by
selecting sires with the lowest and highest RFI values at
each generation; no selection was performed in females,
each dam being replaced by one daughter in the next
generation (Gilbert et al. 2012a). The RFI selection index
was calculated from 35 to 95 kg of body weight (BW)
using the following formula: RFI = DFI − (1.06 × ADG)
−(37×UBT); in which DFI is daily feed intake (in gram
per day), ADG is the average daily gain (in gram per
day), and UBT is ultrasonic back-fat thickness (in millimeter). Residual feed intake, defined as the fraction of
total feed intake that is unexplained by maintenance and
production requirements, has been considered as a

suitable selection trait to improve feed efficiency in pig
production (Gilbert et al. 2007). In particular, selection for
low RFI reduces feed intake and improves feed efficiency
with no correlated effects on growth (Gilbert et al. 2007;
Cai et al. 2008), contrary to selection based on the feed
conversion ratio (Hoque and Suzuki 2009).
In the present study, pigs from the seventh generation
of selection were used. In this generation, the lines difference amounted to 3.1 genetic standard deviation (SD)
of the selection criterion calculated from 35 to 95 kg BW,
corresponding to 148 g/day of feed of RFI measured on
castrated males and females from 70 days of age to
slaughter (110 kg; 2.9, genetic SD). Our experiment included a total of 34 Large White castrated males and was
carried out in two successive replicates of 16 (eight RFI−
from five different litters and eight RFI+ from four different litters) and 18 (nine RFI− and nine RFI+ from five
different litters/line) animals, respectively. At weaning
(i.e., at 4 weeks of age), piglets were transported from
the selection herd facilities (INRA-GenESI, Le
Magneraud, France) to the experimental facilities of
INRA in Saint-Gilles (INRA Physiologie, Environnement,
Génétique Animal et Système d’Elevage - PEGASE,
France), where the experiment was carried out. Animals
were initially group-housed in pens (1.85×2.60 m each;
four or five pigs per pen according to their line of origin)
with metal slatted floors equipped with semi-automatic
feeders and nipple drinkers. Pigs had free access to water
and were fed ad libitum with commercial weaner and
starter diets until their transfer to an experimental
climatic-controlled room (i.e., at approximately 80 days
of age and 40 kg of BW).
Pigs remained in the climatic-controlled room during
35 days, which consisted in a 14-day adaptation period
and a subsequent 21-day experimental period. Pigs were
housed in individual metal-slatted pens (0.70 ×2.30 m)
and each pen (18 in total) was equipped with a feed
dispenser and a nipple drinker designed to avoid water
and feed spillage. Photoperiod was fixed to 12 h of
artificial light (0800–2000 hours) and 12 h of darkness.
Room temperature and humidity were recorded every
5 min using a data logger (EL-USB-2+, DATAQ Instruments, Inc., Akron, OH, USA) located in the center of the
room. Relative humidity was not controlled. Throughout
the adaptation period, the room ambient temperature (Ta)
was maintained at 24 °C.
The experimental period was divided in two successive
periods: period 0 (P0) in which pigs were kept at 24 °C for
7 days (from days −7 to −1) and period 1 (P1) in which pigs
were kept at 30 °C for 14 days (P1, from days 0 to 13).
Between P0 and P1 (on day 0), Ta was gradually changed
from 24 to 30 °C at a constant rate of 2 °C/h beginning at
1000 hours. Pigs had free access to water and feed. Diet
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was formulated to meet the nutritional requirements of
this animal category according to standard recommendations (Table 1).

Table 1 Composition, nutritional levels and energy values of the experimental diet
Ingredients (%)
Corn
Wheat
Barley
Soybean meal
Molasses
Wheat bran
Dicalcium phosphate
Calcium carbonate
Salt
L -lysine HCL
L -threonine
Vitamins and trace minerals mixturea
Analyzed chemical compositionb (%)
Dry matter
Ash
Crude protein
Fat
Starch
Neutral detergent fiber
Acid detergent fiber
Acid detergent lignin
Gross energy (MJ/kg)
Nutritional levelsb,c
Digestible energy (MJ/kg)
Metabolizable energy (MJ/kg)
Net energy (MJ/kg)
Digestible amino acids (%)
Lysine
Threonine
Methionine + cystine
Tryptophan
Threonine/lysine
Methionine + cystine/lysine
Tryptophan/lysine
a

25.39
23.00
23.00
18.70
2.00
5.00
1.10
0.70
0.40
0.18
0.03
0.50
87.0
5.6
18.3
2.3
51.3
14.2
4.85
0.70
18.2
15.2
14.6
10.9
0.81
0.52
0.50
0.17
64
62
21

Vitamins and minerals mixture supplied per kilogram of diet: 5,000 IU
of vitamin A, 1,000 IU of vitamin D3, 20 mg of vitamin E, 2 mg of
vitamin B1, 4 mg of vitamin B2, 10.85 mg of calcium pantothenate, 15 mg
of niacin, 0.02 mg of vitamin B12, 1 mg of vitamin B6, 2 mg of vitamin
K3, 1 mg of folic acid, 0.2 mg of biotin, 500 mg of choline chloride,
56 mg of Fe(sulfate), 24 mg of Fe(carbonate), 10 mg of Cu(sulfate), 100 mg of
Zn(oxide), 40 mg of Mn(oxide), 0.2 mg of I(iodate), 0.1 mg of Co(carbonate),
0.15 mg of Se(selenite)
b

Values expressed on a DM basis

c

Values calculated according to Sauvant et al. (2002)

Surgery
Two weeks before the beginning of the experimental period, four and six pigs/line in the first and the second replicate, respectively, were randomly selected and surgically
fitted with a jugular catheter according to the protocol
previously described by Melchior et al. (2004). Briefly,
after 24 h of fasting, an indwelling silicone catheter (id
1.02 mm, od 2.16 mm; VWR International S.A.S,
Fontenay-sous-Bois, France; catalog ref. 228-0656) was
implanted through a collateral vein in the right external
jugular vein. The catheter was tunneled under the skin and
externalized on the back of the animal. The surgical operation did not exceed 20 min/pig. Except during blood
samplings, the catheter was stored in a strengthened purse
sewed on the back of the pig. Every 2–3 days, the catheters
were flushed with 5 ml of normal saline solution containing
5 % of heparin.
Measurements and sampling procedures
Pigs were individually weighed at the beginning and at the
end of the experimental period, and on day 0 at 0800 hours,
before the temperature change. Every morning, between 0800
and 0830 hours, feed refusals were collected and fresh feed
was immediately distributed, except on days with blood samplings in which animals were submitted to 2 h of fast in order
to standardize the blood sampling procedure and conditions.
Every day, one sample of feed refusals of each animal was
collected. The samples were pooled per period (P0 or P1), and
then DM content was measured. Samples of the allowed feed
were also taken every day and similarly pooled per period for
DM determination and further chemical analyses.
Respiratory rate (RR), heart rate (HR), rectal temperature
(RT), and skin temperature (ST) were measured in all pigs
twice daily (0830 and 1500 hours) on days −6, −4, −1, 1, 2, 3,
6, 8, and 10 of the experiment. On day 0 (day of Ta transition
from 24 to 30 °C), the same measurements were performed
each hour, from 0900 till 1300 hours, only in pigs without
catheter. These physiological measurements were performed
according to the following protocol previously described by
Renaudeau et al. (2008): first, RR was visually determined by
counting flank movements over a period of 1 min, only in
resting pigs. Then, HR was measured using a heart rate
monitor (polar monitoring system, CW Kalenji 100, Oxylane,
France). Finally, RT was measured using a digital thermometer (Microlife Corp., Paris, France), and ST was measured on
the back and flank using a skin surface thermocouple probe
(type K, model 88002K-IEC, Omega Engineering Inc., Stamford, CT, USA) connected to a microprocessor-based handheld thermometer (model HH-21, Omega Engineering Inc.).
The RT and CT measurements were performed in not restrained animals and with the minimum of stress. For that,
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during the adaptation period, animals were adapted to the
presence of the experimenter in the pen, to the instruments
and measurements conditions to avoid any influence of the
procedures and measurements by themselves in the
observations.
Blood samples were collected between 1030 and
1100 hours, via the jugular catheter, on days −5, −1, 1, 2, 3,
7, and 13. The same sampling protocol was done in each
sampling: firstly, 2 mL of blood was taken and thrown away
in order to eliminate dilution from the heparin block. Afterwards, 20 mL of blood were collected and put in heparinized
collection tubes kept on ice for 10 min until centrifugation.
Finally, 5 mL of saline solution with heparin were injected to
prevent blood clot development. The collection tubes were
centrifuged for 10 min at 3,000 rpm (1,620×g) at 4 °C (refrigerated centrifuge) and plasma were immediately
subdivided in aliquots and stored at −20 or −80 °C depending
of the type of analysis to be performed.
Chemical analyses
Feed samples of each period were analyzed for DM, ash, fat
contents, and crude protein (N ×6.25) according to AOAC
(1990) methods. Gross energy content was measured using an
adiabatic bomb calorimeter (IKA, Staufen, Germany). Crude
fiber content and cell wall components (neutral and acid
detergent fiber, and acid detergent lignin) were determined
according to Van Soest and Wine methods (1967).
Blood samples were analyzed for hematocrit levels and
insulin, leptin, glucose, lactate, glycerol, α-amino acids,
thyroxin (T3), triiodothyronine (T4), insulin-like growth
factor I (IGF-I), and cortisol concentrations. Plasma glucose, lactate, glycerol, and α-amino acids were analyzed on
a multianalyzer Konelab 20 apparatus (Thermo Electron
Corporation, Cergy Pontoise, France). Intra-assay coefficients of variation (CV) for these metabolites were less than
2 %. To perform α-amino acids analysis, plasma samples
were previously deproteinized with trichloroacetic acid and
centrifuged. Plasma IGF-I concentrations were determined
using a validated radioimmunoassay (Louveau and
Bonneau 1996) that used recombinant IGF-I (GroPep, Adelaïde, Australia). Intra-assay CV was less than 3.1 %.
Thyroid hormones were determined using a T3 solid phase
component system kit and a T4 monoclonal solid phase RIA
kit (MP Biomedicals, Orangeburg, SC, USA). The CV was
less than 1.25 and 7.9 %, respectively, for T3 and T4 intraassay. Commercial RIA kits were used to measure plasma
concentrations of insulin (CIS Bio International, Gif-surYvette, France), leptin (Millipore Corp., Billerica, MA,
USA), and cortisol (DiaSorin, Antony, France). The CV
was less than 7.6 and 7.2 %, respectively, for insulin and
leptin intra-assay. For the cortisol, intra and inter-assay CV
were 7.3 and 12.3 %, respectively.

Calculations and statistical analyses
Feed intake of each pig was determined from daily weighing
of proposals and refusals. Then, daily feed intake (ADFI in
gram of DM/day or in gram of DM/kg metabolic BW/day
(BW0.60; Noblet et al. 1999), average daily gain (ADG in
gram per day) and gain/feed ratio (G:F in gram of gain per
gram of feed) were calculated for each period (P0 and P1) and
for each day for daily feed intake. These data were analyzed
using the MIXED procedure of SAS (SAS Inst., Inc., Cary,
NC, USA) including the fixed effects of line, period (or day
for daily feed intake), replicate, and their interactions.
The ST was calculated as the average of measurements on
back and flank locations. Short-term RR, HR, RT, and ST
responses to heat stress were evaluated using data collected on
day 0 from 0900 to 1300 hours (period of Ta transition from
24 to 30 °C). These data were analyzed with a MIXED
procedure (SAS Inst., Inc.) including the fixed effects of line,
time of measurement (0900, 1000, 1100, 1200, or 1300 hours),
replicate, and their interactions. Medium-term responses (i.e.,
RR, HR, RT, and ST; from days 0 to 10) were analyzed using
the MIXED procedure (SAS Inst.) including the effects of
line, day, replicate, and their interaction. Daily diurnal changes
of thermoregulatory responses were also calculated as the
difference between values measured in the afternoon
(1500 hours) and in the morning (0830 hours), and analyzed
with the MIXED model used for the thermoregulatory
responses.
When an interaction between line and day was found for
the thermoregulatory responses, data were analyzed using a
nonlinear mixed model (NLMM) previously described by
Renaudeau et al. (2010):
n
h
. io
Y ij ¼ y0i þ v1i d ij −r1 ðv1i −v2i Þln 1 þ exp d ij −td 1i r1
n
h
. i o
−r2 ðv2i −v3i Þln 1 þ exp d ij −td 2i r2 þ εij ;
where Y is the response between days −1 and 10; i is 1 to n
pigs; j is the low or high RFI line; y 0 is the value of Y at day 0;
d is the experimental day; td1 and td2 (day of exposure) are the
threshold days; and v 1, v 2, and v 3 are the linear variations of Y
before and after td1 and after td2, respectively. The r 1 and r 2
coefficients determine the smoothness of the transition around
td1 and td2, respectively. In our study, r 1 and r 2 values were
fixed for each variable and corresponded, respectively, to 0.1
and 0.5 for RT and 0.25 and 0.50 for RR and ST. In this model,
the first threshold day (td1) marks the transition from the shortterm heat acclimation (STHA) phase to the medium-term heat
acclimation (MTHA) phase. The second threshold day (td2)
divides the MTHA in two phases: the first one characterized
by a rapid decline of the response variable (Y); and the second
one characterized by a stabilization or slight change of Y.
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The NLMM was fitted using the NLMIXED procedure of
SAS (SAS Inst., Inc.), and the adjusted R 2 values were estimated using the following formula (Robbins et al. 2006):
h
.
i.h
.
i
adjusted R2 ¼ 1− SSE ðn−p−q−1Þ
CTSS ðn−1Þ ;

pigs. Nevertheless, similar ADG was observed in both lines
(967 g/day on average; P> 0.05). Consequently, RFI+ pigs
were less efficient than RFI− pigs (0.40 vs. 0.45 for G:F; P<
0.01). The high Ta affected negatively the overall growth
performance. Whatever the line, the Ta rise from 24 to
30 °C resulted in a reduction in ADFI (−49 g/day/°C and
−7 g/kg BW0.60/day/°C; P< 0.01) and ADG (−53 g/day/°C;
P< 0.01). The G:F ratio was also decreased at 30 °C (0.38 vs.
0.47; P< 0.01). Although no interactions (P> 0.05) between
line and ambient temperature were found, when exposed to
high Ta, RFI+ pigs had a numerically higher reduction in ADG
(−365 vs. −268 g/day; P= 0.44) and ADFI (−382 vs. −200 g/
day; P= 0.17) than RFI− pigs. Daily feed intake (in gram per
kilogram BW0.60 per day) during the experimental period is
presented in Fig. 1. Except on days −6, −5, and −4, ADFI/kg
BW0.60 did not differ between lines (P> 0.05).

where SSE is the sum of squares for error (calculated from the
estimation of residual values), CTSS is the corrected total sum
of squares, n is the number of observations, p is the number of
parameters, and q is the number of random effects.
Blood parameters were analyzed using the MIXED procedure of SAS (SAS Inst., Inc.) including the fixed effects of
line, day, replicate, and their interactions. In all the statistical
analyses using the MIXED procedure of SAS, the repeated
measurements option was used with a compound symmetry
covariance structure to account for animal effect over time.

Thermoregulatory responses
Results
Short-term responses (day 0) Average Ta at 900, 1000, 1100,
1200, and 1300 hours were 24.2, 24.7, 26.3, 27.9, and
29.2 °C, respectively. Whatever the thermoregulatory response (RT, ST, RR, or HR), the interaction between line
and time was not significant (P> 0.05) and only least square
means per time are presented (Fig. 2). As expected, all thermoregulatory responses were influenced by the temperature
increase. However, these responses were not influenced by
line (P> 0.05). The Ta increase resulted primary (i.e., at about
1100 hours) in a gradual increase in ST and a decrease in HR,
respectively; and subsequently (i.e., at about 1200 hours) in a
gradual increase of RT and RR.

Climatic measurements
During P0, Ta and relative humidity averaged 24.2±0.4 °C
and 49.6±9.6 %, respectively, the corresponding values during P1 were 30.4±0.7 °C and 36.6±9.4 %. These values are in
accordance with the objectives of the experiment.
Growth performance
Because of excessive feed spillage, performance data of one
RFI− pig during the second replicate was not considered in the
analyses. No interaction (P> 0.05) between line and period
was found for any performance trait (Table 2). Irrespective of
period, RFI+ pigs had greater ADFI (2,423 vs. 2,138 g/day; P
< 0.01; 209 vs. 188 g/kg BW0.60/day; P< 0.01) than RFI−

Medium-term responses Preliminary analyses indicated that
thermoregulatory responses did not differ (P> 0.05) on days
−6, −4, and −1 (i.e., during P0). Thus, in a second approach,

Table 2 Effects of line and exposure to high ambient temperature on growth performance in pigs (least squares means of 16 pigs RFI− and 17 pigs RFI+)
Item

Mean BW (kg)
ADFI (g/d)c
ADFI (g/kg BW0.60/d)c
ADG (g/d)
G:F (g of gain/g of feed)c

Perioda

Line
RFI−

RFI+

0

1

58.2
2,138
188
970
0.45

60.2
2,423
209
965
0.40

54.4
2,426
220
1,126
0.47

64.0
2,135
176
810
0.38

RSD

Significant effectsb

0.8
262
22
250
0.08

P**, R*
L**, P**, R*
L**, P**
P**
L**, P**, R**

RSD residual standard deviation
a

Period 0: 24 °C, 7 days; period 1: 30 °C, 14 days

b

Data were analyzed using a general linear mixed model including the effects of period (P), line (L), replicate (R), and the P and L interaction as fixed
effects
c

For an average DM of 86.6 %

*P< 0.05, statistically significant; **P< 0.01, statistically significant
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Fig. 1 Effect of exposure to high
ambient temperature on ADFI (in
gram per kilogram BW0.60 per
day) in RFI− and RFI+ pigs. Each
point is the least squares mean of
16 pigs RFI− and 17 pigs RFI+.
Dotted line ambient temperature,
× daily feed intake significantly
different between lines (P< 0.05)

daily mean values of traits measured at 30 °C were compared to the mean value in P0 using a contrast (Table 3).
On average, RFI+ pigs had higher ST (37.8 vs. 37.5 °C; P
< 0.05) and HR (142 vs. 135 bpm; P< 0.05) than RFI−
pigs. However, RT and RR were not affected by line. All
thermoregulatory traits were affected by the day of experiment. Whatever the day of exposure, the RT values on P1
were higher (P< 0.05) than in P0, except on day 6 (P=
0.06). Within P1, RT was greater on days 1 and 2 (40.1 °C
on average; P < 0.01) and thereafter it decreased to a
constant value of about 39.8 °C. Irrespective of day of
exposure, ST and RR values over P1 were higher than in
P0 (37.9 vs. 37.0 °C and 81 vs. 55 bpm on average for ST
and RR, respectively; P< 0.05). During P1, ST was higher
on day 1 (38.3 °C; P < 0.01). From days 2 to 8, ST

Fig. 2 Effect of temperature
transition from 24 to 30 °C (2 °C
per hour) on rectal temperature
(a), skin temperature (b),
respiratory rate (c), and heart rate
(d). Average ambient temperature
at 900, 1000, 1100, 1200, and
1300 hours were 24.2, 24.7, 26.3,
27.9, and 29.2 °C, respectively.
The interaction between line and
time was not significant for any
trait (P> 0.05). Each vertical bar
is the least square mean of seven
pigs RFI− and eight pigs RFI+.
Within each graphic, least square
means with different letters differ
(P< 0.05) according to the time

remained at a constant value of 38.0 °C. Similarly to RT
and ST, RR was greater on day 1 (96 bpm; P< 0.01) than
on day 0. Thereafter, it decreased from days 2 and 3 and
remained constant at 82 bpm from days 3 to 10. With
regard to HR, it did not differ within P1 but it was lower
in P1 than in P0 (135 vs. 146 bpm; P< 0.05).
Interaction between line and day of experiment was found
only for RT, ST, and RR. The patterns of these changes
and their profiles during exposure to high Ta, studied
using a modeling approach, are presented in Table 4 and
Fig. 3, respectively. The magnitude of the linear increase
of RT before td1 (i.e., v1), 0.30 °C/day on average, did not
differ between lines. However, td1 was 24 h earlier in
RFI− pigs than in RFI+ (0.85 vs. 1.88 day; P < 0.01).

Int J Biometeorol
Table 3 Effects of line and day of exposure to high ambient temperature on thermoregulatory responses in pigs (least squares means of 17 pigs RFI− and
17 pigs RFI+)
Item

Line

RFI− RFI+ −6
Ambient temperature –
(°C)
Rectal temperature (°C)
Daily mean
39.7
Diurnal changec
0.3
Skin temperature (°C)
Daily mean
37.5
Diurnal changec
0.3
Respiratory rate (bpm)
Daily mean
73
Diurnal changec
1
Heart rate (bpm)
Daily mean
135
Diurnal changec

−11

RSD Significant effectsb

Day of exposure

–

−4

−1

0a

24.1 24.2 24.2 27.1

1

2

3

6

8

10

30.6

30.3

30.4

30.5

30.5

30.5

39.8 39.5 39.5 39.7 39.8w d 40.1x d 40.0x d
0.4 0.1 0.1 0.2 0.4wx d 0.3w d

39.8w d 39.7w
0.6x d
0.4w d

39.8w d 39.8w d 0.2
0.4wx d 0.4wx d 0.3

37.8 37.0 37.0 37.0 37.4w d 38.3z d 38.1yz d 38.0xy d 37.9xy d 38.0xy d 37.8x d 0.3
0.4 0.4 0.1 0.1 –
0.3
0.2
0.6 d
0.4
0.3
0.5 d
0.5

D**, DL*
D**, LR*
L*, D**, DL**
D*, DL*, DLR*

74
4

58
−1

65w d
–

96y d
2

87xy d
7

80x d
7

79x d
5

81x d
6

81x d
3

11
19

D**, R**, DL**
DL*

142

147 149 142 140 d

135 d

139 d

134 d

136 d

136 d

128 d

10

L*, D**, R*

−1

−6

−7

−13

−8

−8

−9

−1

16

L*

52
−3

−4

54
−3

4

–

RSD residual standard deviation
Day 0: day of ambient temperature transition from 24 to 30 °C; mean values of measurements performed at 0900 and 1300 hours in 10 pigs RFI− and 8
pigs RFI+

a

b

Data were analyzed using a general linear mixed model including the effects of day of experiment (D), line (L), replicate (R), and their interactions as
fixed effects
Statistical significance: *P< 0.05; **P< 0.01

c

Differences between mean values measured in the afternoon (1500 hours) and in the morning (0830 hours)

Mean value statistically different (P< 0.05) from the mean of period 0 (mean of days −6, −4 and −1); values were compared using the contrast statement
of the MIXED procedure (SAS Inst., Inc.)

d

w, x, y, z

Within period 1 (days 0–10), means in the same row with different superscripts letters are statistically different (P< 0.05)

Although not significant, td2 was 36 h earlier in RFI− pigs
compared to RFI+ (1.52 vs. 2.94 days; P= 0.42). This
absence of significance could be related to the high within
line variation of this parameter, especially in RFI− pigs.
The v 2 and v 3 estimates did not differ between lines (P>
0.05). Concerning ST, the MTHA period in RFI+ pigs
could not be modeled in two distinct phases, thus, ST
response in RFI+ was adjusted using the following model,
previously described by Renaudeau et al. (2010):


 
Y ij ¼ y0i þ v1i d ij −r1 ðv1i −v2i Þln 1 þ exp d ij −td 1i =r1 þ εij

The r 1 was fixed to 0.25. The v 1 value for ST increased
similarly in both lines (0.60 °C/day on average) but td1 and
then STHA period was shorter in RFI+ than RFI− pigs (0.98
vs. 1.64 days; P< 0.05). The v 2 estimate did not differ between lines (P> 0.05); however, unlike what was observed in
RFI− pigs, the ST in RFI+ pigs did not fall immediately after
td1. Although interaction between line and day of experiment
was found for RR, when data were analyzed using the
NLMM, no differences were found for any parameter (P>

0.05). That absence of significance may be due to the high
residual variance of the model (i.e., 140 bpm) due to a high
inter individual variation. Despite this nonsignificance, the
decrease in RR after td1 was twice as fast in RFI− pigs than
RFI+ pigs (−21.0 vs. −9.5 bpm/day; P= 0.38), and td2 was
approximately 40 h earlier in RFI− pigs compared to RFI+
pigs (2.31 vs. 3.98 days; P= 0.19).

Blood parameters
The effects of line and exposure to high ambient temperatures
on blood parameters are presented in Table 5. Because of
blood clots, five intravenous catheters (three in RFI− and
two in RFI+ pigs) stopped working during the first replicate.
Therefore, blood measurements were obtained only from seven RFI− pigs and eight RFI+ pigs. Since blood parameters
during P0 did not differ, mean values of each day in P1 were
compared to the mean value in P0. No effect of line was found
for any blood parameter (P> 0.05), whereas most of them
were affected by ambient temperature. As expected, plasma
concentrations of T3 during P1 were lower than during P0 (81
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Table 4 Effect of exposure to high ambient temperatures on thermoregulatory responses in RFI− and RFI+ pigs (estimated mean ± SE)

Rectal temperature, skin temperature, and respiratory rate responses were subjected to a nonlinear mixed model: Y =y 0 +v 1d −r 1(v 1 −v 2) ln{1+exp[(d −
td1)/r 1]}−r 2(v 2 −v 3) ln{1+exp[(d −td2)/r 2]}+ε or Y =y 0 +v 1d −r 1(v 1 −v 2) ln{1+exp[(d −td1)/r 1]}+ε; where Y is the response variable; y 0 is the value
of Y at d =0 (in degree Celsius for rectal and skin temperature and breaths per min (bpm) for respiratory rate); td1 and td2 (day of exposure) are the
threshold days; and v 1, v 2, and v 3 are the linear variations of Y before and after td1 and td2, respectively; and σ 2 e is the residual variance of the model
d

Estimated means significantly different (P< 0.05). Estimated means were compared using the contrast statement of the NLMIXED procedure

vs. 107 ng/dL on average; P< 0.05). Within P1, T3 concentration was lower on day 1 (70 ng/dL; P< 0.05) and then it
increased, remaining steady at about 84 ng/dL between days 2
and 13. The T4 concentration at 30 °C was lower than at 24 °C
only on days 1, 2, and 3 (−18 %, on average; P< 0.05).
Cortisol was significantly lower at 30 °C than at 24 °C
(−44 % on average; P< 0.05), whereas it remained constant
within P1 (16.5 ng/mL on average; P< 0.05). Blood concentration of IGF-I was similar throughout the experiment
(239 ng/mL on average; P> 0.05), except on day 13 when it
decreased by about 20 %. Immediately after Ta increase (on
day 1), plasma levels of α-amino-acids N rose compared to at
thermoneutrality (672 vs. 625 mg/L; P< 0.05) and then decreased over the next days, averaging 582 mg/L on day 13.
Glycerol concentrations over P1 differed from P0 only on day
13 (4.64 vs. 3.86 on day 13 and in P0, respectively; P> 0.05).
Insulin, leptin, glucose, and lactate concentrations were not
affected by Ta (P> 0.05) and averaged 25.0 μUI/mL, 2.63 ng/
mL, 1,047 mg/L, and 93 mg/L, respectively.
Except for hematocrit values and T3 concentrations, the
interaction between line and day of experiment was not
significant (P> 0.05) for any blood parameter. Except on
days 2 and 3, hematocrit values tended to be slightly
higher in RFI+ pigs than in RFI−. With regard to T3,
RFI− pigs tended to have higher plasmatic concentrations
than RFI+ pigs except on days −5 and 7.

Discussion
Effect of high ambient temperature on performance
in growing pigs
In a recent meta-analysis, Renaudeau et al. (2011) estimated
that each degree increase in Ta between 20 and 30 °C results in
a decrease of 32 and 18 g/day in ADFI and ADG, respectively,
in 50 kg BW pigs. The present study is in agreement with
these findings and shows that, whatever the line, the Ta rise
from 24 to 30 °C resulted in an associated ADFI reduction of
49 g/day/°C. Nevertheless, this ADFI reduction was much
lower than that reported by Renaudeau et al. (2013) in comparable pigs (i.e., same origin) for a 24 to 32 °C temperature
range (i.e., −100 g/day/°C). This discrepancy could be explained by the more stressful experimental conditions applied
to the pigs in this study compared to the present study. First,
their animals were housed in respiration chambers in which
the temperatures of the floor and walls were similar to the Ta.
Second, pigs were submitted to a higher Ta increase (+8 vs. +
6 °C), the decrease in ADFI (in gram per degree Celcius)
being as high as Ta is high (Renaudeau et al. 2010). Third, the
relative humidity was higher (75 vs. 37 %) which may have
decreased pig’s ability to dissipate heat by evaporation.
The lower ADFI in hot conditions is an adaptive response
to minimize heat production associated to digestive and
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et al. (1999) and Kiefer et al. (2009), whereas Le Bellego et al.
(2002) and Collin et al. (2002) observed no difference. This
discrepancy in the results could be related to differences in
breed, BW, diet composition, pre-experimental conditions,
and, also, temperature range.
Thermoregulatory responses and blood parameters
during thermal acclimation

Fig. 3 Effect of exposure to high ambient temperature on rectal temperature (a), skin temperature (b), and respiratory rate (c) profiles in RFI−
and RFI+ pigs. Each point is the least squares mean of 17 pigs RFI− or 17
pigs RFI+. From days −1 to 10, predicted responses were estimated using
a nonlinear model (see Table 4 for parameters values)

metabolic processes; however, it results in a lower amount of
nutrients available for growth which then impairs growth
performance. In our study, the Ta rise resulted in an average
reduction of 53 g/day/°C in ADG. A similar reduction (i.e.,
50 g/day/°C) was reported by Renaudeau et al. (2008) in 50 kg
growing pigs in a Ta range of 24–32 °C. Nevertheless, the
ADG reduction in the present study was higher than that
estimated in the meta-analysis of Renaudeau et al. (2011),
which could be related to the fact that most of the published
results on the effects of high Ta on pigs performance were
obtained in pigs previously acclimated to elevated temperatures, which was not the case in our study. According to our
results, the reduction in growth rate in P1 was more than twice
higher than the reduction in feed consumption (−28 vs.
−12 %). This is consistent with the fact that the reduction in
feed intake will mainly impact the amount of feed energy
available for production purposes, as it represents about
60 % of the total requirements. This situation might even be
emphasized by the increased energy requirements for maintenance in hot conditions, in connection with increased physical
activity due to intense panting to maintain homeothermy
(Quiniou et al. 2001; Renaudeau et al. 2013). Lower feed
efficiency in heat-stressed pigs was also reported by Tavares

Short-term acclimation In our study, the STHA responses
were evaluated in a 4-h period in which Ta linearly increased
from 24 to 30 °C. This Ta rise resulted primarily (i.e., at about
26 °C of Ta) in a ST increase and HR decrease, and posteriorly
(i.e., at about 28 °C of Ta) in a RR and RT increases. The rise
in ST is the consequence of an increased blood flow from the
core to the skin associated with a cutaneous vasodilation to
enhance the heat exchange between the skin and the environment (Collin et al. 2002). Within this STHA period, ST
increased by 0.22 °C per extra degree of Ta. Similar ST
increase was reported by Renaudeau et al. (2007; 0.22 °C/°C
for a Ta range of 24–31 °C). Little is known about the effects
of Ta on HR response in pigs. In our study, HR started to
decrease within the first hours of heat exposure. In contrast, a
short-term increase in HR was reported in rats (Horowitz and
Meiri 1993) and humans (Crandall et al. 2008) exposed to
high Ta. Although pigs’ behavior was not recorded in the
present study, pigs became visually quieter when Ta increased.
Since pigs’ heart rate tends to decrease with the decrease in
physical activity (D’Allaire and DeRoth 1986), it can be
suggested that the short-term reduction in HR in our study
was mainly a direct consequence of a decreased physical
activity with thermal stress.
As Ta increases, pigs’ ability to lose heat by sensible
pathways (radiation, convection, and conduction) decreases
due to a reduction in the gradient of temperature between the
skin and the environment (Quiniou et al. 2000). Thus, above
28 °C, almost all heat dissipation in growing pigs is accomplished through evaporative heat losses (Renaudeau et al.
2008). As pigs have a limited number of sweat glands, their
major evaporative pathway to dissipate heat is by respiratory
evaporation (Huynh et al. 2005). Our result agrees with this
statement, and RR started to rise from 28 °C. This threshold
value also called evaporative critical temperature is similar to
those reported by Renaudeau et al. (2007) in individually
housed growing pigs. According to our results, RT also increased from about 28 °C on, in agreement with previous
results (Renaudeau et al. 2007). In fact, a rise in RT under
hot conditions indicates a relative inability of the animals to
adequately dissipate the excess heat load (Nienaber et al.
1999).
Medium-term acclimation Regarding pigs’ acclimation during P1, the exposure to 30 °C resulted initially in an increase in
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Table 5 Effects of line and day of exposure to high ambient temperature on blood parameters in pigs (least squares means of seven pigs RFI− and eight
pigs RFI+)
Item

Line
RFI−

Day of experiment
RFI+

−5

−1

1

2

3

7

13

RSD

Significant effectsa

Ambient temperature (°C)

–

–

24.2

24.2

30.6

30.3

30.4

30.5

30.5

–

–

Hematocrit (%)
Hormones
T3 (ng/dL)
T4 (μg/dL)
Cortisol (ng/mL)
IGF-I (ng/mL)
Insulin (μUI/mL)
Leptin (ng/mL)
Metabolites
Glycerol (mg/L)
α-amino-acids N (mg/L)
Glucose (mg/L)
Lactate (mg/L)

31

31

32

32

31wx

32x

29w d

32x

31wx

2

D*, DL*

92
2.99
22.4
225
23.6
2.79

85
2.96
18.2
239
26.4
2.47

105
3.36
30.8
239
18.6
2.22

110
3.22
28.6
251
23.7
2.62

70w d
2.55w d
18.7 d
240
27.4
2.64

81wx d
2.78wx d
15.6 d
222
25.9
2.66

84x d
2.74wx d
12.8 d
238
25.4
2.81

89x d
3.19x
17.1 d
243
27.9
2.92

80wx d
3.00wx
18.3 d
192 d
26.0
2.54

12
0.43
11.2
43
7.9
0.55

D**, DL*, LR*
D**, R*
D**
D*, R*
R*
R*

3.98
600
1,050
88

3.95
646
1,044
98

3.94
611
1,022
99

3.78
638
1,058
89

4.18wx
672x d
1,088
91

3.60wx
642wx
1,041
98

3.49w
599w
1,039
89

4.14wx
617wx
1,046
93

4.64x d
582w d
1,037
90

0.87
57
65
18

D*
D*

RSD residual standard deviation
a

Data were analyzed using a general linear mixed model including the effects of day of experiment (D), line (L), replicate (R), and their interactions as
fixed effects. Statistical significance: *P< 0.05; **P< 0.01
Mean value statistically different (P< 0.05) from the mean of period 0 (mean of days −5 and −1); values were compared using the contrast statement of
the MIXED procedure (SAS Inst. Inc.)

d

w, x

Within period 1 (days 0–13), means in the same row with different letters are statistically different (P< 0.05)

ST, RR, and RT within the first 24–48 h and, subsequently, in
a decrease followed by stabilization. This pattern of response
was previously described by Giles et al. (1991) and
Renaudeau et al. (2010) in pigs and by Bianca (1959) in
calves; it consists in a biphasic profile of acclimation to heat
stress characterized by an initial phase of rapid activation of
the thermoregulatory responses and hyperthermia and a subsequent recovery phase characterized by a gradual decrease of
the thermoregulatory responses. According to Renaudeau
et al. (2013), the decrease in thermoregulatory responses
during acclimation can be explained by a reduction in endogenous heat production that decreases body demand for heat
dissipation. In this study, the decrease in heat production
occurred mainly within the first 24 h of heat exposure and
was principally related to a decrease in the thermic effect of
feed due to a decrease in feed consumption. In our study,
besides a drop in ADFI observed within the first 24 h of heat
exposure, the decline in ST, RR, and RT also occurred within
the first days of heat exposure. That coincides chronologically
with the drop in the thermic effect of feed described by
Renaudeau et al. (2013). Therefore, it can be suggested that
the medium-term decrease in RT observed in our study is
mainly associated to a decrease in heat production caused by
a decrease in feed consumption. As suggested by Giles et al.
(1991), a decline in ST and RR over the acclimation period at

30 °C is interpreted as a reduction of the cooling demand. In
contrast to RT, RR, and CT, HR did not show a biphasic
response to heat stress. This parameter decreased in hot conditions but remained relatively constant during P1, despite a
numerically lower value was observed on day 10. A mediumto long-term decrease in HR during thermal acclimation was
also observed in rats (Horowitz and Meiri 1993). It can be
hypothesized that the HR decrease is a consequence of a
decreased metabolism in hot conditions; however further
studies should be undertaken to confirm this hypothesis and
the results obtained in our study.
Besides affecting the thermoregulatory responses
discussed above, heat stress is also thought to modify metabolic and hormonal profiles in homoeothermic animals. One
of the primary modifications during heat acclimation is a
decrease in the endogenous levels of thyroid hormones (i.e.,
T3 and T4; Macari et al. 1986; Collin et al. 2002) to decrease
the metabolic rate and consequently reduce the amount of heat
produced by cells (Bernabucci et al. 2010). In our study, the
exposure to heat stress resulted in a decrease in these hormones followed by a gradual increase over time. This suggests
that thyroid hormones are also involved in the acclimation of
pigs to a sustained heat load by a direct or an indirect effect on
metabolic rate. Whether T3 and T4 decline over duration of
exposure to 30 °C occurs in direct response to thermal
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inhibition of hypothalamus or as an indirect effect of lower
feed intake and metabolism is still unclear. In our study,
plasma cortisol concentrations decreased under hot conditions, which is in agreement with the studies of Marple et al.
(1972), Heo et al. (2005), and Kim et al. (2009). Although not
significant, insulin concentrations were numerically higher in
P1 than in P0. This result corroborates recent studies demonstrating an increase in insulin concentration in hot conditions
(Pearce et al. 2013; Rhoads et al. 2013). The causes for this
increase are not well known, however, it has been associated
to the role of insulin in activating and up-regulating heat shock
proteins (Li et al. 2006; Pearce et al. 2013). More generally,
these latter authors suggest that insulin plays a critical role in
the ability of animals to respond and acclimate to a thermal
challenge. Since IGF-I is mainly implicated in cell proliferation and protein deposition (Florini et al. 1996) and pigs
growth rate decreased during heat exposure, a decrease in
IGF-I levels was expected; however, it was not observed in
our study. The lack of influence of high Ta on IGF-I concentrations was also observed in growing pigs (Becker et al.
1993) and dairy cows (Titto et al. 2012). In contrast, Collin
et al. (2002) reported a decrease in plasma IGF-I concentrations in heat stressed piglets. The present results indicate that
glucose and leptin concentrations were not affected by heat
stress. In the study by Pearce et al. (2013), heat stressed pigs
had lower levels of glucose compared to those at
thermoneutrality; however, these authors suggested that it
was mainly associated to a decrease in feed intake rather than
a direct effect of heat stress once it was not observed in pigs
under pair feeding conditions. In the study by Marple et al.
(1972), both glucose and NEFA concentrations were increased, but to a variable extend depending upon humidity
level. In addition, we hypothesize that our experimental design could partially account for this absence of effect since
animals were fasted for 2 h prior to blood collection. Regarding leptin concentrations, we were expecting a decrease of this
hormone in hot conditions as a consequence of feed intake
reduction. Nevertheless, differences in leptin plasma concentration have been mainly associated with differences in body
composition (Lefaucheur et al. 2011) and not with nutritional
status, which may explain our results.

Effects of RFI selection on pig’s acclimation to high ambient
temperature
Selection for low RFI reduces feed intake without correlated
effects on growth rate and body composition; therefore, feed
efficiency is improved (Gilbert et al. 2007; Hoque and Suzuki
2009) and heat production is reduced (Barea et al. 2010;
Renaudeau et al. 2013). The results of the present study, even
obtained over a short period and with a reduced number of
pigs per line are consistent with this assumption and show

that, irrespective of ambient temperature, RFI− pigs had a
lower ADFI (−12 %) and greater G:F ratio (+13 %) than
RFI+ pigs, without difference in ADG. It was also hypothesized that the negative effects of heat stress on performance
are accentuated in RFI+ pigs. In our study, although not
significant, RFI+ pigs had a numerically higher reduction in
ADG (−365 vs. −268 g/day) and ADFI (−382 vs. −200 g/d)
than RFI− pigs when exposed to hot conditions. Nevertheless,
Renaudeau et al. (2013) reported that the effects of heat stress
on performance did not differ between RFI− and RFI+ lines.
On the other hand, Gilbert et al. (2012b) suggested that RFI−
pigs have lower ADG than RFI+ pigs when raised in a tropical
environment, which reduced their advantage in terms of feed
efficiency compared to RFI+ pigs. In fact, it seems that experimental conditions (Ta range, humidity, housing conditions,
diet) have a major influence in the between line responses to
heat stress, since studies performed on animals from the same
genetic program but in different environmental conditions
exhibited different responses.
In general, RFI+ pigs had higher ST and HR than RFI− pigs,
which can be associated to their greater metabolic rate and
increased physical activity, respectively (Barea et al. 2010).
This higher ST is in agreement with the greater sensible heat
losses in RFI+ line reported by Renaudeau et al. (2013). In our
study, RR was not influenced by the line. In contrast,
Renaudeau et al. (2013) reported greater RR in RFI+ pigs
irrespective of Ta. It suggests that, in our experimental conditions, RFI+ pigs had a greater capacity to dissipate heat by the
sensible pathways and then depended less on the evaporative
losses to dissipate their extra heat, which can be related to the
Ta and relative humidity differences between the two studies.
Concerning the acclimation process, STHA responses were
similar in RFI− and RFI+ pigs. Similarly, Renaudeau et al.
(2008; experiment 2) reported no differences in STHA between Large White and Caribbean Creole growing pigs. From
these results, it could be suggested that the immediate responses to thermal heat stress are essentially similar within a
given species since they correspond to the primary survivaloriented responses that are less influenced by inter-individual
differences. According to the present study and based on RT
measurements, the onset of the MTHA response (i.e., td1) was
delayed in RFI+ pigs. This line effect could be related to the
high metabolic heat production and high demand for heat
dissipation of RFI+ pigs compared to RFI− pigs. Similar
results were obtained when two breeds with different metabolic heat production were compared using the same thermal
challenge (Renaudeau et al. 2007). After td1, the pattern of
thermoregulatory responses was not affected by RFI selection,
suggesting that the physiological mechanisms are similar in
both lines during this period. Overall, metabolic and endocrine profiles during acclimation were similar in both lines.
Our results are in agreement with those of Le Naou et al.
(2012) that reported no differences in plasma concentration of
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nutrients (i.e., glucose and lactate) and hormones (i.e., IGF-I,
leptin, and insulin) between RFI− and RFI+ pigs from the sixth
and seventh generation of the same selection program as in the
present study. Our hypothesis was that at least thyroid hormones profiles during acclimation would be different between
lines. However, only slight and isolated differences between
lines were observed for T3 concentrations, which do not allow
to do draw definitive conclusions about the effects of RFI
selection on thyroid hormones. In fact, it seems that the
between-lines differences (e.g., heat production, feed efficiency, and physical activity) are not sufficient to induce significant changes in endocrine and metabolite responses during
thermal stress.

Conclusion
Based on performance data and thermoregulatory responses,
our study suggests that selection for low RFI tends to slightly
ameliorate pigs’ tolerance to heat stress. This higher thermotolerance of low RFI animals would be related to their lower
total heat production rather than to metabolic or hormonal
differences since blood parameters during acclimation in our
study were similar in both lines. Therefore, experiments in
commercial conditions in tropical and subtropical areas are
still needed in order to evaluate the effectiveness of RFI
selection as a genetic strategy to mitigate the effects of heat
stress.
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