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Much U.S. swine production is in Köppen climate types classified as “hot-summer humid continental” and “humid subtropical.” As a result, farrowing sows are often exposed to temperatures above their upper critical temperature. This heat stress (HS) can affect sow welfare and productivity and have a negative economic impact. The study objective was to evaluate the impact of a cooling pad on sows' behavioral and heart rate responses to acute HS. Treatments were randomly allotted to ten multiparous sows to receive a constant cool water flow of 0.00 (CONTROL, n = 4), 0.25 (LOW, n = 2), 0.55 (MEDIUM, n = 2), or 0.85 (HIGH, n = 2) L/min for 100 min and replicated eight times, switching treatments so that each sow was exposed to each treatment. The cooling was initiated 1 h after the room reached 35°C for 100 min. Eating, drinking and nursing behaviors, postures, and heart rate were recorded before heating (Period 1), prior to cooling (Period 2), and during cooling (Period 3). There were no differences between LOW, MEDIUM, and HIGH flow rates for any periods on all behavioral and heart rate traits, so data were pooled (COOLED). There were no differences in any of the measures during Periods 1 and 2, except for the ratio of short term to long term heart rate variability (SD1:SD2) with higher values for CONTROL than COOLED sows in Period 2. During Period 3, CONTROL sows changed postures more frequently (11.5 ±1.6 vs. 5.1 ±1.6 changes per hour), spent more time drinker-pressing/drinking (4.4 ± 0.5 vs. 1.4 ± 0.4% of time), standing (6.6 ± 1.7 vs. 3.8 ± 1.6% of time), sitting (10.0 ± 1.2 vs. 4.0 ± 1.1), less time lying (83.0 ±1.8 vs. 92.0 ±1.7% of time), especially lying laterally (62.0 ± 5.6 vs. 75.0 ± 5.3% of time), than sows in all three cooling treatments (all P < 0.001). Heart rate during Period 3 was lower for COOLED sows compared to the CONTROL sows (100.2 ± 3.4 vs. 119.0 ± 4.0 beat per min, P < 0.001). Sows response to increased thermal load can be effectively reduced using water-cooled cooling pads, thereby improving sow comfort and welfare. The beneficial effects on behavior are noticeable from the lowest flow rate.
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INTRODUCTION

Pork continues to be the world's most-consumed meat (1), and the majority of global pork production is carried out in areas that are subject to thermal extremes. The amount of animal production subject to thermal extremes is increasing due to the combined impacts of climate change (2), human population increase, and increased demand for animal protein in developing countries (3). Against this background, for demand to be met, there needs to be improvements in production efficiency and environmental sustainability (4).

Heat stress conditions in pigs can be described with two concepts: the preferred temperature range, which is the optimal range, and the upper extreme temperature, which can cause serious negative effects in terms of performance and welfare. The preferred temperature range in pigs decreases with age from a minimum of 32°C before 3 kg, 26–32°C in prenursery stage 10–25°C for growing/finishing pigs and sows or boars above 100 kg (5, 6). Lactating sows have an optimal range between 15 and 26°C. The upper critical temperature for piglets from 3 kg to finishing pigs is 35°C, whereas it is 32°C for lactating and sows or boars above 100 kg (6).

Extreme heat impacts both pig production and pig welfare in multiple ways (7, 8). Heat stressed pigs show increases in body temperatures, which they attempt to counteract by increasing respiration rates (5) and altering behavior, reducing activity and lying laterally (9) to promote heat loss, as well as increasing wallowing (10) and shade seeking when housed outside (11). They reduce feed intake, resulting in depressed growth rates in growing pigs and loss of body condition (5) and reduced milk production in lactating sows (12, 13), with the knock-on effect on piglet growth (14). There can be a reduction in gastro-intestinal health (15) and changes in carcass composition, with an increase in fat deposition (16). For sows, exposure to heat stress at specific periods during the reproductive cycle can result in anestrus, decreased farrowing rates, increased embryonic mortality, and decreased litter sizes (17). Gestation length can be reduced (18), but farrowing duration increased (9), increasing risk of stillbirths. As well as the direct effect on offspring as a consequence of altered milk production, offspring from heat stressed mothers can themselves have lower fertility, with gilts having smaller litters (19) and boars having poorer sperm quality (20). Overall, the economic cost is in the hundreds of millions of dollars annually, in the USA alone (21).

In order to counteract the impact of heat stress, different cooling methods have been developed. Options include whole building cooling systems and systems that target the individual pig, using one or more of convection, conduction, and evaporation (22). Evaporative cooling systems are most often used with drip or sprinkler systems (23, 24), often combined with mechanical ventilation. Another option is air cooling directed specifically at the head region—snout cooling (25). While these systems demonstrate some benefits, their effectiveness may be limited when there is high humidity in the case of evaporative systems (26), or by applicability only to pigs housed in close confinement such as sows in farrowing crates. There has also been some interest in conductive cooling such as that offered by cooled flooring (23, 27–29), and preference studies have shown that this type of cooling may be preferred by the pigs as it is close to their natural cooling behaviors (23).

The modern lactating sow is especially at risk of heat stress, as it has been heavily selected for increased productivity including litter size and litter weaning weight and thus resulting in increased heat production in comparison to past sows (30). Given that sows within a farrowing room may be at different stages of lactation, have different litter sizes and be producing heat unequally, individual sow cooling has the possibility to confer more production and welfare benefits than whole room cooling. Recently, a cooling pad has been designed to increase the potential removal of excess heat of modern lactating sows in high environmental temperatures (31). It showed beneficial effects on the sows' respiration rates, and vaginal, skin, and rectal temperatures (32), with a “dose-dependent” decrease for all traits with increasing water flow rates from LOW to HIGH (from 0.25 to 0.85 L/min for 100 min) in comparison to a CONTROL flow rate (0.00 L/min). The ultimate goal is that the system will be controllable at the individual sow level, potentially sampling welfare parameters from the sow in real time and using that information to adjust the cooling efficiency of the system. In order to reach this ultimate goal, there is a need to obtain fundamental information about the sows' behavioral and physiological responses to heat stress and how these can be influenced. Therefore, the study objective was to evaluate the impact of different water flow rates through a cooling pad on the sows' behavioral and heart rate responses.

MATERIALS AND METHODS

The study was approved by Purdue University Institutional Animal Care and Use Committee and received the authorization number #1508001275.

Animals, Housing, and Husbandry

The experiment was conducted from July 22nd to July 26th, 2016, at the swine farrowing facility at Purdue University Animal Sciences Research farm. The farm is located in a humid continental climate with warm summers (40° 29' 59” N and 87° 00' 47” W, with an altitude of 218 m) and a Köppen climate classification of Dfa (33).

The study subjects were 10 multiparous sows (commercial crossbred Yorkshire and Landrace), housed within the same farrowing room in individual farrowing crates (2.1 m × 0.6 m) within pens (2.3 m × 2.0 m), with fully-slatted metal floors. Each sow was provided with a cooling pad made with an aluminum diamond plate top, a high-density polyethylene base and eight copper water pipes in contact with the diamond plate through a specialty extruded aluminum clip (modified from 30, Figure 1). A more detailed description of the pad is available in the Patent Application (34). Each cooling pad had an outlet valve to regulate the water flow and an inlet valve to take inlet water samples. Piglets were provided supplementary heat using one heat lamp per farrowing crate, placed to one side over a solid polyethylene mat (1.0 m × 0.3 m).
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FIGURE 1. Cooling pad base and cooling water pipes [Extracted from Cabezón et al. (30).



The farrowing room had one heater and one fan that worked independently from each other. The heater was set to achieve 35°C once the trial started. The fan (fan and screen opening of 0.41 × 0.41 and 0.48 × 0.46 m, respectively) had 2 operating options (off or 100% speed). The fan was running at 100% speed during the entire trial. The screen opening in the fan was reduced to 50% in order to maintain the temperature. Temperature, relative humidity and dew point in the farrowing room were recorded in 5 min intervals, using 2 data loggers (accuracy: ± 0.5°C, 3% and 1.1°C for temperature, relative humidity and dew point, respectively, EL-USB-2, DATAQ Instruments, Inc., OH, USA). The data loggers were calibrated with a scientific thermometer and were placed 0.7 m from the floor at the sow level and away from water sources.

Sows were fed a corn and soybean meal-based diet with 5% distillers dried grains and solubles (DDGS) and 3% choice white grease. The diet was formulated to meet or exceed nutrient requirements (0.9% SID lysine, 19.9% CP, 3348 Kcal/kg ME and 2501 Kcal/kg NE) (NRC, 2012). Feedings occurred at 0700, 1,300, and 1,730 h each day to target ad libitum intake for each sow. All sows were fed a fixed amount (2.27 kg) before the morning (0700 h) and afternoon (1,300 h) repetitions of the experimental procedure. At the last feeding (1,730 h) sows were fed a variable amount of 1.81 kg, if the feeder was empty, or 1.36 kg, if there was feed left in the feeder. This method of feeding was to reduce the variation in heat production due to the amount and the time that the feed was consumed. Sows had ad libitum access to water.

Piglet processing (ear notching, tail docking, castration, teeth clipping and supplemental iron injection) was performed during the first 48 h post-partum. Piglet cross fostering was allowed only during the first 48 h post-partum (after processing), and litter size was standardized to ~10 or more piglets per sow (mean 11.2 ± 0.8).

Experimental Design

The trial was conducted during late lactation when the average lactation length of the sows was 15.3 ± 2.8 days. A protocol outline of the trial is presented in Figure 2. Each trial consisted of three phases: Period 1—warming phase (variable time taken for room temperature to reach 35°C, from 10 to 50 min: 28.1 ± 12.2 min), Period 2—maintenance phase (1 h with temperature maintained at 35°C), and Period 3—cooling phase (100 min with temperature maintained at 35°C with cooling treatment applied). Treatments were randomly allotted to sows to receive a constant cool water flow of 0.00 (CONTROL, n = 4), 0.25 (LOW, n = 2), 0.55 (MEDIUM, n = 2), or 0.85 (HIGH, n = 2) L/min for 100 min. The protocol for the 10 sows was repeated 8 times (2 times/day for 4 days). In each of the 8 repetitions, treatments assigned to the sows, the experimental unit, were switched randomly. The only 2 restrictions were that the same sow was never in the CONTROL treatment twice in the same day and all sows were exposed to each treatment at least once. The overall room temperature, relative humidity and dew point during the trial is presented on Table 1.
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FIGURE 2. Protocol followed for each repetition of the trial. The protocol for the 10 sows was repeated 8 times (2 times/day for 4 days). The water flow rates assigned for each sow were calibrated before the trial. Behavior and heart rate were recorded continuously over the 3 periods.




Table 1. Mean and standard deviation for temperature humidity and dew point during the triala.
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Data Collection

Behavior

Behavior was recorded in real time over each experimental repetition using ceiling-mounted cameras (Panasonic WV-CP254H) attached to a digital video recording system (Geovision GV-1480). The behaviors defined in the ethogram (Table 2) were then extracted using continuous sampling by one trained individual using Observer XT 11 software (Noldus Information Technology, Leesburg, VA).


Table 2. Ethogram.
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Each Period (1–3) was sampled entirely. The behaviors were split into two categories, the postures: stand, sit, and lie (sternally or laterally); the fundamental needs: drink, eat and the nursing activity. Postures were mutually exclusive behaviors, whereas fundamental needs were coded as “start-stop” behaviors. At all times, each sow was necessarily in one of the three listed postures. For each behavior listed, the total number of occurrences as well as the duration were measured. To standardize traits between repetitions, number of occurrences was expressed as number per hour, and duration as a percentage per hour.

Two sows of the 10 had missing data for the drinker pressing/drinking behavior: one for all the repetitions and the other one for the first five repetitions, due to partial obstruction of the camera's view. For three of the sows most distant from the camera, lying behavior was not defined as “sternally” or “laterally” because of the camera's brightness and contrast quality limits.

Drinking and eating bouts were determined using a bimodal Gaussian density curve to fit the behaviors' log-transformed intervals (35). The between-meal interval determined was 619 s, and the between drinking-bout interval was 2.29 s. The total number of drinking and eating bouts was corrected using this criterion.

Heart Rate and Heart Rate Variability

Heart rate monitors (Polar S810i, Polar Electro Öy, Kempele, Finland) were attached to six sows [see methodology in (36)], and set to record and store successive interbeat intervals (IBI) during each experimental repetition. The IBI data were then downloaded onto a computer via a Polar interface IR transfer (Polar Electro Öy, Kempele, Finland) and stored for later processing. Preliminary processing of the IBI data involved the visual and mathematical comparisons of individual beats with their neighboring beats to identify any anomalous or ectopic intervals. Spurious beats were assigned an error classification and carefully edited according to the recommendations for editing anomalous data published elsewhere (37).

Where possible, three sections of 512 beats (one per phase and approximately 4 min long) were extracted from each treatment for time and frequency domain analysis, together with non-linear (including geometric) analysis. Only sections with less than 0.5% error were used. Kubios HRV 2.1 software (38) was used to obtain heart rate variability (HRV) variables. The following 3-time domain variables were examined: (1) IBI mean (RR mean; RR is the interval between successive R peaks of the QRS complex of the Electrocardiogram wave). Interbeat interval mean provides general variability information (39); (2) root mean square of successive RR differences (RMSSD), which reflects the integrity of vagus nerve-mediated autonomic control of the heart; and (3) the standard deviation of all RR intervals of the dataset (SDNN), which is a good predictor of overall variability present at the time of recording.

Frequency domain analysis was done using a Fast Fourier Transformation (FFT) obtaining high (HF), and low frequency (LF) bands, expressed in normalized units (n.u.). Frequency bands widths (LF: 0.01–0.09 Hz; HF: 0.09–2.0 Hz) were assigned according to pig recommended ranges (40). The following 2 frequency domain variables were examined: (1) LF:HF ratio, also referred to as the Sympathetic Nervous System indicator (SNSI) is determined to reflect activity due to sympathetic activity and, (2) HF/total power, the Parasympathetic Nervous System indicator (PNSI), is used to enumerate vagal activity (39).

For geometric analysis, a Poincaré plot was plotted in Kubios and SD1 (short-term variability) and SD2 (long-term variability) was calculated. The following geometric variable was examined: (1) SD1:SD2 ratio, which is an indicator of sympathetic tone. Other non-linear analysis variables included: (1) recurrence rate, (2) sample entropy, and (3) Shannon entropy. These measures give an indication of the complexity within the IBI time series, with lower values indicative of increased sympathetic activity and decreased parasympathetic activity.

Statistical Analysis

Statistical analyses were performed with the software R (41). Because no difference between flow rates was obtained regarding all the behavioral and heart rate traits, the three flow rates groups were merged together to improve statistical power, and analyses were completed testing the effect of a cooling flow rate between 0.25 and 0.85 (COOLED) or no cooling flow rate (CONTROL). Effects of treatment on variables were estimated using repeated measures models with the function lmer from the R package “lme4.” For Period 1, the model included the treatment as fixed effect, and both the sow and the repetition being included as random effects. For Period 2, the Period 1 measurement was included in the previous model as a linear covariate. For Period 3, both Period 1 and Period 2 measurements were included as covariates. All data are reported as least-squares means and differences considered significant if P < 0.05. The bimodal Gaussian density curves to fit the eating and drinking's log-transformed intervals were drawn using the function mix from the R package “mixdist.”

RESULTS

Behavior

There were no significant differences between treatments for all traits during Periods 1 and 2 (Table 3). During Period 3, CONTROL sows carried out more drinking/drinker pressing bouts and spent more time doing this behavior than COOLED sows (P < 0.001). CONTROL sows also had more bouts and total time spent in standing and sitting postures (P < 0.001). Although CONTROL sows had more total, sternal and lateral lying bouts than COOLED sows, the total time spent lying was less, especially lying laterally (P < 0.001). CONTROL sows were more active during the cooling Period 3, with more frequent change postures (P < 0.001). Eating behavior and nursing behavior were not impacted by the treatment (P > 0.1), with similar numbers of bouts and total time spent in each, between treatments.


Table 3. Effect of a cooling pad flow rate between 0.25 and 0.85 L/min (COOLED) or 0.0 L/min (CONTROL) on behavioral and heart rate traits before heating (Period 1), prior to cooling (Period 2), and during cooling (Period 3).a,b.
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Heart Rate and Heart Rate Variability

There were no significant differences regarding all traits during Periods 1 and 2, except for the SD1:SD ratio during Period 2 with CONTROL having higher values than COOLED sows (P < 0.05) (Table 3). During Period 3, CONTROL sows had higher mean heart rate than COOLED sows (P < 0.001), lower SD1:SD2 ratio (P < 0.01), as well as lower sample entropy (P < 0.05). The SDNN, the RMSSD, LF:HF, and HF/Total power ratios, recurrence rate, and Shannon entropy were not affected by treatment (P > 0.05).

DISCUSSION

The present study examined the effects of different cooling water flow rates through a cooling pad on lactating sows' behavioral and heart rate responses to acute heat stress. The effects on these sows' respiration rates, vaginal, skin, and rectal temperatures have been previously reported (32). These authors found beneficial effects of the cooling pad with a “dose-dependent” decrease in respiration rates and temperatures with increasing water flow rates from LOW to HIGH (from 0.25 to 0.85 L/min for 100 min) in comparison to a CONTROL flow rate (0.00 L/min). In the current study, we were unable to determine any differential effects of the LOW, MEDIUM or HIGH flow rates on the behavioral or heart rate parameters, but the use of cooling pads during an acute heat stress did provide beneficial effects for the COOLED sows.

Reduced feed intake has been reported in pigs to be one of the main physiological responses to prevent body temperature from increasing (5, 14, 42–44). However, this strategy appears to be temperature and/or time dependent. Decrease in feed intake is considered as a good indicator of discomfort in pigs (45). The beneficial effects of cooling systems on feeding behavior is not clear. Three studies have demonstrated an increase in time spent eating for both growing/finishing pigs exposed at room temperature above 25°C for several weeks (45), and lactating sows kept for 21 days at an ambient temperature between 20.8 and 29.5°C (27, 28). In contrast, de Oliveira et al. (46) have not reported any effect for cooled lactating sows exposed for a 28 days period at 25.7°C through the same floor cooling system. In the present study, feed was distributed three times per day right before the two Periods 1 and after the last Period 3 of the day. Sows were fed to target the mean ad libitum intakes and had a free access to the feeder anytime. Because of individual housing, they did not have any competition for feeding. Even if the distribution of fresh feed under neutral temperatures was attractive and initiated an important feed intake at that specific moment, eating bouts were well distributed all along the day. Therefore, no effect was expected because of the short 170–210 min acute heat stress on this minority behavior in a non-competitive system.

Heat stress can also result in an increase in drinking behavior due to discomfort and attempts to reduce the body temperature (47). The use of a floor cooling system has already been reported to decrease the frequency of drinker use (46) and the percentage of time spent drinking (25, 27). Similarly, in this study, cooled sows spent less time using the drinker and also had fewer bouts of drinker use. Two behaviors related to the drinker have been observed during live observations: actual drinking behavior and water spraying behavior. During this second behavior, sows used their snout to spray their face and body, which represents an alternative strategy to decrease their body temperature by evaporative cooling. Due to a lack of resolution in the video records, the distinction between both behaviors was not possible.

Finally, heat stress could also have repercussions on time spent nursing piglets. In the three previous studies mentioned using the same floor cooling system, one has not found any effect on nursing behavior (46), whereas the two others have found an increase in nursing time for cooled sows (27, 28). An increase in nursing behavior can be considered as an indicator of greater comfort for the sows (27). However, the definition of the nursing behavior can vary from one study to another and was not specified in those previous articles. Thus, comparison between studies is not possible. In this study, it was defined as the sow in lateral recumbency with at least three piglets actively touching the teat region. No beneficial effect of the cooling pad has been observed regardless of the flow rate considered. However, as with eating behavior, any effect of cooling is more likely to be seen with chronic heat stress over lactation (27, 28), rather than the acute heat stress protocol used in this study.

Another behavioral strategy to fight against heat stress is reducing general activity. When comparing a thermoneutral environment of 20°C to a heat stress environment of 28°C over a 6 days period, lactating sows have been observed to reduce standing and sitting postures from 18 to 11.6% of time (43, 48) and correspondingly increase lying postures, especially lying laterally (9). Moreover, non-lactating gilts maintained for 30 days in a hot environment of 30°C spent also more time lying laterally than lying sternally in comparison with neutral (21°C) and cold environments (15°C) (48). Lying laterally appears to be a strategical posture when pigs suffer from a heat stress. Huynh et al. (45) considered that lying is less energy consuming and the posture which results in more convective and conductive heat exchange, enabling the total heat load of the animal to decrease. The use of a cooling pad is therefore highly relevant, as it relies on taking advantage of a natural behavioral strategy. Indeed, sows usually spent more than 70% of the time lying down (27, 29, 49). Moreover, a comparison between cooling pads, drip cooling, and snout cooling carried out on penned gilts showed a preference for floor cooling systems with more spontaneous time spent on those devices (23). In lateral lying posture, the skin surface in contact with the floor is greater than in sternal lying, therefore maximizing the heat loss through conduction (9). Even if suitable statistical analyses were not possible in this study design, a decrease in average values of number of postures changes, time spent standing and sitting can be observed across the heat stress challenge from Period 1 to Period 3 in favor of lateral lying postures for both treatment groups. It confirms the use of a specific behavioral strategy of increased lying and reduced posture changes when subjected to an acute heat stress.

In cooling Period 3, COOLED sows had fewer bouts of standing, sitting, lying sternally and lying laterally than CONTROL sows, resulting in an overall decrease in posture changes. Regarding time spent in the different postures, COOLED sows spent less time standing and sitting in comparison to CONTROL, whereas they spent more time in both lying postures combined, especially lying laterally. Similar studies with floor cooling systems have also reported increased lying behavior for cooled sows (27, 29) and growing/finishing pigs (45, 50). A drip cooling system produced the same results of an increase in time spent lying and a decrease in posture changes (25). No difference was observed in the study of de Oliveira et al. (46), while their experimental design submitted the sows to a close range of temperatures and duration of heat stress. Silva et al. (28) observed more sitting and standing postures, as well as less time in lateral inactive lying postures. The authors concluded greater thermal comfort for cooled sows, spending less time inactive and showing less behavioral adaptation, but did not discuss the contrasting results to those seen in their previous study (27).

Heart rate variability represents a good non-invasive measure for assessing welfare in pigs (39). Literature about changes in heart rate measures in livestock during an acute heat stress challenge is missing. Mean heart rate was higher in CONTROL sows in Period 3 than COOLED sows. This rise in heart rate probably reflects an increase in sympathetic activity, as CONTROL sows also had higher SD1:SD2 ratio in Period 3. Decreased HRV and increased sympathetic activity in response to heat stress has been demonstrated in humans (51) and rats (52). No significant effects were observed on RMSSD and HF/total power ratio, two indicators of vagal activity, as well as on recurrence rate and Shannon entropy, two indicators of combined changes of both sympathetic and vagal activities. It may indicate that the increase in heart rate is only due to a stimulation of the sympathetic system with no changes in the vagal activity. CONTROL sows also showed a decrease in sample entropy in comparison to COOLED sows in Period 3, demonstrating less regularity of the heart rate signals. Disruption of vagal activity was already noticeable during Period 2, when the room temperature reached 35°C for an hour. CONTROL sows had higher SD1:SD2 ratio than COOLED sows on that period. It may indicate that SD1:SD2 ratio is a good early precursor of heat disturbance in lactating sows.

CONCLUSION

Comparison between LOW, MEDIUM, and HIGH flow rates through a cooling pad in lactating sows under acute heat stress did not show any difference regarding behavioral traits of fundamental needs and postures, as well as heart rate parameters. However, the use of a cooling pad definitively confers thermal comfort to COOLED sows, that appeared quieter, stayed longer in lateral lying and had a low average heart rate compared to non-cooled sows. Behavioral and heart rate responses to heat stress can be effectively counteracted using water-cooled cooling pads from the lowest flow rate.

AUTHOR CONTRIBUTIONS

SP was responsible for data extraction, analysis and interpretation, and was the principle author of the manuscript. FC was responsible for study design, data collection, and interpretation. AS was responsible for study conception, cooling pad development, data collection, and study coordination. JJ was responsible for study design, data analysis, and interpretation. RS was responsible for study conception, cooling pad design, development, and refinement. JM-F was responsible for study design, data collection, analysis and interpretation, and was a major author of the manuscript. All authors contributed to manuscript revision and have read and approved the final manuscript.

FUNDING

This research was funded by Purdue University as part of AgSEED Crossroads funding to support Indiana's Agriculture and Rural Development, and by USDA-ARS under In-House Appropriated Project: Safeguarding Well-Being of Food Producing Animals, Project number: 5020-32000-011-00-D.

ACKNOWLEDGMENTS

We would like to thank Daniel Madson and Aaron Doke for their work in the building and refinement of the cooling pad devices, and Kayla Hoenert, Andrew Smith and Julie Feldpausch for their help collecting data.

REFERENCES

 1. Henchion M, McCarthy M, Resconi VC, Troy D. Meat consumption: trends and quality matters. Meat Sci. (2014) 98:561–8. doi: 10.1016/j.meatsci.2014.06.007

 2. Barros V, Field C. Climate Change 2014 Impacts, Adaptation, and Vulnerability. Part A: Global And Sectoral Aspects - Working Group II Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change Preface. Cambridge: Cambridge University Press (2014).

 3. Marchant-Forde JN. The science of animal behavior and welfare: challenges, opportunities and global perspective. Front Vet Sci. (2015) 2:16–21. doi: 10.3389/fvets.2015.00016

 4. Marchant-Forde JN, Rodenburg TB. Future directions for applied ethology. In: Brown J, Seddon Y, Appleby M, editors. Animals and Us: 50 Years and More of Applied Ethology. Wageningen: Wageningen Academic Publishers (2016). 297–318.

 5. Quiniou N, Noblet J. Influence of high ambient temperatures on performance of multiparous lactating sows. J Anim Sci. (1999) 77:2124–34. doi: 10.2527/1999.7782124x

 6. FASS (Federation of Animal Science Societies). Guide for the Care and Use of Agricultural Animals in Research and Teaching. 3rd ed. (2010). 1–177. Available online at: http://www.fass.org7

 7. Ross JW, Hale BJ, Gabler NK, Rhoads RP, Keating AF, Baumgard LH. Physiological consequences of heat stress in pigs. Anim Prod Sci. (2015) 55:1381–90. doi: 10.1071/AN15267

 8. Johnson JS. Heat stress: impact on livestock well-being and productivity and mitigation strategies to alleviate the negative effects. Anim Prod Sci. (2018) 58:1404–13. doi: 10.1071/AN17725

 9. Muns R, Malmkvist J, Larsen ML, Sorensen D, Pedersen LJ. High environmental temperature around farrowing induced heat stress in crated sows. J Anim Sci. (2016) 94:377–84. doi: 10.2527/jas.2015-9623

 10. Bracke MBM. Review of wallowing in pigs: description of the behaviour and its motivational basis. Appl Anim Behav Sci. (2011) 132:1–13. doi: 10.1016/j.applanim.2011.01.002

 11. Blackshaw JK, Blackshaw AW. Shade-seeking and lying behaviour in pigs of mixed sex and age, with access to outside pens. Appl Anim Behav Sci. (1994) 39:249–57. doi: 10.1016/0168-1591(94)90160-0

 12. Christon R, Saminadin G, Lionet H, Racon B. Dietary fat and climate alter food intake, performance of lactating sows and their litters and fatty acid composition of milk. Anim Sci. (1999) 69:353–65. doi: 10.1017/S135772980005092X

 13. Ribeiro BPVB, Lanferdini E, Palencia JYP, Lemes MAG, de Abreu MLT, Cantarelli VD, et al. Heat negatively affects lactating swine: a meta-analysis. J Thermal Biol. (2018) 74:325–30. doi: 10.1016/j.jtherbio.2018.04.015

 14. Renaudeau D, Noblet J. Effects of exposure to high ambient temperature and dietary protein level on sow milk production and performance of piglets. J Anim Sci. (2001) 79:1540–8. doi: 10.2527/2001.7961540x

 15. Pearce SC, Mani V, Boddicker RL, Johnson JS, Weber TE, Ross JW, et al. Heat stress reduces intestinal barrier integrity and favors intestinal glucose transport in growing pigs. PLoS ONE (2013) 8:8. doi: 10.1371/journal.pone.0070215

 16. Christon R. The effect of ambient tropical temperature on growth and metabolism in pigs. J Anim Sci. (1988) 66:3112–23. doi: 10.2527/jas1988.66123112x

 17. Prunier A, de Braganca MM, Le Dividich J. Influence of high ambient temperature on performance of reproductive sows. Livest Prod Sci. (1997) 52:123–33. doi: 10.1016/S0301-6226(97)00137-1

 18. Lucy MC, Safranski TJ, Rhoades JN, Keisler DH, Ross JW, Gabler NK, et al. Litter characteristics and thermoregulatory behavior of first parity sows exposed to a controlled heat stress (HS) during gestation. J Anim Sci. (2012) 90:731–2. doi: 10.2527/jas.2012-6055

 19. Safranski TJ, Lucy MC, Rhoades JN, Estienne M, Wiegert JG, Rhoads M, et al. Reproductive performance of gilts having developed in heat stressed dams. J Anim Sci. (2015) 93:85.

 20. Proctor JA, Lugar DW, Lucy MC, Safranski TJ, Stewart KR. Effects of in utero heat stress on boar growth and reproduction prior to, during, and after puberty. J Anim Sci. (2017) 95:193. doi: 10.2527/asasmw.2017.398

 21. St-Pierre NR Cobanov B, Schnitkey G. Economic losses from heat stress by US livestock industries. J Dairy Sci. (2003) 86:52–77. doi: 10.3168/jds.S0022-0302(03)74040-5

 22. Jones DD, Driggers LB, Fehr RL, Stewart BR. Cooling Swine. Pork Industry Handbook, Extension bulletin E-1748. East Lansing, MI: Michigan State University (1983). p. 7.

 23. Bull RP, Harrison PC, Riskowski GL, Gonyou HW. Preference among cooling systems by gilts under heat stress. J Anim Sci. (1997) 75:2078–83. doi: 10.2527/1997.7582078x

 24. Huynh TTT, Aarnink AJA, Truong CT, Kemp B, Verstegen MWA. Effects of tropical climate and water cooling methods on growing pigs responses. Livest Sci. (2006) 104:278–91. doi: 10.1016/j.livsci.2006.04.029

 25. Barbari M, Bianchi M, Guerri FS. Preliminary analysis of different cooling systems of sows in farrowing room. J Agr Eng Res. (2007) 38:53–8. doi: 10.4081/jae.2007.1.53

 26. Fehr RL, Priddy KT, McNeill SG, Overhults DG. Limiting swine stress with evaporative cooling in the Southeast. Trans ASAE. (1983) 26:542–45. doi: 10.13031/2013.34182

 27. Silva BAN, Oliveira RFM, Donzele JL, Fernandes HC, Abreu MLT, Noblet J, et al. Effect of floor cooling on performance of lactating sows during summer. Livest Sci. (2006) 105:176–84. doi: 10.1016/j.livsci.2006.06.007

 28. Silva BAN, Oliveira RFM, Donzele JL, Fernandes HC, Lima AL, Renaudeau D, et al. Effect of floor cooling and dietary amino acids content on performance and behaviour of lactating primiparous sows during summer. Livest Sci. (2009) 120:25–34. doi: 10.1016/j.livsci.2008.04.015

 29. van Wagenberg AV, van der Peet-Schwering CMC, Binnendijk GP, Claessen PJPW. Effect of floor cooling on farrowing sow and litter performance: Field experiment under Dutch conditions. Trans ASAE. (2006) 49:1521–7. doi: 10.13031/2013.22044

 30. Cabezón FA, Schinckel AP, Richert BT, Peralta WA, Gandarillas M. Development and application of a model of heat production for lactating sows. J Anim Sci. (2017) 95:30. doi: 10.2527/asasmw.2017.064

 31. Cabezón FA, Schinckel AP, Stwalley RM. Thermal capacitance of hog cooling pad. Appl Eng Agric. (2017) 33:891–9. doi: 10.13031/aea.12333

 32. Cabezón FA, Schinckel AP, Marchant-Forde JN, Johnson JS, Stwalley RM. Effect of floor cooling on late lactation sows under acute heat stress. Livest Sci. (2017) 206:113–20. doi: 10.1016/j.livsci.2017.10.017

 33. Köppen W. Climatología: Com un Estudio de los Climas de la Tierra. México: Fondo de Cultura Econômica (1948). 479.

 34. Schinckel AP, Stwalley RM. Inventors; Purdue Research Foundation, Applicant. Systems and Methods for Cooling an Animal. United States Patent US 2016066893 (2016). Available online at: https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2017106475.

 35. Morgan CA, Emmans GC, Tolkamp BJ, Kyriazakis I. Analysis of the feeding behavior of pigs using different models. Physiol Behav. (2000) 68:395–403. doi: 10.1016/S0031-9384(99)00195-X

 36. Marchant JN, Mendl MT, Rudd AR, Broom DM. The effect of agonistic interactions on heart rate of group-housed sows. Appl Anim Behav Sci. (1995) 46:49–56. doi: 10.1016/0168-1591(95)00636-2

 37. Marchant-Forde RM, Marlin DJ, Marchant-Forde JN. Validation of a cardiac monitor for measuring heart rate variability in adult female pigs: accuracy, artefacts and editing. Physiol Behav. (2004) 80:449–58. doi: 10.1016/j.physbeh.2003.09.007

 38. Tarvainen MP, Niskanen JP, Lipponen JA, Ranta-Aho PO, Karjalainen PA. Kubios HRV–heart rate variability analysis software. Comput Meth Prog Biol. (2014) 113:210–20. doi: 10.1016/j.cmpb.2013.07.024

 39. von Borell E, Langbein J, Despres G, Hansen S, Leterrier C, Marchant-Forde J, et al. Heart rate variability as a measure of autonomic regulation of cardiac activity for assessing stress and welfare in farm animals - a review. Physiol Behav. (2007) 92:293–316. doi: 10.1016/j.physbeh.2007.01.007

 40. Poletto R, Janczak AM, Marchant-Forde RM, Marchant-Forde JN, Matthews DL, Dowell CA, et al. Identification of low and high frequency ranges for heart rate variability and blood pressure variability analyses using pharmacological autonomic blockade with atropine and propranolol in swine. Physiol Behav. (2011) 103:188–96. doi: 10.1016/j.physbeh.2011.01.019

 41. R Core Team. R: A Language Environment for Statistical Computing. (2015) Available online at: http://www.R-project.org/

 42. Messias de Braganca M, Mounier AM, Prunier A. Does feed restriction mimic the effects of increased ambient temperature in lactating sows? J Anim Sci. (1998) 76:2017–24. doi: 10.2527/1998.7682017x

 43. Renaudeau D, Noblet J, Dourmad JY. Effect of ambient temperature on mammary gland metabolism in lactating sows. J Anim Sci. (2003) 81:217–31. doi: 10.2527/2003.811217x

 44. Seibert JT, Graves KL, Hale BJ, Keating AF, Baumgard LH, Ross JW. Characterizing the acute heat stress response in gilts: I. Thermoregulatory and production variables. J Anim Sci. (2018) 96:941–9. doi: 10.1093/jas/skx036

 45. Huynh TTT, Aarnink AJA, Spoolder HAM, Verstegen MWA, Kemp B. Effects of floor cooling during high ambient temperatures on the lying behavior and productivity of growing finishing pigs. Trans ASAE. (2004) 47:1773–82. doi: 10.13031/2013.17620

 46. de Oliveira GM, Ferreira AS, Oliveira RFM, Silva BAN, de Figueiredo EM, Santos M. Behaviour and performance of lactating sows housed in different types of farrowing rooms during summer. Livest Sci. (2011) 141:194–201. doi: 10.1016/j.livsci.2011.06.001

 47. Pang ZZ, Li BM, Zheng WC, Lin BZ, Liu ZH. Effects of water-cooled cover on physiological and production parameters of farrowing sows under hot and humid climates. Int J Agric Biol Eng. (2016) 9:178–84. doi: 10.3965/j.ijabe.20160904.1858

 48. Canaday DC, Salak-Johnson JL, Visconti AM, Wang X, Bhalerao K, Knox RV. Effect of variability in lighting and temperature environments for mature gilts housed in gestation crates on measures of reproduction and animal well-being. J Anim Sci. (2013) 91:1225–36. doi: 10.2527/jas.2012-5733

 49. Johnson AK, Morrow-Tesch JL, McGlone JJ. Behavior and performance of lactating sows and piglets reared indoors or outdoors. J Anim Sci. (2001) 79:2571–9. doi: 10.2527/2001.79102571x

 50. Shi Z, Li B, Zhang X, Wang C, Zhou D, Zhang G. Using floor cooling as an approach to improve the thermal environment in the sleeping area in an open pig house. Biosyst Eng. (2006) 93:359–64. doi: 10.1016/j.biosystemseng.2005.12.012

 51. Carrillo AE, Flouris AD, Herry CL, Poirier MP, Boulay P, Dervis S, et al. Heart rate variability during high heat stress: a comparison between young and older adults with and without Type 2 diabetes. Am J Physiol Reg Integr Comp Physiol. (2016) 311:669–75. doi: 10.1152/ajpregu.00176.2016

 52. Matthew CB, Bastille AM, Gonzalez RR, Sils IV, Hoyt RW. Heart rate variability as an index of physiological strain in hyperthermic and dehydrated rats. J Therm Biol. (2004) 29:211–19. doi: 10.1016/j.jtherbio.2004.03.001

Disclaimer: Mention of any trade name, proprietary product or specific equipment does not constitute a guarantee or warranty by USDA-ARS and does not imply its approval to the exclusion of other products that may also be suitable. The USDA-ARS is an equal opportunity and affirmative action employer and all agency services are available without discrimination.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Parois, Cabezón, Schinckel, Johnson, Stwalley and Marchant-Forde. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-05-00223-t003.jpg
Trait®

Drink N
%
Eat N
%
Nurse N
%
Stand N
%
sit N
%
Lie N
%
Sternal lie N
%
Lateral lie N

%
Posture changes, N
Mean_HR, bpm
SDNN

RMSSD

LFHF

HF/Total power
SD1:5D2
Recurrence rate
Shannon entropy
Sample entropy

#Statistical model formula for Period 1: Trait ~ treatment -+ Random(Sow) -+ Randor (Repetiton).
Period 2: Trait ~ treatment + measurement of Period 1 + Random(Sow) + Random (Repetiton).

67

56

56

56

80
14
14
14
14
14
14
14
14
14

Period 1
CONTROL  COOLED
86+£26 114+24
57+18 66+ 17
049+02 092+02
0.85+ 0.9 28+08
149+ 0.6 1905
0.14+£0.04 0.11£0.03
29+ 06 32+05
11.0+36 160+33
57+14 6814
120+35 120+33
76+13 8113
770£51 733%49
56+18 7617
200+63 280+44
36+08 41+08
620492 400+83
163+28 181+27
1148+ 47 1131+ 4.4
124+£30 139x27
42+£05 44+056
50+16 70+ 156
023 +005 0.15+0.04
0.21£0.04 020+ 0.04
432+22 459241
36+0.1 38+0.1
099+01 081+0.1

Cooling effect

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

Period 2
CONTROL  COOLED
101 +1.8 9.4 £1.7

6714 68+14
046+02 030+0.1
14+£07 095+06
19£02 1702
012+ 003 0.16 £0.03
24+£04 25+ 04
85+ 18 74£17
52+ 1.0 50+09
150+29 130x27
57+08 55+08
760+£29 800x27
54+£1.1 52+1.1
260+42 19.0+38
32+£03 29+03
480+64 590%57
133+19 130+19
1055 +£35 1128+3.0
127+£33 171+£29
52+09 47 +09
69+16 9114
020 +003 0.14 £0.02
027 £0.06 0.18 £ 0.05
413+53 493+49
36+02 39+0.1
10+01 079 +0.09

Cooling effect

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS

Period 3: Trait ~ treatment + measurement of Period 1 + measurement of Period 2 + Random(Sow) + Random (Repetition).
bAdjusted means + SEM. *P < 0.05; **P < 0.01; P < 0.001; NS: non-significant.
©Traits: Mean_HR: mean heart rate; SONN: standard deviation of all RR intervals; RMSSD: root mean square of successive AR differences; LF:HF: ratio between low (LF) and high
frequency (HF) bands; HF/Total power: ratio between high frequency (HF) and total power; SD1:SD2: ratio between short-term variability (SD1) and long-term variabilty (SD2).

Period 3
CONTROL  COOLED
79+£1.0 27409
4405 1.4+042
0.33+0.10 0.29 + 0.09
18+12 2114
20£02 19£0.1
0.18 £0.02 0.22 + 0.02
21£02 072£02
66+17 38+ 16
45+07 2107
100+ 12 40+ 1.1
48+06 2306
830+18 90£17
54+08 25+08
19.0+38 16035
26+02 1.4 £02
620456 750+53
15£16 51+£16
1190+ 4.0 1002 £+ 3.4
214+25 175+23
52407 45+07
91+47 6.7 £45

0.11 £ 0.06 0.25 £ 0.05
0.087 £0.04 0.20 £ 0.03

48.05 + 5.1
40+02
0.61 +0.2

495 + 4.9
41+02
0.98 + 0.2

Cooling effect

NS

NS
NS





OPS/images/fvets-05-00223-t001.jpg
Temperature (°C)  Relative humidity (%)

Period 1 200+25 759+78
Period 2 36.1+04 68.6 + 3.1
Period 3 351+04 68.4 £ 3.3

4Each value represented the mean of the 8 replications.

Dew point (°C)

242+19
283+1.0
284+10





OPS/images/fvets-05-00223-t002.jpg
Behavior

Standing
Sitting

Lying
Stemal lie
Lateral lie

Drinker pressing/drinking
Eating

Nursing

Definition

The sow is standing, included knesiing
The sow s sitting, contact between its bottom and
the ground

The sow s either lying on her belly or laterally
(accumulation of both lying behaviors below)

The sow is lying on her stemurn, udder completely
or partially obscured under the sow

The sow is lying on her side, both lines of teats not
obscured

The snout of the sow is in contact with the drinker
The head of the sow is above the feeder, head
down in the trough

The sow is in a lateral recumbency and a minimum
of three piglets are actively (head movements)
touching the teat region





OPS/images/fvets-05-00223-g001.gif





OPS/images/fvets-05-00223-g002.gif
M caoling waar S fwin}

sz SO coumgor
Hestoron T cached Coot9 0 025 (LoW. n=2) Heator off
S0
| | | LsENR |
o} _ooma o
TRy Py





OPS/images/cover.jpg
, frontiers
in Veterinary Science

Effect of Floor Cooling on Behavior
and Heart Rate of Late Lactation
Sows Under Acute Heat Stress









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





