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Effects of a veterinary functional 
music‑based enrichment program 
on the psychophysiological 
responses of farm pigs
Juliana Zapata Cardona 1*, Santiago Duque Arias 1, Edimer David Jaramillo 1, 
Alexandre Surget 2, Yadira Ibargüen‑Vargas 3,4 & Berardo de Jesús Rodríguez 1

Intensification of swine production can predispose pigs to chronic stress, with adverse effects on 
the neuroendocrine and immune systems that can lead to health problems, poor welfare, and 
reduced production performance. Consequently, there is an interest in developing tools to prevent 
or eliminate chronic stress. Music is widely used as a therapeutic strategy for stress management in 
humans and may have similar benefits in non‑human animals. This study evaluated the effects of a 
music‑based auditory enrichment program in pigs from a multidimensional perspective by assessing 
psychophysiological responses. Two experimental groups of 20 pigs each were selected for the 
study: one enriched, exposed to a program of functional veterinary music designed for pigs, and a 
control group without auditory stimulation. Qualitative behavior assessment (QBA) and skin lesions 
indicative of agonistic behavior were used to evaluate the psychological determinants underlying the 
observed behaviors. Physiological assessment included hemograms, with the determination of the 
neutrophil:lymphocyte ratio and daily measurements of cortisol and salivary alpha‑amylase levels. 
The results demonstrated a positive effect of a music‑based auditory program on psychophysiological 
responses. Therefore, this strategy developed for environmental enrichment may be beneficial in 
reducing stress and contributing to the welfare and health of pigs under production conditions.
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Chronic stress is a multifaceted phenomenon that includes cognitive and emotional components that are closely 
linked to physiological systems. In animals, it has been shown to have a significant impact on physiological, 
neuroendocrine, and immunological responses, with consequent negative effects on health and  welfare1–4. In 
intensive production systems, animals are exposed to multiple stressors of physiological, environmental, and 
social natures from birth to slaughter, and their effects on behavior, hypothalamic-pituitary-adrenal (HPA) axis 
reactivity, sympathoadrenal system (SAS), immune response, and mood have been widely  described5–8. As a 
result, considerable research effort has been devoted to the development of tools to prevent or manage chronic 
stress in husbandry.

In humans, the integrated assessment of stress is usually based on psychophysiological measures, understand-
ing the emotional state as the initiation of the individual response, since emotions represent the individual’s 
adaptation to events that have a potential impact on their physical and psychological  integrity9, and physiological 
measures as the consequence of neuroendocrine activation to cope with the stressor  stimulus10. In non-human 
animals, this approach has been approximated by considering numerous physiological variables and behavioral 
responses. However, emotional assessment can also be included, as we have previously demonstrated a variety 
of emotional responses in pigs in response to music, a stimulus that can evoke multiple affective experiences in 
humans and other  animals11.

Music can be defined as a complex and organized stimulus with different spectral and temporal structural 
elements. The interaction of these components determines the emotional content of  music12–16. In recent years, 
music has begun to be considered from a biological  perspective17–20, giving rise to a field of research that explores 
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it as a phenomenon and studies its mechanisms and effects, including comparative and interspecific approaches. 
In humans, music stimulation has been shown to induce a wide range of physiological  effects21–23, with beneficial 
influences on  physiological24 as well as cognitive and emotional  processes23. Although the use of music in non-
human animals is still an emerging field of research, its effects have been investigated in several species, with 
some heterogeneous results. These include effects on heart and respiratory rate regulation, blood  pressure25, 
hormone  secretion26, as well as  emotions11 and  behaviour27–29.

Several studies have shown that some animals can perceive the basic components of music, such as tempo, 
rhythm, pitch, and  harmony11,16,28,30–32. However, important interspecies differences in the perception of various 
acoustic parameters, such as hearing range and sensitivity to sound frequencies, have been  reported33. Therefore, 
the importance of evaluating the type of music used in enrichment programs and the need for species-specific 
settings has been raised as a determinant to optimize the potential effects of music on non-human  animals11,34–36. 
To date, most research has been limited to exploring the use of music created for humans and has not evaluated 
the effectiveness and efficiency of original programs tailored to the needs of animals.

To contribute to this knowledge gap, we previously investigated the effects of musical stimulation and the 
influences of its structure on the modulation of emotional responses. Our results showed that nursery pigs 
exposed to music showed a wide variety of emotional responses with different affective valences, depending on 
the harmonic structure of the  stimulus11. Next, we performed temporal-spectral analyses of the acoustic char-
acteristics of the music. We demonstrated that musical structure affects emotional responses in pigs and that 
the valence of modulated emotions depends on integrated and simultaneous interactions of several spectral and 
temporal structural components of music, which can be modified using music production  techniques16. Our 
previous data and analyses were a starting point to design and refine auditory stimulus. From this, we propose 
a new concept that we call “Veterinary functional music”. We define it as a music specially composed or used 
for a particular purpose, that has undergone validation to ensure a particular effect on non-human species and 
that incorporates acoustic and musical adjustments appropriate to any species considering their sensory and 
perceptual characteristics. For our particular interest, the function of the designed music is to decrease stress 
and consequently positively impact the health and welfare of animals. This music mitigates difficulties previously 
exposed by other researchers regarding the type of music used in studies of non-human animals and, is presented 
as a cost-effective and non-invasive intervention strategy for stress  management37 and welfare improvement.

Within this framework, the present study evaluated the effects of a veterinary functional music program for 
pigs on the regulation of chronic stress from a psychophysiological perspective. For this purpose, two groups 
of pigs were evaluated, the first one, enriched and exposed to the enrichment program and the second unex-
posed group, defined as the control. Differences in chronic stress levels between the two groups were compared 
based on a multifaceted assessment that included the evaluation of emotional responses by QBA and agonistic 
behavioral indicators such as skin lesions, as well as the evaluation of biomarkers of hormonal axis activation 
(HPA-SAS) and, indicators of inflammation and immune system activation through complete blood count. Our 
results should provide a basis for the design and refinement of music-based environmental enrichment programs 
for non-human animals.

Materials and methods
Ethical considerations
All experimental procedures performed on animals were conducted in accordance with relevant guidelines and 
regulations and were approved by the Ethics Committee on Animal Experimentation of the University of Antio-
quia (CEEA) Act Nº16, April 10, 2018. The study complies with the ARRIVE guidelines for reporting animal 
research (https:// arriv eguid elines. org).

Study location
The study was conducted at the experimental swine farm of the University of Antioquia; located in the municipal-
ity of San Pedro de los Milagros (6° 26′59.606 n 75° 32′37.088 W BH-Mb), Antioquia-Colombia). At an altitude 
of 2350 m, temperatures between 7 and 22 °C and a relative humidity of 70%

Litters
Two groups of 20 pigs each were selected for the study. One group was enriched and received music-based audi-
tory stimulation and the second group, the control, was not stimulated. The animals were commercial crossbred 
(C29 × PIC 410) and weaned at 27 days of age (range 25 to 28 days). A balanced sex and weight distribution 
between the groups was verified.

Facilities
The analyses were carried out between 4 and 14 weeks of the production cycle. At the beginning (nursery phase), 
the animals were housed in of 2.5 × 3 m pens with slatted floors and metal bar walls. In the 12th week (growing 
phase), the animals were transferred to the rearing and fattening area, with pens of 3.20 × 4.40 m, with a cement 
floor. All facilities were equipped with nipple drinkers and feeders. Water and feed were available ad libitum. 
Lighting was maintained between 6 a.m. and 6 p.m., with an average temperature of 20 °C.

Musical pieces
Thirty-nine original instrumental pieces were composed for this study using Ableton live 10 Suite and Sibelius 
ultimate® (AVID 2022). No equalizers, compressors or spatial effects were used. A series of specific guidelines 
were established for the composition, each piece considering the auditory perceptual characteristics of pigs 
(pig auditory frame - 40.5 Hz to 40 kHz), ranges for acoustic  parameters16 (see Table 1), and musical consonant 
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 attributes11. These were defined from previous studies conducted by our research group and associated with 
positive emotional responses in the swine species. The supplementary material includes further elements in 
this regard.

Veterinary functional music‑based enrichment program
To design the enrichment program, targets, objectives, and general acoustic and musical characteristics were 
established to be included in the stimuli to produce the desired effects in the pigs through a variety of Music 
Creation and Production Resources (MCPRs). The goals of the program were divided into the following cat-
egories: Psychological and cognitive, social, sensory, homeostasis, and health; details of the main features are 
presented in (Table 2).

The Table 2 summarizes the structural characteristics of the music-based enrichment program designed for 
this study. Each of the major MCPRs is referenced based on relevant research. Most MCPRs are quantifiable: e.g., 
melodic, and harmonic intervals, metric impulses, rhythms, articulatory groups, and acoustic parameters. The 
pig vocalizations emitted in a positive context were kindly provided by Dr. Celine  Tallet53,54. These were used as 
a reference for the synthesis of effects and artificial vocalizations. Supplementary material includes audios and 
descriptions that illustrate some of the characteristics of the music created.

The general considerations for the structure of the enrichment program are as follows:

1. Definition of swine hearing requirements: these were defined on the basis of the species audiogram and 
comparative differences with humans, including a range of audible frequencies between 250 Hz and 16 kHz, 
avoiding thresholds that cause discomfort in  pigs55,56.
2. Definition of the acoustic characteristics of the musical pieces: Previous studies were carried out to evaluate 
the emotional response of pigs to musical compositions with harmony and with variable temporal spectrum 
parameters capable of inducing positive or negative emotional  states11,16. In the production of the stimuli, the 
characteristics and parameters that induce positive emotional states were prioritized, and fragments designed 
to elicit attention were incorporated as a strategy to induce novelty.
3. Definition of the duration of the implementation of the program: The study was conducted in growing pigs. 
The animals were exposed to music for 10 consecutive weeks (between 4 and 14 weeks of pig life).
4. Definition of the periodicity and application times of the musical stimuli: The stimuli were changed weekly 
and each had a non-consecutive repetition. The maximum exposure duration was 45 min and was performed 
twice a day, between 9:00 and 10:00 am and between 3:00 and 4:00 pm. Each week, music exposure occurred 
on six consecutive days. The last day of the week was a rest day before exposure to new stimuli.
5. Dosage formulation to avoid habituation to stimuli: The program was designed for growing pigs and 
included musical stimuli that were varied and novel. Five musical arrangements were designed with pro-
gressive variations in rhythm, harmony, and instrumentation to avoid habituation. Other elements such as 
duration, dynamics, acoustic parameters, variability, and complexity were also considered in the design and 
dosage of the stimulus.
6. Plan the distribution of the musical works: For the application of the music in the enriched group, the 
previously defined music arrangements were assigned weekly. Each arrangement consisted of between 7 
and 8 pieces that had a duration of 5 min, separated from each other by rest periods (silence) of 3 min. The 
distribution of the arrangements was intentional, taking into account the dosage and other modifications 
described previously.

Table 1.  Summary of the range of acoustic parameters considered in the composition of musical pieces. 
*Definitions were based on previous  literature38,39.

Acoustic parameter Definition* Range

Centroid Center of mass of the sound spectrum; related to sound brightness and timbre 999.174–1117.021

Amplitude Distance between the peak of the wave and its base, in decibels (dB); as the wave amplitude increases, dB increase, reflecting an 
intensification of volume 0.023–0.025

Dissonance
Sensory dissonance measures the perceptual roughness of the sound and is based on the roughness of its spectral peaks. Given the 
spectral peaks, the algorithm estimates the total dissonance by summing the normalized dissonance values for each pair of peaks. 
These values are calculated using dissonance curves, which define the dissonance between two spectral peaks as a function of their 
frequency and amplitude ratios

0.219–0.229

HFC High frequency content (HFC) of a sound spectrum 37382–48997

ZCR Zero crossings rate (ZCR): Is a measure of the number of times the value of the signal (audio wave) crosses the zero axis. This value 
tends to be small for periodic sounds and large for noisy sounds 0.024–0.025

Spectral deviation A measure of the standard frequency deviation around the spectral centroid, and indicates for how much the frequencies in a spec-
trum can deviate from the center of gravity 1887.524–1891.628

BPM Pulse in beats per minute (BPM); the unit of measure for the tempo-rhythm or speed 110–130

Vertical density Number of instruments simultaneously presented. The number of instruments was always constant over the entire duration of each 
piece 2–4
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Experimental design
Two experimental groups were included in the study, an enriched group exposed to the previously described 
Veterinary functional music-based enrichment program for a period of 10 weeks (between 4 and 14 wks of age), 
and a control group with no exposure. Multiple psychophysiological evaluations were conducted during this 
period, including quantitative behavioral assessment (QBA), examination of skin lesions and measurement of 
hematological parameters. Subsequent biomarkers testing was conducted at 15–17 weeks. The details of these 
evaluations are presented below. For playback, QSC speakers (AD-S10T-WH) were used, fixed on the wall, and 
controlled by a YAMAKI 240 W amplifier-mixer (LIN-Z240TR MKII). The decibel level was monitored to avoid 
exceeding 80 db. A summary of the experimental design is presented in (Fig. 1).

Psychological evaluation
Evaluation of emotional responses
Emotional responses were assessed in the entire litter. Both experimental groups of animals, enriched and the 
control, were videotaped in their pen during the 10 weeks of the experiment. Each video was recorded between 
9:00 to 10:00 am, and 3:00 to 4:00 pm. Subsequently, from the recordings of the enriched group, the segments 
with music were separated from the breaks. Similar time segments were selected from the recordings of the 
control group. These video segments were used to perform the quality behavior assessment (QBA) as described 
in previous  studies11. From each recording and per group, scores were obtained for 15 QBA terms (active, 
relaxed, agitated, calm, content, indifferent, friendly, playful, positively occupied, lively, inquisitive, irritable, 
uneasy, sociable, happy). The items fearful, bored, apathetic, frustrated, and distressed were not scored during 
the observations; hence they were excluded from further analysis. For the evaluation, the videos were processed, 

Table 2.  Treatment target, objectives, and general musical characteristics that are included in the auditory 
enrichment program.

Treatment target Objectives General characteristics for musical pieces
Music creation and production resources 
(MCPRs)

Psychological and Cognitive

Creation of a complex cognitive environment
Unknown acoustic information, including 
sounds that are not characteristic of the environ-
ment

The creation of sounds is achieved through the 
use of software  synthesizers40,41. In sound design, 
various elements, whether periodic functions or 
mathematical functions, are combined in order 
to create the required sounds. This is achieved 
using various additive, subtractive, granular, and 
frequency-modulated synthesis procedures. For 
example (Supplementary Material- Audio 1)

Challenging stimuli with increasing 
 complexity42 

Inclusion of effects, sounds, textures, and disso-
nance without exceeding the predefined limits

Generate gradual assimilation and adaptation 
to stimuli

Use musical patterns or shapes with weekly 
addition of layers of acoustic and musical 
information

Functional harmony is used as a structural 
template for the  composition43, then ancient 
Greek  modes44, exotic scales, and atonality are 
incorporated to increase sensory and musical 
 dissonance45. The “vertical construction” of the 
chords is also changed using extended  chords44. 
Each modification in the construction generates 
changes in the acoustic parameters and the dis-
sonance  value46. Occasionally the counterpoint 
level of a work is changed by using two or 
more melodies  simultaneously47. When several 
melodies are heard superimposed, an effect of 
textural complexity is generated. In a similar 
way, syncopations, polymetries and polyrhythms 
are used to raise the level of information and 
rhythmic  complexity48. For example (Supple-
mentary Material- Audio 2)

Social

Encouragement of play and exploration 
behaviors Unexpected and novel sound events

New sounds are created using synthesizers and 
virtual  instruments49. For example (Supplemen-
tary Material- Audios 1, 2)

Reduce aggressive behavior Avoid ranges of acoustic parameters that create 
negative emotional states

The values of the acoustic parameters to be 
avoided are given in previous  publications16. 
Audio 3 is an example of music with acoustic 
patterns that elicit negative responses in pigs

Sensory Provide rewarding and pleasurable stimulation Use ranges of acoustic parameters that create a 
positive emotional state

The values of the acoustic parameters to be used 
were listed in Table 1. (Supplementary material-
Audio 4)

Homeostasis Reduce stress
Intersperse relaxing musical information with 
another that generates motor activation to pro-
mote the regulation of the nervous, cardiovascu-
lar, endocrine, and immune systems

The amount of repeated and new parts is dosed 
to generate predictability or  uncertainty50,51. 
Music is designed by integrating and dosing 
multiple harmonic, melodic and rhythmic ele-
ments in a mix, from simpler to more complex 
 forms42,52. (Supplementary material- Audio 
Audio 5)

Health Reduction in skin lesions associated with 
aggression

Use affiliative musical information by perform-
ing the digital synthesis of positive context 
vocalizations

Synthesizer-generated emulations of pig vocali-
zations were  used40,41. These contain the acoustic 
parameters of pig vocalizations emitted in an 
affiliative context. Supplementary material-
Audio 6)
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coded, and the observations were performed by a single trained experimenter. The analysis was performed blind 
to the experimental groups, randomized and without sound. Each session had an interval of 4 days. Before the 
analyses, an intraobserver reliability assessment was performed with Pearson’s correlation coefficient, using a 
subsample of 20 video clips obtaining values between high (r ≥ 0.90) and moderate (0.50 ≥ r < 0.80). The data 
obtained were collected in a matrix for statistical evaluation.

Evaluation of the skin lesions
Direct observation by two trained and blinded observers was used to evaluate the skin. The observed lesions 
were recorded on lateral, dorsal, caudal, and frontal profile images. The anatomical areas considered were the 
ears, forehead (head to back of shoulder), midline (back of shoulder to hindquarters), hindquarters, legs (from 
the accessory digit upward), tail, snout, and genitalia. Two types of temporal comparisons were made between 
experimental groups. The first evaluation was performed weekly (during all 10 weeks) for each body part of 
each pig, and a score of 0 or 1 was assigned based on the absence or presence of a lesion. From this score, the 
proportion of pigs with skin lesions was calculated for each body part and for each group. In addition, another 
score (including the sum of the lesions of the 8 body parts of each animal) was used to compare the specific 
effect of group and week on the number of skin lesions. The second evaluation included a comparison only of 
the proportion of skin lesions between the first and last week of the enrichment program (4 and 14 weeks of age 
of the animals specifically). Cohen’s kappa coefficient was used to evaluate the agreement between the observa-
tions, obtaining high values (≥ 0.90).

Physiological evaluation
Stress markers
Two biomarkers were evaluated, cortisol as a biochemical biomarker of HPA axis  activation57 and salivary alpha-
amylase (sAA) as a biomarker of autonomic nervous system (ANS) activity, i.e., the sympathoadrenal system 
(SAS)58,59. Cortisol displays fluctuations associated with the circadian rhythm, and its diurnal variation was 
considered in this study. Cortisol in saliva is in a free biologically active form and therefore, this fluid is a good 
indicator of cortisol levels in blood  plasma60. In contrast, the sAA hormone does not present diurnal variations 
associated with the circadian rhythm, its isolated use is mainly related to acute stress and SAS activation, but its 
comparison with cortisol provides information on the balance in neuroendocrine functions.

The assessment of both biomarkers was performed on saliva samples collected at 15, 16, and 17 weeks of age 
in both experimental groups (once the enrichment with music was completed). Measurements were performed 

Figure 1.  Schematic representations of the experimental design and program of veterinary functional music 
for environmental enrichment. (A) Two groups: control and enriched were included in the study. The enriched 
group was exposed to musical stimulation for ten weeks. Some measures were taken until week 17. (B) Music 
arrangement of the functional veterinary music program. A total of 39 musical pieces were composed and 
distributed in five arrangements with seven or eight pieces each. Between the pieces, interspersed periods of rest 
(silence) were included.



6

Vol:.(1234567890)

Scientific Reports |        (2024) 14:18660  | https://doi.org/10.1038/s41598-024-68407-6

www.nature.com/scientificreports/

from week 15 onwards because, in general, for mammals at early ages, the HPA axis is less sensitive to stress-
induced  modulations61–63.

Sampling was performed on the last day of the selected weeks, with one sample taken every hour between 
8:00 and 17:00 (for 10 samples per day, each with duplicates). Saliva was collected without restraining the pigs, 
by letting them chew on a large cotton swab, until it was completely wet (approximately 30 s per sample). The 
samples were immediately stored in a nitrogen-charged thermos flask at a temperature of −196 °C until analysis. 
The concentration of cortisol was determined using an ELISA method (Cortisol Enzyme Immunoassay Kit—
Salimetrics, USA). sAA was measured using a kinetic enzyme assay kit (Salimetrics, USA).

For the comparative analysis of the data obtained from both biomarkers, we initially calculated the following 
indices: area under the curve (AUC), for cortisol (AUCc) and sAA (AUCa), these indices have been previously 
evaluated in numerous  studies64,65, as sensitive indicators with respect to basal levels and reactivity for each hor-
mone. The ratio of sAA over cortisol (AOC), an index obtained by dividing AUCa by AUCc was also calculated. 
The aforementioned indices have been widely implemented in research and medical practice as reliable indica-
tors to assess the balance of neuroendocrine function, involving the HPA-SAS  axes66–68. The literature provides 
abundant evidence of dysfunctions in the relationship between these two axes in individuals with chronic stress; 
however, and despite the relevance of the indices, their use in animals has not yet been explored, and there are 
no previous studies in swine species.

Hemograms
In both experimental groups, blood samples were collected at 28 days of age (before starting the stimulation with 
music) and again at 170 days of age just before transport to the slaughter. Samples were obtained between 08:00 
and 10:00 am using a puncture in the jugular vein, collected in EDTA tubes, refrigerated, and sent immediately 
to the laboratory for basic hematological analysis. From the data obtained, the proportions of the different blood 
cell populations and the neutrophil:lymphocyte ratio (N:L–calculated from the mean absolute values of these 
populations), were evaluated. This index is considered a proxy for inflammation and immune system activation 
and as a potential indirect indicator of stress  response69,70.

Statistical analysis
The data obtained were longitudinal, corresponding to measurements repeated over time, the experimental unit 
was the pen (n = 2), with two experimental groups, each with 20 individuals. The data were evaluated by descrip-
tive statistical metrics and normality analysis using graphs and hypothesis testing (Shapiro–Wilk test and Bartlett 
or Levene test), which allowed us to define subsequent inferential analyses using parametric and nonparametric 
methods. The data from the QBA were analyzed using Principal Component Analysis (PCA, with correlation 
matrix and varimax rotation), allowing the conformation of two principal components (PC) or index. To ana-
lyze the variation of each index obtained along the evaluated groups, a general linear mixed model (GLMM) 
with repeated measures was fitted, including condition group (“control” and “enriched”) as fixed effects. For 
hematological analysis, the Kruskal–Wallis test was used as a nonparametric alternative to analysis of variance, 
and paired comparisons were performed using the Mann–Whitney U test with correction for multiple compari-
sons. Z-test for proportions with correction and generalized linear model (GLM) with Poisson distribution and 
ANOVA followed by Tukey’s post hoc comparison tests were used for the analysis of skin lesions. Descriptive 
analysis of diurnal variation for cortisol was used to evaluate biomarkers, and concentrations were compared 
between experimental groups using a three-way ANOVA with treatment, hour, and week as fixed effects. In 
addition, the area under the curve (AUC) index was calculated for cortisol (AUCc) and salivary alpha-amylase 
(AUCa) levels. Both indices were then related to the extract of AOC (amylase over cortisol) and compared by 
Student’s t-test. p ≤ 0.05 was chosen as the limit of statistical significance. All analyses were performed with the 
R statistical software (version 4.0.2; https:// www.R- proje ct. org)71 implementing, among others, the FactoMineR, 
tidyverse, tidymodels, DALEX, splines, mgcv, and vip libraries.

Results
Psychological evaluation
Evaluation of emotional responses
Descriptive analysis of the QBA terms shows significant differences between groups for the means of items (see 
Table 3). Means scores for emotional states such as content, friendly, playful, positively occupied, sociable, and 
happy were higher in the enriched group. Indifferent and uneasy had a high mean score in the group without 
music, and a tendency as well was observed to calm, lively, and irritable items. The standard deviations and 
coefficients of variation recorded for several of the terms were higher in the enriched group, indicating a greater 
range of emotional responses during enrichment.

The PCA suggests two factors or principal components that explain 59.36% of the total variance of the data-
set (Table 4). Mean loadings were used as a criterion to select the QBA terms with major contributions to each 
PC (0.49 and 0.38 mean loadings, respectively). The first component (PC1) included content, friendly, playful, 
positively occupied, lively, sociable, and happy terms with positive loadings and an upper mean load. This was 
referred to as the emotional valence index, with items with higher positive loading representing more positive 
emotional valence. The second component (PC2) included the terms active, agitated, and irritable with positive 
loadings and relaxed, agitated and calm, with negative loadings. This resulted in an arousal or psychomotor 
activity axis (from low to very active).

Figure 2A,B summarizes the results of the PCA and shows the relationship between the emotional terms 
contributing to each component and the spatial location of the responses of the litters in both experimental 
groups. In the enriched group, responses were expressed and widely distributed in the four PCA quadrants and 
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were related to both emotional valence and the psychomotor activity index. In contrast, the responses of the 
control group were densely clustered, mainly occupying quadrants III and IV (see Fig. 2B). Furthermore, the 
location of these observations for the control group indicated low values for the emotional valence index, and the 
observations were predominantly calm, relaxed, and indifferent (see Fig. 2A). The inferential analysis indicated 
significant differences between the evaluated groups for the emotional valence index (p = 0.000), with higher 
values for the enriched group. There were no differences (p = 0.300) in the psychomotor activity index. (Table 5).

Table 3.  Descriptive analysis for adjectives based on emotional states used for QBA [mean, standard 
deviations (SD), maximum (max), minimum (min), and percent coefficient of variation (CV -%)]. P-value 
calculated using Student’s t-test, n=2, two groups. 20 animals per group. Values with significant statistical 
differences are highlighted in bold.

Emotional state

Enriched Control

p-valueMean ± SD Min Max CV (%) Mean ± SD Min Max CV (%)

Active 3.63 ± 2.35 0.0 11.0 64.7 2.81 ± 1.79 0.4 7 63.7 0.072

Relaxed 3.68 ± 1.65 0.3 8.4 44.8 4 ± 1.98 0 7.2 49.5 0.388

Agitated 0.78 ± 1.87 0.0 9.5 239.7 0 0 0 0 0.130

Calm 3.39 ± 1.57 0.0 7.0 46.3 4.1 ± 1.21 1.2 6 29.51 0.021

Content 1.84 ± 1.13 0.3 6 61.41 0.94 ± 0.62 0 3.4 65.96 0.000

Indifferent 0.52 ± 0.6 0.0 1.8 115.4 1.81 ± 1.16 0 5 64.09 0.000

Friendly 1.82 ± 0.95 1 5 52.2 0.98 ± 1.01 0 3.4 103.06 0.000

Playful 1.79 ± 1.12 0.8 6.6 62.57 0.71 ± 0.65 0 2 91.55 0.000

Positively occupied 3.02 ± 1.69 0.5 7.0 55.96 1.84 ± 1.11 0.6 4.6 60.33 0.000

Lively 3.17 ± 2.35 0.3 8.2 50.79 2.33 ± 1.71 0 5 73.39 0.017

Inquisitive 0.3 ± 0.97 0.0 6.3 323.3 0.22 ± 0.6 0 2.5 272.73 0.671

Irritable 0.73 ± 1.44 0.0 6.0 197.3 0.12 ± 0.37 0 1.4 308.33 0.012

Uneasy 0.02 ± 0.13 0.0 1.0 650.0 0.15 ± 0.36 0 2 240 0.006

Sociable 1.82 ± 1.16 0.2 6.2 63.74 1.15 ± 0.76 0 3 66.09 0.002

Happy 1.71 ± 0.98 0 5.3 57.31 0.64 ± 0.49 0 2 76.56 0.000

Table 4.  Principal component analysis of the QBA. Mean loadings were used as a criterion to select the 
QBA terms with major contributions to each PC. Terms with loadings greater than the mean loading of the 
respective components are shown in bold. Mean loadings: Average for the loads (in absolute value) of each 
component. SS loadings: Sum of squared loadings.

Emotional state PC1-index for emotional valence PC2-index for psychomotor activity

Active 0.53 0.70

Relaxed 0.02 −0.82

Agitated 0.37 0.62

Calm −0.09 −0.83

Content 0.82 0.24

Indifferent −0.43 −0.29

Friendly 0.88 −0.03

Playful 0.82 0.33

Positively occupied 0.61 0.09

Lively 0.58 0.54

Inquisitive −0.09 −0.29

Irritable 0.07 0.66

Uneasy −0.23 0.11

Sociable 0.84 −0.05

Happy 0.89 0.08

Mean loadings 0.49 0.38

SS loadings 5.11 3.35

Cumulative percentage of variance 34% 59%
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Evaluation of the skin lesions
The first analysis of skin lesions examined a weekly comparison (see Fig. 3), including all 10 weeks of the enrich-
ment program (between 4 and 14 wks of age). A lower proportion of lesion presentation was observed in the 
enriched group, which was more remarkable from week 2 onwards (fifth week of pig age). A GLM was used 
to compare the groups and significant differences were observed in the anterior and middle anatomical areas 
(p = 0.021 and p = 0.002, respectively). The score (including summatory of lesions of the 8 body areas of each 
animal) was used to compare the specific effect of group and week on the number of skin lesions. An effect of 
group was observed (p = 0.00182), with a minor score for enriched. The comparison between weeks shows dif-
ferences with the second week (p = 0.00271).

The second analysis of skin lesions (Table 6) includes the specific differences between the first and last week of 
the enrichment program (4 and 14 wk of age specific). At the beginning of the program, there were no significant 
statistical differences between the groups in any body area (p > 0.05). In contrast, in the last week of enrichment, 
a comparative reduction in skin lesions was observed in the enriched group on the ears, front, and tail areas that 
was significant (p = 0.001, 0.020, 0.020, respectively).

Physiological evaluation
Evaluation of stress markers
Diurnal salivary cortisol concentrations were assessed between 8 am and 5 pm and the results are shown in 
(Fig. 4). In the enriched group the diurnal fluctuations of the metabolite had a similar and consistent dynamic in 
the weeks evaluated between 8 and 10 am. Cortisol levels had a downward trend, with values between 0.5 and 0.2 
ug/dL. At 11 am, a first peak is observed, reaching values up to 0.64 ug/dL. The levels decreased again between 12 
and 1 pm, between 0.2 -0.3 ug/dL. A new increase is observed at 2 pm, reaching 0.5 ug/dL, and finally at 4 pm the 
highest peak of the diurnal dynamics is observed, a maximum value of 0.85 ug/dL. This reflects fluctuations in 
the diurnal secretion of the metabolite. In contrast, the group control, during the three weeks, presented a much 

Figure 2.  (A) Plots of loadings for the qualitative behavior assessment (QBA). Emotional responses on 
dimensions PC1 (emotional valence index) and PC2 (psychomotor activity index). (B) Individual loadings 
associated with the evaluated groups. The points indicate the coordinates for the responses of each observation 
for the entire litter, and the colors refer to the groups: Enriched (orange), Control (blue).

Table 5.  Adjusted means (± SEM) and confidence intervals (ICC) of the PCA indexes of emotional valence 
and psychomotor activity for the enriched and control groups. The value with significant statistical differences 
is highlighted in bold. ab Within a row means without a common superscript differed (P < 0.001).

Index Enriched Control Difference between 
periods p-valueMean ± SEM ICC (lower limit-upper limit) Mean ± SEM ICC (lower limit-upper limit)

Emotional valence 0.38a ± 0.20 [−0.09, 0.85] −0.63b ± 0.13 [−0.93, −0.34] 0.000

Psychomotor activity 0.12b ± 0.16 [−0.24, 0.48] −0.18a ± 0.19 [−0.62, 0.27] 0.300
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flatter dynamic, without notable peaks and with oscillations between 0.2 and 0.4 ug/dL and sometimes reaching 
values of 0.5 ug/dL. A three-way ANOVA for cortisol statistical analysis was applied, using as main factors: (1) 
conditions (control vs enriched), (2) time of the day, (3) week. The conditions were the factor statistically sig-
nificant (p = 0.01), with a global media of 0.41 and 0.33 ug/dL to enriched and control conditions, respectively.

Figure 5 shows the comparative evaluation of the cortisol curves in both experimental groups in each week 
evaluated. The flattening of the curve in the pigs of the control group is highlighted, with very slight modulations 
in the cortisol level that do not reach the maximum levels observed in the enriched group. In contrast, the curve 
of the enriched group showed notable fluctuations in the diurnal secretion of the metabolite. The differences 
were maintained for the three weeks evaluated.

The values of diurnal secretion of sAA, were variable between groups and weeks, and were used to calculate 
the index called area under the curve (AUCa). A similar procedure was carried out with the data obtained for 
cortisol (AUCc). Subsequently, both indices were related to the extract of AOC (amylase over cortisol) and 

Figure 3.  Comparison of the frequency of skin lesions presentation between the enriched and control groups 
in the weekly evaluation. From week 2 of the experiment (fifth week of pigs age), a tendency to decrease in the 
number of skin lesions was observed in the enriched group. Differences between groups were significant in front 
and middle (p = 0.021 and p = 0.002, respectively) anatomical areas, n = 2, two groups. 20 animals per group.

Table 6.  Proportions of pigs with skin lesions in the experimental groups at the first week (4 wk of age) 
and at the end of the enrichment program (14 wk of age). The p-value was calculated using the Z-test to 
proportions. Values with significant statistical differences are highlighted in bold.

Body area First week Final week

Proportion of pigs 
injured

p-value

Proportion of pigs 
injured

p-valueControl Enriched Control Enriched

Ears 0.6 0.86 0.205 0.55 0.05 0.001

Front (head to back of shoulder) 0.45 0.48 0.735 0.35 0.05 0.020

Middle (back of shoulder to hind–quarters) 0.3 0.38 0.195 0.05 0.29 0.131

Hind–quarters 0.1 0.0 0.226 0.15 0.95 1.000

Legs (from the accessory digit upwards) 0.1 0.0 0.026 0.1 0 0.226

Tail 0.05 0.0 0.474 0.25 0 0.020

Snout 0.5 0.19 0.668 0.1 0 0.226

Genitals 0.5 0.0 1.000 0 0 1.000
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compared using Student’s t-test. The results obtained from the evaluation of these indices are presented in 
(Table 7). The AUCc was higher in the enriched versus control pigs (3.74 and 2.91 ug/dL, respectively; p = 0.01), 
and there was an effect of treatment (p = 0.01) on cortisol concentrations. In contrast, AUCa were not statisti-
cally significant between groups with amylase concentrations 28.67 and 28.75 ug/dL. The AOC index was lower 
in the enriched group with a significant difference (p = 0.01), suggesting a better balance between the two stress 
systems (HPA-SAM) for this group.

Evaluation of hemograms
Comparison of hematological values between the groups at the beginning of the experiment showed no signifi-
cant differences. In the evaluation performed at the end of the productive cycle, a higher cell count was observed 
in all leukocyte cell lines in the enriched group. Figure 6 shows the most relevant populations, and the difference 
in the absolute value of lymphocytes, neutrophils, and eosinophils, using the Kruskal–Wallis test, which verified 
that these differences were significant (Table 8). In erythrocytes, hematocrit, platelets, and the indices related to 
these blood populations, there were no significant differences between the groups. In addition, the enriched group 
presented higher plasma protein levels with significant differences with respect to the control group (p < 0.01).

In addition, the evaluation of the neutrophil:lymphocyte ratio (N:L) was considered. From this evaluation, it 
was observed that the enriched group presented a lower value (0.29) than the control group (0.47).

Discussion
To the best of our knowledge, this is the first study to present an environmental enrichment program that incor-
porates acoustic and musical adjustments to porcine species considering their perceptual characteristics. The 
results obtained indicate that pigs housed in music-enriched conditions exhibit psychophysiological responses 
that differ from those of non-enriched animals. In this context, enrichment affected the presentation of positive 
emotional responses and the reduction of skin lesions associated with agonistic behaviors. In addition, from 
the physiological perspective, differences in diurnal cortisol dynamics and in the AOC index were evidenced, 
suggesting a better balance in neuroendocrine functions for the enriched group. The findings obtained from 
the integrated evaluation of all these variables highlight the beneficial impact of veterinary functional music in 
the reduction of chronic stress in farm pigs as well as plaid in favor of its use for environmental enrichment in 
husbandry.

The concept of functional music is not new in the literature, with an application in the human context and 
is defined as that which is composed or used for a particular purpose, which in humans is applied to generate 
atmospheres and  ambiance72. However, the extension of the term to music used in animals can be interesting 
from the perspective that music can be useful and usable in different species to promote particular states and 
behaviors. Previous studies have demonstrated the effects of music on  emotional11,  behavioral28,35,73 and physi-
ological  parameters26,74 in various animal species, providing a basis for its use with particular objectives or func-
tions, such as stress regulation.

Additionally, and considering that the experience of stress is a multifaceted phenomenon comprising cogni-
tive and emotional components closely related to physiological  systems75, in this study, the potential usefulness 
of veterinary functional music in stress regulation was demonstrated from a psychophysiological perspective. 
The multidimensional approach to the study of the relationship between music and stress is well supported, and 
several studies that support this approach are presented together in a model of interactions (Fig. 7). Here, music 
is proposed as a physical stimulus, containing information that is processed and translated in the central nervous 
system through neurocognitive processing. It then determines emotional responses that activate different areas 

Figure 4.  Mean cortisol curves. Enriched (blue), control (orange). Salivary cortisol concentrations 
(mean ± sem) measured during 10 diurnal hours, at 15, 16, and 17 weeks. n = 2, two groups. 20 animals per 
group.
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related to cognitive, neuroendocrine, and immune functions, and impact different subsystems and organs that 
modulate the stress response. Therefore, music, by sharing dynamics with stress responses, can be efficient in 
counteracting it and thus substantiating its usefulness.

Figure 5.  Comparisons of basal salivary cortisol concentrations (mean ± sem) measured during 10 h of daytime 
at 15 (upper panel), 16 (middle panel), and 17 weeks of age (lower panel) for pigs with auditory enrichment 
(enriched) and control, n = 2, two groups. 20 animals per group.
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Psychological effects
The results obtained showed that the designed music influenced the presentation of positive emotional states 
in the enriched group, finding significant differences with respect to the control group in terms of QBA such 
as content, happy and friendly, which were associated with the index for emotional valence. A previous study 
conducted by this research group had demonstrated that pigs are capable of showing a wide variety of emotional 
responses to music with different affective  valence11; and the findings obtained indicate that the acoustic and 
musical adjustments made to the musical pieces in the framework of functional music were adequate, limiting 
the presentation of negative emotional states and favoring the expression of states with an intensely positive 
emotional valence.

Considering the assessment of emotional responses in the evaluation of the effect of music on stress has a 
relevant justification because, as previously mentioned in the model, emotions in music are a critical element and 
trigger of other neurophysiological responses and therefore constitute a point of great relevance in the evaluation 
of stress. Therefore, this may be the basis for explaining the differences in the evaluation of other behavioral and 
physiological parameters in the control group.

The results obtained from the evaluation of the skin lesions provide information in the same sense. In the 
group enriched, a lower frequency in the presentation of lesions associated mainly with anatomical areas such 
as ears, tail, middle and front was observed, and therefore, a decrease in agonistic behaviors in the pigs was 
observed. Pigs are gregarious animals that establish hierarchical relationships to determine the order of access 
to  resources93,94. Fighting and avoidance behaviors are the way the hierarchy is exercised. In this way, skin 
lesions are considered as a sensitive and relevant indicator of the presentation of aggressive behaviors on the 
farm, generated by stressful  conditions95–97. Previously, a study demonstrated the efficacy of music as strategy to 
reduce aggressive behavior during the regrouping of  pigs98 and multiple studies have evaluated the decrease in 
skin lesions as a positive indicator of the effect of environmental  enrichment96,99.

Previous studies, although using other types of environmental enrichment, mainly substrate, have also 
reported a decrease in lesions in the middle and  front100 and in the ears and  tail96,99,100. This suggests that envi-
ronmental enrichment is a protective factor, limiting the presentation of aggressive behavior and subsequent 

Table 7.  Indices of cortisol and salivary amylase curves for enriched and control (T student) group pigs, n=2, 
two groups. 20 animals per group. AUCc area under the cortisol curve, AUCa area under the amylase curve, 
AOC Amylase over cortisol ratio. Values with significant statistical differences are highlighted in bold.

Group

Week Enriched group mean value SD Control group mean value SD p- value

AUCc 3.74 0.07 2.91 0.52 0.010

AUCa 28.67 3.51 28.75 12.92 0.062

AOC 7.65 5.23 10.65 12.86 0.010

Figure 6.  Comparative averages of leukocyte lines in both experimental groups at the end of the production 
cycle, n = 2, two groups. 20 animals per group.
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Table 8.  Hematic parameters enriched vs control group. Kruskal–Wallis test and Mann–Whitney U test 
corrected for multiple comparisons. n = 2, two groups. 20 animals per group. C1: Sampling at the beginning 
of the cycle-control group, C2: Sampling at the end of the cycle-control group, T1: Sampling at the beginning 
of the cycle-enriched group, T2: Sampling at the end of the cycle-enriched group. Values with significant 
statistical differences are highlighted in bold.

Hematic parameter Pairwise comparison p-value

White blood cell count

C1 vs C2 0.006

C1 vs T1 1.000

C1 vs T2 1.000

C2 vs T1 1.000

C2 vs T2 0.004

T1 vs T2 0.115

Lymphocyte count

C1 vs C2 0.057

C1 vs T1 0.061

C1 vs T2 0.314

C2 vs T1 0.027

C2 vs T2 0.000

T1 vs T2 0.001

Neutrophil count

C1 vs C2 0.028

C1 vs T1 0.161

C1 vs T2 0.700

C2 vs T1 0.000

C2 vs T2 0.005

T1 vs T2 0.002

Plasma Proteins

C1 vs C2 0.054

C1 vs T1 0.081

C1 vs T2 0.006

C2 vs T1 0.064

C2 vs T2 0.006

T1 vs T2 0.000

Figure 7.  A model of the system interactions involved in modulation of music on stress. Note: (a)76,77, (b)78,79, 
(c)80, (d)81, (e)82,83, (f)84, (g)22,85, (j)86, (h)81, (i)87,(k)24,83, (l)88,89, (m)90–92.
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lesions. In this study, the findings indicate that similar to what was observed with physical enrichment, adjusted 
music influences behavior.

Physiological effects
Our results showed that auditory-enriched pigs differed from unstimulated pigs in the diurnal dynamics of 
stress biomarkers and thus in neuroendocrine regulation. The enriched group had the highest cortisol levels, 
and with detailed analysis of the metabolite dynamics during the day, notable fluctuations were observed that 
resulted in several peaks. This finding was very consistent in this group and was maintained for the three weeks 
that were compared. Previous studies on the species applying other types of enrichment have reported similar 
 findings62,101. In contrast, the unstimulated pigs had decreased circadian peaks, with a flattened curve. Other 
studies have shown that the analysis of variations in salivary cortisol presents blunted (blunt-flattened) curves 
in situations of chronic stress in pigs, rodents  rodents102–104 and in humans during pathological states such as 
certain types of  depression105. The observed attenuation of cortisol secretion during chronic stress may reflect 
adaptive habituation or a pathological disruption of the hypothalamic-pituitary axis (HPA)106.

Cortisol has often been used as a critical parameter for assessing the HPA axis and chronic stress. However, 
stress assessment should not be based solely on cortisol levels but should consider integrated neuroendocrine 
function. Therefore, the measurement of salivary alpha-amylase, which is considered a significant and reliable 
marker of stress, and the assessment of the SAM  axis107 were included in this study. This allows comparison with 
the HPA axis, by using indices such as the AOC, providing valuable information on the balance and regulation 
of neuroendocrine function.

The calculation of the hormone requires the quantification of the area under the curve of both hormones. 
The enriched group presented higher AUCc and lower AUCa than the control group. The relationship between 
the axes was asymmetric, and under conditions of acoustic enrichment, the HPA axis was favored, therefore, the 
calculation of AOC was lower in this group. Thus, and considering that a strong correlation has been reported 
between AOC and chronic  stress65, the results observed in this study indicate a favorable effect of music-based 
auditory enrichment on the reduction of this type of stress. In animals and specifically in the porcine species, 
no previous studies were found that could serve as a comparison for these findings, since most of them evalu-
ated biomarkers in isolation without having this type of interaction. However, in humans, it is indicated that the 
ratio of sAA to cortisol can capture the specific nature of the dissociation of the SAM-HPA axes and is a more 
sensitive marker of dysregulation of the stress  system65,107. It has been reported that the AOC index has a stronger 
and more positive correlation with levels of stress, anxiety, and depressive symptoms than other indices such as 
COA (cortisol over amylase) or any other stress marker evaluated in  isolation65.

For the interpretation of the simultaneous regulation of the SAM-HPA axes, several models have been pro-
posed, for example that of Munck et al108, which suggests that the two endocrine axes function in a comple-
mentary manner, so that greater activity of the HPA axis is associated with a greater response to SAS stress, or 
the additive model of  Bauer109, which suggests that the optimal adaptation to stress occurs when both systems 
show moderate activity, or when the systems show a high-low pattern, that is, one system has high activity and 
the other shows low activity. In this study, higher AOC levels were observed in the control group, indicating 
attenuated the HPA axis activity, with a complementary increase in SAM stress responses. These results would 
provide evidence for the complementary model. However, due to the lack of previous work in swine that has 
explored the potentially important interactions between the physiological systems, more studies are needed to 
provide information on concurrent activity in the two endocrine axes and the information presented here can 
serve as a reference.

However, in this study, significant quantitative alterations were observed in the relative and absolute leukocyte 
populations, indicating differences between the experimental groups in the distribution of blood cells, reflected 
in a lower neutrophil—to lymphocyte ratio (N:L) in the enriched group. The effects of stress and the hormones 
that regulate it on the components of the immune system have been extensively  described110–112. It has been 
suggested that leukocyte profiles are particularly useful in the field of physiology, showing quantitative changes 
during  stress113. Specifically, in chronic conditions, an increase in N:L radio, with an increment in the number 
of neutrophils (neutrophilia) and decreases in the number of lymphocytes (lymphopenia or lymphocytopenia) 
has been  observed114,115. In addition, researchers have considered the N:L ratio as a composite measure of the 
stress response.

For the swine species in particular, no reference values were found for the N:L ratio, however, in other species, 
a lower value such as that observed in the enriched group is associated with lower levels of stress. For example, in 
birds, values of 0.2, 0.5, and 0.8 are indicators of low, optimal and high stress levels,  respectively116. This ratio is 
considered a sensitive indicator of the proportion between both leukocyte compartments and, therefore, of the 
functional balance of the immune system. These changes may be related to the attenuation of the cortisol curve 
reported in the enriched group. In the literature, the reduction of lymphocytes and the contrasting increase in 
the number of neutrophils in stress, therefore an increase in the N:F ratio, has been associated with the effect of 
an increase in glucocorticoid concentrations and its consequent effect on the “trafficking” or redistribution of 
lymphocytes from the blood to other body  compartments117.

Stress is a complex psychophysiological response, and music in turn is a stimulus capable of regulating in an 
integrated way the emotional and physiological states of the organism, therefore, its implementation for stress 
management seems a consistent and appropriate approach. As a therapeutic technique in the veterinary com-
munity, music can be designed to fulfill defined functions from clearly delimited objectives, bringing with it 
multiple benefits, including availability, minimal cost, convenience, and low invasiveness.

Finally, it should be noted that the concept of veterinary functional music presented in this study is currently 
being worked on in other pig farms, with the intention of improving some methodological conditions, such 
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as a larger number of animals, some complementary measurements at the individual level, and the inclusion 
of additional experimental control conditions. It is also necessary to highlight that, in previous work of the 
team, we have already evaluated other types of control conditions, such as white and pink noise (considering 
its wide variation in spectral and temporal content, which allows its use as a non-musical acoustic stimulation) 
(unpublished results). However, the responses of the animals exposed to this stimulation were similar to those 
observed in the absence of music. This finding may be explained by the high noise levels that are constantly 
present in pig production systems, and habituation may occur. In non-human species, continuous noise may 
be more easily  habituated118,119 so noise does not appear to be a relevant problem condition for this species, at 
least under production conditions.

Conclusion
The experimental findings obtained allow us to conclude that a music-based program, induces psychophysi-
ological changes in pigs, which may determine its therapeutic potential and support the usefulness of music in 
environmental enrichment for the swine species, with an impact on health and welfare by reducing stress that 
also has a translational value for other species.

Data availability
The datasets generated during the current study and code implemented for its analysis are available at (one).

Received: 11 February 2024; Accepted: 23 July 2024

References
 1. Broom, D. M. Behaviour and welfare in relation to pathology. Appl. Anim. Behav. Sci. 97, 73–83 (2006).
 2. Van Dixhoorn, I. D. E. et al. Enriched housing reduces disease susceptibility to co-infection with porcine reproductive and 

respiratory virus (PRRSV) and actinobacillus pleuropneumoniae (A. Pleuropneumoniae) in young pigs. PLoS ONE 11, 1–24 
(2016).

 3. Proudfoot, K. & Habing, G. Social stress as a cause of diseases in farm animals: Current knowledge and future directions. Vet. 
J. 206, 15–21 (2015).

 4. McEwen, B. S. Central effects of stress hormones in health and disease: Understanding the protective and damaging effects of 
stress and stress mediators. Eur. J. Pharmacol. 583, 174–185 (2008).

 5. Carreras, R. et al. Housing conditions do not alter cognitive bias but affect serum cortisol, qualitative behaviour assessment and 
wounds on the carcass in pigs. Appl. Anim. Behav. Sci. 185, 39–44 (2016).

 6. Bacou, E. et al. Acute social stress-induced immunomodulation in pigs high and low responders to ACTH. Physiol. Behav. 169, 
1–8 (2017).

 7. Mendl, M., Burman, O. H. P., Parker, R. M. A. & Paul, E. S. Cognitive bias as an indicator of animal emotion and welfare: Emerg-
ing evidence and underlying mechanisms. Appl. Anim. Behav. Sci. 118, 161–181 (2009).

 8. Pavlov, V. A. & Tracey, K. J. Neural circuitry and immunity. Immunol. Res. 63, 38–57 (2015).
 9. Cheng, S., Fei, H. & Hsu, C. K. Soundscape emotions categorization and readjustment based on music acoustical parameters. 

INTER-NOISE 2019 MADRID - 48th Int. Congr. Exhib. Noise Control Eng. (2019).
 10. Bergamasco, L. et al. Heart rate variability and saliva cortisol assessment in shelter dog: Human-animal interaction effects. Appl. 

Anim. Behav. Sci. 125, 56–68 (2010).
 11. Zapata Cardona, J., Ceballos, M. C., Tarazona Morales, A. M., David Jaramillo, E. & Rodríguez, B. Music modulates emotional 

responses in growing pigs. Sci. Rep. 12, 3382 (2022).
 12. Dalla Bella, S., Peretz, I., Rousseau, L. & Gosselin, N. A developmental study of the affective value of tempo and mode in music. 

Cognition 80, 1–10 (2001).
 13. Pereira, C. S. et al. Music and emotions in the brain: Familiarity matters. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 00272 

41 (2011).
 14. Peretz, I., Blood, A. J., Penhune, V. & Zatorre, R. Cortical deafness to dissonance. Brain 124, 928–940 (2001).
 15. Sloboda, J. A. & Oneill, S. A. Emotions in everyday listening to music. Music Emot. Theory Res. 8, 415–429 (2001).
 16. Zapata Cardona, J., Ceballos, M. C., Tarazona Morales, A. M., David Jaramillo, E. & de Jesús Rodríguez, B. Spectro-temporal 

acoustic elements of music interact in an integrated way to modulate emotional responses in pigs. Sci. Rep. 13, 2994 (2023).
 17. Freeman, W., Wallin, N. L., Merker, B. & Brown, S. The origins of music (MIT press, 2000).
 18. Peretz, I. The nature of music from a biological perspective. Cognition 100, 1–32 (2006).
 19. Zapata-Cardona, J., Ceballos, M. C. & Rodríguez, B. de J. Music and Emotions in Non-Human Animals from Biological and 

Comparative Perspectives. Animals 14, (2024).
 20. Fitch, W. T. The evolution of music in comparative perspective. Ann. N. Y. Acad. Sci. 1060, 29–49 (2005).
 21. Bernardi, L. et al. Dynamic interactions between musical, cardiovascular, and cerebral rhythms in humans. Circulation 119, 

3171–3180 (2009).
 22. Chanda, M. L. & Levitin, D. J. The neurochemistry of music. Trends Cognit. Sci. 17, 179–191 (2013).
 23. Stevenson, S. A., Bobrowski, P. & Knipschild, A. Effects of Music on Emotion, Heart Rate, Respiration, and Electrodermal 

Activity. In Proceedings of The National Conference On Undergraduate Research (NCUR). University of North Carolina Asheville, 
(2016). https:// libjo urnals. unca. edu/ ncur/ wp- conte nt/ uploa ds/ 2021/ 06/ 2044- Steve nson- Sarah- FINAL. pdf.

 24. Khalfa, S., Bella, S. D. & Roy, M. Effects of relaxing music on salivary cortisol level after psychological stress. Ann. N. Y. Acad. 
Sci. 021, 374–376 (2003).

 25. Wells, D. L. Sensory stimulation as environmental enrichment for captive animals: A review. Appl. Anim. Behav. Sci. 118, 1–11 
(2009).

 26. Li, J. et al. Effects of music stimulus on behavior response, cortisol level, and horizontal immunity of growing pigs. J. Anim. Sci. 
99, 1–9 (2021).

 27. Brooker, J. S. An Investigation of the Auditory Perception of Western Lowland Gorillas in an Enrichment Study (Wiley Online 
Library, 2016).

 28. Li, X. et al. Behavioural responses of piglets to different types of music. Animal 13, 2319–2326 (2019).
 29. Bowman, A., Dowell, F. J. & Evans, N. P. The effect of different genres of music on the stress levels of kennelled dogs. Physiol. 

Behav. 171, 207–215 (2017).
 30. Crespo-Bojorque, P. & Toro, J. M. The use of interval ratios in consonance perception by rats (Rattus norvegicus) and humans 

(Homo sapiens). J. Comp. Psychol. 129, 42–51 (2015).

https://doi.org/10.1371/journal.pone.0027241
https://doi.org/10.1371/journal.pone.0027241
https://libjournals.unca.edu/ncur/wp-content/uploads/2021/06/2044-Stevenson-Sarah-FINAL.pdf


16

Vol:.(1234567890)

Scientific Reports |        (2024) 14:18660  | https://doi.org/10.1038/s41598-024-68407-6

www.nature.com/scientificreports/

 31. Crespo-Bojorque, P. & Toro, J. M. Processing advantages for consonance: A comparison between rats (Rattus norvegicus) and 
humans (Homo sapiens). J. Comp. Psychol. 130, 97–108 (2016).

 32. Sugimoto, T. et al. Preference for consonant music over dissonant music by an infant chimpanzee. Primates 51, 7–12 (2010).
 33. Patterson-Kane, E. G. & Farnworth, M. J. Noise exposure, music, and animals in the laboratory: A commentary based on labora-

tory animal refinement and enrichment forum (LAREF) discussions. J. Appl. Anim. Welf. Sci. 9, 327–332 (2006).
 34. Akiyama, K. & Sutoo, D. Effect of different frequencies of music on blood pressure regulation in spontaneously hypertensive 

rats. Neurosci. Lett. 487, 58–60 (2011).
 35. Snowdon, C. T., Teie, D. & Savage, M. Cats prefer species-appropriate music. Appl. Anim. Behav. Sci. 166, 106–111 (2015).
 36. Snowdon, C. T. & Teie, D. Affective responses in tamarins elicited by species-specific music. Biol. Lett. 6, 30–32 (2010).
 37. Fu, Q. et al. Music prevents stress-induced depression and anxiety-like behavior in mice. Transl. Psychiatr. 13, 1–12 (2023).
 38. Couprie, P. & Bayle, F. Voyage dans “grandeur nature”. Son Vitesse-Lumière 22, 47–57 (2017).
 39. Peeters, G., Giordano, B. L., Susini, P., Misdariis, N. & McAdams, S. The timbre toolbox: Extracting audio descriptors from 

musical signals. J. Acoust. Soc. Am. 130, 2902–2916 (2011).
 40. Anikin, A. Soundgen: An open-source tool for synthesizing nonverbal vocalizations. Behav. Res. Methods 51, 778–792 (2019).
 41. Tanner, J. C., Justison, J. & Bee, M. A. SynSing: Open-source MATLAB code for generating synthetic signals in studies of animal 

acoustic communication. Bioacoustics 29, 731–752 (2020).
 42. Sallavanti, M. I., Szilagyi, V. E. & Crawley, E. J. The role of complexity in music uses. Psychol. Music 44, 757–768 (2016).
 43. Jacoby, N., Tishby, N. & Tymoczko, D. An information theoretic approach to chord categorization and functional harmony. J. 

New Music Res. 44, 219–244 (2015).
 44. Balan, F. & Pepelea, R. The importance of the lydian concept by forming the chords with extended notes. Bull. Transilv Univ. 

Braşov. Ser. VIII Perform. Arts 12, 13–14 (2019).
 45. Daynes, H. Listeners’ perceptual and emotional responses to tonal and atonal music. Psychol. Music 39, 468–502 (2010).
 46. Chan, P. Y., Dong, M. & Li, H. The science of harmony: A psychophysical basis for perceptual tensions and resolutions in music. 

Research (2019).
 47. Taher, C., Rusch, R. & McAdams, S. Effects of repetition on attention in two-part counterpoint. Music Percept. Interdiscip. J. 33, 

306–318 (2016).
 48. Guillot, G. Considering anisochronous meters and polymeters in Afro-Brazilian music: Analytic and DIdactic issues. in IXe 

Congrès européen d’Analyse musicale (IXe CEAM-Euromac 9) (2017).
 49. Yun, Y. & Cha, S. H. Designing virtual instruments for computer music. Int. J. Multimed. Ubiquitous Eng. 8, 173–178 (2013).
 50. Cheung, V. K. M. et al. Uncertainty and surprise jointly predict musical pleasure and amygdala, hippocampus, and auditory 

cortex activity. Curr. Biol. 29, 4084–4092 (2019).
 51. Koelsch, S., Vuust, P. & Friston, K. Predictive processes and the peculiar case of music. Trends Cogn. Sci. 23, 63–77 (2019).
 52. Gabrielsson, A. The complexities of rhythm. In Psychology and Music (ed. Gabrielsson, A.) (Psychology Press, 2014).
 53. Tallet, C. et al. Encoding of situations in the vocal repertoire of piglets (Sus scrofa): A comparison of discrete and graded clas-

sifications. PLoS ONE 8, e71841 (2013).
 54. Clouard, C., Resmond, R., Prunier, A., Tallet, C. & Merlot, E. Exploration of early social behaviors and social styles in relation 

to individual characteristics in suckling piglets. Sci. Rep. 12, 2318 (2022).
 55. Heffner, R. S. & Heffner, H. E. Hearing in domestic pigs (Sus scrofa) and goats (Capra hircus). Hear. Res. 48, 231–240 (1990).
 56. Fay, R. R. Comparative psychoacoustics. Hear. Res. 34, 295–305 (1988).
 57. Hellhammer, D. H., Wüst, S. & Kudielka, B. M. Salivary cortisol as a biomarker in stress research. Psychoneuroendocrinology 34, 

163–171 (2009).
 58. Bosch, J. A., Ring, C., de Geus, E. J. C., Veerman, E. C. I. & Nieuw Amerongen, A. V. Stress and secretory immunity. Int. Rev. 

Neurobiol. 52, 213–253 (2002).
 59. Thoma, M. V., Kirschbaum, C., Wolf, J. M. & Rohleder, N. Acute stress responses in salivary alpha-amylase predict increases of 

plasma norepinephrine. Biol. Psychol. 91, 342–348 (2012).
 60. Choi, M. H. Clinical and technical aspects in free cortisol measurement. Endocrinol. Metab. 37, 599–607 (2022).
 61. de Jong, I. et al. Effects of environmental enrichment on behavioral responses to novelty, learning, memory and circadian rhythms 

in cortisol in growing pigs.pdf. Physiol. Behav. 68, 571–578 (2000).
 62. De Jong, I. et al. Effects of strawbedding on physiological responses to stressors and behavior in growing pigs. Physiol. Behav. 

64, 303–310 (1998).
 63. Ekkel, E. D. et al. The circadian rhythm of cortisol in the saliva of young pigs. Physiol. Behav. 60, 985–989 (1996).
 64. Pruessner, J. C., Kirschbaum, C., Meinlschmid, G. & Hellhammer, D. H. Two formulas for computation of the area under the 

curve represent measures of total hormone concentration versus time-dependent change. Psychoneuroendocrinology 28, 916–931 
(2003).

 65. Ali, N. & Pruessner, J. C. The salivary alpha amylase over cortisol ratio as a marker to assess dysregulations of the stress systems. 
Physiol. Behav. 106, 65–72 (2012).

 66. Gordis, E. B., Granger, D. A., Susman, E. J. & Trickett, P. K. Salivary alpha amylase–cortisol asymmetry in maltreated youth. 
Horm. Behav. 53, 96–103 (2008).

 67. Vigil, J. M., Geary, D. C., Granger, D. A. & Flinn, M. V. Sex differences in salivary cortisol, alpha-amylase, and psychological 
functioning following hurricane katrina. Child Dev. 81, 1228–1240 (2010).

 68. Sajaniemi, N., Suhonen, E., Kontu, E., Lindholm, H. & Hirvonen, A. Stress reactivity of six-year-old children involved in chal-
lenging tasks. Early Child Dev. Care 182, 175–189 (2012).

 69. Davis, A. K., Maney, D. L. & Maerz, J. C. The use of leukocyte profiles to measure stress in vertebrates: A review for ecologists. 
Funct. Ecol. 22, 760–772 (2008).

 70. Hickman, D. L. Evaluation of the neutrophil: Lymphocyte ratio as an indicator of chronic distress in the laboratory mouse. Lab 
Anim. 46, 303–307 (2017).

 71. Team RC (2020) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna 
Available from: https:// www.R- proje ct. org/.

 72. Seeger, C. The music process as a function in a context of functions. Anuario 2, 1–42 (1966).
 73. Zhao, P. et al. Effects of long-term exposure to music on behaviour, immunity and performance of piglets. Anim. Prod. Sci. 61, 

532–539 (2020).
 74. Köster, L. S., Sithole, F., Gilbert, G. E. & Artemiou, E. The potential beneficial effect of classical music on heart rate variability 

in dogs used in veterinary training. J. Vet. Behav. 30, 103–109 (2019).
 75. Alworth, L. C. & Buerkle, S. C. The effects of music on animal physiology, behavior and welfare. Lab Anim. 42, 54–61 (2013).
 76. Liégeois-Chauvel, C., Peretz, I., Babaï, M., Laguitton, V. & Chauvel, P. Contribution of different cortical areas in the temporal 

lobes to music processing. Brain J. Neurol. 121, 1853–1867 (1998).
 77. Blood, A. J. & Zatorre, R. J. Intensely pleasurable responses to music correlate with activity in brain regions implicated in reward 

and emotion. Proc. Natl. Acad. Sci. 98, 11818–11823 (2001).
 78. Panksepp, J. & Bernatzky, G. Emotional sounds and the brain: the neuro-affective foundations of musical appreciation. Behav. 

Process. 60, 133–155 (2002).

https://www.R-project.org/


17

Vol.:(0123456789)

Scientific Reports |        (2024) 14:18660  | https://doi.org/10.1038/s41598-024-68407-6

www.nature.com/scientificreports/

 79. Menon, V. & Levitin, D. J. The rewards of music listening: Response and physiological connectivity of the mesolimbic system. 
Neuroimage 28, 175–184 (2005).

 80. Koelsch, S., Fritz, T., Cramon, D. Y. V., Müller, K. & Friederici, A. D. Investigating emotion with music: An fMRI study. Hum. 
Brain Mapp. https:// doi. org/ 10. 1002/ hbm. 20180 (2006).

 81. Ulrich-Lai, Y. M. & Herman, J. P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 10, 397–409 
(2009).

 82. Nance, D. M. & Sanders, V. M. Autonomic innervation and regulation of the immune system (1987–2007). Brain Behav. Immun. 
21, 736–745 (2007).

 83. ThyagaRajan, S. & Priyanka, H. P. Bidirectional communication between the neuroendocrine system and the immune system: 
Relevance to health and diseases. Ann. Neurosci. 19, 40–46 (2012).

 84. Cacioppo, J. T. & Decety, J. What are the brain mechanisms on which psychological processes are based?. Perspect. Psychol. Sci. 
4, 10–18 (2009).

 85. Cervellin, G. & Lippi, G. From music-beat to heart-beat: A journey in the complex interactions between music, brain and heart. 
Eur. J. Intern. Med. 22, 371–374 (2011).

 86. Andreassi, J. L. Psychophysiology: Human Behavior & Physiological Response (Psychology Press, 2013).
 87. Dhabhar, F. S. Effects of stress on immune function: The good, the bad, and the beautiful. Immunol. Res. 58, 193–210 (2014).
 88. Tsigos, C. & Chrousos, G. P. Hypothalamic-pituitary-adrenal axis, neuroendocrine factors and stress. J. Psychosom. Res. 53, 

865–871 (2002).
 89. Goldstein, D. S., Mcewen, B. & Section, C. N. Allostasis, homeostats, and the nature of stress. Int. J. Biol. Stress 5, 55–58 (2002).
 90. Anisman, H. & Zacharko, R. M. Multiple neurochemical and behavioral consequences of stressors: Implications for depression. 

Pharmacol. Ther. 46, 119–136 (1990).
 91. Hendrix, W. H., Ovalle, N. K. & Troxler, R. G. Behavioral and physiological consequences of stress and its antecedent factors. J. 

Appl. Psychol. 70, 188–201 (1985).
 92. Baron-Cohen, S. Zero Degrees of Empathy: A New Theory of Human Cruelty (Penguin, 2011).
 93. McGlone, J. J. & Curtis, S. E. Behavior and performance of weanling pigs in pens equipped with hide areas. J. Anim. Sci. 60, 

20–24 (1985).
 94. Tong, X. et al. Reestablishment of social hierarchies in weaned pigs after mixing. Animals 10, 1–36 (2020).
 95. Beattie, V. E., O’Connell, N. E. & Moss, B. W. Influence of environmental enrichment on the behaviour, performance and meat 

quality of domestic pigs. Livest. Prod. Sci. 65, 71–79 (2000).
 96. Bottacini, M. et al. Skin lesion monitoring at slaughter on heavy pigs (170 kg): Welfare indicators and ham defects. PLoS ONE 

13, 1–16 (2018).
 97. Godyn, D., Nowicki, J. & Herbut, P. Effects of environmental enrichment on pig welfare—A review. Animals 9, 383 (2019).
 98. Alvarez-Hernandez, N., Vallejo-Timarán, D. & de Jesús Rodriguez, B. Adapted original music as an environmental enrichment 

in an intensive pig production system reduced aggression in weaned pigs during regrouping. Animals 13, 3599 (2023).
 99. Scollo, A. et al. Tail docking and the rearing of heavy pigs: The role played by gender and the presence of straw in the control of 

tail biting. Blood parameters, behaviour and skin lesions. Res. Vet. Sci. 95, 825–830 (2013).
 100. Manciocco, A. et al. Longitudinal effects of environmental enrichment on behaviour and physiology of pigs reared on an 

intensive-stock farm. Ital. J. Anim. Sci. 2011, 224–232 (2011).
 101. De Jong, I. Chronic stress parameters in pigs. Indicators of animal welfare? Manag. 1–171 (University of Groningen, 2000). 

https:// pure. rug. nl/ ws/ porta lfiles/ portal/ 14525 526/ c7. pdf.
 102. Janssens, C., Helmond, F. A. & Weigant, V. M. The effect of chronic stress on plasma cortisol concentrations in cyclic female 

pigs depends on the time of day. Domest. Anim. Endocrinol. 12, 167–177 (1995).
 103. Becker, B. A. et al. Cortisol response of gilts in tether stalls. J. Anim. Sci. 60, 264–270 (1985).
 104. Barnett, J. L., Hemsworth, P. H. & Winfield, C. G. The effects of design of individual stalls on the social behaviour and physi-

ological responses related to the welfare of pregnant pigs. Appl. Anim. Behav. Sci. 18, 133–142 (1987).
 105. Deuschle, M. et al. Diurnal activity and pulsatility of the hypothalamus-pituitary-adrenal system in male depressed patients and 

healthy controls. J. Clin. Endocrinol. Metab. 82, 234–238 (1997).
 106. Cyr, N. E. & Romero, L. M. Identifying hormonal habituation in field studies of stress. Gen. Comp. Endocrinol. 161, 295–303 

(2009).
 107. Pitman, R. K. & Orr, S. P. Twenty-four hour urinary cortisol and catecholamine excretion in combat-related posttraumatic stress 

disorder. Biol. Psychiatr. 27, 245–247 (1990).
 108. Munck, A., Guyre, P. M. & Holbrook, N. J. Physiological functions of glucocorticoids in stress and their relation to pharmaco-

logical actions. Endocr. Rev. 5, 25–44 (1984).
 109. Bauer, A. M., Quas, J. A. & Boyce, W. T. Associations between physiological reactivity and children’s behavior: Advantages of a 

multisystem approach. J. Dev. Behav. Pediatr. 23, 102–113 (2002).
 110. Chrousos, G. P. The hypothalamic-pituitary-adrenal axis and immune-mediated inflammation. N. Engl. J. Med. 332, 1351–1363 

(1995).
 111. Griffin, J. F. T. Stress and immunity: A unifying concept. Vet. Immunol. Immunopathol. 20, 263–312 (1989).
 112. Sheridan, J. F., Dobbs, C., Brown, D. & Zwilling, B. Psychoneuroimmunology: Stress effects on pathogenesis and immunity 

during infection. Clin. Microbiol. Rev. 7, 200–212 (1994).
 113. Dhabhar, F. S. & Mcewen, B. S. Acute stress enhances while chronic stress suppresses cell-mediated immunityin vivo: A potential 

role for leukocyte trafficking. Brain Behav. Immun. 11, 286–306 (1997).
 114. McGlone, J. J. Farm animal welfare in the context of other society issues: Toward sustainable systems. Livest. Prod. Sci. 72, 75–81 

(2001).
 115. Salak-Johnson, J. L., McGlone, J. J., Whisnant, C. S., Norman, R. L. & Kraeling, R. R. Intracerebroventricular porcine cortico-

tropin-releasing hormone and cortisol effects on pig immune measures and behavior. Physiol. Behav. 61, 15–23 (1997).
 116. Gross, W. B. & Siegel, H. S. Evaluation of the heterophil/lymphocyte ratio as a measure of stress in chickens. Avian Dis. 27, 972 

(1983).
 117. Dhabhar, F. S. Stress-induced augmentation of immune function—The role of stress hormones, leukocyte trafficking, and 

cytokines. Brain Behav. Immun. 16, 785–798 (2002).
 118. Biedenweg, T. A., Parsons, M. H., Fleming, P. A. & Blumstein, D. T. Sounds scary? Lack of habituation following the presentation 

of novel sounds. PLoS ONE 6, 14549 (2011).
 119. Talling, J. C., Waran, N. K., Wathes, C. M. & Lines, J. A. Sound avoidance by domestic pigs depends upon characteristics of the 

signal. Appl. Anim. Behav. Sci. 58, 255–266 (1998).

Acknowledgements
This work was supported by Ministerio de Ciencia, tecnología e innovación (Minciencias)—Programa de Becas 
de Excelencia Doctoral del Bicentenario—proyecto formación de alto nivel Universidad de Antioquia (BPIN 
2019000100017), Convocatoria 890 para el fortalecimiento de CTeI en instituciones de educación superior 
públicas (ICETEX 2021-1091), and Fundación Universidad de Antioquia.

https://doi.org/10.1002/hbm.20180
https://pure.rug.nl/ws/portalfiles/portal/14525526/c7.pdf


18

Vol:.(1234567890)

Scientific Reports |        (2024) 14:18660  | https://doi.org/10.1038/s41598-024-68407-6

www.nature.com/scientificreports/

Author contributions
J.Z. and B.R. carried out the conceptualization; the investigation and methodology were developed by J.Z., B.R., 
and S.D.; J.Z. wrote the main text of the manuscript. E.D. and J.Z. performed the statistical analyses. B.R. com-
posed and designed the music enrichment program used in the study. J.Z., B.R., S.D., Y.I., and A.S. contributed 
to drafting and refining the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 68407-6.

Correspondence and requests for materials should be addressed to J.Z.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ 
licen ses/ by- nc- nd/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-68407-6
https://doi.org/10.1038/s41598-024-68407-6
www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Effects of a veterinary functional music-based enrichment program on the psychophysiological responses of farm pigs
	Materials and methods
	Ethical considerations
	Study location
	Litters
	Facilities
	Musical pieces
	Veterinary functional music-based enrichment program
	Experimental design
	Psychological evaluation
	Evaluation of emotional responses
	Evaluation of the skin lesions

	Physiological evaluation
	Stress markers
	Hemograms

	Statistical analysis

	Results
	Psychological evaluation
	Evaluation of emotional responses
	Evaluation of the skin lesions

	Physiological evaluation
	Evaluation of stress markers
	Evaluation of hemograms


	Discussion
	Psychological effects
	Physiological effects

	Conclusion
	References
	Acknowledgements


