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A B S T R A C T   

Music can have powerful effects on human health and wellbeing. These findings have inspired an emerging field 
of research that focuses on the potential of music for animal welfare, with most studies investigating whether 
music can enhance overall wellbeing. However, this sole focus on discovering what effects music have on animals 
is insufficient for advancing scientific and practical understanding of how music can be used as an enrichment 
tool and can also lead to problems in experimental design and interpretation. This paper argues for a different 
approach to the study of music for welfare, where music is used to address specific welfare goals, taking account 
what animals hear in music and selecting or creating ‘musical’ compositions that test current hypotheses about 
how music is able to influence animal behaviour and physiology. Within this conceptual framework, we outline 
the process through which perceptual abilities influence welfare outcomes and suggest reframing music for 
welfare research as Auditory Enrichment Research which adopts a targeted approach that does not purpose music 
as an all-round welfare enhancer but rather investigates whether auditory enrichment can ameliorate specific 
welfare problems based on species-specific perceptual abilities, needs, and welfare goals. Ultimately, we hope 
that these discussions will help to bring greater unification, vision, and directionality in the field.   

1. Introduction 

Interest in therapeutic applications of music in humans has grown 
over the past 50 years. Some of these studies involve patients being 
actively involved in the production of music, however many studies 
involve passive listening, otherwise known as music medicine in
terventions (Bradt and Teague, 2018). Many clinical studies into the 
efficacy of music medicine interventions on conditions such as Alz
heimer’s disease (Fang et al., 2017) and acute pain (Lee, 2016) have 
demonstrated positive effects on various outcome measurements. 

Because of such effects in humans, it has been hypothesised that 
passive exposure to music might have similar effects on non-human 
animals (hereafter animals). There is growing attention being paid to 
the utility of passive music exposure for improving animal welfare or 
productivity in a broad range of captive environments (Campbell et al., 
2019; Hoy et al., 2010; Krohn et al., 2011; Wells et al., 2002) because it 
is cost-effective, instantaneous, and easy to implement. Consequently, 
the number of studies that examine the impact of passive music exposure 
on animals is increasing by the year, leading to a common view that 

music is likely good for animal welfare. 
However, a critical evaluation of how music produces effects on 

animals is missing. We believe that it is imperative to understand how 
music affects animals because whether music is “good for welfare” de
pends on the specific welfare aims and goals for the target animal, the 
characteristics of the species concerned, as well as the environment that 
it inhabits. For instance, music can be used to decrease the arousal of 
stressed and anxious dogs in animal shelters as well as to increase 
arousal and sensory stimulation in laboratory-housed rats. Mechanisti
cally, these two examples aim at inducing opposite effects on arousal. 
This shows that, the way music affects animals – both in terms of the 
mechanism and observed outcome – is not straightforward, and thus a 
deeper understanding of how music works is needed to help decipher 
how, and maybe more importantly, what type of music can be used to 
optimise animal welfare. 

Our aim is to change how researchers study the impact of music on 
animal welfare by challenging the underlying assumption that music can 
ameliorate an animal welfare problem because it can improve wellbeing 
in humans. Instead, we encourage an approach from a different 
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direction: Can music ameliorate a specific welfare problem based on 
what we know about how music produces effects on animals? We 
believe that the almost exclusive focus on the question of “What effect 
does music have on animals?” without complementary investigations 
into questions such as “How does music produce effects on animals?” is 
insufficient to advance the scientific or practical understanding of the 
utility of music as an enrichment tool. We focus on first exposing some 
methodological issues of experimental design and data interpretation 
and argue that these issues impede a clear grasp of whether and how 
music is affecting animal wellbeing. Next, we review leading hypotheses 
about the mechanisms through which music affects animals and suggest 
that considering animals’ perceptual abilities will yield invaluable in
sights into understanding the how music works and how we can use it to 
improve welfare. Finally, we introduce a conceptual framework for 
Auditory Enrichment Research, which underlines that music is not 
necessarily special and should be treated as any other auditory stimulus, 
and argue that the specific welfare goals, animals’ perceptual abilities, 
and musical features must all be considered when studying how music or 
other sounds can be used to improve animal welfare. 

2. Problems in music welfare research 

2.1. Lack of control sounds 

The absence of a control group exposed to non-musical sounds, such 
as white noise (or other) is a problem that permeates the music welfare 
literature and makes it difficult to discern whether it is really music that 
is impacting animals. Without such a control group we cannot conclude 
that it is music, rather than any arbitrary sound being present that has 
given rise to the observed effect. The prevalence of studies lacking such a 
non-musical sound control group is not trivial. As an example, in 
Alworth and Buerkle’s (2013) review, only 11 out of the 36 experi
mental papers on animals (31%) evaluated the effects of music exposure 
in relation to a non-musical control condition (or non-musical sound 
exposure period in the case of within-individual designs; Supplementary 
Data Table 1). In a more recent systematic review on the effect of music 
in rodents by Kühlmann et al. (2018), 19 out of 38 studies (50%) also did 
not include a non-musical or noise control.2 If the data from these re
views are also representative for other studies on the effects of music, 
then we surely cannot be confident about attributing the observed ef
fects on welfare to music per se. The positive effect of music may be 
obtained because adding any sounds to the environment improves 
welfare, a view that is supported by studies showing that even white 
noise can positively impact welfare measures, for example, attenuating 
behavioural stress responses and improving short-term memory in 
non-human primates (Carlson et al., 1997; Kawakami et al., 2002). 

Careful consideration of what stimuli are appropriate controls is 
necessary and such controls should be specific to the hypothesis that is 
being tested. Depending on the feature of music that is hypothesised to 
have an effect, control stimuli should match as closely as possible the 
music stimulus, except from the feature of interest, including its 
loudness. 

2.2. Biased stimulus selection and over-generalisation of results 

Studies vary in the extent to which they justify the motivation for 
choosing a particular piece or type of music, with choices often being 
seemingly arbitrary. For instance, Western classical music serves as a 
stimulus in 62% of studies reviewed by Snowdon (2021) with almost 
half of those studies using compositions by Mozart, and a noticeable 
number of those using a particular composition, Mozart K.448. This 
focus on Mozart may be driven by Rauscher and colleague’s reports of 
the “Mozart effect” (Rauscher et al., 1998, 1993), which was an increase 
in spatial abilities in humans and rats after listening to Mozart K.448. 
Since then, replicating the effect has been difficult (Steele et al., 1995) 
and a meta-analysis has suggested that the Mozart effect is negligible in 
humans (Pietschnig et al., 2010), but this has not deterred researchers 
from using Mozart K.448 in music welfare research (Li et al., 2021; 
Saghari et al., 2021). 

Choosing experimental stimuli based solely on what has been used in 
the past risks pseudoreplication and limits generalization of results. 
Selecting short musical segments such as a segment of Mozart K.448 
increases the chances that effects are caused by something that is inci
dental and specific to that segment and therefore not applicable to other 
musical stimuli or even to other segments of the same composition. 
Moreover, if we do not understand why and how Mozart K.448 facili
tates cognitive performance, then there is little reason to believe that all 
compositions by Mozart or classical music as a genre would produce the 
same facilitative effects. Researchers have cautioned against over- 
generalisation of results in terms of genre (Snowdon, 2021); neverthe
less, the notion that “classical music” is beneficial persists. Musical genre 
is a subjective human definition and a highly heterogenous category and 
almost always based on Western music traditions. Without considering 
the question whether ‘genre’ has any meaning to an animal, the idea that 
specific genres of music can be good or not good has no clear scientific 
foundation. The difficulty of generalising results of exposure to a single 
fragment or piece of music to a whole category of musical genre is 
further compounded by potential individual differences in response to 
music, the small scale of many studies (e.g. a few primates in a zoo; Wells 
et al., 2006) resulting in small effect sizes and lack of power calculations. 
As a result, the claimed effects of many studies are substantially 
under-powered. 

In sum, in most studies, the trial-and-error method of stimulus se
lection has been useful for exploration of the effects of music but we 
believe it is now necessary to move beyond this stage. Stimulus choice 
must be based on explicit hypotheses about the features of music that 
could affect welfare-related variables of interest. 

2.3. Inadequate information about music stimuli 

Descriptions of music is sometimes a general label (e.g. “radio 
music”, Brent and Weaver, 1996; “harp music”, Hinds et al., 2007) or 
genre name such as “classical music” (Wells et al., 2006) without further 
details about which specific piece or even how loudly the music is being 
played. We believe it is important to report as much information about 
the music or acoustic stimulus as possible, whether it is an unmodified 
commercial recording or a synthesised soundtrack. These details will 
facilitate comparison of results across studies and expose potential 
confounding factors that would otherwise go unnoticed. For example, 
reducing the dynamic range (the difference between the loudest and 
quietest passages within a piece) can make all sounds in the passage 
equally loud and cause the impression that the music overall sounds 

Table 1 
Examples of goals that music could be used to address.  

Context Animal Goals 

Farm Chicken - Reduce pecking (aggression)  
Pig - Increase meat production  
Fish - Enhance growth 

- Reduce stress 
Animal 

Shelter 
Dog - Reduce barking/vocalisations (anxiety) 

- Increase resting & other calm behaviours 
Zoo Elephant - Reduce aggressive behaviours 

- Increase affiliative and sexual reproductive 
behaviours 

Laboratory Rat - Increase activity 
- Reduce boredom  

2 Kühlmann et al. (2018) originally included 42 studies, with a total of 23 
studies not including a nonmusical or noise control. However, 4 of these records 
were also cited in Alworth & Buekle 2013 so we did not count these four in the 
total or the number of studies without a nonmusical/noise control. 
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louder (Deruty and Tardieu, 2014). Dynamic range can differ between 
types of music, with classical genres (e.g. chamber, choir, opera) 
showing a larger dynamic range than more modern genres such as rock 
or rap (Kirchberger and Russo, 2016). Although it is not clear whether a 
reduced dynamic range in music produces the same perceptual effects in 
animals, or whether dynamic range is an acoustic property that is even 
important to animals, there is a chance that the enhanced effects of 
classical music is due to differences in dynamic range, rather than other 
features. 

3. Mechanisms: what produces the observed effects? 

In this section we describe three potential mechanisms that are often 
put forward to explain the observed effects in music welfare studies (but 
rarely directly tested). We will discuss evidence supporting and chal
lenging these hypotheses with the aim of identifying gaps in our 
knowledge and the types of questions that need to be answered to arrive 
at a clearer picture of how music may be affecting animals. These 
mechanisms are not mutually exclusive and may be operating 
simultaneously. 

3.1. Masking of aversive or stressful sounds 

In captive settings, noise arising from ventilation, human activity, 
construction, building maintenance, etc. is often unavoidable. As these 
sounds maybe stressful for animals, music could improve welfare by 
masking these undesirable ambient sounds (acoustic masking hypothesis). 
This hypothesis implies that animals do not need to perceive music in 
ways similar to humans at all, as music may simply be another form of 
noise that is less stressful and/or more tolerable. If music is just noise to 
animals, then non-musical sounds or different types of music should all 
produce similar behavioural and physiological effects. In fact, non- 
musical sounds can have beneficial effects on animals. For example, 
white noise appeared to render macaques calmer during blood collec
tion (Kawakami et al., 2002) and improve their cognitive performance 
(Carlson et al., 1997). However, there is some indication that music may 
have effects beyond just masking noise. Out of the 11 papers that 
included a non-musical sound control in Alworth and Buerkle’s (2013) 
review, 10 reported that music produced stronger effects than the 
non-musical control (Supplementary Data Table 1). Different types or 
pieces of music also seem to differentially affect behaviour and physi
ology in some animals (Alworth and Buerkle, 2013; Wells, 2009), which 
further suggests that the impacts of music on welfare are not only due to 
acoustic masking. 

However, two issues of concern arise from using music to mask 
background noise. First, in many studies, music is played between 60 
and 75 dB, which is at least 10 dB louder than ambient background noise 
that ranged from 35 to 65 dB. This suggests that music might not only 
mask unwanted background noise but also meaningful communication 
sounds. In wild animals, acoustic masking of meaningful sounds is 
thought to be one of the primary reasons why anthropogenic noise is 
harmful (Slabbekoorn et al., 2010). Second, direct evidence to support 
the acoustic masking hypothesis is rather limited, as studies do not set 
out to explicitly test it (it is more often invoked as a post hoc explanation 
of results). Moreover, studies showing that music is just as effective (or 
more effective) at decreasing behavioural and physiological indicators 
of stress as playback of any masking noise are scarce. 

3.2. Sensory stimulation 

Music’s ability to act as a form of sensory or cognitive enrichment is 
another widely used explanation of why music is beneficial for animals 
(sensory stimulation hypothesis; Wells, 2009). According to this view, the 
amount and variety of sensory cues that animals are exposed to are 
reduced in captive settings. Music enhances welfare by increasing the 
complexity of environments (“richness”) that animals can sense, 

perceive, and respond to, which may stimulate brain development and 
expression of diverse behaviours. Mechanistically, this hypothesis is 
feasible because the auditory system is remarkably plastic, with research 
in birds and mammals showing that the cortical representation of sounds 
changes depending on acoustic environment in adult and especially in 
developing individuals (Chang and Merzenich, 2003; Keuroghlian and 
Knudsen, 2007; Prather et al., 2010). A study by Noreña et al. (2006) 
used what they termed an enhanced acoustic environment (EAE), which 
was an artificial sound spectrum of tone pips in different frequencies 
that was narrower than broadband noise but broader than pure tones. 
The auditory neurons in juvenile cats exposed to the EAE actually 
became less responsive to the frequencies in the EAE, but neurons that 
were originally tuned to the EAE frequencies became more sensitive to 
frequencies neighbouring the EAE spectrum. This indicates that 
conceptualizing the relationship between variety and amount of audi
tory input and brain as “more is better” is oversimplistic and that adding 
sounds to the environment may have unexpected consequences in the 
brain, at least for tonotopic organisation. The concept of “more is better” 
may also not apply if animals are passively exposed to sounds and 
cannot control the timing and degree of exposure. Even in humans, 
passive exposure to music also seems to have no long-term beneficial 
effects on the brain (Eggermont, 2014). 

Importantly, the sensory stimulation hypothesis does not specify how 
increased auditory stimulation through music would improve welfare, i. 
e. it does not define what aspects of music are enriching, and why. Thus, 
it is unclear whether music should be perceived as such or as a random 
sound for effects to be obtained. This makes it difficult to properly falsify 
the sensory stimulation hypothesis. For example, if music is found to 
improve spatial memory in adult laboratory rats (Rauscher et al., 1998), 
could it be because the rich sensory experiences afforded by music 
increased neural activation and/or growth or because hearing sounds in 
the environment increased arousal and attention which benefited 
learning of the task? These explanations suggest that music does not 
need to be perceived as musical to have effects. Moreover, if rats 
perceive music as random and unstructured noise, then music could 
have influenced behaviour via stochastic resonance, a phenomenon 
found in physical and biological systems (reviewed in Douglass et al., 
1993; Hänggi, 2002) whereby random noise in a nonlinear system en
hances the detection of weak signals (also cross-modally, see Wisenfeld 
and Moss, 1995). In this case, white noise could be defined as sensory 
stimulation since it contains high variation in spectral as well as tem
poral content. Clearly, development of this hypothesis and formulation 
of explicit predictions is much needed to test and validate how music 
could improve welfare through sensory stimulation. 

3.3. Arousal modulation 

We use the umbrella term arousal modulation hypotheses to refer to 
hypotheses stating that music benefits animals by altering arousal. In 
humans, music has strong effects on physiological measures of arousal 
(which are suggested to underlie the benefits of music exposure) such as 
blood pressure, heart rate, respiration rate, and body temperature 
(Bernardi et al., 2006; Dillman Carpentier and Potter, 2007). 

The ability of certain sound features to modify arousal and behaviour 
in animals was noted by McConnell (1991), who found that across 
different cultures and species, animal trainers tended to use sounds that 
were shorter and repetitive to signal animals to initiate movement, and 
to use sounds that were longer and continuous to signal to animals to 
cease or stop behaviour. This suggests that some sounds may be con
nected with specific arousal states and are thus easier to learn to asso
ciate with behaviours involving these states. Furthermore, she provided 
experimental evidence that dogs were more likely to learned to move 
towards experimenters if the acoustic commands were short, repetitive 
notes with a rising fundamental frequency as compared to a single long, 
continuous note with a descending fundamental frequency. Later studies 
using more complex music stimuli and measuring more complex 
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behaviours, however, show mixed results, with music generally 
reducing anxiety behaviours in dogs (reviewed in McDonald and Zaki 
(2020), increasing play in piglets in Zhao et al. (2021) but not in Li et al. 
(2019), and increasing stress-related behaviours in chickens (Campo 
et al., 2005). Similarly, the effects of music on physiological arousal such 
as heart rate, blood pressure, and heart rate variability in different an
imals do not always find an arousal modulation effect (Bowman et al., 
2017; Brent and Weaver, 1996; Hinds et al., 2007; Sutoo and Akiyama, 
2004). Thus, music appears to be able to modulate both behavioural and 
physiological arousal, although inconsistencies between studies may be 
caused by interspecific differences and studies not testing for effects of 
specific acoustic features on components of behaviours as McConnell (, 
1990, 1991) did. 

Besides having an impact on physiological parameters of arousal, 
music also has powerful effects on emotional arousal in humans (Blood 
and Zatorre, 2001) and this has also been hypothesised for animals. 
Based on primate research, Owren and Rendall (2001) suggested that 
vocalisations can be construed as signals that manipulate receiver 
behaviour in a predictable manner because they exhibit acoustic fea
tures that trigger low-level mechanisms of arousal, attention, and 
emotion in receivers, or are consistently paired with behaviours (from 
the sender) that induce emotions in receivers (termed “learned affect”). 
Thus, human music with acoustic features that tap into sensitivities of a 
species’ perceptual system or have been associated with particular 
outcomes might be able to induce emotions in other species. Features of 
music may also coincide with features of animal vocalisation that are 
cues of an individual’s emotional state and induce the same state in 
other conspecifics through emotional contagion (Snowdon, 2018). Thus, 
according to emotional arousal modulation hypotheses, music must 
have properties that are perceptually salient and meaningful to animals 
to have an effect (Snowdon, 2021). One difficulty with falsifying this 
hypothesis is the problem of quantifying animal emotions. Physiological 
arousal is easier to objectively measure than valence but potentially less 
informative of how musical stimuli are interpreted. It is therefore 
important to be explicit about the desired effect of a musical interven
tion and any putative assumptions about emotion, mood, or affect drawn 
from measures of physiological arousal. Incorporation of behavioural 
assessments can provide useful insights into valence attributed to music 
(Zepata Cardona et al., 2022), although there is still no gold-standard 
measure of emotional states in animals. 

4. Relating music perception to the effects of music on welfare 

It is clear from the previous section that the hypotheses about the 
mechanisms through which music affects animals need to be developed 
further. We believe that this can be aided by knowledge of similarities 
and differences between human and animal music perception. When 
humans listen to music we hear a composition, a tonal arrangement, 
melody, and rhythm. Our ability to perceive these features as a unified 
whole rather than a collection of arbitrary non-connected dimensions 
allows us to recognize musical melodies even when aspects of the mel
ody such as tempo and pitch are shifted, which aids our ability to group 
music into various genres. But do animals perceive music the way we 
do? Do they also group compositions in a similar manner? At first sight, 
several experiments suggest this may be so. For instance, carp learned to 
discriminate blues from classical music and were able to classify novel 
stimuli from these genres to the correct category (Chase, 2001). Simi
larly, pigeons trained to discriminate several Bach organ pieces from 
Stravinky’s Rite of Spring’ generalised this discrimination to novel parts 
of these compositions or another piece from these composers (Porter and 
Neuringer, 1984). However, when Bach was exchanged for Vivaldi the 
pigeons suddenly started generalizing Vivaldi to Stravinsky rather than 
to Bach. This example illustrates that the feature pigeons apparently 
attended to was different from what humans attend to. What exactly this 
was is not clear, as this requires a more systematic and detailed analysis 
of the perceptual and cognitive processing of the sounds by pigeons. 

However, we need to be aware that animals might use low-level or local 
auditory features, such as presence of particular frequency ranges, 
amplitude variation, tempos or some other feature to discriminate the 
musical pieces (Hoeschele et al., 2018). 

To understand what animals can perceive in music, we thus need to 
follow an experimental approach in which music is deconstructed into 
its constituents, such as spectral features (e.g. frequency, spectral en
velope, consonance), melody and rhythm, for which the sensitivity is 
examined. Hoeschele et al. (2018) provide a recent overview of what is 
known about these abilities, and below we present a brief summary of 
the findings from this work. Note, however, that animals’ abilities to 
discriminate different sound parameters reveal nothing about their 
preference for certain sound features, nor tells anything about potential 
welfare applications. 

4.1. Perception of spectral features 

The spectral features present in many animal vocalisations often 
contain biologically relevant information. For example, pitch can 
convey information about the signaller’s quality (Christie et al., 2004) or 
exaggerate cues of body size (Charlton and Reby, 2016). Different spe
cies appear to be differentially sensitive to absolute versus relative pitch. 
Compared to humans and rats, birds are superior at discriminating pure 
tones from different frequency ranges (Weisman et al., 2012). But while 
humans can easily recognize a melody that has been transposed a few 
semi-tones as the same melody (which relies on relative pitch percep
tion), zebra finches did not recognise songs when the frequencies were 
shifted up or down by 8% or more ((Nagel et al., 2010 but see Bregman 
et al., 2012 for better performance in starlings). Animals also differ from 
humans in perception of timbre (with black-capped chickadees showing 
poor generalization to novel timbres; Hoeschele et al., 2012), octave 
equivalence (being absent in chickadees and budgerigars; Hoeschele 
et al., 2013; Wagner et al., 2019), and consonance (showing mixed re
sults; Hulse et al., 1995; Izumi, 2000; McDermott and Hauser, 2004; 
Wagner et al., 2020). Thus, the perception of different spectral features 
of complex sounds involves various types of mechanisms, showing both 
differences and similarities among various species (e.g. Dooling and 
Prior, 2017; Hoeschele, 2017). 

4.2. Rhythm perception 

Animals may show rhythmic elements in their natural behaviour, but 
this does not reveal whether or what they perceive about rhythmic 
structures as present in music or other artificial sounds (Bouwer et al., 
2021). Several animals can discriminate between regular (isochronous) 
and irregular (non-isochronous) sequences constructed from identical 
sound pulses (e.g. (Celma-Miralles and Toro, 2020; Humpal and Cynx, 
1984)), but some show poor or inability to discriminate between these 
sequences (Hagmann and Cook, 2010), or to generalise the discrimina
tion to sequences in which the intervals are shortened or lengthened 
(van der Aa et al., 2015 but see Rouse et al., 2021), possibly due to their 
use of local cues (e.g. absolute duration of specific intervals) rather than 
to the global pattern (ten Cate et al., 2016). Perception of beat and meter 
are fundamental to human musicality but found in only a few species 
(Honing, 2018). The ability to perceive beat and synchronise move
ments to a beat across different tempi (entrainment) was initially 
thought to be limited to vocal learning species such as parrots (Patel 
et al., 2009; Schachner et al., 2009). However, the finding of beat 
perception in a Californian sea lion (that does not vocally imitate 
sounds), indicates that the ability to entrain to a beat might be more 
widespread than previously thought (Cook et al., 2013). Nevertheless, 
similar to spectral features, the perception of rhythmic features also 
shows substantial variation among species. 
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4.3. Music may affect animals through shared principles of vocal 
expression and perception 

The summary on animal music perception abilities could suggest that 
species differences in music perception may be so large that no gener
alisation about the effects of music on welfare can be made. However, 
this view might be too pessimistic because there are also some basic 
perceptual principles that seem to apply across species. As described 
above, arousal modulation hypotheses suppose that human music can 
alter (emotional) arousal in other animals because acoustic features that 
convey arousal are similar across species. These similarities stem from 
parallels in vertebrate vocal production systems and the effects of 
emotional and physiological state on these systems and hence on the 
sounds produced (reviewed in Briefer, 2020, 2012), which allows 
interspecies recognition of emotional arousal in vocalisations (Congdon 
et al., 2019; Filippi et al., 2017). Thus, music with characteristics 
comparable to emotionally charged vocalisations could affect arousal 
similarly across species if the vocal features that signal emotional 
arousal are also consistent across species. 

Morton’s (1977) ‘motivation-structural rules’ hypothesis proposes 
that across birds and mammals, vocalisations produced in more hostile 
contexts are lower frequency, broadband, and noisy compared to those 
produced in more fearful or friendly contexts, which are more tonal and 
higher frequency. His prediction about the acoustic structure of hostile 
vocalisations is generally supported across different birds and mammals 
but evidence for a consistent structure of fearful/friendly vocalisations is 
more mixed (August and Anderson, 1987). For instance, cotton-top 
tamarins vocalisations during high arousal fear and in response to 
threat were shorter, more frequently repeated, and more broadband and 
noisier than during friendly social interactions (Snowdon and Teie, 
2010). Fear-induced and aggressive vocalisations may include noisy 
nonlinear elements that are difficult to habituate to or to ignore and that 
increase arousal and attention in receivers (Blumstein and Récapet, 
2009). The attention-grabbing and arousal-increasing properties of 
these types of vocalisations may make them particularly effective at 
modifying receiver behaviour in specific ways (Owren and Rendall, 

2001). Recently, Briefer (2020) has suggested that hostile and fearful 
vocalisations may share some common features because they are both 
characterised by negative valence and high arousal. Accordingly, the 
relationship between vocal structure and function may become clearer if 
the two dimensions of emotions (arousal and valence) are distinguished. 
Her review of mammalian vocalisations indicates that increased arousal 
is associated with louder and higher rate of vocalisations while 
increased positive valence is associated with longer duration vocal
isations. Furthermore, frequency may communicate the social status of 
the signaller in relation to receiver, and noisiness may induce the 
receiver to approach or retreat (Briefer, 2020, 2012). Changes in vocal 
amplitude, tempo, and duration also support the view that prosodic 
patterns may be important for conveying emotions in different species 
(Filippi, 2019, 2016). Thus, these hypotheses provide 
evolutionary-based explanations for why some types of sounds present 
in music may induce similar emotions in humans and other animals and 
a basis from which we can select or create music to induce desirable 
behaviours and welfare outcomes (Snowdon, 2021; Snowdon and Teie, 
2010). 

The idea that music with features emulating emotions in vocal
isations can alter arousal in animals has some support. Music composed 
to match the frequency range, pitch, and tempo of positive and negative 
vocalisations in cats and cotton-top tamarins were approached more 
often (Snowdon et al., 2015) or induced more anxious or calm behav
iours than unmodified human music (Snowdon and Teie, 2010; Hamp
ton et al., 2020). When hearing music with a lowered pitch, dogs 
increased vigilance behaviour, potentially because they perceived low 
pitch music as hostile (Amaya et al., 2021). Sounds created to simulate 
acoustic nonlinearities also increased vigilance behaviours in several 
animals (Blesdoe and Blumstein, 2014; Blumstein and Récapet, 2009; 
Slaughter et al., 2013). Additionally, piglets increased gross locomotor 
activity (walking, standing) to music with faster tempos (Li et al., 2019). 
Relationships between pitch, acoustic nonlinearities, and tempo/pro
sody in music and the emotions they induce in humans appear to follow 
similar patterns as in animals. For instance, when melodies are trans
posed to a lower pitch, humans perceive these as less polite, less 

Fig. 1. Process through which perceptual abilities influence welfare outcomes.  
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submissive and more threatening and vice versa (Huron et al., 2006). 
Adding noise to music also increased arousal and reduced positive 
valence in human listeners (Blumstein et al., 2012). Finally, high arousal 
is induced by faster musical tempos, faster tone attacks and strong 
duration contrasts between strong and weak elements (Juslin and 
Laukka, 2003). These parallels between human and animal responses to 
emotion-mimicking features in music are promising and require further 
work to systematically explore such relationships in animals. Cross 
species comparisons must consider that what is slow or low pitched for 
one species might be fast or high pitch for another and based on char
acteristics of species-specific vocalisations. 

In conclusion, there are features of emotions in vocalisations that 
generalise across different species, giving rise to specific and testable 
predictions about music’s effects on animals. Nonetheless, a single 
musical piece, composer, or genre will not affect all animals in the same 
way because of species differences in perception which are related to the 
selection pressures that shaped their auditory perceptual and processing 
mechanisms. Hence, a knowledge of what sounds are important and 
meaningful for a species is crucial for finding or creating music that will 
have specific desired effects. 

4.4. How music gets under the skin: from perception to response and 
wellbeing 

Perception is the first step through which music can modify animal 
behaviour and physiology and predicts which music features are likely 
to have an effect (“Perception” in Fig. 1). As we outlined, major con
straints and interspecific differences in the perceptual sensitivity to 
various acoustic features are likely to affect animal responses to music. 
What is perceived is next subjected to further cognitive processing 
(“Assessment”), which modifies arousal and assigns valence to the stimuli 
which affects the type and extent of behavioural and physiological re
sponses (“Response”). A major influence here will be to which extent the 
music shares some acoustic characteristics with vocalisations of the 
species or with other biologically meaningful sounds. Assessment can 
also be influenced by prior experience, social cues (e.g. observation of 

others’ responses), and individual tendencies (e.g. optimistic or pessi
mistic biases). The above factors render it highly unlikely that there is a 
single piece or type of music that can be universally applied and improve 
welfare for all animals in all situations. 

After physiological and behavioural responses are executed, animals 
can then evaluate and learn about the effectiveness or appropriateness of 
their responses, especially whether to modify their assessment and 
response to the stimuli in the future (“Evaluation of response”). This 
feedback step involves using personal and public information (infor
mation obtained through direct experience or through observing others’ 
experiences, respectively), and may explain behavioural habituation or 
sensitization to the effects of music. For welfare applications, being able 
to predict habituation is crucial for understanding how much variety is 
important or needed to maintain effects. Feedback also occurs between 
the levels of Assessment and Perception, where perception of certain cues 
can be affected by the valence assigned to the stimulus (Droit-Volet 
et al., 2013; Zhao and Chen, 2009). Ultimately, the entire process of 
perceiving, assessing, responding, and evaluating responses to music 
will determine whether and how music improves welfare, such as by 
increasing relaxation behaviours, expression of desirable activities, and 
experiencing adequate sensory stimulation (“Welfare outcomes”). 

There is currently little data on the how experience with music, in
dividual tendencies (i.e. personality or temperament), age, sex, social 
factors, and social information use can influence an animal’s perception, 
interpretation, and response to music. Even in humans, variation in the 
amount of musical experience modulates the effects of music on health 
and physiology (Cervellin and Lippi, 2011) and familiarity can mediate 
the relationship between arousal and pleasure (van den Bosch et al., 
2013). These issues are not addressed in acoustic masking, sensory 
stimulation, or arousal modulation hypotheses, which shows that there 
is much room for expansion of existing hypotheses or exploration of 
novel ones. We summarise these and other important outstanding 
questions that need to be addressed in BOX 1. Acknowledging these 
questions, such as the influence of experience/familiarity on perception 
(and thus welfare outcomes) may also motivate researchers to consider 
distinguishing between the short- and long-term effects of music 

BOX 1 
Outstanding questions. 

What contributes to individual variation in response to music?  

1. Prior music experience, personality, age, sex, social tendencies 
When should music be played?  

2. When, how much, how often? Examination across macro and microscales, i.e. during different life stages (e.g. development), season, or time 
of day. 

How loud should music be played?  
3. Is there a preferred intensity and does this vary depending on life-history stage and species? 

How much variety should there be?  
4. When does habituation occur and are there are acoustic features that animals find rewarding but do not easily habituate to? 

How important is agency in auditory enrichment?  
5. Does having control over music enhance its effects? What are effective ways of letting animals choose and/or modify their acoustic 

environment? 

Highlights  

• There is a growing interest in using music to enhance animal welfare.  
• However, studies of music for animal welfare needs to move beyond the simplistic idea that all music can be beneficial for all animals in all 

circumstances.  
• We highlight problems with experimental design, data interpretation, and how consideration of animal’s perceptual abilities can inform and 

advance current hypotheses on how music works as enrichment.  
• We propose an Auditory Enrichment Research framework where welfare goals, animals’ perceptual abilities, and musical features must all be 

considered when studying how music can be used to improve animal welfare.  
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exposure and whether welfare benefits arising from these effects are 
expected to be immediate or delayed. For example, acoustic masking 
effects and benefits may be immediate if masking provides relief from 
frightening sounds. The effects of sensory stimulation on the developing 
brain may require much longer exposure and induce more permanent 
effects. Another topic that requires exploration is agency, whereby an
imals have the opportunity to select, control and modify their own 
acoustic environment, such as choosing among various sounds or 
adjusting characteristics of the sounds played to them (Gupfinger and 
Kaltenbrunner, 2017; Hanson et al., 1976). 

5. A conceptual framework for acoustic enrichment research 

Based on our views expressed above, we present a conceptual 
framework for auditory enrichment research that links specific welfare 
or commercial production goals with knowledge of animals’ auditory 
perception and with the use of music stimuli with features that are 
perceivable (Fig. 2). 

According to this framework, if we want to use music as enrichment, 
we should not start by assuming that music will improve general wel
fare, but rather must first carefully establish several points. First, what 
are the specific welfare goals? That is, what do we want to achieve by 
playing music to animals? What behaviours do we want to see increased 
or decreased? The answers to these questions will depend on the species 
as well as the context (Table 1). Once these goals have been identified, 
the relationship between animal’s perceptual abilities and the sounds 
played to them must be considered: What musical features can animals 
perceive? Do they show preferences for some features over others? 
Finally, the appropriate stimuli should be selected or constructed: Do the 
stimuli contain features that could produce the desired behavioural or 
physiological responses? The effectiveness of music, or, for that matter, 
any other sound stimulus, in modifying responses will be based on the 
extent to which its features overlap with acoustic features contained in 
animal’s communication systems and other ecologically meaningful 
sounds. It may be more effective to create novel artificial sound stimuli 
to ensure that these features are prominent, instead of presuming an 
existing composition will achieve the desired responses. Creating such 
stimuli may be guided by bioacoustics knowledge about a particular 
species and by cautious application of some more general principles 

such as the motivation-structural rules or general prosodic patterns. 
Thus, there is a need for systematic studies on the effects of biologically 
inspired ‘music’ that is purposed specifically for enrichment. 

6. Conclusions 

The use of music for animal welfare needs to move beyond the 
simplistic idea that music can be beneficial for all animals in all cir
cumstances. Specifically, using music to increase animal welfare or 
productivity must take into consideration what features the focal animal 
species is able to perceive and how musical features relate to meaningful 
sounds in its natural auditory world. Comparative research on animal 
acoustic communication systems and auditory perception provides often 
overlooked resources that are important for developing, expanding, and 
testing hypotheses about how music might be used to alter behaviour 
towards specific welfare goals. Focusing on the relation between ani
mals’ perceptual abilities and music stimuli can also elucidate inter
specific variation in response to music, and taking individual differences 
in sound experience and environment into account may improve 
tailoring the acoustic features and timing of sound stimuli to optimise 
their effects. 

In short, when using music for acoustic enrichment, we need to ask: 
what acoustic features are important to animals, i.e. what do they 
signal? Can animals perceive these features in music? Does music with 
these features exploit the relevant perceptual abilities of the animal, 
thus leading to a predictable response that we can use to improve wel
fare? And last, but not least, we must be open to the possibility that 
further studies may demonstrate that carefully constructed sounds, 
tailored to a specific species and purpose may be more effective than 
playback of any existing music. 
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M., Ocklenburg, S., de Boer, B., Sturdy, C.B., Newen, A., Güntürkün, O., 2017. 
Humans recognize emotional arousal in vocalizations across all classes of terrestrial 
vertebrates: Evidence for acoustic universals. Proc. R. Soc. B: Biol. Sci. 284. https:// 
doi.org/10.1098/rspb.2017.0990. 

Gupfinger, R., Kaltenbrunner, M., 2017. Sonic experiments with grey parrots: A report on 
testing the auditory skills and musical preferences of grey parrots in captivity, in: 
ACM International Conference Proceeding Series. Association for Computing 
Machinery. https://doi.org/10.1145/3152130.3152137. 

Hagmann, C.E., Cook, R.G., 2010. Testing meter, rhythm, and tempo discriminations in 
pigeons. Behav. Process. 85, 99–110. https://doi.org/10.1016/j. 
beproc.2010.06.015. 

Hampton, A., Ford, A., Cox III, R.A., Liu, C.-C., Koh, R., 2020. Effects of music on 
behavior and physiological stress response of cats in a veterinary clinic. J. Feline 
Med. Surg. 22, 122–128. https://doi.org/10.1177/1098612×19828131. 

Hänggi, P., 2002. Stochastic resonance in biology: How noise can enhance detection of 
weak signals and help improve biological information processing. Chemphyschem 3 
(3), 285–290. https://doi.org/10.1002/1439-7641(20020315)3:3<285::aid- 
cphc285>3.0.co;2-a. 

Hanson, J.D., Larson, M.E., Snowdon, C.T., 1976. The effects of control over high 
intensity noise on plasma cortisol levels in rhesus monkeys. Behav. Biol. 16, 
333–340. 

Hinds, S.B., Raimond, S., Purcell, B.K., 2007. The effect of harp music on heart rate, 
mean blood pressure, respiratory rate, and body temperature in the African green 
monkey. J. Med. Primatol. 36, 95–100. https://doi.org/10.1111/j.1600- 
0684.2006.00157.x. 

Hoeschele, M., 2017. Animal pitch perception: Melodies and harmonies. Comp. Cogn. 
Behav. Rev. 12, 5–18. https://doi.org/10.3819/CCBR.2017.120002. 

Hoeschele, M., Cook, R.G., Guillette, L.M., Hahn, A.H., Sturdy, C.B., 2012. Auditory 
same/different concept learning and generalization in black-capped chickadees 
(Poecile atricapillus). PLoS ONE 7. https://doi.org/10.1371/journal.pone.0047691. 

Hoeschele, M., Merchant, H., Kikuchi, Y., Hattori, Y., ten Cate, C., 2018. Searching for 
the origins of musicality across species. In: Honing, H. (Ed.), The Origins of 
Musicality. The MIT Press, pp. 149–170. https://doi.org/10.7551/mitpress/10636 
.003.0012. 

Hoeschele, M., Weisman, R.G., Guillette, L.M., Hahn, A.H., Sturdy, C.B., 2013. 
Chickadees fail standardized operant tests for octave equivalence. Anim. Cogn. 16, 
599–609. https://doi.org/10.1007/s10071-013-0597-z. 

Honing, H., 2018. On the biological basis of musicality. Ann. N. Y. Acad. Sci. 1423, 
51–56. https://doi.org/10.1111/nyas.13638. 

Hoy, J.M., Murray, P.J., Tribe, A., 2010. Thirty years later: Enrichment practices for 
captive mammals. Zoo. Biol. 29, 303–316. https://doi.org/10.1002/zoo.20254. 

Hulse, S.H., Bernard, D.J., Braaten, R.F., 1995. Auditory discrimination of chord-based 
spectral structures by European starlings (Sturnus vulgaris). J. Exp. Psychol. 124 (4), 
409–423. https://doi.org/10.1037/0096-3445.124.4.409. 

Humpal, J., Cynx, J.A., 1984. Discrim. Tempo Compon. Acoust. Patterns birds. Ann. N. Y. 
Acad. Sci. 423, 600–602. 

Huron, D., Kinney, D., Precoda, K., 2006. Influence of pitch height on the perception of 
submissiveness and threat in musical passages. Empir. Musicol. Rev. 1 (3), 170–177. 
https://doi.org/10.18061/1811/24068. 

Izumi, A., 2000. Japanese monkeys perceive sensory consonance of chords. J. Acoust. 
Soc. Am. 108, 3073–3078. https://doi.org/10.1121/1.1323461. 

Juslin, P.N., Laukka, P., 2003. Communication of emotions in vocal expression and music 
performance: Different channels, same code? Psychol. Bull. 129, 770–814. https:// 
doi.org/10.1037/0033-2909.129.5.770. 

B.P. Kriengwatana et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.applanim.2022.105641
https://doi.org/10.1038/laban.162
https://doi.org/10.3390/ani11010010
https://doi.org/10.3390/ani11010010
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref3
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref3
https://doi.org/10.1136/hrt.2005.064600
https://doi.org/10.1136/hrt.2005.064600
https://doi.org/10.1093/czoolo/60.4.534
https://doi.org/10.1098/rsbl.2012.0374
https://doi.org/10.1111/j.1439-0310.2009.01691.x
https://doi.org/10.1098/rstb.2020.0335
https://doi.org/10.1098/rstb.2020.0335
https://doi.org/10.1016/j.physbeh.2017.01.024
https://doi.org/10.1016/j.physbeh.2017.01.024
https://doi.org/10.1111/odi.12615
https://doi.org/10.1016/j.cognition.2011.08.008
https://doi.org/10.1016/j.cognition.2011.08.008
https://doi.org/10.1111/j.1600-0684.1996.tb00031.x
https://doi.org/10.1111/j.1600-0684.1996.tb00031.x
https://doi.org/10.1007/978-3-030-39200-0_6
https://doi.org/10.1007/978-3-030-39200-0_6
https://doi.org/10.1111/j.1469-7998.2012.00920.x
https://doi.org/10.1111/j.1469-7998.2012.00920.x
https://doi.org/10.3382/ps/pey319
https://doi.org/10.1016/j.applanim.2004.08.028
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref17
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref17
https://doi.org/10.1037/com0000202
https://doi.org/10.1037/com0000202
https://doi.org/10.1016/j.ejim.2011.02.019
https://doi.org/10.1126/science.1082163
https://doi.org/10.1038/ncomms12739
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref22
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref22
https://doi.org/10.1007/s00265-003-0711-3
https://doi.org/10.1037/com0000187
https://doi.org/10.1037/a0032345
https://doi.org/10.1037/a0032345
https://doi.org/10.17743/jaes.2014.0001
https://doi.org/10.1080/15213260701533045
https://doi.org/10.1080/15213260701533045
https://doi.org/10.1016/j.anbehav.2016.10.012
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref29
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref29
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref29
https://doi.org/10.3389/fpsyg.2013.00417
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref31
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref31
https://doi.org/10.1186/s40035-017-0073-9
https://doi.org/10.1186/s40035-017-0073-9
https://doi.org/10.12775/ths.2019.005
https://doi.org/10.3389/fpsyg.2016.01393
https://doi.org/10.1016/j.beproc.2010.06.015
https://doi.org/10.1016/j.beproc.2010.06.015
https://doi.org/10.1177/1098612&times;19828131
https://doi.org/10.1002/1439-7641(20020315)3:3<285::aid-cphc285>3.0.co;2-a
https://doi.org/10.1002/1439-7641(20020315)3:3<285::aid-cphc285>3.0.co;2-a
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref38
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref38
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref38
https://doi.org/10.1111/j.1600-0684.2006.00157.x
https://doi.org/10.1111/j.1600-0684.2006.00157.x
https://doi.org/10.3819/CCBR.2017.120002
https://doi.org/10.1371/journal.pone.0047691
https://doi.org/10.7551/mitpress/10636.003.0012
https://doi.org/10.7551/mitpress/10636.003.0012
https://doi.org/10.1007/s10071-013-0597-z
https://doi.org/10.1111/nyas.13638
https://doi.org/10.1002/zoo.20254
https://doi.org/10.1037/0096-3445.124.4.409
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref47
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref47
https://doi.org/10.18061/1811/24068
https://doi.org/10.1121/1.1323461
https://doi.org/10.1037/0033-2909.129.5.770
https://doi.org/10.1037/0033-2909.129.5.770


Applied Animal Behaviour Science 251 (2022) 105641

9

Kawakami, K., Tomonaga, M., Suzuki, J., 2002. The Calming effect of stimuli 
presentation on infant Japanese macaques (Macaca fuscata) under stress situation: A 
preliminary study. Primates 43, 73–85. 

Keuroghlian, A.S., Knudsen, E.I., 2007. Adaptive auditory plasticity in developing and 
adult animals. Prog. Neurobiol. 82, 109–121. https://doi.org/10.1016/j. 
pneurobio.2007.03.005. 

Kirchberger, M., Russo, F.A., 2016. Dynamic range across music genres and the 
perception of dynamic compression in hearing-impaired listeners. Trends Hear. 20, 
1–16. https://doi.org/10.1177/2331216516630549. 

Krohn, T.C., Salling, B., Hansen, A.K., 2011. How do rats respond to playing radio in the 
animal facility? Lab. Anim. 45, 141–144. https://doi.org/10.1258/la.2011.010067. 

Kühlmann, A.Y.R., de Rooij, A., Hunink, M.G.M., de Zeeuw, C.I., Jeekel, J., 2018. Music 
affects rodents: A systematic review of experimental research. Front. Behav. 
Neurosci. https://doi.org/10.3389/fnbeh.2018.00301. 

Lee, J.H., 2016. The effects of music on pain: A meta-analysis. J. Mus. Ther. 53, 430–477. 
https://doi.org/10.1093/jmt/thw012. 

Li, Jiafang, Liu X., Li, Li, H., Han, Jianhong, Wang, Q., Zeng, C., Li, X., Ji, Y., Zhang, W., 
Bao, J, R., 2021. Effects of music stimulus on behavior response, cortisol level, and 
horizontal immunity of growing pigs. J. Anim. Sci. 99(5), skab043. https://doi.org/ 
10.1093/jas/skab043. 

Li, X., Zhao, J.N., Zhao, P., Zhang, X., Bi, Y.J., Li, J.H., Liu, H.G., Wang, C., Bao, J., 2019. 
Behavioural responses of piglets to different types of music. Animal 13, 2319–2326. 
https://doi.org/10.1017/S1751731119000260. 

McConnell, P.B., 1991. Lessons from animal trainers: The effects of acoustic structure on 
an animal’s response. In Perspectives in Ethology; Bateson, P., Klopfer, P., Eds.; 
Plenum Press: New York, NY, USA. pp. 165–187. 

McDermott, J., Hauser, M., 2004. Are consonant intervals music to their ears? 
Spontaneous acoustic preferences in a nonhuman primate. Cognition 94 (2), 
B11–B21. https://doi.org/10.1016/j.cognition.2004.04.004. 

McDonald, C.I., Zaki, S., 2020. A role for classical music in veterinary practice: does 
exposure to classical music reduce stress in hospitalised dogs? Austr. Vet. J. 98, 
31–36. https://doi.org/10.1111/avj.12905. 

Morton, E., 1977. On the occurrence and significance of motivation-structural rules in 
some bird and mammal sounds. Am. Nat. 111, 855–869. 

Nagel, K.I., McLendon, H.M., Doupe, A.J., 2010. Differential influence of frequency, 
timing, and intensity cues in a complex acoustic categorization task. J. Neurophysiol. 
104, 1426–1437. https://doi.org/10.1152/jn.00028.2010. 

Noreña, A.J., Gourévitch, B., Aizawa, N., Eggermont, J.J., 2006. Spectrally enhanced 
acoustic environment disrupts frequency representation in cat auditory cortex. Nat. 
Neurosci. 9, 932–939. https://doi.org/10.1038/nn1720. 

Owren, M.J., Rendall, D., 2001. Sound on the rebound: Bringing form and function back 
to the forefront in understanding nonhuman primate vocal signaling. Evol. 
Anthropol. 10, 58–71. https://doi.org/10.1002/evan.1014. 

Patel, A.D., Iversen, J.R., Bregman, M.R., Schulz, I., 2009. Experimental evidence for 
synchronization to a musical beat in a nonhuman animal. Curr. Biol. 19, 827–830. 
https://doi.org/10.1016/j.cub.2009.03.038. 

Pietschnig, J., Voracek, M., Formann, A.K., 2010. Mozart effect-Shmozart effect: A meta- 
analysis. Intelligence 38, 314–323. https://doi.org/10.1016/j.intell.2010.03.001. 

Porter, D., Neuringer, A., 1984. Music discriminations by pigeons. J. Exp. Psychol: Anim. 
Behav. Process 10 (2), 138–148. https://doi.org/10.1037/0097-7403.10.2.138. 

Prather, J.F., Peters, S., Nowicki, S., Mooney, R., 2010. Persistent representation of 
juvenile experience in the adult songbird brain. J. Neurosci. 30, 10586–10598. 
https://doi.org/10.1523/jneurosci.6042-09.2010. 

Rauscher, F.H., Robinson, K.D., Jens, J.J., 1998. Improved maze learning through early 
music exposure in rats. Neurol. Res. 20, 427–432. https://doi.org/10.1080/ 
01616412.1998.11740543. 

Rauscher, F.H., Shaw, G.L., Ky, K.N., 1993. Music and spatial task performance. Sci 365, 
611. 

Rouse, A.A., Patel, A.D., Kao, M.H., 2021. Vocal learning and flexible rhythm pattern 
perception are linked: Evidence from songbirds. Proc. Nat. Acad. Sci. 118, 
e2026130118. https://doi.org/10.1073/pnas.2026130118. 

Saghari, H., Sheibani, V., Esmaeilpour, K., Rehman, N.U., 2021. Music alleviates learning 
and memory impairments in an animal model of post-traumatic stress disorder. 

Biointerface Res. Appl. Chem. 11, 7775–7784. https://doi.org/10.33263/ 
briac111.77757784. 

Schachner, A., Brady, T.F., Pepperberg, I.M., Hauser, M.D., 2009. Spontaneous motor 
entrainment to music in multiple vocal mimicking species. Curr. Biol. 19, 831–836. 
https://doi.org/10.1016/j.cub.2009.03.061. 

Slabbekoorn, H., Bouton, N., van Opzeeland, I., Coers, A., ten Cate, C., Popper, A.N., 
2010. A noisy spring: The impact of globally rising underwater sound levels on fish. 
Trends Ecol. Evol. https://doi.org/10.1016/j.tree.2010.04.005. 

Slaughter, E.I., Berlin, E.R., Bower, J.T., Blumstein, D.T., 2013. A test of the nonlinearity 
hypothesis in Great-tailed Grackles (Quiscalus mexicanus). Ethol 119, 309–315. 
https://doi.org/10.1111/eth.12066. 

Snowdon, C.T., 2021. Animal signals, music and emotional well-being. Animals 11, 
2670. https://doi.org/10.3390/ani11092670. 

Snowdon, C.T., 2018. Emotional and social communication in non-human animals, in: 
Frühholz, S., Belin, P. (Eds.), The Oxford Handbook of Voice Perception. Oxford 
University Press, pp. 392–412. https://doi.org/10.1093/oxfordhb/ 
9780198743187.013.17. 

Snowdon, C.T., Teie, D., 2010. Affective responses in tamarins elicited by species-specific 
music. Biol. Lett. 6, 30–32. https://doi.org/10.1098/rsbl.2009.0593. 

Snowdon, C.T., Teie, D., Savage, M., 2015. Cats prefer species-appropriate music. Appl. 
Anim. Behav. Sci. 166, 106–111. https://doi.org/10.1016/j.applanim.2015.02.012. 

Steele, K.M., Bass, K.E., Crook, M.D., 1995. The mystery of the Mozart effect: Failure to 
Replicate. Psychol. Sci. 10, 366–369. 

Sutoo, D., Akiyama, K., 2004. Music improves dopaminergic neurotransmission: 
Demonstration based on the effect of music on blood pressure regulation. Brain Res 
1016, 255–262. https://doi.org/10.1016/j.brainres.2004.05.018. 

ten Cate, C., Spierings, M., Hubert, J., Honing, H., 2016. Can birds perceive rhythmic 
patterns? A review and experiments on a songbird and a parrot species. Front. 
Psychol. 7, 730. https://doi.org/10.3389/fpsyg.2016.00730. 

van den Bosch, I., Salimpoor, V.N., Zatorre, R.J., 2013. Familiarity mediates the 
relationship between emotional arousal and pleasure during music listening. Front. 
Hum. Neurosci. https://doi.org/10.3389/fnhum.2013.00534. 

van der Aa, J., Honing, H., ten Cate, C., 2015. The perception of regularity in an 
isochronous stimulus in zebra finches (Taeniopygia guttata) and humans. Behav. 
Process. 115, 37–45. https://doi.org/10.1016/j.beproc.2015.02.018. 

Wagner, B., Bowling, D.L., Hoeschele, M., 2020. Is consonance attractive to budgerigars? 
No evidence from a place preference study. Anim. Cogn. 23, 973–987. https://doi. 
org/10.1007/s10071-020-01404-0. 

Wagner, B., Mann, D.C., Afroozeh, S., Staubmann, G., Hoeschele, M., 2019. Octave 
equivalence perception is not linked to vocal mimicry: budgerigars fail standardized 
operant tests for octave equivalence. Behaviour 156, 479–504. https://doi.org/ 
10.1163/1568539X-00003538. 

Wells, D.L., 2009. Sensory stimulation as environmental enrichment for captive animals: 
A review. Appl. Anim. Behav. Sci. 118 (1–2), 1–11. https://doi.org/10.1016/j. 
applanim.2009.01.002. 

Wells, D.L., Coleman, D., Challis, M.G., 2006. A note on the effect of auditory stimulation 
on the behaviour and welfare of zoo-housed gorillas. Appl. Anim. Behav. Sci. 100, 
327–332. https://doi.org/10.1016/j.applanim.2005.12.003. 

Wells, D.L., Graham, L., Hepper, P.G., 2002. The influence of auditory stimulation on the 
behaviour of dogs housed in a rescue shelter. Anim. Welf. 4, 385–393. 

Wisenfeld, K., Moss, F., 1995. Stochastic resonance and the benefits of noise: from ice 
ages to crayfish and SQUIDs. Nature 373, 33–36. 

Zepata Cardona, J., Ceballos, M.C., Tarazona Morales, A.M., Jaramillo, E.D., 
Rodriguez, B.J., 2022. Music modulates emotional responses in growing pigs. Sci. 
Rep. 12, 3382. https://doi.org/10.1038/s41598-022-07300-6. 

Zhao, H., Chen, A.C.N., 2009. Both happy and sad melodies modulate tonic human heat 
pain. J. Pain. 10, 953–960. https://doi.org/10.1016/j.jpain.2009.03.006. 

Zhao, P., Zhao, J., Liu, H., Zhang, R., Li, J., Zhang, M., Wang, C., Bi, Y., Zhang, X., Yi, R., 
Li, X., Bao, J., 2021. Effects of long-term exposure to music on behaviour, immunity 
and performance of piglets. Anim. Prod. Sci. 61, 532. https://doi.org/10.1071/ 
AN20407. 

B.P. Kriengwatana et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref51
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref51
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref51
https://doi.org/10.1016/j.pneurobio.2007.03.005
https://doi.org/10.1016/j.pneurobio.2007.03.005
https://doi.org/10.1177/2331216516630549
https://doi.org/10.1258/la.2011.010067
https://doi.org/10.3389/fnbeh.2018.00301
https://doi.org/10.1093/jmt/thw012
https://doi.org/10.1093/jas/skab043
https://doi.org/10.1093/jas/skab043
https://doi.org/10.1017/S1751731119000260
https://doi.org/10.1016/j.cognition.2004.04.004
https://doi.org/10.1111/avj.12905
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref61
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref61
https://doi.org/10.1152/jn.00028.2010
https://doi.org/10.1038/nn1720
https://doi.org/10.1002/evan.1014
https://doi.org/10.1016/j.cub.2009.03.038
https://doi.org/10.1016/j.intell.2010.03.001
https://doi.org/10.1037/0097-7403.10.2.138
https://doi.org/10.1523/jneurosci.6042-09.2010
https://doi.org/10.1080/01616412.1998.11740543
https://doi.org/10.1080/01616412.1998.11740543
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref70
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref70
https://doi.org/10.33263/briac111.77757784
https://doi.org/10.33263/briac111.77757784
https://doi.org/10.1016/j.cub.2009.03.061
https://doi.org/10.1016/j.tree.2010.04.005
https://doi.org/10.1111/eth.12066
https://doi.org/10.3390/ani11092670
https://doi.org/10.1098/rsbl.2009.0593
https://doi.org/10.1016/j.applanim.2015.02.012
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref78
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref78
https://doi.org/10.1016/j.brainres.2004.05.018
https://doi.org/10.3389/fpsyg.2016.00730
https://doi.org/10.3389/fnhum.2013.00534
https://doi.org/10.1016/j.beproc.2015.02.018
https://doi.org/10.1007/s10071-020-01404-0
https://doi.org/10.1007/s10071-020-01404-0
https://doi.org/10.1163/1568539X-00003538
https://doi.org/10.1163/1568539X-00003538
https://doi.org/10.1016/j.applanim.2009.01.002
https://doi.org/10.1016/j.applanim.2009.01.002
https://doi.org/10.1016/j.applanim.2005.12.003
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref87
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref87
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref88
http://refhub.elsevier.com/S0168-1591(22)00099-5/sbref88
https://doi.org/10.1038/s41598-022-07300-6
https://doi.org/10.1016/j.jpain.2009.03.006
https://doi.org/10.1071/AN20407
https://doi.org/10.1071/AN20407

	Music for animal welfare: A critical review & conceptual framework
	1 Introduction
	2 Problems in music welfare research
	2.1 Lack of control sounds
	2.2 Biased stimulus selection and over-generalisation of results
	2.3 Inadequate information about music stimuli

	3 Mechanisms: what produces the observed effects?
	3.1 Masking of aversive or stressful sounds
	3.2 Sensory stimulation
	3.3 Arousal modulation

	4 Relating music perception to the effects of music on welfare
	4.1 Perception of spectral features
	4.2 Rhythm perception
	4.3 Music may affect animals through shared principles of vocal expression and perception
	4.4 How music gets under the skin: from perception to response and wellbeing

	Highlights
	5 A conceptual framework for acoustic enrichment research
	6 Conclusions
	Funding & Acknowledgements
	Declaration of Competing Interest
	Appendix A Supporting information
	References


