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A B S T R A C T   

Acoustic changes linked to natural prosody are a key source of information about the organization of language. 
Both human infants and adults readily take advantage of such changes to discover and memorize linguistic 
patterns. Do they so because our brain is efficiently wired to specifically process linguistic stimuli? Or are we co- 
opting for language acquisition purposes more general principles that might be inherited from our animal an-
cestors? Here, we address this question by exploring if other species profit from prosody to better process 
acoustic sequences. More specifically, we test whether arc-shaped pitch contours defining natural prosody might 
facilitate item recognition and memorization in rats. In two experiments, we presented to the rats nonsense 
words with flat, natural, inverted and random prosodic contours. We observed that the animals correctly 
recognized the familiarization words only when arc-shaped pitch contours were implemented over them. Our 
results suggest that other species might also benefit from prosody for the memorization of items in a sequence. 
Such capacity seems to be rooted in general principles of how biological sounds are produced and processed.   

1. Introduction 

Discovering the origins of complex cognitive abilities, such as those 
involved in language learning, sometimes involves exploring the hy-
pothesis that they might be based in general perceptual mechanisms 
shared with non-human animals. The work by Jacques Mehler and 
collaborators greatly contributed to advances in this direction. He 
showed that, with minimal experience, human newborns discriminate 
among languages using rhythmic cues (Nazzi, Bertoncini, & Mehler, 
1998), and that they share this ability with other species (Ramus, 
Hauser, Miller, Morris, & Mehler, 2000; Tincoff et al., 2005). This series 
of studies demonstrated that a fundamental ability that humans use 
during early language learning (in this case, the use of rhythm to tell 
languages apart) might have been inherited from non-human animals 
and thus evolved for more general auditory processes. Here, we build on 
those findings and explore whether humans’ use of acoustic cues linked 
to prosody to organize the linguistic signal can also be attested in non- 
human animals. 

When human language is produced, it involves constant changes in 
rhythm and intonation. Such changes in the realization of language are 

known as prosody, and are not only evidenced through acoustic changes 
in speech, but they are also present through visual correlates in sign 
languages (Sandler, 1999). Prosody is thus a central part of how lan-
guage is produced, independently of its modality. But more importantly 
for language acquisition, it has been shown that learners can benefit 
from prosodic cues to infer syntactic properties, in a process known as 
prosodic bootstrapping (Morgan & Demuth, 1996). This is because there 
is a strong correlation between syntax and prosodic structure (Nespor & 
Vogel, 1986), and syntactic features tend to map onto prosody via 
acoustic changes (mainly in pitch, intensity, duration and vowel qual-
ity). An example of this mapping from syntax to prosody is how the word 
order of a language (whether the verb follows or is followed by the 
object in a sentence) is marked by different acoustic realizations. In 
languages that put the verb after the object (as in Japanese or Basque), 
the prominent object word tends to have higher pitch or intensity than 
the following word. In contrast, in languages that put the verb before the 
object (as in Spanish or English), the object word tends to be lengthened 
(Nespor et al., 2008). Thus, relative changes in pitch, intensity and 
duration correlate with a syntactic feature as word order. 

This correlation between prosody and syntax has been proven to be 
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important for language acquisition, as infants take advantage of it to 
infer abstract grammatical regularities from the acoustic changes pre-
sent in the signal. There is a large literature documenting this use of 
acoustic cues during language learning. For example, 1-to-3-days old 
infants can use acoustic information to correctly tell apart function from 
content words (Shi, Werker, & Morgan, 1999), and by 3 months of age, 
infants can use prosodic cues (in this case, prominence within phono-
logical phrases) to infer the word order of their native language 
(Christophe, Nespor, Teresa Guasti, & Van Ooyen, 2003). Seven-month- 
old bilinguals use relative changes in pitch and duration to track the 
word order of their languages (Gervain & Werker, 2013). And after the 
first year of life, infants can use prosodic contours to group words into 
syntactic clauses (Hawthorne & Gerken, 2014) and to infer the syntactic 
category of novel words (de Carvalho, He, Lidz, & Christophe, 2019). 
Prosodic cues also facilitate the discovery of otherwise difficult-to-learn 
regularities in artificial languages. Research shows that adult listeners 
track center-embedding structures only if acoustic cues are present in 
the stimuli (Mueller, Bahlmann, & Friederici, 2010). Similarly, the 
introduction of acoustic changes facilitates the discovery of non- 
adjacent dependencies that are key for morphology, as has been attes-
ted in infants (e.g. Marchetto & Bonatti, 2013; Martinez-Alvarez, Ger-
vain, Koulaguina, Pons, & de Diego-Balaguer, 2019) and adults (see 
Wilson et al., 2020 for a recent review). There is thus robust evidence 
demonstrating that prosody is actively used during language learning to 
organize the signal. 

In the present study, we explore if the ability to use acoustic cues to 
better remember elements in the signal might also be present in other 
species. Extensive experiments have demonstrated that non-human an-
imals can group and discriminate sequences using prosodic cues (for a 
review, see Mueller, ten Cate, & Toro, 2020). It is however unknown if 
they can also benefit from such cues to discover regularities. Natural 
prosodic contours are defined by a steep rise in fundamental frequency 
at the beginning of the utterance that slowly declines with time, and 
longer duration of the elements at the end. The arc-shaped pitch 

contours that are characteristic of natural prosody highlight relevant 
parts of the input (such as key syllables), to the point that even non- 
native prosody facilitates the grouping of speech sequences in 
syntactically-relevant units by infants (Hawthorne, Mazuka, & Gerken, 
2015) and adults (Endress & Hauser, 2010; Shukla, Nespor, & Mehler, 
2007). Our hypothesis is thus that non-human animals might also 
benefit from such acoustic changes to discover structures. If, on the 
contrary, the beneficial effect of prosody observed across many experi-
ments is not linked to the acoustic salience of relevant elements, but to 
the specific experience humans have producing and processing prosodic 
contours, then we should not see any facilitation in non-human animals. 

2. Experiment 1. Familiar vs novel items 

We first explored whether prosodic contours facilitate the recogni-
tion of familiar acoustic items in non-human animals. We familiarized 
Long-Evans rats with trisyllabic non-sense words. All the words had an 
AxB structure. The words started and ended with a fixed syllable, while 
the middle syllable could take up to 18 different values. Artificial lan-
guages using this type of words are interesting because they allow to 
explore whether listeners extract adjacent (from A to x, or from x to B), 
or non-adjacent (from A to B) regularities from the signal. Also, because 
there is an extensive literature about how human infants and adults 
might discover such regularities (e.g. Wilson et al., 2020). To explore the 
specific acoustic changes that might facilitate the recognition of familiar 
words, we implemented four distinct prosodic contours over them (Flat, 
Prosody, Inverted and Random). To assess learning in the absence of 
acoustic changes, in the Flat condition all the words had a fixed 
fundamental frequency and duration. In the Prosody condition, all the 
words were produced with a natural prosodic contour. To explore if the 
presence of an arc-shaped pitch contour that differs from the one typi-
cally found in human languages facilitates learning, in the Inverted 
condition, we reversed the contour from the Prosody condition (all 
acoustic changes were implemented in inverse order). Finally, to test if 
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Fig. 1. Graphical depiction of the prosodic contour for the four conditions: Flat (red line), Prosody (blue line), Inverted (green line), and Random (purple line). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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just hearing any acoustic changes facilitates learning, in the Random 
condition, we scrambled all the pitch and duration values across pho-
nemes (see Fig. 1 and Table 1). After familiarization, the animals were 
tested for their recognition of familiar AxB items versus items with a 
novel syllable in the middle of the word (AyB). 

2.1. Methods 

2.1.1. Subjects 
A total of 32 female Long-Evans rats (Rattus norvegicus) were used for 

this study. They were 3-month-olds. Eight rats were assigned to each of 
the four conditions: Flat, Prosody, Inverted and Random. Rats were 
caged in pairs and were exposed to a 12-h/12 h light–dark cycle. Rats 
had water ad libitum. Because the experiment involved the presentation 
of food pellets, the animals were maintained at 85% to 90% of their free- 
feeding weights to avoid satiation. Food was delivered after each 
familiarization session. Rats produce 2 types of ultrasonic vocalizations 
(at 22 and 50 kHz) by releasing air through the vocal tract (e.g. Brud-
zynski, 2013). But more important for the present study, is that they can 
discriminate between speech sounds differing in single phonemes (e.g. 
Ahmed et al., 2011; Floody, Ouda, Porter, & Kilgard, 2010; Perez et al., 
2013; Pons, 2006), between words differing in their prosodic patterns (e. 
g. Toro & Hoeschele, 2017) and they can use changes in pitch and 
duration over syllables as grouping cues (e.g. de la Mora, Nespor, & 
Toro, 2013). Rats can thus be used as a valuable model to explore how 
acoustic changes might help non-human animals to discover regularities 
in the signal. 

2.1.2. Apparatus 
Rats were placed in Letica L830-C Skinner boxes (Panlab S. L., Bar-

celona, Spain). Each box was equipped with an infrared detector located 
in the pellet feeder to register nose-poking responses. A custome-made 
software (RatBoxCBC) controlled the presentation of stimuli, recorded 
nose pokes, and delivered food. A Pioneer A-445 stereo amplifier and 
two Electro-Voice S-40 loudspeakers (with a response range from 85 Hz 
to 20 kHz), located beside the boxes, were used to present the stimuli at 
68 dB. 

2.1.3. Stimuli 
Stimuli consisted of 18 trysillabic (CVCVCV) nonsense words. All 

words started with the syllable /tu/ and ended with the syllable /go/. 
The middle syllable could take up to 18 values (da, bo, li, ne, ku, la, je, di, 
nu, pa, ro, se, ti, ma, ve, fo, gu, pi). Thus, words followed an AxB pattern 
where first and last syllables were always the same (tu_go) while the 
middle syllable varied. In the Flat condition, every phoneme composing 
the words had the same duration (116 ms) and fundamental frequency 
(200 Hz). To create the stimuli for the Prosody condition we imposed a 
prosodic contour over each word that mimicked the contours charac-
teristic of natural languages (henceforth referred to as natural contour). 
This contour involved changes in pitch and duration. The pitch contour 
started with a baseline of 200 Hz in the first phoneme with a fast in-
crease that peaked at 270 Hz on the center of the vowel of the first 
syllable. It then gradually declined to 200 Hz at the center of the vowel 

of the last syllable (see Table 1). Pitch was interpolated using a quadratic 
equation for all other phonemes. Final word lengthening was imple-
mented by increasing the duration of the final vowel from 116 to 232 
ms. The frequency and duration parameters used to create the prosodic 
contour mimic natural speech (Shukla et al., 2007) and have been used 
in previous studies implementing prosodic cues in artificial languages 
(Langus, Marchetto, Bion, & Nespor, 2012). For the Inverted condition, 
we reversed the contour from the Prosody condition. Thus, the first 
phoneme started with a baseline of 200 Hz and increased progressively 
in the subsequent phonemes peaking at 270 Hz in the penultimate 
phoneme. Pitch declined again to 200 Hz at the center of the vowel of 
the last syllable. The first vowel of the word had a duration of 232 ms, 
whereas all other phonemes lasted 116 ms (see Table 1). For the Random 
condition the same frequency and duration parameters used to create 
the Prosody condition were used. The six pitch and the six duration 
values used to create both the Prosody and the Inverted conditions were 
scrambled across the phonemes composing the word to create a series of 
acoustic changes that did not follow an arc-shaped contour (see Table 1). 
All the nonsense words presented to the animals in the present study are 
well within the hearing range of the animals (e.g. Fay, 1988; Heffner, 
Heffner, Contos, & Ott, 1994), and speech stimuli with similar charac-
teristics have successfully been used in previous studies exploring the 
detection of acoustic changes in rodents (see Ahmed et al., 2011; Floody 
et al., 2010; Perez et al., 2013; Pons, 2006; Toro, Nespor, & Gervain, 
2016). Importantly, rats can detect the acoustic changes in pitch and 
duration that we implemented across the different conditions in the 
present study, and use them to group elements in a sequence (e.g. de la 
Mora et al., 2013). 

During the test, we wanted to explore if the animals were able to 
recognize the words from familiarization. We thus compared familiar 
words with test items including a novel middle syllable (AyB). We 
created 16 words for the test (see Table 2). Half of the test words (n = 8) 
were words used during the familiarization phase (AxB). The other half 
of the test words (n = 8) had an AyB structure. AyB test words had the 
same first and third syllables as the words used during familiarization. 
However, the middle syllable was novel and had not been used during 
familiarization (ba, de, du, le, mo, pu, ri, so). 

The test items of each condition (Flat, Prosody, Inverted and 
Random) were created using the same fundamental frequency and 
duration parameters of the familiarization phase. Thus, test items for the 
Flat condition had a frequency of 200 Hz and a duration of 116 ms for all 
phonemes. Test items for the Prosody condition had the same prosodic 
contour presented during familiarization. Test items for the Inverted and 
Random conditions had the same frequency and duration patterns as the 
one presented in the familiarization phase of each condition. All stimuli 
were synthetized with the MBROLA software using the Italian female 
database (it4). 

Table 1 
Duration (ms) and frequency (Hz) values used in each condition for every 
phoneme composing the words.    

T U d a G O 

Flat ms 116 116 116 116 116 116 
Hz 200 200 200 200 200 200 

Prosody ms 116 116 116 116 116 232 
Hz 200 270 267.2 258.8 244.8 200 

Inverted ms 116 232 116 116 116 116 
Hz 200 244.8 258.8 267.2 270 200 

Random ms 116 116 116 232 116 116 
Hz 244.8 200 270 267.2 200 258.8  

Table 2 
Stimuli used during familiarization and test for all conditions. In Experiment 1, 
we compared AxB vs AyB test items. In Experiment 2, we compared AyB vs AxC 
test items.  

Familiarization Test 

AxB AxB AyB AxC 

TU_x_GO TU_x_GO TU_y_GO TU_x_BI 

tubogo tumago tubogo tumogo tumabi 
tudago tunego tumago tudugo tunebi 
tudigo tunugo tudago tulego tusebi 
tufogo tupago tugugo tupugo tufobi 
tugugo tupigo turogo turigo tukubi 
tujego turogo tupigo tubago tudibi 
tukugo tusego tukugo tusogo tujebi 
tulago tutigo tusego tudego tubobi 
tuligo tuvego     
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2.1.4. Procedure 
The experimental procedure consisted of a familiarization phase 

followed by a test session. Familiarization procedures based on the 
presentation of artificial languages are widely used in human infant and 
adult experiments and have effectively been used with non-human an-
imals (e.g. Celma-Miralles & Toro, 2020; Endress, Cahill, Block, Watu-
mull, & Hauser, 2009; Milne, Petkov, & Wilson, 2018; Newport, Hauser, 
Spaepen, & Aslin, 2004). The rationale of the procedure is that the 
listener tracks patterns present in the stimuli during familiarization and 
responds differently to test items that diverge in any noticeable manner 
from them. Thus, during the familiarization phase 20 sessions were run, 
one 10-min session per day. In each familiarization session, rats were 
placed individually in a response box and were presented with 100 in-
stances of the AxB nonsense words. The order of presentation of the 
words was randomized within each session and the stimuli were played 
with an inter-stimulus interval (ISI) of 5 s. Rats were reinforced with a 
45 mg sucrose food pellet for nose-poke responses during the entire 
session. 

After the familiarization phase a generalization test was run. The test 
was similar to a familiarization session. As with any familiarization 
session, we presented 100 words during test. The main difference was 
that the 16 test stimuli (8 AxB and 8 new AyB words) replaced 16 of the 
familiarization items (so, there were a total of 84 familiarization items 
and 16 test items). As in the familiarization phase, the animals received 
food pellets for their responses after the 84 familiarization items. There 
was no reinforcement after the presentation of any of the 16 test items 
(both AxB and AyB). Thus, during the test, 8 of the familiar items were 
only presented once and did not receive any reinforcement (the 8 
familiar items that were used for testing), while the remaining 10 
familiar items were repeated until they reached a total of 84 pre-
sentations and were reinforced. The test items were randomly inter-
leaved across the test session, with the only restriction that no more than 
2 test items of the same type could be presented after each other and that 
there should be at least 3 familiarization items between them. The inter- 
stimulus interval during the test session was set to 10 s. This gave 
enough time for the rats to produce multiple nose pokes after the pre-
sentation of each stimulus. The total duration of the test session was 18 
min and 33 s. We registered the total number of nose-poking responses 
the animals made during the inter-stimulus interval after AxB and AyB 
test items. The rationale for the test is that the animals should respond 
differently to the test items if they detect differences between them, just 
as human infants change their looking behaviour during test trials after a 
familiarization procedure (e.g. Marchetto & Bonatti, 2013; Newport 
et al., 2004). All experimental procedures followed the Spanish and 
European guidelines for the manipulation of animals and were approved 
by the ethical committees from the Generalitat de Catalunya (approval 
number 9068) and PRBB (approval number JTS-16-0004PR1). 

2.2. Results 

During familiarization, there were no differences in nose-poking 
responses across conditions (F(3, 28) = 0.10, p = .957). We then 
compared the animals’ responses after the non-reinforced test items 
(AxB, AyB) across the four experimental conditions (Flat, Prosody, 
Inverted, Random). We registered the total number of responses that 
each animal made after familiar AxB and novel AyB test items and 
averaged them across animals and conditions. Our results suggest that 
both forward and backward prosodic contours facilitate the recognition 
of the words presented during familiarization (see Fig. 2). In the Flat 
condition, we observed no differences (t(7) = 0.80, p = .448, CI[− 2.43, 
4.93], d = 0.28) between the mean number of nose-poking responses 
produced after non-reinforced familiar words (AxB; M = 34.63, SD =
12.79) and the mean number of responses produced after non-reinforced 
novel AyB test items (M = 35.88, SD = 12.94; individual responses are 
included in the supplementary material accompanying this study). We 
did not compare the responses after the non-reinforced test items (both 

familiar AxB and novel AyB) to the responses after the reinforced items 
because any possible difference between them might just be the result of 
the animals spending time eating the food pellets they obtained for nose- 
poking responses during the reinforced trials and not during the non- 
reinforced trials. To normalize for possible differences across individ-
ual response rates, we calculated the percentage of responses after 
familiar AxB test stimuli out of the total number of responses to both AxB 
and AyB. A percentage higher than 50% indicates more nose-poke re-
sponses for familiar test stimuli. A one-sample t-test revealed that rats 
did not respond above of what is expected by chance (M = 49.33, SD =
7.90; t(7) = − 0.47, p = .654, 95% CI [45.97, 52.70], d = − 0.17) in the 
absence of acoustic changes during familiarization. 

In the Prosody condition the animals responded significantly more (t 
(7) = − 6.24, p > .001, CI[− 7.93–3.57], d = − 2.21) to the familiar AxB 
words (M = 25.38, SD = 8.65) than to the novel AyB words (M = 19.63, 
SD = 8.09). The mean percentage of responses to AxB test items (M =
57.33, SD = 4.96) was above what is expected by chance t(7) = 4.17, p 
= .004, CI [53.18 61.48], d = 1.47. 

Similar results were observed for the Inverted condition. The animals 
also responded significantly more (t(7) = − 3.70, p = .008, 95% CI 
[− 11.47–2.53], d = − 1.31) to familiar (AxB; M = 29.88, SD = 5.49) than 
to novel (AyB; M = 22.88, SD = 4.49) test stimuli. The mean percentage 
of responses to AxB stimuli (M = 56.59, SD = 4.92) was above chance 
level (t(7) = 3.79, p = .007, 95% CI[52.47 60.70], d = 1.34). 

In contrast, we observed no significant differences in the Random 
condition (t(7) = 1.34, p = .222, CI [− 2.29 8.29], d = 0.47) between 
responses to familiar (M = 21.88, SD = 13.28) and novel (M = 24.88, SD 
= 16.48) test stimuli. The mean percentage of responses to AxB (M =
48.49, SD = 6.75) was not above from what is expected by chance (t(7) 
= − 0.63, p = .549, 95% CI [42.85 54.14], d = − 0.22). A one-way 
ANOVA across conditions (Flat, Prosody, Inverted and Random) 
confirmed the significant differences between them (F(3, 28) = 6.30, p 
< .01, η2 = 0.403). Post-hoc comparisons using the Tukey HSD test 
revealed that the performance in the test was significantly better (at p <
.05) for the Prosody (M = 57.33, SD = 4.96) and Inverted (M = 56.59, 
SD = 4.92) conditions when compared to the Flat (M = 49.33, SD =
7.90) and Random (M = 48.49, SD = 6.75) conditions. The presence of 
arc-shaped prosodic contours thus helped the animals to learn and 
recognize the familiar words. 
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3. Experiment 2. Breaking adjacent vs non-adjacent 
dependencies 

Results from Experiment 1 show that the animals respond more to 
familiar stimuli (AxB) than to stimuli including a novel syllable in the 
middle of the word (AyB). Next, we wanted to explore what type of 
regularities the animals were extracting to recognize the words during 
familiarization. It might be the case that the animals are only discrimi-
nating familiar vs novel syllables, thus detecting the introduction of a 
new syllable in the AyB test words, independently of its position. 
Alternatively, arc-shaped pitch contours might be allowing the animals 
to use familiarity and positional information. If so, the animals would 
detect not only the introduction of a novel syllable, but also its position 
in the sequence. Thus, in Experiment 2, we pitted AyB test items that 
included a novel syllable in the middle and kept the non-adjacent A-B 
regularity of familiar words, against AxC test items that included a novel 
syllable at the end of the words and kept the adjacent link between the 
first and the middle syllables of familiar words. 

3.1. Methods 

3.1.1. Subjects 
Subjects were 80 new Lon-Evans rats (Rattus norvegicus) of 3 months 

of age. None of the animals that participated in Experiment 1 partici-
pated in Experiment 2. Twenty rats were assigned to each of the four 
conditions (Flat, Prosody, Inverted and Random). Housing conditions 
were the same as in Experiment 1. 

3.1.2. Stimuli 
Familiarization stimuli across the 4 conditions were the same as in 

Experiment 1. During the test, we contrasted AyB test items (the same 
used in the previous experiment) with test items that included the novel 
/bi/ syllable at the end (AxC). The AyB test items preserved the long- 
distance dependency between A and B syllables, while the AxC test 
items preserved the adjacent dependency between A and x syllables. 
There were 16 test words. Half of the test words were AyB and half were 
AxC words (see Table 2). 

3.1.3. Apparatus and procedure 
Apparatus and procedure were the same as in Experiment 1. 

3.2. Results 

As in Experiment 1, there were no differences in nose-poking re-
sponses across the four experimental conditions during familiarization 
(F(3, 76) = 1.06, p = .372). We then compared the responses to non- 
reinforced test items. In the Flat condition, the mean number of re-
sponses to AxC test items (M = 23.30, SD = 7.57) did not differ from the 
mean number of responses to AyB test items (M = 22.30, SD = 4.58, t 
(19) -0.66, p = .519, 95% CI [− 4.19, 2.19], d = − 0.15). As in Experi-
ment 1, we calculated the percentage of responses after AxC test stimuli 
out of the total number of responses to both AxC and AyB stimuli. The 
mean percentage of responses to AxC (M = 50.32, SD = 7.69; see Fig. 3) 
was not significantly above what is expected by chance t(19) = 0.18, p =
.856, 95% CI [46.79, 53.92], d = 0.04. Thus, when the acoustic signal 
does not include prosodic cues, we found no evidence that the animals 
are able to differentiate test items that preserve the long-distance from 
test items that preserve the adjacent regularities defining familiar words 
(see also Milne et al., 2018; Toro & Trobalón, 2005; Wilson, Smith, & 
Petkov, 2015). 

In contrast to the Flat condition, in the Prosody condition we 
observed that the animals responded significantly more to AxC (M =
25.70, SD = 9.95) than to AyB test stimuli (M = 18.30, SD = 8.44; t(19) 
= − 4.45, p < .01, 95% CI [− 10.88, − 3.92], d = − 1). The mean per-
centage of responses to AxC test items (M = 58.96, SD = 8.23) was above 
of what is expected by chance (t(19) = 4.87, p < .01, 95% CI [55.10, 

62.81], d = 1.09). Thus, when a natural prosodic contour is imple-
mented over the stimuli, the animals seem to discriminate between 
novel items that maintain adjacent over those maintaining non-adjacent 
dependencies. 

In the Inverted condition, the mean number of responses to AxC 
stimuli (M = 24.45, SD = 10.39) was also significantly higher than the 
mean number of responses to AyB stimuli (M = 18.10, SD = 9.83; t(19) 
= − 4.43, p < .01, CI[− 8.98, − 3.22], d = − 0.99). Similarly, the mean 
percentage of responses to AxC test items (M = 58.87, SD = 10.28) was 
above chance t(19) = 3.86, p ≤0.01, 95% CI [54.06, 63.68], d = 0.86. 

Finally, in the Random condition, we observed no differences be-
tween the responses to the stimuli maintaining the adjacent de-
pendencies (AxC; M = 20.28, SD = 6.32) and the responses to the stimuli 
maintaining the long distance dependencies (AyB; M = 19.95, SD =
6.37; t(19) = − 0.25, p = .806, CI[− 3.30, 2.60], d = − 0.06). The mean 
percentage of responses to AxC test items (M = 50.52, SD = 7.90) was 
not above of what is expected by chance (t(19) = 0.29, p = .772, 95% CI 
[46.82, 54.21], d = 0.06). A one-way ANOVA across conditions (Flat, 
Prosody, Inverted and Random) confirmed the differences in how the 
animals responded depending on the acoustic cues implemented over 
stimuli (F(3, 76) = 6.53, p < .01, η2 = 0.205). Post-hoc comparisons 
using the Tukey HSD test revealed that the performance was signifi-
cantly better (at p < .05) for the Prosody (M = 58.96, SD = 8.23) and 
Inverted (M = 58.87, SD = 10.28) conditions when compared to the Flat 
(M = 50.32, SD = 7.69) and Random (M = 50.52, SD = 7.90) conditions. 
There were no significant differences between the Prosody and Inverted 
conditions, nor between the Flat and Random conditions. 

4. Discussion 

The present study provides evidence that arc-shaped prosodic con-
tours facilitate the recognition of nonsense words in non-human ani-
mals. In 2 experiments, we familiarized the animals with words across 4 
conditions that involved different acoustic realizations. We observed no 
indication that the animals were able to recognize the familiarization 
words when they had a flat prosodic contour (with both pitch and 
duration constant across all phonemes) and when pitch and duration 
varied randomly across phonemes. It was only when natural prosodic 
contours were implemented forward or backward over the nonsense 
words that the animals were able to discriminate between the test items. 

Fig. 3. Mean percentage of nose-poking responses to AxC test items when 
contrasted with AyB test items. Dots represent the performance of individ-
ual animals. 
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Extensive experiments have demonstrated that non-human animals 
can use prosodic cues present in speech to group and discriminate across 
sequences (Mueller et al., 2020). Several species including zebra finches 
(Spierings & ten Cate, 2014), budgerigars (Hoeschele & Fitch, 2016) and 
rats (Toro & Hoeschele, 2017) generalize prosodic contours beyond the 
specific syllables over which these contours are implemented. Even 
more, tamarin monkeys (Ramus et al., 2000; Tincoff et al., 2005), Java 
sparrows (Naoi, Watanabe, Maekawa, & Hibiya, 2012) and rats (Toro, 
Trobalon, & Sebastián-Gallés, 2005) can use prosodic patterns as reli-
able cues for discrimination across sequences. Beyond using prosodic 
changes as discrimination cues, animals might also use them to group 
sequences of sounds. The Iambic-Trochaic Law describes grouping 
principles according to which sequences varying in pitch and intensity 
tend to be grouped as trochees, while sequences varying in duration tend 
to grouped as iambs (e.g. Iversen, Patel, & Ohgushi, 2008). These 
grouping principles have been observed in zebra finches (Spierings, 
Hubert, & ten Cate, 2017) and rats (de la Mora et al., 2013). There is thus 
convincing evidence that several species of non-human animals readily 
use acoustic changes linked to prosody to discriminate and group se-
quences of sounds. The results reported here go beyond this, and 
demonstrate that acoustic changes linked to natural prosodic contours 
might also facilitate item recognition in non-human animals. 

Natural prosodic contours (with a steep rise in fundamental fre-
quency at the beginning of the utterance that slowly declines with time, 
and longer duration of the elements at the end) might emerge from 
motor constraints that are widely shared for the production of animal 
vocalizations (Tierney, Russo, & Patel, 2011). Both humans and other 
animals, including birds and rodents, produce vocalizations by releasing 
air pressure filtered by a vocal tract. This produces arch-shaped pitch 
contours and longer final segments that are a signature of prosodic 
contours in humans and other animal vocalizations (Mol, Chen, Kager, & 
ter Haar, 2017). In fact, such acoustic variations seem to be the base for 
perceptual biases that are shared across species (e.g. the Iambic- 
Trochaic Law; de la Mora et al., 2013; Iversen et al., 2008; Spierings 
et al., 2017). Thus, the shared motor constraints that define how animal 
vocalizations are produced would allow for the emergence of shared 
grouping principles (as those of the Iambic-Trochaic Law) and percep-
tual benefits for prosodic contours. 

In the present study, the results we observed when we implemented 
forward and backward natural prosodic contours (Prosody and Inverted 
conditions) contrast with those we observed when no acoustic changes 
are introduced (Flat condition) or when those changes do not system-
atically mark any given group of phonemes (Random condition). Thus, it 
is not that any acoustic changes benefit pattern learning. Only changes 
involving steep frequency rises and drops at the beginning and the end of 
the sequences, together with longer duration of edge phonemes (such as 
the changes defining the Prosody and the Inverted conditions in the 
present study) facilitate the recognition of the items. One possibility is 
that the natural and the inverted prosodic arcs might facilitate learning 
by highlighting relevant parts of the sequences (such as the first and last 
syllables) via salient acoustic variations in duration and pitch (see 
Hawthorne et al., 2015). In fact, studies on artificial language learning 
have also shown that human adults benefit from non-native prosodic 
cues (Endress & Hauser, 2010; Shukla et al., 2007), pointing towards 
their universality. It also suggests that general acoustic changes high-
lighting edges of sequences might be driving the observed improvement 
in performance for arc-shaped contours. It is thus an open question 
whether human listeners might also benefit not only from non-native 
prosodic cues, but also from inverted pitch arcs or whether their 
extensive experience with natural contours in speech might prevent such 
benefit. 

In Experiment 1 in our study, the animals responded more to the 
familiar AxB test items than to the novel AyB test items. In Experiment 2, 
when both test items were new, the animals responded more to AxC than 
to AyB test items. We thus did not find any evidence that the animals 
discovered the long-distance regularity defining the non-sense words. 

Evidence for non-adjacent dependency learning in non-human animals 
is mixed (for a review see Wilson et al., 2020). Using stimuli with no 
acoustic changes (e.g. flat contours), previous studies also failed to 
observe learning of non-adjacent dependencies in rats (Toro & Trobalón, 
2005) and macaque monkeys (Wilson et al., 2015; for similar results on 
the visual modality see Milne et al., 2018). However, electrophysio-
logical measures have revealed that the violation of non-adjacent reg-
ularities trigger signature neural responses that suggest that macaque 
monkeys are in fact able to process these patterns when prosodic-like 
cues (pauses) are introduced (Milne et al., 2016). More recently, it has 
been observed that baboons could follow AxB patterns over visual dis-
plays (Malassis, Rey, & Fagot, 2018), and experiments with tamarin 
monkeys have yielded mixed behavioral results on the auditory mo-
dality (Newport et al., 2004). In human infants, increases in pitch 
contribute to the organization of speech sequences into relevant syn-
tactic categories (Gervain & Werker, 2013), allow for the extraction of 
non-adjacent regularities (Martinez-Alvarez et al., 2019), and when 
aligned with the grouping principles of the Iambic-Trochaic Law, facil-
itate the memorization of words (Bion, Benavides-Varela, & Nespor, 
2011). 

One could argue that the prosodic contours in the Prosody and 
Inverted conditions in the present study highlighted the middle syllable 
in the nonsense words, and animals were only focusing on the middle 
syllable to discriminate between AxB and AyB items in Experiment 1 and 
between AxC and AyB items in Experiment 2. However, the middle 
syllable was highly infrequent, and was presented only 1/18 times when 
compared to the frequent A and B syllables, making it unlikely that the 
animals remembered it better than the frequent ones (e.g. Toro et al., 
2016). Even more, the maximum pitch was implemented over the first, 
not the second, vowel in the Prosody condition (see Table 1). Thus, pitch 
did not highlight the middle syllable in the prosody condition. More 
importantly, pitch was the highest in the second syllable in the Random 
condition, where no discrimination was observed across both experi-
ments. It is thus unlikely that the animals were only focusing on the 
middle syllable to perform their discrimination. 

Alternatively, the animals in both the Prosody and the Inverted 
conditions might have just learned the Ax sequence (as AxB items trig-
gered more responses than AyB items in Experiment 1, and AxC items 
triggered more responses than AyB items in Experiment 2). It would thus 
be interesting to test the responses to AxC vs AxB items to explore if any 
sequence learning the rats might be doing goes beyond the first 2 syl-
lables of the words. Previous evidence suggests that the animals can in 
fact learn more elements in long sequences (e.g. Toro et al., 2016). But if 
the animals are indeed focusing on the initial Ax sequence in the present 
study, our results would suggest that arc-shaped pitch contours facilitate 
the learning of adjacent sequences in non-human animals. Importantly, 
such facilitation does not seem to suffice for the discovery of non- 
adjacent regularities using the present procedure. Together with previ-
ous reports, the results from the present study highlight the difficulty of 
tracking long distance dependencies between two items. But more 
importantly, the results we observed here also show that non-human 
animals benefit from natural prosodic contours to at least recognize 
items that they did not seem to recognize lacking arc-shaped pitch 
contours. 

A central issue in cognitive science is the extent to which humans use 
highly specialized mechanisms to solve complex tasks, such as language 
learning. The present set of results suggests that the ability to take 
advantage of prosodic cues present in the speech signal might also be 
present in other species. This is significant, as the benefits of prosody for 
the discovery of patterns in the linguistic signal have consistently been 
demonstrated in human infants and adults and is putatively a key 
component during language learning. However, under the present 
experimental procedure, prosody does not suffice to allow the animals to 
track difficult-to-learn non-adjacent dependencies. But our results show 
that natural prosodic contours, defined by arch-shaped pitch variations 
and longer duration of elements at the edges of the sequence, do seem to 
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facilitate tracking and recognizing some elements defining the nonsense 
words. The fact that natural vocalizations share common patterns sug-
gests that the facilitatory role of natural prosody for the discovery of 
structures is rooted in general principles of how biological sounds are 
produced. 
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