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SUMMARY

Recognizing conspecifics is vital for differentiating mates, offspring, and social threats. Individual recognition
is often reliant upon chemical or visual cues but can also be facilitated by vocal signatures in some species. In
common laboratory rodents, playback studies have uncovered communicative functions of vocalizations,
but scant behavioral evidence exists for individual vocal recognition. Here, we find that the socially monog-
amous prairie vole (Microtus ochrogaster) emits behavior-dependent vocalizations that can communicate in-
dividual identity. Vocalizations of individual males change after bonding with a female; however, acoustic
variation across individuals is greater than within-individual variation. Critically, females behaviorally discrim-
inate their partner’s vocalizations from a stranger’s, even if emitted to another stimulus female. These results
establish the acoustic and behavioral foundation for individual vocal recognition in prairie voles, where
neurobiological tools enable future studies revealing its causal neural mechanisms.

INTRODUCTION

Navigating complex social environments often requires an abil-
ity to recognize individuals, as differentiating between them is
vital for handling dominance hierarchies,’ identifying threats
from neighboring territories,” and even identifying one’s own
offspring for parental care.> While multimodal cues for individ-
ual identification are common across the animal kingdom,4
identification by a single modality is often necessary, particu-
larly when the environment restricts access to other cues.
Indeed, many species, including various mammals such as hu-
mans,® can recognize conspecifics based solely upon the
unique acoustic signatures in vocalizations.”*®’ For instance,
agile frogs (Rana dalmatina) call more in response to stranger
calls than to familiar calls®; many birds prefer mate-emitted
calls over those from a stranger®'®; and Mexican free-tailed
bat (Tadarida braseliensis mexicana) mothers prefer their own
pups’ vocalizations over those of stranger pups.’’ Surprisingly
though, among the large Muroidea superfamily of rodents that
encompasses many laboratory model species like mice and
rats, which do emit communicative vocalizations,'®'® there is
scant behavioral evidence that they are used to recognize indi-
viduals. Given the utility of rodents for implementing causal ma-
nipulations to study neural mechanisms, this absence has
occluded progress in understanding the neurobiology of indi-
vidual vocal recognition.

Common laboratory rodents emit vocalizations that exhibit
individual acoustic variation'®'*~'® and have been suggested

to carry individual information’*~'® (though see Mahrt et al.’®).

A lack of behavioral demonstrations of individual vocal
recognition may be due to numerous factors. For one, social
recognition is thought to be largely chemically mediated in
laboratory rodents, and thus researchers have not focused
upon individual recognition through audition.?>?" Another is
that rodent ultrasonic vocalizations (USVs) are commonly
thought to solely convey a vocalizer's arousal state,?>>° so
studies®* " have typically looked only for a communicative
function rather than testing for individual recognition. Addi-
tionally, habituation to sounds is commonly observed in play-
back studies, making it difficult to characterize any sustained
preference for one individual’s vocalizations over an-
other’s.?>?® These issues together may explain why vocal
discrimination studies have been relatively rare in laboratory
rodents.

Nevertheless, one rodent model for which individual vocal
recognition may be highly beneficial is the prairie vole (Microtus
ochrogaster), which forms socially monogamous pair bonds
between mated adults.?® These enduring bonds require partner
recognition across many timescales and distances, likely
involving multiple sensory modalities. Adult prairie voles do in
fact emit vocalizations in both the audible and ultrasonic fre-
quency range.’®®" Therefore, we investigated the possibility
that these vocalizations communicate individual identity, both
acoustically and behaviorally, by designing a paradigm
centered around the social experience to establish a lifelong
pair bond.
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Figure 1. Experimental protocol
(A) Timeline of experiments, created with BioRender.com.
(B) Spectrogram of 1 s of vocal activity from a Day 1 recording.

(C) Schematic of vocal feature extraction. Top shows vocalization spectrogram, with warmer colors indicating louder sound. Black line traces the actual
fundamental frequency, which is reproduced in the Bottom panel along with the frequency fitted (red) according to a sinFM model.
(D) Distributions of duration (left) and onset frequency (right) parameters from the sinFM fits for all vocal segments from each animal pair recorded on Day 1.

RESULTS

Acoustic analysis uncovers greater individual-specific
rather than experience-dependent vocal variation
We focused on recording and testing USVs from adult prairie
voles. We allowed pairs of male and female voles to freely
interact within an arena for 30 min while recording audio and
video data (Figures 1A and 1B). Individual males (n = 7) were first
placed with an unfamiliar stimulus female (Day 0) and then a
different unfamiliar female (Day 1) who was to become his mated
partner. Following this “pre-cohabitation” (cohab) condition, the
males were co-housed with their soon-to-be partners for seven
days in the colony room to solidify their pair bond. Pairs were
then separated for 24 h and brought back for both a playback
study (Day 9, see in the following) and a “post-cohab” social
interaction (Day 9).

We extracted 141,788 total vocal segments across 21
recording sessions (6,752 + 3,618 segments/recording,
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mean + standard deviation). We fit each vocal segment to a com-
bination of linear and sinusoidal frequency modulated (sinFM)
tones whose parameters (Figure 1C) are known to modulate
auditory responses in rodents.®? The distributions of each of
the fitted parameters (Figure 1D) were coarsely similar, yet often
statistically distinct from individual to individual (Pairwise
Kolmogorov-Smirnov tests, with Bonferroni correction. n = 7 re-
cordings. Duration: 19/21 significant comparisons; onset fre-
quency: 21/21 significant comparisons; uncorrected p < 0.0024).

To visualize the multidimensional acoustic structure, we
applied dimensionality reduction techniques®® to embed each
segment’s six-dimensional parameters into a two-dimensional
vocal space (see STAR Methods; Figure 2A). Three clear peaks
emerged, suggesting highly used vocal subtypes. To determine
whether these stereotyped vocalizations were used preferen-
tially during particular behaviors, we manually demarcated three
distinct behaviors throughout the videos: male follows female
(MFF; an affiliative behavior), fight (an aggressive behavior),
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Figure 2. Emission of vocal subtypes is linked to behavior

(A) (Top) 2D heatmap of sinFM features across all emitted vocal segments after
dimensionality reduction (t-SNE, see STAR Methods). Black dashed lines
show peak outlines, with all sounds within a peak being one subtype. (Bottom)
Example vocalizations that fall into respective subtypes.

(B) Bar graph of number of behavioral engagements for both pre- and post-
cohabitation recordings. Gray lines connect the same pairs across experience.
n.s., non significant.

(C) Vocal rate for vocalizations from each of the three subtypes shown in (A).
Bars show mean +standard deviation.

*, p < 0.05.
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and male self-groom (groom; a non-social behavior). The behav-
iors themselves occurred at similar average rates during pre- and
post-cohab sessions (paired t tests, n = 7 total recordings per
session. MFF: p = 0.39; fight: p = 0.54; groom: p = 0.30, Fig-
ure 2B), though individuals varied considerably. However, the
three vocal subtypes (vocalizations falling within the dashed
black line were included as part of a subtype) were differentially
emitted in a behavior-dependent manner (n = 7 recordings.
Three-way ANOVA: Cluster: F, 50 = 65.18, p < 1073, Behavior:
Fo20 = 8.81, p < 0.01. Cluster x Behavior: Fs20 = 27.9,
p < 0.01). Subtype "~ vocalizations were the most common type
when males followed females, while subtype + vocalizations
dominated during fights. Grooming showed more consistent
emission across all three vocal subtypes, with a slight edge to-
ward " sounds. Hence, prairie voles selectively emit USVs de-
pending on their behavior.

Even though pre- and post-cohab social behaviors remained
similar on average, vocalization usage might still be modulated
by pair bonding experience. We therefore generated vocal
maps (Figure 3A) separately for each individual pair’s pre- and
post-cohab sessions and embedded them into the common
space (Figure 2A) to quantify the differences between all possible
pairs of vocal spaces. Using Jensen-Shannon divergence,** we
found that vocal maps differed by 0.307-0.584 units (0.447 +
0.063). To put this in perspective, we also pooled across all indi-
viduals to generate overall vocal spaces for all pre- and all post-
cohab recordings (Figure 3A, bottom right panels). Those two
maps were largely similar, with a divergence of 0.326 that fell
near the lowest end of all empirically measured comparisons
across individuals (Figure 3B, star, n = 84. z-test, z=1.93, p =
0.03). Hence, even though individual male-female pairs vocal-
ized differently after their own cohabitation experience, which
vocalizations they emitted in those contexts were not, on
average, simply dictated by pair bonding.

The lack of a discernible systematic effect of pair bonding on
vocalizations could imply that each male-female encounter sim-
ply produces an independent collection of USVs, which are as
variable across individual pairs as they are across cohabitation
experience. If true, such randomness would not be conducive
to individual vocal recognition. To test for this, we considered
whether divergences derived from comparing the pre- and
post-cohab vocal spaces within the same individuals were any
different than those calculated from all possible comparisons
across different individuals (Figure 3B). We found that these
two distributions were significantly different (Kolmogorov-
Smirnov [KS] test, n = 7 within, n =7 X 6 X 2 between. KS
stat = 0.62, p = 0.01), with the latter shifted to larger divergences
than the former. In fact, the residual across-individual divergence
for subjects once their own within-individual pre-to-post diver-
gence was subtracted out was significantly different from zero
(signed rank, z = 3.86, p < 0.001; Figure 3C) and positive. Hence,
the vocalizations of different prairie voles tended to be more
distinct from each other than those emitted by the same prairie
voles between their initial and pair-bonded social interactions.
In fact, when using more traditional measures of vocal features
in rodents (e.g., high and low frequency), we found no significant
differences in pre- and post-cohab vocal features (Figure S1;
paired t tests, all p > 0.05). Thus, vocal emissions, while largely
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Figure 3. Vocalizations differ more between individuals than across experiences

(A) Individual t-SNE maps for each of the seven unique male-female pairing for pre-cohabitation (columns 1 and 3) and post-cohabitation (columns 2 and 4)
recordings. Colored circles indicate different pairs (consistent across figures). (Bottom right) Pre- and post-cohabitation t-SNE maps pooled across all pairs.
(B) Cumulative distribution of Jensen-Shannon divergences computed for pairwise comparisons of the t-SNE maps within all seven individuals from pre- to post-
cohabitation (red line, n = 7), across all possible different individuals whether pre- or post-cohabitation (black line, n = 7 x 6 X 2), and across pre- to post-

cohabitation for vocal segments pooled over all individuals (star, n = 1).

(C) Cumulative distribution of voles’ (n = 7) across-individual Jensen-Shannon divergences (included in black line in B) normalized by its own within-individual
divergence (included in red line in C). Median (brown dot with interquartile range in gray) of this distribution is significantly higher than 0, indicating that individuals

are more similar vocally to themselves than to others.
*, p < 0.05.

consistent across social experiences, exhibit differences be-
tween individuals.

Individual identity can be decoded from sinFM features

Greater variability in the vocalizations of different male-female
pairs could provide the basis for individuals to be recognized
from their vocal emissions. We investigated this at the acoustic
level by training a classifier (Figure 4A) to predict individual iden-
tity from vocalizations. Given the variability seen across con-
texts, we first limited ourselves to the vocalizations emitted
from the same social context. For post-cohabitation, our classi-
fier successfully predicted the identity of individual males with an
accuracy of 0.74 + 0.15, which was significantly above chance
(n = 1,000 samples, t = 128.7, p < 0.001, chance = 0.14, Fig-
ure 4B). Hence, vocalizations from the same context were
emitted with sufficiently individualized features. These were pre-
sumably dominated by the male’s emissions,**~’ but, to control
for the fact that different females were present during each of the
post-cohab recordings with the partner, we separately trained a
classifier on the vocal segments from Day 0, when all males were
exposed to the same stimulus female. We were still able to pre-
dict identity with an accuracy of 0.85 + 0.02, which was again
well above chance (n = 1,000 samples, t = 986.4, p < 0.001, Fig-
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ure 4C). Thus, any female vocal contributions were unlikely to
provide the only identifying information in the recording. Male
prairie voles must instead emit vocalizations with enough acous-
tic individuality that the emitter can in principle be accurately
recognized, regardless of who he vocalizes to.

While these results show that the six sinFM features can be
used to identify individuals, they do not indicate which features
are important. To address that, we trained and tested a series
of classifiers on data wherein each feature was successively
removed. We found that excluding duration, phi, or onset fre-
quency still allowed classifier accuracy significantly above
chance (n = 1,000 samples, all p < 1072, z-test with Bonferroni
correction; Figure 4D), indicating that these parameters are not
essential. However, removing the frequency trajectory’s ampli-
tude or frequency of frequency modulation (AFM or FFM) or its
slope led to chance-level accuracy, pointing to their discrimina-
tive function. Together, these results indicate that vocal differen-
tiation is likely reliant upon these three extracted sinFM features.

If prairie vole vocalizations truly carry systematic identifying in-
formation, we next reasoned that this should allow individual
identification across days. We therefore tested whether vocali-
zations emitted on one day of our recordings could be used to
predict individual identities on other recording days (Figure 4E).
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Figure 4. Male identity can be determined from sinFM features

(A) Schematic of how a single-vector multi-class classifier works to predict the class of unlabeled test data (black dots) after supervised training (red, blue, and
cyan dots). Colored regions depict corresponding hyperplanes.

(B) Classifier accuracy in determining which male emitted individual vocal segments based on their sinFM acoustic features while males are socializing to their to-
be partners (training and testing data from Day 1). Boxes on the identity line show correct identity predictions. Values off the identity line show incorrect pre-
dictions.

(C) Same as (B), but vocal signals were from times when all males interacted with the same stimulus female (training and test data from Day 0). Red line indicates
chance level.

(D) Violin plot of classifier accuracy with all 6 features (“None”) or with each of the six sinFM features removed individually. Horizontal green line shows median,
and vertical shows standard deviation. *, significantly greater than chance accuracy using a z-test with a Bonferroni correction.

(legend continued on next page)
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We first established the chance accuracy of individual classifica-
tion by shuffling Day 1 vocal data 1,000 times (black line; 14% +
2% accuracy). To determine how consistently animals vocalized
across days, we trained a series of classifiers using Day 0 data to
see if we could predict individual identities when testing on Day 1
data. We could accurately predict individual identities on Day 1
at levels significantly above chance (n = 1,000 samples, 23% +
1% accuracy; KS test, KS stat = 0.98, p < 10~%). Next, we com-
bined Day 0 and Day 1 data (i.e., all data before the animals were
pair bonded) to see whether our classifier could generalize when
given data from multiple recording sessions and two separate fe-
males. We again found that identity could be accurately pre-
dicted at levels above chance (47% + 3%. n = 1,000 samples,
KS test, KS stat = 1.0, p < 1073). Thus, non-pair bonded voles
emit distinguishable vocalizations across both days and different
social partners.

To test whether distinguishability would be retained even af-
ter pair bonding, we trained another series of classifiers on
data collapsed across Day 0 and Day 1 (AllPre), but this
time we assessed how accurately we could predict individual
identity using Day 9 data (post). We still found that identity
could be predicted at levels significantly above chance
(n = 1,000 samples, 31% + 2% accuracy; KS test, KS stat =
1.0, p < 107%), indicating a consistency in an individual’s vo-
calizations that extends over longer periods of time and
across social experiences. Taken together, these results
demonstrate that prairie voles emit vocalizations with individ-
ual specificity over time, across experience levels, and even
across social partners.

Prairie voles behaviorally prefer partner vocalizations
Lastly, we wanted to know whether acoustic distinguishability in
principle translates in practice to behavioral recognition of the
vocalizing male by his female partner. We devised a playback
study to present each female prairie vole with the Day 0 USVs
emitted to the stimulus female by either their own partner or by
a stranger male. We used sound files in which every 30 s the
stimulus emitted from a given speaker was either USVs from
the appropriate male (partner or stranger, speaker side random-
ized and counterbalanced per playback session) or background
noise (Figures 5A and 5B). Then, to gauge sound-motivated
behavior, we assessed two types of behavioral engagement:
times when the females wall-touched on the two walls with
active speakers (Figure 5C, top) and times when the females
actively nose poked toward speakers emitting sounds (Fig-
ure 5C, bottom).

Because rodents are known to quickly acclimate to sound
playback,?*?® we first looked at whether our paradigm was suf-
ficient to elicit prolonged interest in sound playback. We found
no significant decrement in wall touching (n = 6 recordings,
Fs00 = 1.4, p = 0.22) or nose poking (n = 6 recordings, Fs g =
1.13, p = 0.35; Figure 5D) over time, indicating that our design
was sufficient to encourage consistent behavioral engagement

iScience

over a 10-min period. Given our ability to characterize interest
over an extended period of time, we next separated these re-
sponses into USV-directed behaviors (Figure 5C, left) or back-
ground noise-directed behaviors (Figure 5C, right). We found
no significant preference in the proportion of time females wall-
touched toward USVs compared to background noise (n = 6 re-
cordings, ranksum =48, p = 0.14; Figure 5E). In contrast, females
spent significantly more time nose poking toward USVs than to-
ward background noise (n = 6 recordings, ranksum = 54, p =
0.02; Figure 5F). Thus, female prairie voles exhibit a behavioral
preference for USVs over background noise, as assessed by
nose poking behavior.

We next aimed to determine whether females preferred to
nose poke toward partner-emitted versus stranger-emitted
sounds. Although we found no significant difference in the total
number of nose pokes toward the partner or stranger USVs
(n = 6 recordings, Wilcoxon signed rank, signrank = 10, p =
0.13; Figure 6A), the total duration of nose poking did differ
significantly, with females spending more time nose poking to-
ward her partner’s sounds (n = 6 recordings, signrank = 21,
p =0.02; Figure 6B). Thus, female prairie voles show a behavioral
preference for actively trying to reach the source of her partner’s
USVs over stranger USVs.

In creating a paradigm that avoided behavioral habituation to
playback, we scheduled blocks of time during the 10 min when
only USVs from one male were playing from just one speaker
(non-competing), times when USVs from both males were play-
ing simultaneously from different speakers (competing), and
times when no USVs were playing from either speaker (only
background sounds). This did not appear to affect female re-
sponses to USVs, since the total time they spent nose poking
toward USVs was not different between the competing and
non-competing conditions (n = 6 recordings, signrank = 15,
p = 0.44; Figure 6C). When it came to preference for partner-
emitted USVs though, females exhibited a clear preference in
the non-competing condition (n = 6 recordings, ranksum = 54,
p = 0.02; Figure 6D) but were only trending toward a preference
in the competing condition (n = 6 recordings, ranksum =51, p =
0.06; Figure 6E), hinting that simultaneous playback schemes
may partly obscure vocal preferences in rodents. Regardless,
when collapsed across both playback conditions, a preference
based on the proportion of time nose poking recovered a
significant preference for partner-emitted compared to
stranger-emitted USVs (n = 6 recordings, ranksum = 54, p =
0.02; Figure 6F). Thus, female prairie voles can show their partner
recognition through a behavioral preference for the sounds of
their mate over a stranger male.

DISCUSSION
Rodents are not generally known for an ability to recognize indi-

viduals based on their vocalizations, yet by leveraging an etho-
logically grounded playback paradigm in prairie voles, we

(E) Cumulative density plot of classifier accuracies across different training/testing contexts. All distributions were significantly greater than chance distribution
(two-sample Kolmogorov-Smirnov tests with Bonferroni correction). Horizontal gray line indicates median. In legend, text before the arrow indicates training data
and text after the arrow indicates testing data. AllPre means data collapsed across Day 0 and Day 1. Post, Day 9.

Dur., duration; FFM, frequency of frequency modulation; AFM, amplitude of frequency modulation; Onset, onset frequency. *, p < 0.05.
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Figure 5. Female prairie voles nose poke more toward USVs than background noise

(A) Representative spectrogram showing 2 s of audio data recorded during free social interaction between a male and a female. Playback context switches at the
vertical gray line (30 s mark), switching from USV playback on right speaker (top) to USV playback on left speaker (bottom). Thick horizontal white lines show when
USVs were being played. Dashed white line shows 20 kHz or dividing line between audible and ultrasonic sounds.

(B) Schematic of playback organization, created with BioRender.com. During playback, sounds were concurrently played back from two speakers on opposite
ends of the arena; one file containing USVs emitted by the experimental female’s partner and one containing USVs from an unfamiliar male. Speaker side (left or
right) and playback ordering (1 vs. 2) were randomized.

(C) Schematics of wall touch (top) and nose poke (bottom) behavior toward USVs (left) and background noise (right).

(D) Bar plot of total duration of wall touch (top) and nose poke (bottom) time in each 30 s playback bin. Bars show mean + standard deviation.

(E) Percent of wall touch time spent touching sides playing USVs (green) versus sides playing background noise (gray). Rectangle to far right denotes interquartile
range (IQR) and median (horizontal black line) for “toward USVs.”

(F) Same as (C), but looking at nose poke times.

*, p <0.05.

demonstrated that males emit behavior-dependent and acousti- We found that prairie voles emit behavior-dependent vocal-
cally distinct USVs that females are able to use behaviorally to  izations. During aggressive behaviors (fight), prairie voles rely
identify their partner. Our discovery brings monogamous rodents  more upon vocalization types that are less common during
into the diverse collection of species in which individual vocal non-aggressive behaviors (MFF and groom), and vice versa.
recognition has been found, spanning amphibians to birds and  Work in mice has similarly shown that male mice emit different
mammals,® but no Muroid rodents. Importantly, as a laboratory ~ vocalizations when being an aggressor versus when being ag-
rodent model,*®*" the prairie vole adds the opportunity to un-  gressed.’” One likely explanation for this is that an animal’s
cover the causal neural mechanisms by which the auditory pro- motivation state dictates their emission of communicative
cessing of identifying vocal features elicits individual-directed  sounds.”® While prior work has posited that vocalizations
behavioral responses. are solely a readout of motivational or arousal state,”*** our

iScience 28, 111796, February 21, 2025 7
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Figure 6. Females show a behavioral preference for partner USVs
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(A) Total duration of nose pokes toward partner USVs that are during periods when speakers are simultaneously playing USVs from both the partner and stranger
males (purple) and also times when only partner USVs are playing (with background noise on the second speaker). Rectangles to right show IQR for each group.
Upper and lower bounds of rectangles denote 75™ and 25™ percentile, respectively, for both partner (blue) and stranger (orange). Horizontal black line represents

median.

(B) Proportion of times nose poking toward partner and stranger while both speakers are simultaneously playing USVs.

(C) Proportion of times nose poking toward partner and stranger while only one speaker at a time is playing USVs.

(D-F) (D) Number of nose pokes toward partner and stranger USV playback. (E) Total duration of nose pokes toward partner and stranger USV playback. IQRs for
(D)—(F) show only partner-directed behavior. (F) Percentage of nose poking time directed toward partner and stranger USVs.

*, p < 0.05. #, p = 0.06. (A)-(C) are Wilcoxon sign ranks. (D)-(F) are ranksums comparing partner proportions to 0.5 (chance).

work indicates that vocal emissions also exhibit acoustic indi-
viduality that is sufficient for behavioral identification of
conspecifics.

Unique acoustic signatures in the vocalizations of common
laboratory rodents have been debated previously, > %81 put
readouts in earlier behavioral studies were not able to confirm in-
dividual identification. One complication has been a lack of
robust effects of a sender’s vocalizations on a receiver’s
behavior. Playing back calls (often versus silence) elicits initial
investigation of the speaker that habituates rapidly,?**” although
by properly controlling motivation with operant training over
many months, auditory discrimination of natural vocalizations
is possible in mice.** Wild female mice can distinguish non-kin
vocalizations from those of kin they had not actually heard
vocalize, suggesting a heritable group-level recognition.”® Simi-
larly, behavioral studies of pup vocalizations suggest that dams
can at least discriminate calls from pups of their own litter*® or of
different sexes.”® In fact, while prairie vole pups vocalize at
higher rates than pups of similar species,*’**® their calls become
more stereotyped between early infancy and later stages (e.g.,
post-natal day [P]6 to P16),"° making acoustic individuality
seemingly less likely in adults. Nevertheless, our acoustic anal-
ysis and decoding results indicate that adult prairie voles endog-
enously exhibit individual vocal recognition, which to our knowl-
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edge is among the first evidence of individual distinctiveness and
recognizability in lab rodents.

Individual vocal recognition presumably evolved to facilitate
differential responses to distant conspecifics with whom interac-
tions would have divergent costs or benefits. For animals that
form lifelong pair bonds, recognizing a mate’s vocalizations
before they are seen and discriminating them from that of a
stranger could mean the difference between welcoming home
a co-parent or defending their offspring from an intruder. The
adaptive benefit of multimodal partner recognition may be one
reason why we were able to observe a robust sign of a female
prairie vole’s high interest in the playback of her partner’s vocal-
izations in the absence of seeing or smelling him — particularly af-
ter introducing a random block playback design and nose poke
readout to sustain and gauge motivation, respectively.

Our block design included periods when only one speaker
played USVs, while the other played background sounds, as
well as periods when USVs from both speakers competed for
the female’s attention. Interestingly, the strongest preference
for partner-emitted sounds arose when these were playing
from only one speaker at a time, confirming that, similar to other
rodents,?’°° female prairie voles prefer USVs over background
noise. However, rodent playback experiments often rely upon
a competitive playback model where rodents can choose one
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of multiple simultaneously playing stimuli.?® It may be that, in
such situations, competing internal drives toward affiliation or fa-
miliarity versus novelty obscure a behavioral readout of vocal
recognition, which could then explain why earlier work did not
report that in rodents.

A further innovation allowed us to circumvent another com-
mon limitation in rodent USV studies: emissions are difficult
to localize to specific animals.®’ We made sure that our play-
back used recordings from males who were stimulated with
the same female so that any female-emitted vocalizations
would be acoustically similar on both speakers and thus should
not be the basis for a preferential response. Furthermore, play-
backs were counterbalanced so that, if one female heard audio
files from her partner and a stranger male, then that stranger’s
partner heard the same two files in her own playback session.
With this, we still found a consistent nose poke preference to-
ward each female’s own partner, making it unlikely that the
stimulus female’s vocalizations drove behavioral discrimination.
We therefore concluded that female prairie voles can recognize
their partners’ vocalizations, thereby establishing a behavioral
foundation for uncovering the neural mechanism of individual
vocal recognition.

An open question concerns whether the individual recognition
we found is based on familiarity or pair bonding. To attempt to
address this, we also recorded from a set of unfamiliar female-fe-
male pairs to mimic our Day 0 male-female pairings. However,
without a male present, females were not highly vocal (n = 5
pairs, averaging 58 vocalizations in 30 min. Data not shown),
and thus we could not generate appropriate playback files.
This finding is similar to work in other rodents showing that fe-
male mice, for instance, emit vocalizations at much lower rates
than males.>"**'? Thus, we cannot yet exclude the possibility
that a female’s vocal recognition of her partner is based on social
familiarity rather than social affiliation.

In either case, our study builds a foundation for studying the
neurobiology of vocal recognition in rodents. Rodents are
already widely studied for elucidating neural underpinnings of
social behavior and recognition more broadly. For instance, “ne-
potopy” —wherein cells responsive to non-kin versus kin-related
stimuli are spatially organized—was discovered in the rat lateral
septum.®® Neurons with causal roles in social recognition mem-
ory were found in mice by manipulating circuits between the hip-
pocampus and the lateral septum or nucleus accumbens.®*~>°
Furthermore, neuromodulatory mechanisms to establish long-
term preferences for specific individuals were uncovered by
studies in prairie voles, which revealed the importance of the
oxytocin and vasopressin neuropeptide systems®’° and how
they change with experience.**°° Despite this broad neurobio-
logical foundation, no work has explored the neurobiological ba-
sis for individual vocal recognition in rodents because the behav-
ioral evidence for it has been lacking. This is likely because vocal
differences are instead typically attributed to species, strain, sex,
arousal, or social context—not individual identity.®"*®” Our para-
digm in prairie voles creates an opportunity to find neural corre-
lates of individual voices, as has been found in primates,®*°* and
track their integration into the social recognition circuitry that
drives behavioral responses.®® Intriguingly, prairie voles have
an unusually large auditory cortex compared to other rodent
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species,®® which could reflect an evolutionary adaptation to

enhance acoustic cues in the vocalizations from one’s monoga-
mous partner.

Finally, elucidating the basic science of individual vocal recog-
nition offers translational potential. A relatively understudied clin-
ical deficit known as phonagnosia manifests as an impairment in
recognizing people by their voice.®” Patient studies suggest a
neural origin starting within the human temporal lobe and ex-
tending beyond it depending on whether there are dysfunctions
in processing basic vocal features or the sense of familiarity
generated by a vocal percept.®® While species differences would
need to be factored in, establishing an ethologically grounded
behavioral paradigm for individual vocal recognition in rodents
will make future studies of the underlying voice perception-to-
action circuits possible.

Limitations of the study

One limitation of this work is our inability to localize vocalizations
to an individual. This is a common issue in the field, with groups
attempting to solve this problem by relying on solutions wherein
physical location in an arena matter®' or wherein the animals are
constrained to a very specific physical arrangement.®” To alle-
viate any potential impact of this limitation on our results, we
used Day 0 audio data for our playback recordings such that, if
playback files contained female vocalizations, every playback
file would contain vocalizations from the same female, thus mak-
ing male vocalizations the only distinguishing factor between
files. Another limitation of this study of a nontraditional animal
model is the relatively slim sample size for our playback experi-
ment after one pair’s video recording was corrupted. Lastly, the
study only assessed responses to vocalizations in females, as
we were unable to elicit female vocalizations in a female-female
context to use in testing male behavioral responses. Neverthe-
less, we still uncovered significant preferences of female voles
for the vocalizations of their partners, indicating that this is a
robust, ethologically relevant effect.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Estradiol Fisher Scientific 17-B-Estradiol-3-Benzoate
Experimental models: Organisms/strains

Wildtype prairie voles Emory University N/A

Software and algorithms

Matlab Mathworks https://www.mathworks.com/
Behavioral Observation Research Boris https://www.boris.unito.it/
Interactive Software

USVSeg Tachibana et al.®® https://github.com/rtachi-lab/usvseg
Other

Source code and data This paper https://doi.org/10.5281/zenodo.14617947
Schematic generation Biorender https://www.biorender.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were conducted in strict accordance with the guidelines established by the National Institutes of Health and
approved by Emory University’s Institutional Animal Care and Use Committee.

Subjects
We used experimentally naive wildtype prairie voles (Microtus ochrogaster) to assess the role of ultrasonic vocalizations (USVs) as a
means of partner identification. All 15 voles (7 male, 8 female) were adults (postnatal day P60+ days old). Animals originated from a
laboratory breeding colony derived from field-captured voles in Champaign, lllinois. Animals were housed with a 14/10 h light/dark
cycle at 68-72°F with ad libitum access to water and food (Laboratory Rabbit Diet HF # 5326, LabDiet, St. Louis, MO, USA). Cages
contained Bedo’cobbs Laboratory Animal Bedding (The Andersons; Maumee, Ohio) and environmental enrichment, which included
cotton pieces to facilitate nest building. Animals were weaned at 20-23 days of age then group housed (2-3 per cage) with age- and
sex-matched pups. Experiments occurred during the light cycle (between 9 a.m. and 5 p.m.).

All females were ovariectomized prior to experiments. Females were then primed with subcutaneous administration of estradiol
benzoate (17-B-Estradiol-3-Benzoate, Fisher Scientific, 2 ug dissolved in sesame oil) for the 3 days preceding any days on which
they were recorded.

METHOD DETAILS

Data collection

All recordings were conducted in a designated behavioral-recording room separate from the animal colony. To record socially-
induced USVs, males were first removed from their home cage and placed into a plexiglass recording chamber (24.5 x 20.3 mm) lined
with clean Alpha-DRI bedding. Males were recorded in three social settings. First on Day 0, a stimulus female (the same stimulus
female was used with all males) was placed into the arena and free interaction with the male was audio and video recorded for 30 mi-
nutes. The following day, Day 1, males were recorded for 30 minutes with the randomly selected female that he would be pair-housed
with. The male and female were then removed from the recording arena and placed into a shared home-cage, where they remained
for 7 days. On Day 8, the male and female were separated. On Day 9, the female was brought back for a playback experiment (out-
lined below). Later on Day 9, the pair-housed male and female were reintroduced in the recording arena and audio and video data was
recorded for another 30 minutes. During all recordings, animals had ad lib access to water gel (Clear H20 Scarborough; Scarbor-
ough, ME) and food (Laboratory Rabbit Diet HF # 5326).

A microphone (Avisoft CM16/CMPA microphone) was placed above the chamber to record audio data. Audio data were sampled
at 300 kHz (Avisoft-Bioacoustics; Glienicke, Germany; CM15/CMPA40-5V), and an UltraSoundGate (116H; Avisoft-Bioacoustics;
Glienicke, Germany) data acquisition system was used and integrated with Avisoft-RECORDER software to store the data. A video
camera (Canon Vixia HF R800) recorded a top-down view of the chamber at 30 frames-per-second.
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Given the use of a single microphone, vocalizations could not be localized to a single individual. As such, vocalizations were attrib-
uted to the relevant recording used, not an individual vocalizer.

Vocal Extraction

To extract vocalizations and vocal segments (continuous units of sound), audio files were processed with USVSEG, an open-source
MATLAB-based program for detecting and extracting USVs.®° Files were bandpass filtered between 15 and 125 kHz, then charac-
terized with a timestep of 0.5 ms. Sounds with fewer than 6 samples (i.e., shorter than 3 ms) were excluded. USVSEG was modified as
reported previously*® to generate frequency contours — traces of the time, sound frequency, and sound amplitude at each sample
within all extracted vocalizations. The contours were then further refined using custom-written MATLAB scripts.

To delineate time blocks where vocalizations occurred in a recording, we ran files through USVSEG and a postprocessing script to
generate a structure indicating the time of each USV emission. The files were then broken up into two second intervals and labelled as
‘background noise’ (no vocalizations present) or ‘USV-containing’ (one or more USVs present). These two second intervals were
used to generate our playback files below.

Vocal playback

To characterize female interest in USVs, females were placed into a plexiglass arena (20 cm x 24.6 cm) which had a speaker behind
an opaque barrier on the left and right sides. The barrier contained holes 1 cm in diameter which the females could poke their nose
through.

For each playback session, females were acclimated in the arena while 10 minutes of background noise (see below) played. The accli-
mation file was generated by finding all two-second intervals without vocal emissions in a control audio file (a male-female interaction
not used for our experiment) and combining a random subset of the intervals into a 10-minute acclimation file solely containing back-
ground noise. This file was then played back on both speakers simultaneously during the acclimation period prior to each recording.

We used audio data from the male-stimulus pairings on Day 0 to generate playback files for preference testing. Day 0 was chosen
because all males were interacting with the same stimulus female on Day 0, and thus any contamination from female vocalizations
would be from the same female across all playback files.

During the test period, females heard 10 minute audio files, consisting of blocks of background noise and blocks containing USVs. To
generate blocks of background noise, 15 unique ‘background-noise’ intervals were randomly selected and combined to generate one
30-second file. Background noise periods include rustling and other noise generated by the voles that did not include USVs. This pro-
cess was repeated 10 times to generate 10 unique background-noise blocks for a single recording. The same process was followed to
generate blocks of ‘USV-containing’ files, using two second intervals with vocalizations. These 20 blocks were then consolidated into a
single 10-minute playback file using the ordering seen in Figure 4. Whether Order A corresponded to the partner file or the stranger file
was randomly assigned. Audio files were manually checked by an experienced observer to ensure accurate file generation.

Which speaker the stranger and partner sounds came from was randomized, but sides were kept consistent within an individual
playback session to mimic a more realistic scenario wherein the males were not inexplicably teleporting across the arena. Playbacks
were counterbalanced such that when possible, two different females heard the same two playback files. E.g., the playback files for
the female from pair 1 were from male 1 (partner) and male 3 (stranger). The same files were played back to the female from pair 3,
such that the sounds from male 1 became the stranger sounds, and the sounds from male 3 became the partner sounds. One
planned pairing did not occur (pair 8), because the male needed to be removed from the study after the Day 0 recordings. Thus,
the female from pair 6 heard playback sounds from partner male 6 and stranger male 8, which was not counterbalanced with an
eighth partnered female.

Behavior scoring

For recordings of free interaction between a male and female, a trained observer used BORIS behavioral annotation software’® to
label the start and stop times of each of the behaviors represented here. Male Follow Female (MFF) was defined as times when
the male was behind the female while both voles were traveling in a forward direction. Fight was defined as times when the animals
were engaged in arough and tumble situation. Male self-groom (Groom) was defined as times when the male was stationary but mov-
ing his mouth or paws around on his own fur.

For each playback recording, an observer used the video data to score each time a female touched either of the two walls containing a
speaker with a paw, as well as all times the female nose-poked towards the speaker (Figure 5C) The time each behavior began and
ended was recorded through Boris behavioral annotation software.”® Unfortunately, one video file was corrupted, so the video from
pair 7 was not scored. Observers were blind to vocalizer identity as well as when and which speakers were playing vocalizations during
scoring. Matlab scripts were subsequently used to align the recorded behaviors to vocal playback on each speaker.

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantifying acoustic features of sounds

Using custom written code (MATLAB), the audio data corresponding to each individual vocal segment was used to extract a funda-
mental frequency, which was fit to a linearly and sinusoidally modulated function (sinFM) with six features®®: onset frequency (fy),
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amplitude of frequency modulation (Asy), frequency of frequency modulation (Fy.,), sine phase at sound onset (¢), linear rate of fre-
quency change (slope), and length of sound (duration) (Figure 1B):

f(t) =fo+ fslopet+Afm Sin(ffmZﬂ't + ¢)

As a way to examine individual variability in vocal features, we compared the distributions of duration and onset frequency across
all individual recordings on Day 1 using pairwise Kolmogrov-Smirnov (KS) tests and a posthoc Bonferroni correction for multiple com-
parisons (uncorrected p < 0.0024 for significance).

To extract the raw acoustic features of our vocalizations (Figure S1), we used our extracted frequency contours (see: Vocal Extrac-
tion) to characterize seven unique features for each vocalization. We extracted the duration of each sound, the median, high, and low
frequencies, the bandwidth, the slope, and the number of harmonics.

Characterizing vocal space

To visually depict the vocal space across all six features of each vocal segment, a t-distributed stochastic neighbor embedding (t-
SNE) method of dimensionality reduction was used to project the 6-dimensional vocal representations into a 2-dimensional space
(Figure 2). t-SNE was chosen to allow a non-linear projection of our 6-dimensional vocal data into a 2-dimensional space. This anal-
ysis combined all data from male recordings with his partner (or to-be partner) on Days 9 and 1, respectively. Then, a density func-
tion®® was applied to the data to turn the data points into a probability density function across our 2D vocal space. Thus, a single map
(1001x1001 bins, gaussian smoothed with standard deviation of 34 bins) based on the sinFM parameters of all vocalizations across
all males was generated®® (Figure 2A). Then, to compare between contexts or individuals, we plotted either data across all males
within the context (Figure 3A, bottom right), or we plotted just the data from a single recording within a single context (Figure 3A).
These data were plotted using the original combined tsne mapping locations, rerunning the density function for each set of data. Dif-
ferences between any two vocal maps were measured by the Jensen-Shannon (JS) divergence,”’ as JS provides a bounded (0-1)
metric to calculate the dissimilarity between pairs of probability distributions.

Characterizing vocalizations during behavior

First, we quantified the total number of behaviors engaged in by each pair. We used the output of Boris to tabulate the total number of
times each animal engaged in each behavior, then compared the count data from Day 1 to Day 9 to see whether behavior changed
with social familiarity.

To assess the relationship between vocalizations and behavior, we first manually outlined the tsne peaks by outlining the red por-
tions of the plot (Figure 2A, dashed black outlines). Next, we found all vocalizations falling within each of the three visible peaks. For
each recording, we then extracted each instance of our three classified behaviors (MFF, Fight, MG) and determined the vocal rate for
sounds within each vocal peak that were emitted during the behavioral instance. This was repeated for every vocal instance and
every behavior across Day 1 and Day 9 (so all interactions with the partner female). We then averaged this value across all instances
to get the average vocal rate for each vocal peak within behavior for each animal.

Characterizing acoustic discriminability

To determine whether individual animal identities could be determined based solely on the features of emitted USVs, we gener-
ated a series of 1000 multi-class single vector machine (mcSVM) classifiers. Classifiers were provided with the six sinFM features
of each vocal segment plus the identity of the recording pair and tasked with identifying the recording pair given the features of
novel vocal segments. For each of the vocal features listed above, values were normalized between 0 and 1 to put all features on
the same scale. Then, to train each classifier, 93 vocalizations from each male were randomly selected as training data, and 31
vocalizations were selected as testing data (75 and 25%, respectively, of the least vocal recording, a stimulus recording containing
125 USVs). Each classifier was trained with data from all seven males, then tested on the ability to predict the identity of the
emitter of individual, untrained vocalizations. This was replicated 1000 times per comparison type to generate a range of classifier
accuracies.

To determine the generalizability of our classifiers, we ran a series of control analyses. First, we reran our within-day analysis
using the pre-cohabitation data (Day 1), but for each series of 1000 classifier runs, we excluded a separate sinFM feature from
both the training and testing data (Figure 3D). This allowed us to determine the role of each of the six sinFM features in our clas-
sifier accuracy.

Secondly, we modified the training and testing data across a new series of four new types of classifiers (Figure 3E). First, we
generated a classifier wherein we used the data from Day1 for both our testing and training data, but we shuffled the Pair IDs
corresponding to the training data. Thus, by decoupling the data from the recording, we could determine how often we would
accurately predict our pair IDs by chance. Next, we generated a series of 1000 classifiers using combined data from Days
0 and 1 data to predict identity on Day 9 to assess whether vocalizations in the early recordings are predictive of vocal features
following pair bonding. Third, we generated a series of 1000 classifiers using data from Days 0 and 1 as both our training and
testing data to determine how consistent vocal emissions are between days within a male. Lastly, we generated a series of clas-
sifiers using Day 0 data to predict identity on Day 1. This allowed us to assess consistency on a short timescale but also with two
distinct social partners.
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Characterizing female behavior
Female behavior during playback was manually scored by a trained observer (see above). Proportions of time responding to USVs as
they were playing out from each speaker was then calculated as

Total time directed towards speaker playing partner USVs
Total time directed towards speakers playing USVs

To characterize changes in female interest over time, the total duration of nose-poking was calculated in each 30-second bin. A
repeated-measures ANOVA was used to determine an effect of time of nose-poke duration.

To determine whether either wall touch or nose poking was sufficient to capture a vocal preference, we calculated the total pro-
portion of each behavior that occurred towards a USV-emitting speaker versus the proportion that occurred toward a speaker emit-
ting only background noise (Figures 5E and 5F).

Statistics

Statistical results are presented in the Results text, including tests used, n values and what they represent. Data are represented as
mean + standard deviation unless otherwise indicated. Significance was set at p < 0.05 unless otherwise reported. Comparisons
across feature distributions were conducted with a one-way ANOVA with a posthoc Bonferroni correction for multiple comparisons.
Comparisons between vocal maps were conducted with Jensen-Shannon divergence. Distributions of within-animal divergences in
vocal maps to between-animal divergences in vocal maps were compared via a KS test. The distribution of between-animal diver-
gences minus within-animal divergences was compared to a central value of 0 using a ranksum test. Distributions of classifier ac-
curacies were compared to chance using a z-test with a post-hoc Bonferroni correction. CDFs were compared using KS tests
with a Bonferroni correction.

Comparisons between female behavioral preferences and chance preferences (50%) used a t-test. The effect of time on nose-
poking behavior was assessed with a repeated-measures ANOVA. Raw acoustic features were compared from pre- to post-cohab-
itation using paired t-tests. A p-value of 0.05 was used as the threshold for significance.

For Figures 5E, 5F, and 6, we used nonparametric tests to account for small sample sizes. Distributions of proportions were
compared to chance (50%) using a Wilcoxon ranksum. For comparing the raw count and duration of nose poking between condi-
tions, a Wilcoxon signed rank test was used.

All statistical analyses were conducted in MATLAB (Mathworks).
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