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Crows “count” the number of
self-generated vocalizations
Diana A. Liao1*, Katharina F. Brecht1, Lena Veit2, Andreas Nieder1*

Producing a specific number of vocalizations with purpose requires a sophisticated combination of

numerical abilities and vocal control. Whether this capacity exists in animals other than humans is yet

unknown. We show that crows can flexibly produce variable numbers of one to four vocalizations in

response to arbitrary cues associated with numerical values. The acoustic features of the first

vocalization of a sequence were predictive of the total number of vocalizations, indicating a planning

process. Moreover, the acoustic features of vocal units predicted their order in the sequence and

could be used to read out counting errors during vocal production.

T
he process of vocal counting, exemplified

by reciting “one, two, three,” entails ut-

tering a sequence of number words that

represent increasing numerical quanti-

ties. The biological origins of this sym-

bolic counting, which require both numerical

competency and volitional vocal control, re-

main unknown.

In human ontogeny, toddlers learning to

verbally recite the counting list initially use

number words not to represent cardinalities

but as simple verbal tallies (1). When asked

“how many?” they produce as many vocali-

zations as there are objects (e.g., “one, one,

one” or “one, two, three” for three) (2). Simi-

larly, some animal species convey information

essential for survival through differing num-

bers of vocalizations. Chickadees, for example,

scale the number of “dee” notes in their alarm

calls with the size of the predator, thereby

conveying the magnitude of perceived threat

(3, 4). The usage of repeated sounds predates

symbolic counting and serves as a nonsym-

bolic way of keeping track of quantities. In

nonhuman animals, the production of more

vocal elements is commonly attributed to

increased affective arousal of the signaler (5–7)

and is not deliberately controlled. However, a

species could significantly enhance goal-directed

communication if it could integrate numerical

proficiency with voluntary control over vocali-

zations. We hypothesized that carrion crows,

one of the few bird species (8, 9) that possess

not only numerical competency (10–12) but

also volitional vocal control (13, 14), can

deliberately control the number of produced

vocalizations.

We trained three carrion crows (Corvus

corone) to flexibly produce a variable number

of one to four vocalizations in response to

visual and auditory cues (Fig. 1A). After the

crows initiated a trial, a vocalization cue (visual:

colored Arabic numerals; auditory: distinct

500-ms sounds) instructed the production of

a specific number of vocalizations (Fig. 1B).

The crows had to produce a target number of

vocalizations and indicate the end of the vocal

sequence by pecking at a confirmation stimu-

lus (“enter key”). Correct trials in which the

produced number of vocalizations matched

the cued number were followed by a reward;

more or fewer vocalizations than the target

number were counted as errors and remained

unrewarded.

All crows successfully produced the target

number of vocalizations (Fig. 1, C and D).

Performance for each cue modality (visual/

auditory), and to each number (1 to 4) across

sessions was significantly above chance (14.29%,

two-sided binomial tests, all P < 0.0001). The

crows exhibited performance effects charac-

teristic for nonsymbolic number estimation

(15). When incorrect, they usually erred by

producing one more or fewer vocalizations,

resulting in bell-shaped performance func-

tions centered around the target number il-

lustrating the “numerical distance effect”

(Fig. 1, C and D7). Moreover, the crows tended

to make more and larger errors if the target
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Fig. 1. Experimental design and performance. (A) Protocol of the vocal production task. In this

example, the crow was cued to produce three calls. (B) Visual (colored Arabic numerals) and

auditory (distinct sounds indicated by spectrograms) cues instructed the crows to produce a certain

number of vocalizations. (C) Behavioral performance of the three crows to visual cues. The dotted

horizontal line indicates chance level (1/7). (D) Behavioral performance in regards to auditory cues;

layout same as (C). (E) Average performance per cued target number for visual and auditory cues.

(F) Widths (standard deviation) of performance functions displayed in (C) and (D). Error bars represent

standard error of the mean (SEM).
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number increased [mixed-effects generalized

linear model (GLM), main effect “cue number”:

P < 0.0001; Fig. 1E]. This “numerical size

effect” resulted in broader performance func-

tions with increasing target numbers (mixed-

effects GLM, main effect “cue number”: P <

0.0001; Fig. 1F). The modality of the vocali-

zation cues had no significant effect on the

crows’ behavior (mixed-effects GLM, main effect

“cue modality”: accuracy: P = 0.627; standard

deviation: P = 0.347; Fig. 1, E and F), indicating

the formation of an abstract numerical con-

cept to guide vocal production.

How do crows control the production of a

specific number of vocalizations? They could

assess the number of vocalizations on-the-fly

during the process of production, in which

case the vocal reaction time (time interval

between the cue and the first vocalization) is

expected to be equal for all numbers (Fig. 2A).

Alternatively, they could plan the future num-

ber of vocalizations in advance and show

longer reaction times for more numerous

vocalizations as the preparation of more vo-

calizations requires greater cognitive demand

and premotor coordination of the vocal ap-

paratus (16, 17). Not only were the crows’ re-

action times much longer than any subsequent

intervocalization intervals (mixed-effects GLM,

main effect “trial interval”: P < 0.0001; Fig. 2B),
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Fig. 2. Relationship between reaction time and number of impending voca-

lizations. (A) Time intervals for the vocal production sequence. (Top) Timeline

of an example trial for four vocalizations. Reaction time (RT) extends from

the monitor display (left) to vocalization 1 (oscillogram 1). Vocalizations 2 to 4

are followed by the noise of the “enter” peck. (Bottom) Temporally aligned

spectrogram of the crow’s produced 4 vocalizations. (B) Session durations of

pertinent time intervals [as shown in (A)]. (C) Reaction times to produce the first

vocalization after instruction cues for the four target numbers of vocalizations.

Fig. 3. Acoustic features of the first

vocalization contain information about

the number of impending vocalizations.

(A) Confusion matrix displaying the accuracy

of a support vector machine classifier when

predicting the number of 1 to 4 vocalizations of

crow 1 performing the vocal task with visual

cues. (B) The classifier’s performance as

a function of absolute numerical distance from

the target number. Solid function represents

training and testing within visual trials [from

matrix in (A); dotted line represents

cross-modal transfer, from matrix in (C)].

(C) Confusion matrix displaying classifier accuracy

when trained with visual cue trials and tested

on auditory cue trials. (D) Confusion matrix

of a classifier for auditory trials. (E) Classifier’s

performance functions for training and testing

with auditory cue trials [solid lines are from

the matrix in (D); the dotted line represents

cross-modal transfer (from matrix in (F)].

(F) Same as (C) except trained with auditory

cue trials and tested on visual cue trials.

(G) Overall accuracy of the unimodal

classifiers. (H) Overall accuracy of cross-modal

classifiers. (I) Proportion of first vocalizations

in error trials (from 1 to 4) classified as

matching the instructed target number or the

actual erroneously produced number.
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but reaction times were also systematically

longer the more vocalizations were impend-

ing. This was true for both visual and auditory

cues and for data combined across all three

crows (Spearman correlation: rhovisual = 0.6262,

P = 0.029; rhoauditory = 0.7773, P = 0.003; n = 12

per correlation), as well as for data within

individual crows (all six correlations for three

crows and two cues: P < 0.002; Fig. 2C). This

increase in reaction times with increasing

vocalization numbers suggests that crows plan

the entire number of impending vocalizations

before motor production.

We further explored whether the acoustic

features of the first vocalization were predic-

tive of the total number of vocalizations and

characterized individual vocalizations by ex-

tracting 23 predefined acoustic features (18)

(supplementary methods). We used these vocal

parameters including the reaction time to

train classifiers (support vector machines) (19)

on different numbers of impending vocaliza-

tions for each crow. The classifiers were then

tested on a subset of correct trials set aside

to explore how well they could predict the

number of impending vocalizations. The re-

sulting confusion matrices spanning the true

numbers of vocalizations against the classifier-

predicted vocalization numbers for an exam-

ple crow are shown in Fig. 3, A and D, for

visual and auditory cues, respectively. The high

accuracy values along the diagonal of the matri-

ces show that the classifiers were able to reliably

predict the forthcoming number of vocali-

zations from the first vocalization at about

55% accuracy for each crow (chance level ~25%)

(Fig. 3G). The classifiers mainly confused nu-

merically adjacent numbers, resulting in a

bell-shaped performance function showing

a numerical distance effect (Fig. 3, B and E,

and fig. S1) that mirrored the crow’s behav-

ioral performance (Fig. 1, C and D). Significant

performance of the classifiers was observed

even when the reaction time was excluded as

a feature (fig. S2), highlighting that the acous-

tic parameters of the first vocalization alone

predict the number of impending vocalizations.

Demonstrating that the crows abstracted

numerical values across cue modalities, a classi-

fier trained on visual cues was able to generalize

to auditory cues and vice versa (Fig. 3, C and F).

This resulted in cross-modal classifier perform-

ance curves (dotted lines in Fig. 3B for auditory

→ visual and 3E for visual → auditory).

Significant cross-modal generalization in the

range of 30 to 55% accuracy was present with

each crow (Fig. 3H). Little generalization was

seen between crows, indicating that each crow

used distinct vocalizations to solve the task

(fig. S3). In sum, the acoustic features and

reaction time of the first vocalization were

informative of the planned number of vocali-

zations irrespective of cue modality within

each crow. A comparison of the classifier per-

formance based on vocal features collected

during test sessions with those collected early

-
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Fig. 4. Trajectories of correct and erroneous numbers of produced vocali-

zations. (A) Low-dimensional acoustic space trajectories for sequences of 2, 3,

and 4 correctly produced vocalizations. Numbers adjacent to data symbols

of respective color-coded paths represent the ordinal position of vocalizations in

the sequence. (B) Example trajectories of error trials relative to correct trials

with cue 4 for the same crow as in (A). (C) Overall classification accuracies for

ordinal position in the vocal sequence during visual cues. Gray columns indicate

chance levels of the classifiers’ given number of calls in the sequence. (D) Same

as (C) except for auditory cues. (E) Example transition diagram for decoding of

erroneous cue 3 trials where the crow produced four vocalizations. The initiation

of the trial is set as the “start” state and the peck to conclude a trial is set as the

“end” state. Numbers, line widths, and shading indicate the probability of a

transition from each node to another. (F) Depiction of two major types of errors.

“Stutters” are indicated by outward circles in which a vocalization is repeated

whereas “skips” are indicated by internal lines in which a vocalization jumps over

the next position in the sequence. (G) Error proportion difference (relative to

shuffles) of “stutters” and “skips” when 2, 3, and 4 vocalizations were cued. Gray

bars mark the correct trials for each cue number; error bars represent the SEM.
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during training suggests that the crows adjusted

their vocal parameters with increasing profi-

ciency in the task (fig. S4).

Our previous analyses examined only correct

trials. Next, we explored whether errors—when

the crows produced more or fewer vocaliza-

tions than instructed—occurred because the

motor plan was incorrect from the start or

because the crows started out with a correct

plan but “lost track” while vocalizing. We

applied classifiers trained on acoustic features

of the first vocalization plus reaction time in

correct trials to predict the number of voca-

lizations in error trials. This revealed that the

first vocalization in error trials better reflected

the instructed number compared with the er-

roneously produced number (Fig. 3I, binomial

test of proportions: P < 0.0001). This suggests

that crows started out correctly but “lost track”

during production.

To explore this hypothesis, we analyzed all

vocalizations in the response sequence and

projected their acoustic features into a low-

dimensional acoustic space, resulting in tra-

jectories of the uttered vocalizations [uniform

manifold approximation and projection (UMAP)]

(20). We found that all vocal sequences, ir-

respective of the produced number of vocal-

izations, followed similar trajectories with the

start and end points converging in similar

regions of the acoustic space (Fig. 4A). This

suggested that the acoustic features of ordinal

vocalizations change in systematic ways to

permit a readout of how far along the vocal

sequence a particular vocalization has ad-

vanced. In addition, the trajectories of error

trials provided an indication as to where the

crow went “off track.” Figure 4B shows an

example in which four vocalizations had been

instructed but the crow sometimes errone-

ously produced three or five calls. Both “more

vocalizations” and “fewer vocalizations” errors

follow a similar overall trajectory as the correct

trials. However, there were distance differences

between vocalizations. For example, when the

crow erroneously made five vocalizations, the

second and third vocalizations sat closely in

acoustic space, i.e., the crow appeared to

repeat a vocalization with similar acoustic

features signifying an erroneous repetition

along the enumeration process.

We used the acoustic features of all vocal-

izations to train classifiers to predict the ordinal

position of each vocalization in sequences of 2

to 4 vocalizations (Fig. 4, C and D, and fig. S5).

Using the positions predicted by the classifiers

we constructed transition diagrams of the vo-

cal sequences (Fig. 4E and fig. S6). In addition

to correct progressions through the sequences

where vocalizations advance in steps of 1 (i.e.,

Pos. 1→ 2→ 3), different types of errors (start

errors, stutters, skips, backward, and end er-

rors) could be separated (fig. S6). This analysis

provided a behavioral readout of the ordinal

position and relative transition the crow was

representing for every single vocalization. We

normalized the classifiers’ performance (i.e.,

proportion of different errors) relative to a

shuffled distribution (Fig. 4, F and G, and fig.

S6) and focused on “skip” errors where inter-

mediate vocalizations were missing (i.e., 1 →

3) and “stutter” errors where the same ordinal

position was repeated (i.e., 1→ 1). Across trials

(Fig. 4G), the types of errors depended on the

number of vocalizations [cue 2: 1-factor anal-

ysis of variance (ANOVA), P < 0.001; cue 3: 2-

factor ANOVA, interaction: P < 0.0001; cue 4:

2-factor ANOVA, interaction: P< 0.0001]: stut-

ters weremore likely in “more” error trials than

in “fewer” error or correct trials; by contrast,

skips were more likely in “fewer” error trials

than in “more” error or correct trials. This

confirmed that error trials tended to start out

correctly (Fig. 3I) but advanced either with too

few or too many vocalizations, as revealed by

the acoustic features of vocalizations that sig-

nal where the crow went “off track.”

Our results demonstrate that crows can

flexibly and deliberately produce an instructed

number of vocalizations by using the “approx-

imate number system” (21), a nonsymbolic num-

ber estimation system shared by humans and

animals (15). This ability is especially impres-

sive given that volitional vocalizations are more

difficult to produce and require much longer

reaction times (~1 to 2 s) for crows (13, 14) and

monkeys (22) as compared with instructed

pecks or head movements in crows (12, 23) or

hand movements in monkeys (22, 24), which

show reaction times of only a few hundreds of

milliseconds. The crows’ cognitive vocal con-

trol opens the possibility that some bird

species may deliberately use the number of

vocalizations to convey ecologically relevant

information (3, 25). This competency in crows

also mirrors toddlers’ enumeration skills be-

fore they learn to understand cardinal number

words and may therefore constitute an evolu-

tionary precursor of true counting where

numbers are part of a combinatorial symbol

system (1, 2).

This vocal flexibility in crows is likely

enabled by brain nuclei supporting singing

and cognition in songbirds (26). Neuronal

representations of variable numbers of repeat

syllables in song have been found in certain

song nuclei (27) and manipulations of song

nuclei can influence the number of repeats

produced (28). Moreover, neurons selective

to the number of objects and self-generated

actions (11, 12), and neurons signaling voli-

tional vocal initiation (14), are present in the

telencephalic nidopallium caudolaterale, a

brain area representing executive functions in

birds. Notably, better vocal learning in song-

birds correlateswith enhancedproblem solving

(29). Studying the neuronal underpinnings of

cognitively controlled vocal production in

crows offers a chance to explore the inter-

action between numerical and communi-

cation systems in the brain.
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