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Abstract

The eponymous vocalizations of howling monkeys (genus Alouatta) are associated with
territorial defense and male-male competition, yet the extreme loudness of howls, which
are among the loudest vocalizations of any terrestrial mammal, have yet to be fully
explained. Loudness facilitates long-distance sound propagation but the effectiveness of
any vocal signal depends in part on the auditory capabilities of the intended receiver,
and the auditory sensitivities of howling monkeys are unknown. To better understand
the evolution of loud calls, we used the auditory brainstem response (ABR) method to
estimate the auditory sensitivities of Alouatta palliata. The mean estimated audiogram
of four wild-caught adults displayed a w-shaped pattern with two regions of enhanced
sensitivity centered at 0.7-1.0 and 11.3 kHz. The lower-frequency region of auditory
sensitivity is pitched moderately higher than the fundamental frequencies of howling,
whereas the higher-frequency region corresponds well with harmonics in an infant
distress call, the wrah-ha. Fitness advantages from detecting infants amid low-frequency
background noise, including howling, could explain the incongruity between our ABR
thresholds and the fundamental frequencies of howling. Attending to infant calls is
expected to enhance reproductive success within an infanticidal genus, and we suggest
that the extraordinary loudness of male howling is an indirect (runaway) result of
positive feedback between the selective pressures of hearing infant distress calls and
deterring infanticide.

Introduction

Howling monkeys (genus Alouatta) are an enduring source of fascination for vocalizing
with low fundamental frequencies (300-1000 Hz [1H6]) and extreme amplitudes (70 dB re
20 at 50 m [1]), and doing so over prolonged periods, with some bouts exceeding an
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hour [7]. This curious combination of acoustic and behavioral traits, which Darwin
described as a “dreadful concert” (p. 277 [8]), hints at substantial costs, both
energetically and via increased conspicuousness to predators [9,/10]. Accordingly,
researchers have long puzzled over how and why howls are emitted. Functional
anatomists have examined the elaborate hyolaryngeal structures of howlers to better
understand the mechanics of sound production, especially the extraordinary amplitudes
and low frequencies [11414]. Their observation that low fundamental frequencies depend
on the mass and length of the vocal folds —and so vary with larynx and body size [6]—
has proven instructive, leading most behavioral ecologists to view howling as an honest
signal of male condition or coalition size that functions to deter conflict with conspecific
rivals [15H24].

Howling is also viewed as a form of long-distance communication because loud,
low-frequency sounds propagate well in forest habitats. Primate vocalizations that
facilitate long-distance communication (termed “loud calls” or “long calls”) are
relatively common [25] and often described as acoustic adaptations (sensu Ey and
Fischer [26]). It is therefore tempting to describe howling as a quintessential acoustic
adaptation [4]; indeed, humans can hear howling from a distance of 1 km [27], or
possibly 5 km [28], despite high levels of background noise and attenuation. Our ability
to hear distant howls can be quite striking, and some authors have called attention to
the phenomenon as an exemplar of auditory stream segregation [29]. Yet, the effective
range (active space) of any vocal signal depends in part on the auditory sensitivity of
the intended receiver |30], and the auditory sensitivities of howling monkeys are
unknown. It is this empirical void that motivated the present study of mantled howling
monkeys (Alouatta palliata; Fig. [[A).

Fig 1. Vocal behaviors of the mantled howling monkey (Alouatta palliata).
A: Loud calling (howling) by an adult male (photograph by David Tipling, reproduced
with permission). B: Corresponding spectrogram of male howling; the audio file is
available as C: Unweaned infants <8 months of age emit a wrah-ha call when
isolated from adult caregivers (photograph by Tom Brakefield, reproduced with
permission). D: Corresponding spectrogram of the wrah-ha call; the audio file is

available as[S2 Audio]

The howls of A. palliata contain fundamental frequencies between 300 and 500
Hz [215] (Fig. [IB), and it follows that adult receivers will have commensurate hearing
sensitivities to optimize the range of this vocal signal, a concept termed frequency
matching. Frequency matching can evolve because the auditory system has shaped the
evolution of important vocal signals (sensory drive [31]) or because important vocal
signals have shaped the evolution of the auditory system (social drive [32]). At the same
time, the unweaned infants of A. palliata are known to produce a conspicuous,
high-frequency isolation/distress call when separated from caregivers or during weaning
(Fig. [1[C). This call is termed the wrah-ha [7] (Fig. [D; cf. call type 5 of Carpenter [33]
and whimpers of Altmann [34] for further context). The fitness benefits of attending to
the wrah-ha could have imposed constraints on the hearing of adults, biasing their
auditory sensitivity toward higher frequencies. This concept is termed receiver bias [31]
and the effect on adults is potentially greatest when the risk of infanticide is high.
Reports of infanticide in Alouatta [35-39] (including A. palliata [40,41]) distinguish
howling monkeys from all other neotropical primates, and it is plausible that the
auditory sensitivities of adults have been shaped in part by the vocalizations of
imperiled infants.

We highlight these calls of A. palliata because key frequencies are expected to fall at
opposite ends of the audible range of adult receivers, and because there is evidence for
evolutionary trade-offs in primate hearing sensitivity [42]; i.e., adults are unlikely to be
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equally sensitive to extremely low and high frequencies. To explore whether the
auditory sensitivities of adult receivers are better matched to the howling of adult males
or the wrah-ha of infants, we collected field recordings of each call and used the auditory

brainstem response (ABR) method to generate audiograms from wild-caught individuals.

The ABR method records neural responses to acoustic stimuli, and it has been used to
estimate audiograms from a wide range of nonhuman primates in captive and wild
settings [32L|43H46]. The main advantages of the ABR method are its portability and
efficiency, and the compatibility of ABR-derived audiograms with behavioral
audiograms in overall shape and at least two important parameters: (i) the frequency of
best sensitivity and (ii) the high-frequency limit (the highest frequency that can be
detected at at 60 dB SPL) [43]. A disadvantage of the method is that thresholds <2
kHz are often elevated compared to behavioral thresholds, and therefore represent

maximum (“at least this sensitive”) estimates rather than absolute threshold values [43].

Materials and methods

Ethics statement

This research complied with protocols approved by the Ministerio de Ambiente y
Energia (MINAE) of Costa Rica (permit no. 04301) and the Institutional Animal Care
and Use Committees of Humboldt State University (approval no. 11/12.A.105-A),
Dartmouth College (approval no. 10-11-0), Duke University (approval nos. A003-0801
and A325-10-12) and the University of California, Santa Cruz (approval nos. Domin0711
and Domin0810).

Animal capture and study conditions

We tested mantled howling monkeys (Alouatta palliata) inhabiting the seasonal
deciduous forests of La Pacifica, Costa Rica. The life histories of individual monkeys at
this site are well known due to 40 years of mark and recapture studies [47,48]. We
captured animals with Pneu-Darts (Williamsport, PA, USA) loaded with Telazol (25
mg/kg) [49,/50] and used supplemental doses of Telazol (2 mg/kg) or medetomidine
(45/kg IM) to sustain anesthesia during the testing period (a1 hr). We used these
anesthetics to minimize subject stress and interference from myogenic noise; neither is
known to have significant effects on ABR amplitudes [43]. We monitored the vital
parameters of each animal and used electric heating pads to maintain body
temperatures as needed. At the conclusion of ABR testing, we reversed (45/kg
atipanezole IM), monitored (for several hours), and released each animal unharmed
within its home range.

We tested four individuals (subjects H, I, J, and K) in July 2008 and March 2011
(Table[1). Data from seven additional animals (subjects A-F) were collected in February
2008 and reported in an unpublished PhD thesis [51]; however, these data are excluded
here because we have since determined that high electroencephalographic (EEG)
background noise and stimulus artifacts adversely affected the ABR.

Table 1. Identifications and attributes of each study animal

Animal identifications | Sex Age (years) | Mass (kg)
H (“Ruapehu”) male young adult | 6.0
I (“Riley”) male ~8.0 7.0
J (“May”) female | 4.5 4.5
K (“Almeda”) female | ~5.5 6.3
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Subjects H, I, J, and K were put into a supine position with the left ear facing the
stimulus. Subject H was tested in a 16-m? room, in which ambient acoustic noise
fluctuated from 15-30 dB SPL across the frequency range tested (1.0-32.0 kHz).
Subjects I, J, and K were put into an 80.0 x 67.3 x 63.5-cm sound-attenuating cubicle
(model 83017DDW, Lafayette Instrument Co., Lafayette, IN, USA) constructed with
thick (19 mm) moderately expanded PVC foam panels lined with thick (53 mm)
painted acoustical foam (SONEX, Minneapolis, MN, USA). Ambient acoustic noise in
the cubicle fluctuated from 0-20 dB SPL (1.0-64.0 kHz) and intermittently reached as
high as 29 dB at 0.7 kHz and 56 dB at 0.5 kHz. For each monkey and tested frequency,
the EEG background noise was consistently low and the response amplitude decreased
steadily with decreasing stimulus levels (average r2: 0.83), indicating minimal masking
from ambient noise. Even still, the thresholds for frequencies <1 kHz should be
considered preliminary.

ABR stimuli and recording

ABR stimulus generation and response acquisition was accomplished with EVREST
software [52] operating on a laptop PC equipped with a data acquisition card (NI-USB
6251, National Instruments, Austin, TX, USA). The stimuli were tone pips (2-cycle
linear rise/fall, 1-cycle plateau) generated digitally, converted to analog (500 kHz, 16-bit
resolution), bandpass filtered from 0.02 to 200 kHz (3-B series, Krohn-Hite, Brockton,
MA, USA; 24 dB/octave rolloff, Butterworth), attenuated (PA5, Tucker-Davis, Alachua,
FL, USA), and delivered through a free field via a magnetic speaker (FF1, Tucker-Davis;
frequency response <1-50 kHz) or an electrostatic speaker (ES1, Tucker-Davis;
frequency response 4-110 kHz) positioned 10 cm from the left ear. The test frequencies
were half octaves from 1.0-32.0 kHz (subject H) or 0.5-32.0 kHz (subjects I, J, and K),
delivered in steps of 10 or 5 dB starting ~30 dB above the estimated threshold and
decreasing to at least 5 dB below the level where the response fell to residual EEG
background noise (BN) level and was undetectable. Each frequency/stimulus condition
was delivered for 1024-2048 repetitions at a rate of 39.1 sec™.

The levels of the tone-pip stimuli were calibrated before the testing of the first
subject, after the last subject, and periodically throughout each field season. While in
the field, 50-100 ms pure tones were produced with equal system output voltage to the
tone-pip stimuli, and recorded via a free-field 0.5-inch condenser microphone (MKH 800,
Sennheiser, Old Lyme, CT, USA; frequency response 0.03-50 kHz, 0°) connected to a
PC running Raven Pro v. 1.3 (Cornell Laboratory of Ornithology, Ithaca, NY, USA).
Within Raven, we calculated dB SPL (re 20Pa) with the absolute level calibrated at 1
kHz via a Type-1 sound level meter (840015, Sper Scientific, Scottsdale, AZ; C
frequency weighting). Under subsequent lab conditions, we accounted for the nonlinear
frequency response of the MKH 800 microphone by recording the same stimuli with the
MKH 800 and a 0.25-inch free-field microphone (Briiel and Kajer 4939, Neerum,
Denmark; frequency response 0.004-100 kHz , 0°) calibrated with a class 1 sound
calibrator (Briiel and Kajer, Neerum, Denmark). Equal system output peak-peak
voltage of the pure tones and tone pips was also verified with a 32-bit digital
oscilloscope (DSO Nano, Seeed Studio, Shenzhen, China) (vis-a-vis the peSPL method
of Laukli and Burkard [53]).

We recorded the ABR via 28-gauge subdermal needle electrodes (F-E3, Grass
Instruments, West Warwick, RI, USA) inserted in the skin over the cranial vertex
(positive) and the ipsilateral mastoid (reference); a ground was placed over the
contralateral mastoid. Signals were recorded via a biopotential amplifier (P511, Grass
Instruments), amplified (x 105), filtered (0.03-3 kHz bandpass, 0.06 kHz notch),
digitized (10 kHz, 16-bit resolution), input into EVREST in 20 ms epochs (reject level
12), and digitally filtered offline.
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Data analysis

For each subject, we used linear regression to determine the threshold (quietest
detectable level) for each presented frequency [43]. We plotted the response amplitude
as a function of stimulus level — generally, all responses above average BN level were
included. Next, we used the line of best fit (mean r2: 0.83) to determine the level at
which the response reached a threshold criterion of 50 nV (average BN + 40 nV - after
Ramsier et al. |[44]); at this criterion, the response was consistently above average
random fluctuation in BN (SI Fig).

To calculate the mean estimated audiogram for the species, we estimated some
individual thresholds in order to avoid biasing the average and distorting the overall
shape of the audiogram. Some individual variation in absolute sensitivities is expected
(or at least the measurement of such; i.e., an up or down shift of the audiogram), but
the overall shape of an audiogram varies little at the species level [32,/43,/44]. Thus, we
estimated missing threshold values by using the average rise/fall from adjacent
frequencies in other individuals. We then computed the frequency of best sensitivity
and the high-frequency limit; we focused our analysis on these parameters because they
can be estimated reliably with the ABR method [43].

Field recordings and preliminary playback experiments

During the course of our study, we opportunistically recorded howls using a free-field
0.5-inch condenser microphone (MKH 800, Sennheiser, Old Lyme, CT, USA; frequency
response 0.03-50 kHz, 0°) connected to a solid-state recorder (Marantz PMD-671,
sampling rate 96 kHz). We also recorded infants emitting wrah-ha calls, which we
observed under three conditions: (i) when separated from their mother or natal group;
(i) during human handling; or (iii) when seeking attention from unresponsive adults.
Audio files of howling and the wrah-ha call are available as[ST Audio| and [S2 Audio]
respectively. Spectrograms of each vocalization are illustrated in Fig. and Fig. [ID,
respectively.

To explore the function and potential fitness costs of the infant wrah-ha call, we
performed pilot playback studies in the home ranges of howlers at two field sites in
Costa Rica: La Pacifica (seasonal dry forest) and El Zota (lowland rain forest). The
calls were broadcast from a lifelike rubber model intended to represent an infant on the
verge of weaning, at ~8 months of age [54] (Animal Makers Inc., Moorpark, CA, USA;
152 Fig)). In most conditions, a loudspeaker (Micro Cube, Roland Corp., Hamamatsu,
Japan) was positioned next to the model. In one condition, a magnetic speaker (FF1,
Tucker-Davis) was embedded in the abdominal cavity of the rubber model. The speaker
and model were positioned on tree branches ~2 m from the ground.

Results and Discussion

ABR thresholds of Alouatta palliata

We captured four adult monkeys (Table[l]) and recorded ABR thresholds from each
. We observed considerable inter-individual variation in our sample, especially at
lower frequencies. For example, the thresholds of Subjects K and I differed from those
of H and J by more than 25 dB at 0.5 kHz, a large difference that persisted up to ~1.5
kHz. Despite this level of variation, we calculated a mean estimated audiogram for
comparative purposes. It displays a w-shaped pattern with two frequency regions of
enhanced auditory sensitivity (frequencies of best sensitivity) separated by a
mid-frequency ‘dip’ of decreased sensitivity (Fig. . The mean threshold at 0.5 kHz is
5.8 dB less sensitive than at 0.7 kHz, which suggests that 0.7-1.0 kHz is the
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lower-frequency region of enhanced sensitivity for A. palliata. However, a difference of
5.8 dB is trivial given the magnitude of variation between individuals at 0.5 kHz, and it
is plausible that the lower-frequency region of enhanced sensitivity extends below 500
Hz. This uncertainty is a source of disappointment given our interest in frequencies
between 300 and 500 Hz. The high-frequency area of auditory sensitivity was centered
between 8.0-11.3 kHz. The highest frequency limit (the highest frequency detectable at
60 dB) was estimated at 21.7 kHz; however, we consider this result preliminary, as the
higher value of Subject J suggests that a larger sample could yield a higher
high-frequency limit.

Fig 2. Estimated audiograms of (Alouatta palliata). A: The mean audiogram is
shown in black together with the individual audiograms of subjects H (magenta), I
(green), J (purple), and K (yellow). The red shaded region indicates ultrasound. B:
Spectrogram time slice of a typical male howl. C: Spectrogram time slice of a typical
infant wrah-ha vocalization.

The limitations of our study are threefold. First, the sample size is quite small,
which reflects the challenges of capturing wild animals and testing them under field

conditions. Second, we were unable to reliably estimate ABR, thresholds below 500 Hz.

Third, we observed substantial inter-individual variation, which introduces considerable
uncertainty when attempting to estimate a mean audiogram for comparative purposes.
Our data are therefore incomplete and highly variable, yet the shape of our mean
estimated audiogram agrees well with those of other platyrrhine (New World) monkey
species [55]. For example, the lower-frequency region of enhanced sensitivity reported
here (0.7-1 kHz) is lower than or comparable with those of Aotus trivirgatus (2

kHz |56]), Callithriz jacchus (1 kHz [57]), Saimiri sciureus (2 kHz [58]), and Sapajus
(Cebus) apella (4 kHz |46]). Similarly, the higher-frequency area of auditory sensitivity

(8.0-11.3 kHz) resembles those of A. trivirgatus (10 kHz [56]), C. jacchus (7 kHz [57]), S.

sciureus (12 kHz [58]), and S. apella (8-16 kHz [46]). This level of congruence suggests
that the audiograms of platyrrhine monkeys are relatively conserved across species.

Enhanced auditory sensitivity to higher frequencies is hardly surprising for A.
trivirgatus, C. jacchus, and S. sciureus on the basis of their small body sizes (they are
each <1 kg). In contrast, the mass of A. palliata is more than sixfold greater (Table
and predicted on theoretical grounds to have diminished sensitivity to higher

frequencies [59]. In accordance with this view, we found that the ABR threshholds of A.

palliata increased abruptly at frequencies >16 kHz, resulting in a preliminary
high-frequency limit of 21.7 kHz. What is surprising, however, is that estimated
auditory sensitivity is quite good for frequencies ranging from ~8 kHz to the lower
margin of ultrasound (Fig. , where it diminished steeply.

Frequency matching with vocal signals

Audiograms with a w-shaped pattern may underlie discrete ‘channels’ of communication:
a lower-frequency channel used by adults and a higher-frequency channel used by
infants [60]. Our findings are compatible with this view, as they point tentatively to a
low-frequency area of enhanced sensitivity (0.7-1.0 kHz) that is reasonably compatible
with the dominant energy of conspecific howls (1.4 kHz, Fig. ) This result suggests
that A. palliata can hear its own howls relatively well, especially given that our
low-frequency ABR thresholds are conservative estimates of auditory sensitivity. Even
still, it is perhaps intriguing that the low-frequency area of auditory sensitivity is
pitched moderately higher than the fundamental frequencies of howling between 300
and 500 Hz [245]. This incongruity must be viewed with caution, however, as we could
not reliably record ABR thresholds below 500 Hz. The high-frequency area of auditory
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sensitivity (8.0-11.3 kHz) is shifted away from the higher-frequency components of howls
and toward the wrah-ha with its high-frequency harmonics at ~10 and ~21 kHz (Fig.

). A comparable level of frequency matching can be observed in Aotus trivirgatus and
Callithriz jacchus. In these monkeys, the frequencies of greatest auditory sensitivity are
closely matched to the highest-frequency calls in their vocal repertoires —the squeals,

squeaks, and trills of infants and juveniles [611(62].

The harmonic at ~21 kHz (Fig. 2[C) is a new finding, in part because it lies beyond
the frequency ranges of the recording equipment used in previous studies. It is probably
the consequence of a short supralarygeal vocal tract; however, there are at least two
advantages to producing vocal signals at these high frequencies. First, they should be
conspicuous amid bouts of howling and the low-frequency ambient noise of tropical
forests [63]. Second, the high-frequency components should clearly identify the caller as
an infant and improve adult response time in the presence of predators or infanticidal
males. Such mutually compatible advantages could have exerted a strong selective
pressure on both the signaler and receiver, resulting in adult auditory sensitivities that
are biased (upshifted) toward the higher frequencies emitted by infants. To explore this
premise further, we performed preliminary playback experiments with a lifelike infant
model, but the results were equivocal-—the wrah-ha elicited furtive behaviors from

adults, but no physical interactions (see [S2 Fig)).

Extreme loudness of howling: is it an example of runaway
selection?

Available evidence points to a “sound window” of least attenuation in the mid-canopy
layers of tropical forests [64,65]. In one oft-cited experiment, optimal sound propagation
at a height of 15 m occurred between 200 and 300 Hz [64], a frequency range that lies
just below the fundamental frequencies of howling by A. palliata (300-500 Hz; Fig. )
and the low-frequency region of enhanced auditory sensitivity reported here (0.7-1.0
kHz; Fig. ) This latter result is, admittedly, disappointing —we stress that our study
faced technical limitations, and we cannot rule out a lower low-frequency region of
enhanced auditory sensitivity— but it is also tantalizing, as it hints at incongruities
between howling and hearing, a possibility that invites replication and warrants further
discussion, albeit with due caution. If our results are verified, then an acoustic
mismatch between the fundamental frequencies of howling and the low-frequency region
of enhanced auditory sensitivity can be interpreted as evidence of receiver bias and a
lower-frequency limit on acoustic communication [66]. Such an interpretation is alluring
because it begins to explain why howls are so loud —the extreme amplitude is a
compensatory mechanism to increase the range of the vocal signal, which holds
particular importance for male fitness.

For dominant males, the amplitude of howling could be an honest or exaggerated
signal of male body mass [67,/68]. Regardless, male body mass is a strong predictor of
takeover success by invader or usurper (resident) males [47], and louder howling
probably functions to repel rival males and extend the reproductive advantages of
dominant males [9[15]. Yet, delayed takeovers must carry reproductive opportunity
costs for subordinate males, increasing their incentive to commit infanticide when
takeovers do occur (Fig. . Infanticide by resident or returning males has been
reported [38.48], but the probability of paternity remains low [69}/70]. Thus, selection
for louder howling is expected to attend an ever greater need to resolve and respond to
the distress calls of infants. The resulting receiver bias toward detecting high frequencies
is then expected to reinforce constraints on auditory sensitivity to lower frequencies and,
in turn, favor louder howling instead of lower fundamental frequencies for greater signal
transmission [6] (Fig. . Such positive feedback is reminiscent of runaway selection.
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Fig 3. Integrated model of runaway selection. Our results suggest a
lower-frequency region of enhanced auditory sensitivity that is suboptimally matched to
the “sound window” of least attenuation and the fundamental frequencies of conspecific
howls. This incongruity raises the possibility of a lower limit on the lower-frequency
region of enhanced auditory sensitivity, perhaps because adult sensitivity is biased
toward the high-frequency vocalizations of infants. This trade-off is predicted to favor
louder, rather than lower-frequency howling for greater signal propagation. Louder
howling, in turn, is expected to benefit signaler males by deterring receiver males and
prolonging access to group females. At the same time, lone receiver males will face
increasing reproductive opportunity costs that will increase the likelihood of committing
infanticide during group takeover. Either male could gain fitness advantages by
detecting infants in distress. Eventually, the receiver male becomes the signaler male,
closing the positive feedback loop that drives ever louder howling. Thus, we hypothesize
that the extraordinary loudness of howling is an indirect (runaway) result of suboptimal
frequency matching and the fitness advantages of repelling lone receiver males.
Photograph by Christian Ziegler, reproduced with permission.

The runaway selection hypothesis was conceived to explain the extreme elaboration
of male secondary sexual characteristics [71]. It begins with a preexisting female
preference for a male trait that drives further evolution of both the preferred trait and
the female preference for it. In studies of animal acoustic communication, support for
the runaway selection hypothesis is sparse [72L|73], and it is questionable whether any
mating signal has evolved via this mechanism [74]. As Ryan and Kime [73| put it,
“there are no good examples of studies in acoustic communication supporting the
runaway hypothesis” (p. 253). However, runaway selection need not rely solely on
female preferences. Several authors have invoked runaway selection in the context of
long-distance calls related to territorial defense [75] or loud calls related to male-male
competition [76], behaviors that have long factored into explanations for the extreme
loudness of male howling. Our preliminary study of ABR thresholds in A. palliata
reinforces this view and we hypothesize that the extraordinary loudness of howling is an
indirect (runaway) result of positive feedback between the selective pressures of hearing
infant distress calls and deterring infanticide.

Conclusion

FExtraordinary claims require extraordinary evidence is a popular aphorism that weighs
on our minds. The present report makes no extraordinary claims; rather, our philosophy
is to report admittedly incomplete and variable findings from an extraordinary animal.
Research is a privilege and we view data-sharing as a moral responsibility. At the same
time, the data are tantalizing, leading us to hypothesize that the extraordinary loudness
of male howling is a runaway result of positive feedback between the selective pressures
of hearing infant distress calls and deterring infanticide. We offer this hypothesis not as
a conclusion, but as an open invitation to future research.

Supporting information

S1 Audio. Howling of Alouatta palliata. Audio recording of howling (or roaring,
or loud calling) by an adult male.

S2 Audio. wrah-ha of Alouatta palliata. Audio recording of the wrah-ha
emitted from an infant male.
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S1 Fig. Typical ABR waveforms evoked with 11.3 kHz stimuli. A:
waveforms for each subject. B: waveform series demonstrating decreasing ABR
amplitude with decreasing stimulus level.

S2 Fig. Model infant. Field playback experiments of the wrah-ha were performed
in tandem with a rubber model (Animal Makers Inc., Moorpark, CA, USA). In most
conditions, a loudspeaker (Micro Cube, Roland Corp., Hamamatsu, Japan) was
positioned next to the model. In one condition, a magnetic speaker (FF1, Tucker-Davis)
was embedded in the abdominal cavity of the rubber model. The speaker and model
were positioned on tree branches ~2 m from the ground. On 7 of 11 occasions, the
vocalization quickly (within 5 min) attracted lone males or mixed groups. Animals
descended within a few meters of the model, but never contacted it. In all cases, adult
males and/or females demonstrated heightened vigilance and sustained howling or
barking over a span of 5-20 min. On one occasion the call attracted a female
black-handed spider monkey (Ateles geoffroyi). Such results are equivocal, but they
suggest that adults are motivated to approach distressed infants. Our failure to elicit
physical interaction with the model could be attributed to the deterrent presence of
human observers or the unnatural appearance and vocal ‘behavior’ of the model.
Normative infant behavior predicts the suppression of distress calls in the vicinity of
potentially infanticidal males. Another factor was the highly irregular social context.
Unweaned infants of A. palliata are seldom isolated; they maintain close proximity to
their mothers (< 3 m [54]) and other members of their natal group (1-5 m [77]). Our
model, though lifelike from a distance, may have appeared too unnatural to elicit
further response. Photograph by Andrew J. Cunningham.

S1 Table. ABR thresholds.
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