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The function and structure of alarm signals may vary with the caller’s age, and some of this variation may
be because young may have to attract the attention of their caregivers. The structure of calls may reveal this
function. Yellow-bellied marmot, Marmota flaviventris, pups utter a novel vocalization, an elongated
scream, which often contains nonlinear acoustic characteristics, 6% of the time when handled within
about a week of emergence from their natal burrow. With a single exception in over 4000 captures,
only pups uttered these unique vocalizations. Acoustically, pup screams are more than an order of magni-
tude longer than pup alarm calls and a majority of the screams have at least one type of nonlinearity. Play-
back experiments showed that average-length screams elicited higher-level responses than adult alarm
calls and that elongated and average-length screams elicited higher-level responses than shortened
screams. The acoustic structure of screams makes them especially evocative, and they may function to
allow pups to recruit their mothers to help them fend off predators. More generally, an examination of
nonlinearities in vocalizations of other species suggests that nonlinearities may be an honest indicator
of arousal, and this honesty elicits heightened responses in receivers.
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How do highly vulnerable neonates gain the attention of
their parents or other caregivers when threatened? Darwin
(1872) noted that young animals may scream and sug-
gested that screams are a call for assistance. Screams in
some species are uttered when individuals are highly
aroused or in imminent danger and may elicit help from
others (Gouzoules et al. 1984; Held et al. 2006). Are
screams, then, simply typical alarm calls or are they differ-
ent in some way?

We know that individuals of many species utter alarm
calls and that the structure and function of these signals
may vary with the caller’s age. For instance, young
animals, because of their small size and na€ıveté, may be
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vulnerable to a larger set of predators than adults and thus
may be more likely to utter calls to a variety of stimuli
(Cheney & Seyfarth 1990). By contrast, young animals
may be relatively safe in their nests or dens and thus
may be less likely to utter alarm calls in certain circum-
stances than adults (Magrath et al. 2006). Younger animals
may also use calls to manipulate the behaviour of poten-
tial caregivers (Owings & Morton 1998), possibly as
a means to learn about the true risk of different stimuli
(Cheney & Seyfarth 1990; Mateo & Holmes 1997),
whereas older animals may simply communicate risk to
their young or similar-aged conspecifics (Blumstein
2007a). Young animals may thus be selected to produce
different alarm vocalizations compared to adults.

Screams are produced when young are threatened
(Gouzoules et al. 1984; Held et al. 2006). Arousal levels in-
fluence both the probability of uttering alarm calls (Blum-
stein et al. 2006c) and the structure of these vocalizations
(Manser et al. 2002). For instance, meerkat, Suricata
dy of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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suricata, alarm calls vary in their overall structure to com-
municate risk and vary in the presence of nonlinearities
(mostly deterministic chaos) to communicate urgency
(Manser 2001; Manser et al. 2001).

Nonlinearities, such as warbles, subharmonics, bipho-
nation and deterministic chaos, are a relatively under-
studied class of acoustic characteristics (Fitch & Hauser
2002) that may be present in mammalian (Wilden et al.
1998), amphibian (Suthers et al. 2006) and avian (Beckers
& ten Cate 2006) vocalizations. Nonlinearities have been
hypothesized to be particularly evocative and difficult to
habituate to (Fitch & Hauser 2002). For instance, baby
cries and screams are especially good at eliciting responses
because of their unpredictability (Fitch et al. 2002). Thus,
we may expect alarm vocalizations from juvenile animals
to contain nonlinear elements.

We describe pup screams, an alarm vocalization uttered
only by juvenile yellow-bellied marmots, Marmota flavi-
ventris. These mostly tonal vocalizations contain a variety
of nonlinear phenomena, and thus they should be partic-
ularly evocative to receivers. Because adult yellow-bellied
marmots produce conspecific alarm calls (Blumstein & Ar-
mitage 1997), and because pup alarm calls may function
to elicit help from adults (Blumstein & Daniel 2004), we
conducted a series of playback experiments designed to
identify the salience of these screams to older marmots.
Screams varied in their duration, hence we synthesized
screams and modified their duration to determine
whether duration could influence responsiveness. We
also asked whether pup screams were more evocative
than alarm calls. The playback results, combined with
a quantitative analysis of the structure of screams, suggest
that screams are a novel vocalization designed to elicit aid
from older marmots.

GENERAL METHODS

We conducted all studies with free-living yellow-bellied
marmots in the East River Valley in and around the Rocky
Mountain Biological Laboratory in Gunnison County,
Colorado, U.S.A., a location where marmots have been
studied since 1962 (Blumstein et al. 2006b). Social groups
and social group membership are known. Detailed
methods of marmot trapping and marking can be found
in Armitage (1982). Briefly, we baited them with an hand-
ful of Omalene 100 horse food (Ralston Purina, Inc., St.
Louis, Missouri, U.S.A.) into 10 � 12 � 32 inch Tomahawk
live traps. We transferred the marmots into a conical han-
dling bag through which we weighed the pups. We re-
moved the pups from the handling bag and held each in
one hand, during which time we plucked 20e30 hairs
for subsequent paternity studies, inserted or checked ear
tags for permanent identification, measured their left
hindfoot and anogenital distance, marked them (if neces-
sary) with a unique symbol for identification from afar us-
ing Nyanzol fur dye, collected any excreted faecal samples
for parasitological and endocrinological studies and re-
corded any pup screams. The entire handling process
took 5e10 min, after which we released the subject at
the point of capture. Nonpups also may, if they were
not captured in the past 2 weeks, have had up to a 2-ml
blood sample taken from their femoral vein immediately
after being transferred into the handling bag. We held
nonpups in the handling bag and took a little longer to
handle them (10e15 min); we released them too after tak-
ing all measurements and samples. We studied these mar-
mots under a research protocol, ARC 2001-191-01,
approved by the UCLA Animal Care Committee on 13
May 2002 and renewed annually, and trapped them under
permits issued by the Colorado Division of Wildlife.

Between 2001 and 2005, 6% of the times when a pup was
initially trapped, it screamed (25/416 initial trappings). In
three instances, pups did not scream the first time they were
trapped, but screamed on a subsequent trapping. One
individual screamed both at the first trapping and on
a subsequent trapping. We noted a total of 29 bouts of
screams from pups: with only a single exception in over
4000 captures, older marmots did not utter this unique
vocalization. Pups that screamed had emerged from their
natal burrow an average of 1 week before (range 0e22 days
from emergence, X� SD ¼ 6:8� 6:2 days). Unlike alarm
calls uttered by pups, this scream was uttered only while be-
ing directly handled. No pups screamed while in the trap.
Although not specifically counted, when pups screamed,
they typically screamed more than once. This allowed us
time to record multiple scream exemplars from most pups
that uttered this vocalization.

SPECIFIC QUESTIONS
The Acoustic Structure of Pup Screams
Methods
We recorded 506 individual screams from 23 different

subjects. Between 2001 and 2005, we recorded screams
onto Sony PCM-M1 digital audiotape recorders, digitized
them at 16 bits, 44 kHz, and later normalized them to 95%
of peak amplitude. In 2006, we acquired screams directly
(16 bits, 44 kHz) onto Marantz PMD 660 direct-to-disk re-
corders. We edited screams into individual AIF files and
normalized them to 95% of peak amplitude before making
any measurements.

Using Canary (Charif et al. 1995), we generated a spec-
trum and spectrogram for each of the normalized screams
(spectrum: Hamming window, FFT size 512, overlap
98.44%, filter bandwidth 349.70 Hz, grid resolution time
0.1814 ms, frequency grid resolution 86.13 Hz, clipping
level �120 dB; spectrogram: Hamming window, FFT size
512, overlap 98.44%, filter bandwidth 349.70 Hz, grid res-
olution time 0.1814 ms, frequency grid resolution
86.13 Hz, clipping level �120 dB). A single observer
(D.T.R.) made all spectrogram measurements on the top
40 dB of each scream.

We selected up to 10 screams with the best signal-to-
noise ratio from each individual to be analysed. For eight
individuals with fewer than 10 screams, all were analysed.
Nonlinearitiesdparticularly deterministic chaosdmade
quantifying certain tonal features of the screams difficult.
Thus we used only screams for which the specific features
listed below could be accurately measured and excluded
screams with excessive deterministic chaos from analysis.
Because other forms of nonlinearities did not interfere
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with measurements, we included these in the pool of
analysed screams. Our data set consisted of 194 individual
screams, grouped into bouts from a total of 23 different
individual marmot pups.

We then measured a number of features from the
waveform, spectrogram, and spectrum of these screams
(Fig. 1). We measured scream duration and rise time from
the waveform, whereas we recorded the bandwidth of the
fundamental and the number of peaks in the fundamental
from the spectrum. We measured the number of har-
monics, dominant frequency and start, end, minimum,
maximum and peak frequencies of the fundamental and
first harmonic from the spectrogram.
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Figure 1. Acoustic measurements made on the yellow-bellied marmot pu
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duration.
We also examined the spectrogram for the presence of
complex structures and nonlinearities (Fig. 2). These in-
cluded warbles (rapid frequency shifts), subharmonics, ad-
ditional spectral components between the harmonics
(Fitch et al. 2002) and biphonation (sidebands adjacent
to the harmonics, Riede et al. 2004). We observed a third
nonlinearity, deterministic chaosdnoted as broadband
energy on the spectrogram with residual periodic energy
(Fitch et al. 2002)din some screams, but because it
prevented accurate measurements of tonal features, we ex-
cluded those screams from the pool of measured screams.

We calculated averages for each individual and used
these individual averages to describe the screams and to
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Figure 2. Spectrograms of marmot pup screams showing the various complexities and nonlinearities observed. (a) Biphonation, marked with
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compare them (using a ManneWhitney U test) to aver-
ages from a sample of alarm calls from 11 different juve-
niles (10 calls each, except for two individuals for which
there were only five available calls) that had previously
been measured (Blumstein & Munos 2005). We averaged
the percentage of screams containing subharmonics, bi-
phonation and warbles for each bout and used this aver-
age to calculate a total average percentage for all screams.

The individual screams were also subjected to discrim-
inant function analysis to determine whether the mea-
sured variables allowed screams to be assigned to
individual pups. For these analyses, we analysed screams
from 18 different subjects that each uttered 9 or 10
(mode ¼ 10) calls.

Results
Pup screams were significantly different from pup alarm

calls in all measured dimensions (Table 1). They were sub-
stantially longer and they included a number of nonline-
arities. In addition to deterministic chaos, 55% of screams
had subharmonics, 13% had biphonation and 74% had
warbles. Although not quantified during trapping, on
some occasions when a pup screamed, adult marmots ap-
proached the person holding the pup. On rare events the
approaching adult uttered alarm calls. Discriminant func-
tion analysis correctly classified 60.1% of calls to an indi-
vidual, a value that was substantially more than the 5.5%
correct classification that was expected by chance.
Frequency characteristics were particularly useful in the
discrimination (Table 2).
The Meaning and Function of Pup Screams
Methods
We conducted two experiments to study the function of

pup screams. The first experiment, conducted in 2004,
asked whether scream duration influenced responsive-
ness. The second experiment, conducted in 2005, asked
whether pup screams were more salient than alarm calls
(i.e. whether they elicited greater responses).

Based on a preliminary analysis of pup screams recorded
in 2001 and 2002, and before we realized that there were
a variety of nonlinearities in the screams, we used Signal
3.0 (Engineering Design, Inc., Belmont, Massachusetts,
U.S.A., 1989) to synthesize tonal pup screams that had
identical frequency contours (all contained warbles) and
differed only in length. Our preliminary analysis examined
230 individual pup screams recorded from 14 individuals
for the duration of screams (X� SD ¼ 489� 155 ms; range
90e1607 ms) and the internote interval between screams
(X� SD ¼ 298� 99 ms; range 33e1094 ms). We created
average-duration screams (490 ms), as well as screams
that were 2 standard deviations longer (800 ms) and
shorter (180 ms) than the average duration. To do so, we
chose four exemplars of screams from each of four



Table 1. Comparison of the mean (�SE) of bout averages for rise
time, call duration and start, end, peak, minimum and maximum fre-
quencies of both the fundamental and the first harmonic between
marmot pup screams and marmot juvenile calls

Feature
Alarm call
(X � SE)

Scream
(X � SE) P

Duration (ms) 37.26�1.31 459.80�10.81 <0.0001
Rise time (ms) 1.36�0.05 40.56�1.66 <0.0001
F0 start
frequency (kHz)

3.39�0.09 1.20�0.02 <0.0001

F0 end
frequency (kHz)

2.94�0.10 1.10�0.02 <0.0001

F0 peak
frequency (kHz)

3.63�0.11 1.97�0.02 <0.0001

F0 minimum
frequency (kHz)

2.58�0.09 0.88�0.02 <0.0001

F0 maximum
frequency (kHz)

4.15�0.12 2.26�0.02 <0.0001

F1 start
frequency (kHz)

6.83�0.20 2.52�0.04 <0.0001

F1 end
frequency (kHz)

5.68�0.25 2.31�0.03 <0.0001

F1 peak
frequency (kHz)

6.83�0.26 3.60�0.05 <0.0001

F1 minimum
frequency (kHz)

5.32�0.25 1.99�0.02 <0.0001

F1 maximum
frequency (kHz)

7.85�0.25 4.30�0.04 <0.0001

P Values from ManneWhitney U tests.
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individuals (16 screams total, 4 per individual) that were
similar in duration to the average (range 395e585 ms)
and of good quality. We then adjusted the length of each
scream (including harmonic structure) to be average,
long, or short by stretching or shrinking the frequency
contour in time accordingly (Fig. 3). Each playback was
composed of the four exemplars per individual separated
by 300- to 500-ms internote intervals, where the exemplars
within a playback were all of average, short, or long dura-
tion. The responses to these synthesized screams were com-
pared to one of four playbacks composed of four adult
female alarm calls (four exemplars per individual within
a series) separated by 400- to 500-ms internote intervals.
For the 2005 experiment, we used the synthesized average
pup screams and eight sets of four-note alarm calls from
Table 2. Standardized canonical discriminant function coefficients that c

1 2

Call duration (ms) �0.33 0.132
F0 bandwidth (kHz) �0.458 �0.788
N harmonics �0.15 0.409
Maximum frequency of F0 (kHz) 1.287 0.324
Starting frequency F1 (kHz) �0.481 �0.288
Ending frequency F1 (kHz) 0.205 0.678
Percentage of variance explained
by discriminant function

47.7 20.2

A total of 60.1% of the screams were correctly classified. Variables not inc
frequency, N peaks in F0, N with complex ending, starting frequency of F0
of F0, peak frequency of F1 and maximum frequency of F1.
eight different adult females (four exemplars per individ-
ual) and eight sets of four-note pup alarm calls from eight
different pups (four exemplars per individual). We used
eight different four-note conspecific alarm call series (a rel-
atively high-risk alarm), to ensure that marmots heard
alarm calls from unfamiliar animals from different social
groups.

We broadcast vocalizations as uncompressed AIF files
using an iPod (Apple Computer, Cupertino, California,
U.S.A.) through a powered speaker (Advent AV 570;
Recoton Home Audio, Benici, California, U.S.A.).

We baited marmots with a handful of Omolene 300
horse feed (Ralston Purina) to a location 1e2 m from their
burrow. For all experiments, we broadcast calls to nonpups
(i.e., yearlings and adults). We have no evidence to suggest
that systematic differences exist in how these different
ageesex categories respond to playbacks.

Does scream duration influence responsiveness? In the 2004
experiment, we broadcast adult female alarm calls and
shortened, average and lengthened pup screams to 15
subjects (nine adult females, one adult male, three yearling
females, two yearling males) in five groups (Marmot
Meadow Aspen, Marmot Meadow Main Talus, River South,
River Spruce, Gothic Townsite). We exposed each subject to
all four stimuli, typically no more than one per day
(X� SD ¼ 27:27� 21:91 h between playbacks, me-
dian ¼ 24.08 h, range 0.070e120.25 h). Each subject heard
average, shortened and lengthened pup screams derived
from the same individual. Although we aimed to have
each subject hear only playbacks specifically directed at
that individual, subjects sometimes heard playbacks di-
rected at other individuals in addition to their own. In all
but three cases it happened when we were targeting another
subject and a nontarget subject suddenly appeared at the
bait just as we started recording the preplayback baseline
period. In most cases, we aborted the playbacks. However,
in nine cases, we did not (because we were trying to com-
plete a series of playbacks on a subject). We could find no
systematic bias in those subjects that heard more than a sin-
gle playback in a day. Having an animal hear a playback and
not quantifying its behaviour creates some difficulties
because the animals are likely to habituate to repeated
lassify pup screams to the vocalizing individual

Discriminant functions

3 4 5 6

�0.592 �0.34 0.078 0.662
1.106 0.369 �0.218 1.051
�0.089 0.471 0.933 �0.053
�1.415 0.082 0.793 �0.827

0.983 �0.742 0.266 0.206
0.684 0.231 �0.141 0.56

14.9 10.2 4.2 2.7

luded after stepwise deletion comprised rise time duration, dominant
, ending frequency of F0, peak frequency of F0, minimum frequency
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Figure 3. Waveform and spectrogram of three synthesized pup screams that were �2 SD below the mean duration, the mean duration, and

þ2 SD above the mean duration of pup screams. The vocalizations were synthesized in Signal 3.0 (Engineering Design 1998). Spectrogram

parameters: 1024 point frame length and FFT with 99.8% overlap.
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exposures to the experimental set-up. Assuming that a sub-
ject that elected to forage at the bait was ‘relaxed’ enough to
be exposed to another stimulus, we elected to keep these
observations. Overall, 9/15 subjects heard all of their play-
backs at least one day apart in this experiment. If we analyse
only those subjects, we see overall patterns and moderate to
large effect sizes that are similar to those reported under
Results, but, because of the smaller sample size, we lose
some statistical significance. On average, subjects heard X�
SD ¼ 2:20� 1:74 playbacks prior to each playback directed
at that individual (median ¼ 2, range 0e7). Likewise, we
aimed to target solitary subjects; however, there were some-
times other individuals present, either at the bait or within
the vicinity (50 m) of the subject. There were an average of
0.65� 0.76 others present at the bait during playback (me-
dian¼ 0, range 0e2). On average, there were 1.53 � 1.48
others present within 50 m of the subject, including those
at the bait (median ¼ 1, range 0e6).

Are pup screams more evocative than alarm calls? In the
2005 experiment, we broadcast the three stimuli (average-
length scream, adult alarm call, pup alarm call) to 14 different
subjects (seven adult females, three adult males, four yearling
females) in fourgroups (Marmot Meadow Aspen, River South,
River Spruce, Gothic Townsite). We exposed each subject to
all three stimuli, typically no more than one per day
(X� SD ¼ 67:08� 123:21 h between playbacks, me-
dian ¼ 24.01, range 0.070e429.53 h). Although we aimed
to have each subject hear only playbacks specifically directed
at that individual, subjects sometimes heard playbacks di-
rected at other individuals in addition to their own. On aver-
age, subjects heard X� SD ¼ 1:07� 0:94 playbacks prior to
each playback directed at that individual (median ¼ 1, range
0e3). Likewise, we aimed to target solitary subjects; in this ex-
periment, there were no others at the bait during any of the
playbacks, and there were only two cases in which there
was another individual within 50 m of the subject during
playback. As before, if we eliminated the two subjects who
heard playbacks in the same day (one was an alarm call, the
other was a pup scream), we obtained results similar to those
we report below.

Additional playback considerations and analysis. For both
experiments, the order of stimulus presentation was
counterbalanced to control for order effects. Once an
animal was foraging at the bait, we started the 2-min
sound track was started. We played back normalized
screams and alarm calls at 95 dB SPL (measured at 1 m)
from a speaker placed 10e12 m from the bait. Each sound
track started with 1 min of silence, to obtain baseline time
allocation for an individual. This was followed by an addi-
tional minute, with the playback commencing at the be-
ginning of this period and lasting from 1.5 to 4.5 s. We
observed and videorecorded foraging marmots with a Can-
non GL-1 mini-DV digital video recorder at distances that
did not obviously affect their behaviour (40e80 m,
depending upon the individual and the terrain).

For both experiments, we scored videotapes using the
event recorder JWatcher (Blumstein et al. 2006a; Blum-
stein & Daniel 2007). We noted the onset of bouts of
foraging, standing quadrupedally and looking, rearing
up bipedally and looking, walking, running, self-groom-
ing, interacting socially and time spent in burrow and
time spent out of sight. We calculated the proportion
of time allocated to foraging, heightened vigilance (rear-
ing and looking), total vigilance (stand-looking and rear-
looking), locomotion (walking and running) and staying
in the burrow. Although we visually explored all the
data, the proportion of time allocated by individuals to
foraging was our primary assay, because all subjects for-
aged before playback and responded to the playback by
decreasing foraging. After playback, marmots primarily
traded off foraging with vigilance, but they also spent
some time in locomotion or inside their burrow. We an-
alysed time allocation primarily in the first 15 s of play-
back, because responses to acoustic stimuli were brief
and subjects mostly resumed their initial behaviour
within a minute.
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For each playback, we subtracted time allocation fol-
lowing stimulus presentation from the 1-min baseline
period to determine whether there was a significant re-
sponse to the stimulus. We calculated 95% confidence
intervals of the difference from baseline and interpreted
those significantly different from zero as indicating a re-
sponse to the stimulus. We then fitted repeated-measures
general linear models to explain variation in the pro-
portion of time spent foraging and the proportion of time
spent engaged in high vigilance combined with the
proportion of time spent in the burrow (hereafter high
vigilance plus burrow) during the first 15 s of playback. We
used an angular transformation (appropriate for propor-
tions) to approximate more closely a normal distribution
for each of these variables. We used Mauchly’s test to
test for sphericity (Keppel 1991); in cases for which we
rejected the hypothesis of sphericity, we report Huynhe
Feldt corrected P values and HuynheFeldt corrected
degrees of freedom.

For multiple comparisons we calculated sequential
Bonferroni P critical values (Holm 1979; Rice 1989) and
set our experimentwise significance level at 5%. For the
2004 experiment, we were interested in comparing the av-
erage-length pup screams to their shortened counterparts,
their lengthened counterparts, and adult alarm calls.
Therefore, we divided 0.05 by 3 to obtain a P critical value
of 0.017 for the first comparison; we divided 0.05 by 2 to
obtain a P critical value of 0.025 for the second compari-
son and we used 0.05 as the P critical value for the third
comparison. For the 2005 experiment, we made all possi-
ble comparisons for a total of three comparisons (i.e. P
critical ¼ 0.017 for the first comparison, P critical ¼ 0.025
for the second comparison and P critical ¼ 0.05 for the
third comparison).

We tested for order effects by fitting a repeated-measures
general linear model focusing on the first 15 s of playback
in which the playback order, rather than the playback
stimulus, was the factor. Finally, we regressed the number
of previous playbacks heard and the number of other indi-
viduals aboveground and within 50 m of the focal subject
during the playback against our dependent variables: the
angular transformation of the proportion of time spent
foraging and the angular transformation of the proportion
of time spent in high vigilance plus burrow.

For all experiments we calculated partial h2 as a measure
of effect size for general linear models, and Cohen’s d as
a measure of effect size for pairwise comparisons, using
the pooled standard deviation (Cohen 1988). By tradition,
small effects are inferred when d ¼ 0.2, medium effects
when d ¼ 0.5, and large effects when d ¼ 0.8 (Cohen
1988). We calculated all statistics in SPSS 13.0 for the Mac-
intosh (SPSS, Inc., Chicago, Illinois, U.S.A., 2002).
Results
Does scream duration influence responsiveness? After hear-

ing all playback stimuli, marmots responded by signifi-
cantly decreasing foraging during the first 15 s that
included and immediately followed the playback (95%
confidence intervals for difference from baseline in pro-
portion of time spent foraging: adult alarm call: �0.421
to �0.068; average scream: �0.619 to �0.384; lengthened
scream: �0.495 to �0.266; shortened scream: �0.421 to
�0.180). Marmots significantly increased the proportion
of time spent rear-looking or in the burrow compared to
baseline after hearing all playback stimuli during the first
15 s that included and immediately followed the playback
(95% confidence intervals for high vigilance plus burrow:
adult alarm call: 0.094e0.520; average scream: 0.208e
0.655; lengthened scream: 0.110e0.580; shortened
scream: 0.00e0.400).

Marmots differed in response to the four treatment
groups in proportion of time spent foraging (F3,42 ¼ 3.692,
P ¼ 0.019, partial h2 ¼ 0.209) but not for high vigilance
plus burrow (F3,42 ¼ 0.969, P ¼ 0.416, partial h2 ¼ 0.065).
Marmots foraged significantly and substantially less after
hearing average-length pup screams compared to adult
alarm calls (P ¼ 0.011, P critical ¼ 0.017, d ¼ 0.949) or
shortened pup screams (P ¼ 0.021, P critical ¼ 0.025,
d ¼ 0.758). There was no difference in foraging in re-
sponse to average-length pup screams compared with
lengthened pup screams (P ¼ 0.566, P critical ¼ 0.05,
d ¼ 0.186).

There were no significant effects of order during the first
15 s of playback for foraging (F3,42 ¼ 0.999, P ¼ 0.403, par-
tial h2 ¼ 0.067) or high vigilance plus burrow (HeF cor-
rected: F2.466,34.518 ¼ 1.346, P ¼ 0.275, partial h2 ¼ 0.088).

There was no significant difference in the proportion of
time spent foraging during baseline periods among the
four treatment groups (F3,42 ¼ 1.701, P ¼ 0.181, partial
h2 ¼ 0.108). There was no difference in the proportion
of time spent in high vigilance plus burrow during base-
line periods among the four treatment groups (HeF cor-
rected: F1.644,23.019 ¼ 0.817, P ¼ 0.432, partial h2 ¼ 0.055).

There was a significant positive relationship between
the number of previous playbacks heard and the pro-
portion of time spent foraging in the first 15 s of playback
(R59 ¼ 0.266, P ¼ 0.040). However, when two outlier
points were removed (number of playbacks heard was 6
in one case and 7 in another), this relationship disap-
peared (R57 ¼ 0.198, P ¼ 0.137). Likewise, there was a sig-
nificant negative relationship between the number of
previous playbacks heard and the proportion of time
spent in high vigilance plus burrow in the first 15 s of
playback (R59 ¼ 0.276, P ¼ 0.033). However, when two
outlier points were removed (number of playbacks heard
was 6 in one case and 7 in another), this relationship
also disappeared (R57 ¼ 0.232, P ¼ 0.137). Removing these
outliers did not affect the main conclusions of our study.

Only a small amount of variation was explained by the
number of other individuals aboveground and within
50 m of the subject and the proportion of time spent for-
aging (R59 ¼ 0.239, P ¼ 0.066). There was no relationship
between the number of other individuals aboveground
and within 50 m of the subject and the proportion of
time spent in high vigilance plus burrow (R59 ¼ 0.173,
P ¼ 0.185).

Are pup screams more evocative than alarm calls? After
hearing all playback stimuli, marmots responded by
significantly decreasing foraging during the first 15 s that
included and immediately followed the playback (95%
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confidence intervals for difference from baseline in pro-
portion of time spent foraging: adult alarm call: �0.558
to �0.286; pup alarm call: �0.552 to �0.230; average
pup scream: �0.657 to �0.292). Marmots significantly in-
creased the proportion of time spent rear-looking or in the
burrow compared to baseline after hearing pup alarm calls
and average pup screams, but not adult alarm calls, during
the first 15 s that included and immediately followed the
playback (95% confidence intervals for high vigilance
plus burrow: adult alarm call: �0.067 to 0.353; pup alarm
call: 0.086 to 0.574; average pup scream: 0.271 to 0.750).

In this experiment, marmots did not vary their re-
sponses among the three stimuli during the first 15 s that
included and immediately followed the playback (HeF
corrected: F1.374,17.867 ¼ 0.365, P ¼ 0.621, partial
h2 ¼ 0.027). Nor was there any difference in high vigi-
lance plus burrow for this same period (F2,26 ¼ 1.660,
P ¼ 0.210, partial h2 ¼ 0.113).

However, a visual examination of the data suggested
that the response persisted over the subsequent 45 s for
the pup screams but did not persist either for the adult
or for the pup alarm calls. We thus further analysed the
45-s period immediately following the first 15 s of the
playback. We found a significant difference in foraging re-
sponse among the treatments (F2,26 ¼ 4.378, P ¼ 0.023,
partial h2 ¼ 0.252). Marmots had a significantly greater re-
sponse to the pup scream compared to the adult alarm call
(P ¼ 0.015, P critical ¼ 0.017, d ¼ 0.905). There was no dif-
ference in foraging response between adult alarm calls and
pup alarm calls (P ¼ 0.678, d ¼ 0.098), although there was
a large but not significant difference comparing pup
screams to pup alarm calls (P ¼ 0.077, d ¼ 0.742). There
was no difference in response among the treatments for
high vigilance plus burrow in the subsequent 45 s
(F2,26 ¼ 2.303, P ¼ 0.120, partial h2 ¼ 0.151).

These results are in contrast to previously published
results (Blumstein & Daniel 2004): yellow-bellied marmot
pup alarm calls were not more evocative than calls from
adults in the present study. The difference may lie in the
structure of the playback. In the previous study, each play-
back comprised a short burst of four alarm calls (with in-
ternote intervals similar to those of the current study’s
playbacks) followed by five more calls played at 10-s inter-
vals throughout the entire minute of playback. The cur-
rent study (like other recent experiments) used the
initial short burst of four calls only. Both studies found
no difference in the initial response to the short burst of
calls; however, the previous study found that the response
persisted over the entire minute of playback for the pup
calls but not the adult calls. In both experiments the
time of year in which we conducted the experiments
was similar (22 July through 8 August for the previous ex-
periment, 5 through 24 July for the current experiment).
Importantly, pups had emerged from the burrows and
were aboveground in both studies. The composition of
subjects was also similar for both studies (eight adult fe-
males, two adult males, three yearling females for the pre-
vious study, and seven adult females, three adult males,
four yearling females for the current study). In both stud-
ies a similar proportion of subjects were mothers (five
adult females for the previous experiment, and six adult
females for the current study). Further study will be
required to explain this discrepancy conclusively.

There was no difference in the proportion of time spent
foraging during baseline periods among the three treatment
groups (F2,26 ¼ 0.365, P ¼ 0.698, partial h2 ¼ 0.027). There
was no difference in the proportion of time spent in high vig-
ilance plus burrow during baseline periods among the three
treatment groups (HeF corrected: F1.000,13.000¼ 1.000,
P ¼ 0.336, partial h2 ¼ 0.071; note that marmots did not
engage in any high vigilance plus burrow for two of the three
treatments during the baseline minute).

There was no effect of order for foraging during the first
15 s that included and immediately followed the playback
(HeF corrected: F1.466,19.057 ¼ 0.962, P ¼ 0.374, partial
h2 ¼ 0.069). Similarly, there was no effect of order for for-
aging during the subsequent 45 s (F2,26 ¼ 0.065,
P ¼ 0.937, partial h2 ¼ 0.005). There was no effect of order
for high vigilance plus burrow during the first 15 s that in-
cluded and immediately followed the playback
(F2,26 ¼ 0.429, P ¼ 0.656, partial h2 ¼ 0.032). Similarly,
there was no effect of order for the subsequent 45 s for
high vigilance plus burrow (F2,26 ¼ 1.778, P ¼ 0.189, par-
tial h2 ¼ 0.120).

Because other individuals were rarely present above-
ground during the playbacks, we did not regress response
against number of others within the vicinity of the
subject. There was no effect of number of previous
playbacks heard on the foraging response in the first
15 s of playback (R41 ¼ 0.092, P ¼ 0.561) nor was there
any effect in the subsequent 45 s (R41 ¼ 0.029,
P ¼ 0.855). There was no effect of number of previous
playbacks heard on the high vigilance plus burrow re-
sponse in the first 15 s of playback (R41 ¼ 0.094,
P ¼ 0.555) nor was there any effect in the subsequent
45 s (R41 ¼ 0.008, P ¼ 0.567).
DISCUSSION

Yellow-bellied marmot pups occasionally utter a unique
vocalization, which we denote as a scream, within a week
of emerging from their natal burrow. At this time, they are
typically less than 500 g and are highly vulnerable to pred-
ators. The structure of these screams is significantly differ-
ent from alarm calls uttered by pups with respect to all call
features compared. In addition to these distinct differ-
ences in tonal qualities, most pup screams contain nonlin-
ear vocal phenomena, whereas alarm calls do not, and
they contain a substantial amount of potential informa-
tion about caller identity. Marmots responded more to
screams than to adult alarm calls and more to longer or av-
erage-duration screams than to shorter screams. Uniquely,
adult yellow-bellied marmots (2/3 were known to be the
screamer’s mother) occasionally uttered alarm calls in re-
sponse to hearing a pup scream. This sort of response
never happened in hundreds of previous playbacks of
alarm calls to yellow-bellied marmots. Taken together,
screams therefore have a conspecific warning function
and they may serve to recruit help from adults, potentially
the screamer’s mother, as seen in some other species
(Gouzoules et al. 1984; Held et al. 2006).
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Screams seem to contain a substantial amount of in-
formation about the identity of the vocalizer. A stronger
demonstration of this would have required us to have
recordings from different occasions, something that was
impossible because of the low frequency with which pups
screamed and because those pups that did scream almost
always did so only the first time they were caught. None the
less, if screams functioned to recruit help from adults, we
would expect that they might be targeted to their parents,
who presumably would be able to identify their pups
acoustically. Adult yellow-bellied marmots are able to
discriminate among adult callers based solely on their
vocalizations (Blumstein & Daniel 2004; Blumstein 2007b).

The structure of screams suggests that they could also be
a protean display (Caro 2005) towards their predators. The
lower frequency of the pup screams with the addition of
the nonlinear subharmonics may also act to discourage
predation. Many animals associate lower pitched calls
with larger body size. By making lower frequency screams,
with subharmonicsdwhich can lower the apparent pitch
of the call without requiring the physiological means to
produce a normal low-frequency call (Fitch et al.
2002)da threatened pup might be able to convey the
acoustic illusion that it is larger than its actual size, thus
discouraging a potential attacker.

If pup screams were indeed protean displays, we would
expect that predators might occasionally release a scream-
ing pup. Observing predation at our study site is rare, but
we have observed a few successful kills by a female red fox,
Vulpes velox. In no case did screams prevent the fox from
killing the pup. One pup apparently survived by being still
and escaping after the fox either cached the still-alive mar-
mot pup or gave it to her kits. Future observations will be
needed to determine whether pups have any chance of
escaping their predators by screaming.

Marmot pup screams contain warbles, subharmonics,
biphonation and deterministic chaos in a variety of
combinations. Some screams had no nonlinearities,
whereas others had several bifurcationsdtransitions be-
tween the different complexities and/or nonlinearities
(Fitch et al. 2002)dwithin one call. Pup screams are
unique in that they are the only marmot alarm vocaliza-
tions, with the possible exception of the quiet and rarely
uttered ‘chucks’ (Blumstein & Armitage 1997), to contain
nonlinearities. Nonlinearities are produced by the differ-
ent interactions of two or more oscillatorsdsuch as the
right and left vocal folds or other such anatomical struc-
tures (Wilden et al. 1998). These interactions result in syn-
chronization at different frequencies, which can lead to
subharmonics or biphonation, or in desynchronization,
which can lead to deterministic chaos. Asymmetries in
the vocal folds are one feature that can lead to de-
synchronized vibrations or differing vibratory frequenciesd
and consequently to nonlinearities (Fitch et al. 2002). It is
possible that some feature of a marmot pup’s developing
vocal folds, such as asymmetry, is responsible for these
nonlinearities, whereas more developed vocal folds of
marmots produce regular phonation.

It is also possible that highly aroused pups have less
control over their vocal apparatus and thus sometimes
produce vocalizations with deterministic chaos. Pups,
because of their size and na€ıveté, are particularly vulner-
able to predators. Highly aroused meerkats communicate
relative risk in their functionally referential alarm calls by
adding what seems to be deterministic chaos to their calls
(Manser 2001). Highly aroused chimpanzees, Pan troglo-
dytes, add nonlinearities to their pant-hoots (Riede et al.
2004). And, piglets, Sus scrofa, Japanese macaques, Macaca
fuscata, and domestic dogs, Canis familiaris, all produce
nonlinearities when highly aroused (Tokuda et al. 2002).

The ability to produce nonlinearities may also be
advantageous to a marmot pup in different ways. The
presence of complex structure and nonlinearities allows
for complex and unpredictable calls (Fitch et al. 2002).
This additional complexity and variation might allow in-
dividual callers to be identified more readily and is sup-
ported by the high degree of individuality that seems to
be present in the pup screams. The unpredictability that
nonlinearities provide in these screams could be advanta-
geous to threatened marmot pups because it prevents lis-
teners from habituating to their screamsdsupporting the
idea of a possible protean display. Consistent with this hy-
pothesis are the observations that screams are produced
when the pups are under direct threat, normal alarm calls
are tonal and do not contain these nonlinear features, and
screams tend to be more varied than alarm calls with re-
spect to duration and rise time. Thus, these screams are
also likely to be an honest indicator of threat.
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