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Introduction

Acoustic cues present in species-specific animal

vocalizations may encode information about some

aspect of the caller’s phenotype important in repro-

ductive contexts (Andersson 1994). In particular, a

number of recent studies have shown that vocal

tract resonances or ‘formants’ – important phonetic

elements of human speech – provide reliable infor-

mation on body size in mammals (Fitch 1997; Riede

& Fitch 1999; Reby & McComb 2003a; Harris et al.

2006; Sanvito et al. 2007). This information could

also be used to gauge a caller’s maturity (Reby &

McComb 2003a) and ⁄ or sex (Rendall et al. 2004). In

addition, animals can use formants to discriminate

among their own species-typical vocalizations both

with (Owren 1990a,b; Hienz et al. 2004) and with-

out training (Fitch & Kelley 2000; Fitch & Fritz

2006). However, despite the potential for formants

to encode important information about a caller’s

phenotype, and the fact that a latent ability to per-

ceive formant shifts appears to be present through-

out animals lacking speech, few studies have

examined the functional relevance of these acoustic

cues to non-human animals in their natural envi-

ronments (but see Reby et al. 2005).

The vocal displays of red deer males occur only

during the breeding season and are clearly linked to

reproduction (Clutton-Brock & Albon 1979; Reby &

McComb 2003b). Recent studies have shown that

both male and female red deer perceive and attend

to formants shifts in male roars corresponding to dif-

ferent size callers (Reby et al. 2005; Charlton et al.

2007a). Farmed female red deer are also known to

prefer roars simulating larger males when they are

in oestrus (Charlton et al. 2007b) and farmed peri-

oestrous hinds also show more attention to roars

simulating larger males (Charlton et al. 2008). How-

ever, this previous work on females was conducted

in controlled conditions on farms and hence, the

response of red deer hinds to size-related formant

information in the approach to breeding (but outside

of peak oestrus) and in their natural environment

remain to be investigated.
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Abstract

Acoustic cues present in the reproductive calls of many animal species

potentially encode important information about the caller. Here, we test

the response of a free-ranging population of peri-oestrus red deer hinds

to variation in a specific acoustic cue to body size in the male roar, the

formant frequencies. Our results revealed: (1) that hinds showed greater

overall attention (judged by longer looking responses and lower response

latencies) to roars simulating males of sub-adult body size than to those

simulating a large adult male and (2) that hinds without dependent off-

spring had greater looking responses to male roars and lower response

latencies than hinds with dependent offspring to roars simulating sub-

adult males. These findings indicate that free-ranging red deer hinds

may use formants as acoustic cues to gauge the body size and maturity

of males in their natural environment, possibly to facilitate earlier detec-

tion and avoidance of young stags that are known to harass them.
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In this study, we use re-synthesis techniques and

playback experiments to examine the behavioural

responses of red deer hinds to male roars simulating

stags of different body size and maturity in their nat-

ural environment. In natural conditions, there are

other environmental and social factors that may

affect female response to male roars, as well as intrin-

sic factors such as female hormonal state and breed-

ing status. For example, when adult hinds are

presented with re-synthesized roar bouts correspond-

ing to different size callers, they might be expected to

pay greater attention to roars simulating large adult

males that advertise high quality mates. Indeed,

farm-reared hinds do show more attention to roars

simulating larger males (Charlton et al. 2008); how-

ever, as free-ranging hinds are exposed to harassment

from sub-adults males (which farm-reared hinds are

not) they may attend more to roars where formants

indicate a sub-adult male, if the costs of harassment

from such males are high and their presence repre-

sents a threat. Moreover, the offspring ⁄ breeding sta-

tus of free-ranging hinds may affect their response to

male roaring. Lactating females with dependant off-

spring enter oestrus later and are less likely to pro-

duce offspring the following year (Clutton-Brock

et al. 1982). Accordingly, these individuals may be

expected to attend less to male roars than those with-

out dependant offspring because they are less willing

to mate, or simply because they receive less harass-

ment from males during the rut.

Materials and Methods

Study Site and Animals

The playback experiments were conducted during

the autumn breeding season (Sep.–Oct.) of 2003 at

the Kilmory study site on the island of Rum, Inner

Hebrides, Scotland. The subjects of the playback

experiments were 23 free-ranging adult red deer

hinds aged 3–16 yr old (16 with offspring and seven

without) each recognized by a combination of differ-

ent coloured collars and ear tag number ⁄ colour. The

precise hormonal state of our female subjects was

unknown, however, as we only targeted hinds at

the periphery of harems for our playbacks it was safe

to assume that they were not in peak oestrus when

they would be closely attended by a harem holding

stag and inaccessible to us. Notwithstanding this, the

experiments were conducted during the breeding

season and accordingly, we refer to the hind’s hor-

monal state (which we could not assess directly)

throughout this study as peri-oestrus.

Playback Stimuli

The playback stimuli were created using roars from

four different mature stags recorded at Kilmory

study site, Rum, in the early 1980s. The stags were

aged 8–9 yr old when the recordings were made and

representative of the local study population yet

unfamiliar to the current hinds. The original record-

ings were made by K McComb, using a Sennheiser

MKH 816T microphone (Sennheiser electronic

GmbH & Co., KG) and a Uher 4200 Report Monitor

open reel recorder (Uher Informatik GmbH,

Braunschweig, Germany). Roar bouts of comparable

duration (6–7 s) were selected from each stag exem-

plar, each comprising three roars, none of which

were ‘harsh roars’ (see Reby & McComb 2003b for

information on roar types). The mean fundamental

frequency of the roar bouts used for our playback

stimuli ranged from 104 to 117 Hz (�x ¼ 110Hz),

which is within the natural range for both sub-adult

and adult male red deer (Reby & McComb 2003a).

These roar bouts were transferred onto an Apple

Macintosh G3 computer via a Digidesign Audio-

media III soundcard and saved as soundedit 4.1 files

in AIFF format (16 bits, 48 kHz sampling rate).

Estimation of Formant Frequencies

To determine the appropriate factors by which to

shift the formants to create the re-synthesized roars

for the playback stimuli, we first extracted the origi-

nal formant frequencies for each roar using praat

4.2.06 DSP package (Boersma & Weenink 2005).

The male roar is characterized by an initial drop in

formant frequencies, which then remain stable at

minimum values before they rise again at the end of

the roar. This is due to the fact that stags have

mobile larynges, enabling them to lengthen their

supra-laryngeal vocal tract during vocalizations

(Fitch & Reby 2001). We only used roars in which

each of the formant values had a clearly defined

minimum plateau; reflecting the maximal vocal tract

extension reached when the stag lowers its larynx to

the sternal limit. The minimum formant frequency

values of the first eight formants were measured

using Linear Predictive Coding [LPC; ‘To Formants

(Burg)’ command in praat]. The analysis parameters

used were: time step: 0.05 s; window analysis: 0.1 s;

maximum formant values: 1700–1900 Hz; maximum

number of formants: 8; pre-emphasis: 6000 Hz. The

minimum formant frequency spacing (DF) achieved

during each roar was estimated using a regression

method in which each formant value is plotted
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against its expected value as predicted when the

vocal tract is approximated as a straight uniform tube

open at one end, the mouth, and closed at the other,

the glottis [this method is covered in more detail by

Reby & McComb (2003a)]. Finally, the apparent

vocal tract length (VTL) of the caller for each roar

was deduced using the equation: VTL = c ⁄ 2DF where

c is the approximate speed of sound in the mamma-

lian vocal tract (350 m ⁄ s) (Titze 1994).

Modification of Roars

Each roar was re-synthesized using a PSOLA-based

algorithm in which the apparent vocal tract lengths

are changed by shifting the formant frequencies by a

factor (k) whilst leaving the other acoustic parame-

ters unchanged. This algorithm works by initially

multiplying FO by k and duration by 1 ⁄ k, before

re-sampling at the original sampling rate multiplied

by k and then playing the samples at the original

sampling frequency. The program was written by

C.J. Darwin and can be downloaded from http://uk.

groups.yahoo.com/group/praatusers/files/Darwin%

20scripts/Vtchange.

The roars were modified in this way to give two

size variants for each stag exemplar corresponding to

males with vocal tract lengths of 63.2 and 75.8 cm

(see Fig. 1) and consistent with the stags having the

body size of a sub-adult and a large adult respec-

tively (Reby & McComb 2003a).

A previous study has shown that in Scottish red

deer, the apparent vocal tract length for 57 males

ranged between 60.5 cm for the smallest stag and

78 cm for the largest, with mean values for adult

and sub-adult males of 71.9 and 65.1 cm respec-

tively (Reby & McComb 2003a). Therefore, the

apparent vocal tract lengths of the exemplars we

used (of 63.2 and 75.8 cm) are consistent with a

medium sub-adult and a large adult red deer stag

representative of the population on the Isle of Rum.

The appropriate factors (k) required to change the

apparent vocal tract lengths of the exemplars to cor-

respond to that of a medium sub-adult and large

adult stag were then deduced by dividing either 63.2

or 75.8 by the original apparent vocal tract lengths

measured for each roar.

Roar Amplitude Standardization

After roar modification, the playback stimuli were

normalized to 100% peak amplitude. This resulted

in a set of re-synthesized roars with average mean

intensity values of 77.33 dB (SD = 1.69) ranging

between 74.29 and 79.19 dB. In addition, we

wanted to check whether the higher formants of the

sub-adult stimuli could lead to a perceptually louder

call, due to a shift of energy into the higher spectral

regions closer to the most sensitive region of the

deer’s auditory system. To check for a difference in

perceptual loudness, we integrated a reindeer audio-

gram (Flydal et al. 2001) (a closely related cervid

species) over our two different classes of roar stimuli

and checked for differences in mean sound intensity.

After the reindeer audiogram was applied as an

inverse filter we found a marginally higher mean

intensity (0.63 dB) for the large adult stimuli (large

adult = 76.02 dB; sub-adult = 75.39 dB). However, it

is safe to assume that such a slight difference in

intensity would result in negligible variation in per-

ceptual loudness (due to wind and weather effects)

and hence, is extremely unlikely to produce a differ-

ential response.

Playback Protocol

Playback sequence design

The playback sequences consisted of two presenta-

tions of a three-roar bout taken from the same stag
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Fig. 1: Spectrograms to illustrate one of the

exemplars and the two size variant conditions.

The minimum formant spacing (DF) of the

medium sub-adult and large adult size variant

corresponded to extended vocal tracts of

63.2 and 75.8 cm respectively. The formants

are represented by the darker less regularly

spaced bands labelled F1, F2,…F8.

B. D. Charlton et al. Formants as Cues to Male Maturity

Ethology 114 (2008) 1023–1031 ª 2008 The Authors
Journal compilation ª 2008 Blackwell Verlag, Berlin 1025



exemplar and separated by 5 min. The only differ-

ence between these two-roar bouts was in the mini-

mum formant frequencies that had been modified to

simulate stags of large adult and sub-adult vocal tract

lengths and hence body sizes. The size variant to be

played first in the playback trial was alternated to

provide a balanced experimental design.

Playback execution

The playback sequences were presented to groups of

one to three hinds from ranges of 40–100 m and at

a distance closer than any other roaring stag. Dis-

tance between subject and speaker position was

measured using a TASCO laser range finder that had

previously been calibrated on objects of known dis-

tance by the observer. The timing of the playback

presentation was determined by the current behav-

iour of the subjects and playback was only initiated

when the subjects were grazing and it is assumed

their attention is directed towards the feeding activ-

ity. The roar stimuli were played back using an

Anchor Audio Liberty 6000HIC (Torrance, CA, USA)

loudspeaker with a built in CD player at sound pres-

sure levels of 105 dB peak (determined using a Radio

Shack Sound Level Meter, set for C-weighted fast

response and measured 1 m from the source). The

behaviour of the females was videotaped from 2 min

immediately prior to the start of the first playback of

the experimental period until 5 min after the second

playback using a Sony digital camera DCR ⁄ PC120E

(Tokyo, Japan) mounted on a tripod. The speaker,

camera and researcher were hidden behind a camou-

flage net to minimize visual disturbance.

Behavioural Analysis

The videotapes were analysed frame by frame

(frame = 0.04 s) using gamebreaker 5.1 digital video

analysis system (Sports Tec, Sydney, Australia) for

Mac OS 10. The duration of all looks given towards

the speaker for 5 min after each playback of a

sequence pair were measured. The behaviour was

defined as starting the frame before the hind turned

or raised her head to look towards the speaker hav-

ing previously faced away and ended the frame

before the head began to orient away. Latency to

respond, the time between the playback and the

onset of behavioural response, was also quantified.

To accurately assess response latency over varying

distances, the speed of sound through the environ-

ment had to be taken into consideration. A factor

(d) was derived by dividing the distance between

the speaker and subject by the speed of sound in

normal atmospheric conditions (343 m ⁄ s) and then

subtracted from the initial latency values obtained.

Two playbacks were removed from the analysis

because the adjusted latency values (minus the fac-

tor) were below zero and hence, the behavioural

response was deemed to have not been due to the

playback. This is because the subjects’ reaction would

be constrained minimally by the speed of signal

transmission through the environment and addition-

ally by neural processing and muscle reaction time.

Statistical Analysis

Before statistical testing, the data were log10 trans-

formed to normalize the distribution for parametric

significance tests. To normalize the data distribution

for latency to first response, we needed to use a

fourth root transformation. Hinds that failed to

respond within 2 min to playbacks were deemed not

to be attending to the playback stimuli and were

excluded from the analysis (36 non-responders to

the large adult and 40 to the sub-adult condition),

leaving a total of 64 playbacks (35 simulating a large

adult and 29 a sub-adult) to 23 different subjects.

A principal components analysis (PCA) was made

using: first look duration, total look duration and

mean look duration, to reduce these highly corre-

lated variables to one ‘looking response component’

explaining 88% of the variance (subjects with

greater first, total and mean look duration had the

highest scores) (Table 1).

Due to uneven subject participation in the dataset

(each hind received one to eight playbacks) and to

avoid problems with temporal pseudoreplication

(repeated measures taken from the same individual),

we used linear mixed effect models to examine the

data (Cnaan et al. 1997). These models are particu-

larly useful as they allow us to define both fixed

and random factors. Random factors are distin-

guished by the fact that we are only interested in

the variance they explain and not their actual

parameter values. Factor effects are random if the

levels of the factor used in the study represent a

random sample of a larger set of potential events,

for example, the subjects in our experiment. Accord-

ingly, size variant condition and hind off-

spring ⁄ breeding status were entered as fixed factors

and subject identity as a random factor in our linear

mixed effect models. We used a variance compo-

nents covariance structure for the repeated mea-

sures, which proved to be the most parsimonious,

having the lowest Akaike’s information criterion
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(AIC) value of all the covariance structures in which

the model reached convergence. Finally, to ensure

the test compares likelihoods based on the same

data, we used the maximum likelihood estimation

method to test our hypotheses (Venables & Ripley

2002). spss version 11.0.2 (Chicago, Illinois, USA)

for Mac OS 10 was used to run the linear mixed

effect model, significance levels were set at 0.05 and

two-tailed probability values are quoted.

Results

Of hinds that responded to playbacks, looking

response was substantially greater to playbacks simu-

lating a sub-adult stag than to playbacks simulating

a large adult stag (F1,26.575 = 11.927, p = 0.002). In

addition, latency to respond was lower in response

to playbacks simulating a sub-adult than to play-

backs simulating a large adult stag (F1,16.802 = 6.037,

p = 0.025) (see Fig. 2a, b).

Hind offspring ⁄ breeding status had a significant

separate effect on the looking response of females

that responded to playbacks (F1,155.064 = 5.517,

p = 0.020); hinds without dependant offspring had

greater looking responses to male roars (irrespective

of their formant values) than hinds with dependant

offspring. No interaction between size variant and

hind offspring ⁄ breeding status was detected for look-

ing response (F1,26.575 = 0.701, p = 0.410) and the

offspring ⁄ breeding status of females had no separate

effect on response latency (F1,5.701 = 0.002,

p = 0.963). However, a significant interaction

between size variant and hind offspring ⁄ breeding

status was detected for response latency (F1,16.802 =

5.447, p = 0.032); hinds without dependant offspring

responding to playbacks had lower latencies to

respond to sub-adult roars than females with depen-

dant offspring (see Fig. 2c, d).

Discussion

These results indicate that free-ranging red deer

hinds show significantly more attention, judged by

longer looking responses and lower response laten-

cies, to male roars in which the minimum formant

frequencies simulate a medium sub-adult than to

those simulating a large adult stag. Previous work

using experimental setups showed that farmed red

deer hinds perceive shifts in formant frequencies

(Charlton et al. 2007a), move preferentially towards

male roars simulating larger callers when in oestrus

(Charlton et al. 2007b) and show more attention to

roars simulating larger males during the breeding

season (Charlton et al. 2008). The response observed

here suggests that formants are also functionally rel-

evant to free-ranging hinds outside of their peak

conception times, and represents the first unequivo-

cal demonstration that a non-human female animal

attends to formants in their natural environment.

The size variants used in this study were represen-

tative of the local study population and hence a

female mating preference for the smaller sub-adult

size variant would make little sense from an adap-

tive perspective. However, increased attention to a

single sound source does not necessarily indicate

attraction. In particular, free-ranging red deer hinds

may be more attentive to sub-adult roars simply

because they benefit by avoiding these individuals.

Indeed, selection against breeding with young,

immature males is common in ungulates (Miura

1984; Hirotani 1989; Komers et al. 1999). Moreover,

red deer hinds do actively avoid young stags, which

Table 1: Descriptive statistics of hind responses to the playback stimuli

Size variant Response

All hinds Hinds with offspring Hinds without offspring

N �x� SE N �x� SE N �x� SE

Large adult

(VTL = 75.8 cm)

First look 35 3.51 � 0.41 25 3.34 � 0.45 10 3.92 � 0.93

Mean look 35 3.33 � 0.40 25 3.06 � 0.38 10 3.98 � 1.05

Total look 35 8.85 � 1.93 25 6.72 � 1.81 10 14.18 � 4.81

Looking response PCA component 35 )0.21 � 0.14 25 )0.33 � 0.16 10 0.09 � 0.28

Latency 35 33.00 � 5.58 25 28.93 � 6.31 10 43.19 � 11.41

Sub-adult

(VTL = 63.2 cm)

First look 29 10.58 � 4.55 20 12.35 � 4.28 9 6.66 � 1.60

Mean look 29 10.30 � 4.55 20 12.36 � 4.28 9 5.71 � 1.06

Total look 29 18.66 � 5.23 20 15.68 � 4.25 9 25.27 � 8.98

Looking response PCA component 29 0.40 � 0.22 20 0.26 � 0.21 9 0.72 � 0.23

Latency 29 31.41 � 7.62 20 38.01 � 9.59 9 16.65 � 11.38

�x � SE of original untransformed data are shown. A principal components analysis (PCA) reduced first look duration, total look duration and mean

look duration to a ‘looking response component’, accounting for 88% of the variance.
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are known to harass them during the breeding sea-

son (Clutton-Brock et al. 1982). This harassment can

potentially result in direct fitness costs through

reduced foraging time and even physical damage

from the copulation attempts of young inexperi-

enced stags (Clutton-Brock et al. 1982). Indeed,

male harassment is associated with increased female

mortality in feral sheep (Reale et al. 1996), and is

likely to have a similar effect in red deer.

Free-ranging red deer hinds would therefore be

expected to minimize the direct costs of associating

with sub-adult stags and our findings suggest that

they may be using formant values to assess the call-

er’s maturity, through the correlation with body size,

to facilitate earlier detection and avoidance of these

individuals. Although there were no consistent

movements away from male roars simulating sub-

adults as opposed to those simulating large males,

greater attention to sub-adult roars may mean that

hinds would be more prepared to escape from these

individuals when presented with a visual cue to con-

firm their presence.

Our findings here with free-ranging red deer

hinds, in which greater attention was paid to male

roars simulating smaller sub-adult stags, and those of

a previous study on farm-reared hinds (Charlton

et al. 2008), in which the greatest attention was paid

to roars simulating the largest stags, may be recon-

ciled when one considers the fitness benefits of two

different aspects of female red deer mating behav-

iour: the avoidance of harassment by sub-adults and

a preference for mating with larger males. It seems

that the most parsimonious explanation for the

apparent discrepancy in results is that red deer hinds

in natural conditions are given the opportunity to

learn to associate high formant values with harass-

ment. Farm-reared hinds are housed in separate

enclosures from males and, as they only ever associ-

ate with one sire each year, are not exposed to the

harassment by sub-adults that free-ranging animals

Fig. 2: Estimated marginal �x � SE of female

looking responses (a, c) and latency to

respond (b, d) to playbacks simulating either a

large adult (VTL = 75.8 cm) or a medium sub-

adult (VTL = 63.2 cm) stag. Charts (c) and (d)

show the affect of offspring ⁄ breeding status

on hind looking response and response

latency. *p < 0.05.
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are. They would not have the opportunity therefore

to learn to associate harassment with high formants.

Indeed, it seems increasingly plausible that female

sexual behaviour is affected by prior experience

(East & Hofer 1991; Depraz et al. 2000; Hebets 2003;

Kavaliers et al. 2003) and several animal species can

learn, by operant conditioning, to use formants in

human speech to discriminate between vowel

sounds (Hienz et al. 1981, 1996, 2004; Hienz &

Brady 1988; Sinnott 1989; Sommers et al. 1992;

Sinnott & Mosteller 2001) and different synthetic

animal call types (Owren 1990b).

Another alternative explanation for our results is

that sub-adult stags in natural conditions simply roar

less during the breeding season. Indeed, young red

deer do roar less than mature stags during the breed-

ing season (Clutton-Brock & Albon 1979) when it is

clearly non-adaptive for them to roar and invite con-

tests with larger, stronger stags in the vicinity. Accord-

ingly, as free-ranging red deer hinds are exposed to

more male roaring than farm-reared animals during

the breeding season it is important to consider the

possibility that hinds could become more habituated

to the roaring of mature stags and subsequently show

a marked dishabituation to the more novel stimulus

of a sub-adult roaring. However, crucially, when the

stimuli used in the current experiment were played

back to males in our population in a previous study

(Reby et al. 2005) we found no evidence of an

elevated response to the sub-adult stimuli.

Moreover, further investigation of our data

revealed that females without dependant offspring

paid more attention to playbacks of male roars than

those with dependant offspring, irrespective of their

formant values. This may indicate that females who

failed to conceive in the previous breeding season are

more interested in, and possibly more attracted to

rutting males than those already with young. On the

other hand, females without dependant offspring

may simply be keener to avoid rutting males if they

receive more attention and subsequently more

harassment from stags during the breeding season. In

fact, rocky-mountain mule deer bucks prefer females

without fawns (Margulis 1993). If the same were true

of red deer stags, we would expect hinds without

calves to experience the most male harassment.

Indeed, in support of this, we found that females

without dependant offspring also had significantly

lower response latencies to roars simulating sub-

adults (which are especially known to harass red deer

hinds) compared to females with dependant off-

spring. These results emphasize that female responses

appear to be sensitive to functionally relevant factors

and are unlikely to be simply explained by the

greater novelty of hearing roars from young males.

Although any assumptions about underlying

female preferences in natural conditions must

remain speculative due to other factors that may

influence their expression, field experiments (such

as the current study) are necessary to realistically

assess the environmental and social factors affecting

female mating behaviour. We know from previous

work using a controlled experimental setup that red

deer hinds prefer male roars in which lower for-

mants indicate larger callers during oestrus (Charlton

et al. 2007b) and hence, that formants may be used

to select larger males at this time. Our results here

suggest that free-ranging red deer hinds may also

use formants as acoustic cues to a male caller’s

maturity (through the correlation with body size) to

facilitate the earlier detection and avoidance of sub-

adults during the breeding season.

Indeed, in many mating systems females face a

trade off between choosing the best available mate

and also minimizing reproductive costs (Jennions &

Petrie 1997). Moreover, it seems increasingly plau-

sible that conflicts of interest between the sexes

would result in the evolution of female mating

behaviour to avoid direct costs imposed by males

(Clutton-Brock & Parker 1995; Holland & Rice

1998; Gavrilets et al. 2001). The results obtained

here may reflect the importance of minimizing the

costs associated with male harassment – and high-

light the need to consider the role of this factor in

shaping the mating behaviour of female red deer in

natural conditions.
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