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Abstract 

Understanding the information conveyed by animal signals requires studies of both production 
and perception. It is important to determine the relationship between signal morphology and the 
circumstances of production, the way signaller behavior varies with motivational state and the role of 
context in mediating responses to signals. Alarm calls are well-suited to research of this type because 
they are widespread in birds and mammals and typically evoke unambiguous responses. We review 
studies of alarm calling in primates and ground-dwelling sciurid rodents, concentrating especially on 
whether these signal systems may be viewed as ‘functionally referential’, that is, as conveying 
sufficient information about an event for receivers to select appropriate responses. Comparisons of the 
physical, behavioral and habitat characteristics of these species suggest that incompatibility of the 
escape responses required to  avoid different classes of predators may have been an important factor in 
the evolution of functionally referential alarm calls. 

Corresponding author: Joseph M .  MACEDONIA, Animal Communication Laboratory, Univer- 
sity of California, Davis, C A  95616-8761, USA. 

Introduction 

Many species of mammals and birds emit vocal signals in response to 
predators. Often, one type of ‘alarm’ call is elicited by aerial predators whereas a 
different call type is evoked by terrestrial predators (e.g., MARLER 1957; KLUMP & 
CURIO 1983). The adaptive significance of structural differences between aerial 
and terrestrial predator alarm calls has been discussed extensively (e.g., MARLER 
1955, 1957; CURIO 1978; BROWN 1982; KLUMP & CURIO 1983; KLUMP & SHALTER 
1984). In this review, we focus instead on another aspect of alarm calling, namely 
what these vocalizations may mean to the animals using them. We assess signal 
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meaning from the standpoint of usage, or  the relationship between signal struc- 
ture and eliciting stimulus, as well as from the responses of conspecific receivers. 

Calls evoked by predators have several properties that make them particu- 
larly well-suited for addressing questions about signal meaning. First, the eliciting 
stimulus often can be identified with confidence. Second, responses to alarm calls 
typically contrast conspicuously with behavior engaged in immediately prior to 
the call. Third, the differences in hunting style characteristic of different types of 
predator give rise to qualitatively different escape tactics. This variation in 
response type provides sensitive assays for playback experiments designed to 
explore the effects of alarm calls on conspecific receivers. 

The study of vocal antipredator behavior also provides insights into the way 
nonhuman animals classify objects and events in the world around them (CHENEY 
& SEYFARTH 1990). Such work is thus logically complementary to laboratory 
studies of stimulus categorization (e.g., HERRNSTEIN et al. 1976; HERRNSTEIN 
1984, 1985, 1991) and concept formation (e.g., LEA 1984; PEPPERBERG 1987a, b). 
We will argue, as well, that comparative studies of alarm call systems have the 
potential to identify the factors responsible for the observed variation in antipre- 
dator behavior. 

Considerable controversy has arisen about the information conveyed by 
alarm calls (e.g., OWINGS & HENNESSY 1984; GOUZOULES et al. 1985; MARLER 
1985; MARLER et al. 1992; SMITH 1991). One  view suggests that, in at least some 
animals, these vocalizations serve as ‘referential signals’ that denote different 
classes of predators (e.g., SEYFARTH & CHENEY 1980; SEYFARTH et al. 1980a, b). 
To those unfamiliar with the details of this argument, it may seem self-evident 
that an animal emitting an alarm call in response to an approaching raptor is 
communicating something about aerial predators to conspecifics. This need not 
be the case. Such a vocalization could, for example, be a manifestation of the fear 
or panic associated with the threat of predation. Alternatively, it could reflect a 
desire for the dispersal or aggregation of group members. 

Another possibility is that different types of alarm call do not denote 
predator classes, but rather, reflect a differential in ‘response urgency’ associated 
with the time constraints that different types of predators impose on their prey 
(e.g., ROBINSON 1980; OWINGS & HENNESSY 1984). Because the immediacy of 
threat posed by aerial and terrestrial predators may differ in a relatively consistent 
fashion, alarm calls could indicate how rapidly evasive behavior must be enacted. 
One  call type might convey that time is available to gather information about 
predator type, location, and behavior before responding, whereas another call 
type could indicate that an immediate response is necessary. 

This review has three principal components. We begin by discussing the 
issue of external reference in animal signals and develop a set of criteria for 
recognizing call systems with this property. We then review observations and 
experiments involving primates and ground-dwelling sciurid rodents (ground 
squirrels, marmots, and prairie dogs), the two taxa in which alarm calling has 
received the most study. Finally, we compare the antipredator behavior of these 
mammals with the goal of identifying selective forces that may underlie the 
evolution of particular types of call systems. 
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Many believe that a fundamental difference between language and the 
communication of animals lies in the ability of humans to communicate about 
objects and events in the external world (e.g., PREMACK 1975; LURIA 1982; 
BICKERTON 1990; reviewed by MARLER 1985). This property of language has been 
variously labelled ‘semantic communication’, ‘representational signalling’, ‘sym- 
bolic representation’, and ‘referential signalling’. In contrast to language, animal 
signals are often seen as being limited to expression of motivation or ‘affect’. 

The term ‘referent’ has not been used consistently in analyses of animal 
communication. SMITH (1981, 1991 : 214) suggested a relatively broad definition in 
which signals are considered to have multiple referents including “(a) several 
kinds of behavior (plus their probabilities and other variables), (b) physical 
characteristics of the signaller (e.g., its species and other identities), and (c) for 
some signals, external stimuli to which the signaller is responding.” Other 
authors (e.g., SEYFARTH et d. 1980b; MARLER 1985; M A R L E R  et al. 1992) favor a 
more restrictive definition, (approximating SMITH’S third category) in which 
‘referent’ is reserved for objects or events external to the signaller. 

In this review, we adopt the latter usage because we are concentrating on the 
issue of whether animals communicate about phenomena external to themselves. 
However, we do  not intend to imply that referential signals encode information 
only about the eliciting event. Abundant and compelling evidence indicates that 
information is also encoded about species, individual identity (e.g., CHENEY & 
SEYFARTH 1988, 1990), affective state (JURGENS 1979; SEYFARTH et a]. 1980b) and, 
at least probabilistically, about the subsequent behavior of the signaller (EVANS et 
a]. 1993). 

Criteria for Demonstrating ‘External Reference’ in Animal Signals 

Recent theoretical papers have assessed whether animal signals have external 
referents by applying criteria that require examination both of the signaller’s 
behavior and of the effects of the signal on conspecifics (MARLER et al. 1992). That 
is, by examining both production and perception. 

The ‘production’ criterion is that referential signals should exhibit a degree 
of stimulus specificity. This requires that all eliciting stimuli must belong to a 
common category, although the size of this category (and hence the absolute level 
of specificity) could vary considerably. Taking signals elicited by aerial predators 
as an example, alarm calls in one species might be evoked only by red-tailed 
hawks (a high degree of specificity), while another species might call in response 
to all raptors and also to other birds with similar silhouettes (much less specific- 
ity). Variation in specificity, however, is also a characteristic of human speech, 
which is the paradigmatic example of referential signalling. The expressions 
‘aircraft’, ‘commercial jet’ and ‘Boeing 747’ form a continuum of increasing 
specificity (ix., they correspond to successively smaller stimulus categories) but 
all are unambiguously referential. 

One  clear correlate of the ‘production specificity’ criterion is that referential 
signals should not occur at appreciable rates in inappropriate contexts. We 
therefore would not expect them to be produced in the absence of the putative 
referent. Similarly, the link between signal type and stimulus category should be 
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maintained over the whole range of variation in the nonvocal behavior of the 
signaller. If the putative referent of a call is ‘aerial predator’, then airborne raptors 
should evoke the same call type whether the calling animal is simply orienting 
toward them or fleeing toward a refuge. 

The ‘perception’ criterion requires that referential signals should be suffi- 
cient, in the absence of the eliciting stimulus and of other normally available cues, 
to allow receivers to select appropriate responses. We shall refer to this property 
as ‘context independence’. This test establishes that cues provided by the non- 
vocal antipredator behavior of the signaller are not essential. It does not imply 
that such cues are not salient to conspecifics, o r  that they do not mediate the 
response to vocalizations when they are available. Indeed, contextual information 
probably often plays an important role, perhaps especially in species that have 
stable social groups (MARLER et al. 1992; EVANS et al. 1993). 

We refer to signals that meet both the production criterion and the percep- 
tion criterion as ‘functionally referential’ (MARLER et al. 1992). This term acknow- 
ledges the power of philosophical arguments on the problem of ‘meaning’ (e.g., 
GRICE 1957; QUINE 1973; DRETSKE 1988) and the constraints inherent in the study 
of alien communication systems, including those of nonhuman animals and of 
pre-verbal human infants. For example, it is particularly difficult to determine 
whether animal signals should be thought of as denotative (i.e., as labels for 
stimulus categories) or imperative (i.e., as instructions describing appropriate 
responses) (e.g., CHENEY & SEYFARTH 1990, 1992; BARON-COHEN 1992). 

Animal signals may be viewed as falling along a continuum. Those princi- 
pally reflecting motivational state, such as the ‘distress’ and ‘contentment’ calls of 
precocial birds (COLLIAS & Joos 1953; ABRAHAM 1974), lie at one end. Those that 
reliably correspond to particular stimulus categories, and are relatively unaffected 
by affective response, lie at the other. The production and perception criteria for 
functional reference described above effectively define a threshold value on such a 
continuum (MARLER et al. 1992). 

Case Studies of Vocal Antipredator Communication 

Vervet Monkeys: Alarm Calls as Referents for Different Predator Classes 
The best-known example of alarm call usage in primates comes from work 

on the vervet monkey (e.g., STRUHSAKER 1967; SEYFARTH et al. 1980a, b; SEYFARTH 
& CHENEY 1980, 1986, 1990; CHENEY & SEYFARTH 1981, 1985; OWREN & 
BERNACKI 1988; OWREN 1990a, b). Tom STRUHSAKER (1967) first described the 
vervet alarm call system and demonstrated that different kinds of predators 
elicited different call types. Robert SEYFARTH, Dorothy CHENEY and Peter 
MARLER then conducted a series of observational and experimental studies 
designed to determine whether vervet alarm calls referred to predators in the way 
that human words can denote objects and events. 

STRUHSAKER (1967) had observed that when vervets on the ground detect a 
large carnivore nearby they produce ‘leopard’ alarms that cause conspecifics to 
run high up into trees. The ‘eagle’ alarm, given when dangerous raptors were 
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seen, elicited skyward scanning, descent from tree canopies and movement into 
the cover provided by dense thickets. Pythons and venomous snakes evoked 
‘snake’ alarms that other vervets responded to by standing bipedally and scanning 
the ground around them. The reactions of other vervets to the alarm calls of a 
group member were thus well matched to the hunting tactics of each of the three 
types of predator. However, these observational data could not exclude the 
possibility that the apparent responses to calls might, in fact, have been mediated 
principally by other cues, such as those provided by the caller’s nonvocal 
behavior (e.g., SMITH 1981, 1991). It therefore was crucial to design an experiment 
that isolated the information provided by alarm calls and excluded the contextual 
cues that normally would accompany call production. 

Vervet alarm calls that had been recorded during natural encounters with 
predators were subsequently played back to the monkeys in the absence both of 
predators and of the caller. This technique eliminated all potential information 
about the eliciting stimulus other than that provided by call structure (SEYFARTH et 
al. 1980 a, b). The playback exemplars were selected to include calls from several 
different individuals and variation in acoustic properties thought to be influenced 
by motivational state, such as call duration and amplitude. 

The overall pattern of vervet responses in these playback experiments 
revealed that they (a) looked upward, ran out of trees, and ran into cover more 
often in response to eagle than to leopard or snake alarm playbacks, (b) ran into 
trees more often in response to leopard than to eagle or snake alarm playbacks, 
and (c) stood bipedally and/or scanned the ground more often in response to 
snake than to eagle or  leopard alarm playbacks (SEYFARTH et al. 1980b). Presenta- 
tions of tape-recorded alarm calls were thus sufficient to elicit the pattern of 
antipredator behavior that was normally evoked by the predators themselves. The 
results of this playback experiment are consistent with the idea that different 
vervet alarm calls refer to different classes of predator (SEYFARTH et al. 1980b). 

If vervet alarm calls are indeed referential then we might expect that the 
response evoked by playbacks would be mediated principally by the external 
referent of the call presented (i.e., by the environmental events normally associ- 
ated with it), rather than simply by acoustic morphology, as in the case of more 
arbitrary stimuli (e.g., HULSE et al. 1990). 

In a series of recent experiments, CHENEY & SEYFARTH employed a habitua- 
tioddishabituation technique to examine this issue directly (CHENEY & SEYFARTH 
1988; SEYFARTH & CHENEY 1990). Subjects were first played one type of call to 
establish a baseline level of response. They then received eight presentations 
either of the same call type or  of a different call type. During these habituation 
trials calls either were from the same individual as the baseline stimulus or from a 
different group member. Finally, the first stimulus was presented again (test) and 
baseline and test-trial response durations were compared. 

In the first experiment (CHENEY & SEYFARTH 1988), playback exemplars 
consisted of eagle and leopard alarm calls and of three call types (‘wrrs’, ‘grunts’, 
and ‘chutters’) typically emitted during interactions with another vervet group. 
Eagle and leopard alarms clearly are elicited by different external stimuli (SEY- 
FARTH et al. 1980b), whereas the intergroup-context calls have more similar 
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eliciting conditions. The subjects transferred habituation across wrrs, grunts, and 
chutters (i.e., responses on the test trial were significantly briefer than on the 
baseline trial), but only when the calls presented had all been recorded from the 
same individual. Subjects did not, however, transfer habituation between eagle 
and leopard alarms, regardless of the caller’s identity (CHENEY & SEYFARTH 1988). 

Acoustic analyses revealed reliable differences, in both spectral and temporal 
characteristics, between all of the call types compared (see CHENEY & SEYFARTH 
1988; Table IV), suggesting that the transfer of habituation obtained in wrr and 
chutter playbacks was not attributable to an inability to discriminate the habitua- 
tion and test exemplars. Subsequent laboratory experiments have demonstrated 
that vervets discriminate readily between their eagle and snake alarms (OWREN 
1990a), which appear to be more similar acoustically than the eagle and leopard 
alarms used in the field habituation experiments. Vervets also appear to discrimi- 
nate among various types of grunt (CHENEY & SEYFARTH 1982), even though the 
acoustic differences are subtle (SEYFARTH & CHENEY 1984). Taken together, this 
evidence supports CHENEY & SEYFARTH’S (1988) proposal that acoustic differences 
among vervet call types are unlikely to explain the results obtained. 

In a second experiment using the habituation/dishabituation technique (SEY- 
FARTH & CHENEY 1990), vervets were presented with eagle and leopard alarms in 
combination with alarm calls of a sympatric bird, the superb starling (Spreo 
superbus), evoked by avian and by terrestrial predators. Starling ‘raptor’ alarms 
were elicited by several species of avian predator, including falcons, kestrels, 
goshawks and martial eagles. Though less specific than vervet eagle alarms, 
starling raptor alarms are sometimes associated with the approach of a vervet 
predator. 

The vervets transferred habituation between playbacks of vervet eagle alarms 
and starling raptor alarms despite the qualitative differences between these two 
stimuli in acoustic structure. In contrast, habituation was not transferred between 
vervet leopard alarms and starling raptor alarms (SEYFARTH & CHENEY 1990). 

These results suggest that the vervets’ responses to starling alarm calls were 
based on the correlations between call type and the characteristics of probable 
eliciting stimuli. Starling raptor alarms and vervet eagle alarms are associated with 
similar environmental events whereas vervet leopard alarms and starling raptor 
alarms are not. As in the earlier experiment, the duration of test trial responses 
was better predicted by the information conveyed by the playback stimuli than by 
their acoustic characteristics. 

Differentials in the Production Specificity of Vervet Alarm Calls 

The results of playback experiments with vervets (SEYFARTH et al. 1980b; 
SEYFARTH & CHENEY 1988, 1990) invite comparisons of the production specificity 
of their alarm calls with that of human words. Words vary greatly in degree of 
referential specificity (e.g., MARLER 1977) and current evidence from studies of 
call usage suggests that vervet alarm calls share this property. 

O n  rare occasions, leopard alarms seem to be elicited by other types of 
predator. For example, vervets occasionally produce leopard alarms in response 
to attacking snakes (R. SEYFARTH, pers. comm.). In one case, where a large 
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python dropped from a tree onto an impala, vervets not only responded with 
leopard alarms but continued to call for more than an hour as the python slowly 
ingested its victim (M. HAUSER, pers. comm.). CHENEY & SEYFARTH (1990) also 
reported that leopard alarms were given at a low rate (less than 1 YO of over 1000 
encounters) to eagles. In these cases, leopard alarms were emitted by adult males 
in response to stooping raptors. 

Leopard alarms also are produced occasionally by vervets engaged in agonis- 
tic social interactions (STRUHSAKER 1967; CHENEY & SEYFARTH 1990). Descriptions 
of this behavior suggest that, just as with eagle-evoked calls, the eliciting 
circumstances were specific (CHENEY & SEYFARTH 1990: 108): male vervets pro- 
duced leopard alarms “when their own group was being driven back toward the 
center of the territory (by another group), and hence losing the encounter, and 
when a new migrant male was attempting to approach their group”. Most of these 
recordings, however, were obtained from a single male whose behavior may not 
be representative. 

Taken together, these descriptions of ‘inappropriate’ leopard alarm usage are 
consistent with the idea that variation in affective state plays a more important 
role in production of leopard alarms than snake and eagle alarms, because these 
latter two call types do not appear to be produced in the absence of the predators 
with which they are normally associated. Thus, the level of production specificity 
varies as a characteristic of each of the vervet alarm calls. Leopard alarms are less 
specific and hence might be placed further from the referential pole of a 
‘motivational-to-referential continuum’ (MARLER et al. 1992) than eagle and snake 
alarms. 

Ground-Dwellin Sciurids: 
Alarm Calls as Indicators o ‘i ‘Response Urgency’ 

The alarm calling behavior of ground-dwelling sciurids probably has been 
studied more extensively than that of any other animal group (chipmunks: BURKE 
DA SILVA & KRAMER, pers. comm.; ground squirrels: e.g., MELCHIOR 1971; 
TURNER 1973; BETI-s 1976; OWINGS & Coss 1977; OWINGS et al. 1977; LEGER & 
OWINGS 1978; OWINGS & VIRGINIA 1978; LEGER et a]. 1979, 1980; OWINGS & 
LEGER 1980; ROBINSON 1950, 1981; SCHWAGMEYER & BROWN 1981; HARRIS et al. 
1983; DAVIS 1984; LEGER et al. 1984; SHERMAN 1985; OWINGS et al. 1986; 
MACWHIRTER 1992; marmots: e.g., WARING 1966; DAVIS 1991 ; prairie dogs: e.g., 
WARING 1970; SMITH et al. 1977; SLOBODCHIKOFF & COAST 1980; OWINGS & 
LOUGHRY 1985; LOUGHRY & MCDONOUGH 1988; SLOBODCHIKOFF et al. 1991). 
Vocal responses to predators also have been examined in several arboreal sciurids 
(e.g., EMMONS 1978; C. C. SMITH 1978; S. F. SMITH 1978; see BEITS 1976 for 
citations prior to that year). 

For example, the alarm call system of California ground squirrels (Sper- 
mophilus beecheyi) resembles that of vervet monkeys in that different types of 
predator are responded to with acoustically different alarm calls. ‘Whistles’ are 
elicited principally by aerial predators, whereas ‘chats’ and ‘chatters’ usually are 
evoked by ground predators (OWINGS & VIRGINIA 1978). 

A number of exceptions to this pattern of usage occur, however, revealing a 
reduced degree of production specificity. California ground squirrels being 
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chased at high speeds by carnivores sometimes produce whistles. Similarly, 
raptors that have been detected at a distance, and hence present no immediate 
threat, sometimes elicit chatters (OWINGS & VIRGINIA 1978; LEGER et al. 1980; 
OWINGS & LEGER 1980; LEGER et al. 1984; SHERMAN 1985). 

A similar pattern of alarm call usage has been described in Belding’s ground 
squirrels (S. beldingi; ROBINSON 1980, 1981; SHERMAN 1985). In 21 of the 31 
occasions when Belding’s ground squirrels produced trills in response to hawks, 
the hawks either were perched or  walking on the ground and were therefore 
unlikely to attack. Similarly, in 12 of the 14 instances when squirrels gave whistles 
to carnivores they were being closely pursued. 

All of these findings are consistent with the idea that ground squirrel alarm 
calls do  not denote different predator classes in the same way as some vervet 
alarms but instead reflect differences in response urgency perceived by the caller 
(e.g., BETTS 1976; ROBINSON 1981; OWINGS & HENNESSY 1984; SHERMAN 1985). 
Raptors frequently hunt ground squirrels by flying low, hugging the contours of 
the ground to conceal their approach. They consequently often go undetected 
until they are close to the burrow, which allows little time for escape. By 
comparison, carnivores must stalk ground squirrels slowly until the final rush, 
which increases the probability of being detected while still beyond attack range. 
Carnivores therefore typically present a less urgent threat than do  raptors 
(OWINGS & HENNESSY 1984). Hawks that have been detected at a sufficient 
distance such that attack is not imminent elicit the same response as slow-moving 
carnivores, whereas squirrels that have been surprised by a carnivore give the call 
type normally associated with a rapidly approaching raptor. Ground squirrel 
alarm calls thus provide only probabilistic information about predator identity 
and cannot be considered functionally referential. Nevertheless, this call system 
likely allows accurate assessment of the time available for response and thus is 
well matched to the hunting tactics of sciurid predators and to squirrel antipre- 
dator behavior. 

Comparison of Ground Squirrel and Vervet Alarm Calls 

Vervet leopard alarms and ground squirrel whistles share some general 
similarities in usage. Both calls are primarily evoked by a particular predator 
class, but they are also occasionally produced in response to other types of 
predator as well as in social contexts when aggression is likely. Whether vervet 
leopard alarms elicited by predators have subtly different acoustic properties from 
those produced in agonistic interactions, as is apparent for ground squirrel 
whistles, is unknown. 

Other characteristics of vervet leopard alarms and ground squirrel whistles 
are different. Unlike ground squirrels, vervets do not appear to vary call type 
with the level of response urgency presented by a carnivore. Leopards that are 
hunting, sleeping, attacking, or  even moving in a direction away from the 
monkeys all elicit leopard alarms, rather than eagle or snake alarms. Similarly, 
eagle and snake alarms are almost always produced during encounters with eagles 
and snakes, respectively, despite considerable apparent variation in the immedi- 
acy of the threat (CHENEY & SEYFARTH 1990). This suggests that while response 
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urgency appears to play an important role in determining the type of alarm call 
produced by ground squirrels, it seldom influences usage of vervet alarms. 

Contrasts also exist in the structural relationships among alarm calls in 
vervets and ground squirrels. California ground squirrel whistles are single-unit, 
tonal, narrow-band vocalizations. Chats are compound calls made up of a short 
whistle and an appended frequency upsweep. Chatters comprise a series of chat 
variants (Fig. 1 in OWINGS & VIRGINIA 1978; Fig. 3 in OWINGS & LEGER 1980). 
Calls with acoustic structures intermediate between whistles and chats also occur. 
The alarm calls produced by California ground squirrels thus form an acoustic 
continuum whereas those of vervets seem to be more discrete. We cannot exclude 
the possibility, however, that ground squirrel calls are perceived categorically 
(e.g., EHRET 1987; SNOWDC~N 1987). 

In marked contrast to the results obtained in a long-term study of free- 
ranging vervets (CHENEY & SEYFARTH 1990), a recent laboratory experiment 
suggests that calls with characteristics intermediate between those of the recog- 
nized categories might occur. Silhouettes simulating predators were presented to 
both wild-caught and first-generation captive-born vervets. The calls elicited 
appeared to grade among vervet alarm call types (BROWN et al., in press). 
Moreover, production of these apparent acoustic intermediates was not restricted 
to a particular class of eliciting stimuli. A playback experiment that paired these 
variants with ‘typical’ vervet alarms might reveal the extent to which the acoustic 
variation is perceptually salient and the way calls with intermediate characteristics 
are categorized. These findings suggest that experiments under controlled 
laboratory conditions are likely to complement field observations for understand- 
ing fully the relationships between vervet alarm call structure and the characteris- 
tics of eliciting stimuli. 

To  address quantitatively the apparent differences in signal meaning between 
the alarm calls of ground squirrels and those of vervets, we have summarized 
published data on ‘cross-taxon calling’ (i.e., alarm calls evoked by a predator class 
other than the usual one; Table 1). Vervets exhibited little overlap in which call 
type was elicited by which predator class whereas California ground squirrels 
exhibited a greater degree o f  cross-taxon calling - particularly in the case of 
carnivores eliciting whistles (Table 1). In Belding’s ground squirrels (ROBINSON 
1980; L ~ G E R  et al. 1984) this trend is more pronounced: avian predators often 
elicited calls typically associated with carnivores. 

Data from studies of two other ground squirrel species, the arctic ground 
squirrel (C. undulatus: MELCHIOR 1971) and Richardson’s ground squirrel 
(S. uichaudsoni: DAVIS 1984), suggest a level of alarm call production specificity 
equivalent to that of vervets (Table 1). Therefore, different ground squirrel 
species may have undergone different selective regimes resulting in urgency-based 
alarm call systems for some species and referential systems for others (e.g., LEGER 
et al. 1984). However, the differences between C. undulatus and S. richardsoni, 
on the one hand, and S. beecheyi and S. beldingi, on the other, may only be an 
artifact of the more limited data available for the former two species. For 
example, an initial study of 5. beldingi (TURNER 1973) suggested predator-class- 
specificity in alarm calling, whereas additional data have revealed a pattern of call 



Table I: Proportions of acoustically distinct antipredator calls elicited by mammalian and avian predators in some studies of ground squirrels and primates 

Mammalian predators Avian predators 

call call call call 
Type A Type B Type A Type B 

Study 
+ 
0 

9 
w Species 

64 ( 99 YO) 
209 ( 98 YO) 

19 (100%) 
39 ( 78 %) 
16 ( 47 O h )  

240 ( 89 YO) 
25 (100 YO) 
54 ( 98 Yo) 

5 
@ 
2 
5 
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$? 

5! 
n 
P 
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A. Ground squirrels I ?  

9. SEYFARTH & CHENEY 1980 Cercopithecus aethiops 69 (100 Yo) O (  0 % )  3 ( 2 Yo) 137 ( 98 Yo) 

10. MACEDONIA & POLAK 1989 Lemur catta >30”;:- 1 O (  0 % )  23 (100 %) 

1. OWINGS & VIRGINIA 1978 

3. TURNER 1973 
4. ROBINSON 1980 
5. LEGER et a]. 1984 
6. SHERMAN 1985 
7. DAVIS 1984 
8. MELCHIOR 1971 

B. Primates 

2. OWlNGS & LEGER 1980/LEGER et al. 1980 

-~ 
m 

2 

Spermophilus beecheyi 
S. beecheyi 
S. beldingi 
S. beldingi 
S. beldingi 
S. beldingi 
S. richardsonii 
Citellus undulatus 

50 ( 93 Yo) 

109 ( 87 70) 
17 ( 94 Yo) 

4 (  7 % )  
17 (13 Yo) 

1 ( 6 Yo) 

45 ( 92 %) 4 (  8 % )  
58 ( 98 Yo) 1 ( 2 Yo) 

63 (100 Yo) O (  0 % )  
16 (100 Yo) O (  O X )  

139 ( 91 Yo) 14 ( 9 Yo) 

1 (  1 % )  
5 (  2 % )  
O (  0 % )  

18 (53 Yo) 

O (  0 % )  
1 ( 2 Yo) 

11 (16 Yo) 

31 (11 ‘Yo) 

Call types A and B refer, respectively, to those termed by authors “terrestrial/marnmalian” (cf. snake) or “aerial/avian” predator alarms; in some cases, alarm 
calls may have been elicited by innocuous mammals and birds; 2. responses from two studies combined (each study examined only one call type); 6. nos. refer 
to focal animals, several of which were observed during each experimental squirreV(aeria1) predator interaction; 10. estimated““: pers. obs. 



Meaning of Alarm Calls 187 

usage more consistent with a response-urgency-based system (ROBINSON 1980; 
LEGER et a]. 1984; SHERMAN 1985; Table 1). 

A recent study of alarm calling in Gunnison’s prairie dogs (Cynomys 
gunnisoni) suggests that call morphology may reflect relatively subtle variation in 
stimulus characteristics (SLOBODCHIKOFF et al. 1991). The structure of alarm barks 
elicited by each of four humans walking through the colony was quantified using 
12 measures of spectral and temporal characteristics. Between 70 % and 94 YO of 
the calls were correctly classified (i.e., matched to the eliciting human) by 
discriminative function analysis. Playback experiments have not yet been con- 
ducted, so the perceptual significance of this acoustic variation currently is 
unclear. 

In summary, current evidence indicates that external reference plays a larger 
role in the alarm calls of the vervet monkey than in those of ground-dwelling 
sciurids. For both kinds of mammals, however, these vocalizations evidently have 
been shaped by functional requirements. The evolution of externally referential 
alarm calls might be expected to occur only in taxa where vocal differentiation of 
predator classes yields a significant advantage in reproductive success. Some 
understanding of how physical and environmental factors might generate selec- 
tion for such vocal signals can be gained by comparative studies of related species 
with different behavior and ecology. 

Lemurs: Interspecific Variation in Alarm Call Meaning 

Aerial and terrestrial predators elicit structurally distinct alarm calls in many 
species of lemurs (see MACEDONIA 1990). Long-term comparative studies of alarm 
calling in forest-living ringtailed lemurs (Lemur cuttu) and black-and-white ruffed 
lemurs (Vureciu wurzegutu wriegutu) at the Duke University Primate Center 
(Durham, N C )  have included observations of natural encounters with potential 
predators as well as presentations of simulated predators and playback experi- 
ments (e.g., MACEDONIA & POLAK 1989; MACEDONIA 1990; MACEDONIA & YOUNT 
1991 ; PEREIRA & MACEDONIA 1991). Most responses of the semi-captive ringtailed 
and ruffed lemurs to predators match closely those reported for free-ranging 
conspecifics (e.g., JOLLY 1966; SAUTHER 1989; H. MORLAND, pers. comm.). 

These two lemur species differ in physical characteristics, behavior and 
ecology. Ringtailed lemurs .weigh approximately 2 kg as adults, are the most 
terrestrial of the extant lemurs and live in an open arid/semi-arid habitat (e.g., 
JOLLY 1966; TATTERSALL 1982). In contrast, ruffed lemurs weigh about 75 % more 
than ringtails (roughly 3.5 kg), are highly arboreal and live in closed-canopy 
rainforest (e.g., PEREIRA et al. 1988; MORLAND 1990). 

Alarm Call Usage in Ringtailed Lemurs 

When ringtailed lemurs first detect a potentially threatening aerial object 
they respond with ‘gulps’ (Fig. la) .  Gulps are low-amplitude calls that are 
evoked by a broad range of startling visual and auditory stimuli (including 
mammalian predators); they seem to function as general ‘group alert’ signals. 
Aerial predators also elicit two much more specific vocalizations: ‘rasps’ (Fig. 1 b, 
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c) and ‘shrieks’ (Fig. 1 d). The rasp is a brief, noisy sound given by one to several 
group members when sighting airborne raptors. Shrieks characteristically are 
produced when a raptor has approached to within attack range. Unlike gulps and 
rasps, shrieks are high-amplitude calls that appear to be predator-directed 
(MACEDONIA & POLAK 1989; MACEDONIA, in press), although conspecifics within 
earshot likely benefit from hearing them as well. Also, the acoustic structure of 
shrieks appears to covary with the severity of the raptor encounter. For example, 
responses to a stooping raptor model elicited shrieks with a strikingly different 
structure (Fig. 1 e, f )  than those elicited typically by actual or simulated raptor 
flyovers (Fig. 1 d). Systematic investigation of this issue, however, remains to be 
conducted. Both rasps and shrieks are referred to as ‘aerial alarm calls’ for brevity. 

Frequently, the initial vocal response of ringtailed lemurs to carnivores, like 
that to aerial predators, is gulps. These soon are followed by several types of 
‘location indicating’ calls (‘clicks’ and ‘click series’) and ‘yaps’ (Fig. 1 g), which 
are used as carnivore-mobbing calls. Yaps are referred to here as ‘ground alarm 
calls’. 

Extensive recordings of the vocal responses of ringtailed lemurs to predators 
demonstrate a high degree of production specificity. Except for a single instance 
that appeared to be a ‘mistake’ (MACEDONIA, in press), aerial alarm calls were 
elicited only by aerial stimuli and ground alarm calls were elicited exclusively by 
mammalian stimuli (JOLLY 1966; MACEDONIA & POLAK 1989; SAUTHER 1989; 
MACEDONIA 1990; PEREIRA & MACEDONIA 1991). 

The importance of response urgency was examined directly in a series of 
experiments with both aerial and terrestrial predators (PEREIRA & MACEDONIA 
1991). A representative carnivore (large dog; Canis familiaris) was presented both 
at a distance of 30-50 m (low urgency) and at 7-11 m (simulating a high- 
urgency ambush). Similarly, lemurs were tested with a museum specimen of a 
red-shouldered hawk (Buteo lineatus) and a great-horned owl (Bubo virginianus) 
as representative aerial predators. These birds were presented 2-3 m above the 
ground (low response urgency). A high-urgency aerial predator stimulus was 
created using a technique similar to that employed in the classic experiments of 
LORENZ and TINBERGEN (SCIILEIDT 1961): a raptor-shaped silhouette was sus- 
pended from a wire and ‘flown’ toward the subjects in apparent stoop. Despite 
this variation in immediacy of threat, cross-taxon calling was absent (PEREIRA & 
MACEDONIA 1991). 

No aerial alarms were given to the perched raptors, although those stimuli 
did elicit all of the other vocal and nonvocal behavior normally associated with 
aerial predators (i.e., bipedal locomotion, emission of ‘chirps’ and ‘plosive barks’: 
MACEDONIA 1990; MACEDON14 & YOUNT 1991; PEREIRA & MACEDONIA 1991). 
Possibly, a live raptor in the same position would have been a more effective 
stimulus. However, an alternative interpretation is that ringtailed lemur aerial 
alarm calls may denote airborne raptors only, in contrast with vervet eagle alarms, 
which are produced in response to aerial predators regardless of spatial location 
(STRUHSAKER 1967). 

Ringtailed lemur ground alarm calls were evoked principally by carnivores 
and were unaffected by whether the predator or the lemurs were on the ground or 
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in trees (MACEDONIA, in press). However, like vervet leopard alarms, ground 
alarm calls of ringtailed lemurs are also, although rarely, produced during social 
interactions. This only occurred when males were engaged in long high-rate bouts 
of 'howling' (an advertisement call; e.g., ANDREW 1963; JOLLY 1966; MACEDONIA, 
in press). 

In sum, ringtailed lemurs and vervets share similar stimulus specificity in 
alarm call production. For both species, a narrower range of stimuli elicit aerial 
alarms than ground alarms. 
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Alarm Call Usage in Ruffed Lemurs 

Ruffed lemurs respond to the sight or call of a nearby raptor by emitting 
‘abrupt roars’ (aerial alarm calls; Fig. 2a) at irregular intervals. In response to 
carnivores they typically produce disturbance vocalizations (‘growl-snorts’ and/or 
‘growls’: Fig. 2b,  c) followed by mobbing calls (‘pulsed squawks’: Fig. 2d).  
Pulsed squawks are referred to here as ‘ground alarm calls’. 

Although raptors usually elicited aerial alarm calls and terrestrial predators 
usually elicited ground alarm calls, some cross-taxon calling occurred. Ground 
alarm calls sometimes were produced during bouts of calling in response to an 
aerial predator. In addition, ground alarm calls were emitted in response to the 
same calls of nearby groups and in contexts where no eliciting stimulus could be 
identified. 

Ground alarm calls of ruffed lemurs also intergrade structurally with another 
vocalization, the ‘wail’ (Fig. 2f). Wails are contact calls that seem to serve an ‘all 
clear’ function following major disturbances (including responses to predators). 
They also elicit leisurely group reaggregation in these and other contexts (PEREIRA 
et al. 1988; IWANO 1989). Wails emitted in the context of terrestrial and aerial 
predators typically grade into ground alarm call/wail intermediates (Fig. 2 e) and 
back again many times. 

Considering the structural and functional relationship between ground alarm 
calls and wails, ground alarm calls may act as a high-urgency summons for group 
reaggregation (i.e., a ‘rally cry’), although such usage may be restricted largely to 
mammalian-predator threat (PEREIRA et al. 1988; MACEDONIA 1990). If so, then 
ground alarm calls of ruffed lemurs, like those of ground squirrels, likely permit 
only a ‘best bet’ identification of the eliciting stimulus because of their probabilis- 
tic association with carnivores. 

Aerial alarm calls also occurred commonly in agonistic social interactions. In 
this context they seem to be employed as a high-intensity, intergroup threat 
vocalization (PEREIRA eta]. 1988). Both types of ruffed lemur alarm calls thus have 
a significantly lower level of production specificity than ringtailed lemur alarm 
calls. 

Playback Experiments with Ringtailed Lemurs 

Playbacks of ringtailed lemur aerial and ground alarm calls elicited responses 
that did not differ qualitatively from those evoked by actual predators 
(MACEDONIA 1990). Presentations of aerial alarm calls evoked downward move- 
ment if the ringtails were in trees and looking upward if they were on the ground. 
Playbacks of ground alarm calls caused ringtails to run into trees if they were on 
the ground and to stay in trees if they were already in them. The responses elicited 
by alarm call playbacks to ringtailed lemurs thus resemble closely the behavior of 
vervets in analogous experiments (e.g., SEYFARTH et a]. 1980b). 

Playback Experiments with Ruffed Lemurs 

Responses to playbacks do not suggest that ruffed lemur alarm calls provide 
sufficient information about eliciting conditions for conspecifics to select an 
appropriate antipredator response (MACEDONIA 1990). Presentations of their 
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aerial alarm calls did not evoke looking upward if the subjects were on the 
ground, or moving downward if they were in trees, at significantly higher rates 
than playbacks of their ground alarm calls. Similarly, ruffed lemurs did not run 
into trees more often following playbacks of ground alarm calls than after 
playbacks of aerial alarm calls. 

Thus, the degree to which alarm calls of ringtailed lemurs and ruffed lemurs 
can be considered functionally referential are markedly different. Ringtailed 
lemur alarms meet both production and perception criteria. Their eliciting 
conditions are specific, and playbacks are sufficient to evoke appropriate antipre- 
dator responses. In contrast, ruffed lemur alarms have relatively low production 
specificity and do not elicit qualitatively different responses in playback experi- 
ments. Ruffed lemur alarms therefore do  not qualify as functionally referential, 
although they likely provide receivers with a probabilistic estimate of predator 
type, particularly when contextual cues are available. 

The Evolution of Externally Referential Antipredator Calls 

The vocal and nonvocal antipredator behavior of the ringtailed lemur more 
closely resembles that of the vervet monkey than it does that of the ruffed lemur. 
Ringtails and vervets have several highly specific alarm calls to which they 
respond in comparably specific ways, whereas the ruffed lemur’s vocal and 
nonvocal responses to predators are less specific. Several other attributes shared 
by vervets and ringtails, that are not shared with the ruffed lemur, may have 
influenced selection for external reference in their alarm calls. 

First, vervets and ringtails are relatively small-bodied in comparison to their 
primary avian and mammalian predators. In contrast, adult ruffed lemurs are 
likely to be invulnerable to predation by any extant Malagasy raptors, although 
the large viverrid carnivore Cryptoprocta ferox (7-12 kg, ALBIGNAC 1972) must 
pose a potentially lethal threat (MACEDONIA, in press). 

Second, both vervets (e.g., KINGDON 1988) and ringtailed lemurs (e.g., 
WARD & SUSSMAN 1979) are highly terrestrial, compared with their close relatives. 
Because the locomotor (i.e., grasping) advantage that primates hold over clawed 
carnivores when both are in the trees is lost when on the ground, increased time 
spent on the ground is likely to produce a commensurate increase in the 
probability of being killed by a carnivore (e.g., SEYFARTH et al. 1980b; 
GOUZOULES et al. 1985). The highly-arboreal lifestyle of the ruffed lemur reduces 
considerably the likelihood of facing a carnivore on the ground. 

Third, vervets and ringtails both live in open habitats where carnivores could 
block escape routes to trees. By comparison, ruffed lemurs inhabit closed-canopy 
rainforest where the probability of access to trees being blocked by a carnivore is 
low. 

Ground-dwelling sciurids share with vervets and ringtailed lemurs the 
attributes of being relatively small-bodied, terrestrial and living in an open 
habitat, but they do not appear to have functionally referential alarm calls. Thus, 
although they may be important, these factors are not sufficient to explain the 
evolution of referential alarm calls. 
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We therefore suggest that the incompatibility of responses required by 
different predator classes may have been the major selective force in the evolution 
of predator-class-specific alarm calls. For ground-dwelling sciurids, responses to 
all types of predators occur on a single plane (the ground) where the burrow 
represents the primary retreat (though bushes also serve as refuges from raptors: 
SHERMAN 1985). In contrast, vervets and ringtails must respond to raptors and 
carnivores in two planes (ground and trees), and in ways that frequently are 
diametrically opposed (e.g., flee the branch network in response to raptors; enter 
the branch network in response to carnivores). The importance of ‘conflicting 
escape tactics’ would seem to have had only a minor impact on ruffed lemurs, 
who, at least as adults, may be invulnerable to predation by Malagasy raptors and 
who maintain a nearly perpetual advantage over carnivores by spending most of 
their time in the trees. 

Summary and Conclusions 

We have reviewed research on the alarm call systems of primates and 
ground-dwelling sciurids to illustrate the variation in call meaning that exists both 
between and within species. 

Observations of encounters between free-ranging vervets and different types 
of potential predator, together with experimental playbacks of their alarm calls, 
support the view that these vocalizations function to denote predator class. 
Nevertheless, production specificity does vary. ‘Leopard’ alarms are occasionally 
emitted in response to approaching raptors and during agonistic social inter- 
actions. ‘Inappropriate’ usage of this type has not been described for eagle and 
snake alarms. Variation in a caller’s motivational state evidently plays a larger role 
in controlling production of leopard alarms than in other vervet alarm calls. 

Ground squirrels and their terrestrial relatives have qualitatively similar 
behavioral responses to all potential predators. Both carnivores and raptors evoke 
running toward a burrow, although the speed of this response, and the probabil- 
ity of entering the burrow once there, may vary. Ground squirrel alarm calls also 
lack a high level of production specificity. It is likely, however, that correlations 
between eliciting stimulus and response urgency, together with contextual cues, 
such as the number of calling individuals, permit a probabilistic identification of 
predator type. An urgency-based alarm call system of this kind is adaptive for 
burrowing mammals, like ground squirrels, whose responses to different pre- 
dator classes are qualitatively similar and which principally require information 
about the necessary speed of response. 

Observational and experimental work with ringtailed and ruffed lemurs 
suggests that antipredator calls of ringtailed lemurs denote predator classes 
whereas those of ruffed lemurs do not. Being relatively small-bodied, terrestrial, 
and living in an open habitat likely has increased predator pressure in ringtails and 
vervets over that of their respective arboreal ancestors (e.g., GOUZOULES et al. 
1985; MACEDONIA, in press). Comparison to ground squirrels demonstrates, 
however, that although these characteristics may be necessary to evolve function- 
ally referential alarm calls, they are not sufficient. We propose instead that the 
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primary force underlying the evolution of referentially specific alarm calls is the 
use of fundamentally incompatible escape responses to evade different classes of 
predators. 

Acknowledgments 

We thank G.  BARLOW, M. HAUSER, D.  LEGER, P. MARLER, R. SEYFARTH, and J .  WALTERS for 
comments and discussion that improved previous versions of this manuscript, though they d o  not 
necessarily agree with all of the opinions expressed herein. The research on lemur antipredator 
behavior reviewed here was supported by an NSF Dissertation Improvement Award (BNS 8912589) 
to J. M. MACEDONIA. 

Literature Cited 

ABRAHAM, R. L. 1974: Vocalizations of the mallard (Anus plutyrhynchos). Condor 76, 4 0 1 4 1 0 .  
ANDREW, R. 1963: The origins and evolution of calls and facial expressions of the primates. Behaviour 

20, 1-109. 
ALBIGNAC, R. 1972: The Carnivora of Madagascar. In: Biogeography and Ecology of Madagascar. 

(BATTISTINI, R. & RICHARD-VINDARD, G., eds.) W.  Junk, The Hague, pp. 667-682.  
BARON-COHEN, S. 1992: H o w  monkeys do things with “words”. Behav. Brain Sci. 15, 148-149. 
BETTS, B. J. 1976: Behaviour in a population of Columbian ground squirrels, Spermophilus colum- 

BICKERTON, D.  1990: Language and Species. Univ. of Chicago Press, Chicago. 
BROWN, C. H .  1982: Ventriloquial and locatable vocalizations in birds. 2. Tierpsychol. 59,338-350. 
BROWN, M. M., KREITER, N .  A,, MAPLE, J. & SIN NO^, J. M. 1993: Silhouettes elicit alarm calls 

CHENEY, D.  L. & SEYFARTH, R. M. 1981: Selective forces affecting the predator alarm calls of vervet 

- _  & - - 1982: H o w  vervet monkeys perceive their grunts: Field playback experiments. 

- _  & - - 1985: Vervet monkey alarm calls: Manipulation through shared information? 

-- & - - 1988: Assessment of meaning and the detection of unreliable signals by vervet 

_ -  & - - 1990: H o w  Monkeys See The World. Univ. of Chicago Press, Chicago. 
-- & - - 1992: Precis of how monkeys see the world. Behav. Brain Sci. 15, 135-182. 
COLLIAS, N .  E. & JOOS, M. 1953: The spectrographic analysis of sound signals in domestic fowl. 

Behaviour 5, 175-1 88. 
CURIO, E. 1978: The adaptive significance of avian mobbing. I. Teleonomic hypotheses and 

predictions. Z. Tierpsychol. 48, 175-183. 
DAVIS, L. S. 1984: Alarm calling in Richardson’s ground squirrels (Sperrnophilus richardsonii). Z. 

Tierspychol. 66, 152-164. 
DAVIS, R. 0. 1991: Semantical communication in anti-predator alarm calls. In: Natural History of 

Eastern California and High-Altitude Research: White Mountain Research Station Sym- 
posium Vol. 3. (HALL, C. A., Jr., DOYLE-JONES, V. & WIDAWSKI, B., eds.) Univ. of 
California Press, Los Angeles, pp. 275-312. 

bianus columbianus. Anim. Behav. 24, 652-680. 

from captive vervet monkeys (Cercopithecus aethiops). J. Cornp. Physiol., in press. 

monkeys. Behaviour 76, 25-61. 

Anim. Behav. 30, 739-751. 

Behaviour 94, 15G-165. 

monkeys. Anim. Behav. 36,477-486.  

DRETSKE, F. 1988: Explaining Behavior. MIT Press, Cambridge. 
EHRET, G.  1987: Categorical perception of sound signals: Facts and hypotheses from animal studies. 

In: Categorical Perception: the Groundwork of Cognition. (HARNAD, S., ed.) Cambridge 
Univ. Press, Cambridge, pp. 301-331. 

EMMONS, L. H .  1978: Sound communication among African rainforest squirrels. Z. Tierpsychol. 47, 
1 4 9 .  

EVANS, C. S.,  EVANS, L. & MARLER, P. 1993: O n  the meaning of alarm calls: Functional reference in 
an avian vocal system. Anim. Behav., in press. 



Meaning of Alarm Calls 195 

GOUZOULES, H., GOUZOULES, S. & MARLER, P. 1985: External reference and affective signalling in 
mammalian communication. In: The Development of Expressive Behavior. (ZIVEN, G., ed.) 
Acad. Press, New York, pp. 77-101. 

GRICI:, H .  P. 1957: Meaning. Philosophical Rev. 66, 377-378. 
HARRIS,  M. A,, MURIE, J. 0. & DUNCAN, J. A. 1983: Responses of Colunibian ground squirrels to 

playback of recorded calls. Z. Tierpsychol. 63, 318-330. 
HERRNSTEIN, R. J. 1984: Objects, categories and discriminative stimuli. In: Animal Cognition. 

(ROITBLAT, H .  L., BEVER, T. G.  & TERRACE, H. S., eds.) Lawrence Erlbaum, Hillsdale, 
pp. 233-261. 

_ _  1985: Riddles of natural categorization. Phil. Trans. R. SOC. Lond. 308, 129-144. 
-- 1991: Levels of categorization. In: Signal and Sense. (EDEIMAN, G.  M., GALL, W. E. & 

COWAN, W. M., eds.) Wiley-Liss, New Jersey, pp. 3 8 5 4 1 3 .  
- _  , LOVEL.AND, D. H. & CABLE, C .  1976: Natural concepts in pigeons. J. Exp. Psychol. (Anim. 

Behav.) 2, 285-31 1. 
HULSE, S. H. ,  PAGE, S. C. & BRAITEN, R. F. 1990: An integrative approach to auditory perception 

by songbirds. In: Comparative Perception. Vol. 2: Complex Signals. (STEBBINS, W. C.  & 
BERKLEY, M. A,, eds.) John Wiley, New York, pp. 3-34. 

IWANO, T. 1989: Some observations of two kinds of Lemuridae (Varecia variegata varieguta and 
Lemur fulvus albifrons) in the reserve of Nosy Mangabe. Primates 30, 241-248. 

JOLLY, A. 1966: Lemur Behavior. Univ. of Chicago Press, Chicago. 
JURGENS, U. 1979: Vocalization as an emotional indicator: a neuroethological study in the squirrel 

monkey. Behaviour 69, 88-117. 
KINGDON, J. 1988: Comparative morphology of hands and feet in the genus Cercopithecus. In: A 

Primate Radiation: Evolutionary Biology of the African Guenons. (GAUTIER-HION, A,, 
BOURLIIRE,  F., GAUTIEI:, J.-P. & KINGDON, J., eds.) Cambridge Univ. Press, Cambridge, 
pp. 184-193. 

KLUMP, G .  M. & CURIO, E. 1983: Reactions of blue tits Purus meruleus to hawk models of different 
sizes. Bird Behav. 4, 78-41. 

-- & SHALTER, M. D. 1984: Acoustic behaviour of birds and mammals in the predator context. 
Z. Tierpsychol. 66, 189---226. 

LEA, S. E. G .  1984: In what sense do pigeons learn concepts? In: Animal Cognition. (ROITBLAT, H .  
L., BEVER, T .  G .  & TERRACE, H. S., eds.) Lawrence Erlbaum, Hillsdale, pp. 263-276. 

LEGER, D.  W. & OWINGS, D. H. 1978: Responses to alarm calls by California ground squirrels: 
Effects of call structure and maternal status. Behav. Ecol. Sociobiol. 3, 177-186. 

- - - _  & BOAL, L. M. 1979: Contextual information and differential responses to alarm 
whistles in California ground squirrels. Z. Tierpsychol. 49, 142-155. 

- - _ -  & GELFAND, D. L. 1980: Single-note vocalizations of California ground squirrels: 
Graded signals and situation specificity of predator and socially-evoked calls. Z. Tierpsychol. 

- -, BERNEY-KEY, S. D. & SHERMAN, P. W. 1984: Vocalizations of Belding’s ground squirrels 

LOUGliRY, W. J. & MCDONOUGH, C. M. 1988: Calling and vigilance in California ground squirrels: 

LURIA, A. 1982: Language and Cognition. MIT Press, Cambridge. 
MACELIONIA, J. M. 1990: What is communicated in the antipredator calls of lemurs: Evidence from 

playback experiments with ringtailed and ruffed lemurs. Ethology 86, 177-190. 
-- in press: Adaptation and phylogenetic constraints in the antipredator behavior of ringtailed and 

ruffed lemurs. In: Lemur Social Systems and their Ecological Basis. (GANZHORN, J. U.  & 
KAPPELER, P., eds.) Plenum Press, New York. 

- _  & POI.AK, J. F. 1989: Visual assessment of avian threat in semi-captive ringtailed lemurs 
(Lemur catta). Behaviour 111, 291-304. 

_ -  & YOUNT, P. L. 1991: Auditory assessment of avian predator threat in semi-captive ringtailed 
lemurs (Lemur catta). Primates 32, 169-182. 

MACWHIRTER, R. B. 1992: Vocal and escape responses of Columbian ground squirrels to simulated 
terrestrial and aerial predator attacks. Ethology 91, 31 1-325. 

MARLER, P. 1955: Some characterisrics of animal calls. Nature 176, 6-8. 

52, 227-246. 

(Spermophilus beldingi). Anim. Behav. 32, 753-764. 

A test of the tonic communication hypothesis. Anim. Behav. 36, 1533-1540. 



196 JOSEPH M. MACEDONIA & CHRISTOPHER S .  EVANS 

_ _  1957: Species distinctiveness in the communication signals of birds. Behaviour 11, 13-39. 
_ -  1977: Primate vocalization: Affective or symbolic? In: Progress in Ape Research. (BOURNE, 

_ -  1985: Representational vocal signals of primates. Fortschr. Zool. 31, 21 1-221. 
_ _  , EVANS, C. S. & HAUSER, M. D. 1992: Animal signals: motivational, referential, or both? In: 

Nonverbal Vocal Communication: Comparative and Developmental Approaches. (PAPOUSEK, 
H., JURGENS, U. & PAPOUSEK, M., eds.) Cambridge Univ. Press, Cambridge, pp. 66-86. 

MELCHIOR, H .  R. 1971: Characteristics of arctic ground squirrel alarm calls. Oecologia 7, 184-190. 
MORLAND, H. S., 1990: Parental behavior and infant development in ruffed lemurs (Varecia variegata 

in a Northeast Madagascar rain forest. Am. J.  Primatol. 20, 253-265. 
OWINGS, D. H .  & Coss, R. G. 1977: Snake mobbing by California ground squirrels: Adaptive 

variation and ontogeny. Behaviour 62, 50-69. 
_ _  & HENNESSY, D. F. 1984: The importance of variation in sciurid visual and vocal communica- 

tion. In: The Biology of Ground Dwelling Squirrels. (MURIE, J.  0. & MICHENER, G. R., eds.) 
Univ. of Nebraska Press, Lincoln, pp. 171-200. 

_ _  & LEGER, D. L. 1980: Chatter vocalizations of California ground squirrels: Predator- and 
social-role specificity. Z. Tierpsychol. 54, 164-184. 

_ _  & LOUGHRY, W. J. 1985: Variation in snake-elicited jump-yipping by black-tailed prairie 
dogs: Ontogeny and snake specificity. Z. Tierpsychol. 70, 177-200. 

_ _  & OWINGS, S. C. 1979: Snake-directed behavior by black-tailed prairie dogs (Cynomys 
ludoviczanus). Z. Tierpsychol. 49, 39-54. 

_ -  & VIRGINIA, R. A. 1978: Alarm calls of California ground squirrels (Spermophilus beecbeyi). 
2. Tierpsychol. 46, 58-70. 

_ _  , BORCHERT, M. & VIRGINIA, R. 1977: The behaviour of California ground squirrels. Anim. 
Behav. 25, 221-230. 

_ _  , HENNESSY, D. F., LEGER, D. L. & GLADNEY, A. B. 1986: Different functions of ‘alarm’ 
calling for different time scales: A preliminary report on ground squirrels. Behaviour 99, 

OWREN, M. J. 1990a: Acoustic classification of alarm calls by vervet monkeys (Cercopithecus 
aethiops) and humans (Homo supiens): I. Natural calls. J. Comp. Psychol. 104, 2 G - 2 8 .  

_ -  1990 b: Acoustic classification of alarm calls by vervet monkeys (Cercopithecus aethiops) and 
humans (Homo sapiens): 11. Synthetic calls. J. Comp. Psychol. 104, 2 9 - 4 0 .  

- _  & BERNACKI, R. H. 1988: The acoustic features of vervet monkey alarm calls. J. Acoust. SOC. 
Am. 83, 1927-1935. 

PEPPERBERG, I. M. 1987a: Evidence for conceptual quantitative abilities in the African grey parrot: 
Labeling of cardinal sets. Ethology 75, 37-61. 

- _  1987b: Acquisition of the same/different concept by an African grey parrot (Psittacus 
eritbacus): Learning with respect to categories of color, shape and material. Anim. Learn. 
Behav. 15, 423-432.  

PEREIRA, M. E. & MACEDONIA, J. M. 1991 : Response urgency does not determine antipredator call 
selection by ringtailed lemurs. Anim. Behav. 41, 543-544. 

_ _  , SEELIGSON, M. L. & MACEDONIA, J. M. 1988: The behavioral repertoire of the black-and- 
white ruffed lemur (Vurecia variegaru variegata). Folia Primatol. 51, 1-32. 

PREMACK, D. 1975: On the origins of language. In: Handbook of Psychobiology. (GAZZANIGA, M. S. 
& BLAKEMORE, C. B., eds.) Acad. Press, New York, pp. 591-605.  

QUINE, W. V. 1973: On the reasons for the indeterminacy of translation. J. Philosophy 12,178-183. 
ROBINSON, S. R. 1980: Antipredator behaviour and predator recognition in Belding’s ground 

_ _  1981 : Alarm communication in Belding’s ground squirrels. Z. Tierpsychol. 56, 150-168. 
SAUTHER, M. 1989: Antipredator behavior in troops of free-ranging Lemur catta at Beza Mahafaly 

SCHLEIDT, W. M. 1961: Reaktionen von Truthiihnern auf fliegende Raubvogel und Versuche zur 

SCHWAGMEYER, P. L. & BROWN, C. H. 1981: Conspecific reaction to playback of thirteen-lined 

SEYFARTH, R. M. & CHENEY, D. L. 1980: The ontogeny of vervet monkey alarm calling behavior: A 

G., ed.) Acad. Press, New York, pp. 85-96. 

101-1 16. 

squirrels. Anim. Behav. 28, 840-852. 

special reserve, Madagascar. Int. J. Primatol. 10, 595-606. 

Analyse ihrer AAM’s. Z. Tierpsychol. 18, 534-560. 

ground squirrel vocalizations. Z. Tierpsychol. 56, 25-32. 

preliminary report. Z. Tierpsychol. 54, 37-56. 



Meaning of Alarm Calls 197 

_ -  & - - 1984: The acoustic features of vervet monkey grunts. J. Acoust. SOC. Am. 75, 

_ _  & - - 1986: Vocal development in vervet monkeys. Anim. Behav. 34, 1640-1658. 
_ _  & - - 1990: The assessment by vervet monkeys of their own and another species’ alarm 

calls. Anim. Behav. 40, 754-764. 
_ _ - _  & MARLER, P. 1980a: Monkey responses to three different alarm calls: Evidence of 

predator classification and semantic communication. Science 210, 801-803. 
_ _ _ _  & - - 1980b: Vervet monkey alarm calls: Semantic communication in a free- 

ranging primate. Anim. Behav. 28, 1070-1094. 
SHERMAN, P. W. 1985: Alarm calls of Belding’s ground squirrels to aerial predators: nepotism or  self- 

preservation? Behav. Ecol. Sociobiol. 17, 313-323. 
SLOBODCHIKOFF, C. N. & COAST, R. 1980: Dialects in the alarm calls of prairie dogs. Behav. Ecol. 

Sociobiol. 7, 49-53. 
_ _  , KIRIAZIS, J., FISCHER, C.  & CREEF, E. 1991 : Semantic information distinguishing individual 

predators in the alarm calls of Gunnison’s prairie dogs. Anim. Behav. 42, 713-719. 
SMITH, C. C. 1978: Structure and function of the vocalizations of tree squirrels (Tamiusciurus). 

J. Mamm. 59, 793-808. 
SMITH, S. F. 1978: Alarm calls, their origin and use in Ewtamias sonomae. J. Mamm. 59, 888-893. 
SMITH, W. J. 1965: Message, meaning, and context in ethology. Am. Nat. 99, 405-409.  
_ -  1977: The Behavior of Communicating: An Ethological Approach. Harvard Univ. Press, 

_ _  1981 : Referents of animal communication. Anim. Behav. 29, 1273-1274. 
_ _  1991: Animal communication and the study of cognition. In: Cognitive Ethology: The Minds 

of other Animals. (RISTAU, C., ed.) Lawrence Erlbaum Assoc., Hillsdale, pp. 209-230. 
_ _  , SMITH, S. L., OPPENHEIMER, E. C. & DEVILLA, J. G.  1977: Vocalizations of the black-tailed 

prairie dog, Cynomys ludovicianus. Anim. Behav. 25, 152-164. 
SNOWDON, C.  T. 1987: A naturalistic view of categorical perception. In: Categorical Perception: The 

Groundwork of Cognition. (HARNAD, S., ed.) Cambridge Univ. Press, Cambridge, 

STRUHSAKER, T. T. 1967: Auditory communication among vervet monkeys (Cercopithecus aethiops). 
In: Social Communication among Primates. (ALTMANN, S. A., ed.) Univ. of Chicago Press, 
Chicago, pp. 281-324. 

1623-1 628. 

Cambridge. 

pp. 332-354. 

TATTERSALL, I. 1982: The Primates of Madagascar. Columbia Univ. Press, New York. 
TURNER, L. W. 1973: Vocal and escape responses of Spermophilus beldingi to predators. J. Mammal. 

WARD, S. C.  & SUSSMAN, R. W. 1979: Correlates between locomotor anatomy and behavior in two 

WARING, G. H. 1966: Sounds and communications of the yellow-bellied marmot (Marmotaflaviven- 

_ -  1970: Sound communications of black-tailed, white-tailed, and Gunnison’s prairie dogs. Am. 

54, 99&993. 

sympatric species of Lemur. Am. J. Phys. Anthrop. 50, 575-590. 

tris). Anim. Behav. 14, 177--183. 

Midi. Nat. 83, 167-185. 

Received: April 9, 1991 

Accepted: November 12, 1992 (G. Barlow) 


