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ABSTRACT 

Sound attenuation properties of the habitats occu

pied by two species of tree squirrels affect whether or not 

the squirrels will make alarm calls. Sound properties have 

been compared among habitats, microhabitats, weather condi

tions and seasons. In each case alarm calling activity is 

consistent with the hypothesis that calling behavior is 

acted upon by natural selection: calling occurs when squir

rel calls carry well, and thus where the potential for com

munication is high. 
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CHAPTER 1 

INTRODUCTION 

The Adaptive Nature of Behavior 

Animal behavior is assumed both to be adaptive and 

to be influenced by the circumstances in which it occurs. 

Krebs and Davies (1978) call these assumptions "themes which 

...form the basis for the evolutionary approach to behavioral 

ecology..." and describe them as follows; 

(1) natural selection maximizes gene survival, 
and individuals, who are no more than temporary ve
hicles for genes, will be expected to behave in such 
a say as to maximize their inclusive fitness. 

(2) the optimal behaviour for an individual to 
achieve this goal will depend on both the behaviour 
of other individuals and also on the ecological cir
cumstances which mould the animal's way of life. 
(p. 17). 

While the rules associated with natural selection 

tell us that this must be true, only recently has an effort 

been made to demonstrate the adaptive nature of behavior. 

The following sequence is suggested as a means of demonstra

ting that natural selection on behavior occurs in a particular 

case. First, there must be a behavior which is known to be 

variable under natural circumstances. Second, a factor is 

described which may be expected to alter the effectiveness 

of the variable behavior. A variety of kinds and combina

tions of factors are possible, but the total result must be 
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to alter the value of the behavioral act to the inclusive 

fitness of the individual. Third, it is necessary to com

pare the natural variability in the behavior to variations 

in the factor. If a correlation can be shown to exist be

tween a behavioral event and the expected effectiveness of 

that event such that the behavior occurs or occurs most 

readily when the benefit is highest, J-.hen it is reasonable 

to expect that natural selection has acted on animals ex

hibiting that behavior, and that the behavioral pattern is 

an adaptation to circumstances. The fourth step is to show 

that the relationship is predictive: in new circumstances 

with only the effectiveness factor or only the behavior 

known, the other should be implied. 

This study uses the above pattern to demonstrate 

that alarm calling in tree squirrels is an adaptive behavior 

whose effectiveness, and thus the behavior itself, can be 

altered by the sound transmission properties of the habitat. 

Squirrels Call 

Calling in general, and alarm calling in particular 

has been prominent in natural history descriptions of tree 

squirrels. In his Lives of Game Animals, first published in 

1909, Ernest Thompson Seton (1929) described the calls of 

North American squirrels in detail. Though he had no ex

perience with the two species studied here, Seton's work 



makes it clear that calling is a behavior to be expected 

from a tree squirrel. This pattern holds throughout natural 

history writings of the late 1800's and early 1900's. 

More recently tree squirrel alarm calls have been 

studied by biologists equipped to analyze the physical na

ture of the calls themselves, and able to associate calls 

with uses. Calls of Tamiasciurus hudsonicus have been studied 

both in terms of call structure and in terms of how the calls 

are used (Smith, 1978). Emmons (1978) has done this with 

several tropical squirrels. Working with Sciurus aberti, 

Farentinos (1974) has described its calls, the circumstances 

under which calls are made and also behaviors and movements 

regularly associated with alarm calling. While much of the 

information included in the naturalists' reports and in the 

more recent research studies applies, at least in part, to 

squirrels in general, there has been no other study of the 

squirrels which I will be discussing in this report. 

Alarm Call Variability Exists 

Variability in alarm calling behavior occurs in the 

tree squirrels of Arizona and Sonora. This study is con

cerned with two of these: the Arizona Gray Squirrel, Sciurus 

arizonensis and the Chiricahua or Apache Fox Squirrels, 

Sciurus nayaritensis (Lee and Hoffmeister, 1963). Both spe

cies occupy isolated mountain ranges of southeastern Arizona, 
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but are never known to be sympatric. Wherever they are 

found, they inhabit riparian canyons. 

Riparian canyons in this part of the country have 

remarkably similar plant and animal communities. On adja

cent hillsides the vegetation may vary from desert to pine 

woodland or sometimes even to mixed conifer forests. Yet 

the biotic communities of the stream courses themselves are 

composed, in most cases, of the same plant and animal species. 

Because of the striking superficial similarity of the 

canyons it is remarkable to find behavioral differences. 

Yet such differences have been measured. The Chiricahua Fox 

Squirrel (Sciurus nayaritensis chiricahuae) is silent, but 

the squirrel which is its nearest geographical neighbor, the 

Huachuca Mountain Arizona Gray Squirrel (Sciurus arizonensis 

huachuca) 117 kilometers west and south is vocal. So is the 

conspecific fox squirrel (Sciurus nayaritensis apache) in the 

Sierra Madre of Mexico. Certain interactions with other 

animals have been observed to elicit alarm behaviors and move

ments, without alarm calls, from the Chiricahua Fox Squirrel 

but alarm behaviors plus vocalizations in the other squirrels. 

The behavioral variability is more than just differ

ent responses to animals in the habitat. In fact, an actual 

behavioral change takes place in some squirrels with changes 

in season, weather or location: summer-vocal squirrels go 

silent in winter, wind is always associated with quiet 
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squirrels, and squirrels don't call from the ground. Varia

bility also occurs in the calls themselves, so that an alarm 

call made in Ramsey Canyon in the Huachuca Mountains is not 

identical to the Apache Fox Squirrel's call in Mexico, nor is 

it the same as a call made by another gray squirrel in the 

White Mountains farther north. Thus, variability in alarm 

calling behavior does occur in the Arizona and Sonoran tree 

squirrels. 

Alarm Calls are Communications 

Alarm calls are presumed to be communications of 

some sort from the vocalizing individual to some other indi

vidual or individuals (not necessarily squirrels). This 

assumption is implicit in all discussions of alarm calling 

behavior and is involved in all theories about its evolution 

and maintenance. At this point it is unnecessary to specify 

a particular evolutionary argument or to pinpoint the prob

able recipients; of the alarm call message. As long as the 

behavior is an effort at communication, it will be to the 

advantage of the calling individual only if the call is 

heard. 

If Calls Do Not Communicate 

It is reasonable to extend this assumption of com

munication to include the expectation that if, somehow, calls 

fail to communicate as effectively then it becomes less 
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beneficial to make a call. Something able to diminish the 

effectiveness of a call, then, may be expected to be associ-

ted with decreased use of alarm calls, even by animals physi

cally able to produce the alarm call sounds. 

An Environmental Factor 

Reduced communication effectiveness may be caused by 

a number of circumstances. A logical place to start looking 

is with the environment: at what Krebs and Davies (1978) call 

the "ecological circumstances which mould the animal's way 

of life". Is there an environmental measure which correlates 

with the observed variability in squirrel alarm calling be

havior, and which might reasonably be expected to alter the 

effectiveness of an alarm call? 

An environmental variable which can be analyzed using 

electronics and which correlates with alarm calling behavior 

is how sound is transmitted through a habitat. I will assume 

that the ability of a sound to penetrate the riparian wood

land habitat would influence the effectiveness of the calling 

behavior associated with that sound. It may work in one or 

both of the following ways: (1) A sound which carries well 

reaches more individual listeners than a poorly carrying 

sound; (2) A sound which carries well reaches a listener 

at a greater distance from the caller. Both of these may 

be important in how natural selection may cause an individual 

to benefit or lose by calling. 
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In this work, the sound carrying effectiveness of 

the habitat will be shown to correlate with the alarm calling 

behavior of tree squirrels. Then data are presented to show 

that knowledge of calling behavior is an effective predictor 

of sound propagation in other locations and under different 

acoustical circumstances. 



CHAPTER 2 

METHODS AND MATERIALS 

Direct Measure of Sound Transmission 

I measured the amount of a known sound that penetrated 

a given distance through a squirrel's habitat. This chapter 

will include, first, a summary of the steps involved in this 

technique, then information on equipment and settings, and 

finally the calibrations, tests, and standardizations re

quired. At the time this study began there were no reports 

of a comparable method in the biological literature. Since 

then habitat sound properties have been studied by Morton 

(1975), Bowman (1979) and Hunter and Krebs (1979). 

The Technique 

A tape recording was made of a test pattern of sound. 

The pattern was chosen in preference to a recording of an 

actual squirrel alarm call because there is variability in 

the acoustical structure of alarm calls. The test pattern 

provides a standard, neutral, basis for comparing the habi

tat of one squirrel to that of another. It is simple enough 

to be easily measured and readily compared to the squirrel 

calls themselves. 

The test pattern consisted of tape recordings of the 

three calibration tones used on the Sona-Graph to provide 

8 
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standard frequency lines. Pure tones at intervals of 0.5 

kHz are played simultaneously so they appear as one sound. 

The frequencies used included the entire range of frequen

cies used by squirrels: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 

4.0, 4.5, 5.0 and 5.5 kHz. The Sona-Gram (time x frequency 

"voiceprint") of this sound is a set of eleven horizontal 

lines. 

The test pattern tape, two tape recorders and a 

microphone are taken to permanent study plots in the field. 

These plots are established in areas where squirrels are 

active, each plot beginning where a squirrel was seen and 

marked off down canyon from that spot. Each plot is made up 

of ten segments in a straight line and each segment is twenty 

meters long. At each of ten sending stations in the plot 

four recordings are made, so that each recording session is 

composed of forty recordings. Also a calibration recording 

is made in the field both before and after the session; cali

brations will be detailed at the end of this chapter. 

Each sequence of four recordings from a single sta

tion is as follows. The receiving recorder is first placed 

ten meters from the sending recorder. Then one recording is 

made at ground level and one at a meter above the ground. 

The receiver is moved to a twenty meter distance and a ground 

level and a one meter recording are made. Then the twenty 

meter recording site becomes the new sending station, and the 

sequence is repeated. 
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Recordings could be made at heights other than one 

meter. But at one meter the ground reflection and absorp

tion is so diminished that tests showed other heights allowed 

the sound to be transmitted qualitatively the same. D. B. 

Quine (personal communication) obtained a similar result in 

an evergreen forest. Even more important, one meter up is 

a normal calling height for squirrels, although they rarely 

call from ground level. 

All recordings were done at dawn, which is a time 

of high squirrel activity. Temperature, cloud cover and 

relative humidity were recorded. 

Field work also involved recording squirrel alarm 

calls and making observations of events able to precipitate 

alarm calling behavior. 

Field recordings were "sectioned" on a sound spectrum 

analyzer to get an amplitude-frequency picture of the test 

pattern before and after transmission through the woods. 

This machine measures the amplitude of each of the eleven 

frequencies at one point in time.. Amplitudes are in deci

bels . 

The points shown on the figures in this paper are 

a subtraction of raw calibration values from the means of 

twenty measurements (two points in time taken from each of 

ten recordings). The results are relative, comparing one 

habitat to another, as will be discussed under calibration. 

High numbers are characteristic of habitats where sound 
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carries well and low values characteristic of sound atten

uated habitats. The values happen to emerge so that it is 

convenient to use zero as a dividing line between sounds 

which carry effectively (positive values) and sounds which 

are considerably attenuated (negative values). 

A summary of the process described in this section 

is shown in Fig. 1. 

Equipment and Specifications 

Uher 4000 Report L tape recorders were used on fast 

(19 cm sec ^) recording speed. Recording was on Scotch 214 

magnetic tapes, and the sending and recording volumes were 

kept uniform throughout the study by means of regular cali

brations and checks. The microphone was a Uher crystal model 

516 with a wind screen. The speech-music adjustment was 

kept at music setting. 

Lab analysis was done on a Kay Elemetries Company 

model 60 61 B sound spectrograph, or "Sona-Graph" with sec

tioning capabilities. It was adjusted to measure sounds 

from 0.5 kHz to 8.0 kHz. All calibrations were recorded 

onto the "Sona-Graph" at a record level of 38, all ten-meter 

recordings at record level 26, and all twenty-meter record

ings at record level 20, so the results are comparable from 

place to place. Reproduce level and all other adjustments 

were kept uniform throughout the study. The "Sona-Graph" 

with the "Sona-Counter" electronic frequency display was 
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utilized to determine which frequencies were actually used 

by the squirrels. 

Calibrations, Tests and 
Standardizations 

Calibrations and tests were done for two purposes: 

(1) To insure that all measurements stayed within the accu

racy limits of the instruments involved, and (2) to insure 

that even though instruments were moved and/or stored be

tween recording or analysis sessions the results are compar

able. 

The first of these points is responsible for the 

comparative nature of the results. It may seem attractive 

to send a sound into a near tape recorder and a far one at 

the same volume, and to analyze loud and soft recordings 

using identical adjustments on the "Sona-Graph". However, 

it is not possible to do so without distorting the sounds. 

It is, nevertheless, possible to record sounds at ten meters 

in Ramsey Canyon in the Huachucas using the same adjustments 

needed to properly record ten meter sounds in Cave Creek in 

the Chiricahuas. That is what has been done in this study. 

The difference between a Chiricahua transmission value for 

any frequency and the comparable Huachuca value is in deci

bels. The absolute loudnesses, unknown because both the 

recorders and the sonagraph must be readjusted between the 

calibration and distance recordings, are in each frequency 

an unknown constant plus the value given. The constant is 
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on the order of thirty six decibels over all frequencies 

between 0.5 and 8.0 kHz. This was determined by finding two 

things: how many decibels the Sona-Graph record level had 

to be adjusted to appropriately record each of the two field 

sending sounds (calibration and test pattern), and how many 

decibels it had to be adjusted to compensate for the sound 

loss after the pattern was transmitted through the habitat. 

Because there are some overall differences for ten 

meter sounds from Cave Creek as opposed to those from Ramsey 

Canyon, and because over-recording and under-recording into 

the Sona-Graph are each associated with their own kinds of 

distortion error, it was necessary to test whether recording 

ranges were causing artifacts. This was done using taped 

sounds of known sound power differences, obtained from the 

University of Arizona's Speech department, and re-analyzing 

those differences using the Sona-Graph. The range of sounds 

being analyzed was well within the linear accuracy range of 

the settings used. Thus no problems exist in this regard. 

The second reason for calibration—to insure compar

able results—was handled as follows. Two recorders were 

set relative to one another in a constant manner using a 

calibration sound. This was necessary because a number of 

factors, including movement, can affect the sensitivity of 

tape recorders over time. The pattern sent to calibrate was 

one of the test patterns played at a lower volume so the 

receiving microphone was in its normal receiving loudness 
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range and the sound was not distorted. The sending loud

ness was set by adjusting the sending volume control knob 

to a marked spot, then playing the test pattern with the 

microphone five centimeters from the sending speaker. 

Using this sound, the receiving recorder was adjusted to 

a zero point: that is, to its optimal recording volume as 

read on a volume display dial. Then the calibration record

ing was made. 

In deriving the numbers plotted on the figures I 

used the calibration sound as well as the mean in case I 

had altered sensitivity inexactly on the recording machine. 

In fact this can occur because the volume display used to 

adjust loudness is less sensitive than the actual recording 

electronics. Samples of the data have been analyzed with

out calibration and give qualitatively the same results as 

shown in the results section. Later on,the calibration was 

also used in connecting the recorder to the Sona-Graph. 

Recorder volume was adjusted for the Sona-Graph, at record 

level 38, to record the sound at. its ideal volume. Thus 

all habitats studied are standardized with respect to one 

another, and all measurements were maintained within accu

racy limits of the equipment. 



CHAPTER 3 

RESULTS 

Facts and Potential Explanations 

Variability in tree squirrel alarm calling behavior 

does not immediately suggest the behavior-habitat relation

ship which is the topic of this dissertation. Other ex

planations were first explored and rejected. Because these 

are plausible alternatives it is important to discuss their 

impact. 

The first place where differences were expected was 

in the squirrels themselves. Phylogenetic differences exist 

between the two species of squirrels, but these are not 

great. Hall and Kelson (1959) place the Arizona Gray Squir

rel and the Chiricahua and Apache Fox Squirrels in the same 

subgenus, "Parasciurus" with the Eastern Fox Squirrel. Fur

thermore, the two species overlap in calling behavior. 

Nevertheless different abilities.to call or hear calls might 

affect behavior. 

There is no published study on hearing abilities in 

these squirrels, but my observations and measurements sug

gest that the squirrels are not different in this respect. 

A silent squirrel is not obviously less aware of habitat 

16 
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noise or disturbance than is a vocal squirrel. It does 

respond to sounds. It becomes alert with the same 

interactions that alert a vocal squirrel. It performs the 

behavioral movements associated with calling in vocal 

squirrels—it just doesn't call. Auditory bulla to head 

size ratios are not significantly different from one another 

(Fig. 2a) nor are actual head sizes (Fig. 2b). They are 

more like one another in these characteristics than they 

are like other southwestern tree squirrels. There is no 

obvious hearing difference. 

There is also no obvious difference in ability to 

call. No "always silent" population exists in this study. 

The squirrels which are silent under normal circumstances 

can and do vocalize in artificially open areas, and expe

rience no apparent difficulty in making a call similar to 

that of their normally vocal relatives. This indicates 

that their silence is under behavioral control. 

Another "squirrel difference" which might be ex

pected to affect alarm calling is squirrel population den

sity. Records were kept of squirrel sightings over three 

years of field work. While there is variability from year 

to year, the Chiricahua Fox Squirrels, the silent animals, 

were observed almost twice as often per unit effort as the 

vocal Huachuca Gray Squirrels. If calls are communications 
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to other squirrels, there would seem to be greater opportu

nity for effective communication in the squirrel which is 

actually silent. 

Failing to find anything about the squirrels them

selves which could readily explain the observed differences 

in behavior, I looked for environmental differences. The 

environments used by the squirrels are riparian canyons sur

rounded by less inviting areas which the squirrels can 

cross. In many cases these patches are in habitat islands: 

mountain ranges isolated from one another for at least 

8,000 years (Van Devender and Spaulding, 1979). It may be 

since isolation that behavior changes have come about, 

since, for example, the silent Chiricahua squirrel's nearest 

neighbors are vocal. 

Despite the fact that the pine woods surrounding 

the northern canyons are quite different from the desert 

surrounding those in the south, the canyons themselves were 

found to be remarkably alike. The plant communities are 

made up of the same genera and often the same species. They 

are largely oak (Quercus spp.) - pine (Pinus spp.) associa

tions characterized by the presence of Arizona Sycamore 

(Platanus wrightii Wats.) and Arizona Black Walnut (Juglans 

major [Torr.] Heller). 

The animal communities are also similar from canyon 

to canyon. Sciurus nayaritensis occurs in place of S. 

\ 
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arizonensis in the Chiricahua Mountains and most points 

south. Chipmunks (Eutamias dorsalis) are very rare in the 

Huachuca Mountains. Otherwise species differences are few 

and concern rare or occasional species. 

Despite the fact that the habitats look alike, it 

seemed likely that they differed in some factor affecting 

communication. Measurements were made of vegetation cover; 

foliage height diversity; sizes, species and numbers of 

trees; and of open areas in the Chiricahua and Huachuca 

Mountain sites. No significant difference was found. In 

each case there was both high variance and high overlap in 

measured values. Finally when a direct measurement of 

sound carrying was devised, a difference did show. Even 

after this measurement was taken, I could find no environ

mental correlate of it. As will be seen, the reliable 

correlate of sound transmission is tree squirrel alarm 

calling behavior itself. 

The literature has theoretical information on sound 

transmission and there are measurements in pure, and occa

sionally in mixed stands of various tree types or agricul

tural crops. But even monocultured habitats are complex 

acoustical systems whose properties are directly measurable, 

but not easily predicted or analyzed. In light of some 

acoustical surprises in architecture, where builders of 

performance auditoria such as Lincoln Center's Avery Fisher 
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Hall sometimes found surprising effects in their own struc

tures, it is not amazing that there is no simple predictor 

of environmental acoustics. 

Actual Measurements: 
Search for Relationship 

The search for a correlate to alarm calling behavior 

involved making some actual measurements of sound transmis

sion. Not only are the sound properties themselves complex, 

but the squirrel part of habitat acoustics is a small part. 

Animal sounds range over a spectrum of frequencies from less 

than one to greater than sixteen kHz. Of that spectrum the 

squirrels studied here use a range of only two kHz. 

The original search for an environmental factor 

involved only two canyons: Ramsey Canyon in the Huachuca 

Mountains and South Fork of Cave Creek Canyon in the Chiri-

cahuas. The former is the home of the Huachuca Arizona Gray 

Squirrel (Sciurus arizonensis huachuca), the latter supports 

the Chiricahua Fox Squirrel (Sciurus nayaritensis chirica-

huae). The squirrels in these two areas do differ in cal

ling activity, and the difference is highly significant 

(P=.001). Table 1 compares the number of squirrels calling 

vs. not calling in field sightings. Observations of squir

rel behavior under similar encounters with other animals 

also support the statement that there exists a calling dif

ference. Some animals which were observed to elicit calls 
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Table 1. Comparison of Calling Behavior in Sciurus 
arizonensis huachuca and Sciurus nayaritensis 
chiricahuae. 

Calling when sighted Sighted, no call 

S. a. 
huachuca 23 41 

S. n. 
chiricahuae 1 257 

X2 = 93.96 P = .001 

from Arizona Gray Squirrels were Coati (Nasua narica), 

Spotted Skunks (Spilogale putorius), snakes of various kinds, 

Montezuma Quail (Cyrtonyx montezumae), house cats and hu-

ans. Some of these could presumably harm a squirrel, but 

none is a regular predator on them. The Chiricahua Fox 

Squirrels, faced with similar encounters, faced toward the 

disturbance and usually made the tail flicking movements 

commonly associated with alarm calls (Farentinos, 1974); 

but they did not vocalize. Even dives at the Chiricahua 

Fox squirrels by young, but full-sized Cooper's Kawks 

(Accipiter cooperi) failed to elicit alarm calls. 

Since Chiricahua Fox squirrel calls have been re

corded from nearly open areas it is possible to compare 

the calls made by these two species of squirrels. It is 
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also possible to compare them to what the ancestral calls 

of the Chiricahua Fox Squirrel might have been like by look

ing at calls of the Fox Squirrel's nearest known relative. 

The conspecific relatives of this squirrel live across a 

gap of desert in the Sierra Madre; the nearest is in Sonora 

(S. n. apache) and another is in Durango and south (S. n. 

nayaritensis). Recordings of the apache subspecies have 

been made, and they as well as the Chiricahua Fox Squirrel 

call and the Arizona Gray Squirrel call are shown in Fig. 3. 

They overlap both in frequencies used and in pattern of the 

calls. The rare, open habitat bark of the Chiricahua Fox 

Squirrel is a repeated sound structurally like the bark of 

the Mexican squirrel. But whereas it occurs rarely, and 

not in connection with other kinds of calls here, the Apache 

Fox Squirrel extends the call into a scream. Arizona Gray 

Squirrels also use bark and scream components in their 

calls. But in this case barks don't appear to lead to 

screams with continuation or increase in alarm; rather there 

is a bark-bark-scream repeated sequence. All three squir

rels also have a popping or thumping sound that appears, 

in vocal squirrels, to be a preliminary to the alarm call. 

In the Chiricahua Fox Squirrel the normal woodland call 

ends there. The calls, then, vary some in call frequency 

and structure; but by far the most conspicuous variability 

is in the behavioral pattern of calling or silence. 
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Habitat variability, which is likely to affect the 

success of a call as communication, also occurs. Figure 4 

shows effectiveness of sound transmission in a number of 

squirrel frequencies in two different localities. In the 

Chiricahuas sound is attenuated, while in Ramsey Canyon the 

same sound frequencies are transmitted more effectively. 

The transmission difference—sometimes greater than 

six decibels in what appear to be similar habitats—means 

t . . . 
that if a call is a communication it has a better chance of 

being effective in the vocal Arizona Gray Squirrel habitat 

than in the woods occupied by the silent Chiricahua Fox 

Squirrel. A six decibel increase in loudness doubles the 

distance over which a sound is audible in an ideal open 

habitat? thus sound travels farther in the vocal squirrel 

habitat. 

If there really is some cause and effect relation

ship between alarm calling behavior and habitat, then one 

should be able to predict other situations. That is, in 

other locations and microhabitats, in other times or wea

ther, when squirrels call in alarm it should be in a habi

tat where calls carry. And where squirrels are silent, 

sound should be greatly attenuated. 

Tests of Predictions 

As mentioned in the previous chapter, it is pos

sible to designate a convenient dividing line: zero; 
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sounds carrying better than that value are associated with 

calling squirrels, sounds carrying below the value are 

associated with silent squirrels. Despite actual differ

ences in alarm calling it is expected that, if the squir

rels are ecological counterparts from place to place, all 

individuals—no matter their species or location—should 

follow the same rules of behavioral response to habitat. 

In the following pages the results of the following 

tests of this hypothesis will be shown: First a prediction 

of variation in different locations will be tested. Second, 

variation between microhabitats is shown. Third, the pre

diction is extended over temporary or seasonal changes and 

tested. 

Predictions in Space: 
Different Localities 

Behavioral variability exists in different popula

tions of Arizona Gray Squirrels. Both absence-presence 

variability and call differences occur within this one spe

cies. A population of squirrels in Sunnyside Canyon (in 

the same mountains as the Ramsey Canyon squirrels) has not 

been heard calling while measurements were being made in 

its habitat. It has made the movements associated with 

alarm, however. Perhaps it simply calls less often (the 

sampling time was only a few days). But more probably it 

is quiet, in part, because it is subject to another kind 

of environmental pressure; calling is particularly risky 
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here. The studied portion of Sunnyside Canyon supports a 

nesting pair of Goshawks (Accipiter gentilis) which are 

successful predators on squirrels/ as is shown by the re

mains of squirrels around a feeding platform used by the 

birds. A hawk sitting on a nest can be expected to be a 

more effective predator in its immediate vicinity than a 

transient predator would be. And calling may be a more 

risky behavior for a potential food item when predation 

pressure is high. For whatever reason, this squirrel is 

silent and the option of silence is therefore shown to be 

available to Arizona Gray Squirrels. 

Several other areas occupied by gray squirrels have 

been studied: Patagonia's Sonoita Creek drainage, Juan 

Miller campground north of Morenci in eastern Arizona, and 

two canyons in the Sierra Anchas of central Arizona. These 

last four areas are occupied by vocal squirrels. 

Call variability occi cs as well, though the differ

ence is not very obvious. The call pattern of barks fol

lowed by a scream is retained, but the sound frequencies 

are different. The Juan Miller squirrel's bark is lower 

(2.5 kHz) and the scream is higher (1.5—2.0 kHz) than others. 

Thus both behavioral flexibility and variation in calls 

occur within one species, the Arizona Gray Squirrel. 

Variability in sound transmission also occurs in 

the habitats occupied by the Arizona Gray Squirrel. 
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Figure 5 shows data from habitats occupied by vocal squir

rels and from the habitat occupied by the Sunnyside Canyon 

population which is silent. While there is variability in 

the habitats, that alone is insufficient to explain the 

silence of the Sunnyside canyon squirrel. Notice that one 

frequency of the wide band call is attenuated more than 

other call frequencies. Attenuation of single frequencies 

in bands of sound may be important and will be discussed 

in connection with critical bandwidth in Chapter 4. At 

this point the relative importance of nesting predators 

and sound transmission is unclear and the selection pressure 

for silence requires more study. 

Habitat characteristics do not explain what kind of 

selection might be acting to vary the calling frequencies— 

there is no obvious adaptation to fit the exact sound prop

erties of the localities. In fact, the first part of the 

Juan Miller call carries poorly, yet the squirrel is vocal. 

The attenuated part is a narrow band bark,and the attenua

tion is effective enough that several of the calls heard 

from a distance appeared at first to be only screams. 

This phenomenon will be discussed in more detail later. 

There is calling variability in the Fox Squirrels 

as well. Sciurus nayaritensis apache is the only other Fox 

Squirrel near the Chiricahuas. It is separated from the 

Chiricahua Fox Squirrel by at least 80 kilometers and somr 
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eight to eleven thousand years (Van Devender and Spaulding, 

1979) . In appearance and behavior this Apache Fox Squirrel 

seems identical to its Chiricahua relative, except for the 

fact that it calls. Table 2 compares these two squirrels; 

they are significantly different. The calls themselves are 

alike except that the Mexican squirrel also has the scream 

associated with extreme alarm (Fig. 3b). It is also pos

sible to match environmental encounters to indicate beha

vioral differences. The bark call can be elicited from the 

Apache Fox Squirrel by waiting until it nears the ground, 

then running toward it. This elicits no call from the 

Chiricahua subspecies. The scream sound, wholly unknown 

in the Chiricahuas, was made in response to a hawk (prob

ably Accipiter gentilis) near the nest, and even toward a 

human (Stephen M. Russell, personal communication and tape 

recording). Remember that repeated hawk dives elicited no 

alarm call in the Chiricahuas. The hawks in the Chirica

huas, however, were not normal predators on squirrels. 

There is also a large difference in the way sound 

is transmitted in the two habitats. Figure 6 compares the 

acoustical habitat occupied by the silent Chiricahua Fox 

Squirrel to that of the vocal Apache Fox Squirrel. Again 

the predicted pattern emerges: the vocal squirrel occupies 

a habitat where sound carries well in the sound frequencies 

used by the squirrel. In both the Apache and Chiricahua 
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Table 2. Comparison of Calling Behavior in Sciurus 
nayaritensis chiricahuae and Sciurus nayaritensis 
apache. 

Calling when sighted Sighted, no call 

S. n. chiricahuae 1 257 

S. n. apache 

X2 = 38.03 P = .001 
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Fox Squirrels certain environmental events trigger alarm 

behaviors which indicate that the squirrel is aware of a 

disturbance. But in only the Apache is alarm associated 

with vocalizations, and that is the case where the potential 

for communication is higher. 

It is interesting to go across species and compare 

two vocal squirrels: the Arizona Gray Squirrel in Ramsey 

Canyon and the Apache Fox Squirrel in Canon Pulpito in the 

Sierra Madre of Sonora. A chi-square test shows no signifi

cant difference in tendency to call in these two squirrels. 

The transmission of sound in the habitats is different, how

ever. Figure 7 shows the two habitats. Notice that both 

allow sound to carry more efficiently than do habitats 

where squirrels are silent: sounds carry well in Ramsey 

Canyon and very well in Canon Pulpito. There is, of course, 

no reason to expect these two habitats to transmit sound 

identically. A wide variety of acoustical habitats may 

be expected in nature, with selection working on calling 

behavior (and perhaps on structure of calls) in such a way 

that habitats on one end of the transmission spectrum will 

have vocal squirrels, and habitats at the other end will 

support silent squirrels. 

Predictions in Space: 
Different Microhabitats 

An interesting prediction of this theory is that, 

if behavioral change is responsible for calling or silence, 
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it will be flexible—so that a behavioral change might be 

expected not only from canyon to canyon, but also between 

microhabitats in a single locality. 

Tree squirrels are commonly pictured in trees. But 

all squirrels involved in this study used the ground; as 

much as half the time squirrels were first observed on the 

ground. Calling, however, is not random with respect to 

location. Only once during the course of this study was 

even a part of an alarm call made by a squirrel on the 

ground. That call was the first bark of the Chiricahiaa Fox 

Squirrel before it reached the corral fence. It was pre

dicted, therefore, that calls made from the ground attenuate 

more than those made from above ground. Figure 8 shows 

sound attenuation in two study plots comparing ground level 

to one meter up. This pattern held in every habitat studied. 

The difference in attenuation from one meter to ground is 

in some cases equivalent to the attenuation expected with 

s doubling of distance. Again the pattern holds: where 

squirrels do call there is a higher potential for communi

cation. 

There may be, either naturally or by the action of 

man, parts of habitats where sound properties are unlike 

those most commonly found there. This phenomenon imposes 

new conditions on the squirrels, conditions which are most 

rapidly met by behavioral responses. Two cases of this 

sort were found. 
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The first case of different sound habitats within a 

squirrel's area of movement involved Sciurus arizonensis 

arizonensis in the Sierra Anchas. It was a natural case 

where a vocal squirrel moved from a canyon bottom habitat to 

a hillside covered by small pines growing close together, 

where sound carried less well. Only eleven squirrel sight

ings were made in this area, seven in the canyon and four on 

the hillside. Of those canyon sightings four were associated 

with calling squirrels, while no hillside squirrels called. 

This is not a significant difference with so few sightings, 

but it is suggestive. The habitat here is not distinctly 

divided into riparian and non-riparian segments, and the 

squirrels use a variety of habitat types. McFadden Creek 

is made up of small riparian patches and steep hillsides. 

Hillside recordings are shown in Fig. 9a. Because it was 

not possible to record a whole study plot in such small 

riparian patches, I used Rose Creek Canyon, the next canyon 

south, for riparian recordings (Fig. 9b) ; even then "the 

habitat included non-riparian parts. Rose Creek Canyon 

Squirrels are also vocal. Because of the non-riparian and 

riparian mixture these areas are not strictly comparable to 

other localities. Nevertheless the pattern holds: if a 

squirrel varies its calling behavior the places where it 

calls are where sound carries best. 
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A reverse case occurs with the Chiricahua Fox Squir

rel, and has been mentioned before. In artificially open 

corrals and parking areas the squirrels do occasionally call, 

but otherwise they are silent. Figure 10 compares the usual 

sound properties of the summer woods to sound properties in 

the corral. Since the latter was a small area, a whole study 

plot of 40 recordings could not be done; these points are 

from four sonagrams. It is interesting that even in the 

open, sound attenuation is greater than in some of the hab

itats studied in other mountains. The calling occurred 

under several circumstances which are unusual for this spe

cies of squirrel. Chiricahua Fox Squirrels avoid occupied 

picnic and camping areas, and do not visit feeding stations 

or garbage cans. They are only attracted to native foods. 

The corral area is, however, attractive to the squirrels 

because of several large Arizona Black Walnut (Juglans 

major) trees which have been planted there. The trees are 

not in contact with the woodland canopy and to reach some 

trees the squirrels must go along, the ground, away from near

by trees. If, while they are on the ground in the open, 

they are chased by a dog, then they will call. The call 

comes just as they jump for the corral fence and as they 

run along it. Thus it is not a simple case of variability 

in habitat associated with calling. Still, the only calls 

recorded in the Chiricahua Mountains occurred where sound 



41 

ct. 

i • 

JVWaij 
5ow)Ji 

refcitve lo 

a coij&tcwjt 
(o) 

(<£c ci6eC$) 

• 

G. 

t f N* 100 
1. SAK* 
2. 6CR6AM 

—( 1 > I t I I I 
1,0 t* f l̂ L. 4.5 5X> 9.5 4.0 
5owna jre^ueijcu £ 

t 
it 

o 

M= A-
1. 0ARK 
2. STREAM 

i!o~ ie, aV i.? ao , t.ls . 4i> I?" 
5ou»a rrcc[uttjctj tntix) 

0.9 

Fig. 10. Comparison of Habitat Sound Properties 
in Chiricahuas. 

a. Chiricahua woods. 
b. Chiricahua open corral. Only the bark 

is actually used, though shading indi
cates species frequencies. Bars indi
cate 95% confidence intervals. 



42 

carried better than anyplace else'in that canyon. And the 

only other calls reported from those mountains occurred near 

a paved parking area in Chiricahua National Monument (Paul 

Fugate, personal communication). 

Predictions in Time: Temporary 
and Seasonal Differences 

Temporary variations in how sound carries also occur 

on a regular basis. It is reasonable to expect that the 

squirrels might be able to use their behavioral plasticity 

to match even temporary variability in sound properties. 

Two kinds of temporary behavioral changes associated 

with sound properties have been identified. The first is 

difference of behavior with season. This difference has 

been shown only in one location, Ramsey Canyon, where the 

squirrels are silent in winter and vocal in summer. Squir

rels have been observed in winter in both Sunnyside Canyon 

(S. arisonensis huachuca) and South Fork of Cave Creek Can

yon in the Chiricahuas (S_. nayaritensis chiricahuae) as well, 

but they are silent both summer and winter. My winter 

experience with the'Ramsey Canyon squirrels is very limited. 

But observations made during my three recording sessions (no 

calls heard) are supported by reports from Carroll and Joan 

Peabody who have lived in the canyon for seventeen years, 

and noted its natural history during most of that time, 

and from Virginia Jeavons, a frequent visitor who kept 
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detailed field notes on squirrel activity. These all agree 

that the Ramsey Canyon squirrels are summer vocal and win

ter silent. Do habitats transmit sound more effectively in 

summer than in winter? 

Figure 11 compares sound carrying properties in 

these two seasons both for Ramsey Canyon and for the Chiri-

cahua Fox Squirrel habitats. In both cases sound carried 

better in summer. Although it is predicted by the squirrel' 

behavior, this is an unexpected result for two reasons. 

First, humidity is often higher in winter. Humid air is a 

more dense medium than dry air and should therefore propa

gate sound waves more efficiently. Second, underbrush dies 

back in winter and therefore might be expected to act less 

as a sound attenuator in that season. Yet every winter re

cording shows diminished sound transmission relative to sum

mer, as predicted only by the squirrel calling behavior. 

Squirrels call when sound carries best. 

The second kind of temporary behavioral change asso

ciated with habitat conditions is- wind associated silence. 

Seton (1929) claims that Eastern Fox Squirrels avoid wind. 

This does not seem to be the case with Arizona Gray Squir

rels. They were active in the wind during the course of 

this study, but not once was a squirrel observed to call in 

the wind. 
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It is not a simple matter to assess sound transmis

sion in wind. Strong winds can distort recordings and mask 

sounds with microphone static. But the following information 

is suggestive. One of the habitat recordings in Sonora was 

done on a breezy day. The wind was not strong enough to 

hamper recording. Recording was done in such a way that the 

test pattern was sent into the wind (i.e., in the opposite 

direction as the wind). Sound was being attenuated some by 

movement of air, which made the measurements conservative 

since the prediction was that sound would carry well. After 

measurements were made with the regular forty recordings, a 

small series of four recordings was made in the identical 

spots, but with the recordings of the test pattern being 

sent with the wind movement. Figure 12 shows the measure

ments of sounds sent against the wind compared to measure

ments sent in the direction of air movement. Calling into 

the wind, which is the way animals face in windy weather, 

attenuates sound in the direction sent, and appears to en

hance transmission in the other direction. This leads to a 

very complex sound pattern as well as some sound masking by 

tree movements. The symmetry of the communication distance 

around a calling individual would be very much distorted, 

and communication made less predictable and possibly less 

efficient. In any event, under those circumstances squir

rels do not call. 
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In general then, a pattern was found relating varia

bility in tree squirrel alarm calling behavior to variability 

in sound carrying properties of squirrel habitats. It was 

hypothesized that although the squirrels in the original com

parison were of two different species, the pattern is the 

result of natural selection on calling behavior, and is a 

general phenomenon. The prediction was tested over space, 

ir. other locations and in parts of habitats with different 

sound properties. It was tested over time with seasonal 

variability and wind. In every case both between and within 

species comparisons indicate that the squirrels are follow

ing the same rules for alarm calling behavior. When a si

lent squirrel and a vocal squirrel are compared, sounds in 

squirrel call frequencies will carry better where the squir

rels do call. 



CHAPTER 4 

DISCUSSION 

I have shown that a relationship exists between 

alarm calling behavior and the habitat in which a squirrel 

lives. The existence of the relationship implies that 

natural selection has influenced squirrel alarm calling 

behavior. In this chapter I will discuss the pattern in 

calling behavior, the reasons it is expected, alternative 

arguments for parts of the results, some other factors 

involved in calls being heard, and finally some ways in 

which habitats might affect fitness. 

Calling Behavior Predicts Sound 
Properties of the Habitat 

The relationship between calling behavior of squir

rels and the habitat-specific transmission of sounds in 

squirrel occupied riparian canyons holds over a variety of 

circumstances in nature. Calling behavior predicts how well 

sounds carry with comparing two species of squirrels to one 

another, when comparing conspecific squirrels occupying dif

ferent localities, and when comparing the behavior of a 

single population of squirrels in different parts of their 

area or with changes over time. While two squirrels may be 

doing different things in response to some stimulus, in 

fact they are following the same rules about when to call. 
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In this study the calling behavior of the squirrels 

was the best field predictor found for habitat sound proper

ties. Similar appearing areas in the squirrel occupied can

yons may, but do not necessarily transmit sound similarly. 

Measurements made in the habitat were not able to predict 

sound carrying. 

A probable explanation for the behavior-to-habitat 

tie lies in the ability of some habitats to attenuate sound 

so much that the call, if made, would not be effective. 

This is treated as an assumption in this study and in other 

studies of alarm calling behavior. It is assumed that sound 

attenuation can decrease the effectiveness of calling because 

if sound carries a shorter distance it is likely to communi

cate with fewer individuals. 

The relationship between habitat and behavior, and 

the assumption that the habitat can alter the effectiveness 

of behavior combine to imply that selection on alarm calling 

has taken place in this system. 

Obviously natural selection influences the squirrel's 

response to the habitat, not the reverse. So the habitat 

properties should be used to predict whether or not a call 

will benefit a squirrel. In this study, however, calling 

behavior was immediately obvious, but mechanical analysis 

had to be performed to learn the habitat's transmission prop

erties. That is why I have used the effect to "predict" the 

cause. 
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Selection and the Influence of 
Habitat are Expected 

It is not surprising that natural selection works 

on alarm calling behavior, nor is it unexpected to find a 

relationship between a calling pattern and the habitat. 

Twenty-fiva years ago Marler (19 55) implied that selection 

was involved in animal calls when he described how varia

tions in the physical properties of vocalizations caused 

them to vary in the distance they carry and in their locata-

bility, and then how those properties were adjusted to the 

uses to which the animals put the calls. Calls which are 

used when animals can benefit by being heard over long dis

tances and easily located (such as mate attraction calls) 

have different sound properties than do calls which serve 

the caller best by communicating only to nearby individuals 

or communicating ventriloquially. In these cases the phy

sics of sound help to explain the supposed advantage to a 

particular kind of call. 

Calls and calling behavior have also been demon

strated to be associated with the sound properties of par

ticular habitats. Morton (1975) showed that habitats have 

inherent "sound windows." That is, habitats allow propaga

tion of sound in certain frequencies more readily than other 

sounds. In addition, Morton demonstrated that an average 

bird call in each of three habitats matched that habitat's 

sound windows. Bowman (1979) has, using sophisticated 
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techniques, demonstrated that geospizid calls have converged, 

and how the calls which they have evolved are appropriate 

for the acoustics of their habitats. Hunter and Krebs (1979). 

found differences in songs of Great Tits (Parus major) be

tween habitats. They found differences and similarities in 

calls to be related to acoustic attenuation, at least in 

part. Forest dwelling birds used songs adapted to long dis

tance transmission, woodland birds did not. 

Theoretical Advantages to Calling 

Some of the results given here are consistent with 

a number of theories and unable to distinguish among them. 

It is possible, however, to rule out some theories as the 

cause of behavioral differences and to eliminate some poten

tial objections to the idea of habitat involvement. 

First I will defend habitat involvement in the evo

lution of alarm calling behavior in these squirrels. No 

argument or theory except one involving a sound-habitat rela

tionship explains all the variability discovered in this 

study. The following arguments can explain some of the data. 

The differences in calling behavior are older than 

the current habitat-squirrel associations. They are charac

teristics of the gray squirrel—fox squirrel differences, 

and perhaps of ancestral habitat conditions, not of recent 

ones. This appears to be borne out by some interesting 
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natural history observations. Seton (1929) makes this claim 

for the Eastern Fox Squirrel, which he says behaviorally 

resemble the Arizona squirrels: "This species is usually 

more silent than the Gray-squirrel; and if one of them hears 

any loud noise in the woods, it hides or runs to its hole, 

instead of chattering or barking at it, as both Gray- and Red-

squirrel often will" (p. 103). Seton describes alarm calling 

in Eastern Fox Squirrels too, but it does seem probable that 

.....part of being a fox squirrel is a reduced tendency to call. 

But both the species in this study, despite their 

common names, are fox squirrels. Moreover, even within one 

species, the Mexican squirrel, nayaritensis apache, calls 

and the American, S. n. chiricahua, does not. 

Not only is the habitat-behavior relationship impor

tant in the less vocal species, but it occurs in the more 

vocal species as well. The Arizona Gray squirrel fails to 

call in circumstances where sound transmission is reduced. 

So the non-vocal behavior seems to be a consequence of the 

current circumstances in which the squirrel is found, and 

not of residual behavior from other times. 

Another argument advanced to explain squirrel si

lence without habitat related evolution is that squirrels 

are less efficient alarm callers than chipmunks, and the 

squirrels cue in on chipmunk alarm calls rather than making 
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their own calls. This is particularly interesting because 

the bulk of information in this study comes from the Chiri-

cahuas (silent squirrel habitat) where chipmunks (Eutamias 

dorsalis) are common and Ramsey Canyon (vocal squirrel habi

tat) where chipmunks are extremely rare, if not extinct. 

However, the pattern does not hold in places such as Canon 

Pulpito or Juan Miller campground where both squirrels and 

chipmunks coexist and squirrels call. Perhaps there is 

some quantitative difference in squirrel calling behavior 

where chipmunks live, but it was undetected in this study. 

Another argument, devised to explain winter-summer 

differences in calling behavior, is that alarm calling occurs 

when the greatest benefit to inclusive fitness occurs, i.e., 

when there are young around. This is convincing theoretical

ly, but fails to explain some observations. The first obser

vation is that Ramsey Canyon squirrels may breed in any 

season, and new young may be out of the nest in December, 

but without associated alarm calling (V. Jeavons, personal 

communication). The second observation is that the rare 

call, in the open, of the Chiricahua Fox Squirrel did not 

occur with young squirrels around; and young squirrels did 

not evoke calling. The third observation is that popula

tion density in general is lower in Ramsey Canyon and higher 

where squirrels are silent. It is hard to imagine a 
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non-habitat related advantage to calling where populations 

are lowest, if one is using a kin-selection based argument. 

The last of the arguments to explain the data with

out involving habitat sound properties points out that squir 

reIs call from above the ground because at ground level they 

are more vulnerable to predation. This argument explains 

only the ground silence phenomenon and none of the other 

cases of silence. It also fails to explain why chipmunks 

(Eutamias dorsalis) and rock squirrels (Spermophilus varie-

gatus) call from the ground. Both of these animals can 

climb trees and do so regularly. Information on sound trans 

mission in the high pitched frequency range of chipmunks 

and rock squirrels is limited, in this study, to just the 

lowest part. But while the attenuation difference between 

a ground level call and one made from one meter up may, for 

a tree squirrel, be as great as six decibels (equivalent to 

doubling distance), it is much less in the higher frequen

cies used by the other two sciurids. 

One non-sound related habitat argument must be con

sidered. Sound may be a characteristic of the habitat 

which, though difficult to measure as such, is closely 

associated with openness or closedness. Perhaps, then, the 

really important factor is visibility. This is consistent 

with all the results except winter-summer relationships. 
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Both in the Chiricahuas and the Huachucas the winter woods 

are characterized by greater sound attenuation than are the 

same areas in summer (Fig. 13). But winter is when ground 

vegetation dies and many of the trees (some oaks and all the 

maples and sycamores) are bare of leaves. Visibility is 

high then, and sound transmission is poor. 

If we accept that the sound-habitat relationship is 

real and that habitat characteristics have affected selection 

on calling, then there are two further considerations: 

First, why silence? What constraints on calls might be in

volved such that the call is behaviorally eliminated rather 

than altered? Second, habitat alone cannot make a calling 

squirrel more fit; there must be animal interactions in

volved. How might habitats influence the nature of an inter

action enough to alter fitness? 

Why Silence? 

There are ways to improve the effectiveness of a 

squirrel call. But considering the variability and complex

ity of habitats as well as constraints at the hearing end 

of communication, behavioral flexibility may be the fastest 

and/or most effective adaptation. I do not know why silence 

was the consequence of natural selection on this system. I 

can suggest some ways in which the options are limited, and 



56 

I can show one characteristic of hearing which may be in

volved in selection for silence in these squirrels. 

The ways a call might change to improve communica

tion are limited because habitat is only one part of a com

plex set of advantages and disadvantages to certain sounds. 

Certain sound frequencies are more readily heard than 

others (White, 1975). Depending on the size of the listen

er's head, one wavelength of sound may be more easily lo

cated than others (Erulker, 1972). And wide band calls 

sound louder than do narrow band calls (White, 1975). Thus, 

a change in frequency which allows a sound to carry better 

might be a change which makes the call less easily heard or 

more readily located, so that there might be no advantage 

to the change at all. 

The squirrel calls in this study do seem influenced 

by these factors. An alarm call should not be too readily 

located. Yet alarm calls in these squirrels are not the 

narrow band sounds that are so ventriloquial when used by 

rock squirrels and even coati and puma. They are, at least 

in part, bands of sound incorporating a range of 0.5 kHz. 

For example, the Arizona Gray Squirrel in Ramsey Canyon has 

a scream that incorporates test pattern frequencies 1.0 and 

1.5 kHz. This widening of the frequency band allows the 

same amount of energy (sound pressure) to sound louder to 

a listening animal, due to a critical bandwidth hearing 
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phenomenon. Because this phenomenon is a bias that occurs 

in ears and not tape recorders it does not appear in atten

uation measurements. 

Critical bandwidth is a width of the frequency band 

which, with the same sound pressure as a pure tone, produces 

a louder sensation than that pure tone. Critical bandwidth 

varies with the frequency of a sound so that a one kHz sig

nal has a critical bandwidth of 0.160 kHz, and a five kHz 

signal has a critical bandwidth of one kHz. It is interest

ing that in the squirrel catl*frequencies, where the call 

bandwidth is approximately 0.5 kHz, the critical bandwidth 

is also about 0.5 kHz. The band seems just loud enough to 

accomplish the trick of sounding louder with the same sound 

pressure. 

Critical bandwidth is important in the following 

way: imagine a call made at point "A" by a squirrel, and 

heard by a second squirrel at point "B". Further imagine 

that the call made at "A" consists of a band of sound at 

critical bandwidth and that all sound frequencies carry 

equally well. The squirrel at "B" will hear a sound of 

some loudness (L). Now if the squirrel at "A" makes the 

same call again, but this time has half the band filtered 

out by the habitat, the squirrel at "B" will be receiving 

a sound pressure of half the original amount (L - 6 db), 

but will be hearing less than half the loudness. 
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Superimposed upon its actual loss of pressure is the appar

ently quieter sound caused by narrowing of the bandwidth. 

In fact, with tree squirrel calls, if one frequency 

was attenuated and that frequency was part of a band making 

up most of the call, then the squirrel was silent. This 

happened in two cases, in the Chiricahuas (Fig. 4) and in 

Sunnyside Canyon (Fig. 5). In another instance an attenu

ated frequency was part of a bark, which is not a band call. 

This is the Juan Miller case. The starred frequency on 

Fig. 5 is attenuated, but the squirrex still calls. Without 

knowing more about the relative importance of barks and 

screams the meaning is unclear. Nevertheless critical band

width may be more important to the evolution of animal calls 

than is presently recognized. The altering of a call to 

improve its value as communication is no simple matter; per

haps it is not surprising that the evolutionary result was 

behavioral flexibility with silence common in some areas. 

Habitat Can Influence Fitness 

The second reason that the habitat correlation is 

interesting is that there is no mechanism by which habitat 

is able to directly influence fitness of a calling indivi

dual. It must affect fitness second-hand through some inter

action between a calling squirrel and other animals who hear 

the call. Most theories about natural selection and alarm 

calling assume that behavioral variability is dependent on 
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the interaction itself, and appear to either ignore the 

effect of habitat or assume all habitats to be similar or 

neutral. Actually behavioral variability is, in part, a 

consequence of where the interaction or stimulus to beha

vior takes place. In the instance of tree squirrel alarm 

calling behavior, natural selection involves not only what

ever interactions are important to the actual fitness of 

squirrels, but also the acoustics of the habitats in which 

the interactions occur. 

Since habitats are related to behavioral variability, 

and since they alone cannot impose a change in fitness on 

calling animals, it is interesting to look at how they might 

affect the interactions which do alter fitness. In this 

section I consider the simplest way in which natural selec

tion can work, and assume that selection directly improving 

the chance of survival of the calling individual is simplest. 

This neither excludes nor requires improved fitness via 

assisting other individuals who either will reciprocate or 

who are near kin or potential mates. 

The simplest way habitat and interactions might com

bine to alter fitness of a calling squirrel is as follows: 

A call is made and is transmitted to other individuals over 

some characteristic distance. The effect of the call it

self to a potential predator is to inform it that it has 

been seen by the calling individual and by other animals it 

might potentially capture who can respond to alarm calls. 
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To other victim individuals it also serves as a warning 

which may help them escape predation. Other victims include 

not only other squirrels, but also other mammals and birds 

which might be eaten by the predator. In terms of the effect 

of habitat on the interaction, the area included in the com

munication defines the size of a kind of hunting patch for 

the predator. It is a hunting patch which by virtue of 

alertness is immediately diminished in quality: the proba

bility of making a successful capture there declines. But 

the low quality is only transient; the patch is worth inves

tigating again. For the calling squirrel the distance the 

call carries describes how large an area becomes temporarily 

unproductive to the enemy, and therefore how far the preda

tor must go to find a non-alert victim. Thus in a sense it 

defines a safe area around that squirrel whose size is equiv

alent to the effective area of the call. The result of the 

call, and its effect upon animal interactions, is that if 

the predator can use the information in the call, and if 

the call does depress patch quality to below average in the 

area, then the predator should move out of the patch and 

travel to a more productive one. This deals with one of the 

problems of optimization arguments of foraging by giving a 

means by which a predator can assess the quality of a patch. 

A calling individual in this scenario is able to effectively 

chase out a predator, which it could not directly remove by 
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aggression. This is a combination of some ideas included by 

Smythe (1970, 19 77) in his arguments that some behaviors are 

actually pursuit invitation communications, and Charnov's 

(1974) Marginal Value Theorem. 

The following theoretical explanations for alarm 

calling are wholly compatible with the above description, 

and would, if effective, only serve to enhance the selection 

favoring calling. With the exception of kin selection 

(which for reasons of population density already discussed 

does not appear to be the most important form of selection 

in this system) none of these have yet been shown to alter 

behavior in nature. 

Kin Selection (Hamilton, 1964) 

If close kin are among those alerted to danger then 

the caller, in addition to surviving to reproduce itself, 

also improves its fitness by improving the chance that 

close kin will survive and leave offspring more like the 

caller than average. 

Reciprocal Altruism (Trivers, 1971) 

Anytime another individual reciprocates a warning 

of some shared danger the first caller has a better chance 

of surviving to reproduce. This is an appealing addition 

to the scenario above and is somewhat supported by the ob

servation (Ilarler, 19 55) that many alarm calls are similar, 
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even when made by very different species. Schaffer (1978) 

points out, however, that an assumption in Trivers1 argu

ment is that an individual calls when the cost to it is low 

and the benefit to another is high. In tree squirrels, the 

calling individual is most often the individual nearest the 

disturbance, thus presumably the one v/ith the highest poten

tial cost. 

Manipulation (Charnov and 
Krebs, 1975) 

The individual selection argument given earlier does 

not rule out the possibility that some individual will be 

captured. A call may improve the caller's chance of not 

being the victim by being incomplete or misleading, thus 

giving it a better chance of escaping than others. This is 

another case of individual advantage, and is consistent with 

a patch quality model. 

The individual selection via patch quality hypoth

esis, like most other explanations for alarm calling, has 

not been demonstrated to occur in- nature. The following 

evidence would have to be shown to make it convincing: 

(1) an alert animal is less likely to be captured by a pred

ator than one unaware, (2) a predator is more likely to move 

on after a call has been made in its vicinity and (3) a 

predator moves farther before hunting again where sound 

carries better. 



CHAPTER 5 

CONCLUSION 

This study shows that behavior, specifically tree 

squirrel alarm calling behavior, is acted upon by natural 

selection. The assumption underlying this study, all other 

work on alarm calling, and even the words "alarm calling" 

themselves, is that these sounds are communications. It is 

reasonable to assume that reducing sound carrying in such 

a way that a smaller area receives the communication will 

reduce the effectiveness of the call. 

Woods are not alike in terms of sound propagation 

characteristics. Some variability would be expected to 

exist from place to place, though the amount of variability 

in these woods was surprising because they were so similar 

in appearance. Variability in space and over time were also 

demonstrated. 

Variability also exists in squirrel alarm calling 

behavior. It occurs between Arizona Gray Squirrels and 

Chiricahua Fox Squirrels. It exists within each of these 

species as well, such that two populations of one species 

may be behaviorally more different than are the two species 

from one another. The behavior varies over space and 

changes with time and weather conditions. 
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There are, in this study, a variety of habitat and 

behavioral circumstances. But in all cases there is a rela

tionship between the habitat and the behavior so that it is 

possible, knowing only the behavior of a squirrel, to pre

dict sound propagation of the habitat at that place and time. 

The association implies selection: If a variable 

behavior is found to occur only where it is likely to be 

effective, and if it is absent where its effectiveness would 

be diminished, then natural selection has probably produced 

the behavior. Squirrels have evolved to call where the po

tential for communication is highest. 

I conclude by returning to the ideas in the quota

tion which opened this paper. Individuals do behave in 

such a way as to maximize their inclusive fitness—they call 

where the call communicates effectively. The optimal be

havior does depend on other individuals—the response of 

other victim individuals and of a predator. And the opti

mal behavior does depend on the ecological circumstances— 

how well the habitat transmits sound. 
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