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ABSTRACT 

Predation risk strongly influences the ecology and evolution of animal 

behaviors. However, anti-predator responses differ among species. Tradeoffs 

between anti-predator abilities and foraging efficiencies across habitats can 

promote the coexistence of ecologically similar species. In general, larger 

animals may better exploit riskier habitats; smaller animals, resources at low 

densities. 

12 

I studied two montane ground squirrels, Spermophilus lateralis and 

Tamias minimus in Colorado. Using food trays, I determined that the smaller T. 

minimus foraged more efficiently near meadow edges and was competitively 

superior to S. lateralis there. In contrast, S. lateralis had no preference for 

either edge or far habitat, but was competitively superior to T. minimus farther 

from the edge. I predicted, correctly, the exclusion of S. lateralis from meadows 

with primarily edge habitat. 

I proposed three alternatives to explain the observed patterns of habitat 

use: satiation, travel cost, or perceived predation risk. In a series of 

manipulations of energetic costs, protective cover, and predators, I eliminated all 

but the predation risk hypothesis. S. lateralis perceives less risk farther from the 

edge of the meadow than T. minimus. 

~~-~-~~--- ----
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Faster harvesting and running speeds might decrease perceived predation 

risk. S. lateralis and T. minimus both experienced diminishing returns while 

foraging in food trays. Due to a higher encounter rate, S. lateralis harvested 

seeds significantly faster than T. minimus. S. lateralis also ran faster than T. 

minimus (3.14 mls and 2.13 mis, respectively). 

Gregarious animals may detect predators before solitary ones. I suggest 
I 

that due to differences between sensory modes, this advantage accrues only to 

animals using vision. Thus, I predicted that gregariousness as a predator 

detection strategy should evolve only in diurnal animals. To test this, I mapped 

diurnal activity and gregarious behavior onto a phylogeny of eutherian mammals, 

and then calculated their degree of association. I found strong support for my 

prediction. This pattern may occur in other mobile animals. The data also 

suggest an association between larger body size and open habitat use among 

diurnal, gregarious organisms, paralleling a result from Colorado ground 

squirrels. 



CHAPTER 1. Habitat selection and the community organization of montane 

ground squirrels. 

INTRODUCTION 

14 

Specialization on qualitatively different patch types facilitates the 

coexistence of ecologically similar species (MacArthur and Pianka 1966, Abrams 

1984, Rosenzweig 1981, Kotler and Holt 1989, Kotler and Brown 1988, 

Rosenzweig 1989). So, when we study community organization, we should 

elucidate how ecologically similar species use the habitat they live in. We should 

determine the relative competitive abilities of the species in different patches, 

the factors that distinguish one patch type from another, and the characteristics, 

and the tradeoffs, that allow a species to exploit a particular type of patch better 

than its competitor. This information should allow us to predict the distributions 

of the species, given information about the large-scale arrangement of the 

different patch types. 

I studied a pair of ecologically similar species of montane ground squirrel, 

the golden-mantled ground squirrel (Spermophilus lateralis) and the least 

chipmunk (Tamias minimus). Many of the described mechanisms of niche 

separation (Kotler and Brown 1988) do not apply to them. Their diets overlap 
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substantially, as do their burrow locations, annual activity patterns and types of 

predators. They do, however, differ in body mass, a morphological difference 

that can influence habitat selection .. S. lateraIis, at 175-250 g, weighs more than 

T. minimus (40-60 g). 

I began this study by determining the habitat use patterns of the two 

species. I found that although both species foraged in open montane meadows, 

T. minimus concentrates its foraging close to the edge of the meadow, whereas 

S. lateralis does not. Both species locate their burrows at the edges of the 

meadows under rocks or roots. 

This study will show that T. minimus was the superior competitor close to 

cover, whereas S. lateralis was superior further from the edge. As long as 

sufficient resources exist in the two patch types, the competitive difference will 

tend to promote their coexistence. 

I wanted to determine what made the patches appear distinct to the 

squirrels. Conventionally, behavioral ecologists relate lIopenll to llriskyll and 

IIcoverll to IIsafell, particularly when predators use vision to locate prey (see Lima 

and Dill 1990). However, -in the ground squirrel habitat, lIopenll is also IIdistantll. 

For consumers that forage out from a central place, (in the ground squirrels's 

case, their burrows at the edge) factors besides predation may influence the use 
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of patches further from cover. These alternative factors include differences (due 

to body size) in levels of satiation (food carrying capacity) and travel cost. 

Animals experiencing diminishing returns while foraging in a patch should, 

in the absence of predation risk, exploit each habitat until the rate of return is 

equal among patch types (Charnov 1976, Brown 1988). However, animals 

completely ignorant of the availability and richness of patches may not take the 

chance of not finding another patch, and may simply feed until satiated in the 

first good patch they find. This behavior might explain the observed pattern of 

habitat use of the two ground squirrels. Imagine that the squirrels begin to 

forage at the edges of the meadow near their burrows. The least chipmunks 

may become satiated before they reach the patches that are farther out. In 

contrast, the larger ground squirrel will not become satiated so soon, and so will 

continue to forage further out in the meadow. 

Travel costs could also influence the distance from the edge that the two 

species forage. Economically, foraging is possible when the benefits exceed the 

costs, or the ratio of benefits/cost is greater than 1. The travel costs incurred by 

an animal are proportional to the distance travelled multiplied by the cost of 

transporting the animal, which is proportional to the animal's body mass·n . But, 

the maximum benefit derived from foraging is directly proportional to body mass 

(because the amount of food that an animal can carry is a capacity variable, as 
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in stomach volume, cheek volume, etc.). Thus, the maximum distance 

economically travelled to harvest food is determined by the ratio M1/distance x 
'! 

M·72, or, simply M·28/distance (Vleck et al. 1981). Thus, if larger animals, such 

as the golden-mantled ground squirrel, can forage profitably at greater distances 

from a central place than can smaller animals, such as the least chipmunk, this 

could explain the observed pattern. The further the distance travelled, relative 

to the benefit received in the patch, the more pronounced the effect. 

Predators can also influence patterns of habitat use (see review by Lima 

and Dill 1990). In particular, they may force a forager to reduce the quantity or 

type of resources harvested by increasing the costs associated with foraging in 

that patch (Brown 1988, Lima and Dill 1990). Thus, the least chipmunk may 

perceive that the habitat further from cover is riskier, and so feed less in that 

area. If the golden-mantled ground squirrel does not perceive a greater risk 

with distance from cover, it would forage equally across all distances. Factors 

that could influence the levels of predation risk that the two species perceive 

include camouflage, vigilance, gregariousness, harvest rate, running speed, etc. 

Some of these will be discussed in another chapter (Chapter 2). 

My goals in this study were to: 1) document the patterns of habitat use 

of two ecologically similar species of montane ground squirrels and determine 

whether these patterns facilitate their coexistence, 2) experimentally distinguish 



the factors that influence these patterns, and 3) use this information to predict 

the distributions of the two species across a landscape of patches. 

METHODS 

Natural History 

18 

I carried out this research at two locations, the Rocky Mountain 

Biological Laboratory (RMBL) in western Colorado and the San Francisco Peaks 

region near Flagstaff, Arizona. I did preliminary studies in 1987 and 1988 at 

RMBL. Because of the more southerly latitude and lower elevation of the 

Flagstaff site, the animals become active there earlier in the year. This allowed 

me to conduct my 1989 research first in Flagstaff (April-early June) and then at 

the RMBL (June-August). 

Study Area in Colorado, RMBL 

The two primary study areas were located at an elevation of 2,900 m in 

the East River Valley near Gothic, Gunnison County, Colorado. Kilgore and 

Armitage (1978) describe the vegetation of one site (Marmot Meadow) as an 

alluvial grassland similar to the Festuca thurberii community type (Langenheim 



1956, 1962). The dominant vegetation includes grasses of the genera Bromus 

and Poa, and the herbs Potentilla gracilis, Taraxacum officinale, Stipa 

lettermanii, Achillea miIIefoIium, Mertensia viridis, Lathyrus leucanthus, Linum 

lewisii, Melica spectabilis, and Agoseris glauca. The second site (Judd Falls) is 

steeper and more xeric. It has similar vegetation, with the exception of a 

replacement of Potentilla by Artemisia tridentata. The forested areas 

surrounding the sites contain primarily Engelmann spruce (Pice a engelmannii), 

aspen (Populus tremuloides), and willows (Salix spp.). 

19 

The community of ground squirrels (Rodentia: Sciuridae) consists of 

Tamias minimus (Least chipmunk, 190-215 mm in length, 40-60 g body mass), 

Spermophilus lateralis (golden-mantled ground squirrel, 245-294 mm in length, 

175-250 g body mass), and Marmota flaviventris (600-680 mm in length, 2,500-

5,000 g body mass) (all measurements from Armstrong 1987). This study 

focused on the interactions of the two smaller, more ecologically similar species. 

Spermophilus lateralis occurs at high elevations throughout western North 

America. In Colorado, it is found from 1,600 m to 3,800 m (Armstrong 1972). 

It lives in open habitats such as montane meadows, rarely in dense stands of 

trees (Hatt 1927, McKeever 1964, Trombulak 1987). The diverse diet of golden

mantled ground squirrels consists mainly of seeds (particularly of grasses and 

composites), leaves, flowers, fungi, and insects (Hatt 1927, Carleton 1966, 



Haufler et al. 1984, Trombulak 1987). They are not considered to be social 

animals (Ferron 1985). 

20 

Tamias minimus occupies the most widespread range of all of the western 

montane chipmunks. In Colorado, it is found at elevations ranging from 1,900 

to 3,800 m (Armstrong 1972). The least chipmunk prefers unrestricted 

horizontal visibility and high perches (Reilly 1971). It is most often found in 

forest openings, and in the ecotone between forest and meadowland, rarely in 

unbroken stands of trees. The least chipmunk's diet of seeds, leaves, insects, 

and fungi overlaps considerably with the golden-mantled squirrel's (Aldous 1941, 

Carleton 1966, Haufler 1977, and unpublished data from H. Young and E. 

Wolfson). The least chipmunk lives alone, though it does chase and call to 

conspecifics. 

Both species construct burrows near the edges of meadows. The 

entrances are located under large stumps, boulders, or tree roots. Meadows 

without large boulders or other dense objects lack squirrels (pers. obs.). The' 

boulders may protect the ground squirrels from predation by badgers during the 

winter months of dormancy, though we lack studies of this. Both species forage 

in the open meadows, but retreat to the edge, or their burrows, when disturbed. 

They share a variety of predators including hawks, weasels, badgers, foxes, 

coyotes, and bobcats. 
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The least chipmunk and golden-mantled ground squirrel have similar 

annual activity patterns. Near Gothic, Colorado, their above-ground activity 

occurs from late April or May to late September or October. This period of 

time corresponds roughly to the snow-free period (pers. obs.). During the 

below-ground winter period, S. lateralis hibernates (French 1986, Mulally 1953) 

and remains almost completely inactive. In contrast, T. minimus experiences 

bouts of torpor lasting less than a week (Heller and Poulson 1970, French 1986), 

and may stay aroused between these bouts for a period of a few days. The 

least chipmunk does not survive on stored fat, but rather feeds throughout the 

winter on cached resources. 

When active during the summer months, the two species have a bimodal 

daily activity pattern with an extended rest period during the middle of the day. 

Although they both forage for about three hours each morning, their activity 

periods are somewhat displaced. T. minimus tends to become active earlier in 

the morning, usually just before the sun strikes the meadow, whereas S. lateralis 

waits to forage until the sun has shone on the meadow for about two hours 

(pers. obs.). In the afternoon activity period, the order of emergence is 

reversed. Neither species is active during rainy or cold (near freezing) 

conditions (pers. obs. and H. Young, unpublished data). 



22 

Study area in Arizona 

The study site was located at an elevation of 2,700 m in meadows just 

west of Fern Mountain, about 40 km northwest of Flagstaff, Coconino County, 

Arizona. The forested areas consist primarily of ponderosa pine (Pinus 

ponderosa) and aspen (Populus tremuloides) and the meadow vegetation consists 

of low-growing herbs, primarily grasses (blue grama, bunch grasses) and vetches 

(Vicia spp.). 

The ground squirrel community in this region consists of Tamias 

cinereicollis (gray-collared chipmunk, 57-85 g, 208-250 mm in length; Hoffmeister 

1986), and Spermophilus lateralis (golden-mantled ground squirrel). Although 

present in nearby areas, prairie dogs (Cynomys gunnisoni) and thirteen-lined 

ground squirrels (Spermophilus tridecemlineatus) did not occur in the sites 

chosen for this study. 

The gray-collared chipmunk is ecologically similar to the least chipmunk. 

In Arizona, the chipmunk and the golden-mantled squirrel appear to have 

similar patterns of diet overlap, habitat use, and annual activity patterns as the 

squirrels in Colorado. However, they are much less studied. Neither species 

ventured as far out into the meadow habitat as did their Colorado congeners 

(pers. obs.). 
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Measuring foraging behavior 

In this study I wanted to measure the habitat preferences and relative 

competitive abilities of the two species. To do this, I used a measure of their 

abilities to harvest resources, as resource acquisition is assumed to enhance 

fitness. I assume that natural selection has favored those animals whose feeding 

decisions maximize their fitness. If so, then an animal should stop foraging 

when the benefits from additional foraging just balance the perceived costs. If it 

continues to forage, it wiII be foraging at a loss (costs exceed benefits), and if it 

quits early it forfeits food that it could have profitably gained. 

This theory assumes that the foraging animal experiences a declining rate 

of return from spending time in the patch. In addition, it assumes that the 

animal experiences both benefits and costs from exploiting patches. Benefits 

usuaUy include energy intake. Costs include: 1) energetic costs, 2) costs arising 

from predation, and 3) the missed opportunity costs of not engaging in 

alternative fitness-enhancing activities. 

To simulate this type of foraging activity, I used a technique described by 

Brown (1988) and Smith and Brown (1991). This technique uses a food tray in 

which the animals experience diminishing returns. The mass of unharvested 

seeds in the food tray reflects the animal's harvest rate at the time that it leaves 



the patch. This leaving harvest rate indicates the costs and benefits that the 

forager perceives in the patch. 
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I constructed the food trays by sewing 250 g of an aspen fiber evaporative 

cooler pad into a cardboard beverage flat (30 x 50 x 6 cm). I added white 

millet seed to each tray, and then tapped the trays to settle the seeds among the 

aspen fibers. To remove seeds, the squirrels dig through the tangled mat of 

wood fibers. At the end of a foraging bout, I collected the trays and recovered 

the unharvested seeds. 

Each tray presents the foraging squirrel with identical resources mixed 

into an identical substrate. The forager may leave the tray at any time. Travel 

time to other patches is short. So, in each tray the forager encounters the same 

energetic and missed opportunity costs (Smith and Brown 1991). Thus, the 

density of seeds left in the trays after a bout of foraging, the giving up density 

(GUD), indicates the squirrel's perception of the remaining cost: predatory risk. 

The more seeds left behind by the forager, the higher the perceived cost. The 

differences in GUDs between trays placed in different locations indicate 

differences in levels of perceived predation risk. 

Comparing GUDs between species provides information about relative 

competitive abilities. In seed trays, lower average GUDs indicate competitive 

superiority. Low GUDs mean that a species harvests more efficiently at low 
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resource densities (Brown 1988, 1989). Animals with higher foraging efficiencies 

are superior competitors because they deplete the resources in a patch to such a 

low level that their competitors cannot profitably harvest the patches (Tilman 

1982). 

To separate the foraging (GUDs) of the two species I took advantage of 

their displaced activity schedules and the placement of two meadows. One site, 

Judd Falls, sat on a slope and received sunlight earlier in the morning than did 

the other site, Marmot Meadow, located on the valley floor. Thus, at the same 

time in the morning, the least chipmunks alone foraged in the meadow in the 

valley, and the golden-mantled squirrels alone foraged in the upper site (pers. 

obs.). 

Collecting foraging data for each species at the same time (but in 1988, 

at different locations) controlled for any temporal variability in predator activity. 

I observed predators (gray foxes, coyotes, red-tail and Swainson's hawks, golden 

eagles, weasels, and domestic dogs) on or near the study meadows, but I did not 

attempt to quantify natural predation pressures. 

In 1988 at RMBL and in 1989 at Flagstaff I occasionally collected 

foraging data in both the morning and the afternoon. I did not detect any 

statistical differences in foraging behavior between these two times, so I have 

pooled them in the statistical analyses. I did not collect data on rainy days in 



order to exclude any changes in foraging due to the relative inactivity during 

rainy periods. 

Measurements of habitat preferences 

I determined the habitat preferences of the two species at the Rocky 

Mountain Biological Laboratory in June through August 1988. In 1989 I 

performed experiments to determine the mechanism behind the preference 

patterns seen in 1988. I carried out the 1989 experiments in May and June in 

the San Francisco Peaks area of northern Arizona, and in July and August at 

the Rocky Mountain Biological Laboratory, Colorado. 

26 

In 1988, I tested two hypotheses. The first was whether distance from 

cover influenced the GUDs of the two species. The second was whether the 

GUDs of the two species at two distances from cover differed. To test these, I 

set up six stations at two sites near RMBL. Each station consisted of three 

feeding trays placed at 7, 14, and 21 meters from the edge of the meadow 

(Figure 1). Due to a shortage of wood fibers, I eliminated the 14 m trays from 

the study early in the experiment. (In 1989 I place trays at 0, 7, 14, and 21 m 

from the edge). In both years, adjacent stations were separated by at least 21 

meters. 



Figure 1. Schematic of experimental design. Shaded rectangles indicate the 
locations of trays. In 1988, I collected data only from trays at 7 and 21 m. 
Trays within a set are separated by 7 meters, trays between sets by 21 m. 
I placed the stick piles adjacent to the 14 m trays at RMBL, the 7 m trays 

in Flagstaff. 



+->21 m -+ 

21 m 

14 m 

MEADOW 

7m 

Figure 1. Configuration of seed trays to measure habitat selection and 
competition. 
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Each morning (and occasionally afternoon), I placed 16 grams of millet 

seed into each tray in Marmot Meadow (MM) just before T. minimus began to 

forage. About 45 minutes later I put 16 g of seed in each tray in Judd Falls 

(JF) meadow where S. lateralis was just beginning to forage. I let the animals 

forage undisturbed in the trays for three hours. After this time, in MM, T. 

minimus stopped foraging and S. lateralis became active. In JF, S. lateralis 

retired for its midday rest. I collected the unharvested seeds from each tray, 

sorted them to remove any debris, and weighed them. 

Alternative explanations for the observed pattern of habitat use 

I designed the second set of experiments to test the three alternative 

hypotheses that could explain the patterns of habitat use that I observed in 1988. 

Table 1 summarizes the different hypotheses, the methods I used to test them, 

and the predicted changes in GUD's that would support each of the hypotheses. 

I conducted these experiments in the summer of 1989 both in the San Francisco 

Peaks area near Flagstaff, Arizona and the Marmot Meadow site used in the 

1988 study at the RMBL. 

The summer of 1989 was extremely dry and hot. Perhaps as a result of 

the higher late-morning temperatures, the golden-mantled ground squirrels 

became active much earlier, often overlapping their foraging periods with the 



Table I. Alternative Hypotheses. 

ALTERNATIVE HYPOTHESES TO EXPLAIN 

PATTERNS OF HABITAT USE 

HYPOTHESIS TEST PREDICTION 

1. Satiation Decrease foraging No change 
cost (reduce fiber) in GUD 

2. Travel Cost Decrease risk No change 
(add cover) in GUD 

3. Predation Risk Decrease risk Decrease 
(add cover) GUD 

Increase risk Increase 
(add predator) GUD 
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least chipmunks. As a result, I could not separate the foraging of the two 

species with the method used in 1988. 
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Instead, I used the presence of species-specific scats and digging signs in 

the trays as indicators of use, and so assigned GUD's to each species. To 

further distinguish who foraged in a tray, I observed foraging bouts and collected 

trays in which I had seen only one species foraging. I eliminated from the 

analyses any trays that I could not attribute to one of the species. Thus, by 

direct observation, I could assign GUD data to species even though their 

foraging periods overlapped. 

Satiation 

The satiation hypothesis stated that each species can harvest only a 

certain number of seeds, and that smaller animals harvest fewer. Assuming that 

both species begin to harvest resources near the edge of the meadow, the 

difference in seed capacity between the two species may lead to the pattern of 

the smaller chipmunk foraging less in the habitat far from the edge of the 

meadow. 

To test this hypothesis, I provided the squirrels with seed trays in which I 

reduced the quantity of wood fibers, but kept the initial mass of seeds the same. 

If the two species left seeds behind solely because they had no more room for 
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any more, then a reduction in the difficulty of removing seeds from the trays 

should have no effect on the number left. 

-
But, because fewer fibers decreases the energetic costs of foraging and 

increases harvest rates for a given seed density, the GUD should decline. The 

experimental design for this experiment was similar to 1988, with the difference 

that I placed additional trays at 0 and 14 m. I presented seven days of low-cost 

trays, followed by seven days of regular trays, staggering the start of the 

experiments in the different rows. 

Predation risk and travel cost 

The predation risk hypothesis states that the chipmunk perceives a 

greater costs associated with predation risk further from cover, and therefore 

does not forage as much there. The travel cost hypothesis states that the 

smaller chipmunk forages closer to the edge because of its higher travel cost. 

According to these two hypotheses, the golden-mantled squirrel's GUDs do not 

change with distance from the edge, because it perceives no increased risk with 

distance, nor is its travel cost as great. 

To separate these two hypotheses, I placed piles of sticks (1 m diameter, 

40 cm tall) along side of half (4) of the trays 14 m from cover (at RMBL) or 

the trays 7 m from cover (at Flagstaff). The stick piles might decrease the level 



of predation risk by acting as protective cover. They do not influence travel 

costs. I moved the stick piles to the other rows about every ten days. This 

experiment lasted 3 weeks in Flagstaff and 40 days at RMBL. 

A decline in GUDs with the addition of stick piles would indicate a 

reduction in the level of perceived predation risk. GUD's that do not change 

with the addition of stick piles indicate that travel costs to sites farther out in 

the meadow may influence foraging decisions. 

I also directly increased predation risk (only at the Flagstaff site) by 

training a domestic dog to run through the site once every 20 minutes during a 

two-hour period. I did this for two consecutive mornings. If perceived 

predation risk affects patch use, then GUD's should have increased. 

Habitat preferences 
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In 1989, I repeated the comparison of the habitat preferences and relative 

competitive abilities of the species. I used the data from regular (250 g of wood 

fibers) trays with no stick piles. While the 1988 experiments controlled for 

temporal variation in predation risk, the 1989 data controlled for any effect of 

meadow type or location. 
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Statistical Analyses 

The residuals of the foraging data were non-normal and sample sizes 

were sometimes small and unequal. For these reasons I performed non

parametric tests. For the paired data (within a row), I used the Wilcoxon Rank 

Sum test. This binomial test looks at both the direction (sign) and the 

magnitude (rank) of the differences between the GUDS at each pair of 

distances. It is robust against small sample sizes, down to a minimum of six in 

the larger cell (Sokal and Rohlf 1981). In Flagstaff, there were too few forages 

in the 14 and 21 m trays to make paired comparisons with the 0 and 7 m trays. 

Therefore, I compared only the two closer distances. To test for differences 

between the species, or across treatments, I used the Rank Sum test. For small 

samples, I pooled the data for the same distance across rows of trays. For ease 

of presentation, the data are graphed as median giving up densities, though the 

statistical tests compare differences between pairs and not medians. 

RESULTS 

Habitat preference experiments 

The habitat preference studies showed that the two species differed in 

their use of patches a different distances from the edge of the meadow. In 1988 



at RMBL, T. minimus had a significantly increased GUD when it fed further 

from cover (Fig. 2). This indicates its preference for the near habitat. s. 

lateralis GUDs did not vary significantly with distance from cover (Fig. 2). 

The 1989 at RMBL data show a similar pattern (Figure 3). T. minimus 

had significantly higher GUDs in the further trays when compared to the 0 m 

trays. There was no detectable difference between the 14 and 21 m trays, nor 

between the 7 and 21 m trays. As in 1988, the GUDs of s. lateralis did not 

vary significantly with distance from the edge. 
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In Flagstaff, T. cinereicoIlis preferred the habitat close to the edge of the 

meadow, whereas S. lateralis showed no significant preference between the trays 

o and 7 m from the edge (Figure 4). There was not enough paired data to 

make statistical comparisons of the 14 and 21 m trays, however the trend 

suggests that T. cinereicollis forages less further from cover, whereas S. lateralis 

does not. 

Relative competitive abilities 

Comparing the relative competitive abilities of the two species in 1988 I 

found that T. minimus was significantly better (had a lower GUD) than S. 

lateralis at the trays 7 m from the edge. However, S. lateralis was significantly 

better (lower GUD) at the trays 21 m from the edge (Fig. 2). This result may 



Figure 2. At RMBL in 1988, T. minimus has a significantly lower GUD at 
7 meters from cover than at 21 meters. Shown here is the median for the 
pooled data over 3 sites (N7=41, NZ1 =42, z=-4.5587, p<O.OOOl). Each site 
alone yields the same result. There is no difference in the GUDs of S. 
lateralis at the two distances. Shown here is the median for the pooled data 
over 3 sites (N =32, z=O.5304, p=O.2979). Each site alone yields the same 
pattern. 

A comparison of the relative competitive abilities of the two species 
shows that T. minimus has a significantly lower GUD than S. lateralis at 7 
meters from cover (Ns1=32, Ntm=41, z=2.8183, p=O.0024), whereas S. 
lateralis has a significantly lower GUD at 21 meters from cover (Ns1=32, 
Ntm =42, z=-1.17403, p=O.0409). 
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Figure 2 Habitat preferences at RMBL, 1988. 
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be a difference between the species, or the effect of the spatial segregation of 

the two sites. A species effect would support the idea that a tradeoff in relative 

competitive abilities (foraging efficiencies) in the two habitat types may promote 

the coexistence of the two species. 

At RMBL in 1989, when all the trays were in the same meadow, I could 

not detect a significant difference in the GUDs of the two species close to cover. 

S. latera lis did maintain competitive superiority further out in the meadow 

(Figure 3). In Flagstaff, T. cinereicollis was competitively superior (had a 

significantly lower GUO) close to cover (0 m), there was no difference between 

the foraging abilities of the two species at 7 or 14 m, and S. lateralis was 

superior at 21 m (Figure 4). Again, this pattern supports the idea that a 

tradeoff in competitive ability may promote the coexistence of the two species. 

Both the 1988 and 1989 data provide evidence that the switch in competitive 

superiority occurs somewhere between 14 and 21 m from cover. Alternative 

hypotheses 

Results from tests to separate the alternative explanations of the 

observed patterns of habitat use support the predation risk hypothesis. Figure 5 

shows that satiation was not a factor, because both species were capable of 

removing more seeds when the amount of fibers in the tray was decreased. 



Figure 3. At RMBL in 1989, T. minimus has a lower GUD at 0 m than at 
14 or 21 m (z=2.423, p<0.0077; z=1.880, p<0.0301) but no other pairs of 
distances are significantly different. The GUD's of S. lateralis do not change 
significantly with distance (all p > 0.30). 

The GUD's of T. minimus and S. lateralis do not differ significantly 
at 0 m (z=0.583, p=0.5601) or 7 m (z=0.935, p=0.3500), but, as in 1988, 
S. lateralis has a significantly lower GUD than T. minimus further from the 
edge (GUD 14 m, z=2.716, p=O.0066; GUD 21 m., z=2.077, p=0.0378; all 
distances Ns1 =22, Ntm=21). 
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Figure 3. Habitat preferences at RMBL, 1989. 



Figure 4. In 1989 in Flagstaff, the pattern of habitat use paralleled that 
found at RMBL. T. cinereicolIis has a lower GUD at 0 m from the edge 
of the meadow than at 7 m (Ntc=83, z=4.873, p=O.OOOO), whereas S. 
lateralis shows no difference (Ns1=78, z=1.514, p=0.1300). There is not 
enough paired data to statistically analyze the 14 and 21 m trays. 

A comparison of the GUD's of the two species shows that T. 
cinereicollis has a lower GUD than S. lateralis close to cover (0 m: Ntc=83, 
Ns1 =78, z=4.282, p=O.OOOO). There is no difference in GUD's at 7 m from 
the edge (Ntc=83, Ns1 =78, z=1.003, p=0.3159) nor at 14 m (Ntc=14, Ns1=23, 
z=0.955, i-tailed p=0.1698). However, S. lateralis has a significantly lower 
GUD at 21 m (Ntc=12, Ns1=15, z=1.635, i-tailed p=0.0511). 
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Figure 4. Habitat preferences in Flagstaff, 1989. 
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Adding stick piles next to the trays out in the meadow simultaneously 

tested for both travel cost and the effects of predation risk. Recall that the 

travel cost hypothesis predicted no change in GUD with the addition of sticks, 

but the predation risk hypothesis predicted a decline. At RMBL, the GUD of 

T. minimus decreased significantly with the addition of stick piles to the trays 14 

m from cover (Fig. 6). This decline indicates that travel cost did not influence 

patch choice as much as perceived predation risk. The addition of the stick 

piles did not change the GUD of S. lateralis. I expected this result as S. 

lateralis did not perceive a greater risk at this distance from cover in the first 

place. 

The results in Flagstaff were similar. The experimental addition of cover 

to the 7 m trays resulted in a significant decline of the GUDs of T. cinereicollis, 

but did not change the GUDs of S. lateralis (Figure 7). Figure 8 shows that the 

addition of the predator dramatically increased the GUD's of the two species 

(there were very few forages with the predator present, so I pooled data for 

both species). 



Figure 5. Significantly more seeds are removed from trays with reduced 
fibers (reduced foraging costs) at all distances from cover. This indicates 
that satiation is not the factor that limits the quantity of seeds removed from 
a regular tray. Wilcoxon-Rank-Sum test, at each distance, for S. lateralis (0 
m: Z=4.981, p<O.OOOl; 7 m: Z=4.523, p<O.OOOl; 14 m: Z=4.786, p< 
0.0001; 21 m: Z=4.365, p<O.OOOl; Nreg=22,Nlow=14). For T. minimus, (0 m: 
Z=3.214, p=0.0013; 7 m: Z=2.971, p=0.0030; 14 m: Z=3.173, p=0.0015; 21 
m: Z=2.589, p=0.0096; Nreg=24, N1ow=9). 

. --
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Figure 5. Reducing foraging costs reduces GUDs (RMBL 1989). 



Figure 6. Adding protective cover (stick piles) to the 14 meter trays at 
RMBL (1989) decreases the GUD's of T. minimus (Nopen=13, Ncover=12, 
Z=3.019, p=O.0025) but has no significant effect on the GUD's of S. 
lateralis (Nopen=15,Ncover=12, Z=O.342, p=O.7327). 
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Figure 6. Adding cover decreases the GUD of T. minimus (RMBL 1989). 



Figure 7. Adding cover (stick piles) to the 7 meter trays in Flagstaff (1989) 
decreases the GUD's of T. cinereicolIis, (Nopen=83, Ncover=S8, z=3.S11, 
p=O.0004), but has no significant effect on the GUD's of S. Iateralis 
(Nopen=78, Nccver=44, z=1.461, p=O.1441). 



42 

MEDIAN GIVING UP DENSITY (GRAMS) AT 7 m. 
4 

3 

2 

1 

o L..---l-'=== 
T. cinereicollis S. lateralis 

I<d OPEN _ COVER 

1989- Flagstaff 

Figure 7. Adding cover reduces the GUDs of T. cinereicoIIis (Flagstaff 1989). 
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Figure 8. Increased predation risk due to the presence of a dog increases 
the GUD's of squirrels at trays away from cover. I pooled the data across 
species and sites (Nopcn=161, Npred=6, 0 m: Z=0.460, p=O.6455; 7 m: 
Z=3.831, p=O.OOOl). In the presence of the predator, neither species 
foraged at 14 or 21 m from cover. Data collected at the Flagstaff site. 
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Figure 8. A dog predator significantly increases GUDs. 



DISCUSSION 

The experimental results of this study support the hypotheses that 

perceived predation risk influences the patterns of habitat use of foraging 

animals (Lima and Dill 1990, Brown et al. 1988, Kotler 1984), and that this 

directly influences their competitive interactions (Kotler and Holt 1989). The 

smaller Tamias species preferred to forage closer to the edges of montane 

meadows, and by being more efficient at harvesting resources there, 

outcompeted S. lateralis. In contrast, S. lateralis's perception of risk did not 

increase with distance from cover, and it outcompeted T.minimus in the open 

meadow further from the edge. I address the factors that influence an 

individual's perception of predation risk in Chapter 2. 

Mechanisms of coexistence 
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Kotler et al. (1988, 1989) suggest one mechanism that promotes the 

coexistence of ecologically similar species is habitat partitioning due to perceived 

predation risk, when accompanied by an evolutionary tradeoff in relative 

competitive ability. Work with Sonoran desert rodents has shown that under 

conditions of low predation risk, kangaroo rats forage relatively more in open 

microhabitats than do pocket mice, but with increased predation risk, both 



species prefer to forage near cover (Brown et al. 1988). Like golden-mantled 

ground squirrels, kangaroo rats are competitively superior in open habitats, but 

are inferior near cover, a tradeoff in ability that promotes their coexistence. 
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Experimental studies of desert rodents (Rosenzweig 1973, Kotler 1984) 

fish (Mittelbach 1984), aquatic insects (KOhler and McPeek 1989), and desert 

grassland birds (Lima and Valone 1991) provide further evidence for this effect 

of predators on community organization. Interestingly, predator-facilitated 

competitive coexistence may arise in the absence of variation in food quality, but 

often depends highly on landscape-scale patterns of habitat heterogeneity (Holt 

1977, Holt and Kotler 1987). 

Predicting species distributions 

In principle, the presence or absence of the golden-mantled squirrel can 

be predicted. According to my data, in a meadow with a maximum distance 

from cover between 14 and 20 meters, the least chipmunk should, because of its 

higher foraging efficiency in this safer habitat type, exclude the golden-mantled 

squirrel. Meadows with patches that are greater than 20 m from the edge 

(where S. lateralis can outcompete T. minimus) should support both species. 

I tested this prediction by surveying 22 meadows in the vicinity of the 

Rocky Mountain Biological Laboratory, in the summer of 1990. In each 
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meadow I noted the presence or absence of the two ground squirrel species, the 

maximum distance from cover available in the meadow, and the approximate 

size of the meadow. I surveyed each meadow at least twice, at times of day 

when both species should have been active. 

I found strong support for the predicted pattern of meadow use (Figure 

9). When the maximum distance from cover in a meadow was 18 m or less, 

only T. minimus was present. S. lateralis and T. minimus occurred together in 

all of the meadows with a maximum distance from cover greater than 20 m. 

This supports the idea that T. minimus can exclude S. lateralis from safer 

habitats. Only meadows with maximum distances from cover larger than this 

provide a habitat type in which S. lateralis can harvest resources better than T. 

minimus, and hence not be excluded. 

An alternative hypothesis may explain the observed pattern exists when 

maximum distance from cover correlates with meadow size, as happened in this 

study. Perhaps the amount of resources available in small meadows is not 

sufficient to sustain the golden-mantled squirrel. Though this explanation is 

worth pursuing, it does not explain why the break occurs very near the distance 

predicted from the data on competitive interactions. Surveys of long, thin 

meadows would test this hypothesis, as would data on the energetic demands of 

the squirrels and the productivity of the meadows. I plan to add cover to large 



Figure 9. Only T. minimus (*) occurs in meadows where the maximum 
distance from cover is less than 18 meters. Both species (note paired stars) 
occur in meadows where the maximum distance from the edge is further 
than 18 meters. A symbol for each species at the same distance along the 
x-axis represents presence in the same meadow. Within a species, closely 
stacked symbols represent data from similarly-sized meadows. 
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Figure 9. As predicted, T.minimus excludes S.lateralis from small meadows. 
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meadows to reduce the distance to cover to less than 20 m, and then survey the 

meadows after some period of time, to determine whether golden-mantled 

squirrel densities decline. 

The observed pattern of habitat use supports anecdotal evidence that 

least chipmunks occur more frequently in small forest openings than do golden

mantled ground squirrels (Armstrong 1987) and that golden-mantled ground 

squirrels often invade clear-cuts. However, this study uniquely predicted the 

distributions of the two species, based on measures of their competitive 

interactions. This result underscores the utility of the seed-tray technique, and 

the use of patch use data in general (as opposed to just trapping or 

presence/absence data), to understand species interactions and distributions. 

Lima and Valone (1991) provide another example of the importance of 

habitat structure to the abundance of prey species. They added large branch 

piles to open grassland habitat, mimicking the presence of mesquite trees. This 

results in a striking increase in the abundance of those birds that depend on 

cover for escape, and a decline in those species least dependent on cover. 

Similarly, Rosenzwieg (1973) measured the decline of desert rodent species 

diversity in the absence of cover. These authors conclude that predators, not 

just levels of food resources, are important determinants of prey distribution. 
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Implications for habitat alterations 

These results indicate that decisions about species removals or additions, 

and habitat alterations, should consider perceived predation risk. For example, 

if T. minimus became an endangered species, every effort should be made to 

preserve edge habitat. Contrast this to a decline in S. lateralis. Now, the 

amount of edge is not nearly as important as the arrangement of open habitat. 

More importantly, the predators also need protection, since the lack of predation 

risk would (given enough time) allow the chipmunks to invade the now less risky 

open habitat. To design a preserve that protects both species requires a 

knowledge of the relative spacing of open and edge habitats necessary to 

provide each species with patches that they can do best in. I emphasize that the 

available quantity of food resources is not the only factor necessary to predict 

the suitability of a habitat. 

This study supports the hypothesis that predators strongly influence their 

prey communities. Predators not only remove prey individuals (Paine 1966), but 

also evoke anti-predator behaviors (Brown et al. 1988, Kotler and Holt 1989, 

Lima and Valone 1991). This effect is subtle, and easily overlooked. These 

behaviors, however, do influence the competitive interactions within communities, 

and can result in predictable patterns in the abundance and distribution of prey 

species. 
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CHAPTER 2. Rates of seed harvest, maximum running speeds, and the 

coexistence of two montane ground squirrels (Spermophilus lateralis and Tamias 

minimus). 

INTRODUCTION 

Various factors may decrease the risk that a foraging animal will be killed 

by a predator. These include camouflage to decrease detection, faster harvest 

rates to minimize exposure time, and faster running speeds to escape pursuit. 

These factors are not mutually exclusive, and may vary with body size. If larger 

animals harvest resources faster and run faster than smaller animals, then their 

pattern of habitat use should reflect this reduced risk of predation. I have 

shown in Chapter 1 that the ability to harvest low-density resources also varies 

with body size: small animals can forage more efficiently than larger ones. This 



apparent tradeoff between the ability to avoid predators (large body size) and 

foraging efficiency (small body size) may explain species distributions. 
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Differences in patch use and foraging abilities between ecologically similar 

species tend to promote coexistence (Kotler and Brown 1988; Chapter 1). In 

previous studies of two ecologically similar, but different-sized species of ground 

squirrel (Sperrnophilus lateralis 175-200 g, and Tamias minimus 40-60 g), I found 

habitat segregation based on differences in levels of perceived predation risk. T. 

minimus perceives greater risk with increased distance from cover, whereas S. 

lateralis does not. A comparison of their foraging efficiencies in the different 

habitats shows that T. minimus harvests resources more efficiently than S. 

lateralis in the safe habitat close to cover, whereas S. lateralis forages more 

efficiently than T. minim us in the riskier open meadow habitat. This tradeoff in 

the relative competitive abilities of the two species in the two patch types (safe 

and risky) may promote their coexistence. 

In this study I measure two of the factors thought to affect an animal's 

perception of risk. I then relate the results to the patterns of habitat use that I 

measured previously (Chapter 1) and suggest a possible mechanism for the 

coexistence of the two species. S. lateralis, the larger species that exploits the 

riskier habitat further from the edge of the meadow, should harvest resources 

faster and run faster, but it should forage less efficiently. 
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METHODS 

Study Site 

I conducted this study at the Rocky Mountain Biological Laboratory 

(RMBL) in Gothic, Colorado, USA. The lab is located at 2,900 m in a montane 

willow-asp en-meadow habitat (see Chapter 1). The two species of ground 

squirrel that I studied, T. minimus and S. lateralis, overlap considerably in many 

aspects of their ecology. Both species feed in open meadows on a variety of 

seeds, leaves, flowers, and insects (Carleton 1966, Haufler et al. 1984). They 

locate their burrows near the edges of meadows, usually under rocks, logs, or 

tree roots. They emerge from and go into their winter burrows at approximately 

the same time of year. They forage daily on a bimodal schedule, with a hiatus 

of aboveground activity at midday (R.J. Smith, Chapter 1). One difference 

between them, that T. minimus begins feeding earlier in the morning than S. 

lateralis and quits sooner for the midday rest, enabled me to measure the 

foraging rate of each species separately. 

Foraging rates 

To measure rates of seed harvest, I constructed feeding trays from 

cardboard beverage can flats (30 x 50 x 6 cm) into which I sewed 250 g of 
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aspen fiber evaporative cooler pad (see Chapter 1 and Smith and Brown 1991). 

I put 16 grams of white millet seed into a tray. In order to harvest seeds from 

the trays, the animal must dig through the fibers, much as it would while feeding 

in grass or other vegetation. 

Before measuring harvest rates, I pre-baited trays with a handful of 

millet seeds at two sites near buildings at the RMBL where I had previously 

observed T. minimus and S. lateralis feeding. Grass and low herbs 

predominated at both sites, neither was more than 10 m from cover. After a 

few days of pre-baiting, the animals readily foraged in the trays. 

I measured foraging rates at the two sites during the middle of the 

summer to ensure that I obtained information from at least six different adult 

animals (per species) that were in similar physical condition. However, because 

I measured the harvest rates in the field, on unmarked animals, I do not know 

the exact number of individuals that contributed to the curves, nor could I 

measure the variance in foraging rate among conspecific individuals. 

I began each session by placing trays 20 cm apart and evenly sprinkling 

16 g of white millet seed into each tray. I used this amount of seed in a 

previous study (see Chapter 1); it represents an amount well below the satiation 

level of the two species. I tapped the trays to settle the seeds into the aspen 

fibers (this prevented successful bird foraging). 
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I either directly observed or videotaped each feeding session. Animals 

from both species appeared accustomed to the presence of humans; thus the 

observer or the camera probably had little influence on their feeding behavior. 

For sessions in which I observed the animals directly, I used one or two trays; 

for videotaped sessions, I used one to four trays. During the sessions, the 

animals moved freely between the trays and the surrounding area, as they would 

naturally. 

I measured only the cumulative time actually spent foraging, using a 

separate stopwatch for each tray. I did not consider movement between trays, 

vigilance behavior, or any other cessation of harvest activity as foraging time. 

For both videotaped and observed sessions, I excluded trays foraged in by more 

than one species, but this rarely occurred. 

I stopped the videotaped sessions after two hours, the live sessions after a 

natural hiatus in foraging activity or after the elapse of a predetermined time. 

At the end of each session, I collected the seeds remaining in each tray, sorted 

them to remove debris, and weighed them to determine the quantity harvested. 

The data consisted of the total time spent foraging in a tray (1, in 

seconds) and the mass of the seeds remaining in the tray (final mass, or Nt, in 

grams). Since the initial mass (~) of seeds was always 16 g, the cumulative 

harvest was just the difference between the initial and final masses (~-Nr). For 



each species I plotted the total time spent foraging against the cumulative 

harvest. I analyzed the shape of the resulting harvest curves using the method 

described below. 

Analysis using the Holling Disc Equation 
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Holling (1959) describes the factors that influence the instantaneous rate 

at which animals harvest resources from a patch. He assumes that two factors 

contribute to the total amount of time spent harvesting: search time and 

handling time. Search time is the time that it takes to encounter a food item, 

while handling time is the time that it takes to extract and eat a food item. The 

Holling Disc Equation assumes that the encounter rate of food items is directly 

proportional to the density of those items in the patch. Holling defines "g", or 

the attack rate, as the proportionality constant that reduces the encounter rate 

with time spent in the patch. 

Kotler and Brown (1991) rearranged and integrated the Holling Disc 

equation (Holling 1959) to calculate the attack rate (g) and handling time (h) 

from the type of data collected in my study. Their equation is: 

! = (1/g)[ln(NJNc)]+ h(No - Nt) (1) 
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The terms relate a forager's harvest rate to its attack rate and handling time. 

The total time spent foraging in the patch is 1. The first term on the right hand 

side of the expression describes the search time. Thus 1/!! represents the attack 

rate. The second term describes the handling time for encountered seeds. 

Following Brown and Kotler's method, I used equation (1) as a model in 

a least-squares multiple regression analysis to estimate the attack rate and 

handling time of S. lateralis and T. minimus. The independent variables were 

In.(NJNf) and (No-Nf). The regressions of grams of seeds harvests as a function 

of time spent foraging were highly significant for each species (Fig. 10). For S. 

lateralis, R2 = 0.9190 (F2,4o=227.1, p= 0.0001); for T. minimus, R2 = 0.9262 

(F2,sl=319.9, P = 0.0001). This indicates that the Holling Disc equation 

adequately describes the shape of the harvest rate curves. 

S. lateralis had an estimated attack rate of 0.0044 S-l (t= 2.10, d.f.=40, 

p=0.0423); T. minimus of 0.0024 s-1(t=2.15, d.f.=51, p=0.0360). The estimated 

handling time for S. lateralis was 12.40 slg (t=1.20, d.f.=40, p=0.2378) and for 

T. minimus, 40.69 slg (t=2.15, d.f.=51, p=0.0360). 

An analysis of covariance yielded a highly significant difference between 

the two species in harvest rate (direct effect, F1,94=45.59,p=0.0001), with S. 

lateralis harvesting faster. This difference may result from differences in 

encounter rate, handling time, or both. There was a significant interaction 



Figure 10. Grams of millet seeds harvested as a function of time spent 
foraging in a patch for Spermophilus lateralis and Tamias minimus. The 
lines are fit to the data with a step-wise multiple linear regression based on 
the equation t=(l/a)(ln(No/Nt)) + h(No-Nt), where "a" is attack rate 
(seconds) and "h" is handling time (s/g). Both regressions are highly 
significant, S. lateralis r2=O.9190, F2,4o=227.1, p=O.OOOl and T. minimus 
r2=0.9262, F2,51 =319.9, p=O.OOOl. 
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Figure 10. Foraging rates of S. Iateralis and T. minimus. 
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between species and encounter rate (F1,94=46.26, p=O.OOOl) indicating that 

differences in the encounter rates between the two species could explain the 

different harvest rate curves. There was no significant interaction term between 

species and handling time (F1,94= 1.01, p=0.3166). Independent of handling time 

and encounter rate, there was no additional effect of species (F1,94=0.01, 

p=0.9238). 

To summarize, both species experienced a decline in harvest rate as they 

. spent more time in a patch. This fits the assumption of the Holling Disc 

Equation, and explains why they leave patches with seeds still left in them (see 

Charnov 1976, and Kotler and Brown 1991, for discussions of patch-quitting 

behavior). The larger ground squirrel, S. lateralis, harvested seeds at a higher 

rate than T. minimus. This was due, at least in part, to S. lateralis's significantly 

higher encounter rate. S. lateralis may have also handled seeds slightly faster 

than T. minimus but this difference was not statistically distinguishable. 

Maximal running speeds 

To measure maximal running speeds, an experimenter chose an adult 

animal arbitrarily (from within the East River Valley near RMBL) and chased it 

while shaking his or her arms and yelling. The animal always fled towards 

cover, a response presumably similar to what it does when escaping from 
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predators. The chaser timed the squirrel from when it started to run to when it 

either stopped or disappeared from view. He or she then marked the start and 

end points of the run, and measured the distance between these two points with 

a flexible meter tape. The chaser also noted the linearity of the run, the gait of 

the fleeing animal and whether or not the animal gave an alarm call. 

I analyzed only the data from straight-line runs over level ground, of 

animals that used a bounding gait and/or gave an alarm call. This increased the 

likelihood that I calculated top running speeds, and minimized bias from semi

tame individuals that might not run as fast from humans as they might from 

"real" predators. To minimize replication of individuals (and distress), we chased 

animals from different areas within the East River Valley. However, because we 

did not mark the animals, we probably chased some animals more than once. 

Figure 11 shows that for straight-line runs over level ground S. lateralis 

ran, on average, 3.14 m/s (N=35, range 1.5-5.2 m/s) whereas the smaller T. 

minimus ran significantly more slowly, with an average maximal speed of 2.13 

m/s (N=27, range 0.5-3.2 m/s; t-test [corrected], t=4.90, d.f.=59.3, p<O.OOl). 

DISCUSSION 

Previous experiments (Chapter 1) are consistent with the interpretation 

that S. lateralis perceives less of a risk from predation in open habitats than 



Figure 11. S. lateralis runs (across level ground, in a straight-line) 
significantly faster than T. minimus (t-test [corrected]: t=4.90, d.f.=59.3, 
p<O.OOl). Y-axis is number of observations. 

_.- _._._------_. ---
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does T. minimus. This study indicates that this may occur because S. lateralis 

has a higher harvest rate and faster running speed. The higher harvest rate at 

high seed densities allows the larger golden mantled ground squirrel to spend 

less time than the least chipmunk in removing a given quantity of seeds, and 

hence spend less time exposed to predators. The faster maximal running speed 

allows it to be further out in a meadow when a predator is spotted, and still run 

back to protective cover in the same amount of time. These two factors could 

combine to reduce the actual predation risk to the golden mantled ground 

squirrel. This may explain why they perceive less of risk of predation that do 

the least chipmunks when foraging in open meadows far from cover. 

Apparently, body size influences harvest rates. Kotler and Brown (1991) 

found that a larger species of gerbil harvested seeds faster than a small gerbil. 

In contrast to this study, handling time, not encounter rate caused the difference. 

Perhaps larger bodies (and paws) enable animals to simultaneously search a 

greater area and/or handle more seeds at one time. 

My measurement of maximal running speed of S. lateralis (maximal 

running speed= 3.14 mis, body mass= 180-250 g) falls within the range of data 

measured by others (3.63 m/s in Spermophilus saturatus, 230 g, Kenagy & Hoyt 

1989; 3.3-5.4 for S. beldingi, 450-200 g respectively, Trombulak 1989). The only 

published measurement of the running speed of T. minimus is 4.4 m/s (Cottam 
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and Williams 1943) which is somewhat higher than the top speed that I 

measured (3.2 m/s). Although the 4.4 m/s measurement has been used to 

determine the relationship between body mass and maximal running speed 

(Garland 1983), and to compare speeds of different small mammals, I suggest 

that it is unreliable. The speed was determined by chasing one chipmunk with a 

car, and noting that the speedometer read 10 miles per hour (Cottam & 

Williams 1943). 

Body size and competitive coexistence 

In previous studies (Chapter 1) I demonstrated that T. minimus forages 

more efficiently than S. lateralis in the safe habitat close to cover, whereas S. 

lateralis forages more efficiently in the riskier habitat further from cover. 

Animals with higher foraging efficiencies are superior competitors, because they 

deplete the resources in a patch to such a low level that their competitors 

cannot profitably harvest the patches (Tilman 1982). Thus, within the ground 

squirrel community, each species has a habitat type in which it can exclude its 

competitors, a pattern that tends to promote species coexistence (MacArthur 

and Pianka 1966, Rosenzweig 1989, Brown and Kotler 1989). 

This study indicates that the tradeoff in the ability to use safe and risky 

habitat types may relate to the animal's body size. Small body size can confer 
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an advantage to harvesting resources at low densities (Brown and Kotler 1990, 

also see Rosenzweig and Sterner 1970, Price and Heinz 1984). On the other 

hand, larger body size, probably through its effect on maximal running speed 

and harvest rate, apparently reduces the level of perceived predation risk. Thus, 

smaller species can outcompete larger animals in safe habitats, while larger 

species outcompete smaller species in riskier ones. To promote species 

coexistence, the predator (in conjunction with the structure of the environment), 

must increase environmental heterogeneity by creating riskier and safer habitat 

patches, and the patches must be of sufficient size to support the different 

species. 

Body size and patterns of habitat use 

If larger body size usually confers an anti-predator advantage, then larger

bodied species should more often exploit riskier habitats. (When predators use 

primarily vision these are often open). If smaller species can more profitably 

exploit food resources when they are at low densities, then they should tend to 

exclude larger species from safer patches (see Chapter 1). Furthermore, we 

should find that larger organisms live in more open habitats than their smaller 

relatives. To investigate this pattern, I plotted the length of 22 species of 

Colorado ground squirrels against habitat type, ranked in order of increasing 

openness (Figure 12). Although I found general support for the pattern, the 



Figure 12. Larger bodied ground squirrels live in more open habitats. Each 
point represents a single species within the circled genus. Similarly sized 
species appear slightly displaced on the X-axis. X-axis represents increasing 
openness. Data for Colorado ground squirrels from Armstrong (1972, 1987). 
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Figure 12. Larger ground squirrels inhabit more open habitats. 



similarly-sized species are phylogenetically related. This reduces the 

independence of the points. However, I am currently collecting information 

from other guilds of ecologically similar species such as heteromyid desert 

rodents (Kotler 1984), African antelope (Jarman 1974, Leuthold 1977), asian 

gerbils and grassland birds. 
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Documenting seemingly autecological behaviors such as foraging rates and 

running speeds can only strengthen our understanding of how an individual 

interacts with its own and other species. Here, I have presented results on the 

foraging rates and maximal running speeds of two species of montane ground 

squirrel, and discussed the effects and implications of the observed species

specific differences. The result, that the larger golden-mantled ground squirrel 

both forages and runs faster than the smaller least chipmunk, provides evidence 

in support of the importance of anti-predator abilities in determining the 

outcomes of prey species interactions. An understanding of the factors that 

influence levels of perceived predation risk may help explain patterns of species' 

distributions, and the organization of communities in heterogeneous 

environments. 
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CHAPTER 3. Sensory modes and the evolution of gregarious behavior: a model 

and phylogenetic test. 

INTRODUCTION 

Gregariousness occurs in a wide range of taxa, both vertebrate and 

invertebrate. Many factors have been hypothesized to select for it. Gregarious 

individuals may better find and defend resources (Dunbar 1988) and/or detect 

and avoid predators (Pulliam 1973, Kenward 1978). Gregariousness may also 

dilute the per individual impact of predation (Hamilton 1971, Vine 1971). 

Rather than argue the relative merits of these factors in general, I suggest that 

animals that rely on vision to detect both resources and predators derive a much 

greater benefit from gregariousness than do those that employ other sensory 

modes. Since vision is most useful during the day, the shift from nocturnal to 

diurnal activity should lead to an increase in the advantage of being gregarious. 

Testing the prediction that gregarious behavior evolves more often among 

diurnal organisms requires demonstrating that diurnality and gregariousness 

associate repeatedly, and that the association is not due solely to the shared 

ancestry of the organisms in question. Recent developments in phylogenetic 

analysis allow me to carry out such a test. An analysis of the eutherian 
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mammals clearly demonstrates the expected relationship between gregariousness 

and diurnality. 

Wanntorp et al. (1990) suggest that current ecological approaches are 

relatively ahistorical and emphasize adaptations. These ecological models tend 

to define particular processes that lead to adaptive behaviors, processes easily 

tested in the field or detected by comparing current associations of behaviors 

across taxa. In contrast, this study takes an evolutionary approach. It predicts a 

specific pattern about the origins of a behavior. As such, it requires testing in 

an historic fashion. For this reason, I combine my hypothesis with a 

phylogenetic test of its prediction. 

SENSORY MODES and GREGARIOUSNESS 

The verbal argument I present applies to prey animals that are capable, 

when they discover a predator, of lowering their risk of predation through 

defense or mobile escape. It assumes that the prey animals can exchange 

information. (Smith and Rice, ms. present this model in mathematical form). 

For a model on the evolution of gregariousness in relatively defenseless, non

mobile prey, such as some insects, see Sillen-Tullberg and Leimar (1988); for the 

effect of predator sensory mode and attack rate on group size and shape, see 

Treisman (1975a,b). 
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Gregariousness to decrease predation 

Dehn (1990) suggests that the need to avoid predators selects for 

gregariousness for two distinct, though not mutually exclusive reasons. The 

dilution effect occurs when a predator can only take one prey at a time, and the 

rate of attacks on groups does not go up as fast as group size. Any individual 

in a group benefits from the fact that a successful attack by a predator will most 

likely claim some other individual (Hamilton 1971, Bertram, 1978). Thus, the 

dilution effect occurs whether or not the prey detect the predator. 

Additionally, gregariousness may decrease the time it takes to detect 

predators, and begin an escape (Powe111974, Lazarus 1979, Pulliam and Caraco 

1984, Lima and Dill 1990). When animals quickly transmit information about 

the presence of a predator, gregarious individuals need not be as alert as solitary 

ones, and therefore can devote more effort to foraging. I suggest that the type 

of sensory mode employed influences the advantage of the detection effect. 

Properties of sensory modes 

The modes of signal transmission between the senses differ in the degree 

to which an obstacle can block the incoming signal. Some signals are easily 
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blocked, others are not. Chemical signals such as odors can diffuse around an 

obstacle. Similarly, sound waves can also travel around or through objects 

(Morton 1975, Wilson 1968). But since light waves cannot travel around or 

through most objects, these obstacles impede visual signals. The impairment of 

reception of visual signals may arise from objects (such as trees or rocks) in the 

environment placed between the transmitter and the receiver. Impairment can 

also occur when the receiver does not direct its eyes at the transmitter, as when 

the animal feeds with its head down, or when the predator approaches from 

behind. These same situations only minimally impair the reception of chemical 

and acoustical signals. 

Gregariousness benefits visual animals by filling in these information gaps. 

Additional scanning individuals are likely to increase detection events, both 

because some may scan while others feed, and because they may space 

themselves so as to cover each other's blind spots. Additionally, the directional 

information provided by a visual signal may assist the prey in choosing an 

appropriate escape route. 

Animals that use primarily olfaction and hearing do not suffer a major 

reduction in signal reception when surrounded by objects, when feeding, or when 

not directly facing the transmitter. Additional scanners may not increase 

detection efficiency. In fact, additional individuals may actually be 



disadvantageous, as they may create sounds and smells that interfere with the 

reception of signals from approaching predators. Thus, the advantages of 

gregariousness appear to accrue to animals that employ a visual system of 

detection but not to those that primarily use other sensory modes. 

Diurnal activity and gregarious behavior 
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Visual acuity depends strongly on photon level (Rodieck 1986), hence its 

usefulness increases during daylight hours. The other sensory modes do not 

have as great a temporal variation in sensitivity. Combining this observation 

with the results of the ideas presented above, I predict that if gregarious 

behavior (when used to detect predators) provides an advantage only for visual 

animals, then it will evolve more often in diurnal than in nocturnal organisms. 

In the next section, I use phylogenetic analysis to test this prediction. 

THE PHYLOGENETIC TEST 

I generated a prediction about the origination of a particular behavior; 

this specifies a particular sequence of events. A test of this type of prediction 

requires mapping the information about the origins of the behaviors onto 

----------- ----------------------- ----------
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phylogenies (see Donoghue 1989, Wanntorp et al. 1990). A simple tally of the 

presence or absence of the association between these traits may lead to spurious 

correlations due to the non-independence of data taken from related taxa 

(elutton-Brock and Harvey, 1977,1979, 1984; Ridley 1986, Dobson 1985; Pagel 

and Harvey, 1988), and so may not appropriately test my prediction. 

Although often necessary, phylogenetic approaches require a knowledge of 

the phylogenetic relationships for the groups in question, and these must be 

resolved at the same taxonomic level as the variation in the characters of 

interest. The only taxonomic group to test my prediction, that fit the criteria of 

relatively well-studied phylogenetic relationships and known behavioral characters 

(in this case, activity period and degree of gregariousness) is the eutherian 

mammals. 

Definitions of behavioral data 

Gregarious animals are those that while active stay close to each other, so 

that communication between them is possible, and so that the benefit to an 

individual from joining a group comes from the emergent properties of the 

group. I do not consider animals that clump around a particular resource such 
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as a water hole to be gregarious. I also do not consider obligate groups, such as 

mother-offspring or male-female pairs, as gregarious. 

Diurnal animals are those that are most active during daylight hours, 

though they need not be active the entire day (e.g., they may rest at midday). I 

include crepuscular animals in the diurnal category. 

Searching for matching behavioral data and phylogenetic data was an 

iterative process. I first determined the behavioral character states for each 

mammalian order, and then located the phylogenetic information on the 

relatedness of the orders. Next I took those orders that contained taxa that 

differed in their character states and tried to locate phylogenies for those groups. 

I continued this iterative process at successively lower taxonomic levels until 

either the terminal taxa did not vary in their behavioral states, or until I could 

not locate a phylogeny for the terminal taxa. In the latter case, I assigned to 

the terminal taxa the character states that were most prevalent for the taxa 

within that group. I excluded the Carnivora from the analyses, as their 

phylogeny and behaviors are not resolved at the same level (Gittleman 1989). 

I determined the states of the two behavioral traits for each taxon from 

published information (mainly Walker 1975; Jolly 1985; Eisenberg 1989; and 

Poole 1985). Appendix A contains the complete data set, with references. 



Sources of phylogenies 

Systematists have reconstructed the phylogenetic relationships of the 

orders of eutherian mammals in more than one way (Benton 1988; Novacek et 

al. 1988). I selected two of these hypothesized phylogenies and tested the 

prediction separately on each. This approach allowed me to determine the 

robustness of the results against changes in the arrangement of the orders. 
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The two alternative phylogenies of the orders of mammals that I used 

were derived from Shoshani (1986) and Miyamoto and Goodman (1986) (SH 

and MG, respectively). Each places the Primates, Rodentia, Tubulidentata 

(aardvarks) and Cetacea (whales and dolphins) differently within the dadogram. 

SH places the Primates into a monophyletic group with the insectivorous 

mammals such as the Chiroptera (bats), whereas MG hypothesizes that the 

Primates are most closely related to the Rodentia and Lagomorpha (rabbits, 

hares, etc.). SH groups the Cetacea with Hyracoidea (hyraxes) and Proboscidea 

( elephants), and places the Tubulidentata with the Perissodactyla and 

Artiodactyla (hoofed mammals). In contrast, MG groups the Cetacea with the 

Perissodactyla and Artiodactyla and the Tubulidentata with the Hyracoidea and 

Proboscidea. The SH and MG phylogenies are shown in Figures 13 and 14, 

respectively. 



Figure 13. Phylogenetic hypothesis of the relationships of the eutherian 
mammals. Derived from Miyamoto and Goodman (1986). See text for an 
explanation of the differences in the ordinal relationships between this 
hypothesis and the one in Figure 14. There is a significant association 
(p<O.OOl) between diurnal activity (black branches) and gregarious behavior 
(dark bars). The phylogenies of the Primates, Artiodactyla and Lagomorpha 
+ Rodentia are enlarged in Figures 15, 16, and 17. 

--------
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Figure 13. Phylogenetic hypothesis of the eutherian mammals, derived from 
Miyamoto and Goodman (1986). 
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Figure 14. Phylogenetic hypothesis of the relationships of the eutherian 
mammals derived from Shoshani (1986). There is a significant association 
(p<O.001) between diurnal activity (black branches) and gregarious behavior 
(dark bars). The phylogenies of the Primates, Artiodactyla and Lagomorpha 
+ Rodentia are enlarged in Figures 15, 16, and 17. 

---,- -- -----------
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Figure 14. Phylogenetic hypothesis of the eutherian mammals, derived from 
Shoshani (1986). 
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As mentioned above, diurnal activity originates at different taxonomic 

levels within the mammals. In order to include as many of the origins of diurnal 

and gregarious behaVior as possible, I combined phylogenies acquired from 

different sources. Combining separately derived phylogenies in this way does not 

necessarily lead to globally parsimonious phylogenies. Substitutions of 

monophyletic groups pose fewest problems (Maddison et al. 1984). The 

orders into which I substituted phylogenies are the Artiodactyla, Primates, and 

Lagomorpha plus Rodentia. I assembled the Primate phylogeny from a 

combination of Ridley (1986), Schwartz and Tattersall (1985), and Andrews 

(1988) (Figure 15); the ungulates and/or Artiodactyla from a combination of 

Gentry and Hooker (1988), Janis (1988), Janis and Scott (1988) and Novacek et 

al. (1988) (Figure 16); the Rodentia from Jaeger (1988) and Luckett (1985); and 

the Hystricognath rodents from Woods and Hermanson (1985) and Mares and 

Ojeda (1982). Because the phylogenies of the Rodentia and Hystricognathidae 

are not completely resolved, I rearranged the multichotomous branches to 

create a number of alternative topologies. I tested the prediction on each one, 

but did not find any significant differences in the results. Figure 17 displays just 

one of the possible rodent plus lagomorpha trees. 



Figure 15. Composite phylogeny of the Primates. For sources, see text. 

-- ----------~--------------
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Figure 15. Composite phylogeny of the primates. For sources, see text. 



Figure 16. Composite phylogeny of the Artiodactyla. For sources, see text. 

- ----.- ---- -. -------
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Figure 16. Composite phylogeny of the artiodactlya. For sources, see text. 
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Figure 17. Composite phylogeny of the Lagomorpha + Rodentia. Note the 
expansion of the Hystricognath rodent clade. For sources, see text. 

-----------------
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Figure 17. Composite phylogeny of the lagomorpha + rodentia. For sources, 
see text. 

- -- ----- ----



A phylogenetic statistical test 

The statistical technique that I used was devised by Maddison (1990). 

His test determines whether two binary characters are correlated, given a 

hypothesis about their evolutionary history. The test calculates the probability 

that a given number of gains and losses of the dependent character occur 

significantly more often on branches of the tree that have a particular state of 

the independent character. The correlation is based on a null hypothesis of 

random association between the two characters. 
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The test requires binary characters and a completely resolved cladogram. 

The McClade (pre-release test version 2.99B9.0) test cannot calculate exact 

correlation probabilities when there are more than fifty taxa in a clade. Instead, 

the correlation is calculated from a specified number of random placements of 

gains (in this case 10) and losses (5) in the independent variable (minimum 

1,000). I performed the test separately on the two large (102 taxa) mammalian 

phylogenies (designated SH and MG) that I generated by combining several 

smaller phylogenies (see Figures 13 and 14). 
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RESULTS 

Figures 13 and 14 show the two composite phylogenies for the 

relationships of the mammals. Figures 15, 16 and 17 show the enlarged versions 

of the Primate, Artiodactyla and Lagomorpha plus Rodentia trees that I 

substituted into SH and MG. The transition from a white branch to a black 

branch indicates a transition from nocturnal to diurnal activity. A dark bar 

across a branch indicates a change to gregarious behavior, a white bar a reversal 

to solitary behavior. The McClade program calculated the character states of 

the branches and branch points, based on a parsimony algorithm. 

I found a significant association between gregarious behavior and diurnal 

activity, regardless of the ordinal relationships of the mammals (SH, p.<O.OOl; 

MG, p<O.OOl based on 1,000 simulations; Figures 13 and 14). Notice that 

gregarious behavior never occurs in nocturnal clades. Note also that a reversal 

to nocturnal activity within a diurnal/gregarious clade coincides with a loss of 

gregariousness (best seen in Figures 16 and 17). This suggests a cost to 

gregariousness in nocturnal mammals. 

---- --------- ------ ---------------------------~---
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DISCUSSION 

Strength of the association 

There was strong agreement between my prediction and the pattern of 

association between diurnal activity and gregariousness found in the mammalian 

phylogenies. I argued that differences between sensory signals in degree of 

blockage determine the benefit of gregariousness. Organisms that use vision 

derive a greater benefit from gregariousness than do those that use only the 

other senses. Since vision is more acute during daylight hours, this leads to the 

prediction that gregarious behavior should arise more often among diurnal 

animals. A test for such an association necessarily required a historical 

approach since the prediction concerned a sequence in the origins of characters. 

I found strong support for the association using a phylogenetic test on eutherian 

mammals. 

Application of phylogenetic tests 

Phylogenetic tests of the sort used here can provide powerful tools for the 

evaluation of evolutionary hypotheses. These tests however, require careful 
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evaluation. Because originations of a character always occur equally or less 

frequently than the presence of that character among taxa, small phylogenies 

may not provide a large enough sample size to yield a significant association. 

For example, Charles-Dominique (1975) pointed out that gregarious primates 

are often diurnal. However, when I performed Maddison's test on only the 

primate clade (Fig. 15), the data yielded a non-significant correlation of p = 

0.23. This result occurs because, even though the clade contains over fifty taxa, 

it includes only 3 originations of diurnal behavior. The lack of significance is 

most probably a Type II statistical error. 

Jarman (1974) also notes an association between diurnal activity and 

gregariousness in African ungulates, as does Gittelman (1985) for small 

carnivores. However, tests of these small groups by themselves might not 

provide a significant association. Thus, few independent origins of traits limits 

the application of this sort of phylogenetic analysis, but should not leave 

investigators to conclude that no association exists. 

Patterns in non-mammalian taxa 

I tested the prediction on the eutherian mammals. The sensory mode 

argument, however, may apply to any mobile animal that scans its environment 



for predators and resources. The predictions derived from the model should 

thus hold in other vertebrates as well as in other metazoans. For example, the 

only marsupials that show gregarious tendencies are crepuscular or diurnal 

(Kaufman 1974, Lee and Cockburn 1985). Only diurnal birds feed in flocks. 

Radakov (1973) noted that fish schools form only during daylight hours. 

Similarly, some crabs and be-etles aggregate during the day but not at night 

(Salmon & Altsaides 1968, Heinrich & Vogt 1980). 
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The loss of gregarious behavior in taxa that revert to nocturnal activity 

suggests a cost to gregariousness. One obvious cost is the increased competition 

from closely spaced individuals. Another cost may arise if nocturnal predators 

use sounds and smells more than visual signals to locate their prey. Many 

individuals may make more noise and smell more, and hence be more 

conspicuous to predators using these cues to find prey (Treisman 1975a,b). 

Thus, not only does gregariousness not provide any advantage to a nocturnal 

organism in terms of predator detection, it may actually increase it 

conspicuousness to predators. This cost might explain the loss of gregariousness 

in animals that revert to nocturnal activity. 

Diurnal taxa that are not gregarious 
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Not all diurnal animals are gregarious. Predicting when animals should 

be gregarious depends on knO"wing the costs and benefits associated with living 

in groups. The conditions under which gregariousness benefits animals may 

depend on factors that influence the degree of blockage of sensory information. 

For example, in certain habitat types where blockage of sensory signals is 

extreme, such as in dense forests, even diurnal animals will not find vision 

useful. Also, as the size of the area that one organism can instantaneously scan 

(its panoramic field of view) enlarges, the advantage of additional scanning 

individuals may decline. Below, I will further discuss and provide examples for 

these two situations. 

Lack of gregariousness with increased cover 

As the density of cover (hence the degree of signal blockage) increases, 

vision becomes less effective for detecting predators or resources, and the 

advantage of grouping is reduced. Thus, diurnal organisms that live in dense 

cover may not aggregate. The effective density of cover is a function of the size 

of the organism relative to obstructions in the environment, not just the type or 

density of the vegetation or other objects. For example, a small rodent in a 



grassland perceives a much denser "environment" than does a large ungulate 

standing in the same place. Hence, knowledge of geographical location or 

vegetation type is not sufficient to determine the benefits of gregariousness. 
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Figure 16 provides an example of the absence of gregariousness in diurnal 

animals living in dense cover. Within this group, gregariousness (the ancestral 

state in this case) has reversed to solitary behavior three times. Two of these 

changes occur within groups that had secondarily become nocturnal (the 

tragulina and moschidae). The third shift to a solitary lifestyle in this group 

occurs in the okapi, a relative of the giraffe that lives in dense forests. Thus, 

though diurnal, the okapi lives in a habitat where vision is probably not its 

principal means of monitoring the environment. Consequently (perhaps) it is no 

longer gregarious. Similarly, the gregarious hippopotamus lives in open habitats, 

but the solitary pygmy hippo lives in forests. Many small, diurnal grassland 

rodents such as voles and rice rats lack gregariousness. 

Diurnal activity and gregariousness appear to originate simultaneously, 

and they apparently do so more often among open habitat species. These open 

habitat species also tend to be larger than their nocturnal relatives (unpubl. 

data). In my work with ground squirrels (Chapters 1 and 2), I found that the 

larger-bodied squirrels perceived less risk of predation farther from protective 

cover, but were less efficient foragers than smaller organisms near cover. Thus, 

----.-- - ._--------



while they could exploit the risky, open habitats, they did so at the expense of 

their foraging efficiencies in safer habitats. 
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If higher light levels and an open habitat generally increase predation risk 

(see Lima and Dill 1990), then perhaps large body size and gregariousness 

comprise an evolved suite of characters that reduce risk. These characters may 

enable animals to exploit a risky habitat unavailable to smaller, nocturnal 

animals. 

Lack of gregariousness in animals with panoramic vision 

The area over which an animal can instantaneously scan, its panoramic 

field of view, may also influence the advantage provided by gregariousness in 

diurnal animals. The degree of panoramic vision is a morphological consequence 

of the animal's skull and eye-socket arrangement. Animals with greater 

panoramic vision can effectively "see behind their heads" while foraging, thus 

effectively filling in one of the gaps in information. With this information, the 

advantage of additional scanning individuals decreases. 

For example, the rabbit has a panoramic view of 360 degrees, even while 

feeding (Hughes 1977). It may not be surprising, then, to see the occasional 
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solitary diurnal rabbit, even in open terrain. An intriguing corollary of this 

pattern is the observation that herding ungulates generally have relatively narrow 

fields of view. I am currently investigating whether narrow visual fields preceded 

or followed the evolution of gregariousness. If narrow fields preceded 

gregariousness, then perhaps those animals with narrow visual fields, by having 

more to gain from additional scanners, tend to evolve gregariousness more often 

than those with wide fields. If narrow fields follow, then perhaps gregariousness 

decreases the need for a wide field of view to detect predators, thus allowing 

animals to evolve greater depth perception. 

Conclusions 

Fortunately, diurnal activity and gregariousness arose several times in a 

group for which there exist a number of well-resolved phylogenies. This enabled 

me to combine an evolutionary model predicting the sequence of origins of these 

two behaviors, with a phylogenetic test of their association. A greater 

understanding of the relationships between organisms, and the further 

development of statistical techniques, will expand the application of this 

approach to a wider range of questions in the evolution of behavior. 
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APPENDIX A. Character states of the eutherian mammals. 

TAXA AcrIVITY GROUP Reference 
O=Noctmnal. O=Solitary 
l=Diurnal l=Gregarious 
2=Mix 2=Mix 

** Primates 

Arctocebus 0 0 8 
IDris 0 0 8 
Perodicticus 0 0 8 
Nycticebus 0 ? 15 
Galago 0 0 8 
Euoticus 0 0 1 
Mirza 0 0 5 
Microcebus 0 0 8 
Phaner 0 0 1 
A110cebus 0 ? 15 
Cheirogaleus 0 0 8 
Indri 1 1 8,11 
Propithecus 1 1 8,11 
Avahi 0 0 5 
Daubentonia 0 0 8 
Iepilernur 0 0 8 
Hapalernur 1 1 8 
Iemur 1 1 7,8 
Varecia 1 1 12 
Tarsius 0 0 2 
sailniri 1 1 15 
cal1icebus 1 1 15 
Actus 0 0 5 
Cebus 1 1 8,15 
Cebue11a 1 1 8,15 
cal1ithrix 1 1 8,15 
Ieontopithecus 1 1 8,15 
Saguinas 1 1 8,15 
cal1imico 1 1 8,15 
Pithecia 1 1 8,15 
Chlropotes 1 1 8,15 
cacajou 1 1 8,15 
Iagothrix 1 1 8,15 
Brachyteles 1 1 8,15 



90 

Ate1es 1 1 8,15 
TAXA AcrIVI.'lY GROUP Reference 

O=Noctumal O=Soli1:al:y 
l=Diurnal l=Gregarious 
2=Mix 2=Mix 

Aloutta 1 1 8,15 
Pan 1 1 8,15 
Gorilla 1 1 8,15 
Colabus 1 1 8,15 
P.resbytis 1 1 8,15 
Pygathrix 1 1 8,15 
Nasalis 1 1 8,15 
simias 1 1 8,15 
Etythrocebus 1 1 8,15 
Miopithecus 1 1 8,15 
Cercopithecus 1 1 8,15 
Macaca 1 1 8,15 
'lheropithecus 1 1 8,15 
Papio 1 1 8,15 
Cercocebus 1 1 8,15 

** Artiodactyl 

SUidae 1 1 6,9 
Tayassuidae 1 1 14 
Hippopotamidae 1 1 10,15 
camelidae 1 1 15 
Tragulina 0 0 15 
Giraffa 1 1 10,15 
Okapi 1 0 15 
Bovidae 1 1 4 
Moschidae 0 0 15 
Antilocapridae 1 1 15 
ce.t:vidae 1 1 15 

** IagomOl:pha & Rcx:lentia 

Ochotonidae 1 1 15 
Leporidae 0 0 15 
Aplodontia 0 0 15 
Sciuridae 1 1 15 
Gliridae 0 0 15 
Dipodidae 0 0 15 
Muridae 0 0 15 
Geomyidae 0 0 15 
Anomaluridae 0 0 15 
Pedetae 0 0 15 
Hystricognathidae 2 2 15 
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ctenodactylodea 0 0 15 
TAXA ACl'IVITY' GROUP Reference 

O=Nocturnal O=Solitary 
l=Diumal l=Gregarious 
2=Mix 2=Mix 

Myoprocta 0 0 15 
Agouti 0 0 15 
Douchotis 1 1 15 
Kerodon 1 1 15 
cavia 1 1 15 
Erethizon 0 0 15 
Proechimys 0 0 15 
octodon 0 0 15 
octodontomys 0 0 15 
Spalacopus 1 1 15 
Aconaenws 1 1 15 
Myocastoridae 0 ? 15 
Tricharnys 0 0 15 
Chinchilla 1 1 15 
capromys 1 0 15 
Geocapramys 0 ? 15 
Plagiodontia 0 ? 15 

** Mammalia 

lbolidota 0 0 13,15 
'l\lbulidentata 0 0 13,15 
Insectivora 0 0 13,15 
Primates 2 2 13,15 
Scandentia 1 1 13,15 
Chiroptera 0 0 13,15 
Dennoptera 0 0 13,15 
Macroscelidia 1 1 13,15 
Iagamol:pha 2 2 13,15 
Rodentia 2 2 13,15 
Artiodactyla 2 2 13,15 
Cetacea 1 1 13,15 
Sirenia 1 1 13,15 
Proboscidea 1 1 13,15 
Perissodactyla 1 1 13,15 
Hyracoidea 1 1 13,15 
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Key to References in Appendix A: 

1. Charles-Dominique, 1977. 
2. Dunbar, 1988. 
3. Eisenberg, 1989. 
4. Estes, 1974. 
5. Fleagle, 1988. 
6. Fradrich, 1974. 
7. Jacobs, 1983. 
8. Jolly, 1985. 
9. Klopfer, 1964. 
10. Leuthold, 1977. 
11. Noback, 1975. 
12. Pereira, et al., 1987. 
13. Poole, 1985. 
14. Sowls, 1974. 
15. Walker, 1975. 
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