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Hominid Paleoecology and Competitive Exclusion: Limits 
to Similarity, Niche Differentiation, and the Effects of 
Cultural Behavior 

BRUCE WINTERHALDER 
Department of Anthropology, University of North Carolina at Chapel Hill, Chapel Hill, 
North Carolina 27514 
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ABSTRACT Fossil evidence from the Plio-Pleistocene of Africa apparently 
has confirmed a multi-lineage interpretation of early hominid evolution. Empir- 
ical refutation of the single species hypothesis must now be matched to the ev- 
olutionary ecology theory, which can underwrite taxonomic assessment and help 
to explain sympatric hominid coexistence. This paper contributes to that goal by 
reassessing the ecological rationale provided for the single-species hypothesis. 
Limiting similarity concepts indicate that the allowable ecological overlap be- 
tween sympatric competitors is greater than the degrees of metric overlap often 
advanced as standards for identifying fossil species. Optimal foraging theory and 
the compression hypothesis show that the initial ecological reaction of a hominid 
to a sympatric competitor would likely be micro-habitat divergence and possibly 
also temporal differentiation of resource use. The long-term, evolutionary re- 
sponse is niche divergence, probably involving diet as well. General niche par- 
titioning studies suggest that  diet and habitat are the most common dimensions 
of niche separation, although temporal separation is unusually frequent in car- 
nivores. The equation of niche with culture, basic to the single-species hypothesis, 
has no analytic meaning. Finally, four minor points are discussed, suggesting 
that (a) extinction is not unlikely, even for a long-lived and competitively com- 
petent hominid lineage, (b) parsimony is fickle, (c) interspecific mutualism may 
jeopardize survival, and (d) generalists are subordinate competitors, but for hom- 
inids, seemingly, successful ones. I argue that analog models of hominid paleoe- 
cology should be replaced by the use of zoological and anthropological observations 
to assess the generality and reliability of ecological theory and concepts that  may 
encompass early hominids. 

The principle of competitive exclusion (Hardin, 1960) has a prominent role in debates 
over the taxonomic assessment of fossil hominids. The persuasive arguments of Wolpoff 
(1968,1971, 1976, 1978) allied this ecological principle with the single-species hypoth- 
esis of hominid phylogeny. Some paleoanthropologists, convinced on comparative tax- 
onomic grounds that more than one sympatric species existed at various times, have 
accepted this association and simply refrained from speculating on the ecological basis 
of coexistence. Others, like Robinson (1954, 1963a, b, 1972; see also Kortlandt, 19721, 
Hall (1977) and duBrul(1977), have developed intuitive or analog models that  provide 
each of the supposedly coexisting species with distinct niches. The recent and abundant 
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fossil evidence from East Africa has convinced most paleoanthropologists, including 
Wolpoff (1980) and Brace (1979, 19801, that at  least two species coexisted for a geolog- 
ically lengthy period in the late Pliocene and early Pleistocene. Some now believe there 
were three or more contemporaneous species (e.g., Walker and Leakey, 1978). Empirical 
refutation of the single-species hypothesis and speculation by others about the possi- 
bility of more extensive, multi-species sympatry make it important to establish an 
ecological basis for interpreting these issues. 

In an earlier paper (Winterhalder, 1980; see also Swedlund, 1974) I reviewed the role 
of the competitive exclusion principle (CEP) in hominid paleoecology, and argued that 
the CEP itself has only a restricted usefulness in this type of application. In particular, 
the direct association of the CEP and the single-species hypothesis (SSH) is not eco- 
logically necessary, and it has diverted the attention of paleoanthropologists-whatever 
their taxonomic beliefs with respect to early hominid fossils-from the more useful 
ecological extensions of that principle. These extensions relax various of the highly 
restrictive assumptions of the CEP, and they point to a variety of conditions that can 
sustain the coexistence of closely related, sympatric species. Population ecology models 
not based on the Lotka-Volterra assumptions and parameters give parallel results (see 
Schoener, 1974a, 19761, as do those that make significant parametric modifications of 
the Lotka-Volterra equations (Ayala et al., 1973; Shorrocks et al., 1979). An excellent 
summary of CEP modifications can be found in Armstrong and McGehee (1980). 

Because the coexistence of ecological competitors is commonplace, biologists have 
modified the CEP to explore the origins and maintenance of diversity in natural com- 
munities. Although a conservative (exclusionary) interpretation of the CEP has the 
appearance of parsimony, it rests on a complicated set of highly restrictive assumptions 
that belie both its cogency and simplicity. And, although its most apparent interpre- 
tation seems to restrict diversity, the principle actually underwrites much of the biol- 
ogical theory used to explain diversity. 

The previous paper (Winterhalder, 1980) established a second point as well. Analysis 
of interspecific relationships among hominid populations belongs in the context of niche 
theory, and competition is only one of many factors affecting the realized niches of 
related species. It can be a stabilizing factor. Coexistence and sympatry are affected 
by predation, differential selective pressures on life-cycle stages, frequency-dependent 
selection, temporal fluctuations and spatial heterogeneity, niche dimensionality, and 
density-independent phenomena, among other things. Any of these factors can supplant 
or modify the effects of competitive exclusion; several are conceivably of importance 
to early hominids. The exploitation competition modeled in the Lotka-Volterra CEP 
need not be the exclusive or even predominant factor structuring niche relationships. 

The present paper shifts the discussion to questions raised, but not answered, earlier: 
How similar can resource use by two or more species be and still avoid competitive 
exclusion? Would competition between newly sympatric hominids with relatively flex- 
ible behavioral capabilities necessarily broaden the resource use of each, and thus lead 
inexorably to extinction of one form? What kinds of ecological differences usually dis- 
tinguish the niches of closely related species? Can any operational or ecological meaning 
be placed on the statement that culture is the hominid niche? And finally, what kinds 
of ecological and behavioral concepts or observations can be mustered to supplement 
the fossil and archaeological materials pertinent to this issue? The significance of these 
questions stems from past use of ecological reasoning in paleoanthropology; each will 
also serve to introduce concepts and theory pertinent to current paleoanthropological 
research. 

LIMITING SIMILARITY 

How alike can two competing species be and still coexist? The CEP itself states that 
they cannot be identical, but beyond this it provides little guidance. In the gap between 
near identity and the actual niche overlap routine in nature, biologists have sought to 
identify a theoretical limit to the likeness of coexisting species. Analysig of this “limiting 
similarity” and the factors affecting it should help paleoanthropologists decide whether 
certain degrees of similarity in sympatric and competing hominid species are realistic. 
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Fig. 1. Limiting similarity parameters. K(x) is some resource continuum, measuring, for instance, food 
quantity as a function of its size, x. The consumer utilization functions, f(x), can be described by their separation, 
d, and width, w. Niche separation is characterized by the ratio, d/w. After May and MacArthur (1972:1109). 

The general idea was stimulated by the observations of Hutchinson (1959) and others 
(Schoener, 1974b:28) that competing species within natural groupings often differ by 
ratios of 1.2 to 1.4 in the linear dimensions of their feeding structures, equivalent to 
a twofold difference in mass. There are exceptions to these observations (Abrams, 1975) 
and even doubt about their significance: Horn and May (1977) note cautiously that 
such ratios also characterize components within sets of stringed and wind instruments, 
cooking utensils and tricycles. Still, such ratios and character displacement studies 
(Grant, 197240) have motivated considerable theoretical exploration. 

Limiting similarity analysis assumes that an equilibrium is possible for competing 
species and then asks what degrees of niche overlap or similarity are compatible with 
stability (i.e. persistence) of the equilibrium. In early papers MacArthur and Levins 
(1964, 1967) located two species on a resource dimension and then investigated the 
amount of niche divergence necessary for a third, “appropriately chosen” (see Mac- 
Arthur, 1972b), species to become established between them. The successful immigrant 
must have positive population growth at low densities when competing with the preex- 
isting species, each at  carrying capacities established in its absence. 

If resources are continuous and nonrenewing, in a uniform or patchy environment, 
MacArthur and Levins (1967) showed that species packing along a single resource 
dimension can be closer if (a) their carrying capacities are the same, or (b) their niche 
breadths are small. Species can be packed more closely as the dimensionality of their 
niches increases. Since niche breadth should grow with a decrease in environmental 
stability or productivity, they argued that more species can coexist in stable and pro- 
ductive environments. Qualitatively similar results were obtained for discrete, renew- 
able resources. 

This and subsequent limiting similarity theory begins with a one-dimensional model 
(Fig. 1). The resource is represented by axes that represent resource quantity as a 
function of some differentiating quality (e.g. biomass as a function of prey size). Each 
species of consumer on this resource dimension has a utilization function f(x) with a 
standard deviation of w. If d measures the distance between peaks of such curves, then 
the ratio dlw (interspecific niche separation to intraspecific niche width) can be taken 
as a measure of niche overlap and competition.’ Most often the resource utilization 
functions have a common shape, width and spacing. Further, the resource spectrum is 
shaped so that the equilibrium populations packed along it are equal in size (i.e. K1 
= K  2 - - Ki). 

Measuring competition intensity by niche overlap is problematic. High overlap could mean an absence of competition. 
Two predator species could, for instance, completely share abundant prey with only a minimal competitive effect on one another 
(Pianka, 19’742141; Menge, 1979246). 
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May and MacArthur (1972) applied this model to the study of niche overlap using 
the Lotka-Volterra competition equations and an earlier observation by MacArthur 
(1969, 1970; see also Case, 1980) that the utilization functions of competing species in 
equilibrium approach a least squares fit with the actual spectrum of resources. In a 
perfectly constant environment there is no limit to  similarity, short of complete con- 
gruence of utilization functions. Persistence is possible for any niche overlap, d/w > 0. 
Stochastically fluctuating environments, however, presented a qualitatively different 
result. For fluctuations ranging from very weak to moderate, the limiting niche overlap 
consistent with persistence of the interacting populations is approximately dlw = 1 to 
2, depending on the number of competing species. The range of environmental fluc- 
tuation consistent with this result is 0.01% to 30%, measured as the ratio ofthe variance 
to the mean. For more severe fluctuations, niche separation increases in rough pro- 
portion to the environmental variance. These results assume that the stochasticity is 
not correlated along the resource axis, nor is it serially correlated over time intervals. 
As such correlations increase, so does the degree of permissible overlap (May, 
1976:63-64). 

Since a constant environment is not feasible, and severe “effective” environmental 
fluctuations probably are rare, May and MacArthur (1972) concluded that a limiting 
similarity of d/w J 1 is applicable in most circumstances. Thus, for a one-dimensional 
case, a separation of utilization functions approximately equal to the width (one s.d.) 
of those functions is compatible with coexistence. These conditions hold if an equilibrium 
exists for the species set; for d < w such an equilibrium is fragile, for d > w it is 
enduring. MacArthur and Levins (1967:380) and MacArthur (1970) had earlier reached 
a qualitative and less definite expression of a similar result. May (1974b: 19-33; 
1976:62-65) provides a more extended discussion of the effects of stochasticity on com- 
peting species. 

As with the CEP itself, several authors have examined the sensitivity of this deriv- 
ative model to variations in its fairly restrictive assumptions. For instance, in small 
communities (n = 2, 3 or 4 species) the limit to  similarity is significantly less than one 
for low degrees of environmental variance, but the limit is also slightly more sensitive 
to increases in that variance (May, 1974b:29-30). This and many other modifications 
do not appear to change the general result; the details, however, can be complex. 

May (1974a; 1976) has shown that a limiting similarity of dlw A 1 holds for any 
reasonable shape of the resource utilization function, ffx), for any width and spacing 
of the utilization functions (so long as d/w remains constant between species), and 
roughly for types of stochasticity that are correlated among successive time intervals 
or positions on the resource dimension. The results do change if the carrying capacities 
of the competing species differ. While d/w = 1 generates stability only if K1 = Kz = 
K,, a d/w > 1 can generate persistence among species with different carrying capacities 
(May, 1976:60-65). Figure 2 is typical of those depicting the relationship between niche 
overlap and carrying capacities. The May and MacArthur results appear to be reliable 
(Orians, 19751, with one exception. Agren and Fagerstrom (1980) have demonstrated 
that the qualitative difference in allowable niche overlap between a perfectly constant 
environment and a weakly fluctuating one depends in a special way on the endpoints 
of the resource distribution function. By giving this function a realistic latitude of 
possible shapes, they show that d/w 3 1 is the limiting similarity condition for constant 
as well as varying environments. This eliminates the qualitative distinction between 
an unchanging and a slightly stochastic environment, but it preserves the more general 
limit to similarity. For critiques of the May and MacArthur (1972) approach to limiting 
similarity, the reader should consult Darlington (1972:3154), Menge (1979:246), Schoe- 
ner (1974b335-37) and Whittaker and Levin (1976:176-178). 

McMurtrie (1976) extended the limiting similarity model in a fluctuating environ- 
ment by considering variation in the niche widths (w) and separations (d) among 
competing species. Weak deviations from equivalence in either parameter do not sign- 
nificantly change the results of May and MacArthur (1972). However, as niche widths 
(w,) become more unequal with d, constant), species can be packed more closely than 
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K 2 / K l  

Fig. 2. Relationships among carrying capacity, niche overlap and perturbation dampening for a dynamic 
system of two competing species. The horizontal plane depicts the relationship between the niche overlap (d/w) 
consistent with stability (the “limiting similarity”) and the ratio of equilibrium carrying capacities. As the 
carrying capacity ratio varies from 1, somewhat greater degrees of niche separation are required to preserve 
a two-species equilibrium. The vertical dimension measures the tendency of the two-species system to dampen 
a disturbance, and hence persist. As random environmental fluctuations grow, so do the dampening requirements 
for coexistence. Thus, two-species persistence in a varying environment requires somewhat greater niche sep- 
aration than in a relatively constant one. After May (1976:62). 

the limiting similarity criterion would suggest. For widths of sufficient disparity, species 
can pack arbitrarily close together. The specialist’s resource range may be entirely 
within that of the generalist. McMurtrie also shows that the most stable configuration 
for niches of equal widths is equidistant spacing (di = dj). 

Another variation on the May and MacArthur treatment-kurtosis of the resource 
utilization functions-is explored by Roughgarden (1974). Leptokurtic curves (those 
with a narrow peak and thickened tails relative to normal or platykurtic curves) reduce 
the limiting similarity value. This happens for two reasons: (a) concentration of resource 
use in a narrower peak allows greater overlap; and (b) thicker tails result in more 
competition between resident species, and this works to the advantage of the immigrant. 
This analysis uncovers situations in which the removal of one of three stably competing 
species results in competitive exclusior between the remaining pair. In the right con- 
ditions competition can promote diversity. Roughgarden (1974) proposes that lepto- 
kurtosis and generalized foraging (large w) are correlated. Whereas specialized species 
will tend toward platykurtic resource utilization functions (those with clipped tails) 
because they concentrate on a limited set of resource items, generalists are more able 
and likely to be opportunistic in the use of resources on the tails of a utilization function. 
This can produce a leptokurtic curve. The limiting similarity effects of leptokurtosis 
suggest that generalists can tolerate somewhat greater niche overlap (relative, of 
course, to their increased width). 

Abrams (1975) studied two alternatives to the Lotka-Volterra form of the competition 
coefficient used by May and MacArthur. The alternatives assume that species differ 
in the types of resources taken at any position along a resource dimension. They may, 
for instance, distinguish prey not only by the primary aspect of the dimension (e.g. size) 
but also by some quality (for each size). In both constant and fluctuating environments 
his analysis shows a continuous and fairly rapid increase in the parametric conditions 
allowing stable coexistence, beginning from d/w = 0. These forms of competitive in- 
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First Niche Dimens ion 
Fig. 3. Niche overlap in two dimensions for five species, A through E. Species’ resource utilization functions 

may overlap considerably on one niche dimension, but be separate on another, greatly reducing their actual 
niche overlap. After Pianka (1976:lZO). 

teraction do not generate a rubicon of limiting similarity at dlw = 1, and they allow 
relatively closer degrees of overlap in communities that are likely to persist. Abrams 
argues that this type of competition is realistic, and that the close niche packing that 
results is consistent with field studies. 

Finally, Pianka (1972) suggested that species subject to strong density-independent 
mortality can have closer limiting similarities because they do not saturate their re- 
sources. Abrams (1977) has questioned this “niche overlap” hypothesis. He finds that 
for several conceivable types of competitive interaction such mortality enhances the 
relative advantage of the superior competitor. It thus reduces the degree of overlap 
compatible with the persistence of multiple species. 

So far the discussion of limiting similarity has been confined to a one-dimensional 
resource competition. Most competing species, however, are separated by multiple di- 
mensions (Schoener, 1974b:29). Two aspects of increasing niche dimensionality seem 
to be important (Pianka, 1978:247-249). First, two species with extensive niche overlap 
along one dimension can reduce their effective competition through low overlap along 
another (Fig. 3). Likeness with respect to an  obvious niche component (such as diet in 
the case of early hominids) need not imply significant overlap of niches. Precise quan- 
titative results are difficult to come by. MacArthur and Levins (1967) suggest that 
niche packing can become closer as niche dimensionality expands. Yoshiyama and 
Roughgarden (1977) show that increasing from one to two independent niche dimen- 
sions does allow somewhat tighter packing. And, May (1974a:318-321) has suggested 
that if the added dimensions are independent of one another, then the d/w = 1 condition 
holds approximately. 

The second aspect of multiple niche dimensions is what MacArthur (1972a:29, 45) 
calls “diffuse” competition. Diffuse competition results from the combined effects of 
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small amounts of competition with large numbers of other species. The opportunity for 
diffuse competition increases with both the number of interacting species and with the 
number of niche or habitat dimensions in which their interactions are expressed. Pianka 
(1974) has postulated that a species can tolerate only a certain amount of diffuse 
competition, and that as the number of diffuse competitors grows the permissible over- 
lap with any one of them decreases. Evidence from desert lizards supports this view 
(Pianka, 1974). 

The limiting similarity models reviewed so far assume that appropriate species are 
available and that colonization and extinction are the mechanisms that create a com- 
munity. They aim to identify a potential boundary condition for niche overlap. In both 
respects they do not engage the evolutionary question: How will natural selection acting 
on competing species actually place them with respect to these limits? The conceptual 
gap between the models and evolutionary mechanisms might be more disconcerting if 
empirical studies (mainly on birds and lizards, see MacArthur, 1972b) did not confirm 
that actual overlap values are close enough to these limits to make the theoretical 
work interesting. Roughgarden (1976) is among the first to examine resource parti- 
tioning from a coevolutionary framework-one that makes the population parameters 
of the Lotka-Volterra equations subject to natural selection. This links the ecological 
questions (What are the equilibrium population sizes and niche positions of two com- 
peting species?) to the evolutionary ones (What are the equilibrium parameters for 
coevolving species, given genetic variance and natural selection?). 

Roughgarden examined the niche separation that (co)evolved in systems of two and 
three competitors. In his model gene frequencies evolved, causing a shift in the position 
(but not the shape) of the resource utilization functions and changes in the population 
sizes of the species. The results give the optimum niche locations for the competing 
species, with the optimum determined finally by an allelic equilibrium maximizing 
fitness. For two species, the equilibrium dlw ratio ranges from about one to an asymptote 
at slightly greater than three as a function of the variety of resources available. For 
three species, the corresponding packing is somewhat closer, reaching an asymptote 
at somewhat less than d/w = 3. Generally more competitors overlap to a greater degree 
than fewer; and, as the number of resources (in effect, the length of the resource 
dimension) increases relative to a fixed number of competing consumers, they evolve 
greater amounts of niche separation. Such divergence, however, rapidly reaches an 
asymptote at a positioning that still implies significant niche overlap. Such results are 
highly significant because they suggest that species will actually evolve degrees of 
niche overlap that approach the limiting condition of the ecological models. 

A summary of these results can introduce a discussion of their relevance to hominid 
paleoecology. Various theoretical approaches suggest that if coexistence is possible, a 
one-dimensional niche overlap in stable populations can approach a limiting similarity 
of d/w 1. This is an “order of magnitude” parameter (May, 1976:64), which does not 
appear to be sensitive to many of the assumptions used to reach it. Taking this as a 
reference point, alternate forms of the competition coeffecient allow somewhat greater 
overlap; disparities in the equilibrium carrying capacities for each species somewhat 
reduce allowable overlap, although the effects of unequal carrying capacities attenuate 
very quickly for dlw approaching 2.0-2.5 (See May, 1974a; Abrams, 1975; Fig. 2). 
Disparate niche widths (i.e. w, # wJ) allow tighter packing, to the point of niche in- 
clusion; disparate niche spacing (i.e. d, # d,) reduces permissible packing. Leptokurtic 
curves, perhaps characteristic of a generalist species, allow greater overlap than normal 
or platykurtic curves. Niches packed tightly along one dimension may be differentiated 
along another. Increasing the dimensionality of niches allows increasing aggregate 
overlap, an effect possibly mitigated by the concomitant expansion of diffuse compe- 
tition. Contrary to the niche overlap hypothesis of Pianka, the effects of density-in- 
dependent mortality on niche overlap are not clear. Together these results supply a 
theoretical counterpart to the field and experimental observations showing that the 
realized niches of competing species in stable communities can be overlapping, coex- 
tensive or inclusive (see Winterhalder, 1980). Finally, at least one model indicates that 
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natural selection acting on mutual competitors will produce degrees of niche overlap 
comparable to those arrived at  by limiting similarity analysis. 

The import of this for paleoanthropblogy can begin with a caveat: these are suggestive 
results with weaknesses. Limiting similarity models extend the Lotka-Volterra equa- 
tions and hence share some of their basic shortcomings. As with other CEP modifica- 
tions, the results are meant to be conceptual improvements in the direction of greater 
realism. However, the models assume that an ecologically appropriate immigrant is 
available to “pack” the niche space. This certainly need not be the case; evolution, after 
all, may “tinker” (Jacob, 1977) with much less finesse than evolutionary ecologists. The 
limiting similarity conditions themselves leave much unspecified. For instance, neither 
d, w, nor the potential length of the resource spectrum on which they are expressed is 
stipulated. The ratio of d to  w has quite different meanings for specialists and gener- 
alists, and clues about the potential niche breadth of early hominids must be sought 
elsewhere (e.g. Schoener, 1974a:28). In addition, the ecological limit to similarity is 
not necessarily the evolutionary optimum. Natural selection may favor greater differ- 
entiation (Abrams, 1975:357) than the minimum for stability. 

The use of limiting similarity in hominid paleoecology points to comparison of three 
reference points for distinguishing species in variable fossil assemblages. These are 
(1) the CEP; (2) limiting or coevolved similarity; and (3) the statistical or taxonomic 
criteria sometimes employed by paleoanthropologists. The competitive exclusion prin- 
ciple (1)-ecologically identical species cannot coexist stably in the same community- 
is of no help. Every specimen satisfies the criterion of some difference. The derived 
guideline, limiting similarity (2), would specify that sympatric hominid species must 
have diverged by at  least d/w 2 1. Reasonable postulates about the situation of early 
hominids can be used to adjust this guideline. Thus, generalist hominids with lepto- 
kurtic utilization curves could be somewhat more similar than d/w = 1; two species 
with different equilibrium population densities less similar, up to a dlw of somewhat 
greater than two. A “working” range of values for this measure (1 < dlw < 2) implies 
that stable coexistence could occur with considerable ecological, and hence morphol- 
ogical, likeness. 

The importance of the limiting similarity approach stands out when it is compared 
to the various statistical and taxonomic criteria (3) sometimes used in paleoanthro- 
p010gy.~ Nearly all such criteria are stringent in that they require greater differentia- 
tion than limiting similarity models suggest is necessary for ecologically separate 
species. To recognize more than one lineage Campbell (1974: 195) would require “the 
presence of two morphologically distinct, sympatric, contemporary populations.” Cache1 
(1975:184) suggests that a demonstration of “marked ecological divergence” between 
the forms is sufficient. Wolpoff (1968) adopted statistical criteria in his attempt to verify 
if fossil specimens recognized as Telanthropus capensis by Robinson (1953) were distinct 
from fossils assigned to the (thought to be) contemporary Paranthropus. Following 
Robinson, Wolpoff compared the length and breadth of the M1. The Telanthropus spec- 
imens were first included in the Paranthropus sample, and a mean and standard de- 
viation were calculated. The distance of the Telanthropus specimens from the sample 
mean was computed in standard deviation units (giving 2.17 for Ml length; 1.62 for MI 
breadth). Wolpoff examined this result with two statistics that might be used to reject 
the null hypothesis that Telanthropus is not significantly different from Paranthropus. 
He argued that a sample point more than 2.5 S.D. from the sample mean implies greater 
divergence than would be expected within a population. He also used the somewhat 
stronger Chauvenet rejection cirterion (which would reject no at  2.24 S.D.). Based on 
these findings, Wolpoff concluded that the putative Telanthropus specimens were not 
sufficiently different to be recognized as a separate species. What is not evident in such 

* The discussion that follows assumes that a species’ position on the dimensions of an abstract taxonomic space (represented 
morphologically) translates in a well-behaved manner onto the dimensions of a niche space (see Hutchinson, 1968). This problematic 
assumption is implicit both in my treatment and in the statements of the paleoanthropologists. The measurement of molars, for 
instance, may or may not be directly equivalent in either an analytic or an operational sense to the measurement of niche width 
or separation. 
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a comparison is the ecological meaning of a statistically significant separation of fossil 
categories. In the present case, the Telanthropus specimens are lower molars in a 
mandible and mandibular fragment. Depending on where these sample points sit rel- 
ative to  the population mean of the putative Telanthropus species, any d/w < 5 (< 4.5 
for the Chauvenet criterion) for the populations could be interpreted as a single species. 
Wolpoff (1971:609) adopted this set of guidelines: 

The interpretation of separate australopithecine lineages yields two testable predictions: 1) 
One expects non-overlapping sets of differences between the two lineages which indicate dif- 
ferent adaptations, and consequently separate total morphological patterns; 2) One expects 
these differences to become greater through time. 

The former criterion corresponds to dJw > 5; in the latter instance it is unclear why 
nonoverlapping populations would continue to diverge. In 1974 (p. 117) Wolpoff used 
a similar guideline: “a proper sorting criterion must allow every single individual of 
one sort to  be distinguished from every individual of another,” and he applied the ‘Y’ 
test at the 5% level. 

Taxonomic criteria based on empirical work also have been advocated. Thus, Camp- 
bell (1978:571) states (referring to metric differences in the masticatory apparatus of 
variable fossil samples): 

The means should differ in the region of about 3 x SD to attract taxomonic attention. Haldane 
(1949) suggested that a difference of 4 x SD between means was appropriate for chronospecies; 
2 to 3 x SD differences might be used to differentiate chrono-subspecies. 

Wolpoff (1978:465) has recently cited a similar procedure for recognizing subspecies: 
Often, the coefficient of difference (difference between the means divided by the sum of the 
standard deviations) is used in this determination. The size of this coefficient necessary to 
establish subspecies is empirically determined. Differences in excess of values between 1.3 and 
1.5 have been found to correspond with subspecific variation as determined by other criteria 
in a wide range of vertebrate taxa by a number of authors (Mayr, 1969:188-193). 

These taxonomic standards suggest, respectively, that a dJw 3 4 is necessary to recog- 
nize chronological species, or assuming that sd, = sdz, that a d/w > 2.6 to  3.0 is 
necessary to recognize subspecies. 

Limiting similarity analysis reveals the weakness of the type 3 guideline. Statistical 
separation of samples or application of a “sorting criterion,” and analysis of the degree 
of ecological differentiation consistent with coexistence are quite different kinds of 
exercise. The conditions for hominid coexistence are not a statistical issue; they are an 
ecological and evolutionary one. Empirically derived taxonomic criteria indicate how 
different sample species or subspecies are, but do not necessarily specify how different 
samples of coexisting and competing hominid species might need to be. In addition, the 
statistical and taxonomic criteria used-most frequently by taxonomic lumpers-set 
a morphological limit to similarity several times what is required for coexistence. Such 
criteria are biased toward under-discriminating potential species that could be ecolog- 
ically viable in sympatry and competition. Thus both the appropriateness and strin- 
gency of the type 3 guidelines are questionable. The overlap allowed if limiting simi- 
larity models are adopted will make the paleoanthropologist’s job more difficult and 
more ambiguou~.~ But, while the divergence between statistical and ecological ap- 
proaches to  hominid taxonomy conjures an uncomfortable tradeoff, it is not evident 
that statistical assuredness is preferable to ecological and evolutionary relevance. 

Before summarizing this section, three possibilities merit emphasis: (a) Roughgarden 
(1974) suggests that generalists have leptokurtic resource curves, and his analysis 
shows that such utilization functions are tolerant of relatively greater degrees of niche 

For instance, a d/w = 1.35 will generate a “joint nonoverlap” of 75% in the symmetrical case (i.e. 75% of one population 
will be different from 75% of the other) (see Mayr, 1969:190, Table 9-21. Thus ecologically acceptable values of the diw ratio allow 
for considerable overlap among the individuals from separate populations. 
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overlap. If the former can be demonstrated, and the latter proves to be a robust result, 
then the case for sympatry of ecologically similar hominids will be advanced. It is a 
common assumption that generalized niche behavior by early hominid species (ex- 
pressed in their use of a wide range of resources) would lead to unusually strong 
competition. (b) The effects of multidimensionality on niche overlap make it hazardous 
to analyze overlap along one dimension only. The focus of paleoanthropologists on fossil 
and other evidence that would separate potential species by food type alone may be an 
example of this. (c) Finally, limited knowledge about the environment and resource 
behavior of early hominids makes it difficult to apply directly the idea of diffuse com- 
petition. Diffuse competition does, however, suggest some important questions. What 
organisms were the competitors of early hominids (see Cachel, 1975)? Evident answers 
include social carnivores and other primates, but less likely candidates may be impor- 
tant: “the intensity of competition is determined not by the systematic likeness, but 
by the similarity of the demands of the competitors upon the environment” (Gause, 
193419). This raises an additional question: Could the flexible behavior and techno- 
logical sophistication of early hominids have reduced diffuse competition with non- 
hominid organisms, and thereby have allowed greater niche overlap within the hominid 
lineages themselves? The uniqueness of hominid species and their growing behavioral 
isolation from the niches of other animals might have promoted their own coexistence 
in this way. 

This section answers the first question: How similar can coexisting competitors be? 
In effect, quite similar. A general boundary at  d/w = 1 is robust. Factors that affect 
this limit cause it to vary over a relatively small range between greater than 0 and 
somewhat greater than 2. A t  least one evolutionary model suggests that natural se- 
lection will produce similar degrees of overlap. Limiting similarity models provide 
guidance on the question of coexistence lacking in the CEP itself. They also suggest 
that the statistical and taxonomic guidelines sometimes employed in paleoanthropology 
are both inappropriate and biased against the recognition of ecologically viable, sym- 
patric species. 

OPTIMAL FORAGING AND THE COMPRESSION HYPOTHESIS 

The case for hominid competitive exclusion and the single species hypothesis rests 

Culture acts to multiply, rather than to restrict, the number of useable environmental re- 
sources.. . . [If two hominid species became sympatricl, one or both of the species will either 
become extinct, or must adapt to a new, less overlapping, niche. Because of the way culture- 
bearing hominids utilize their environment, subsequent adaptation could not reduce compe- 
tition. Rather than narrowing the range of utilized environmental resources, such adaptation 
could only broaden this range, and thus increase the amount of real competition (Wolpoff, 
1968:479-480). 

At stake is the adaptive response of a flexible and generalized forager to a competitor 
with like abilities and a similar fundamental niche. An adaptive response increases 
individual fitness by maintaining or increasing the efficiency of resource use in the face 
of changed circumstances, in this case a competitor. This places the issue within a body 
of evolutionary ecology theory known as optimal foraging models (MacArthur and 
Pianka, 1966), and specifically, the “compression hypothesis” (MacArthur and Wilson, 
1967:107-108). This theory assumes that natural selection will produce organisms that 
maximize net energy returns from foraging, relative to the time and energy costs (see 
Smith, 1979). Foraging strategy models identify the optimal behavior with respect to 
a given foraging problem and given environmental constraints. The use of the max- 
imization assumption establishes the expected orientation of natural selection. If the 
appropriate genetic or behavioral variance exists, and if historical constraints or those 
arising from competing goals do not take precedence, the models should predict the 
resulting phenotype. A summary of this approach can be found in Pyke et al. (1977), 
Maynard Smith (1978) and Winterhalder (1981a); Winterhalder and Smith (1981) have 
collected ethnographic and archaeological studies that attest to  its efficacy in analyzing 
human foraging behavior. 

largely on the following argument: 
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The compression hypothesis stems from a distinction between the optimal diet of an 
organism and its optimal micro-habitat or patch choice (MacArthur and Pianka, 1966; 
Schoener, 1974c; Schoener et al., 1979; Schoener, n.d.:9-12; Werner and Hall, 1979). 
The optimal diet breadth model specifies which among a set of potential resources a 
forager will harvest; the patch-choice model, which among a mosaic of habitat patches 
it will visit to  exploit. Optimal diet is determined by the relationship between two sets 
of factors: the relative abundances and hence searching costs of high-ranking prey 
items, and a ranking of potential prey based on the value of the prey items less the 
time and energy cost of pursuing and consuming them. In a nearly parallel fashion, 
patch-choice is based on the abundance of high-ranking patches, the net resource value 
of a patch once located, and the costs of searching for patches. The mechanics and 
assumptions of these models are fully explained in Winterhalder (1981a). The following 
results are important here: The diet breadth model predicts that as the densities of all 
or certain of the high-ranking prey decrease (i.e. search costs increase) the diet breadth 
will increase to encompass prey of lower and lower rank. Alternatively, this means that 
any item worth pursuing when abundant is worth pursuing when encountered, however 
rare it becomes. Nearly the same is true for patch-types, treated as equivalents to a 
prey item (see MacArthur and Pianka, 1966), with an important exception. 

Consider the effect of an immigrant hominid species on the diet and patch choice of 
a resident species (or vice versa). Hominid competitors for foodstuffs will reduce the 
abundance of overlapping dietary items in some (the contested) patches, probably to 
different extents for different items. The effect of this is to enlarge the resident’s (and 
immigrant’s) diet breadth. This result is consistent with Wolpoff’s expansion hypothesis. 
However, the prediction for habitat use is just the opposite. Each of the two species, 
newly competing for micro-habitats, will avoid those patches depleted by the other. 
This obverse outcome stems from the role of resource unit rankings in the models and 
from a distinction between diet items as resources and patch-types as resources. A 
competitor cannot reduce the value of a found diet item, and hence cannot cause its 
exclusion from the diet of another species. A competitor can, however, reduce the value 
of an encountered patch, making it unprofitable for another species to forage there. The 
optimal forager will eliminate such contested patches from its foraging itinerary.4 The 
model assumes that foragers encounter patches randomly, but the forager that knows 
the habitat mosaic and plans to  eschew patches that a competitor is visiting also profits 
by such avoidance. 

The compression hypothesis states that the immediate and ecologically optimal re- 
sponse of two species of forager to mutual resource competition is ecotope divergence 
by habitat, but not dietary, specialization. This contradicts the view that “With com- 
petition occurring in different areas for different resources between species each able 
to utilize a broad ecological base, subsequent adaptation could not reduce competition” 
(Wolpoff, 1971:607). Unless we are willing to specify that cultural behavior develops 
to reduce fitness (cf. Durham, 19761, its only effect can be to facilitate the course of 
habitat divergence. 

The compression hypothesis deals with only two of the three general dimensions of 
niche partitioning; food type and habitat. Schoener (1974~) considered the theoretical 
possibility of temporal partitioning and the likelihood of temporal specialization of 
foraging as a response to competition. Theory and models for this situation are not well 
developed, but he suggests that temporal periods should behave more like habitat than 
diet in models of mutual competition (Schoener, 1974c:4171; n.d.:16). 

Compression forestalls competitive exclusion, but it refers only to the early stages 
of niche partitioning in the face of a novel competitor. It predicts the course of behavioral 
adjustments over a short time span, but it does not provide for evolutionary change in 
the species involved. Over the long term, evolution due to natural selection will probably 

Most likely this will shift each species toward habitat specialization, but it need not. Faced with a competitor species, the 
optimal forager may forego use of some contested patches and still broaden its overall use of habitat heterogeneity by adding 
uncontested but previously unexploited patches to its habitat agenda. 
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alter the foraging abilities of the spatially separated species so that they eventually 
diverge in diet as well as habitat (or feeding period). 

Lawlor and Maynard Smith (1976) have modeled the outcome of coevolution between 
resource competitors. Their model includes two renewing resources and two competing 
consumer species. The predators are each allowed to evolve through individual-level 
selection until reaching an evolutionarily stable strategy (ESS) (see Maynard Smith, 
1976). The trait that evolves is the probability of capturing one or the other of the two 
prey per unit time, subject to the constraint that increasing effectiveness in capturing 
one type decreases the effectiveness of capturing the other. Consumer population den- 
sity responds linearly to the amount of prey captured. Two types of prey environment 
are considered. In the “coarse-grained environment the prey are spatially separated 
and cannot be searched for simultaneously; in the “fine-grained” environment their 
distribution is spatially mixed (see Wiens, 1976 for a description of these terms). The 
resources do not evolve; they do replenish as a monotonically decreasing function of 
their density. 

The following questions are analyzed: To what ESS will each consumer species evolve 
on the two resources in the absence of a competitor? Can species I invade the ESS of 
species 11, or vice versa? Once sympatric, how will coevolution toward new ESSs change 
the resource behavior of the competing consumers compared to their behavior when 
allopatric? And, does coevolution to the new resource-use pattern increase the stability 
of the system relative to the early stages of sympatry? Somewhat simplified, the results 
can be stated as follows: In the coarse-grained environment evolution adjusts the time 
spent in the two patch types such that each species alone is a generalist; either of these 
generalists can invade and coexist in a community occupied by the other if the two 
species differ in the resource type most effectively harvested. Such coexistence is not 
evolutionarily stable; selection will cause divergence and complete habitat speciali- 
zation for the two-species system. The fine-grained case takes two forms, depending on 
the shape of the species’ “fitness set” (see Levins, 1968). If the fitness set is concave the 
two species will be complete specialists for one or the other resource when allopatric, 
and will coexist in sympatry only if they happen to be specialists on different resources. 
If the fitness set is convex, however, each species alone will be a generalist. Such 
generalists are able to coexist if sympatric, and once sympatric their feeding strategies 
will diverge evolutionarily toward greater but not necessarily complete specialization 
on one resource. In other words, there will be some dietary divergence, but two gen- 
eralist species can coexist in evolutionary stability using the same range of resources 
as each would alone. In both the coarse-grained and fine-grained cases the coevolved 
state has a greater global stability (equivalent to “resilience” in Holling’s definition in 
1973) than initial syrnpatry. 

The coevolutionary outcomes produced by Lawlor and Maynard Smith (1976; see also 
Rosenzweig, 1974) parallel the short-term behavioral changes predicted by the compres- 
sion hypothesis. Whether envisioned as an immediate or long-term response, foraging 
behavior optimization and fitness maximization of individuals generally will act to 
produce character divergence with decreasing competition and increasing stability. 
Nothing in the models examined suggests that initial (allopatric) generality precludes 
such a result. This answers the second question. Competition between newly sympatric 
hominid species with flexible behavioral capabilities does not necessarily expand re- 
source use and thereby lead unavoidably to competitive exclusion. This result turns 
partially on the recognition that niche and habitat are distinct aspects of community 
interactions (see Whittaker et al., 1973). Optimal foraging models support Wolpoff s 
argument for diet expansion, but the habitat and temporal divergence predicted for 
competing species undermine the more general basis of the SSH. 

QUALITIES OF NICHE PARTITIONING 

Theoretical models suggest that niche partitioning by habitat is more likely than by 
diet. Temporal partitioning is probably also less important than that by habitat. These 
expectations roughly parallel the empirical experience of biologists with a large number 
of terrestrial vertebrates. Schoener (1974b) has reviewed these field studies; this dis- 
cussion follows his summary. 
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Multidimensional separation of niches is the norm (see also Pianka, 1974:2142). 
Three dimensions are the mode in instances with no limit on the maximum number; 
for a maximum of three dimensions, two is by far the most usual number. These figures 
are rather imprecise due to the difficulty of identifying independent niche dimensions. 
Given the potential subtlety of niche separation and the refractory character of field 
observation, they may represent underestimates. 

Several patterns of niche partitioning (Schoener, 1974b) have possible bearing on the 
hominid case. These generalizations are derived from a variety of species, but are 
suggestive nonetheless. (1) Separation by habitat is more frequent than that by food- 
type, which is more frequent than that by time period. This result is explicable by 
theory discussed earlier. (2) Predators are more likely than other categories of organism 
to separate by being active at  different times of the day. Schoener (p. 33) suggests this 
occurs because heterotrophs, unlike plants, can be divided into renewing (or differen- 
tially available) resources on the basis of their own daily activity schedule. (3) Ver- 
tebrates partition niches by seasonal activity less than do lower animals. This follows 
from their lengthy generation time. (4) Food-type segregation is more important for 
species exploiting food that is large relative to their own size than for those exploiting 
relatively small items. This result may reflect another foraging strategy hypothesis: 
large organisms tend to be pursuers, and the latter have a narrow optimal diet breadth. 
Of these generalizations, (1) reinforces the conclusion of the compression hypothesis: 
habitat differentiation is a prime candidate for hominid niche divergence (see also 
Swedlund, 1974:518-519). A safe conclusion from (2) and (4) is that both food-type and 
temporal partitioning also may have been of importance to early hominids. Most scen- 
arios of early hominid behavior include predatory behavior; many suggest that tools 
and social cooperation gave hominids access to relatively large prey. A priori we are 
faced with all niche differentiation possibilities and with the task of developing models 
and data that can be used to define their conditions and likelihoods. 

Schoener’s (1974b) survey provides a tentative answer to the third question. There 
are reasons to suggest that any combination of habitat, diet and the timing of critical 
activities may have differentiated the ecological behavior of sympatric hominid species. 
Thus the factors that could have furthered coexistence are of greater number, kind and 
subtlety than sometimes considered in paleoanthropological uses of the CEP. 

CULTURAL BEHAVIOR AND NICHE BEHAVIOR 

The generally accepted belief that early hominid species were capable of at least 
nascent cultural behavior has a prominent role in arguments in favor of the SSH. 
Indeed, even multi-species proponents (e.g. Walker and Leakey, 1978) are sometimes 
reluctant to  assign cultural abilities to  more than one sympatric hominid, in tacit 
agreement with Wolpoff s assertion that there is a special link between cultural abilities 
and competitive exclusion. Hall (1977:520) states that “in its earliest stages the pos- 
session of culture probably did not make it impossible for two or more different species 
of hominids to coexist” (italics added). Robinson (1972:214) takes a similar position: 

. . . presumably culture did not come into existence instantaneously and fully fashioned. Once 
it was strongly operative and powerfully controlling adaptation, it is unlikely that more than 
one major lineage could have existed that exhibited it, but this need not have been so in the 
transition stages. 

Isaac (1976:508) is one of few to seriously entertain the possibility that sympatric 
hominid species had the general behavioral capabilities associated with ~ u l t u r e . ~  While 
the form and degree of such behavioral abilities is largely supposition (cf. Mann, 1972; 

In doing so he goes on to recognize clearly that niche differentiation is a specifically ecological matter: 

Hindsight makes us feel sure that the ancestors of Homo supiens would have been among those involved with tools, hunting, 
and food sharing-but can we be sure that these traits were not part of a primitive hominid adaptive pattern shared by both 
species? , , , Clearly the general model for hominid dlvergence presented above can accommodate internal differentiation 
between lineages which placed uneven emphasis on the exploitation of the multitude of subsistence opportunities presented 
by savanna mosaics (Isaac 1976508). 
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McKinley, 19711, it is legitimate to  inquire if the relationships among the CEP, culture 
and the SSH suggested by Wolpoff are sound. 
Wolpoff makes the case for linkage in this way: 

Culture plays a dual role as man’s primary means of adaptation, as well as the niche to which 
man has-morphologically 
(1968:479). 

adapted. In this-sense, all hominids occupy the same adaptive niche 

Because of cultural adaptation, all hominid species occupy the same, extremely broad adaptive 
niche (1971:601). 

Culture is defined as “structured learned behaviour” (1971:601) and is viewed more 
specifically as “an adaptation to insure the effective transmission of tool use from 
generation to generation” (1968:479). Important elements of this argument are the 
equation of culture and the human niche, and the statement that a cultural niche is 
an extremely broad one. Another e l emen t to  the effect that a cultural species would 
necessarily respond to competition by generally broadening its use of resources-was 
considered and rejected earlier. 

The statement that culture is the human niche is fairly common in anthropological 
writing (Hardesty, 1972); Wolpoff s usage in the context of human evolution grows from 
earlier comments by Washburn (Swedlund, 1974:517). The statement may have virtue 
as a metaphor, but it is meaningless in practice (Shaklee and Shaklee, 1975612). 
Culture-as defined above-is no more an adaptive niche available to only one sym- 
patric species than instinct or quadrapedalism or sexual reproduction are adaptive 
niches occupied exclusively in a given location. The fact that early hominids were 
culture-bearing tells us nothing that is operationally important about their ecological 
niche; this requires reference to specific components of the niche (Ayala, 1970:123). 
Niche is largely indifferent to the source of the behaviors contributing to these com- 
ponents, be they instinctual, experiential or learned in a cultural setting. Defined as 
structured learned behavior, culture is not unique to humans. Simply, culture and 
niche are qualitatively different concepts, without a clear analytic means of connection. 

We can also ask if the presence of cultural abilities implies extreme adaptive gen- 
erality and, if so, what kind of generality. Anthropologists tend to associate the emerg- 
ence of cultural behavior with steadily more generalized adaptations, and sometimes 
with the full range of human capacities, both the manner in which they are realized 
and their content. But this does not provide information pertinent to niche and com- 
petition. Learned behavior is a way of adapting that does not specify a particular 
content to  the adaptations or an unusually wide range of ecological behavior. The niches 
of even modern human populations become quite specific in practice (Hardesty, 1972). 
Restrospect may be quite misleading: “The possible over-emphasis on culture as an 
explanatory device in early human prehistory might possibly be related to our recog- 
nition of its tremendous effect in later prehistory and today” (Swedlund, 1974:518). A 
likeness to protean modern humans is more than a little evident in the early hominids 
envisioned in the SSH. 

An appeal to nascent cultural abilities is simply too vague to be informative about 
competition and niche. For instance, an organism can specialize on a proportional mix 
of a diverse range of resource types (see Discussion and References in Winterhalder, 
1980). The range of resources used makes this organism a generalist, but with respect 
to competitive exclusion it may occupy a quite specialized niche. Adaptive flexibility 
through learning and the ability to use tools is quite different from occupying every 
micro-habitat and exploiting every resource at  all times better than any competitor. 
The tool-making practices may be linked to an expansion of learned behavior even 
while the same tools were used in a quite specialized ecological way. Adaptive manner 
does not specify ecological content. 

From an evolutionary ecology point of view, the obverse of the SSH case may actually 
be more reasonable: cultural abilities could have facilitated the coexistence of two newly 
sympatric hominid species. We can assume that learned behaviors of early hominids 
arose because they structured adaptations contributing to fitness (Durham, 1976). As 
was shown previously, habitat or temporal divergence is the ecologically optimal short- 
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term response to competition, followed by natural selection for character displacement 
involving diet as well as habitat and schedule. Competitive exclusion or extinction 
would mean that these processes failed to occur at a suMicient rate-that one population 
succumbed (or left) before behavioral changes and the evolution of ecotope divergence 
could reach a point of stable limiting similarity. In this context the behavioral flexibility 
and generality of early hominids have a different appearance. Such abilities would 
enhance the flexibility of ecological response and the potential rate of coevolutionary 
divergence of the competing species. Thus, they would actually reduce the likelihood 
of extinction or exclusion. 

The recipe that confounds culture with the human niche, and these with highly 
generalized ecological behavior, produces the analytic equivalent of a casserole; none 
of the ingredients retains its virtues or identity. It is vague, and it does not provide the 
kind of information or detail needed to address questions of hominid coexistence. 

FOUR RELATED POINTS 

Four related points, touching respectively on extinction, parsimony, cooperation and 
social competition, merit discussion. 

1. Swedlund (1974521, 525) suggests that multi-species advocates who postulate 
dietary niche separation inherit the burden of explaining the eventual extinction of 
one or more hominid lineages. Weiss (1972) earlier used the Lotka-Volterra equations 
to develop the same proposition.6 This may not be the problem it seems. Following Cole 
(1960:348-491, we may safely assert a principle more general than competitive exclu- 
sion, namely, “no two species can remain sympatric indefinitely whether or not they 
compete;. . . survival and reproduction are processes that always contain chance ele- 
ments and have finite probabilities of failure.” This recognizes [as does Swedlund, 
(1974:523)1 that competition need not be the sole, or even an important, element in the 
extinction of one of several coevolved and sympatric species. Satisfactory reasons for 
such an extinction may be hard to  specify or confirm, but its occurrence is not inherently 
unlikely. 

2. Parsimony and Occam’s razor are frequent companions of the single species hy- 
pothesis. Wolpoff (1976:95) states that a multi-species interpretation is permissable 
only when data refute the single-species view (by procedures touched on in the Limiting 
Similarity section). He believes that the alternative to  the SSH, 

subtle ecological preferences unidentifiable a t  the present, acting to keep populations of distinct 
but extremely similar hominid species separate in a variety of different niches that both species 
occupy. . . [requires] . . . more assumptions than is necessary in any analysis that necessarily 
rests on unavoidable assumptions (1978:493). 

Campbell makes a similar point: 
In palaeontology the simplest hypothesis usually implies recognition of a minimum number 
of taxa at any given site. This is the justification for a lumper’s taxonomy in general and for 
presenting “single species hypotheses” as working hypotheses (1978570). 

Weiss (1972) used the Lotka-Volterra equations to set up an example that suggested that competition ratio disparities of 
1001 would be required for one sympatric hominid to cause the extinction of another through (exploitation) competition. This 
result could suggest the potentially great stability of a two-species system of competing hominids. Weiss used it to conclude, 
however, that coexisting hominid species could not have existed because one did, eventually, become extinct. 

This analysis and conclusion are vitiated by several difficulties: 
1. The two species are described, following Robinson, as having quite different subsistence bases, and then analyzed 

mathematically as ifcompeting for a single resource limiting to them both. The application thus violates the restrictive assumptions 
implicit in the model (see Winterhalder, 1980). 

2. Weiss assumes that dyadic inter-hominid exploitation competition is the only factor affecting extinction, and further, 
within this assumption, analyzes only one of the two possible ways that one form can become extinct. He does not analyze the 
wnditions for extinction from an unstable equilibrium. 

3. Most important, Weiss’s exemplification of the model that produces his conclusion about competition ratios begins with 
parameters that could not have existed under the conditions of the model. This difficulty stems from his choice of carrying capacities 
for the two species of hominid. Weiss uses hunter-gatherers as analogs to the omnivore Austmlopithecus africanus and herbivorous 
primates as analogs to the herbivorous A. robustus. These suggest that the latter was ten times as dense. This choice leads to the 
implausible situation that for long periods of geological time the poorer of two competitors for a single limiting resource sustained 
a population density ten times that of the better competitor for that same resource. 
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This is a taxonomically reasonable but ecologically one-sided procedure: simplicity can 
reside in different aspects of a complicated argument. Winterhalder (1980) has shown 
that programmatic use of the CEP to support the SSH rests on a lengthy set of as- 
sumptions that are highly restrictive relative to normal ecological conditions. As these 
are relaxed-in effect, simplified-conditions sustaining multi-species interpretations 
become common. 

Occam’s razor can be defined as “the maxim that assumptions introduced to explain 
a thing must not be multiplied beyond necessity” (Random House Dictionary of the 
English Language). Thus stated it is an injunction to seek parsimony in the theoretical 
conditions for a hypothesis, not a principle that one is simpler than two (see Pilbeam, 
1978513). This definition indicates that the CEP-SSH relationship can be viewed as 
a violation of Occam’s razor, when compared to multi-species alternatives. Parsimony 
taken as the ease with which a hypothesis can be tested contains a lesson different 
from that which identifies the most reasonable hypothesis as the one making the fewest 
biologically restrictive assumptions. This suggests only that, when applied to complex 
evolutionary ecology issues, Occam’s razor cuts according to  the hand that guides it. 

3. Paleoanthropologists have proposed a gamut of possible interactions for early 
hominid species, from mutualism ( + , + 1, through exploitation ( + , - 1, to  competition 
( - , -) (summary in Swedlund, 1974; also Boaz, 1977). Competition or exploitation 
prevails, but Blumenberg and Todd (1974; see also Kortlandt, 1972:74-75) highlight 
the possibility of protocooperative (or mutualistic) association. An advanced form (H. 
habilis) may have tolerated a weak competitor (Australopithicus sp.) because the latter, 
being less defensively adept, deflected predation from the sympatric Homo populations. 
They suggest that such a relationship has a greater likelihood of allowing (or accounting 
for) long periods of sympatry than would intense exploitation or competition. Ecolog- 
ically, the situation may be more complicated than this proposal suggests. Hallam 
(1980; see also May, 1976:65-69) has shown that binary protocooperation (nonobligatory 
mutualism) and especially mutualism can destabilize three species systems modeled 
by Lotka-Volterra equations. Although seemingly unlikely, this result becomes more 
understandable if the positive interactions are viewed as exaggerating slightly different 
growth rates, which in turn destabilize the multi-species system. 

4. Finally, most theoretical discussions of competition begin with the Lotka-Volterra 
equations, and as a consequence are confined to exploitation competition. Morse (1974), 
in contrast, has analyzed a particular form of interference competition-social domi- 
nance. Using theoretical arguments, and comparisons of niche width and position in 
diverse species with competitive (hierarchial) social interactions, Morse arrives at sev- 
eral conclusions: (a) the larger species is nearly always the dominant one; (b) in sym- 
patry, the subordinate species usually narrows its realized niche breadth, without 
necessarily shifting the modal position of the niche; and (c) the subordinate species 
generally has the broader fundamental niche (the prevailing pattern is that of a spe- 
cialized dominant and generalized subordinate) and it is predicted to show a greater 
plasticity of behavior. Because it is generally expected that larger predators will take 
a broader variety of prey (Schoener, 1974b), and exploit a larger home range (McNab, 
1963), the inverse relations arising in this particular data set are presumed to be 
particularly significant. Social dominance apparently overrides the effects of size in 
these cases (Morse, 197423241. 

These observations should give pause to anthropologists because they do not square 
fully with the usual anthropological scenario. In various taxonomic guises this model 
states that a large, subordinate and behaviorally limited vegetarian (e.g. A. robustus 
or A. boisei) was actively supplanted after a more or less brief coexistence by a small, 
dominant and behaviorally flexible omnivore (e.g. A. africanus or H.  habilis). Morse’s 
evidence from comparable but non-hominid cases of social competition suggests that 
the larger hominid would have been the dominant in use of contested resources. If so, 
then A. africanus (or H.  habilis) may have evolved a broad, omnivorous fundamental 
niche and flexible social behavior precisely because it was the competitive inferior of 
the vegetarian A. robustus through a long period of coexistence. Perhaps we hominids- 
if we are descendants of an A. africanus (or H .  habilis) lineage-owe our resourcefulness, 
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literally, to a long history of scrounging about (or to put it with more sensitivity to our 
lineage pride-a long history of adapting) on the margins of a dominant congeneric’s 
niche. 

PERTINENT THEORY AND DATA 

Ecological study is needed to supplement the more direct but limited data on early 
hominids available from prehistoric archaeology and paleoanthropology. But existing 
scenarios for early hominid adaptations are based almost solely on analogy. These 
assert that we can understand early hominids by observing and extrapolating from the 
behaviors of an appropriate living species. Baboons (Washburn and DeVore, 1961), 
chimpanzees (Reynolds, 1966, 1968), various of the social carnivores (Schaller and 
Lowther, 1969; Hall, 1977; Thompson, 1975, 1976) and modern hunter-gatherers are 
used as exemplars. In the aggregate these exercises extend the possibilities before us, 
but their shortcomings are many. There is little basis for choosing one analog over 
another; the methodology is usually inductive, and the procedure does little to advance 
theoretical understanding of the origins or causes of behavior in the analog or the early 
hominid. The present discussion of competitive exclusion should make it evident that 
the adaptive behavior of early hominids is profitably seen by way of theory from evo- 
lutionary and community ecology. Examinations of primate, social carnivore or hunter- 
gatherer behavior that test this theory may extend our understanding of early hominids 
and avoid analog model drawbacks. Evaluation of niche partitioning models, for in- 
stance, using observations on primates (Crook and Aldrich-Blake, 1968; Moreno-Black 
and Maples, 1977; Raemakers, 1979) or social carnivores (Rosenzweig, 1966; Hall, 1977; 
Kruuk and Turner, 1967) ultimately will tell us much more about hominid niches and 
coexistence than the most able defense of an analog model based on one of these groups. 

This is a plea for greater and more detailed attention to ecological theory, especially 
when designing anthropological fieldwork; it is also a warning that we are often par- 
ochial in our choice of examples (see Clutton-Brock and Harvey, 1977). If the objective 
is to  evaluate evolutionary ecology theory or models, then insights can come from 
diverse sources (MacArthur, 1972b:258). There is little to  be gained from suggesting 
that early human language was like birdsong. There is much to be gained from the use 
of birds and other highly communicative species to investigate the effects of learned, 
vocal-auditory dialects on models of isolating mechanisms and speciation (Livingstone 
and Weiss, 1973; Todd and Blumenberg, 1974; Nottebohm, 1970). Similarly, Cree for- 
aging behavior (Winterhalder, 1977; 1981b) is probably quite unlike that of early 
hominids, not least in being situated in the boreal forest. However, if used to  evaluate 
optimal foraging models, it can tell us a lot about prehistoric human ecology (Winter- 
halder and Smith, 1981). Otherwise peripheral information becomes cogent when cou- 
pled with theoretical evaluation. While it is important to avoid the problem of “ex- 
amining ants and commenting on the habits of water buffalo” (Wangersky, 1978:204), 
we can recognize that opportunities to  gather theoretically relevant data are abundant. 

CONCLUSION 

To conclude I will summarize the main points of this and a previous paper (Winter- 
halder, 19801, in order: 

The competitive exclusion principle 
The Lotka-Volterra equations for interspecific competition are replete with restrictive 

and unrealistic assumptions. Verbal interpretation of these formulas hides their ar- 
tificiality. Mathematical modifications increasing the realism of the models direct at- 
tention to the fairly broad parametric conditions consistent with the stable coexistence 
of taxonomically and ecologically similar species. Viewed ecologically, competitive ex- 
clusion and parsimony are uncomfortable companions at  best. 

Niche 
Niche concepts used in paleoanthropology should be refined to distinguish among 

niche, habitat and ecotope, and especially fundamental and realized niche. Envisioned 
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as fitness density expressed over certain environmental dimensions, competitive ex- 
clusion becomes an evolutionary process. Competition release experiments show that 
included, coextensive and overlapping niches are routine in natural communities; spe- 
cies commonly occupy a realized niche that is only a portion of their fundamental niche. 
We are under no compulsion, then, to  believe that a generalized and flexible hominid 
species fully expressed its capacities in a highly generalized and preemptive ecotope. 
Multiple factors beside competition determine a species’ realized niche. Of these, pre- 
dation, frequency-dependent selection, temporal fluctuations and spatial heterogeneity, 
niche dimensionality, and density-independent effects are conceivably of importance 
to early hominids. 

Limiting similarity 
Ecological models show that competing species capable of coexisting can do so stably 

with extensive overlap in their use of resources. A niche separation comparable to the 
standard deviation of the species’ niche width on a single resource dimension is the 
most general limit to similarity. Modifying influences have been investigated in detail 
and can be used to refine this prediction if the circumstances of the competition are 
known. A model incorporating selection has confirmed that this general limit is close 
to that which might actually evolve. Ecological models allow for coexisting species of 
much greater similarity than the statistical or taxonomic guidelines sometimes used 
by paleoanthropologists to decide if contemporaneous hominid fossils could have rep- 
resented more than one species. The latter criteria are biased toward lumping. Limiting 
similarity models set the more apposite standard, but these are not yet empirically well 
verified and probably are more difficult to use in practice. 

The compression hypothesis 
The compression hypothesis is the component of optimal foraging theory that iden- 

tifies the immediate adaptive response of a forager to a newly sympatric competitor. 
It indicates that the competing species will differentiate their use of habitat, and 
perhaps also their foraging schedules, but not necessarily their diet. It also can be 
predicted, and models confirm, that the longer-term evolutionary response is most likely 
ecological divergence, probably involving diet as well as habitat and schedule. This 
result is contrary to reasoning used to develop the SSH. Cultural abilities and initial 
niche generality would only facilitate the processes of niche differentiation predicted 
by the optimization and selection models. 

Niche partitioning 
Patterns of resource partitioning in natural communities suggest that most compet- 

ing species are differentiated by more than one niche dimension. These same obser- 
vations hint that separation by any or all of habitat use, temporal scheduling, or 
resource choice is feasible for hominids. Much paleoanthropological work has focused 
on what may be the least likely of these possibilities: divergence by broad dietary 
categories (e.g. herbivore versus omnivore). 

Culture and niche 
The association of culture with the human niche and with an extremely broad eco- 

logical niche has little redeeming analytic value. 

Related issues 
The possibility that a multi-species interpretation is weakened by the need to explain 

eventual extinction of one or more hominid lineages, or that it is unparsimonious, 
presents little difficulty. Extinctions occur all the time for stochastic if for no other 
reasons, and an ecologist’s parsimony embraces diversity as easily as it does singularity. 
Substituting cooperative for competitive relationships between early hominids may not 
increase the likelihood of their having coexisted, nor perhaps does it better explain 
such coexistence. And finally, if social competition in other sympatric species can be 
taken as a guide, then it is possible that the surviving hominid lineage owes its eventual 
success to  a long evolutionary run of second-class status as a competitor for resources. 
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Pertinent theory and data 
Given the present development of hominid paleoecology, there is some virtue in a 

broad and somewhat eclectic pursuit of theory and data, so long as the latter are clearly 
mobilized to advance understanding of the former. Analog models of hominid ecology 
and behavior are only partially successful in this respect. Field studies by anthropol- 
ogists of hunter-gatherers, primates and social carnivores should be structured to test 
evolutionary and population ecology theory, which is apposite to  hominid evolution. 

Direct confrontation with the possibility of two or more hominid species, each with 
significant cultural abilities, may have decided heuristic advantages for hominid pa- 
leoecologists. The theory and concepts developed in population and evolutionary ecology 
present anthropologists with many ideas and confirming circumstances for analysis of 
this issue. It will take a great deal of comparative research and careful theoretical 
exploration to sort out which of these are most appropriate for the hominid case. Gen- 
eralizations supported by comparative research on diverse biological samples may, but 
need not, have clear consequences for a single taxon. And, unique aspects of the an- 
thropological case should keep us sensitive to a fundamental part of Wolpoff‘s argu- 
men twi th  hominids we face an enhanced possibility of exceptionality. Still, the ar- 
guments that have made the evolution of an organism with advanced cultural abilities 
appear so singular may also have constrained our ability to explain the history of this 
most curious taxonomic family. 

ACKNOWLEDGMENTS 

The impetus to  delve into hominid coexistence arose, originally, from an “A-exam” 
question submitted by R. Brooke Thomas in the fall of 1974. Since then many persons 
have offered criticism, advice, and other forms of encouragement. They include: Karl 
W. Butzer, Sara K. DeGraff, R. Brooke Thomas, Eric Alden Smith, Davydd Greenwood, 
Alan Swedlund, Bennett Blumenberg, and William Pollitzer. The Institute for Research 
in the Social Sciences (UNC-Chapel Hill) graciously assisted in the preparation and 
duplication of the manuscript. 

LITERATURE CITED 
Abrams, P. (1975) Limiting similarity and the form of the competition coefficient. Theoret. Pop. Biol., 8:35&375. 
Abrams, P. (1977) Density-independent mortality and interspecific competition: A test of Pianka’s niche overlap 

&en, G.I., and Fagerstrom, T. (1980) On environmental variability and limits to similarity. J. Theoret. Biol., 

Armstrong, R.A., and R. McGehee (1980) Competitive exclusion. Am. Nat., 115:151-170. 
Ayala, F.J. (1970) Competition, coexistence and evolution. In M.K. Hecht and W.C. Steere, eds.: Essays in 

Evolution and Genetics in Honor ofTheodosius Dobzhansky. New York, Appleton-Century-Crofts, pp. 121-158. 
Ayala, F.J., M.E. Gilpin, and J.G. Ehrenfeld (1973) Competition between species: Theoretical models and 

experimental tests. Theoret. Pop. Biol., 4:331-356. 
Blumenberg, B., and N.B. Todd (1974) On the association between Homo and Austmlopithecus. Current An- 

thropol., 15r386-388. 
Boaz, N.T. (1977) Paleoecology of early Hominidue in Africa. Kroeber Anthropol. SOC. Pap., 50:37-62. 
Brace, C.L. (1979) Biological parameters and Pleistocene hominid lifeways. In IS. Bernstein and E.O. Smith, 

Brace, C.L. (1980) Reply to Washburn. Am. Anthropol., 82r394-395. 
Cachel, S. (1975) A new view of speciation in Austmlopithecus. In R.H. Tuttle, ed.: Paleoanthropology, Mor- 

Campbell, B. (1974) A new taxonomy of fossil man. Yearbook Phys. Anthropol., 17r194-201. 
Campbell, B.G. (1978) Some problems in hominid classification and nomenclature. In C.J. Jolly, ed.: Early 

Case, T.J. (1980) MacArthur’s minimization principle: A footnote. Am. Nat., 115r133-138. 
Clutton-Brock, T.H., and P.H. Harvey (1977) Primate ecology and social organization. J. Zool., London, 183r1-39. 
Cole, L.C. (1960) Competitive exclusion. Science, 132:348-349. 
Crook, J.H., and P. Aldrich-Blake (1968) Ecological and behavioral contrasts between sympatric ground dwelling 

Darlington, P.J., J r .  (1972) Competition, competitive repulsion, and coexistence. Proc. Natl. Acad. Sci. U.S.A., 

du Brul, E.L. (1977) Early hominid feeding mechanisms. Am. J. Phys. Anthropol., 47:305-320. 
Durham, W.H. (1976) The adaptive significance of cultural behavior. Hum. Ecol., 4:89-121. 
Gause, G.F. (1934) The Struggle for Existence. Baltimore, Williams and Wilkins. 
Grant, P.R. (1972) Convergent and divergent character displacement. Biol. J. Linn. SOC., 4:39-68. 

hypothesis. Am. Nat., 111:539-552. 

82r401-404. 

eds.: Primate Ecology and Human Origins. New York: Garland STPM Press, pp. 263-289. 

phology and Paleoecology. The Hague, Mouton, pp. 183-201. 

Hominids of Africa. New York, St. Martin’s Press, pp. 567-581. 

primates in Ethiopia. Folia. Primatol. 8r193-227. 

69:3151-3155. 



120 YEARBOOK OF PHYSICAL ANTHROPOLOGY [Vol. 24, 1981 

Haldane, J.B.S. (1949) Suggestings as  to quantitative measurements of rates of evolution. Evol. 3:5136. 
Hall, R. (1977) Paleobiology and systematics of canids and hominids. J. Hum. Evol. 6519-531. 
Hallam, T.G. (1980) Effects of cooperation on competitive systems. J. Theoret. Biol., 82:415-423. 
Hardesty, D.L. (1972) The human ecological niche. Am. Anthropol., 74:458-466. 
Hardin, G. (1960) The competitive exclusion principle. Science, 131 :1292-1297. 
Holling, C.S. (1973) Resilience and stability of ecological systems. Annu. Rev. Ecol. Syst., 4:l-23. 
Horn, H.S., and R.M. May (1977) Limits to similarity among coexisting competitors. Nature, 270:660461. 
Hutchinson, G.E. (1959) Homage to Santa Rosalia or Why are there so many kinds of animals? Am. Nat., 

93:145-159. 
Hutchinson, G.E. (1968) When are species necessary? In R. Lewontin, ed.: Population, Biology and Evolution. 

Syracuse, New York, Syracuse University Press, pp. 177-186. 
Isaac, G.L1. (1976) The activities of early African hominids: A review of archaeological evidence from the time 

span two and a half to one million years ago. In G.Ll. Isaac and E.R. McGown, eds.: Human Origins: Louis 
Leakey and the East African Evidence. Menlo Park, California, W.A. Benjamin, pp. 483-514. 

Jacob, F. (1977) Evolution and tinkering. Science, 1961161-1166. 
Kortlandt, A. (1972) New Perspectives on Ape and Human Evolution. Amsterdam, Stichting voor Psychobiologie. 
Kruuk, H., and M. Turner (1967) Comparative notes on predation by lion, leopard, cheetah and wild dog in the 

Lawlor, L.R., and J. Maynard Smith (1976) The coevolution and stability of competing species. Am. Nat., 

Levins, R. (1968) Evolution in Changing Environments. Princeton, New Jersey, Princeton University Press. 
Livingstone, F.B., and K.M. Weiss (1973) The future of physical anthropology. Yearbook Phys. Anthropol., 

McKinley, K.R. (1971) Survivorship in gracile and robust australopithecines: A demographic comparison and 

McMurtrie, R. (1976) On the limit to niche overlap for nonuniform niches. Theoret. Pop. Biol., 10:96-107. 
McNab, B.K. (1963) Bioenergetics and the determination of home range size. Am. Nat., 97:133-140. 
MacArthur, R. (1969) Species packing and what interspecies competition minimizes. Proc. Natl. Acad. Sci. 

MacArthur, R. (1970) Species packing and competitive equilibrium for many species. Theoret. Pop. Biol., 1:1-11. 
MacArthur, R. (1972a) Geographical Ecology. New York, Harper & Row. 
MacArthur, R. (1972b) Coexistence of species. In John A. Behnke, ed.: Challenging Biological Problems. New 

MacArthur, R., and R. Levins (1964) Competition, habitat selection and character displacement in a patchy 

MacArthur, R., and R. Levins (1967) The limiting similarity, convergence, and divergence of coexisting species. 

MacArthur, R., and E.R. Pianka (1966) On optimal use of a patchy environment. Am. Nat., 100:603-609. 
MacArthur, R.H., and E.O. Wilson (1967) The Theory of Island Biogeography. Princeton, New Jersey, Princeton 

Mann, A. (1972) Hominid and cultural origins. Man, 7:379-386. 
May, R.M. (1974a) On the theory of niche overlap. Theoret. Pop. Biol., 5:297-332. 
May, R.M. (1974b) Ecosystem patterns in randomly fluctuating environments. Prog. Theoret. Biol., 3:l-50. 
May, R.M. (1976) Models for two interacting populations. In R.M. May, ed.: Theoretical Ecology: Principles and 

May, R.M., and R.H. MacArthur (1972) Niche overlap as a function of environmental variability. Proc. Natl. 

Maynard Smith, J. (1976) Evolution and the theory of games. Am. Sci., 64:41--15. 
Maynard Smith, J. (1978) Optimization theory in evolution. Annu. Rev. Ecol. Syst., 9:31-56. 
Mayr, E. (1969) Principles of Systematic Zoology. New York, McGraw-Hill. 
Menge, B.A. (1979) Coexistence between the seastars Asterias vulgaris and A. forbesi in a heterogeneous 

Moreno-Black, G., and W.R. Maples (1977) Differential habitat utilization of four Cercopithecidae in a Kenyan 

Morse, D. (1974) Niche breadth as a function of social dominance. Am. Nat., I08:818-830. 
Nottebohm, F. (1970) Ontogeny of bird song. Science, 167:950-956. 
Orians, G.H. (1975) Diversity, stability and maturity in natural ecosystems. In W.H. van Dobben and R.H. 

Pianka, E.R. (1972) r and K selection or b and d selection? Am. Nat., 106:581-589. 
Pianka, E.R. (1974) Niche overlap and diffise competition. Proc. Natl. Acad. Sci. U.S.A., 71:2141-2145. 
Pianka, E.R. (1976) Competition and niche theory. In  R.M. May, ed.: Theoretical Ecology: Principles and 

Pianka, E.R. (1978) Evolutionary Ecology. 2nd ed. New York, Harper & Row. 
Piibeam, D. (1978) Recognizing specific diversity in heterogeneous fossil samples. In C.J. Jolly, ed.: Early 

Pyke, G.H., H.R. Pulliam, and E.L. Charnov (1977) Optimal foraging: A selective review of theory and tests. 

Raemaekers, J. (1979) Ecology of sympatric gibbons. Folia Primatol., 31: 227-245. 
Reynolds, V. (1966) Open groups in  hominid evolution. Man, 1:441-452. 
Reynolds, V. (1968) Kinship and the family in monkeys, apes and man. Man, 3209-223. 
Robinson, J.T. (1953) Telunthropus and its phylogenetic significance. Am. J. Phys. Anthropol., 11:445-501. 

Serengeti area, East Africa. Mammalia, 31 :1-27. 

110:79-99. 

f6:148-154. 

a proposed birth model. Am. J. Phys. Anthropol., 34:417426. 

U.S.A., 64:1369-1371. 

York, Oxford University Press, pp. 253-259. 

environment. Proc. Natl. Acad. Sci. U.S.A., 51:1207-1210. 

Am. Nat., 101:377-385. 

University Press. 

Applications. Philadelphia, W.B. Saunders, pp. 49-70. 

Acad. Sci. U.S.A., 69:1109-1113. 

environment A non-equilibrium explanation. Oecologia, 41 245-272. 

forest. Folia Primatol., 27:85-107. 

Lowe-McConnell, eds.: Unifying Concepts in Ecology. The Hague, Dr. W. Junk B.V., pp. 139-150. 

Applications. Philadelphia, W.B. Saunders, pp. 114-141. 

Hominids of Africa. New York, St. Martin’s Press, pp. 505-515. 

Q. Rev. Biol., 52:137-154. 



121 Winterhalder] HOMINID PALEOECOLOGY AND COMPETITIVE EXCLUSION 

Robinson, J.T. (1954) The genera and species of the Austrulopithecinue. Am. J. Phys. Anthropol., 12:181-200. 
Robinson, J.T. (1963a) Adaptive radiation in the australopithecines and the origin of man. In F.C. Howell and 

F. Bourliere, eds.: African Ecology and Human Evolution. New York, Wenner Gren Foundation, pp. 385-416. 
Robinson, J.T. (1963b1 Australopithecines, culture and phylogeny. Am. J. Phys. Anthropol., 21:595405. 
Robinson, J.T. (1972) Early Hominid Posture and Locomotion. Chicago, University of Chicago Press. 
Rosenzweig, M.L. (1966) Community structure in sympatric carnivora. J. Mammal., 47:602-612. 
Rosenzweig, M.L. (1974) On the evolution of habitat selection. Proc. 1st. Int. Cong. Ecol., 1:401-404. 
Roughgarden, J. (1974) Species packing and the competition function with illustrations from coral reef fish. 

Roughgarden, J. (1976) Resource partitioning among competing species-A coevolutionary approach. Theoret. 

Schaller, G.B., and G.R. Lowther (1969) The relevance of carnivore behavior to the study of early hominids. 

Schoener, T.W. (1974a) Competition and the form of habitat shift. Theoret. Pop. Biol., 6:265-307. 
Schoener, T.W. (197413) Resource partitioning in ecological communities. Science, 185:2739. 
Schoener, T.W. (1974~) The compression hypothesis and temporal resource partitioning. Proc. Natl. Acad. Sci. 

Schoener, T.W. (1976) Alternatives to Lotka-Volterra competition: Models of intermediate complexity. Theoret. 

Schoener, T.W. (n.d.) Optimal feeding ecology: Theory and tests. Handbook of Nutrition, in press. 
Schoener, T.W., R.B. Huey, and E.R. Pianka (1979) A biogeographic extension of the compression hypothesis: 

Shaklee, A.B., and R.B. Shaklee (1975) Ecological models in relation to  early hominid adaptations. Am. An- 

Shorrocks, B., W. Atkinson, and P. Charlesworth (1979) Competition on a divided and ephemeral resource. J. 

Smith, E.A. (1979) Human adaptation and energetic efficiency. Hum. Ecol., 7.53-74. 
Swedlund, A.C. (1974) The use of ecological hypotheses in australopithecine taxonomy. Am. Anthropol., 

Thompson, P.R. (1975) A cross-species analysis of carnivore, primate and hominid behaviour. J. Hum. Evol., 

Thompson, P.R. (1976) A behavior model for Austrulopithecus ufricunus. J. Hum. Evol., 5,547-558. 
Todd, N.B., and B. Blumenberg (1974) On the adaptive radiation of hominids. Current Anthropol., 15:383-385. 
Walker, A,, and R.E.F. Leakey (1978) The hominids of East Turkana. Sci. Am., 239:54-66. 
Wangersky, P.J. (1978) Lotka-Volterra population models. Annu. Rev. Ecol. Syst., 9:189-218. 
Washburn, S.L., and I. DeVore (1961) Social behavior of baboons and early man. In S.L. Washburn, ed.: Social 

Weiss, K.M. (1972) A generalized model for competition between hominid populations. J. Hum. Evol., 1:451-456. 
Werner, E.E., and D.J. Hall (1979) Foraging efficiency and habitat switching in competing sunfishes. Ecology, 

Whittaker, R.H., and S.A. Levin (1976) Editor’s comments. In R.H. Whittaker and S.A. Levin, eds.: Niche: 

Whittaker, R.H., S.A. Levin, and R.B. Root (1973) Niche, habitat and ecotope. Am. Nat., 107~321-338. 
Wiens, J.A. (1976) Population responses to patchy environments. Annu. Rev. Ecol. Syst., 7:81-120. 
Winterhalder, B. (1977) Foraging strategy adaptations of the Boreal Forest Cree: An evaluation of theory and 

models from evolutionary ecology. Ph.D. dissertation, Cornell University. 
Winterhalder, B. (1980) Hominid paleoecology: The competitive exclusion principle and determinants of niche 

relationships. Yearbook Phys. Anthropol., 23:43-63. 
Winterhalder, B. (1981a) Optimal foraging strategies and hunter-gatherer research in anthropology: Theory 

and models. In B. Winterhalder and E.A. Smith, eds.: Hunter-gatherer Foraging Strategies: Ethnographic 
and Archaeological Analyses. Chicago, University of Chicago Press, in press. 

Winterhalder, B. (1981b) Foraging in a patchy environment The Boreal Forest Cree-Ojibwa of Northern Ontario. 
In B. Winterhalder and E.A. Smith, eds.: Hunter-Gatherer Foraging Strategies: Ethnographic and Archae- 
ological Analyses. Chicago, University of Chicago Press, in press. 

Winterhalder, B., and E.A. Smith, eds. (1981) Hunter-gatherer Foraging Strategies: Ethnographic and Ar- 
chaeological Analyses. Chicago, University of Chicago Press, in press. 

Wolpoff, M.H. (1968) “Telanthropus” and the single species hypothesis. Am. Anthropol., 70:477493. 
Wolpoff, M.H. (1971) Competitive exclusion among lower Pleistocene hominids: The single species hypothesis. 

Wolpoff, M.H. (1974) The evidence for two australopithecine lineages in South Africa. Yearbook Phys. Anthropol., 

Wolpoff, M.H. (1976) Data and theory in paleoanthropological controversies. Am. Anthropol., 78:94-96. 
Wolpoff, M.H. (1978) Analogies and interpretation in paleoanthropology. In C.J. Jolly, ed.: Early Hominids of 

Wolpoff, M.H. (1980) Paleoanthropology. New York, Knopf. 
Yoshiyama, R.M., and J. Roughgarden (1977) Species packing in two dimensions. Am. Nat., 111:107-121. 

Theoret. Pop. Biol., 5:163-186. 

Pop. Biol., 9:388-424. 

Southwestern J. Anthropol., 25:307-341. 

U.S.A., 71~4169-4172. 

Pop. Biol., 10,309-333. 

Competitors in narrow sympatry. Am. Nat., 113:295-298. 

thropol., 77,611-615. 

Anim. Ecol., 483399-908. 

76.515-529. 

4:113-124. 

Life of Early Man. New York, Wenner Gren Foundation, pp. 91-105. 

60:256-264. 

Theory and Applications. Stroudsberg, Pennsylvania, Dowden, Hutchinson and Ross. 

Man, 6:601414. 

17~113-139. 

Africa. New York, St. Martin’s Press, pp. 461-503. 




