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Abstruct.-We describe the nonrandom assembly of the North American terrestrial mammalian
fauna based on body size and spatial scale. The frequency distribution of body masses among
species for the entire continental fauna was highly modal and right skewed, even on a logarithmic
scale; the median size of the 465 species was approximately 45 g. In contrast. comparable
frequency distributions for 24 small patches of relatively homogeneous habitat were essentially
uniform. with approximately equal numbers of species in each logarithmic size class; the median
sizes of the 19-37 species ranged from approximately 100 to 2,500 g. Frequency distributions
for 21 biomes (large regions of relatively similar vegetation) were intermediate between the
continental and local assemblages. This pattern of assembly indicates that species of modal size
(20-250 g) tend not to coexist in local habitat patches and they replace each other more frequently from habitat to habitat across the landscape than species of relatively large o r small
size. We hypothesize that three mechanisms are necessary and possibly sufficient to produce
this result: competitive exclusion of species of similar size within local habitats, differential
extinction of species of large size with small geographic ranges, and greater specialization of
modal-sized species owing to energetic and dietary constraints.

The diversity and composition of biotas vary with spatial scale. The increase
in species richness with sample area has been quantified by species-area relationships for nonisolated sites within continents, as well as for islands or insular
habitat patches and continents of varying sizes (see, e.g., MacArthur and Wilson
1967; Flessa 1975; Schoener 1976; Connor and McCoy 1979; Brown and Gibson
1983; Brown 1986). Here, we address the question of whether there are other
changes in the composition of the biota as species diversity increases with increasing spatial scale.
Because different processes affect biotic composition on different scales (see,
e.g., Orians 1980; Ricklefs 1987), we would expect these processes to result in
predictable changes in the attributes of species. On the largest scales, entire
continents or large geographic regions within continents, species-level processes
such as colonization, extinction, and speciation affect biotic composition. On the
smallest scales, within small patches of homogeneous habitat, ecological interactions of species with each other and with the abiotic environment determine
which combinations of species coexist. It is also on these small scales that microevolutionary processes of natural selection and genetic drift operate within populations. On intermediate scales, both macroscopic and microscopic processes
cause changes in species composition across the landscape. However, processes
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FIG. I.-Frequency distribution, on a logz scale, of the body masses of the 465 species of
terrestrial North American mammals. Note the characteristic modal, right-skewed shape.

operating on disparate scales are partially coupled. Macroscopic biogeographic
and evolutionary processes affect microscopic community structure because local
ecological communities are assembled from continental and regional species
pools. Conversely, microscopic ecological and evolutionary processes affect the
composition of continental and regional assemblages because large-scale biotas
reflect the cumulative effects of phenomena that occur in many local communities.
In this article we use the distribution of body sizes among species of North
American land mammals to assess one aspect of variation in faunal composition
with spatial scale. Body size is an easily measured variable that is closely correlated with many aspects of morphology, physiology, behavior, and ecology
through allometric relations (Peters 1983; Calder 1984; Schmidt-Nielsen 1984;
Zeveloff and Boyce 1988). In 1959, ~ u t c h i n s o nand MacArthur called attention
to the distribution of body sizes aniong species of North American mammals (fig.
1). On a logarithmic scale, this distribution is highly modal and skewed toward
larger body sizes. Qualitatively similar distributions have since been found for a
wide range of organisms, from birds and insects (May 1978, 1988; Morse et al.
1988) to bacteria (Bonner 1988).
We characterize the variation in the distributions of body sizes among species
with respect to spatial scale by comparing the frequency distributions for three
scales: the entire North American continent, regional biomes, and local habitat
patches. We reject the null hypothesis that the sizes of mammals co-occurring
on successively smaller spatial scales are random subsamples of the larger species
pools. We propose mechanistic hypotheses to account for the observed pattern
of faunal assemblage.
METHODS

We compiled species lists (App. A) of terrestrial North American mammals for
three different spatial scales: (1) the entire North American continent, including
Mexico, (2) 21 biomes as defined and mapped by Dasman (1975), and (3) 24 small
patches of relatively homogeneous habitat. The North American species list was
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taken from Hall (1981) and supplemented with Mexican species from RamirezPulido et al. (1986). Species lists for the biomes were compiled by using the range
maps in Hall (1981) to determine the occurrence of species in the biomes mapped
by Dasman (1975). Species lists for the local habitats were obtained from the
literature or from colleagues who contributed unpublished data from intensive
field studies. We tried to ensure that the local habitats represented a small area
(usually 10-1,000 ha) of uniform geology and vegetation and that the faunal list
included all species that utilized the habitat at the time of colonization by European humans. The analyses included all species of native mammals except bats,
pinnipeds, cetaceans, and the sea otter.
A single value of body mass was assigned to each species wherever it occurred;
we ignored intraspecific geographic variation. The body masses were obtained
from field guides (Burt and Grossenheider 1976; Whitaker 1980), from G. Ceballos
(personal communication) for most Mexican species, and, in the few cases where
masses were unavailable, from estimation based on comparisons with closely
related species of similar head and body length.
The analysis focused on the frequency distributions of species in logarithmic
(log,; see App. B for size categories) body-size categories. We used log, intervals
because most previous analyses have been based on log-transformed data and
because base 2 divides the fauna into a convenient number of categories (see, e.g.,
Preston 1962). Using logarithmic size categories makes our analyses insensitive to
small errors in assigning body masses to species (such as may be caused by
intraspecific geographic variation).
The distributions of body masses among species for biomes and local habitats
were compared with null models that assumed that species were assembled at
random from appropriate larger-scale species pools. Each of the 21 biome distributions was compared with the North American distribution by drawing at random 500 times from the continental species pool the same number of species as
occurred in that biome. The median was calculated for each of the 500 simulations; the number of simulated medians out of 500 was compared with the observed value to evaluate the null hypothesis that the biome was a random subsample of the continental species pool. A similar procedure was used to compare the
distributions for 24 local habitats and 24 simulations, each consisting of 500 random draws from the biome distributions in which each of those habitats was
located.
Inspection suggested that the North American distribution was highly modal
and that the distributions for biomes and local habitat patches became progressively more uniform. We quantified this change in shape by comparing all distributions to a log-uniform distribution, with the same range as the North American
distribution, by using the Kolmogorov-Smirnov Dn statistic and test.
If the distributions of body sizes change with spatial scale, there must be a
differential replacement of certain size classes between biomes and especially
between local habitats. In other words, different size classes should show different degrees of beta diversity. There are two ways species can change status from
absent to present (or vice versa) between habitats. A species may be replaced
because the border of its geographic range has been crossed. Alternatively, a

BODY SIZE AND SPECIES COMPOSITION

1481

TABLE 1
SUMMARY
STATISTICS
FOR FREQULNCY
DISTRIBUTIONS
OF LOG?OF BODYMASSLS
(IN
MAM~~A
OrLNORTH
S
AMLRICA
A N D 21 NORTHAMERICAN
BIOMES
--

Biome
Number
All
I
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Biome
mean

Region

- ---

-

N

-

GRAMS) FOR

- - ---

Interquartile
Medlan Minlmum Maxlmum
Range

--

Standard
Skewness

North America
Sitkan
Oregonian
Yukon taiga
Canadian taiga
Eastern forest
Austroriparian
Californian
Sonoran
Chihuahuan
Tamauilipan
Great Basin
Alaskan tundra
Canadian tundra
Grasslands
Rocky Mountains
Sierra-Cascade
Madrean-Cordilleran
Campechean
Guerreran
Sinaloan
Yucatecan

species with specialized habitat requirements may not occur in some of the habitat
types within its geographic range. For each of the 24 local habitats, we compiled
two frequency distributions of body sizes, one containing those species in the
continental species pool whose geographic ranges did not include the habitat and
the other containing those species in the continental pool whose geographic range
did include the site but that did not occur in that habitat. Then we summed each
kind of list with redundancy (counting each species repeatedly, as many times as
it occurred) to determine the overall shapes of the distributions for species exhibiting the two kinds of replacement between habitats. For most habitats this was
straightforward, because the authors of the local species lists included information on the occurrence of species in the other habitat types within that local area.
In three cases, these local lists were not available and we used other published
sources to determine which species had geographic ranges that included the site
but were found in adjacent habitats.
RESULTS

The frequency distributions of body masses of North American terrestrial mammals varied with the spatial scale of the sample: the medians and interquartile
ranges increased and the skewness decreased from continent to biome to local
habitat patch (tables 1 and 2). The distribution for the entire continental fauna
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FIG. 2.-Frequency distributions, on a log2 scale, of the body masses of terrestrial mammals inhabiting five biomes and five local patches of uniform habitat within those biomes.
Note that the biome distributions are all highly modal, but the habitat distributions are all
nearly uniform on the logarithmic scale.

was highly modal and significantly right skewed; the mode was in size class 5,
approximately 45 g (fig. 1). In contrast. the distributions for all 24 local habitats
had an approximately equal number of species in each logarithmic size category
(fig. 2); these distributions were all statistically indistinguishable from log-uniform
distributions (table 3). The distributions for the biomes were intermediate between those for the continent and those for the local habitats (fig. 2); nine of the
21 biomes did not differ significantly from log-uniform distributions (table 3).
Neither the biomes nor the local habitats were random samples of the species
pools on the next larger scale, continent and biomes, respectively. All 21 biome
distributions had medians significantly (P < .05; <25 of 500 simulations) larger
than the North American distribution. Nine of the 24 local habitat patches had
medians significantly larger than the simulated medians (P < .05), and an addi-

TABLE 3
OF THE DISTRIBUTIONS
OF BODYSIZESFOR NORTHAMERICA,
21 BIOMES,
AND 24 LOCAL
COMPARISONS
WITH A LOG-UNIFORM
DISTRIBUTION,
USING THE KOLMOGOROV-SMIRNOV
TEST
HABITAT
PATCHES
p~

North America
Biome:
Sitkan
Oregonian
Yukon taiga
Canadian taiga
Eastern forest
Austroriparian
Californian
Sonoran
Chihuahuan
Tamauilipan
Great Basin
Alaskan tundra
Canadian tundra
Grasslands
Rocky Mountains
Sierra-Cascade
Madrean-Cordilleran
Campechean
Guerreran
Sinaloan
Yucatecan

Dn

P value

.32

.0000

.I0
.I6
.I1
.I6
.I3
.I4
.23
.2 1
.22
.20
.I6
.08
.I1
.I5
.I7
.20
.20
.21
.22
.I8
.I6

,9999
,0464
,9992
,0618
,1889
.2009
,000 1
,000 1
.0001
,4693
,0116
1.0000
,9999
,0128
.0034
,0003
.0001
.0001
.0001
,0079
,1626

Habitat

Dn

P value

.I8
.I2
.I3
.I6
.I7
.21
.I9
.I3
.I3
.24
.I9
.07
.I4
.15
.18
.I6
.12
.17
.13
.08
.09
.I0
.I1
.I9

,2078
,9999
,9999
,9999
.4057
,1157
.5303
,9996
,9999
.0876
,2611
1.0000
,9991
,9998
,4121
,4658
,9999
.4053
,5224
1.0000
1.0000
,9999
,9999
,2009

--

Locality:
White Sands, N.Mex.
Bernalillo C o . , N.Mex.
Deep Canyon, Calif.
Deep Canyon, Calif.
Deep Canyon, Calif.
Cochise C o . , Ariz.
Barge Canal, Fla.
Barge Canal, Fla.
Barge Canal, Fla.
Chamela, Jalisco, Mexico
Chamela, Jalisco, Mexico
Green Mountains, Vt.
Ligonier Valley, Pa.
Cook C o . , Minn.
Cook Co., Minn.
Animas Mountains, N.Mex.
Sagehen, Calif.
Cascade Mountains, Oreg.
Cascade Mountains, Oreg.
Cascade Mountains, Oreg.
Lac Qui Parle Co.. Minn.
Washington C o . , Minn.
Norman C o . , Minn.
Konza Prairie, Kans.

Chihuahuan desert
Riparian forest
Pine forest
PiiionIJuniper
AgaveIOcotillo
Chihuahuan desert
Longleaf pine
Scrub oak
Pine flatwoods
Deciduous forest
Evergreen forest
SpruceIFir
Deciduous forest
AspenIBirch
White pine
Oak forest
Jeffrey pine
Alpine tundra
Sage
Ponderosa pine
Upland prairie
Shrub swamp
Willow swamp
Tallgrass prairie

NOTE.-The North American and biome distributions were compared with a log-uniform distribution with the same range as the observed North American distribution, and the local habitats were
compared to a log-uniform distribution with the same range as the biome in which they occurred. For
each comparison the Kolmogorov-Smirnov Dn statistic and the probability value are given.
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TABLE 4

RESULTS
OF SIMULATIONS
TO EVALUATE
THE NULLHYPOTHESIS
THATTHE BODY-SIZE
D ISTRIBUTIONS
FOR EACHOF THE 24 LOCAL
HABITATS
AREA RANDOM
SUBSET
OF THE BIOMEPOOL
I N WHICHTHATHABITAT
IS LOCATED
--

-

~

~-

- - -

MEDIAN
-

HABITAT

- -

Observed
--

--

-

-

~
p

- --

White Sands. N.Mex.
Bernalillo Co., N .Mex.
Deep Canyon, Calif.
Deep Canyon. Calif.
Deep Canyon. Calif.
Cochise C o . , Ariz.
Barge Canal, Fla.
Barge Canal, Fla.
Barge Canal. Fla.
Chamela. Jalisco. Mexico
Chamela. Jalisco, Mexico
Green Mountains, Vt.
Ligonier Valley, Pa.
Cook C o . , Minn.
Cook C o . , Minn.
Animas Mountains, N.Mex.
Sagehen. Calif.
Cascade Mountains. Oreg.
Cascade Mountains. Oreg.
Cascade Mountains, Oreg.
Lac Qui Parle C o . . Minn.
Washington Co., Minn.
Norman Co.. Minn.
Konza Prairie, Kans.
- -

- -

--

---

- -----

-

8.4
12.0
9.7
9.8
8.6
7.6
7.6
10.7
10.8
12.0
11.8
10.1
8.8
8.9
7.6
12.0
9.4
8.4
8.1
10.4
11.0
10.8
11.2
8.5
-

-

- - - -

-

-

- - -

- --

--

~-

-

7.29
7.54
7.38
7.46
7.29
7.09
7.12
8.61
8.59
7.78
7.77
7.72
8.80
7.23
6.69
8.38
7.16
6.99
6.99
7.35
8.42
7.36
8.53
7.70
-

-

- -

Proportion of
Simulations That Are
Less than Observed
Value

Simulated

-

-

-

- ---

~

-

,088
,001
,096
,048
,156
,386
,736
,060
,090
,001
,001
,068
.384
,382
,432
,004
,002
,168
,168
,001
,058
,004
,001
,238
-

-

--

NOTE.-The probability of failing to reject each null hypothesis is given as the proportion of the
500 simulations that are less than the observed value for medians.

tional six patches were marginally significantly larger (P < .lo) than the random
draws from the biome in which they were located (table 4). The medians for the
local habitat patches were all significantly larger than the medians of random
draws from the North American distribution.
The only way to account for the progressive flattening of the frequency distributions from continental to biome to local scales is by high spatial replacement of
species in the modal size classes. This is reflected in the limited habitat distributions and small geographic ranges of these species compared to their larger relatives. The vast majority of species in the smaller size categories (less than class
12, approximately 1 kg) occurred in four or fewer biomes, whereas the majority
of species in the larger size categories occurred in eight or more biomes (fig. 3).
An even clearer pattern is apparent for the areas of geographic ranges: a substantial proportion of the species in the smaller size categories (less than class 13)
had ranges of less than 100,000 km2, whereas all species in the larger size classes
had ranges that exceeded this area (fig. 4).
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FIG.3.-Frequency distributions of species in different body-size classes according to the
numbers of biomes where they occur. Note that species of small size tend to occur in few
biorne types, whereas the majority of species in the larger size classes inhabit many biomes.

The composition of species may vary among habitats across the landscape for
two reasons: because these species have limited geographic ranges or because
they do not occur in all the habitats within their geographic ranges. It is of interest
to assess the contributions of these two phenomena to the replacement of
different-sized species among local habitats. For each local habitat, we determined the identity and body mass of those species in the continental species pool
that were absent because they either had a geographic range that did not encompass the site or had a geographic range that included the site but did not occur
in that habitat. These are illustrated in figure 5, which shows the frequency distributions of body masses of the species in these two categories summed with
redundancy for the 24 local habitats. Note the general similarity in these distributions, although there were proportionately more medium-sized species (classes
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FIG.4.-Frequency distributions of species in different body-size classes according to the
areas of their geographic ranges (measured by planimetry from maps in Hall 1981). Note that
many species of small size have restricted geographic ranges, whereas most species of large
size are distributed over large areas.

9-13) in category 2. Species in the modal size classes replaced each other more
rapidly across the landscape both because they had more restricted geographic
ranges and because they occurred in a smaller proportion of habitat types within
their geographic ranges.
DISCUSSION

Patterns

We have shown what appears to be a general pattern of spatial scaling of North
American terrestrial mammalian assemblages with respect to body size. The distribution of body masses for the continent as a whole is highly modal and skewed
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FIG.5.-Frequency distributions of body masses summed with redundancy (see text) for
the two classes of species that did not occur in the 24 local habitat patches: those whose
geographic ranges did not include the local sample sites (top) and those whose geographic
ranges did encompass the sites even though they did not occur in the habitats sampled
(bottom). Note that both distributions are modal and right skewed.

toward larger size classes (fig. 1). The frequency distributions for small patches
of homogeneous habitat have ranges of body sizes similar to those of the North
American distribution, but they contain an approximately equal number of species in each logarithmic size class (fig. 2). The distributions for biomes, which
are intermediate in area and habitat diversity between the continent and the local
habitats, are intermediate in shape between the North American and the habitat
distributions. These patterns characterize the composition of the mammalian faunas on these scales before the impact of European humans. Hunting, trapping,
habitat changes, and other human impacts within the last three centuries have
caused the local extirpation of a few species; human introductions of alien species
have resulted in the colonization of some additional species. These recent changes
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in species composition were not sufficient, however, to change the shapes of the
above distributions to any substantial extent.
The North American mammalian fauna experienced additional changes in the
period 500-20,000 yr ago when catastrophic extinctions occurred (Martin and
Klein 1984). Although the causes of these losses are hotly debated, humans may
have played a substantial role. It is clear that large species suffered more extinctions (Martin 1984; Webb 1984). These extinctions were not sufficient, however,
to affect the qualitative patterns reported here. Despite the number of species
and genera that were lost, the frequency distribution of body masses for North
American fauna prior to the Quaternary extinctions still has a mode and right
skew similar to the distribution for the contemporary fauna (R. Rusler, personal
communication). Similarly, the addition of species known or presumed to have
become extinct within the last 20,000 yr to the local habitats would have extended
the range to larger size categories in some cases but would not have substantially
altered the shape of the frequency distributions.
The shape of the continental distribution, first emphasized by Hutchinson and
MacArthur (1959), appears to be typical of the frequency distributions of body
sizes of species in diverse taxa from large geographic regions (May 1978, 1988;
Bonner 1988). An explanation for this pattern in mammals, and perhaps in other
organisms, must take into account the changes in the frequency distributions with
spatial scale. The continental mammalian fauna is not simply the sum of species
assemblages on smaller spatial scales, and the faunas of local habitats and biomes
are not just random subsamples of the species pools on large spatial scales. Species near the modal size of approximately 45 g replace each other frequently
between habitats and biomes, whereas species of large size tend to have large
geographic ranges and to occur in a large proportion of the habitats (figs. 3
and 4).
Hypotheses
We offer the following hypotheses to explain this pattern: (1) competitive exclusion tends to prevent local coexistence of similar-sized species with similar resource requirements, (2) differential extinction of species of large size with small
geographic ranges tends to limit the number of large species in the continental
fauna, and (3) allometric energetic constraints cause modal-sized species to be
more specialized in their use of resources than larger species. We develop each
of these hypotheses in more detail below.
Competitive rxcl~lsionumong similar-sized species.-Since the faunas of local
habitats contain fewer modal-sized species than random samples of assemblages
from larger spatial scales, it appears that some local process prevents coexistence
of species of similar size. Competitive exclusion is the most likely process to
have this effect. If such competition occurs, however, its impact should be limited
to those species that share requirements for the same limited resources. Competitive exclusion should occur within but not between feeding guilds. There is substantial evidence for interspecific competition among species of mammals and
other organisms with similar diets (see, e.g., Hutchinson 1959; McNab 1963;
Rosenzweig 1966; MacArthur 1972; Brown 1975, 1987; Pacala and Roughgarden
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1982, 1985; Brown and Munger 1985; Grant 1986). In at least some of these
cases, competition appears to account for the tendency of local communities to be
composed of species that are more different in body size than expected from
random assemblages drawn from appropriate species pools (see, e.g., Schoener
1970, 1984; Brown 1973; Simberloff and Boecklen 1981; Bowers and Brown 1982;
Brown and Bowers 1985; Hopf and Brown 1986). It is hypothesized that the
log-uniform distributions on the scale of habitats reflect the fact that local assemblages are composed of multiple guilds, each of which tends to have its own
log-uniform distribution. For example, if mammals are divided into two very
general trophic groups, herbivores and carnivores, most habitats contain representatives from each group that vary in size from less than 20 g to more than
160 kg.
Large species with smull geogruphic ranges have high extinction probabilities.-The fact that large species exhibit low beta diversity (low replacement
between habitats and geographic regions) suggests that some large-scale process
prevents the accumulation of high diversity of large mammals in the continental
fauna. We hypothesize that this process is the selective extinction of species with
large body sizes and small geographic ranges. Individuals of large size have large
resource requirements, and as a result they require large home ranges and occur
at low population densities (McNab 1963; Schoener 1968; Parra 1978; Harestad
and Bunnell 1979; Damuth 1981; Peters 1983; Peters and Raelson 1984). As a
consequence, species of large size with small geographic ranges have small total
population sizes and should be differentially susceptible to extinction (MacArthur
and Wilson 1967; Brown 1981; Pimm et al. 1988; Schoener and Spiller 1988). If
extinction is caused exclusively by demographic variation (in the absence of
major environmental change), critical population sizes for persistence are very
small, and even small geographic ranges would often contain sufficient individuals
to avoid extinction. If, on the other hand, extinction is caused by environmental
variation, even relatively large, dispersed populations may be at risk (Goodman
1987).
We hypothesize that environmental changes have been a major cause of mammalian extinctions and that these changes have differentially affected the species
in each size class with the smallest geographic ranges. The observation that the
minimum size of geographic ranges of large species is larger than that of modalsized species (Brown 1981; Rapoport 1982; Brown and Maurer 1987, 1989; see
also fig. 4) is consistent with this hypothesis, as is the observation that mammals
and other organisms of large size have been differentially susceptible to historical
perturbations that caused mass extinctions (Martin and Klein 1984; Webb 1984).
Large mammals may also have lower speciation rates than their smaller relatives. Large species tend to have greater vagility and broader environmental
tolerances, and these should result in less isolation and genetic differentiation of
populations and in lower speciation rates than in small species. While lower
speciation rates might contribute to the low diversity of large mammals in the
continental fauna, they are not sufficient to account for the failure to observe
large species with small geographic ranges.
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Specialization of modul-sized species.-A correlate of body size that is related
to both of the above hypotheses is the apparently greater specialization of modalsized species. Not only does the greatest number of mammalian species occur in
the size range of 20-250 g, but species within this size range exhibit greater
turnover among habitats and on the average have smaller geographic ranges (figs.
3, 4). This suggests that modal-sized species are more frequently limited by variation in the physical environment, the presence of other organisms, or both processes than their larger relatives. We hypothesize that this specialization is not
simply a consequence of geographic and habitat distribution (in which case the
above arguments would be circular) but is caused by allometric constraints on
physiology and energetics.
It is well-known that energetic and basic nutrient requirements (D) of individuals scale as a fractional exponent of body mass (M) as M0,67to M" 75 (Peters 1983;
Calder 1984). Although the following qualitative argument does not depend on
the precise value of the exponent, we will assume that the daily energy demand
of free-living mammals scales as

where c, is a constant (Nagy 1987). The rate of food intake in a variety of mammals also scales as MO." (Calder 1984). However, larger animals have larger
and longer alimentary tracts; in both herbivorous and carnivorous mammals gut
capacity (A) scales as approximately

where c, is another constant (Calder 1984). As a consequence, larger animals
retain food in the gut for a longer period; turnover time ( T ) for gut contents scales
as approximately

T

= C 3 ~ o . 2 ,5

(3)

where c, is another constant (Calder 1984). This enables larger animals to ingest
poorer-quality food and, by subjecting it to digestion for a longer period, still to
extract sufficient energy and nutrients to meet their requirements. Thus, diet
quality scales inversely and digestive efficiency scales directly with body size.
The food quality (Q) necessary to meet requirements can be predicted from the
ratio of metabolic demand to gut capacity; it should scale as

where c, is another constant. The best data to evaluate this prediction are for
ruminant mammals (Hoppe 1977; Sibly 1981; du Toit and Owen-Smith 1989). The
predicted value of - 0.25 is very close to those ( - 0.20 to - 0.27) estimated by
McNaughton and Georgiadis (1986). We also used data on 14 species of African
ruminants from Hoppe (1977; cited in Sibly 1981) to obtain another estiinate of
the scaling exponent for food quality. We performed a regression of the reciprocal
of reticulo-rumen contents divided by metabolic demand against body mass and
obtained an exponent of -0.351 2 0.088.
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We hypothesize that these physiological constraints on food quality force
smaller animals to specialize in higher-quality foods and to restrict their foraging
to habitats where suitable foods are available in sufficient supply. Even small
omnivorous species should be subject to these allometric relations and should
restrict their diets to foods of high energetic and nutritional value. Other constraints of body size, such as those on reproductive and life-history traits (see,
e.g., Eisenberg 1981; Peters 1983; Calder 1984), increase the nutritional demands
on smaller organisms and tend to reinforce the selection to specialize on foods
and habitats. Another mechanism must be hypothesized to account for the small
number of species (and the low population densities of these species) in the
smaller-than-modal classes (see Brown and Maurer 1987, 1989; Dial and Marzluff
1988).
The specialization hypothesis developed here is not independent of the
competitive-exclusion and differential-extinction hypotheses presented above.
Rather, the nutritional constraints and the resulting specialization provide another
level of explanation for the pervasive effects of body size on resource use, habitat
selection, population regulation, and distributional limits that ultimately determine small-scale species interactions and large-scale species dynamics.
Alloc~ztionof Food and S p a c e anlong Species

Regardless of whether the above hypotheses are necessary and sufficient to
explain the empirical patterns, the spatial scaling of the body-size distributions
has important implications for the allocation of food and space among species
and hence for the assembly of continental biotas. First, the nature of ecological
communities depends on the spatial scale of study. The larger and more heterogeneous the area sampled (and these will tend to be correlated), the more species
composition will reflect beta diversity (replacement of species between habitats)
relative to alpha diversity (number of coexisting species within a habitat).
Furthermore, not only the number of species but also the kinds of species that
actually and potentially interact vary with spatial scale. The limited number of
species that coexist in small patches of relatively homogeneous habitat tend to
be of different sizes. Because of the energetic constraints outlined above, this
will tend to result in coexisting species' using different food resources or using
the same resources in different ways. Many of the coexisting species of similar
size are in different trophic guilds. In terrestrial mammals, carnivores and herbivores span virtually the entire range of body sizes. Although species in the same
guilds may coexist locally and compete for food (especially if they are of different
body sizes), often the most severe competition will be among species (of similar
sizes) that rarely encounter each other because they occur in adjacent but largely
nonoverlapping habitats and geographic regions.
The spatial scaling of body size emphasizes the importance of beta diversity
(Cody 1975; Wilson and Shmida 1984). The high frequency of species in the modal
size classes on the biome or continental scale reflects the frequent replacement
of these species among local habitats. This turnover can be of two types. On the
one hand, it may reflect crossing the borders of geographic ranges. On the other
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hand, it may reflect the fact that species do not occur in all habitats in their
geographic ranges. The distribution of body sizes of species in the former category (fig. 5, top) is virtually identical in shape to the North American distribution.
The species in the latter category (fig. 5, bottorn) also exhibit a highly modal
body-size distribution but are composed of relatively more representatives in size
classes 9-13 (500 g-16 kg), many of which appear to be omnivores with relatively
large geographic ranges.
Generality
Since the present analyses are exclusively of data for North American terrestrial mammals, it is reasonable to ask how general the results are. Of course it
would be desirable to obtain and analyze comparable data for other groups of
organisms in other geographic regions. Until this is done, we can make two
comments.
First, the right-skewed distribution for the North American mammal fauna is
typical of the shapes of frequency distributions of body-size measurements for
many other taxa from large geographic areas. For example, May (1978, 1988),
Bonner (1988), Morse et al. (1988), and Brown and Maurer (1989) present examples of qualitatively similar size distributions for a wide variety of organisms
from bacteria to insects to birds. In addition, Rusler (1987) examined frequency
distributions of body masses among species and genera of mammals on different
continents. She found similar right-skewed distributions for all the larger continents with diverse faunas. We cannot claim that these biotas exhibit the same
pattern of spatial scaling within continents without analyses of data for smaller
scales; but it seems unlikely that there would be so much similarity in the largescale patterns unless the underlying mechanisms and small-scale patterns were
also similar.
Second, none of the mechanisms that we have proposed above to account for
the patterns in North American mammals is inherently specific either to mammals
or to the North American continent. Allometric scaling of morphological and
physiological variables with body size exhibits similar exponents in a wide variety
of animals, including vertebrates and invertebrates, endotherms and ectotherms
(Peters 1983; Calder 1984). The relationship of body size to population density,
area of geographic range, dietary specialization, and other attributes of species
that affect the assembly of both local communities and continental biotas appears
to be similar in the organisms that have been studied to date (see data on beetles,
birds, and mammals in Brown and Maurer [1987, 19891 and Morse et al. [1988]).
The generality of these relationships makes us optimistic that both the patterns of
spatial scaling and the mechanistic processes that produce them are also general.
The constraints on the body sizes of species that occur together on different
spatial scales can be thought of as one important component of the rules for
assembling continental biotas. Although complete assembly rules would be based
on other variables in addition to body size, it is clear that size, and traits that are
correlated with size, profoundly affects the composition of species assemblages
(see also Cody 1975; Diamond 1975; Brown 1981; Brown and Maurer 1987, 1989;
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Dial and Marzluff 1988). Because of its pervasive influence on physiology, behavior, and ecology, body size influences the coexistence of species in local habitats,
the turnover of species across the landscape, and the colonization, speciation,
and extinction of species on continental scales.
Additional assembly rules will be required to account for differences in biotas
among continents and between continents and islands. The importance of body
size is also seen in the divergence of insular populations from their mainland
relatives (see, e.g., for mammals, Foster 1964; Lomolino 1985) and in the systematic variation in the frequency distribution of size among species or genera in
continental faunas as a function of the area of the land mass (see, e.g., Brown
1986; Rusler 1987; see also Van Valen 1973).
Implications for Conservation

The rules for assembling species on different spatial scales also have important
implications for the maintenance of diversity and for the disassembly of biotas
during environmental perturbations. Such disassembly has occurred naturally in
the past, most dramatically during episodic mass extinctions (Martin and Klein
1984; Jablonski 1986; Raup 1986). At present, such disassembly is occurring in
response to the multiple effects of the growing human population (Wilson 1988).
Losses of species during past mass extinctions and in response to the impacts of
modern humans are nonrandom with respect to body size and other attributes of
species (see, e.g., Diamond 1984; Martin 1984; Webb 1984). For example, of the
species known to have disappeared during the last three centuries from the 24
local habitats that we studied, 11 of 13 are larger than 2 kg and seven are larger
than 35 kg. From the patterns of faunal assembly and these kinds of data on
known extinctions, it should be possible to predict which species will be most
vulnerable to perturbations (Arita et al. 1990).
Most current conservation strategies focus on efforts to preserve individual
endangered species and threatened habitats. These procedures, by themselves,
will be inadequate to prevent wholesale extinctions caused by human activities.
It is estimated that between 5 and 30 million species of organisms currently inhabit
the earth (Erwin 1983; May 1988; Wilson 1988). It will be impossible to identify
which ones are endangered, much less to develop recovery plans for them, on a
species-by-species basis. It will be almost equally difficult to inventory all kinds
of habitats.
Rules for the assembly and disassembly of biotas suggest alternatives to present
approaches to conservation biology. The statistical patterns of biotic composition
on different spatial scales provide a basis for assessing vulnerability to extinction
on the basis of body size and other variables, such as area of geographic range
(e.g., see Brown and Maurer 1987, 1989; Pimm et al. 1988; Arita et al. 1990). Not
only can these assessments identify classes of species that may be vulnerable,
they can point to the spatial scales and habitat types that warrant attention. For
example, reserves of different sizes, dispersions, and habitats will be differentially
effective in enhancing the survival of different species, depending on their body
sizes and other ecologically relevant attributes. In addition, body size and other
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easily measured variables provide a way of initially assessing the ecological roles
of species. The patterns of species replacement within and between large areas,
such as biomes and continents, suggest that there is considerable complementarity in these roles. As human impacts inevitably increase and native species inevitably become extinct, the only way to restore lost diversity and ecological functions will be through introduction of alien species. Assembly rules can be used
to identify candidate species for introduction to fill missing ecological roles. For
example, Janzen (1982) has advocated the use of feral livestock to replace seed
dispersal, browsing, and grazing roles of large native mammals that have been
extirpated from tropical reserves.
CONCLUSIONS

We conclude that processes operating over a wide range of spatial scales-from
interspecific interactions that affect coexistence within local habitats to colonization, speciation, and extinction events that affect the distribution of species over
the continent-interact to determine the composition of the biota at all scales,
from local to continental (Cody 1975; Orians 1980; Brown 1981; Rapoport 1982;
Ricklefs 1987; Brown and Maurer 1987, 1989). All of these processes are reflected
in the body sizes of co-occurring species, because of the pervasive influence of
size on many aspects of physiology, behavior, and ecology. Both the microscopic
perspectives of physiological, population, and community ecology and of microevolution and the macroscopic perspectives of biogeography and macroevolution
are required if we are to understand completely the composition of biotas on any
spatial scale.
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APPENDIX B
TABLE B1
LOG?BODY-SIZE
CLASSES
FOR NORTH
AMERICAN
MAMMALS,
A N D THE M I ~ I M UMIDPOINT,
M,
A\D
MAXIMUM
BODYMASSI N EACHCLASS
-

-

-

MASS
(8)
--

S I Z ECLASS

-

I
2
3
4
5
6
7
8
9
10
1I
12
13
14
15
16
17
18
19
20
-

-

-

Mln~mum

-

---

I
2
4
8
16
32
64
128
256
512
1,024
2,048
4,096
8,192
16,384
32,768
65,536
131,072
262,144
524,288
-

--- --

-

--

Mldpo~nt
-

1.4
28
57
11 3
22 6
45 3
90 5
181
362
724
1,448
2,896
5,793
11,585
23,170
46,341
92,682
185.364
370,728
741,455
-

--

---

-

-

-

--

Maxlmum
-

19
39
79
15 9
31 9
63.9
127 9
255 9
511 9
1,023 9
2,047 9
4,095.9
8,191.9
16,383.9
32,767 9
65,535.9
131,071 9
262,143 9
524,287 9
10,485,503
- -- -- -
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