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Abstract.—Predictions made by previous allometric analyses of the relationship between popula-
tion density and body mass were tested using data on ecological density of 987 terrestrial
mammal populations. The relationship is not log-log linear as previously postulated. Only popu-
lations of mammals with body mass between 0.1 and 100 kg had allometric exponents ap-
proaching the value of —0.75 proposed by previous studies. Different trophic groups showed
divergent relationships between density and body mass. Previous global analyses have disagreed
with relationships between density and body mass in individual communities partly because of
this nonlinearity. Analyses of 45 mammalian communities show positive, negative, or even
no relationship between density and body mass, depending on the trophic groups and body sizes of
community members and the range of sizes. Population energy use is inequitably partitioned among
populations, with populations of large mammals using more than 100 times more energy than the small-
est mammals. Herbivorous mammals can use 25 times the energy used by carnivores, and populations
of small insectivores use only 10% of the energy used by other carnivores of equivalent body mass.

Ecologists have long been interested in explaining patterns in species abun-
dance and the partitioning of resources among individuals, populations, and com-
munities (Elton 1927; Mohr 1940; Lindeman 1942; Andrewartha and Birch 1954,
Hutchinson 1959; Brown 1981). Although these patterns are undoubtedly related,
in part, to particular adaptations of species (Harvey and Pagel 1991), a significant
fraction of the worldwide variation in animal abundance is correlated with individ-
ual body mass (Brown 1984; Damuth 1987; Brown and Maurer 1989). This general
allometric relationship between animal population density (D) and body mass (M)
has assumed a central role in our understanding of the distribution and abundance
of organisms (Brown and Maurer 1989; Lawton 1990). Knowledge of this general
relationship has evolved over the last 50 yr (see, e.g., Mohr 1940; Damuth 1981,
1987; Peters and Wassenberg 1983; Peters and Raelson 1984; Robinson and Red-
ford 1986; Lawton 1989, 1990) and is now of critical importance in the calculation
of minimal viable densities of animal populations (Soulé 1987), the detection of
overexploitation of populations (Freeland 1990), and the analysis of the parti-
tioning of energy use among members of animal communities (see, e.g., Damuth
1981, 1987; Peters and Wassenberg 1983; Peters and Raelson 1984; Brown and
Maurer 1986; Griffiths 1992).
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The allometry of D, however, has been the subject of an active controversy.
Investigations of relationships between D and M for different assemblages of
mammal species (Damuth 1981, 1987; Peters and Wassenberg 1983; Peters and
Raelson 1984; Robinson and Redford 1986) have found that population density
and body mass are inversely related as D « M%7, Global studies of the relation-
ship between D and M uniformly show that populations of small animals have
greater average densities than do populations of larger ones. Studies of relation-
ships between D and M in individual communities do not always agree with the
findings of global allometric studies. Although studies of some marine communi-
ties (MacPherson 1989; Marquet et al. 1990) have found allometric scaling of
density similar to that seen in global studies, studies of insect communities (see,
e.g., Morse et al. 1988; Blackburn et al. 1990) report almost no statistically sig-
nificant correlation between density and body mass. Therefore, some (Lawton
1989, 1990; Blackburn et al. 1993) have criticized global D : M relationships, sug-
gesting they may be artifactual.

The form of global relationships between D and M is therefore controversial.
Some have suggested that global D:M relationships are more appropriately ex-
pressed as triangular data clouds with an upper limit that declines with increasing
mass and a lower limit of zero (Lawton 1989, 1990; see Currie 1993 for review).
Currie (1993) has disputed this contention, showing that the apparent triangular
shape of some D:M relationships in individual communities can result from sam-
pling artifacts. Studies of insects and birds (Ehler and Hall 1982; Lawton and
Brown 1986; Soulé et al. 1988) and rare and endangered mammal populations
(Silva and Downing 1994) show that the lower bound of D:M relationships is
higher for smaller animals, and thus population densities are generally lower
for larger animals than for smaller ones. Other authors (Harvey and Pagel 1989;
Nee et al. 1991; Cotgreave and Harvey 1992) suggest that D:M relationships
also depend on the phylogenetic relatedness of the species included in the
analyses.

There is mounting evidence that global D: M relationships may not be simple,
declining power functions. Brown and Maurer (1987) have argued that for bird
populations, for example, D of small organisms should rise with increased M
until some threshold mass is reached, whereupon D should decrease with increas-
ing M. Currie and Fritz (1993) have suggested that the elevation of D : M relation-
ships may vary among groups of organisms of different size ranges, which would
lead to possible changes in apparent slope of general, intertaxonomic relation-
ships between D and M. Changes in slope of mammalian D:M relationships
might occur for a variety of reasons, including extreme upper limits to population
density of small mammals imposed by food limitation (see, e.g., Clutton-Brock
and Harvey 1978; Newton 1980; Dobson and Kjelgaard 1985; Martin 1987; Fryxell
and Sinclair 1988; Kaji et al. 1988), extreme lower limits to population density of
large mammals imposed by the necessity of mate location (Clutton-Brock and
Harvey 1978; Fowler 1981; Flowerdew 1987; Reiss 1989), and greater sustainable
densities of populations of large mammals permitted by low predation, exploita-
tion of relatively low-quality resources, and domination of interspecific aggression
(Bell 1971; Jarman 1974; Gaulin 1979; Emmons 1980; Owen-Smith 1982, 1988;
Demment and van Soest 1985; Brown and Maurer 1989; Fleming 1991; Fryxell
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1991). Simple visual inspection of large assemblages of D and M data (e.g., Da-
muth 1981, 1987; Currie 1993) suggests that D: M relationships may have slopes
nearing zero at very low and very high body mass. We therefore predict that the
rate of change in D with M may be significantly lower than the postulated D «
M~%7 for very small and very large mammals.

Much attention has been paid recently to the form of the relationship between
population energy use and body mass (see review by Currie and Fritz [1993]).
The form of this relationship depends directly on the rate at which D declines
with increasing body mass. The rate of energy use (E) by a population can be
calculated as the product of population density and metabolic rate (R). Metabolic
rate and body mass are related approximately as R « M®” (Peters 1983). If
population density is related to body mass as D « M~%75, as suggested by Damuth
(1981, 1987), population respiratory energy use would be independent of body
mass (E = D - R; E <« M~%7 - M*7; E « M°), and population energy use would
not be correlated with the body size of population members. This is now known
as the energetic equivalence rule.

Debate surrounding the allometry of population density, however, has cast
doubt on the accuracy of this rule (Lawton 1989, 1990; Blackburn et al. 1993).
Data compiled by Peters and Raelson (1984) and Currie and Fritz (1993) suggest
that small mammals use greater quantities of available resources, while data com-
piled by Brown and Maurer (1986, 1987) suggest the contrary. Studies of energy
use within specific communities have suggested that energy use can be highly
inequitable among species (Tokeshi 1990; Pagel et al. 1991). In a recent study,
Blackburn et al. (1993) found that the evidence for the existence of an energetic
equivalence rule is equivocal because within many individual assemblages the
scaling of abundance on body size may differ significantly from D « M=%, A
better understanding of the relationship between density and body mass in mam-
mal populations is fundamental to a better comprehension of energy partitioning
within and among terrestrial communities.

Several factors other than body mass may influence global patterns in mamma-
lian population densities. Previous studies have shown that diet and feeding strat-
egies (Peters and Raelson 1984; Robinson and Redford 1986; Damuth 1987; La-
Barbera 1989) and geographical or habitat conditions (Peters and Raelson 1984;
Juanes 1986; Currie and Fritz 1993) may be correlated with animal density. The
D: M relationship may therefore be quite different for different types of animals
found in different environments.

The controversy surrounding the allometry of population density lends new
relevance to a fresh and profound review of the relationship between population
density and body mass in terrestrial mammals. The purpose of this research is to
analyze the general relationship between mammal population density and body
mass and to test the hypotheses that the rate of change in D with M may be
significantly lower for very small and very large mammals than the postulated
D o« M~%7 density—body mass relationships vary among populations of mammals
with different diets and feeding strategies, and mammal populations of different
body sizes and diets have rates of respiratory energy use that depart significantly
from the predictions of simple allometric analyses.
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METHODS

Data were derived from a systematic review of books and journal articles pub-
lished between 1949 and 1990. One hundred thirty-two journals were reviewed
systematically. We were thus able to assemble population density and body mass
data on 987 distinct mammalian populations belonging to 14 different orders cov-
ering the range of body mass from 0.003 to 3,000 kg from a broad variety of
habitats (data and references available from the authors). The data set includes
108 populations of mammalian species on the International Union for the Conser-
vation of Nature Red List JUCN 1990). Approximately 25% of the populations
were near to minimum viable levels (Silva and Downing 1994).

Most previous analyses of D:M relationships have been based on data on D
drawn from different populations than those for which M was measured. Such
data represent ‘‘species averages’’ (see, e.g., Damuth 1981, 1987; Peters and
Raelson 1984; Robinson and Redford 1986; cf. Currie and Fritz 1993). Because
populations of the same species inhabiting different environments or living under
divergent climatic conditions can have very different densities and body masses,
we based our analyses on population studies, not species averages. Population
density of a given species can vary by more than three orders of magnitude in
different habitats. For example, in the impala (Aepyceros melampus), average
population densities vary from 0.02/km? for a population in Kafue National Park
(Dowsett 1966), which represents marginal impala habitat (Boitoni and Bartoli
1983; Nowak 1991), to 49.7/km? in a population of impala in the more luxuriant
Akagera National Park (Montfort 1972). Average population densities of Pero-
myscus maniculatus can range from 20/km? in shrub deserts (Chew and Chew
1970) to >2,000/km? in temperate forests (Withney 1976). Data on more than one
population of the same species were therefore included in the analyses, if they
were from independent populations.

Only population density data reflecting ecological population densities (num-
ber/km?), measured within the area actually used by populations (Damuth 1987),
were used in our analyses. Crude densities, the numbers of animals occupying
some arbitrarily chosen area, were not used, because significant differences have
been found between crude and ecological densities (Robinson and Redford 1986,
Damuth 1987; Lawton 1989, 1990). Although it is sometimes difficult to estimate
the actual area occupied by populations, every effort was made to exclude arbi-
trarily determined, crude densities from consideration. Very few mammalian com-
munities have been completely studied (Damuth 1981). Because of this limitation,
mammalian community data used were only those that considered at least five but
preferably all populations of mammals in a given area (see Damuth 1981). Population
body mass (kg) was measured as the average adult body mass in each population.

We classified populations into three dietary categories: herbivores, insecti-
vores, and carnivores. Dietary data were obtained from individual population
studies or from summary volumes (Eisenberg 1981; Nowak 1991). Taxonomic
analyses were performed by order (Corbet and Hill 1991). Energy use by differ-
ent populations (E) was calculated from population densities by multiplying the
probable mass-specific respiration rate (R) by the average population biomass
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(D - M). Respiration rates were calculated from body mass using Stahl’s (1967)
basal metabolic rate equation for mammals (R = 3.89 M%76),

As previous studies have done, data were logarithmically transformed before
analysis. The form of the relationship between density and body mass was deter-
mined using locally weighted sequential smoothing (LOWESS; Cleveland 1979),
a model-free method for determining the unbiased form of the relationship be-
tween two variables (Cleveland and McGill 1985). We used polynomial regression
analysis to test for the statistical significance of nonlinearities indicated by
LOWESS. Least-squares linear regression was applied to the most linear legs of
D:M and E:M relationships (breakpoints determined by LOWESS), to help in
the interpretation of nonlinear trends. Statistical analysis included least-squares
regression analysis and ANCOVA to test for significant differences among D: M
relationships (Gujarati 1978; Draper and Smith 1981; Neter et al. 1990). Dummy
variables were used to test for differences among populations belonging to differ-
ent dietary and body size categories.

RESULTS AND DISCUSSION

Mammalian Population Density

We found mammalian population density and body mass to be negatively corre-
lated, as suggested by studies based on species-average densities. Our study
clearly shows, however, that this log-log relationship is distinctly nonlinear (fig.
1A). Polynomial regression analysis (table 1) shows that the nonlinearity indicated
by LOWESS is statistically significant (P < .002). Thus, previous log-linear mod-
els (Peters and Raelson 1984; Damuth 1987) overestimate the population densities
of small species and underestimate those of large ones (fig. 1B).

The LOWESS analyses (fig. 14, B) suggest that relationships between density
and body mass behave differently over the ranges of body mass of 0-0.1 kg,
0.1-100 kg, and 100-3,000 kg. Divergent allometric exponents could therefore
result from simple regression analyses over these three ranges of body mass (table
2). For example, a log-log linear regression analysis of the 224 populations of
smallest mammals (M < 0.1 kg) would result in an allometric exponent that is
not significantly different from zero (table 2). A similar allometric analysis of the
533 mammal populations of intermediate size (0.1 kg < M < 100 kg) results in a
negative exponent of —0.7, which is similar to those found by Peters and Raelson
(1984) and Damuth (1987). Simple allometric analysis of the 230 populations of
largest mammals (M > 100 kg) would result in the calculation of an exponent that
is not significantly different from zero. Analysis of the regression coefficients of a
polynomial analysis (table 1) shows that actual exponents of different body size legs
of this relationship differ significantly (P < .0001) from those calculated by simple
log-log regression. Only 54% of the populations we studied were found within the

- body mass range that is well described by a D: M relationship with the expected
exponent approaching —0.75. Thus, the slopes of D : M regression analyses depend
strongly on the range of body masses of organisms included in the analyses.

Recently, Currie and Fritz (1993) showed that the intercepts but not the slopes
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Fic. 1.—A, Relationship of the population density (number/km?) of mammalian herbi-
vores, insectivores, and carnivores to the average population body mass (kg). The curve is
the LOWESS fit to the data. B, Comparison of trend seen in A with predictions made by
previous, simple allometric analyses.



TABLE 1

ESTIMATED PARAMETERS OF THE REGRESSION ANALYSES OF POPULATION DENSITY (D) AND AVERAGE
InpivipuaL Bopy Mass (M) FoR MAMMALS OF VARIoUs DIETARY CATEGORIES

All Secondary

Variable Mammals Herbivores Consumers Insectivores Carnivores
log M -.85 -.71 -1.10 —.86 -1.77
log M? .04 .05 -.12 —.14 -.32
log M? .05 o .07 s .27
Intercept 1.33 1.33 .90 .87 1.38

n 987 803 184 102 82

R? .57 .58 .73 .46 .74
F (overall) 429 561 160 42 76

Norte.—Given here are partial regression coefficients for the statistical effects of the logarithm of
the body mass (log;yM), its square, and its cube on the logarithm of population density (logyD).
Only coefficients significantly differing from zero (P < .03) are shown. n, Number of observations;

R?, multiple coefficient of determination.

TABLE 2

COEFFICIENTS OF SIMPLE LINEAR ALLOMETRIC ANALYSES OF RELATIONSHIPS
BETWEEN POPULATION DENSITY (D) AND BoDY MASss (M) OVER RESTRICTED

RANGEs oF Boby Mass

Group and Body Mass Range b a n r P
All mammals:

M < .l1kg 25 2.80 224 .01 NS

1 < M <100 kg -.70 1.21 533 .28 <.0001

M > 100 kg -.11 .04 230 <.01 NS
Herbivores:

M < 100 kg -.75 1.38 594 .54 <.0001

M > 100 kg —.44 1.01 209 .05 .0019
Secondary consumers:

M < .1kg .25 2.52 54 .03 NS

1 < M <100 kg -.97 .76 109 .49 <.0001

M > 100 kg .49 —-2.25 21 <.01 NS
Insectivores:

M < .1kg .30 2.59 50 .04 NS

M > .1kg —.62 .70 52 37 <.0001
Carnivores:

M <1kg -.87 1.10 8 .29 NS

M > 1kg —-1.31 1.22 74 .67  <.0001

Norte.—Least-squares regression analyses within dietary groups are shown.
Appropriate breakpoints for linear regression analyses were determined using
LOWESS analysis (figs. 1, 3). Variable b is the slope of the log,,D vs. log, .M
regression analysis, a is the intercept, n is the sample size, r2 is the coefficient
of determination, and P is the probability that the correlation could occur by

chance alone. NS, P > .05.
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