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? 2005 by the Ecological Society of America 

BODY SIZE, ENERGY USE, AND COMMUNITY STRUCTURE 
OF SMALL MAMMALS 

S. K. MORGAN ERNESTI 

Department of Biology, University of New Mexico, Albuquerque, New Mexico 87131 USA 

Abstract. Body size has long been hypothesized to play a major role in community 
structure and dynamics. Two general hypotheses exist for how resources are distributed 
among body sizes: (1) resources are equally available and uniformly utilized across body 
sizes and (2) resources are differentially available to organisms of different body sizes, 
resulting in a nonuniform or modal distribution. It has also been predicted that the distri- 
bution of body sizes of species in a community should reflect the underlying availability 
of resources, with the emergence of aggregations of species around specific body sizes. I 
examined the relationship between energy utilization, body size, and community structure 
in nine small-mammal communities in North America. In all communities, energy use 
across body sizes was significantly different from uniform. In contrast, none of the nine 
species-level body size distributions were significantly different from uniform. Cross-site 
comparisons showed that, while the species-level body size distribution did not vary sig- 
nificantly among sites, the utilization of energy across body sizes did. These results suggest 
that uniform energy utilization does not occur in small-mammal communities and that the 
species-level body size distribution of a community is not determined by resource utili- 
zation. 

Key words: body size distribution; body size-energy distribution; community structure; energetic 
equivalence rule; macroecology; small mammals. 

INTRODUCTION 

Understanding the role of organismal size in the 
structure of communities has been a major research 
focus in community ecology since Hutchinson (1959) 
introduced the idea of body size ratios (i.e., that po- 
tentially competing species should differ in body size, 
such as a difference in length by a factor of about 1.3 
or more). While subsequent studies have found little 
support for the idea that body size ratios reflect strong 
processes structuring communities (Istock 1973, Horn 
and May 1977, Strong et al. 1979), the importance of 
addressing whether the size of organisms affects the 
assembly of communities or the partitioning of re- 
sources has not diminished. One approach used to ad- 
dress these questions has been to examine the fre- 
quency distribution of body sizes of species in a com- 
munity (Hutchinson and MacArthur 1959). These dis- 
tributions, referred to here as species-level body size 
distributions (BSD), provide insights into community 
assembly and the ability of species of similar size to 
coexist in communities (e.g., Hutchinson and Mac- 
Arthur 1959, Brown and Nicoletto 1991, Gaston and 
Blackburn 2000). However, because this pattern does 
not consider species' abundances, it provides only a 

highly simplified view of resource partitioning. A sec- 
ond approach to understanding the importance of size 
has been to assess, both within and across communities, 
the relationship between the average mass of a species 
and its abundance (e.g., Damuth 1981, Blackburn et al. 
1993, Russo et al. 2003). Because this relationship of- 
ten suggests that energy use is equivalent across body 
sizes (by combining the abundance of a species with 
its metabolic rate) it is referred to as the energetic 
equivalence rule (EER; e.g., Damuth 1981, Marquet et 
al. 1990, Ernest et al. 2003). However, this pattern has 
had mixed support within communities (e.g., Black- 
burn et al. 1993, Blackburn and Lawton 1994, Silva 
and Downing 1995, Russo et al. 2003) and does not 
take into account the relationship between body size 
and species richness. It is therefore unclear what in- 

sights the EER provides into the role of body size in 
the partitioning of resources within communities (Gas- 
ton and Blackburn 2000). A third approach typically 
assesses the role of body size in resource partitioning 
by determining the proportion of total community 
abundance or biomass occurring within different body 
size classes, without regard to species identity. This 

approach has been referred to as the size spectrum, and 
while it has been used extensively in aquatic systems 
(e.g., Sheldon et al. 1972, Griffiths 1986, Cyr and Pace 

1993, Kerr and Dickie 2001), these analyses are only 
rarely conducted in terrestrial systems (but see Morse 
et al. 1988, Stork and Blackburn 1993, White et al. 

2004). 
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In studies of terrestrial plants and animals, there are 
two predominant hypotheses for how resources are par- 
titioned among body sizes. The first hypothesis, based 
on the EER, is that energy will be divided relatively 
equally among body sizes. Though traditionally the 
EER is a species-based pattern, some studies (using 
methodology similar to the size spectra approach) have 
shown that the total energy use by a body size can be 
invariant across body sizes (e.g., Enquist and Niklas 
2001, Ackerman et al. 2004). The other hypothesis for 
how energy is partitioned with respect to size suggests 
that the distribution of energy use should be modal or 
multi-modal (Holling 1992), where a multimodal dis- 
tribution is defined as a distribution containing more 
than one local maximum or peak (sensu Sokal and 
Rohlf 1995). While multimodal abundance and bio- 
mass distributions have been reported (Sheldon et al. 
1972, Griffiths 1986, Cyr and Pace 1993), abundance 
and biomass do not necessarily directly reflect energy 
use within a community (e.g., Pagel et al. 1991, Taper 
and Marquet 1996, Thibault et al. 2004, White et al. 
2004), and the prevalence of multimodal energy dis- 
tributions in terrestrial animal communities is unclear. 

Using the idea that energy is utilized unequally by 
different body sizes, it has been proposed that multi- 
modal energy use should have a strong structuring ef- 
fect on the species-level body size distribution of a 
community. If energy is unequally available across 
body sizes, then the body sizes that should be favored 
in the assembly of the community are those body sizes 
with the greatest access to resources, resulting in ag- 
gregations of species in the species-level body size 
distribution around specific masses (Holling 1992). 
While studies examine and debate the predicted ag- 
gregations in BSDs (Manly 1996, Lambert and Holling 
1998, Allen et al. 1999, Siemann and Brown 1999, 
Forys and Allen 2002), there has been no examination 
of the relationship between the species-level body size 
distribution and the distribution of energy among body 
size classes (referred to henceforth as the body size- 
energy distribution or BSED). 

Here, I use small-mammal communities to assess the 
two proposed patterns for energy use through com- 
munities. Specifically, I address the following ques- 
tions: (1) Is energy use across body size categories 
uniform or multimodal? and (2) If energy use is not 
uniform across body sizes, does the species-level body 
size distribution of a community correspond to energy 
use throughout the community as postulated by Holling 
(1992)? 

METHODS 

Study areas and small-mammal data 

Data on small-mammal communities were obtained 
from several long-term studies in North America. For 
the purposes of this study, a small-mammal community 
is defined as all terrestrial mammals with an average 

body size <400 g that were living within a predefined 
study area. In each data set, small mammals were sam- 

pled for more than one year and individuals were iden- 
tified to species and weighed, yielding an extensive 

survey of the community. Multiple years of data were 

pooled (i.e., for the BSD, body sizes for each species 
were means taken across all sampled individuals and 

years, and for the BSED, every individual with a body 
mass that was captured during the time period of the 

study was used). Habitats ranged from alpine tundra to 
Chihuahuan desert shrubland, though a majority of the 
sites in this study come from the southwest United 
States. Only unmanipulated communities were used. 

Andrews Long-Term Ecological Research (LTER) 
study area.-Located in the central Cascade Range of 

Oregon, this study area is a temperate coniferous forest 
habitat in the Willamette National Forest. Small mam- 
mals were censused (a combination of Sherman live 

traps and pitfall traps) in the fall season from 1995 to 
1999 to assess small-mammal response to litter depth. 
This community consists of 9 species with body sizes 

ranging from an average of 4.46 g to 140 g. More 
details on the study area and trapping methods are 
available online.2 

Niwot LTER.-Located approximately 35 km west 
of Boulder, Colorado, this study area is an alpine tundra 
habitat in the Rocky Mountains. Small mammals were 
monitored (Sherman and Tomahawk live traps) at the 

study area during the summers from 1981 to 1990. This 

community consists of 11 species with body sizes rang- 
ing from 4.0 g to 194 g. More details on the study area 
and trapping methods are available online.3 

Sevilleta LTER.-Located approximately 80 km 
south of Albuquerque, New Mexico, this -- 100 000-ha 

study area contains a variety of Chihuahuan Desert 
habitats. Within the Sevilleta, six distinct sites were 
censused: an arid grassland, two different Chihuahuan 
Desert creosote shrublands (separated by >15 km and 
a river), a dune habitat with mixed shrubs and grasses, 
a juniper woodland, and a higher elevation pifion-ju- 
niper woodland. Small mammals were censused twice 

yearly at these sites from 1989 to 1998 using Sherman 
live traps. A total of 25 species were found on the 
Sevilleta with body sizes ranging from 7.37 g to 152 

g. For details, see Ernest et al. (2000) and information 
available online.4 

Portal project.-Located approximately 7 km from 
Portal, Arizona, this study area is an upper elevation 
Chihuahuan Desert habitat of mixed grasses and 
shrubs. Small mammals have been censused monthly 
since 1977 using Sherman live traps to assess the effect 
of competition on small-mammal and desert annual 
communities. The rodent community on the control 

2 (http://www.fsl.orst.edu/lter/data/abstract.cfm?dbcode= 
WE026) 

3 (http://culter.colorado. edu/exec/.extracttoolA?smammals.jh) 
4 (http://sevilleta.unm.edu/data/contents/SEV049/) 
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FIG. 1. Body size-energy (white bars) and species-level body size (black circles and line) distributions for nine small- 

mammal communities. The body size-energy distribution was calculated using an equation for individual metabolic rate 
based upon body mass. The species-level body size distributions were smoothed using kernel density estimation. 

plots from 1977 to 1999 contains 21 species ranging 
in size from 7.7 g to 157 g. For a review of the Portal 
Project, see Brown (1998). 

Body size-energy distributions (BSED) 

Energy use in the community can be estimated from 
individual metabolic rates (B), which can be estimated 
from body mass (M) using the equation: B oc M3/4 (Klei- 
ber 1932, Peters 1983, West et al. 1997). B was cal- 
culated from this equation for each individual based 
on its body size. Energetic requirements for individuals 
were then summed within body size classes (or group- 
ings) of 0.2 natural log units, yielding total energy use 
of all individuals within a size class, regardless of spe- 
cies identity. This class size was chosen because small- 
er classes significantly reduce average sample size 
within classes and larger size classes pool individuals 
of drastically different body masses. Analyses were 
also conducted using size classes from 0.1 to 0.3 log 
units without qualitative changes in the patterns. En- 
ergy use through each body size class is reported as a 
proportion of total community energy use for compar- 
ison among communities. 

Species-level body size distributions (BSD) 
For statistical tests of BSD, I used the traditional 

species-based frequency distribution of the mean mass 
of each species within the community (sensu Hutch- 
inson and MacArthur 1959). I tested the species-level 
body size distribution against a uniform distribution 
and compared sites to each other using the Kolmogo- 
rov-Smirnov tests. For visual, but not statistical, com- 

parison of the BSD to the BSED, the distribution of 
mean masses was smoothed using kernel density es- 
timation (Fig. 1; Manly 1996). I used a Gaussian kernel 
to mimic the actual body size distribution in log space 
and the average standard deviation of the mean of the 

logged masses as an estimate for the smoothing param- 
eter, h. Sampling points for the kernel density esti- 
mation were aligned with the midpoint for each size 
class in the BSED. This technique was used for com- 

parability to other studies examining aggregations in 
the species-level body size distribution (i.e., Manly 
1996). 

Energetic dominance 

Energy use modes were defined as contiguous body 
size classes in which the energy use of each size class 
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FIG. 2. The frequency distribution of dominance values 
within energy use modes of the body size-energy distribution 
for the nine small-mammal communities. The relative dom- 
inance of a species within a mode (DE, where E stands for 
energy) was calculated using the Berger-Parker dominance 
index (Berger and Parker 1970). 

was greater than 5% of the community total. This per- 
centage is slightly higher than expected if energy were 
distributed uniformly across body sizes. After identi- 
fying energy use modes, the total energy use for each 
species was calculated. Within an energy use mode, 
dominance by species with the highest energy use was 
calculated using a modification of the Berger-Parker 
dominance index (Berger and Parker 1970), DE = pmax 
where pmax is the maximum proportion of energy use 
by any one species in a mode. 

Statistical tests 

Because energy values in the BSEDs represent sums 
across individuals within a size class and not counts 
of values for individuals, they are not traditionally de- 
fined frequency- or count-based distributions and stan- 
dard statistical tests of distribution shape are invalid 
(Sokal and Rohlff 1995). Therefore, BSEDs were tested 
for uniformity using bootstrap resampling. Random 
communities were drawn by choosing n uniformly dis- 
tributed random masses from between the minimum 
and maximum mass of the community (n = the total 
number of individuals within a community). To cal- 
culate the similarity or overlap between two body size- 
energy distributions, I used a distribution overlap index 
(DOI): 

DOI = C I(Yak - Ybk) 
k 

where y is the value for size class k at study site a or 
b. Because all distributions were normalized, this index 
ranges from zero (complete overlap) to 2.0 (no over- 
lap). The DOI between each random community and a 
true uniform distribution was calculated. Ten thousand 
bootstraps were used to develop a distribution of DOIs 
expected to occur based on sampling from the uniform. 
The P value represents the proportion of random-uni- 

form BSEDs with DOIs greater than the observed dis- 
tribution. I used a similar technique to compare the 
BSEDs among communities. Masses of all individuals 
for the two communities being compared were pooled. 
From this pool, masses for two resampled communities 
(one each of the size of the original communities) were 
drawn randomly and with replacement. A DOI was 
calculated for the two random communities, and this 
procedure was repeated 10000 times to create a dis- 
tribution of expected DOI values for the communities 
being compared. Significance was determined in the 
same manner as for uniformity. 

BSDs were tested for statistical difference from a 
uniform distribution using the 8-corrected Kolmogo- 
rov-Smirnov goodness of fit test. The 8-corrected Kol- 
mogorov-Smirnov test increases the power of the test 
when sample sizes are small (n < 25; Zar 1999). BSD 
distributions were compared among communities using 
the Kolmogorov-Smirnov two-sample test (using 
SPSS). The Kolmogorov-Smirnov test was chosen for 
these tests because it is sensitive to differences in the 
overall shape of the distribution (i.e., location, disper- 
sion, skewness; Sokal and Rohlf 1995). 

RESULTS 

BSEDs for all communities were significantly dif- 
ferent from uniform (Fig. 1; all P 

_ 
0.001). Within 

energy use peaks, one species often accounted for the 

majority of energy use, resulting in consistently high 
values of DE across all nine communities (range: 0.60- 
1, average DE = 0.85; Fig. 2). In contrast to the energy 
distributions, none of the species-level body size dis- 
tributions were statistically different from uniform (6- 
corrected Kolmogorov-Smirnov goodness of fit test: all 
P > 0.10; Appendix A). Visual comparisons of the 
distributions for each community (Fig. 1) indicate that, 
while the BSDs at two sites, Niwot and Andrews, ap- 
pear to reflect their BSEDs (though only in positions 
of modes, not magnitude) the BSDs in the other seven 
communities exhibited distinctly different patterns than 
their respective energy distributions. Together, the uni- 

formity tests of the body size and the body size energy 
distributions, as well as direct visual inspection, in- 
dicate that BSEDs differ from the species-level body 
size distributions in overall shape. 

While sites exhibited the same general multimodal 
shapes in their BSED, direct comparison of sites re- 
vealed that the distributions of all sites were signifi- 
cantly different from one another (all pairwise com- 
parisons of DOI: P < 0.001). In contrast to the BSEDs, 
all sites had similar species-level body size distribu- 
tions (Kolmogorov-Smirnov two sample tests: all P > 
0.53; for details, see Appendix B). These results are 
not surprising since all sites also exhibited BSDs that 
were not significantly different from uniform. 

DIScuSSIoN 

The strong multimodal pattern of energy use within 
small-mammal communities indicates that energy is 
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not utilized equally by different body sizes. The con- 
sistency of this pattern across habitats indicates that it 
may be a common feature of small-mammal commu- 
nities. Combined with earlier work demonstrating mul- 
timodal abundance and biomass distributions (Sheldon 
et al. 1972, Cyr and Pace 1993, Griffiths 1996), this 
suggests that multimodal BSEDs are likely to be a gen- 
eral pattern not only within small-mammal communi- 
ties but across diverse taxa. 

However, these results do not support the idea that 
the structure of a community (i.e., how species, as op- 
posed to individuals, are assembled in a community) 
reflects the underlying pattern of energy use (Holling 
1992). None of the communities exhibited a BSD that 
was statistically different from uniform (Appendix A, 
Table Al). However, it should be noted that, because 
some communities contain fewer species than others, 
the sample sizes for some communities are small. Ex- 
amination of the species-level body size distributions 
(Fig. 1) shows what appear to be aggregations of spe- 
cies along the body size axis. These aggregations were 
not statistically detectable, but even if they were they 
would not support the mechanism proposed by Holling 
(1992) that the aggregations of species on the body 
size axis should reflect resource availability or use. 
Seven out of nine communities did not have aggre- 
gations of species along the body size axis correspond- 
ing to high energy use (Fig. 1). In fact, if the aggre- 
gations exist, they tend to correspond to body sizes 
where energy use is actually low. Niwot and Andrews 
LTERs are exceptions, with apparent aggregations of 

species along the body size axis corresponding to high 
energy use. However, it should also be noted that even 
for those sites the largest aggregations do not appear 
to correspond to the largest energy use peaks. In gen- 
eral, the striking differences between the BSD and the 
BSEDs suggest that the distribution of species along 
the body size axis within a community does not nec- 
essarily correspond to the distribution of mammalian 
energy use. However, it should be noted that the BSED 
is a measure of how energy is actually used by the 
community and not a direct measure of underlying re- 
source availability. Because of this discrepancy be- 
tween community usage and resource availability, I 
cannot definitively reject the hypothesis that aggrega- 
tions of species result from underlying patterns of re- 
source availability. 

While the multimodal distribution of energy use is 
a strong and consistent pattern across communities, it 
is unclear what the underlying process is. One possible 
process is that the distribution of energy use follows 
resource availability. Processes within ecosystems op- 
erate on multiple spatial and temporal scales that can 
result in patchy or fractal-like distributions of resourc- 
es. This could potentially result in organisms being able 
to perceive and/or utilize only the subset of resources 
that are available at the scale at which the organism 
forages (Holling 1992, Milne 1992, Ritchie 1998). Be- 

cause many of the characteristics of species that de- 
termine the temporal and spatial scales at which an 

organism operates are closely tied to body size (e.g., 
generation time, locomotion rates, home range size; 
Peters 1983), different resources may only be available 
to organisms of certain sizes. A series of studies con- 
ducted on Darwin's finches on the Galapagos have 
shown that the relationship between abundance and 
beak size for Darwin's finch is unimodal or multimodal, 
depending upon the island (Schluter et al. 1985). The 

shapes of these distributions and the differences be- 
tween islands appear to result from the underlying dis- 
tribution of seed sizes (Schluter et al. 1985, Grant 1986, 
Grant and Grant 1996), suggesting that resource dis- 
tributions could create the body size energy distribu- 
tions reported here. 

An alternative process to resource availability, which 
is often assumed to be important in determining com- 

munity structure, is competition. The possibility that 

interspecific interactions could affect the body size 
structure of the community was first postulated by 
Hutchinson (1959). Coexistence of species in com- 
munities is facilitated by resource division (Tilman 
1988), and differences in body size in otherwise similar 

species may facilitate the division of resources and thus 

promote coexistence (Hutchinson 1959, Bowers and 
Brown 1982, Grant 1986). For rodents, and desert ro- 
dents in particular, body size appears important to 

structuring communities (Bowers and Brown 1982). In 
this study, the high degree of dominance exhibited in 
the energy use modes of the BSEDs also suggests that 

body size-mediated competition may be important for 

structuring energy use. An average dominance of 85% 

implies that, across an energy use mode, energy is pre- 
dominately used by a single species. Further, when the 

species-level body size distribution is compared to the 
BSED (Fig. 1), aggregations of species do not coincide 
with the highest energy use, suggesting that there may 
be strong competition within modes. This high domi- 
nance may also have implications for the multi-modal 
structure of the BSED. If competition is intense be- 
tween species of similar size, then energetically dom- 
inant species cannot coexist within an energy use mode. 
This process could result in the two or three most en- 

ergetically dominant species creating distinct body 
size-energy modes, and thus creating a multimodal 
BSED through competition. In fact, competition be- 
tween species of similar size might explain patterns in 

the BSD reported in this and other studies (e.g., Holling 
1992, Allen et al. 1999) that suggest the presence of 
clusters of species along the body size axis. Finally, it 
is important to note that neither resource availability 
nor competition is mutually exclusive. In fact, Schluter 
and Grant (1984) suggested that while resource distri- 
butions can create multimodality, competition should 
result in exclusive control of resources by one species, 
resulting in the types of patterns demonstrated here for 
the rodents. However, while competition and resource 
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distributions are frequently assumed to be the important 
processes driving community structure, they are not the 

only possible processes which could generate these pat- 
terns. Further research is clearly needed to understand 
what processes are important in creating multimodal 

body size-energy distributions in small-mammal com- 
munities. 

While this study focused solely on mammals, it is 

important to note that mammals are not the only ani- 
mals involved in energy use in these communities. For 

example, in North American desert systems (the ma- 

jority of communities in this study), most rodents are 

granivores. However, there are two other abundant 

groups of granivores in these deserts: birds and ants 
(Brown et al. 1979). Because ants are substantially 
smaller than 4 g, which is the minimum size of rodents 
in these communities, we might expect to see additional 

peaks in energy use.occurring below 4 g if ants were 
added to this analysis. The impact of birds is less clear. 
While there is a high diversity of granivorous birds in 
desert ecosystems, seed use in North American deserts 
tends to be highly dominated by rodents and ants, with 
birds consuming only a small percentage of available 
seeds (Brown et al. 1975, Mares and Rosenzweig 1978, 
Parmenter et al. 1984). This suggests that birds would 

probably have only a minimal impact on the shape of 
the BSED for deserts in this body size range. However, 
because of the lack of comparable density data for birds 
and rodents in a single community, it is difficult to 
discern the effects of birds. Field research that inten- 

sively censuses multiple taxonomic groups and obtains 
masses for the majority of individuals is needed not 

only to assess whether multiple taxonomic groups re- 
inforce the multimodal BSED for a community but also 
to assess whether different taxonomic groups exhibit a 
different correspondence between the BSD and the 
BSED from that shown for these small-mammal com- 
munities. 

This study indicated strong relationships between en- 

ergy use, body size, and community structure in small- 
mammal communities and did not support the idea that 

energy use is uniform across body size classes. This 

study also did not support the idea that peaks in energy 
use result in aggregations of species of similar body 
sizes within communities. Further exploration of the 

body size-energy relationship through time and across 
habitats and taxa should yield additional insights into 
the processes influencing community structure and dy- 
namics. 
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APPENDIX A 

A table of test statistics for 8-corrected Kolmogorov-Smirnov tests for comparisons of the species-level body size distri- 
butions to a uniform distribution is available in ESA's Electronic Data Archive: Ecological Archives E086-076-A1. 

APPENDIX B 

A table of test statistics for Kolmogorov-Smirnov two-sample tests comparing the species-level body size distributions 
between sites is available in ESA's Electronic Data Archive: Ecological Archives E086-076-A2. 
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