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We determined if data on strepsirhine body and home range sizes support an
optimal body size (OBS) model of 100 g, as predicted from studies of ener-
getics in terrestrial mammals. We also tested the following predictions of the
OBS model: 1) relationships between body and home range sizes will change
slope and sign above and below the OBS threshold of 100 g and 2) best-
fit lines for OBS regression models (above and below the 100-g threshold)
will intersect at ca. 100 g (range of 80–250 g). We collected data on body
mass, home range size, and vertical ranging behavior for 37 strepsirhines
from the literature. Linear regression analyses and phylogenetic indepen-
dent contrasts methods revealed that body size is a significant determinant
of both 2-dimensional (ha) and 3-dimensional (km3) home range sizes only
in taxa weighing >100 g. There were consistent changes in the sign of the
slopes above and below the OBS threshold. The intersections of the best-fit
lines were within the OBS range for the body size to 3-dimensional home
range comparisons. Thus, the data provide some support for the OBS model
in strepsirhines. However, no regression model was statistically significant
for the taxa below the OBS threshold, which may reflect small sample sizes.
Also, no slope differed significantly between taxa above and below the OBS.
Significant correlations between body and home range sizes for the complete
data sets refute the

√
-shaped constraint space predicted via the OBS model.
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INTRODUCTION

Mammalian body size tends to have a linear relationship to most
life-history variables in logarithmic space (Leonard and Robertson, 2000).
However, some allometric relationships to body size are not linear (Brown
and Nicoletto, 1991; Brown et al., 1993; Kelt and Van Vuren, 1999). Brown
et al. (1993) and Brown (1995) produced a model to explain nonlinear re-
lationships to body size in mammals. They argued that there is an energet-
ically based optimal body size (OBS) for mammals of ca. 100 g (range of
80–250 g), which they referred to as M∗. The OBS is based on the follow-
ing energetic definition of fitness: “. . .the rate that resources, in excess of
those required for growth and maintenance of the individual, can be har-
vested from the environment and used for reproduction” (Brown et al.,
1993: 575). Thus, an optimally-sized organism is one that maximizes en-
ergy left over after growth and maintenance by converting the free energy
into reproduction (Boback and Guyer, 2003). Two of the main assumptions
of the OBS model are that interspecific allometric (IA) relationships be-
tween body size and ecological variables, such as home range size, should
change slope and sign above and below M∗. Another assumption is that
best-fit lines for OBS regression models should intersect at ca. 100 g (range
of 80–250 g). The patterns occur because Brown et al. (1993) used standard
allometric equations for acquisition of resources (scaled to .75 power) and
transfer of energy to offspring (scaled to –.25 power). Thus, small-bodied
individuals are best able to convert resources (energy) into reproduction,
though their high metabolic needs limit the rate of resource acquisition for
reproduction. Though large-bodied individuals have a greater capacity to
acquire resources, they are limited in their reproductive potential. For ex-
ample, Kelt and Van Vuren (1999) documented that the slopes of a body
size vs. home range comparison were significantly negative below M∗ and
significantly positive above M∗, i.e., a

√
shaped constraint space, for 19

species of North American mammals.
Some theoretical and empirical studies do not support the OBS model.

Kozlowski (1996) and Perrin (1998) criticized the assumption that the trans-
fer of energy to offspring scales to the –.25 power. Use of the scaling
relationship results in a prediction that female mouse lemurs (Microce-
bus spp.) weighing 33–63 g should produce more milk per day than fe-
male gorillas (Gorilla sp.) weighing 71–97 kg. Others have criticized the
use of correlational values derived from measurements on individuals to
then make inferences about body size in species (Chown and Gaston,
1997). The last assumption may be particularly problematic because of pri-
mate sexual dimorphism and the annual variations in body size that oc-
cur in many Malagasy strepsirhines (Atsalis, 1999; Clutton-Brock, 1985;
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Ganzhorn and Schmid, 1998; Kappeler, 1991; Leutenegger and Cheverud,
1982; Plavcan and van Schaik, 1997; Smith and Cheverud, 2002). Some
researchers have questioned the unimodal, right-skewed distribution that
is inherent to the OBS model (Jones and Purvis, 1997; Kozlowski, 1996;
Lovegrove and Haines, 2004). Lovegrove and Haines (2004) found that
subdividing Afrotropical mammals—including primates—into specific lo-
comotory modes—plantigrade, digitigrade, and unguligrade—resulted in a
trimodal rather than unimodal pattern of body size distributions. Among
empirical tests of the OBS model, Symonds’ (1999) study of insectivores
showed no relationship between body mass and life history variables af-
ter controlling for phylogeny. Symonds’ (1999) study is one of the first to
test the OBS model via phylogenetically independent contrasts (Felsen-
stein, 1985; Garland et al., 1992, 1993). In phylogenetically IC (independent
contrasts), comparisons are made at all levels of a phylogeny rather than
just between species (Nunn and Barton, 2001). The comparisons are impor-
tant because they provide phylogenetically independent data points, which
one can then analyze via standard statistical methods. It is not yet known if
predictions derived from the OBS model apply to primates and if any po-
tential relationships will continue to exist after application of phylogenetic
controls.

The Strepsirhini represents an excellent primate taxon to test the
OBS model. There are data on body and home range sizes for many taxa
(Table I). Strepsirhines straddle the hypothesized optimal body size of
100 g, with body sizes ranging from 33 g for Microcebus berthae to 6.7 kg
for Propithecus diadema diadema (Smith and Jungers, 1997). Intersexual
variations in body and home range sizes for some strepsirhines provide an
additional opportunity to contrast potential energetic differences between
males and females. Therefore, we examined relationships between body
size and home range size in strepsirhine primates to test the OBS model.
Specifically, we tested the following hypotheses: 1) the relationship between
body and home range sizes will be significantly negative <100 g and signifi-
cantly positive >100 g, 2) the signs of the slopes for the body size and home
range size comparisons will change above and below 100 g, and 3) the best-
fit lines for OBS regression models (above and below the 100-g threshold)
will intersect at ca. 100 g (range of 80–250 g).

METHODS

We collected data on body mass and minimum home range size from
the literature. Per Kelt and Van Vuren (1999), we used minimum home
range size instead of estimates of mean or maximum sizes. We chose
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hü
lk

e,
20

03
;3

3
=

K
ap

pe
le

r,
20

03
;3

4
=

G
oo

dm
an

et
al

.,
19

93
;3

5
=

D
oy

le
an

d
B

ea
rd

er
,1

97
7.



216 Lehman, Nargolwalla, Faulkner, Taylor, and Lundy

minimum home range sizes because methods primatologists commonly use,
such as grid cell counts, result in overestimates of home range size (Pim-
ley et al., 2005a; Worton, 1987). We also controlled for the influence of
group size on home range size by dividing minimum home range size by
minimum group size for group-living strepsirhines (Leonard and Robert-
son, 2000; Milton and May, 1976). We selected minimum group sizes for
sites where we collected body size and home range data. The control was
necessary because the OBS model operates at the organismal rather than
the group level. We eliminated taxa from the initial data set if body masses
were available only for captive individuals and if data on body size, home
range, and group size were each from different sites/protected areas. The
data requirements resulted in a final data set of 37 taxa used for analyses
(Table I).

Methods commonly used by researchers to estimate home range sizes
may not accurately reflect the unique energy expenditures of arboreal
species (Worton, 1987). Home range sizes in primates tend to measure
only a 2-dimensional area (length × width) and do not account for verti-
cal ranging behavior (Grand, 1984). The third dimension contributes to the
distance arboreal primates travel and energy they expend as well as the den-
sity of the resources they may encounter within their arboreal environment
(Milton and May, 1976). Thus, we incorporated species-specific vertical
ranging data into home range size to produce an approximation of home
range size in 3 dimensions (length × width × height). The methodological
issue is particularly relevant to the OBS model because it is based on and
supported largely by studies of terrestrial mammals. We tested 2- and 3-
dimensional measures of home range size separately as covariates to strep-
sirhine body size.

Though researchers believe that body size correlates strongly with phy-
logenetic history (Smith et al., 2004), it is important first to test the data for
significant phylogenetic autocorrelation (Abouheif, 1999; Blomberg et al.,
2003; Cheverud et al., 1985). Phylogenetic autocorrelation is the pattern of
relatedness of a set of phylogenetically related data—the extent to which
closely related taxa are more likely to have similar magnitude than by
chance alone (Blomberg et al., 2003). If there is no phylogenetic autocorre-
lation, then one can use traditional IA measures. Per Abouheif (1999), we
conducted a test for serial independence (C) to determine if there was phy-
logenetic autocorrelation in the body size and home range data. We con-
ducted the tests via Phylogenetic Independence with significance levels de-
termined via 1000 iterations of the original data set (Reeve and Abouheif,
2003). We used a consensus phylogeny Yoder (1997) produced as the main
source for strepsirhine phylogenetic relationships (Fig. 1). The phylogeny
was chosen because it is based on a meta-analysis of 9 genetic studies on
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Galago senegalensis
Galago gallarum
Galago moholi
Otolemur garnettii
Otolemur crassicaudatus
Galagoides alleni
Galagoides zanzibaricus
Galagoides demidoff
Nycticebus coucang
Loris tardigradus
Daubentonia madagascariensis
Phaner furcifer
Cheirogaleus medius
Cheirogaleus major
Allocebus trichotus
Mirza coquereli
Microcebus ravelobensis
Microcebus sambiranensis
Microcebus rufus A
Microcebus myoxinus
Microcebus berthae
Microcebus tavaratra
Microcebus rufus B
Microcebus murinus W
Microcebus murinus SE
Microcebus griseorufus
Lepilemur dorsalis
Lepilemur edwardsi
Lepilemur leucopus
Lepilemur ruficaudatus
Lepilemur septentrionalis
Lepilemur mustelinus
Propithecus diadema
Propithecus verreauxi
Propithecus tattersalli
Avahi laniger
Avahi occidentalis
Indri indri
Eulemur coronatus
Eulemur macaco macaco
Eulemur macaco flavifrons
Eulemur rubriventer
Eulemur mongoz
Eulemur fulvus rufus
Eulemur fulvus albifrons
Eulemur fulvus sanfordi
Eulemur fulvus albocollaris
Eulemur fulvus collaris
Hapalemur griseus
Hapalemur aureus
Hapalemur simus
Lemur catta
Varecia variegata variegata
Varecia variegata rubra

Fig. 1. The phylogeny of the strepsirhines in this
study (Mayor et al., 2004; Wyner et al., 2000; Yoder,
1997, 2003; Yoder et al., 2000).
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strepsirhines, includes numerous regions of the genome, and supports many
of the phylogenetic relationships reported from morphological studies. We
supplemented the phylogeny with more recent genetic data (Delpero et al.,
2001; Mayor et al., 2004; Poux and Douzery, 2004; Wyner et al., 2000; Yo-
der et al., 2000). Serial independence tests indicated significant phyloge-
netic autocorrelation for male body size (C = .442, p = .001) and female
body size (C = .685, p = .001), but not for 2-dimensional home range size in
males (C = .169, p = .197) and females (C = .201, p = .171). Further, there
was no phylogenetic autocorrelation for 3-D home range sizes in males
(C = − .019, p = .103) and females (C = .054, p = .128). Thus, it was nec-
essary to control for phylogeny in the OBS analyses.

We used IC to determine the relationship between body size and home
range in strepsirhines after taking their phylogenetic relatedness into ac-
count. We transformed body size and home range data via PDAP (Phe-
notypic Diversity Analysis Programs) to produce standardized IC data
(Garland et al., 2002). Because the OBS model makes no prediction about
contrast values of body size, we split each strepsirhine data set into 2 phy-
logenetic subsets: 1) taxa whose body sizes were <log10 100-g threshold
and 2) taxa whose body sizes were >log10 100-g threshold. IC methods
require detailed information on phylogenetic relationships for the test pop-
ulation (Felsenstein, 1985). However, data on branch lengths are available
for only some strepsirhines (Pastorini et al., 2001; Yoder and Yang, 2004).
Thus, we used an accepted default procedure in which we assigned the same
length to all branches (Purvis et al., 1994; Symonds, 1999). The advantage
of the approach is that it allows more contrasts to be performed, increas-
ing the power of subsequent statistical tests. However, Felsenstein (1985)
noted that branch lengths should represent expected units of evolutionary
change. Thus, one must adequately standardize ICs so that they have equal
expected variance in subsequent regression models (Garland et al., 1992).
We achieved the test by regressing the absolute values of the standardized
contrasts on the square root of the expected variance. Ideally, none of the
correlations should be statistically significant. It is also important to test for
heterogeneity of variance in the residuals. The predicted values of the de-
pendent variables (body size and home range) are directly proportional to
the contrasts in the predictor variable because the residuals are derived by
regression through the origin (Diaz-Uriarte and Garland, 1996). To com-
plete the diagnostic test, we regressed the absolute values of the residuals
against the standardized contrasts in the independent variable. Again, none
of the resulting correlation values should be statistically significant. If any
of the diagnostic tests were significant, then we made branch length correc-
tions via PDTREE (Garland et al., 1992, 1999; Garland et al., 2002).
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We used linear regression analyses to determine if log10 body mass
(independent variable) was a significant determinant of 2-D and 3-D log10
home range sizes (dependent variables) for the IA and IC data. Per
Symonds (1999), we computed regression coefficients for males and females
above and below the OBS threshold (i.e., 100 g). We also tested for a linear
relationship between body mass and home range size for the complete male
and female IA and IC data sets. We ran the regressions as a test of the pro-
posed

√
-shaped constraint space. We used a t-test to determine if there was

a significant difference in slopes above and below the OBS threshold within
and between sexes. For IC regressions, we forced the slope of the regression
equation through the origin (Garland et al., 1992). We used a t-test to de-
termine the probability that the slope for each IC regression model differed
significantly from zero (Garland et al., 1992). If the statistical probability
for the IC slope was >.05, we accepted the null hypothesis and inferred
no causal relationships. Conversely, if the statistical probability for the IC
slope was <.05, we rejected the null hypothesis and determined that the
independent variable is an important covariate of body size.

We conducted statistical analyses via SPSS 11.5 (SPSS Inc., Chicago,
IL 60606). All statistical tests were 2-tailed and α= .05.

RESULTS

There is a significant positive relationship between body size and 3-D
home range sizes for male and female strepsirhines above the OBS thresh-
old of 100 g (Table II). Moreover, there is a significant positive correlation
between body size and 3-D home range size for all female strepsirhines.
There is no statistically significant correlation for any of the other models.
Further, there is no significant difference in slope above and below the OBS
threshold for either 2-D or 3-D home range sizes in males. Despite the lack
of a statistical effect, there are changes in sign above (positive slopes) and
below (negative slopes) the OBS threshold for 2-D and 3-D home ranges
in both males and females (Fig. 2). The intersections of the best fit lines fall
within the range of OBS limits only for the 3-D measures of home range
sizes in male and female strepsirhines.

We used equal branch lengths for all IC transformed data (Table III).
None of the diagnostic correlations is significant, indicating that there is
no statistical issue with the branch length transformation. For the IC data,
body size in males above the OBS threshold correlates significantly with
both 2-D and 3-D home range sizes. In female strepsirhines above the OBS
threshold, body size correlates positively with 3-D home ranges. None of
the other IC regression models is statistically significant for the OBS data
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Fig. 2. Interspecific allometric relationships between log10 body size and log10 home range
sizes (ha and km3) and for male and female strepsirhines above and below the presumed
optimal body size threshold of 100 g. Males are designated by closed diamonds and females by
open squares. Shaded areas refer to the log10 optimal body size range (80–250 g). According
to the OBS model, the intersection of the best-fit lines should occur within this range.

sets. There is no significant difference in IC regression slopes above and
below the OBS thresholds for males or females, though there are consistent
changes in the signs of slopes for both home range metrics. There are also
significant positive correlations between body size and both 2-D and 3-D
home range sizes for all male and female strepsirhines when phylogeny is
taken into account.

DISCUSSION

Some of our data support the OBS model in strepsirhines. Though
none of the slopes differs significantly between taxa above and below the
OBS threshold, there are consistent changes in the sign of the slopes around
the threshold. Specifically, all the slopes for taxa below the OBS thresh-
old are negative, whereas the slopes for the taxa above the OBS threshold
are positive. Further, controlling for phylogeny did not alter the patterns.
Graphical comparisons of body and home range sizes result in a

√
-shaped
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constraint space in male and female strepsirhines, with the intersection of
the best-fit lines within the OBS range for 3-D data. Though we recognize
that there are undoubtedly issues with accuracy and precision in our vertical
ranging data, the data represent an important consideration in determining
an arboreal niche. Incorporating vertical ranging data into home range es-
timates provides a more accurate measure of the distance traveled and en-
ergy expended by arboreal primates as well as the density of the resources
within their arboreal environment (Milton and May, 1976). Moreover, body
size tends to be constrained to moderate sizes in arboreal mammals, such
as most of the strepsirhines tested here (Bakker and Kelt, 2000), because
of the physical and energetic costs of living in the forest canopy (Love-
grove and Haines, 2004). For example, arboreal taxa must be small enough
for tree branches to support their body masses (Emmons, 1995). The con-
straints and the necessity of determining home ranges in 3-D space indicate
that the OBS model may be applicable to some strepsirhines.

Despite our finding support for some aspects of the OBS model for
strepsirhines, the complete data set for the 37 taxa support previous re-
search in which body size was a significant determinant of home range
size in primates (Clutton-Brock and Harvey, 1979; Mace et al., 1983;
Milton and May, 1976). The analyses do not support the OBS model be-
cause there should be no significant correlation between body and home
range sizes for the entire data sets in males and females. In other words,
there is not exclusive statistical support for a

√
-shaped constraint space.

Other research refutes the main predictions of the OBS model (Jones and
Purvis, 1997; Symonds, 1999). Lovegrove and Haines (2004) concluded that
the diverse responses of mammals to natural selection in different regions
should not produce a single optimum body size. For example, Jones and
Purvis (1997) found no change in allometries of reproductive power above
or below the OBS in chiropterans. They suggested that optimal body size
was not found as a result of small sample sizes, the conservative life his-
tory characteristics of the taxon, and low variations in body masses across
all chiropterans. Sample size is a potential issue in some of our data sets,
particularly because we have data for only 7 taxa weighing <100 g. Nunn
and Barton (2000) noted that there has been considerable debate regard-
ing ecological correlates to body size in primates. They proposed that eco-
logical factors, e.g., substrate use, home range overlap, and diet, confound
analytical methods for determining how body size covaries with home
range in primates. For example, some supposedly solitary strepsirhines—
such as Mysore slender lorises (Loris tardigradus lydekkerianus)—
form sleeping and feeding associations with conspecifics (Nekaris and
Rasmussen, 2003). How can one control for group size for the supposedly
solitary taxa (Pimley et al., 2005b)?
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Strepsirhines also have diverse dietary regimens, which may confound
the OBS model. When one examines taxa representing different broad
dietary categories—folivorous vs. frugivorous or omnivorous—separately,
the positive relationship between body mass and home range size tends to
be strengthened (Milton and May, 1976; Nunn and Barton, 2000). However,
the methodology is not applicable to the question of OBS in strepsirhines
because all the taxa weighing <100 g are insectivores whereas most of the
taxa weighing >100 g are folivores or folivore/frugivores. Further, annual
and intersite variations in the proportion of fruits vs. leaves in the diet in-
fluence primate ranging patterns (Chapman and Chapman, 1990; Chapman
and Fedigan, 1990; Easley and Kinzey, 1986). Diet as a confounding vari-
able may be particularly relevant to folivorous strepsirhines; all of which
weigh >100 g. Most folivores have smaller home ranges than similarly-
sized frugivores because leaves are ubiquitous compared to more widely
and patchily distributed fruit resources (Clutton-Brock and Harvey, 1977;
Milton and May, 1976). Finally, sociality may increase the efficiency of find-
ing food resources, which may reduce home range size used by some group-
living primates (Chapman and Fedigan, 1990).

Allometric studies of Malagasy strepsirhines may not be entirely free
of the confounding effects of seasonality (Lehman et al., 2005). Of the 37
primate taxa for which we have data, 78.3% (N = 29) are lemurs. Many
lemurs undergo seasonal changes in body size, and in some cases, the
variations are extreme (Wright, 1999). For example, mean monthly body
masses vary significantly on a seasonal basis for female golden brown mouse
lemurs (Microcebus ravelobensis) in the dry forests of NW Madagascar
(Randrianambinina et al., 2003). In male fat-tailed dwarf lemurs
(Cheirogaleus medius), prolonged torpor results in mean body mass de-
creasing from 270 g before torpor to 152 g after torpor (Mueller, 1999).
Further, there are seasonal variations in general activity patterns and
home range use in many lemurs (Atsalis, 1999; Lemelin and Schmitt, 2004;
Overdorff et al., 1997). Brown mouse lemurs (Microcebus rufus) undergo
prolonged seasonal torpor and reduced activity periods in the humid forests
of eastern Madagascar (Atsalis, 1999; Randrianambinina et al., 2003).
Sussman (1992) notes that ring-tailed lemurs (Lemur catta) will adjust their
home range sizes in different habitats. Therefore, the effects of seasonality
and habitat variations on lemur body size and home range size may result
in large standard deviations for any mean values. As a consequence of the
variation, the biological and statistical significance of any resulting regres-
sion or correlation analyses may be questionable.

It is important to note some phylogenetic issues in our data. Our use of
a phylogenetic model in which we considered all branch lengths to be equal
necessarily implies a speciational model of evolution (Garland et al., 1992).
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Use of a speciational model requires data on all speciation events through-
out the phylogeny (Purvis et al., 1994). Smith and Cheverud (2002) note that
there are few genetic data supporting a speciational model of primate evo-
lution. Also, it is not known if the unresolved trichotomy of cheirogalids,
lepilemurids, and indriids represents a hard or soft polytomy (Yoder,
2003). For example, genetic studies of lemurs result in differing phylo-
genies depending on phylogenetic method (parsimony, maximum likeli-
hood) and which genes are used (Delpero et al., 2001; Hapke et al., 2005;
Pastorini et al., 2002). In addition, there is considerable debate regarding
lorisid systematics (Groves, 2001; Masters et al., 2005; Yoder, 2005). Branch
length data are becoming available for many lemurs (Pastorini et al., 2001;
Yoder and Yang, 2004), and we hope that a complete data set will soon be
available for strepsirhines. The phylogenetic data will ultimately increase
the power of phylogenetic controls, providing a better understanding of the
applicability of the OBS model to strepsirhines.

In conclusion, we found some support for the OBS model for IA and IC
data on body and 3-D home range size comparisons in strepsirhines. Specif-
ically, we confirmed that relationships between body size and home range
size changed sign above and below 100 g and that the best-fit lines for the
3-D home range models intersect within the predicted range of 80–250 g.
However, none of the IA or IC regression models is statistically significant
for the taxa below the OBS threshold, which may reflect issues with small
sample sizes. Further, none of the slopes is significantly different above and
below the OBS threshold. Also, significant correlations between body and
home range sizes for the complete data sets do not provide exclusive sup-
port for the

√
-shaped constraint space implicit in the OBS model. A com-

plete test of the OBS model in strepsirhines requires increased sample sizes
for taxa weighing <100 g, more accurate data on 3-D home range sizes,
measures of other characteristics, e.g., age at weaning, maximum lifespan,
annual fecundity, and more robust phylogenetic measures.
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