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Abstract The extent of diversity within closely related taxa
may be a function of their shared evolutionary history or of
selective forces causing adaptive changes. Examining
variation among taxa within a single genus may help to
identify flexibility in trait variation because recently
diverged populations are more likely living in the environ-
ment of adaptation. This study examines correlates of
diversity in Eulemur, a genus that has a wide distribution in
a variety of habitat types throughout Madagascar. Previ-
ously published data were gathered from 11 long-term
studies of Eulemur populations. Variables were categorized
into multiple datasets: (1) environmental characteristics, (2)
social organization, and (3) ecology, which included
subsets for ranging behavior, diet, and activity budget.
Molecular phylogenies from the literature were used to
create the fourth and final dataset, a dissimilarity matrix of
evolutionary distance among the 12 species and subspecies.
Principal components and cluster analyses were imple-
mented to examine the overall ecological similarity among
Eulemur populations and to determine which variables
contribute most to the variation among taxa. Partial Mantel
tests were conducted to test for correlations among the
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dataset matrices. The results suggest ecological flexibility
for the genus, in particular, populations in similar environ-
ments displayed similar activity patterns. In contrast, social
organization showed no relationship with environment but
was correlated with phylogenetic distance among popula-
tions. While Eulemur seems to demonstrate some flexibility
for ecological adaptations, characteristics related to group
size and sex ratio more closely track phylogeny and thus
may be less flexible.
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Introduction

Together, shared evolutionary history and selective forces
have contributed to the patterns of extensive behavioral and
ecological diversity among animal taxa. A great portion of
past research on this variation has typically examined
behavior and ecology in relation to habitat or resource
distribution (Horn 1968; Clutton-Brock and Harvey 1978;
Barton et al. 1996; Koenig et al. 1998), as socioecological
theory generally interprets such variation as adaptive, often
in response to environmental pressures (Rubenstein and
Wrangham 1986; van Schaik 1989; Lott 1991; Sterck et al.
1997; Kappeler 1999). The numerous instances of intraspe-
cific variation across populations as well as individual
variation over time demonstrate the significance of consid-
ering behavior as inherently flexible (Gould and Johnston
1972; Foster and Endler 1999).

Yet some researchers have lamented the relative
neglect of phylogeny and its significance for behavioral
variation. Prum (1994) described past efforts to model

@ Springer


http://dx.doi.org/10.1007/s00265-006-0236-7
http://dx.doi.org/10.1007/s00265-006-0236-7

54

Behav Ecol Sociobiol (2006) 61:53—64

social behavioral evolution among vertebrates as “ahis-
torical”. Behavioral traits typically had been regarded as
more plastic and less likely to display a phylogenetic
signal (e.g., Blomberg et al. 2003; Wilson 1975; Atz
1970); however, de Queiroz and Wimberger (1993) found
that a dataset of behavioral traits exhibited no real
difference from a morphological dataset in degree of
homoplasy. Blomberg and Garland (2002) define “phylo-
genetic signal” as occurring when closely related species
tend to display similar traits more than by chance.
Possible mechanisms that may lead to a phylogenetic
signal include biological constraint limiting trait variation
or stabilizing selection maintaining a trait over time.

In studies of primate behavior and ecology, there has
been less effort to investigate patterns of phylogeny
(Lockwood and Fleagle 1999). Traditionally, researchers
attempted to answer questions regarding the possible
adaptation of traits by using “natural experiments” (Brooks
and McLennan 1991). This would generally entail one of
two scenarios: either studying closely related taxa under
different environmental conditions or examining distantly
related species in similar habitats. In the first situation, any
observed differences among taxa were thought to be the
result of selective forces, while in the second, any
similarities among taxa were believed to be convergent
adaptations due to natural selection and not evolutionary
relatedness.

The past decade or so has seen a growing number of
studies attempting to integrate the evolutionary history of
taxa by using techniques from phylogenetic systematics to
investigate primate behavioral variation (e.g., Di Fiore and
Rendall 1994; methods reviewed in Nunn and Barton
2001). These studies have often employed broad, cross-
species or cross-genera comparisons, but more recent
research has incorporated phylogenetic approaches when
examining narrow evolutionary units (Thierry et al. 2000;
Doran et al. 2002; Korstjens et al. 2002). An approach that
focuses on taxa within a genus or species to examine the
factors contributing to ecological and behavioral diversity
should provide a clearer picture because subjects would
have relatively recent divergence times with possible
opportunities for continuing gene flow (i.e., subspecies).
Therefore, variation among populations is not likely
attributable to evolutionary history but rather to selection
pressures of the near-present-day environment. With the
increasing availability of genetic data for many primate
populations, it is becoming more feasible to tease apart
these factors and their relative contributions toward the
behavior and ecology of primates.

The genus Eulemur, a member of the lemurid family
from Madagascar, provides a particularly appropriate study
group for investigating the relationship of behavior with
both environmental selective forces and evolutionary

@ Springer

relatedness. Over the past decade, Eulemur species have
been the focus of a number of long-term field studies
providing reliable data across seasons for multiple popula-
tions (Colquhoun 1993, 1997; Overdorff 1993; Freed 1996;
Curtis 1997; Donati, unpublished data; Vasey 1997;
Rasmussen 1999; Gerson 2000; Ostner 2002). These
studies have revealed a relatively high degree of variability
in certain traits. Generally, Eulemur diets tend to be more
frugivorous, yet high levels of folivory have been noted in
some western populations including Eulemur fulvus rufus
(Sussman 1977; Gerson 2000).

In addition to the documented dietary diversity within the
genus, there is variation in social organization as well. Two
general patterns of social organization exist: small pair-
bonded groups (Eulemur mongoz and Eulemur rubriventer)
and larger multimale, multifemale social groups (E. filvus,
Eulemur macaco, and Eulemur coronatus). These two forms
of social organization display associated differences in their
group cohesion as well as other characteristics, although a
number of these social organization traits have not been
systematically quantified for many populations. Perhaps the
most interesting aspect of FEulemur behavioral variation
concerns their activity patterns. All Eulemur populations
exhibit cathemeral activity patterns (i.e., active day and
night), yet the degree of cathemerality is variable among taxa
(Curtis and Rasmussen 2002). The amount of nocturnal
activity varies to some extent with habitat type and possibly
diet (Engqvist and Richard 1991), while other researchers
have tested for potential correlations with ambient light
temperatures, day length, and seasonal changes (food
availability and diet: Andrews and Birkinshaw 1998;
Colquhoun 1998; Curtis et al. 1999; Donati et al. 2001;
Kappeler and Erkert 2003). Measures of cathemerality,
however, have not been standardized quantitatively across
studies, leaving interpopulation comparisons somewhat
problematic.

All wild Eulemur populations are found on the island of
Madagascar, a setting characterized by extensive environ-
mental and climatic variability. Both an east-west divide
and a north—south gradient in the island’s environment have
been described (Tattersall and Sussman 1975; Ganzhorn et
al. 1999). In general, the east has more high-elevation
humid forests with an eastern coastal belt that is rainy year-
round (Jury 2003), while the west has lower elevation dry
forests (Du Puy and Moat 2003; Yoder and Heckman
2006). From north to south, Madagascar’s forests become
drier, particularly on the western coast. Yet, despite this
high degree of habitat diversity, Eulemur species can be
found in almost every forested area in the country
(Tattersall and Sussman 1998). Two radiations are likely
to have taken place, one at the species level and the second
in the form of multiple E. fulvus subspecies (Tattersall and
Sussman 1998). One species in particular, E. fulvus, has the
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widest distribution of any diurnal or cathemeral lemur.
Thus, because members of the genus seem to demonstrate
ability for populating diverse or variable habitats, they
make ideal subjects for the aims of this study.

In addition to behavioral ecology studies, molecular data
are available from many of these taxa and have been used
to construct phylogenies (Pastorini et al. 2002; Wyner et al.
2000; Yoder and Irwin 1999). As a whole, the monophy-
letic group (Tattersall and Schwartz 1991) consists of five
species: E. macaco, E. mongoz, E. coronatus, E. rubri-
venter, and E. fulvus. The first four species roughly ring the
island’s perimeter and are allopatric, but each one is often
sympatric with one or more subspecies of E. fulvus
(Overdorff and Johnson 2003). Several researchers explic-
itly examined intrasite ecological variation and evidence of
niche separation among sympatric species (Overdorff 1991;
Freed 1996; Vasey 1997). Overall, differences between
Eulemur species at the same site often appear only at a fine-
grained level, for example, vertical space use, seasonal
shifts in diet or activity cycle, or feeding on different parts
of the same plant species (Sussman 2002; Overdorff and
Johnson 2003).

This study aims to examine the relative importance of
environmental characteristics and evolutionary relatedness in
12 populations of Eulemur from eight sites across Madagas-
car. If environmental characteristics play a greater role in
shaping aspects of Eulemur socioecology, then there should
be a positive correlation between the environmental similar-
ity of sites and the behavioral and ecological traits displayed
by populations at those sites while controlling for their
evolutionary relatedness. Alternatively, if phylogenetic histo-
ry is an important predictor of Eulemur variation, then there
should be a positive correlation between the phylogenetic
distance among populations and their socioecological traits
while controlling for the environmental similarity of sites.

Materials and methods
Data collection

Data were gathered from the published literature for 12
different Fulemur populations covering sites across the
range of Madagascar (Table 1, Fig. 1). Studies were
included in the analyses if data were collected for at least
8 months in duration to account for possible seasonal
effects. Two of the 12 studies were 8 to 10 months in
duration, and all others were a year or more. Of the
yearlong studies, two were missing subsets of data for the
full year. For E. fulvus rufus at Kirindy, data on dietary
percentages were available for only 4 months and were
included for analysis after a long-term researcher at the site
confirmed that the general proportions were consistent year

round (Ostner, personal communication). For the second,
activity budget data for Fulemur fulvus collaris at St. Luce
were available for only 2 months and were not included in any
of our analyses. For both of these populations, all other
variables and data subsets were available for a complete
annual cycle. Other study sites and/or data were considered
for inclusion but were not used if the total dataset was too
short in duration (e.g., Eulemur fulvus albocollaris: Johnson
2002, Vevembe data range from 2 to 6 months in duration).
Overall, the study included at least one population from each
of the five species of Eulemur. Multiple populations were
included for two species: two populations of E. mongoz and
seven populations of E. fulvus. Four E. fulvus populations
are found at sites where they are sympatric with other
Eulemur species.

Data organization

Twenty variables were categorized into one of three
datasets: ENVIRONMENT, SOCIAL ORGANIZATION,
and ECOLOGY, the last of which includes three data
subsets (see S1). In addition, the evolutionary relationships
among populations were included in a PHYLOGENY
dataset. The ENVIRONMENT variables included (a) mean
annual rainfall (millimeters), (b) number of dry months
(<50 mm), (c) altitude (meters), (d) mean minimum annual
temperature, (¢) mean maximum annual temperature,
(f) mean temperature range, and (g) number of sympatric
primate species. Together, these variables serve to charac-
terize the environmental context that Eulemur may experi-
ence at a particular locale. The first six variables affect the
diversity, abundance, and availability of food and water
resources (Rosenzweig 1968; Bronikowski and Altmann

Table 1 Eulemur populations and study sites included in the analyses

Site Taxon Reference
Ampijoroa E. mongoz, E. fulvus fulvus 1

Ambato Massif E. macaco 2
Andranobe E. fulvus albifrons 3,4
Anjamena E. mongoz, E. fulvus rufus 5,6
Kirindy E. fulvus rufus 7,8

Mt. d’Ambre E. coronatus, E. fulvus sanfordi 9
Ranomafana E. fulvus rufus, E. rubriventer 10, 11, 12
St. Luce E. fulvus collaris 13

1 Rasmussen 1999, 2 Colquhoun 1997, 3 Vasey 1997, 4 Vasey 2000,
5 Curtis 1997, 6 Gerson 2000, 7 Ostner 2002, 8 Donati et al.
1999, 9 Freed 1996, 10 Overdorff 1991, 11 Overdorff 1996,
12 Overdorff and Ehart (unpublished data), /3 Donati (unpublished
data). Donati’s diet data were collected over a 4-month period, which
were the most comprehensive data available. An independent
researcher (Julia Ostner) studying Eulemur fulvus rufus at Kirindy for
more than a year corroborated the high degree of frugivory
throughout that time in the population. Additionally, data support the
year-round availability of fruit at Kirindy (Ganzhorn et al. 1999).
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Fig. 1 Map of Madagascar showing the sites and Eulemur popula-
tions included in the study

1996; Chapman and Chapman 1999). The number of
sympatric primates serves to estimate overall habitat quality
(Cowlishaw and Hacker 1997) and/or interspecific compe-
tition (Struhsaker 1978). In Madagascar, lemur species
richness has been shown to positively correlate with
characteristics such as increasing rainfall, tree-size diversi-
ty, and tree species richness (Ganzhorn et al. 1997).
Although the number of sympatric species is sometimes
considered an ecological factor, our ECOLOGY dataset,
discussed below, is comprised of ecological behaviors
specific to each population. We include the number of
sympatric species here with the assumption that it is another
characteristic of the environment that may influence
Eulemur behavior.

For behavioral traits, there are two datasets: SOCIAL
ORGANIZATION (from here on referred to as SOC ORG)
and ECOLOGY. SOC ORG consists of (a) mean group
size, (b) mean number of females per group, (c) mean
number of males per group, and (d) the mean adult sex
ratio. Additional social variables such as group cohesion,
mating system, and territoriality were considered for
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analysis yet omitted from the study because comparable
cross-study data were lacking. For ECOLOGY, the vari-
ables were further divided into three subsets: (1) RANG-
ING consists of (a) home-range size (hectares), (b) daily
path length (meters), and (c) defensibility index as a
measure of territoriality (Mitani and Rodman 1979);
(2) DIET includes (a) fruit (%), (b) leaves (%), and
(c) flowers (%); and (3) ACTIVITY BUDGET is composed
of (a) feed (%), (b) travel (%), and (c) rest (%). Percentages
of time spent in social activities were considered but again
not included for analysis because these data were not
available for all populations. Variables such as vertical
space use and those related to seasonal fluctuations
including variation in patterns of cathemerality also had to
be excluded because of difficulty determining comparable
measures across studies.

The final dataset, PHYLOGENY, was constructed as a
relative phylogenetic distance matrix based on the molec-
ular phylogenies of Pastorini et al. (2002 from their Fig. 3b)
and Pastorini et al. (2000) (Fig. 2 and S2). These
phylogenetic hypotheses were chosen since they sampled
individuals from the sites used in our study or nearby areas.

To examine the sensitivity of our results in the context
of this phylogenetic hypothesis, we also used phylogenies
from Yoder and Irwin (1999 from their Fig. 3b) and
Wyner et al. (2000 from their Fig. 2). However, both of
these studies lacked data for several populations included
in our analyses. In these cases, Pastorini’s data were used
for the missing populations. Consequently, the combined
Pastorini + Wyner et al. cladogram was the same as
Pastorini except that the E. mongoz clade was swapped
with the clade containing E. coronatus + E. macaco (see
S3a). Similarly, the combined Pastorini + Yoder and Irwin
tree was identical to Pastorini’s tree except that the
E. mongoz clade was swapped with E. rubriventer (see S3b).

The relative phylogenetic distance between taxa was
defined by the node depth (i.e., relative node age) between
taxa (Barraclough and Vogler 2000). This technique was
employed since the phylogenies were constructed from
more than one study, which did not report comparable
phylogenetic data.

Data analysis

Several multivariate methods were used to examine the
variation in the datasets and test the relationships among
them. First, we examined the overall similarity among the
populations by performing hierarchical cluster analyses using
the unweighted pair group method with arithmetic mean for
the ENVIRONMENT, ECOLOGY, and SOC ORG datasets
(McGarigal et al. 2000). All variables were standardized
using z-scores (Sokal and Rohlf 1995). The cluster analyses
were based on squared Euclidian distance matrices.
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Fig. 2 A combined phylogenetic tree based on cladograms from
Pastorini et al. (2000, 2002). The node depth (i.e., relative node
age) is indicated next to each node of the tree. Node depth was used
as a relative measure of the phylogenetic relatedness between taxa.
For example, the relative phylogenetic distance between E. fulvus
rufus at Kirindy and E. fulvus rufus at Ranomafana is 1. The
relative phylogenetic distance between E. fulvus rufus at Kirindy
and E. rubriventer at Ranomafana is 6

The potential relationships between the ENVIRON-
MENT and PHYLOGENY matrices to the ECOLOGY
and SOC ORG matrices were tested using partial Mantel
tests (Mantel 1967; Smouse et al. 1986). This method uses
a randomization approach to conduct pairwise comparisons
between the elements of two distance matrices while
holding a third distance matrix constant. In this case, the
independent matrix was ENVIRONMENT (and each
individual variable) and the dependent matrix was either
SOC ORG or ECOLOGY (or one of its subsets) while
controlling for PHYLOGENY. For each non-PHYLOGE-
NY dataset, all variables were transformed into z-scores
(Sokal and Rohlf 1995). Subsequently, a squared Euclidian
distance matrix was created for each variable, and a
multivariate squared Euclidian distance matrix was created
for each dataset. To examine the relative effects of
evolutionary relatedness, partial Mantel tests were also
conducted with PHYLOGENY as the predictor matrix
while controlling for ENVIRONMENT. Ten thousand
randomizations were performed for each test to determine
statistical significance. Following previous authors (Ortolani
and Caro 1996; Nakagawa 2004), we set alpha to 0.05 for
the Mantel tests. All tests were one-tailed.

A principal components analysis (PCA) was also
performed, combining all 20 variables from the ENVI-
RONMENT, SOC ORG, and ECOLOGY datasets to
examine which variables explain the majority of the
variation in the datasets and how the variables relate to
each other (Tabachnick and Fidell 1989). Twenty compo-
nents were extracted to account for all of the variation in
the original data (Rohlf, personal communication). Princi-
pal components that exhibited eigenvalues greater than 1
were deemed important (Tabachnick and Fidell 1989). The
cluster analyses and principal components analyses were
conducted with SPSS version 12.0 for Windows. The
partial Mantel tests were conducted with the PASSAGE
(Rosenberg 2001) and Permute! (methods described in
Legendre et al. 1994) software packages.

Results

The analyses using the three different phylogenetic hypoth-
eses produced similar findings; consequently, only the results
from the Pastorini phylogeny will be reported. The results
showed that both phylogenetic relatedness and environmental
characteristics are correlated with the social and ecological
variation of Eulemur taxa but for different sets of traits. The
cluster analysis using the ENVIRONMENT dataset yielded
expected results, with taxa from the same sites grouping
together as shown in Fig. 3a. The dendrogram for the SOC
ORG cluster analysis gives little fine-scale resolution, but all
except one E. fulvus subspecies cluster broadly together
separate from E. mongoz and E. rubriventer (Fig. 3b). The
ECOLOGY cluster analysis resulted in a dendrogram with
no clear pattern in support of a correlation with either
phylogeny or environment (Fig. 3c).

Based on Mantel tests, neither ENVIRONMENT nor
PHYLOGENY significantly correlated with the combined
ECOLOGY dataset (Table 2). Yet when the ECOLOGY
subsets were analyzed individually, the partial Mantel tests
yielded a significant relationship between ENVIRON-
MENT and ACTIVITY BUDGET similarity while holding
PHYLOGENY constant (Mantel 7=0.32, p=0.03). Partial
Mantel tests between the individual variables of the
ENVIRONMENT dataset and ACTIVITY BUDGET
revealed that populations living in sites with a similar
number of dry months (Mantel r=0.37, p<0.01), similar
altitude (Mantel =0.25, p=0.04), and maximum tempera-
ture (Mantel 7=0.32, p=0.03) displayed a similar activity
budget. Finally, there was no significant relationship
between ENVIRONMENT and DIET (Mantel =—0.17,
p=0.84) or RANGING (Mantel =—0.11, p=0.78).

There was no relationship between PHYLOGENY and
ACTIVITY BUDGET when controlling for ENVIRON-
MENT (Table 2). In contrast, the SOC ORG dataset
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Fig. 3 Dendrograms of the
cluster analyses using the

a ENVIRONMENT, b SOC
ORG, and ¢ ECOLOGY
datasets. The units indicate
rescaled squared Euclidian
distances
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demonstrated no significant association with the ENVI-
RONMENT matrix. However, the partial Mantel test
yielded a significant correlation between PHYLOGENY
and SOC ORG (Mantel =0.28, p=0.04) when controlling
for ENVIRONMENT. Therefore, populations that were
more closely related exhibited greater similarity in social
organization characteristics.
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The results of the PCA combining ENVIRONMENT,
ECOLOGY, and SOC ORG better pinpoint which key
variables explain the most variation among Fulemur taxa
and suggest a relationship between some of the individual
variables (Table 3). The first two components account for
slightly more than 50% of the overall variation in the
datasets (Table 3). The variables correlated with the first
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Table 2 Partial Mantel test correlation coefficients” examining the relationship between environmental and phylogenetic effects and Eulemur

behavior and ecology

ECOLOGY"® Activity budget Diet Ranging SOCIAL ORGANIZATION
ENVIRONMENT —0.06 0.32 -0.17 —-0.11 —-0.11
Rain —0.06 —0.04 —-0.14 —-0.08 —-0.07
Dry months 0.03 0.37 —-0.10 —0.11 —0.06
Altitude —-0.07 0.25 —-0.07 —0.14 0.01
Sym primates —0.08 0.10 —-0.15 —0.08 —0.02
Min temp —0.06 0.10 -0.20 —-0.02 —-0.10
Max temp 0.08 0.32 0.07 —-0.03 0.07
Temp range 0.00 0.06 0.03 0.06 —0.18
PHYLOGENY 0.08 0.05 —-0.16 0.14 0.32

Bold text indicates p<0.05; all tests are one-tailed

Rain Mean annual rainfall per year, Dry months mean number of months per year that have <50 mm of rain, Altitude mean altitude of study site,
Sym primates the number of sympatric primates at the study site, Min temp mean minimum monthly temperature, Max femp mean maximum
monthly temperature, 7emp range difference between the mean minimum and maximum monthly temperatures
*The Mantel test correlation coefficient is comparable to a Pearson’s correlation coefficient, yet it usually produces lower values for the equivalent

p value (Legendre 2000).

®The ECOLOGY dataset is comprised of all variables found in Activity budget, Diet, and Ranging.

component indicate that populations found in habitats with
few dry months and low maximum temperatures spend less
time resting and eat a low proportion of leaves. These
variables were negatively correlated with greater frugivory,
larger home ranges, and a higher defensibility index for sites
with a higher altitude. The second component was correlated
most strongly with several variables from the SOC ORG
dataset, including mean group size and number of males per

Table 3 Factor loadings for the first five principal components

group. In addition, these variables were positively correlated
with time spent feeding (Fig. 4). It is interesting to note that
the distribution of populations along the y-axis of the PCA
reflects the relationship between evolutionary relatedness
and social organization characteristics. All but one of the
E. fulvus populations group in the upper quadrants of the
PCA plot, whereas all remaining populations except for
E. coronatus are found in the lower quadrants.

Component 1 2 3 4 5
Eigenvalue 5.90 4.18 2.88 2.65 2.12
Variance (%) 29.48 20.90 14.41 13.26 10.59
Cumulative variance 29.48 50.38 64.79 78.05 88.64
Variable

Annual rainfall (mm) 0.389 0.252 0.275 —0.381 0.623
Altitude (m) 0.720 0.003 —0.458 -0.271 -0.224
# Sympatric primates 0.475 —-0.131 -0.772 0.086 —0.136
Dry months —0.634 —0.326 0.008 0.228 —0.636
Min temp -0.597 —-0.101 0.544 —0.354 —0.287
Max temp —0.709 0.039 0.341 0.508 0.295
Temp range -0.312 0.110 —0.029 0.767 0.501
Feed (%) 0.510 0.704 0.197 0.263 0.018
Move (%) 0.594 0.174 —0.382 —0.182 0.587
Rest (%) —0.683 —0.568 —0.140 0.156 0.164
Fruit (%) 0.682 0.200 0.275 0.279 —0.447
Leaves (%) —0.682 —0.143 —0.587 —-0.251 0.201
Floral (%) 0.131 —0.223 0.751 —-0.075 0.375
Mean group size —0.446 0.834 0.033 —0.250 —0.091
Males/group —0.243 0.929 —-0.139 —0.077 —0.087
Females/group —-0.220 0.889 0.253 —0.188 -0.192
Adult sex ratio —0.384 0.770 —0.331 0.359 —0.005
Home range (ha) 0.756 —0.201 0.407 —0.055 —0.097
Daily path length (m) 0.263 0.111 —0.100 0.803 —0.024
Defensibility index 0.722 —-0.120 0.173 0.500 —0.145
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Fig. 4 Biplot of the first two 15
components of the principal
components analysis for Eule-
mur sites using all datasets.
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Discussion

This study examined whether environmental or evolution-
ary factors best predicted the behavioral and ecological
variation among closely related taxa. Our findings suggest
evidence for both depending on the set of traits in question.
First, the data show that Eulemur activity budgets are more
alike in similar environments but not in more closely
related taxa. It is interesting to note that behaviors
characterizing Eulemur social organization demonstrated
no such environmental relationship. Instead, Fulemur taxa
that were more closely related demonstrated similar social
organization characteristics while controlling for environ-
mental conditions.

Environmental influences

For Eulemur taxa, activity budget was the only ecological
component to significantly correlate with environmental
variation. This suggests that some degree of behavioral
flexibility allows for a response to different environmental
conditions. In particular, results highlight a positive
relationship between the number of dry months and the
proportion of time spent resting. If more dry months are an
indication of stronger seasonal differences at a site, this
finding suggests that Eulemur taxa may have managed to
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Component 1

inhabit drier, more seasonal habitats by adopting an energy
conservation strategy. That is, in less productive environ-
ments, these species adjust by becoming less active.

Unexpectedly, measures of diet and environmental
factors did not have a significant relationship, at least while
controlling for evolutionary relatedness. However, the PCA
results indicate dietary differences between populations in
drier vs wetter habitats (Fig. 4). The proportion of leaves
eaten correlated with the number of dry months and
maximum temperature. Relying more heavily on leaves as
a fallback may be a response to living in more seasonal
forests, which may help explain why these populations also
tend to be energy conservers.

Similar adaptive strategies have been observed for other
taxa, in which the proportion of resting time increased in
response to lower quality habitat or seasonal shortages of
food resources (Colobus polykomos: Dasilva 1992; Macaca
sylvanus: Menon and Poirier 1996; but see Trachypithecus
leucocephalus: Li and Rogers 2004). A recent study by
Curtis (2004) showed that seasonal changes in feeding
behavior for E. mongoz at Anjamena might support an
energy conservation strategy during the dry season.
However, nutritional analyses instead demonstrated that
actual nutrient intake did not change across seasons, and,
via their dietary shift, E. mongoz appeared to compensate
fully for nutrient requirements (Curtis 2004).
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In our findings, altitude also showed an association with
activity budget. Givnish (1999) reported that there tends to
be a relationship between primate diversity and altitude,
which is probably tied to the correlation of plant diversity
and abundance with altitude. This broad-scale relationship
suggests that habitat quality should change along an
altitudinal gradient, and seemingly Eulemur activity budget
may have varied likewise. Further support comes from the
PCA results, which indicate that higher altitude sites are
correlated with a greater proportion of fruit eating and
negatively correlated with time spent resting. Thus, higher
altitude in this study may simply be representing greater
fruit abundance or even better quality habitat. Lower
elevations in Madagascar tend to lack large tracts of humid
forests (Goodman and Ganzhorn 2004); therefore, lower
altitude sites may have lower fruit availability simply
because there is less forested area.

The final environmental variable to correlate with
activity budget was maximum temperature. This relation-
ship may indicate that high temperatures have selected for
thermoregulatory strategies (Curtis et al. 1999), such that
animals shift activity periods to avoid heat stress. In this
case, populations coping with higher maximum temper-
atures also spent more time resting. In turn, it is possible
that these same populations might compensate for resting
during peak temperatures by increasing their nocturnal
activity.

As the previous description suggests, the environmental
association with activity budget is likely capturing aspects
of the timing of Eulemur activity. Eulemur taxa have been
traditionally classified as cathemeral. Recent reviews,
however, have demonstrated that a single cathemeral label
does not represent the full range of diversity of Eulemur
activity patterns. Overdorff and Johnson (2003) and Curtis
and Rasmussen (2002) suggest that activity patterns show
systematic variation according to environmental differences
among sites. These patterns range from year-round 24-h activity
to complete seasonal shifts between diurnal and noctur-
nal activities (e.g., E. macaco macaco, Colquhoun 1997;
E. mongoz, Curtis et al. 1999; reviewed in Curtis and
Rasmussen 2002).

Most studies included in this work collected the majority
of data during daytime observations. As a result, variation
in activity budgets may be reflecting differences in activity
patterns. If populations that tend to rest more during the day
are simply being more active at night, then this would point
to explanations other than strict energy conservation. Yet
differences in activity rthythms across populations will have
other direct repercussions for the overall activity budget.
For example, a population may spend more or less overall
time feeding depending on the proportion of time spent
feeding at night, which affects foraging efficiency via
changes in search time, predation risk, or level of

competitive interference. In addition to potential thermo-
regulatory benefits, Curtis et al. (1999) suggest that the
ability to shift to nocturnal activity during dry months may
be a behavioral adaptation for reducing interspecific
competition at a time of resource shortfall.

The connection between environmental conditions and
the type of cathemeral pattern exhibited by Eulemur
populations may provide evidence supporting Wright’s
energy frugality hypothesis, in which these taxa are
maximizing the use of scarce resources by adapting
cathemeral activity patterns (Wright 1999). Alternatively,
the evolutionary disequilibrium hypothesis (van Schaik and
Kappeler 1996) proposed that this and other lemur
characteristics are not necessarily stable adaptations but
are instead a consequence of relatively recent, large
ecological changes in Madagascar, such as extinction
events that opened up this new diurnal niche space to a
formerly nocturnal ancestor. Even so, the fact that patterns
of cathemerality across Eulemur taxa at present tend to vary
according to environment seems to offer less support for
assumptions of evolutionary disequilibrium.

Phylogenetic signal in social organization

As opposed to activity budget, environmental character-
istics had no relationship with the social organization of
Eulemur populations. Instead, populations that were more
closely related displayed more similar social organization
traits, independently of environmental characteristics. This
connection between phylogeny and social organization also
has been seen on a broader scale in cercopithecoid
primates. A taxonomically focused study on savanna
baboons found little group size and composition differences
among subspecies even though they are found in diverse
habitats (Kamilar 2006). Di Fiore and Rendall (1994)
showed that cercopithecoid monkeys exhibited relatively
similar social organizations and behaviors despite living in
a wide variety of habitats. In addition, Thierry et al. (2000)
conducted a cladistic analysis of several macaque species,
demonstrating that many of their social organization
characteristics are phylogenetically conserved.

The connection between evolutionary relatedness and
social organization similarity is not limited to primates. In a
review of equid socioecology, Linklater (2000) showed that
wild-horse species displayed a remarkably uniform social
and spatial organization despite living under diverse
environmental and demographic contexts. Similarly, a
phylogenetic analysis of several Neotropical passerine birds
found a strong phylogenetic signal in lekking behavior and
stated that adaptive plasticity models were insufficient in
explaining the existing behavioral variation (Prum 1994).
Finally, broad-scale cladistic analyses examining the rela-
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tive degree of homoplasy in behavioral traits for several
mammalian clades have shown that many behaviors related
to mating display a relatively strong phylogenetic signal (de
Queiroz and Wimberger 1993) compared to other aspects of
behavior and ecology (Proctor 1996). Although Blomberg
and Garland (2002) caution against using phylogenetic
signal as evidence against adaptation by selection, our
analyses controlled for environmental traits, which
strengthens the conclusion that the environmental character-
istics investigated in this study have not been a strong
selective force on Eulemur social organization.

However, conserved behavior could be explained via
nonenvironmental pressures. Such pressures may be shap-
ing Eulemur social organization if, for example, risks such
as infanticide change with group composition. Ostner and
Kappeler (1999) suggested that the relatively high number
of males in groups of red-fronted lemurs (E. fulvus rufus)
provides reproductive benefits for both sexes by lowering
the probability of takeover by extratroop males and, in turn,
the risk of infanticide. Thus, because male and female
interests overlap in this case, selective forces may have
helped to stabilize features of group composition, such as
even sex ratios, over evolutionary time (see PCA axis 2,
Fig. 4).

It is interesting to note that Vasey (2000) suggested that
populations of Varecia variegata display the reverse
pattern. She found that ecological traits remained highly
consistent across Varecia populations while social organi-
zation showed great variability. The contrast between the
patterns of variability in Eulemur and Varecia ecology and
social organization suggests that the behavior of even
closely related lemurid taxa may be differentially dependent
on environmental and phylogenetic factors. Furthermore,
this difference may have implications for evolutionary
dispersal patterns in light of Varecia’s restricted distribution
relative to the extensive geographic range of FEulemur.
Future analyses using only E. fulvus populations could
verify whether this contrast with Varecia holds up or
whether it results from conducting analyses at different
taxonomic levels.

In conclusion, our study lends support to past claims that
Eulemur’s ecological diversity may be responsible for its
widespread presence throughout Madagascar. The potential
for flexibility in activity patterns may have allowed for
behavioral adaptations, facilitating dispersal into regions
with different environmental conditions. The contrasting
results for Eulemur social organization emphasize the
importance of considering the possible role of evolutionary
history in behavioral variation.
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