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ABSTRACT Understanding the paleoecology of extinct
subfossil lemurs requires reconstruction of dietary prefer-
ences. Tooth morphology is strongly correlated with diet
in living primates and is appropriate for inferring dietary
ecology. Recently, dental topographic analysis has shown
great promise in reconstructing diet from molar tooth
form. Compared with traditionally used shearing metrics,
dental topography is better suited for the extraordinary
diversity of tooth form among subfossil lemurs and has
been shown to be less sensitive to phylogenetic sources of
shape variation. Specifically, we computed orientation
patch counts rotated (OPCR) and Dirichlet normal
energy (DNE) of molar teeth belonging to 14 species of

subfossil lemurs and compared these values to those of
an extant lemur sample. The two metrics succeeded in
separating species in a manner that provides insights
into both food processing and diet. We used them to
examine the changes in lemur community ecology in
Southern and Southwestern Madagascar that accompa-
nied the extinction of giant lemurs. We show that the
poverty of Madagascar’s frugivore community is a long-
standing phenomenon and that extinction of large-bodied
lemurs in the South and Southwest resulted not merely
in a loss of guild elements but also, most likely, in
changes in the ecology of extant lemurs. Am J Phys
Anthropol 148:215–227, 2012. VVC 2012 Wiley Periodicals, Inc.

If there is a place on earth where we can study the
ecological consequences of major changes in faunal com-
munities in the recent past, the place is Madagascar.
Madagascar’s megafauna disappeared over the past two
millennia, after the arrival of humans. Among these
were 17 species of giant lemur, several species of
elephant bird, three hippopotami, a horned crocodile,
and a large Cryptoprocta carnivore. Some components of
the megafauna (including lemurs) were still extant only
500 years ago or more recently still (Simons, 1997;
Burney et al., 2004).
A rich subfossil record (now including around 200

dated specimens, with dates for still-extant as well as
extinct species) accords us an excellent opportunity to
probe the sequence of changes in Madagascar’s fauna in
some detail (Crowley, 2010). This means that in examin-
ing today’s faunal communities, we can ask questions
regarding ecosystem functioning and change in a spe-
cies-depleted world. Richard and Dewar (1991) raised
the question of the ecological implications of megafaunal
extinctions in their review of lemur ecology two decades
ago, and others since have approached this question
from various perspectives. For example, van Schaik and
Kappeler (1996) argued that the still-extant lemur
species reveal signs of ‘‘evolutionary disequilibrium,’’ i.e.,
that they behave as they do only because they are tran-
sitioning into niches left ‘‘vacant’’ by animals that
recently became extinct, and Cuozzo and Sauther (2006)
interpreted dental wear and pathology patterns on
Lemur catta at Beza Mahafaly as by-products of a recent
shift in its diet (see also Martin, 1972). Whereas van
Schaik and Kappeler’s (1996) argument regarding

changes in activity rhythms of extant lemurs has
received little support (e.g., Wright, 1999; Curtis and
Rasmussen, 2002; Kirk, 2006; Tattersall, 2008), Cuozzo
and Sauther’s (2006) argument in favor of a recent
dietary shift and thus, specifically, anatomical evidence
of evolutionary disequilibrium for ring-tailed lemurs at
Beza Mahafaly (see also Millette et al., 2009; Sauther
and Cuozzo, 2009; Cuozzo FP and Sauther ML, in prep.,
‘‘Dental evidence indicates evolutionary disequilibrium
among sympatric diurnal lemurs in southern Madagas-
car’’) has garnered support from research at a nearby
fossil site, documenting changes in ring-tailed lemur
stable isotopes over time (Crowley, 2009; Crowley BE,

Additional Supporting Information may be found in the online
version of this article.

Grant sponsor: NSF; Grant number: BCS-0721233. Grant sponsor:
NSF; Grant number: BCS-0622544. Grant sponsor: John Simon
Guggenheim Foundation. Grant sponsor: Evolving Earth Founda-
tion Grant. Grant sponsor: American Society of Mammalogists
Grant. Grant sponsor: NSF GRFP Grant.

*Correspondence to: Laurie R. Godfrey, Department of Anthropology,
240 Hicks Way, University of Massachusetts, Amherst, MA 01003,
United States. E-mail: lgodfrey@anthro.umass.edu

Received 1 March 2011; accepted 4 August 2011

DOI 10.1002/ajpa.21615
Published online in Wiley Online Library

(wileyonlinelibrary.com).

VVC 2012 WILEY PERIODICALS, INC.

AMERICAN JOURNAL OF PHYSICAL ANTHROPOLOGY 148:215–227 (2012)



Godfrey LR, Guilderson TP, Zermeño P, Koch PL, and
Dominy NJ, submitted, ‘‘Extinction and ecological
retreat in a community of primates’’). Furthermore,
aspects of dental form suggested to Yamashita (1998)
and Boyer (2008) that several lemurids may be relying
on diets to which they are not primarily adapted. This is
hardly surprising, as extinctions of the speed and magni-
tude manifested in Madagascar cannot occur without
having ripple effects on surviving plants and animals.
Feeding ecology is of special interest because of the

role primates play as seed dispersers, and thus poten-
tially as ‘‘umbrella’’ taxa (Lyons et al., 2005; Lambert,
2011; Norconk et al., 2011), with widespread effects on
numerous other species. Variation in frugivore diversity
and behavior can strongly affect the dispersal of seeds,
establishment of seedlings, and ultimately the distribu-
tion of trees (Bleher and Bohning-Gaese, 2001), but
there is a certain amount of redundancy in seed dis-
perser communities, which suggests that communities
can suffer a fair amount of faunal loss without jeopardiz-
ing their ecological integrity (Bollen et al., 2004). The
question is, just how much has guild structure of mam-
mal communities in Madagascar been altered by extinc-
tion (Muldoon and Goodman, 2010)? Have key elements
been lost? To what degree have extant lemurs moved
into niches formerly occupied by their larger bodied
counterparts? Or are the niches occupied by extinct
lemurs ‘‘vacant’’ today?
In this article, we seek to characterize the dietary

niche space occupied by primates in Madagascar in the
recent past, and to understand how it has changed.
While it is impossible to know precisely the ecological
roles of extinct species, a number of tools offer clues
(Walker, 1981). Dental morphology is one, which has
been used to reconstruct the diets of extinct lemurs
(Tattersall, 1973; Jungers et al., 2002; Godfrey et al.,
2006). However, the extraordinary diversity of tooth
form among these animals confounds the application of
traditionally used metrics such as shearing quotients
(SQs) (Kay et al., 1978; Kay, 1984; Covert, 1986) in
certain groups. SQs and shearing ratios (SRs) cannot be
measured in animals lacking shearing crests and cannot
be compared in species with nonhomologous shearing
crests. For this reason, for example, no archaeolemurids
were included in Jungers et al.’s (2002) SQ comparisons,
and Daubentonia was omitted from Bunn et al.’s (2011)
correlation analysis.
Here, we use dental topography, which is not limited

by extremes in morphological disparity in its ability to
quantify teeth in a comparable manner. Dental topogra-
phy has also been shown to be less sensitive to phyloge-
netic sources of shape variation than shearing metrics
and uncorrelated with size (M’Kirera and Ungar, 2003;
Evans et al., 2007; Boyer, 2008; Boyer et al., 2010; Bunn
et al., 2011). Comparing distantly related animals (carni-
vores and rodents) differing greatly in gross tooth shape,
Evans et al. (2007) demonstrated that the phenotypic
‘‘complexity’’ of dental occlusal surfaces captures varia-
tion in diet, independent of phylogeny. Applying phyloge-
netic methods to a large sample of euarchontans
(including many primates), Boyer (2008) made a similar
argument regarding dental topographic relief, i.e., the
dietary signal is stronger than the phylogenetic signal.
We compute orientation patch count rotated (OPCR) or

‘‘dental complexity’’ and Dirichlet normal energy (DNE)
metrics for 14 species of extinct lemurs, and we compare
these values to those generated for a sample of 21

species of extant lemurs representing all surviving fami-
lies and almost all surviving genera. Both OPCR and
DNE have been reported to carry a dietary signal (Evans
et al., 2007; Bunn et al., 2011). Orientation patch counts
increase with increasing complexity of the occlusal sur-
face of the tooth because of, for example, increased
enamel folding, a higher number of cusps, or greater
enamel crenulations. DNE is a measure of the degree to
which a surface is curved and has been shown to be
strongly correlated with measures of dental topographic
‘‘relief ’’ (the latter being the relationship between a
tooth’s 3D surface area and 2D footprint; M’Kirera and
Ungar, 2003; King et al., 2005; Boyer, 2008; Bunn et al.,
2011). DNE tends to increase with increasing curvature
of the occlusal surface. Increasing curvature could result
from taller or sharper cusps, or more or sharper shear-
ing crests, for example. Bunn et al. (2011) record an r2 of
0.76 for the relationship between DNE and relief for a
sample of living strepsirrhines, but suggest DNE may be
preferable to relief because of its robusticity to methodo-
logical assumptions and difference in data preparation.
For these reasons, we use DNE instead of relief.
Traditional measures of shearing capacity (SQ and SR)
correlate more strongly with DNE than with OPCR, but
far more weakly with DNE than does relief (Bunn et al.,
2011). DNE is poorly correlated with OPCR (r2 5 0.10;
Bunn et al., 2011) despite the fact that the two measures
tend to increase with greater folivory (or more fiber in
the diet); thus, the two are not redundant.
As we focus on teeth to assess the diets and ecology of

living and fossil lemurs, this work fits directly the
‘‘dental ecology’’ theme described by Cuozzo and Sauther
(this volume). Our tasks in this article are two fold.
First, we apply new tools of dental topographic analysis to
extinct lemurs in an effort to reconstruct aspects of their
diets and food processing capabilities. Second, we examine
the implications of the patterns we find for changes in
dietary guilds of primates in Madagascar associated with
the Holocene extinctions. For the latter exercise, we focus
specifically on the arid and subarid ecoregions of Southern
and Southwestern Madagascar. Understanding the status
of primate communities in arid parts of Madagascar is
particularly important, because mammalian species
richness is significantly lower in dry forests than in humid
forests, and therefore, of the remaining primate commun-
ities, those in the drier parts of Madagascar may be most
vulnerable to extinction (Muldoon and Goodman, 2010).
Furthermore, the South and Southwest are rich in sites
containing thousands of bones of extinct and extant
lemurs and thus least likely to be affected by extinct
species sampling bias.

MATERIALS AND METHODS

Study sample and dietary categories

Our sample includes a total of 113 second mandibular
molars of individuals belonging to 35 species in 22 lemur
genera. All extinct and extant lemur genera except Allo-
cebus are represented in this sample (see Supplementary
data). Individuals exhibiting minimal amounts of wear
were selected for these comparisons so that the results
would not be confounded by wear. The comparative sam-
ple of living lemurs (84 individuals belonging to 21 spe-
cies in 14 genera; Table 1) comprises the Malagasy-
lemur subset of the sample of extant prosimians
described in Bunn et al. (2011) and originally studied by
Boyer (2008), who collected relief data. For those individ-
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uals (N 5 71) for which we also measured m1 area (i.e.,
m1 mesiodistal 3 m1 buccolingual diameter) as a surro-
gate for body size, we confirmed that neither OPCR nor
DNE is correlated with ‘‘size’’ (r 5 20.03 for OPCR and
m1 area, NS; r 5 20.01 for DNE and m1 area, NS).
For extinct lemur taxa, we took impressions (President

Plus Jet, regular body, Coltène) of the second mandibu-
lar molars of 29 individuals belonging to 14 species and
to all eight extinct genera (Table 2). We made high-qual-
ity plaster casts (Fujirock, GC Europe, Leuven, Belgium)
that were scanned using a three-dimensional (3D) piezo
scanner (MDX-15, Roland) with 50-lm resolution. An
additional extinct lemur species, Daubentonia robusta,
the giant aye-aye, belongs to an extant genus. Molars of
D. robusta could not be included in our sample because
none have been found; of all of the teeth of this species,
only the incisors are known (MacPhee and Raholimavo,
1988). However, the feeding adaptations of Daubentonia
(hypertrophied incisors, modifications of the hand) are
highly derived among lemurs and known to be shared
by both extinct and extant species (Lamberton, 1934;
MacPhee and Raholimavo, 1988; Simons, 1994).
Bunn et al. (2011) characterized extant Malagasy

lemurs as members of one of three diet preference
groups (folivore, omnivore, and frugivore) on the basis of
a review of the literature. (No Malagasy lemur can be
classified as insectivorous.) Here, we followed Bunn
et al.’s (2011) dietary classification system for extant

lemurs but combined their ‘‘frugivores’’ and ‘‘omnivores’’
into a single category, thus highlighting the distinction
between lemurs that, while consuming varying amounts
of fruit, depend primarily on leaves for protein (consid-
ered here ‘‘folivores’’) and others for whom leaves are
less important or sometimes never consumed. These
species (considered here ‘‘frugivores/omnivores’’) tend
to supplement fruit with insects, insect larvae, other
animal matter, or insect secretions.
The two groups differ in their roles as seed dispersers.

Folivores tend to have guts that are destructive to seeds,
while frugivores and omnivores tend to have simple guts
that promote seed dispersal (endozoochory). This is a dis-
tinction of ecological importance and one that is critical
to meaningful reconstructions of primate communities of
the past.
For our analysis of changes in dental topographic eco-

space, we selected only those lemurs that recently lived
or still live in Madagascar’s Spiny Thicket or Succulent
Woodland ecoregions (Burgess et al., 2004). This initially
included 15 species (nine extant and six extinct). One
species that could not be sampled directly was the giant
extinct aye-aye, Daubentonia robusta. Because all fossil
evidence points to D. robusta and the extant D. mada-
gascariensis having similar diets, we used the latter as a
proxy for the former when analyzing ecological changes
in the South. Our total sample, then, for analyzing
changes in dental topographic space from past to present
in Southern Madagascar was 16 species (nine extant and
seven ‘‘extinct’’) representing every lemur genus present
in this region of Madagascar today or in the recent past
(Table 3). This included 21 individuals belonging to
extinct species and 32 belonging to extant species.

Variables measured

Two shape quantification metrics were calculated for
each second lower molar in our database—OPCR and
DNE (Fig. 1). OPCR measures the surface ‘‘complexity’’
of the tooth, and DNE uses changes in vectors normal to
the surface to capture surface curvature. Scanned and
digitized casts of second lower molars of extinct lemurs
were converted to digital elevation models (DEMs) and
scaled to the same length. The surface was then divided
into ‘‘patches’’ of roughly equal orientation based on
slope and topographic elevation, and the number of
patches was counted to yield an ‘‘orientation patch
count’’ or OPC, following Evans et al. (2007). To correct
for variation in patch count due to slight differences in

TABLE 1. Extant taxa comprising the study sample, number of
individuals in each, assigned dietary category, and references

used to assign that category

Taxon N Diet
Key

references

Indri indri 9 Folivore 19
Propithecus edwardsi 1 Folivore 11
P. diadema 3 Folivore 13, 19–20
P. verreauxi 3 Folivore 24–25, 36
Avahi laniger 7 Folivore 2, 6, 10
Lemur catta 6 Frugivore/omnivore 27, 29, 31, 36
Eulemur fulvus 2 Frugivore/omnivore 4, 21
E. rufus 6 Frugivore/omnivore 8, 17, 31
Varecia rubra 2 Frugivore/omnivore 34
V. variegata 6 Frugivore/omnivore 1, 16, 23
Hapalemur griseus 5 Folivore 9
Prolemur simus 2 Folivore 32
Daubentonia

madagascariensis
6 Frugivore/omnivore 15, 30

Cheirogaleus major 5 Frugivore/omnivore 14
C. medius 3 Frugivore/omnivore 3
Mirza coquereli 3 Frugivore/omnivore 12, 18
Phaner furcifer 3 Frugivore/omnivore 28
Microcebus griseorufus 7 Frugivore/omnivore 7, 22
Lepilemur ruficaudatus 1 Folivore 5
L. edwardsi 1 Folivore 4, 33, 35
L. leucopus 3 Folivore 26

References: 1Balko, 1998; 2Faulkner and Lehman, 2006; 3Fietz
and Ganzhorn, 1999; 4Ganzhorn, 1988; 5Ganzhorn, 2002; 6Ganz-
horn et al., 1985; 7Génin, 2008; 8Gerson, 2000; 9Grassi, 2006;
10Harcourt, 1991; 11Hemingway, 1998; 12Hladik et al., 1980;
13Irwin, 2008; 14Lahann, 2007; 15Lhota et al., 2008; 16Morland,
1992; 17Overdorff, 1993; 18Pages, 1980; 19Powzyk, 1998;
20Powzyk and Mowry, 2003; 21Rasmussen, 1999; 22Rasoaza-
nabary, 2011; 23Ratsimbazafy, 2002; 24Richard, 1974; 25Richard,
1978; 26Russell, 1980; 27Sauther, 1991; 28Schulke, 2003;
29Simmen et al., 2003; 30Sterling, 1994; 31Sussman, 1974;
32Tan, 1999; 33Thalmann, 2001; 34Vasey, 2000; 35Warren and
Crompton, 1997; 36Yamashita, 2002.

TABLE 2. Extinct taxa in the study sample, number of individuals
in each taxon, and primary ecoregion or ecoregions

Taxon N Region

Archaeoindris fontoynontii 1 Central highlands
Palaeopropithecus ingens 2 South and Southwest
P. maximus 2 Central highlands
P. kelyus 1 Northwest
Babakotia radofilai 3 North and Northwest
Mesopropithecus globiceps 4 South and Southwest
M. pithecoides 2 Central highlands
M. dolichobrachion 2 North
Archaeolemur majori 1 South and Southwest
A. sp. cf. edwardsi 1 North and Northwest
Hadropithecus stenognathus 1 South and Southwest
Pachylemur insignis 6 South and Southwest
P. jullyi 2 Central highlands
Megaladapis edwardsi 1 South and Southwest
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orientation of the tooth cast in the x–y plane, we aver-
aged eight calculations, each made with the tooth cast
fixed in a slightly different orientation. These averages
are labeled OPCR, or ‘‘OPC rotated’’ values.
Data from subfossil specimens were initially prepared

for DNE calculation by interpolating 3D polygonal sur-
face meshes from the original DEMs using Surfer 8
(Golden Software) and SurferManipulator (Evans et al.,
2007). The interpolation process created irregular jagged
projections extending downward from mesh edges, repre-
senting the inferiormost aspects of tooth crowns detecta-
ble by the laser scanner. Because the irregularity of
these projections could unpredictably influence DNE cal-
culations, the Surface Editor module of Amira (Visage
Imaging) was used to remove all elements of the mesh
below the lowest point of the talonid basin for each
molar. The SmoothSurface function of Amira was then
used to smooth each surface mesh with 100 iterations
and a lambda-value of 0.6. Finally, meshes were down-

TABLE 3. Primates of the South and Southwest (past and
present). Taxa sampled are bolded

Genus and species Past Present

Propithecus verreauxi x x
Lemur catta x x
Eulemur rufus x x
Cheirogaleus medius x x
Mirza coquereli x x
Phaner furcifer x x
Lepilemur ruficaudatus, L. leucopus, L. petteri x x
Microcebus griseorufus, M. murinus, M. berthae x x
Megaladapis edwardsi, M. madagascariensis x –
Archaeolemur majori x –
Hadropithecus stenognathus x –
Pachylemur insignis x –
Daubentonia robustaa x –
Mesopropithecus globiceps x –
Palaeopropithecus ingens x –

a We usedD. madagascariensis as a proxy forD. robusta in the past.

Fig. 1. Mapping of OPC and DNE across tooth surfaces is depicted for molars of Megaladapis edwardsi and Hadropithecus sten-
ognathus in three-quarter and occlusal views. For DNE maps, warmer colors indicate higher curvature, while cooler colors indicate
lower curvature. OPCR and total DNE values for each specimen are listed below the appropriate surface maps.
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sampled to 10,000 polygonal faces with the Simplifier
module of Amira, and DNE was calculated from pre-
pared surfaces using Teether 1.0, a MATLAB application
(Bunn et al., 2011).
It should be noted that data from extant specimens

were prepared in a slightly different fashion, most nota-
bly in that they were created in Amira from lCT scans
of molar casts as opposed to laser scans. Further, for the
purposes of preparing the data for DNE calculation,
models were cropped to remove material inferior to the
inferred root-crown junction. Bunn et al. (2011) showed
that DNE is relatively robust to variable methods of
cropping molar tooth models, and so this should not
overly affect the comparability of these data sets. In all
other regards, the data preparation was the same for
both extinct and extant data sets.

Data analysis

We used ANOVA to verify the significance of differen-
ces in OPCR and DNE for lemur species and discrimi-
nant function analysis (DFA, SPSS) of the correlation
matrix with the jack-knife (leave out one) classification
method to predict diets of ‘‘unknowns.’’ We used cross-
validation to verify the efficacy of post hoc classification
for cases with known diets. This means that dietary pre-
dictions were made for each individual belonging to

extant species (i.e., individuals with known diets) using
functions derived from all cases except that one.
To document changes in ecological space in Southern

and Southwestern Madagascar, we used the convex hull
(or convex envelope) area function in Mathematica. This
function measures the space occupied by selected groups
on bivariate plots. A convex hull is the minimal geomet-
ric envelope containing all of the points that belong to
the relevant ‘‘set’’ or group. We plotted species mean val-
ues for OPCR and DNE, and then compared sets, for
example, lemur species in the past vs. in the present, to
assess temporal changes in ‘‘dental ecological space’’ in
Southern and Southwestern Madagascar.

RESULTS

Predicting diet

Table 4 gives mean values and standard errors of the
mean for OPCR and DNE for all of the species in our
sample. For our sample of 113 individuals, these two
variables are uncorrelated (r 5 0.169, NS) and thus pro-
vide largely nonredundant information (the correlation
is significant at the 0.1 confidence level and thus might
be viewed as weakly positive). Table 5 gives the diets
predicted using DFA of OPCR alone, DNE alone and
the two together; it also provides, for each species, the
probability of membership in the group predicted on
the basis of OPCR and DNE together.
An ANOVA calculated for differences in OPCR by spe-

cies yielded an F of 13.8 (df 5 34, 78, P\ 0.001). DFA of
OPCR, taken alone, signaled significant differences
between folivores and frugivore/omnivores. This analysis
produced a highly significant function (Wilks’ Lambda 5
0.715, chi-square 5 27.42 with 1 df, P\ 0.001), with foli-
vores tending to have high positive scores and frugivore/
omnivores tending to have negative scores. A total of
79.8% of grouped individuals were correctly classified;
the same success rate held for cross-validated cases.
Similarly, ANOVA revealed significant differences

among species in DNE (or energy) (F 5 13.4, df 34, 78,
P \ 0.001). DNE was also successful in distinguishing
folivores from frugivore/omnivores using DFA. The single
function had a Wilks’ Lambda of 0.753 and a chi-square
of 23.08 (df 5 1, P\ 0.001). Again, folivores had positive
values on this function, and frugivore/omnivores had
negative values. The success rate was lower than for
OPCR, with 64.3% of grouped individuals correctly clas-
sified, both with and without cross-validation.
Of greater interest than the number of misclassified

individuals is the number of misclassified species. Of the
21 extant lemur species in our analysis, five species
were incorrectly classified using OPCR alone, and five
species were incorrectly classified using DNE alone.
Thus, at the species level, the success rate for both was
identical—76.2%. In only one case (Microcebus griseorufus),
however, did the two make the same error.
By combining OPCR and DNE into a single function,

some resolution of these conflicting signals was possible.
Taken together, OPCR and DNE do a better job of classi-
fying individuals belonging to extant species in a man-
ner consistent with their ‘‘known’’ diets. Unsurprisingly,
DFA produced a highly significant function (Wilks’
Lambda 5 0.589, chi-square of 42.9, df 5 2, P \ 0.001).
Both complexity and energy were positively correlated
with scores of individuals on Function 1, complexity
more strongly than energy. Post hoc tests revealed 83.3%
of grouped individuals to be correctly classified; this

TABLE 4. Mean values (and standard errors in parentheses) of
OPCR and DNE by species

Taxon N OPCR DNE

Archaeoindris fontoynontiia 1 43.1 402.0
Palaeopropithecus ingensa,b 2 51.5 (1.4) 334.9 (6.5)
P. maximusa 2 48.0 (1.1) 220.4 (22.1)
P. kelyusa 1 47.5 276.6
Babakotia radofilaia 3 69.4 (3.8) 215.5 (18.7)
Mesopropithecus globicepsa,b 4 65.8 (1.1) 229.9 (37.8)
M. pithecoidesa 2 63.1 (5.0) 244.3 (0.1)
M. dolichobrachiona 2 59.9 (0.8) 195.6 (13.6)
Archaeolemur majoria,b 1 46.0 151.3
A. sp. cf. edwardsia 1 66.1 182.5
Hadropithecus stenognathusa,b 1 63.0 334.8
Pachylemur insignisa,b 6 37.9 (1.3) 148.5 (11.0)
P. jullyia 2 44.9 (1.9) 198.6 (14.5)
Megaladapis edwardsia,b 1 35.8 546.2
Indri indri 9 55.4 (1.9) 220.3 (5.6)
Propithecus edwardsi 1 51.0 297.4
P. diadema 3 50.9 (1.5) 240.2 (22.7)
P. verreauxib 3 46.3 (1.8) 250.1 (15.6)
Avahi laniger 7 55.4 (1.0) 348.1 (15.7)
Lemur cattab 6 39.9 (1.0) 225.0 (9.2)
Eulemur fulvus 2 37.7 (3.4) 246.5 (26.8)
E. rufusb 6 40.9 (1.0) 248.1 (18.5)
Varecia rubra 2 35.0 (4.0) 180.8 (1.4)
V. variegata 6 36.0 (1.3) 209.8 (12.5)
Hapalemur griseus 5 51.3 (2.8) 268.0 (10.4)
Prolemur simus 2 74.0 (10.9) 336.6 (7.0)
Daubentonia madagascariensisc 6 46.8 (3.3) 105.1 (3.3)
Cheirogaleus major 5 40.9 (2.6) 183.0 (30.4)
C. mediusb 3 41.8 (4.3) 163.3 (21.9)
Mirza coquerelib 3 43.3 (0.6) 246.8 (9.7)
Phaner furciferb 3 46.0 (0.6) 188.8 (9.5)
Microcebus griseorufusb 7 45.9 (1.0) 274.7 (7.2)
Lepilemur ruficaudatusb 1 36.9 331.3
L. edwardsi 1 33.4 318.4
L. leucopusb 3 34.3 (1.1) 255.2 (9.1)

a Extinct.
b Species present in the South and/or Southwest.
c Used as a proxy for D. robusta in the South and Southwest.
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percentage was slightly lower (81.0%) when cross-valida-
tion was used. Only three of the 21 species were incor-
rectly classified, including the one that was ‘‘missed’’ by
both OPCR and DNE (Microcebus griseorufus), and two
species in the same genus (Lepilemur edwardsi and
L. leucopus), although a third species of Lepilemur
(L. ruficaudatus) was correctly classified (Table 5). At
the species level, post hoc classification success was
85.7%—considerably higher than for OPCR or DNE
taken alone. Some species gave clear signals, with proba-
bilities of membership in their predicted group of over
90% and a signal consistent for both OPCR and DNE.
This included the most specialized of lemurs (e.g., Prole-
mur simus with a probability of membership in the
folivore category of 0.99; Avahi laniger with a probability
of membership in the same category of 0.95; and Varecia
rubra with a probability of membership in the frugivore/
omnivore category of 0.94). All indriids and lemurids
were correctly classified (albeit some without strong
confidence in classification success)—i.e., the indriids as
folivores, and lemurids, with the exceptions of Hapale-
mur and Prolemur, as frugivore/omnivores. Daubentonia
madagascariensis was correctly classified as a frugivore/
omnivore. Only the most insectivorous of cheirogaleids
in our sample, M. griseorufus, was incorrectly classified;

all other cheirogaleids emerged correctly as frugivore/
omnivores.
The predicted diets of the 14 extinct lemur species

in our database, based on OPCR alone, DNE alone,
and the two taken together, are also listed in Table 5.
Table 6 compares results of this study to those of prior
reconstructions of their diets; the match is obvious.
Eight of the 14 species had very high probabilities of
membership in their predicted groups ([0.90). These
included Hadropithecus stenognathus, Megaladapis
edwardsi, Archaeoindris fontoynontii, Palaeopropithecus
ingens, Babakotia radofilai, Mesopropithecus globiceps,
and M. pithecoides (all predicted to be folivores), and
Pachylemur insignis (classified as a frugivore/omni-
vore). All palaeopropithecids, with the exception of
Palaeopropithecus maximus (which scored, on average,
equidistantly between the folivore and frugivore/omni-
vore centroids) were classified as folivores. Both species
belonging to the genus Pachylemur, a lemurid,
emerged as frugivore/omnivores. The archaeolemurids
showed evidence of dietary diversity, with Hadropithe-
cus scoring definitively as a folivore, and Archaeolemur
as having more fruit in its diet. In this case, A. majori
was classified as a frugivore/omnivore and A. sp. cf.
edwardsi as a folivore.

TABLE 5. Predicted diets, with probability of membership in predicted group

Taxon
OPCR
alone

DNE
alone

OPCR
and DNE

Probability of
membership in
predicted group

(based on OPCR and DNE)

Extinct species
Archaeoindris fontoynontii FR-OM FOL FOL 0.92
Palaeopropithecus ingens FOL FOL FOL 0.93
P. maximus – – – –
P. kelyus FOL FOL FOL 0.69
Babakotia radofilai FOL FR-OM FOL 0.92
Mesopropithecus globiceps FOL – FOL 0.91
M. pithecoides FOL FOL FOL 0.92
M. dolichobrachion FOL FR-OM FOL 0.76
Archaeolemur majori FR-OM FR-OM FR-OM 0.86
A. sp. cf. edwardsi FOL FR-OM FOL 0.87
Hadropithecus stenognathus FOL FOL FOL 0.99
Pachylemur insignis FR-OM FR-OM FR-OM 0.95
P. jullyi FR-OM FR-OM FR-OM 0.74
Megaladapis edwardsi FR-OM FOL FOL 0.98

Extant species
Indri indri FOL FR-OM FOL 0.70
Propithecus edwardsi FOL FOL FOL 0.85
P. diadema FOL FR-OM FOL 0.65
P. verreauxi FOL FOL FOL 0.53
Avahi laniger FOL FOL FOL 0.95
Lemur catta FR-OM FR-OM FR-OM 0.79
Eulemur fulvus FR-OM – FR-OM 0.74
E. rufus FR-OM FR-OM FR-OM 0.66
Varecia rubra FR-OM FR-OM FR-OM 0.94
V. variegata FR-OM FR-OM FR-OM 0.88
Hapalemur griseus FOL FOL FOL 0.72
Prolemur simus FOL FOL FOL 0.99
Daubentonia madagascariensis – FR-OM FR-OM 0.89
Cheirogaleus major FR-OM FR-OM FR-OM 0.82
C. medius FR-OM FR-OM FR-OM 0.87
Mirza coquereli FR-OM FOL FR-OM 0.60
Phaner furcifer FR-OM FR-OM FR-OM 0.75
Microcebus griseorufus FOL FOL FOL 0.62
Lepilemur ruficaudatus FR-OM FOL FOL 0.54
L. edwardsi FR-OM FOL FR-OM 0.65
L. leucopus FR-OM FOL FR-OM 0.83
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In all cases, when scores for OPCR and DNE are both
high (e.g., Prolemur simus, Hadropithecus stenogna-
thus), individuals are classified as having a diet domi-
nated by structural carbohydrates (folivory). When
scores for OPCR and DNE are both low (e.g., Daubento-
nia madagascariensis, Varecia spp., most cheirogaleids,
Pachylemur spp., and Archaeolemur majori), individuals
are classified unequivocally as frugivorous/omnivorous.
Classification is less certain when DNE scores are higher
than expected given the corresponding scores for OPCR,
or when OPCR scores are higher than expected given
DNE scores. Such deviations from a simple linear rela-
tionship account for the poor correlation between OPCR
and DNE, but may provide useful information with
regard to food processing or other aspects of the ecology
of the species.
In our samples, the percentage of extant species that

we classified (a priori) as folivorous was 47.6, which is
slightly higher than the percentage of extant species
classified by DFA as folivorous (42.9). In contrast, 10/14
(71.4%) of extinct species were classified by DFA as foliv-
orous, one (7.1%) as equivocal, and only three (21.4%) as
frugivorous/omnivorous. Daubentonia robusta (a likely
frugivore/omnivore) is not included in this sample, but
even with this species included, the percentage of frugi-
vore/omnivores in our sample of extinct lemur species is
low, and the percentage of folivores (66.7%) extraordinar-
ily high. Finally, it is noteworthy that eight of the 14
sampled extinct lemurs have probabilities of membership
in the predicted group higher than 0.90.

Econiche contraction in the South and Southwest

The dental topographic ecospace occupied by lemurs in
Southern and Southwestern Madagascar has contracted
dramatically over the past 2000 years (Table 7, Fig. 2).
This applies to both folivores and frugivore/omnivores.
Figure 2A graphically shows the contraction of total den-
tal topographic econiche space. Extant species fall well
within the convex hull that comprises total dental topo-
graphic niche space. Panel B compares extinct to extant
folivores, and Panel C compares extinct to extant frugi-
vore/omnivores. The extinct species have the most
extreme (highest and lowest) values for both OPCR and
DNE. There is no overlap between the econiche spaces
occupied by extinct vs. extant folivores or extinct vs.
extant frugivore/omnivores. These differences are not
simply a reflection of the loss of large-bodied species, as
neither OPCR nor DNE is correlated with body size in
our sample.
To interpret this contraction, we must consider the

biological significance of variation in OPCR and DNE
values. Folivores can have molars with high relief
(high DNE), high complexity (high OPCR), or both.
There are at least two explanations for this diversity
that are not mutually exclusive: 1) different plants or
parts of plants present unique combinations of physical
properties requiring different combinations of topo-
graphic features for their processing. If we can demon-
strate which resources are best masticated by simple
teeth with high relief (DNE) and which are better
masticated by teeth with greater occlusal complexity
(OPCR), then this information can be used to identify
food preferences of extinct taxa in a more refined way.
Alternatively, 2) the features of teeth may be responses
to nutritional properties of foods coupled with the met-
abolic requirements of the animals themselves. Regard-
less of their material properties, certain foods may
require greater reduction prior to being swallowed to
maximize their nutritional value. Furthermore, species
that are less active, or that have low resting metabo-
lism, may require less nutritional value to be extracted
from a given quantity of food than do more active ani-
mals consuming the same foods. At issue here is the
question of how (not whether) an animal processes foli-
age—i.e., its emphasis on shearing, mashing, or grind-
ing. This may in turn have implications for the kinds
of foliage it can consume efficiently, or for the mean
food particle size produced.

TABLE 6. Extinct taxa, prior dietary assessments (with references), and dietary assessment, this study

Taxon Prior dietary inferences Sources This study

Archaeoindris Folivore 4–6 Folivore
Palaeopropithecus Folivore, some fruit and seeds 4–9 Folivore (mixed)
Babakotia Folivore, some fruit and seeds,

hard objects
4–8 Folivore

Mesopropithecus Folivore/frugivore, some seeds 4–8 Folivore
Archaeolemur Frugivore, omnivore, hard object feeder,

generalist
1, 4–10, 13, 15–17 Frugivore/omnivore

(generalist, mixed)
Hadropithecus Folivore, CAM or C4 foods, underground

storage organs?
2–7, 12–13, 15–16 Folivore

Pachylemur Frugivore, foods tougher or more obdurate
than those consumed by Varecia

3–8, 10–11, 14 Frugivore/omnivore

Megaladapis Folivore 4–9, 13 Folivore

Sources: 1Burney et al., 1997; 2Burney et al., 2004; 3Crowley et al., 2011; 4Godfrey et al., 1997; 5Godfrey et al., 2004; 6Godfrey et
al., 2005; 7Jungers et al., 2002; 8Muchlinski et al., 2011; 9Rafferty et al., 2002; 10Ravosa, 1991; 11Ravosa, 1992; 12Ryan et al., 2008;
13Scott et al., 2009; 14Seligsohn and Szalay, 1974; 15Tattersall, 1973; 16Tattersall, 1982; 17Vasey et al., in press.

TABLE 7. Comparison of convex hulls in the South and
Southwest

Sample Area

All extinct and extant species in
the South and Southwest

8,331.02

Subset comprising all extinct species 7,724.63
Subset comprising all extant species 1,224.45
All frugivores and omnivores in

the past (including extant species)
937.14

All folivores in the past
(including extant species)

5,735.0

Extinct frugivores/omnivores only 187.86
Extant frugivores/omnivores only 408.71
Extinct folivores only 1,817.61
Extant folivores only 463.47
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For example, Lepilemur spp., Hapalemur griseus and
Prolemur simus are all folivorous, but they have teeth
with very different occlusal surface form, particularly
in terms of surface complexity (very low OPCR in
Lepilemur, moderate in Hapalemur, and very high in
Prolemur). P. simus feeds on bamboo culm, H. griseus
feeds on the leaves of bamboo and other foods, and
Lepilemur spp. consume tree foliage. The high DNE in
all three genera reflects the presence of well-developed
shearing crests that may allow the fragmentation of
tough plant matter. The exceptionally high OPCR val-
ues in P. simus may be related to the differences in
material properties of bamboo culm vs. bamboo leaves
and tree foliage. Alternatively, these values may have
less to do with the structural properties of bamboo
culm and more to do with its low nutritional content/
processing intensity ratio. In other words, perhaps
Prolemur must triturate its food to a greater degree to
derive from it a nutritional value comparable with
that obtained by other species from other, richer foods.
The very low OPCR of Lepilemur (cf. Hapalemur) may
have nothing to do with the material properties of the
leaves it consumes per se but instead may reflect this
taxon’s low metabolic rate and, thus, leaf nutritional
quality that is high relative to the animal’s need for
energy (Nash, 1998).
With these considerations in mind, we offer the follow-

ing interpretations of the observed changes in dental
topographic ecospace in Southwestern Madagascar from
the past to the present (Fig. 2A–C):

1. Some of the folivores that disappeared from the South
and Southwest likely differed from extant folivores of
this region in being able to process foods that were
exceptionally tough or of exceptionally poor nutrient
value (measured as nutritional content/processing in-
tensity), or both. Hadropithecus (Fig. 2, Panel B, Hs)
and Mesopropithecus (Fig. 2, Panel B. Msg), both of
which had high OPCR values coupled with moderate
to high DNE values, were likely capable of processing
foods that required heavy comminution. In contrast,
Megaladapis (Fig. 2, Panel B, Me), which displayed
exceptionally high DNE values coupled with excep-
tionally low OPCR values, may have been efficient at
slicing leaves, but likely spent relatively little time
processing them. Palaeopropithecus ingens (Fig. 2,
Panel B, Ppi) was closer to extant folivores of the
South and Southwest in its OPCR and DNE values,
and not particularly close to Hadropithecus, Mesopro-
pithecus, or Megaladapis.

2. Prior to the recent extinctions, a dedicated frugivore,
Pachylemur (Fig. 2, Panel C: Pli), lived in the arid
South and Southwest. With mean scores for both
DNE and OPCR very like those of Varecia (which
lives today in much more humid environments),
Pachylemur was likely more frugivorous than those
lemurids (Lemur catta and Eulemur rufus) that sur-
vive today in the Southwest.

Also situated close to Pachylemur are Archaeolemur
majori and Daubentonia (Fig. 2, Panel C, Am and ‘‘Dr’’)
with similarly low or lower DNE scores and only slightly
higher OPCR scores. The molars of Archaeolemur dif-
fered from those of Pachylemur and other lemurids in
having thick, heavily decussated enamel. It likely
resembled Daubentonia robusta, which in turn likely
resembled living Daubentonia madagascariensis, in

Fig. 2. A. Contraction, from past to present, of total dental
topographic econiche space in Southern and Southwestern
Madagascar, showing convex hulls fitted to species mean values
for OPCR and DNE. Open triangles and circles are species
means for extinct folivores and frugivore/omnivores, respec-
tively; closed triangles and circles are species means for extant
folivores and frugivore/omnivores, respectively. B. Comparison
of extinct to extant folivores (Me 5 Megaladapis edwardsi,
Hs 5 Hadropithecus stenognathus, Msg 5 Mesopropithecus
globiceps, Ppi 5 Palaeopropithecus ingens, Lr 5 Lepilemur
ruficaudatus, Pv 5 Propithecus verreauxi, and Ll 5 Lepilemur
leucopus). C. Comparison of extinct to extant frugivore/omni-
vores (Pli 5 Pachylemur insignis, Am 5 Archaeolemur majori,
Dr 5 Daubentonia robusta, Er 5 Eulemur rufus, Mc 5 Mirza
coquereli, Mig 5 Microcebus griseorufus, Lc 5 Lemur catta, Pf
5 Phaner furcifer, and Cm 5 Cheirogaleus medius).
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exploiting structurally defended resources (Sterling,
1994). No extant lemur living today in the South or
Southwest has similar dental adaptations.

DISCUSSION AND CONCLUSIONS

Primate communities past and present

Our data support the conclusion that the dearth of
frugivores on Madagascar today is not an artifact of
differential extinction. Indeed, the relative size of Mada-
gascar’s primate frugivore guild has increased from the
past to the present because of differential extinction of
large-bodied, folivorous species. Given the wealth of fos-
sils (including bones of extant species) at subfossil sites
particularly in the South and Southwest, we believe it is
unlikely that this is an artifact of sampling bias. Only
Eastern Madagascar lacks primate subfossil sites, and
many of the extant species found in Eastern Madagascar
are represented at subfossil sites in the North. This
implies that the poverty of Madagascar’s frugivore
community is real and long-standing. Goodman and
Ganzhorn (1997) related Madagascar’s impoverished
frugivore community to a reduced diversity and density
of Ficus trees in Madagascar, Wright et al. (2005) to
Madagascar’s short season of peak fruit production,
Bollen et al. (2004) to fruiting unpredictability and low
productivity, and Ganzhorn et al. (2009) to concentra-
tions of nitrogen in the fruits themselves that are
marginally at or below what is needed to satisfy primate
protein needs.

Loss of guild elements

Our data show that the extinction of large-bodied
lemurs in the South and Southwest resulted in a con-
traction of the total ‘‘econiche space’’ occupied by the
lemurs of this region. The extant lemurs do not occupy
dental topographic niche space ‘‘vacated’’ by their extinct
relatives. This is not merely a reflection of a reduction in
the body size range of Madagascar’s lemurs; it reflects
the loss of particular guild elements. The variables that
comprise our ‘‘dental topographic econiche space’’ are
uncorrelated with each other and are not scale depend-
ent. Extinct species fall in virtually all corners of the
niche space occupied by lemurs in Southern Madagascar.
The notion that at least some of the extinct lemurs

were consuming foods distinct from those consumed by
living lemurs of the South or Southwest has been corro-
borated by studies of their carbon and nitrogen isotope
values (Burney et al., 2004; Crowley et al., 2011; Crow-
ley BE, Godfrey LR, Guilderson TP, Zermeño P, Koch
PL, and Dominy NJ, submitted, ‘‘Extinction and ecologi-
cal retreat in a community of primates’’). Hadropithecus
consumed CAM or C4 resources; its carbon isotope values
were unlike those of any other lemur, living or extinct,
in the South or elsewhere. Mesopropithecus was more
variable, but also aberrant in having a diet rich in CAM
or C4 resources.
The hypothesis that differences in OPCR and DNE

values relate at least partly to differences in the ener-
getic needs of species has garnered some support from
data collected by Fred Spoor and colleagues on the semi-
circular canals of extinct and extant lemurs (Spoor et al.,
2007; Walker et al., 2008). These authors published ‘‘pre-
dicted agility’’ scores based on the dimensions of the
semicircular canal. One measurement (the average canal
radius or SCR) captures overall agility. We checked the

correlations between SCR scores, OPCR scores, and
DNE scores for extinct and extant lemur species for
which all three are available. For 21 lemur species
(extinct and extant), OPCR and SCR are significantly
positively correlated (r 5 0.61, P 5 0.004). The correla-
tion between DNE and SCR is insignificant and nega-
tive. If one examines only the extinct lemurs, the sample
with all three measurements currently available drops
to 6, rendering the relationship insignificant for both
variables at the alpha 5 0.05 level, but significant at the
alpha 5 0.1 level (for OPCR and SCR, r 5 0.76; for DNE
and SCR, r 5 20.73). This is exactly what one would
predict if in fact a mismatch in OPCR and DNE scores
reflects different degrees of trituration in animals
needing more (or less) energy from the foods they are
consuming. As dental complexity increases, activity lev-
els increase. However, DNE scores can be very high in
animals that are quite inactive (e.g., Lepilemur, presum-
ably Megaladapis) and thus do not need to process foods
heavily. A more detailed study of these relationships is
clearly warranted, but this is outside the scope of the
current manuscript.

Evolutionary disequilibrium?

Finally, we turn to the question of evolutionary dise-
quilibrium. There is evidence from stable isotope
research that the niches of extant lemurs in Southern
Madagascar have changed somewhat over the past
several thousand years. Specifically, modern lemurs from
riparian reserves in the South and Southwest have iso-
tope values that differ from those of extant subfossils
from the same general region (Crowley, 2009; Crowley
BE, Godfrey LR, Guilderson TP, Zermeño P, Koch PL,
and Dominy NJ, submitted, ‘‘Extinction and ecological
retreat in a community of primates’’). Cuozzo and
Sauther (2006) have marshaled evidence that ring-tailed
lemurs living today in riparian reserves are eating con-
siderable amounts of a food (the fruit of the tamarind
trees) that their teeth are not prepared to handle (the
enamel is too thin), and that therefore causes rapid,
pathological wear and tooth loss (see also Sauther and
Cuozzo, 2009; Cuozzo FP and Sauther ML, in prep,
‘‘Dental evidence indicates evolutionary disequilibrium
among sympatric diurnal lemurs in southern Madagas-
car’’; Yamashita et al., this volume). There is further evi-
dence of ring-tailed lemurs consuming introduced plants
that cannot be representative of past resources (Jolly,
2009; Kelley, 2011), some of which have other negative
consequences (e.g., Jolly, 2009). In fact, the specific foods
consumed by ring-tailed lemurs vary tremendously by
location; the presence of Tamarindus indica is no guar-
antee that its fruit and leaves will be consumed (Kelley,
2009, 2011). Sussman et al. (2006) point out that �90%
of the area occupied by ring-tailed lemurs is low canopy
density forest; yet almost all dietary data for this species
have been compiled in high canopy density forest. Under
such circumstances, we cannot be sure that the typical
diet of ring-tailed lemurs has been accurately docu-
mented.
How can analysis of OPCR and DNE scores elucidate

cases of potential evolutionary disequilibrium? Generally,
researchers assume that if a misclassification occurs, it
is because the constructed dietary categories are poor or
because selection on dental form responds to pressures
other than those normally assumed. Our hypothesis that
dental topography reveals energetic requirements and
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not just the type of foods consumed falls into this second
category. There is yet another possibility, i.e., that dental
topography reveals past diet. If there is in fact some evo-
lutionary disequilibrium, the resources consumed by a
species today (either as staples or as fallback foods) may
not be those foods its teeth are adapted to process well.
Thus, it is possible that classification ‘‘failure’’ is not a
failure at all but rather a reflection of a recent dietary
behavioral shift—so recent that evolution has not had
sufficient time to have reshaped the teeth. Even if the
shift is insufficient to result in classificatory failure, a
critical ecological role may be occupied by species whose
teeth appear to be less than ideal for that role. Such
situations are of interest to scientists probing behavioral
shifts that establish new selective regimes.
We suggest that such a scenario may apply to ring-

tailed lemurs and at least some species of Eulemur. In
the cases of Lemur catta and Eulemur spp., there is no
apparent mismatch between diet predicted on the basis
of OPCR and DNE metrics (i.e., frugivore/omnivore) and
the observed diet (i.e., frugivore/omnivore), although the
relatively low probability of membership in the
frugivore/omnivore category (79% for L. catta, 74% for
E. fulvus, and 66% for E. rufus) might signal a mixed
diet with a fair amount of foliage or with a large amount
of very fibrous fruit. In general, Lemur and Eulemur
spp. prefer fruit to foliage and will consume fruit when
they can (e.g., Jolly, 1966; Goodman et al., 2006; Kelley,
2011). They are also excellent seed dispersers with rela-
tively short gastrointestinal transport time (Campbell
et al., 2004a,b). We classified all Eulemur and Lemur as
‘‘frugivorous.’’
However, despite their preference for fruit, both ring-

tailed lemurs and Eulemur spp. consume considerable
foliage under certain circumstances (Sussman, 1977;
Sauther, 1992; Pinkus et al., 2006; Simmen et al., 2006).
Depending on the behavioral criterion applied or the
field study consulted, these lemurids can be classified as
folivorous or frugivorous (cf., Boyer, 2008; Muchlinski et
al., 2011; Bunn et al., 2011; this paper). What is intrigu-
ing also is anatomical evidence that they may be poorly
adapted for processing those resources upon which they
most heavily rely. Yamashita (1998) was the first to
notice features of the teeth of ring-tailed lemurs that
were unexpected for frugivorous species (see also Cuozzo
and Sauther, 2006). Boyer (2008) made a parallel argu-
ment regarding Eulemur rufus from Ranomafana. Our
data show that the DNE values for Lemur catta and
Eulemur rufus fall squarely in the middle of the array of
lemurids that ranges from Pachylemur and Varecia (with
low DNE) to Hapalemur and Prolemur (with high and
very high values). In addition, the gastrointestinal tract
of Lemur catta, while not as elongated as that of
indriids, is nevertheless long in comparison with that of
the more frugivorous Varecia, and its cecum is relatively
larger (Campbell et al., 2000). Eulemur spp. and Lemur
catta also resemble Hapalemur (and not Varecia or
Pachylemur) in having relatively small infraorbital fo-
ramina, a characteristic of folivorous species (Muchlinski
et al., 2011).
Stable isotope values of subfossil and modern ring-

tailed lemurs are also consistent with the hypothesis of
greater past folivory. They suggest a relatively greater
concentration on CAM plants in the past (Crowley, 2009;
Crowley BE, Godfrey LR, Guilderson TP, Zermeño P,
Koch PL, and Dominy NJ, submitted, ‘‘Extinction and
ecological retreat in a community of primates’’), which in

turn suggests a larger proportion of foliage, as the domi-
nant endemic CAM plants of Madagascar have fruits
that are primarily adapted for wind transport. In
Madagascar, primate-dispersed endemic fruit are C3.
Ring-tailed lemurs do consume considerable amounts of
CAM plants in some habitats today, including some that
are introduced and have edible fruit (see Loudon et al.,
2008, on Tsimanampesotse; Kelley, 2009, 2011, on Cap
Sainte-Marie).
Perhaps, we are dealing with an example of evolution-

ary disequilibrium caused by the loss of the primary
occupiers (Pachylemur and Archaeolemur) of frugivore
niches. Taxa that are more capable of persisting on
leaves may be allowed, if not obliged (in terms of natural
selection) to consume more fruit when important compo-
nents of the frugivore guild disappear (Boyer, 2008). A
detailed study of the dental topographic features of ring-
tailed lemur molars through time may be warranted;
subfossil ring-tailed lemur jaws do exist, and the teeth
have not been analyzed with such questions in mind.
Finally, we consider the example of Microcebus griseo-

rufus. Stable isotopes suggest that the diet of this spe-
cies, like ring-tailed lemurs, changed over the past sev-
eral thousand years. This is also the only cheirogaleid in
our database that was consistently misclassified. Of
course, our dietary categories do not include insectivory
and thus do not allow discrimination of folivorous and
insectivorous species. It is likely that strong relief
reflects a relatively high proportion of insects in the diet;
nevertheless, it is certainly the case that Microcebus is
omnivorous and not folivorous and that it does not have
the very high relief typical of insectivorous species. It is
also possible that its relatively high crests are relics of
the past. Today, M. griseorufus depends primarily on
exudates, particularly during the dry season (Génin,
2008; Rasoazanabary, 2011). Isotopic evidence is consist-
ent with a shift in diet—this species may have consumed
more insects in the recent past (Crowley BE, Godfrey
LR, Guilderson TP, Zermeño P, Koch PL, and Dominy
NJ, submitted, ‘‘Extinction and ecological retreat in a
community of primates’’).
Wholesale shifts in diet may be extremely rare, and

evolutionary changes in dental occlusal morphology to
accommodate any such behavioral shifts may require
more than 1,000 or 2,000 years. Such disequilibrium is
largely invisible to ecologists studying the behavior of
animals in their present environments. Nevertheless, by
using dental topographic analysis in conjunction with
stable isotope research, researchers may be able to
develop detailed hypotheses regarding recent dietary
shifts. Working out the interplay between the mechani-
cal ‘‘structural quality,’’ necessary ‘‘quantity’’ as dictated
by nutritional quality and metabolism, and the corre-
spondence to tooth form for a spectrum of food resources
would be an adaptationist victory, indeed. Having accom-
plished such a goal, one could begin to identify animals
that are consuming the ‘‘wrong’’ (or at least suboptimal)
resources. Thus, for example, we might identify folivores
that are, in certain habitats, consuming resources that
would be better processed by teeth that are more com-
plex or by teeth that have greater relief. Documenting
disparities between dental topography and foods con-
sumed can become an effective tool, helping us to under-
stand why some lemurs (Lemur catta, Eulemur spp.)
that consume consistently high proportions of fruit in
populations observable today have teeth that seem to
belie this proclivity (Cuozzo and Sauther, 2006; Boyer,
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2008) and suggest greater past folivory. Used in such a
manner, the study of dental occlusal topography can pro-
vide insights into recent subtle changes in feeding
behavior that might improve our understanding of teeth
in their ecological contexts.
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