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ABSTRACT During mastication, foods are reduced
into particles suitable for swallowing and digestion.
Smaller particles possess a greater surface area per unit
of volume on which digestive enzymes and bacteria may
work than relatively larger particles, and are thus more
readily digested. As dental morphology facilitates the
breakdown of diets with specific mechanical properties,
extensive dental wear and/or tooth loss may impede an
individual’s ability to break down and exploit foods. We
present data demonstrating a relationship between den-
tal impairment and particle size in 43 fecal samples
from 33 ring-tailed lemurs at the Beza Mahafaly Special
Reserve (BMSR), Madagascar. All fecal samples were
sifted through three sieves of decreasing size (11.2 mm,
4.75 mm, and 1.0 mm). The resulting fraction in each
sieve was then weighed and assessed in relation to indi-
vidual dental impairment status. With increasing wear,

the percentage of each sample within the 1.0 mm sieve
decreases, whereas that in the 11.2 mm sieve increases
with increasing postcanine wear, although these effects
are not present when limited to individuals without
tooth loss. Individuals with tooth loss also demonstrate
larger proportions of fecal material 1.0–4.75 mm in size.
Dental impairment results in larger food particles and
potentially less efficient utilization of foods. When fecal
material was examined by leaf vs. fruit content, individ-
uals with tooth loss demonstrated reduced proportions of
fruit in the 1.0 mm and 11.2 mm sieves. These data sug-
gest individuals with tooth loss consume less fruit than
those without loss, potentially reflecting a reduced abil-
ity to process tamarind fruit, a key fallback resource at
BMSR. Am J Phys Anthropol 148:238–248, 2012. VVC 2012
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Teeth are the primary structures by which foods are
initially processed and reduced before subsequent swal-
lowing and digestion. For particular diets, mammalian
dental morphology therefore demonstrates forms that
facilitate the generation of forces necessary to cause run-
away crack propagation within foods characterized by
specific physical and structural properties (Lucas, 2004).
For example, researchers have long noted that primarily
folivorous and insectivorous species demonstrate high-
cusped and crested teeth with shearing capabilities nec-
essary to initiate and continue cracks within foods char-
acterized by physically tough structural carbohydrates
such as found within cell walls (e.g., cellulose) and chiti-
nous insect exoskeletons. In turn, primarily frugivorous
and hard object consuming taxa demonstrate morpholo-
gies of lower relief suited to breaking open the cell walls
of fruits through grinding and crushing, or opening hard
foods (e.g., seeds) without incurring damage to the tooth
(Kay, 1975; Seligsohn, 1977; Kay et al., 1978; Yamashita,
1998; Lucas, 2004; Evans et al., 2007). Dental morphol-
ogy, however, may be altered significantly through an
animal’s lifespan due to a variety of processes including
dental disease, wear from physical interactions with food
items, food processing, and masticatory behaviors
(including cultural variation among humans), dental
morphology and microstructure, chemical erosion, and/or
physical damage resulting from exposure to high forces
(Molnar, 1971, 1972; Rensberger, 1973; Graham and
Burkart, 1976; Smith et al., 1977; Smith, 1984; Lanyon
and Sanson, 1986; Janis and Fortelius, 1988; Teaford
and Oyen, 1989; Hillson, 1996; Gandara and Truelove,

1999; Maas and Dumont, 1999; Verrett, 2001; Kaifu et al.,
2003; Lucas, 2004; Lussi et al., 2004; Nussey et al., 2007).
Severe wear that ablates critical functional features of the
tooth, and/or tooth loss which results in the failure of
occlusion between opposing positions, is presumed to
hinder the breakdown and subsequent utilization of food
items thus negatively impacting aspects of individual
health (Gipps and Sanson, 1984), life history, reproduction
(Logan and Sanson, 2002; King et al., 2005), and survival
(Lucas, 2004).
A key aspect of dental function is the reduction of

foods from their initial form into particles of decreased
size. Breaking down food into particles permits individu-
als to consume food items which are too large to swallow
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in their original state and/or may permit access to
resources that would otherwise pass through the diges-
tive tract unutilized [(e.g., seeds) Lucas, 2004]. Particle
size may also play a role in the efficient digestion and
utilization of food items as particle size corresponds to
the surface area to volume ratio of ingested foods. Par-
ticles of relatively smaller size demonstrate an increased
surface area to volume ratio in comparison to particles of
relatively larger size, and therefore present a larger sur-
face on which digestive enzymes and gut bacteria may
act. Individuals who reduce foods into relatively smaller
sized particles should thus digest and utilize foods more
effectively than those who reduce foods into larger par-
ticles (McLeod and Minson, 1969; Bjorndal et al., 1990;
Lentle et al., 2003; Lucas, 2004).
The impact of dental morphology on masticated food

particle size distributions, and the impact of food particle
size on subsequent digestion and utilization of food
items, has been demonstrated for a number of mamma-
lian species (Sheine and Kay, 1977; Kay and Sheine,
1979; Sheine, 1979; Gipps and Sanson, 1984; Lanyon
and Sanson, 1986; Bjorndal et al., 1990; Lentle et al.,
2003). Experiments by Bjorndal et al. (1990) demon-
strate, that when digested in vitro in inoculant drawn
from cattle rumen, grass particles of smaller size digest
more completely than do particles of comparatively
greater size, and also that grass particles 3 mm in size
digest at a greater rate (1.73) than 30 mm sized par-
ticles when placed in the rumen of cattle. Likewise, in
their study of four wallaby species, Lentle et al. (2003)
noted that reduced food particle size was associated with
enhanced organic matter, neutral-detergent fiber and
acid-detergent fiber digestibility. Additionally, among
browser and browser/grazer wallaby species, ingested
food particle sizes were of larger size than those found
among grazer and grazer/browser species, suggesting
that predominantly herbivorous species must more finely
reduce their diets to ensure effective utilization of
resources than those which persist on a less herbaceous
diet (see below). Similarly, Gipps and Sanson (1984)
noted that, when fed a controlled diet, ring-tailed pos-
sums (Pseudocheirus sp.) with significant dental wear
showed reduced neutral-detergent fiber and dry matter
digestion, as well as weight loss. These authors also
reported that individuals with experimentally ablated
dentitions had greater amounts of large food particles
and vascular bundles within their stomachs but did not
demonstrate weight loss, reduced digestibility, or differ-
ences in ingested food particle size, suggesting increased
intake of digestible materials. Likewise, in koalas, Lan-
yon and Sanson (1986) noted significant tooth wear was
associated with larger particle sizes in the stomach and
caecum in comparison to individuals with lower wear.
Although similar datasets are limited among nonhu-

man primates, Sheine and Kay (1977) noted that insec-
tivorous Galago senegalensis demonstrated smaller food
particles in their feces than did more frugivorous Cheiro-
galeus medius. These authors suggested that the reduc-
tion of foods into finer particles by G. senegalensis
reflects the higher proportion of insects consumed by
this species and the need to break down chitinous exo-
skeletons into small fragments toward their efficient en-
zymatic digestion. This presumption is supported by
later experimental work (Kay and Sheine, 1979) demon-
strating that galagos more efficiently digested chitin of
smaller particle sizes than they did chitin particles of
larger particles. Likewise, Sheine (1979) also reported

that Lemur catta and Eulemur fulvus sbsp. digested
greater amounts of dietary cellulose when presented in
experimental diets in small particles (0.425–0.710 mm)
than when provided in larger sized particles (0.850–1.70
mm), suggesting these species demonstrate adaptations
suited toward breaking down and utilizing fibrous mate-
rial, but also highlighting that particle size may play a
role in the assimilation of such resources.
The extent to which particle size impacts digestion is

also contingent, in part, on the nature of the diet con-
sumed. For instance, food particle size should be of great
importance for diets high in structural carbohydrates,
particularly for herbaceous materials of which cellulose-
based cell walls cannot be digested by mammals without
microbial action within the gut (e.g., Van Soest and
McQueen, 1973; Stevens, 1988; Mackie, 2002). Reducing
foods into particles of small size may be of less impor-
tance than previously assumed in the digestion of herba-
ceous materials, provided that consumers can cause
numerous cracks and fissures through the indigestible
cuticle of larger sized particles. Such cracks may effec-
tively increase the relative surface area of otherwise
large sized particles (Bjorndal et al., 1990). In contrast,
fruit materials may require less breakdown than do her-
baceous materials as these are comparatively easy to
digest. In such cases thoroughly breaking down fruits
may, however, be beneficial as this permits access to
resources stored within cell walls and which would oth-
erwise be more difficult to utilize. Despite these caveats,
all things being equal, individuals who maintain an abil-
ity to reduce foods into particles of smaller size will dem-
onstrate enhanced digestive efficiency and utilization of
ingested resources than those individuals who do not
(e.g., Lucas, 2004).

Dental impairment in Beza Mahafaly
Ring-Tailed Lemur

Lemur catta living in and around the gallery forest
dominated Parcel 1 of the Beza Mahafaly Special Reserve
(BMSR), Madagascar, show exceptionally high rates of
tooth wear and frequencies of wear-related tooth loss,
with 26.5% of individuals exhibiting the total loss (e.g.,
complete ablation of the crown) of at least one tooth and
6.4% of all assessed positions being absent. This is the
highest reported frequency of tooth loss for any sample of
extant nonhuman primates (Cuozzo and Sauther, 2006a).
The loss of multiple teeth for individuals is common, with
10.8% of lemurs showing[30% loss, and 4.6% with[50%
tooth loss. The highest loss observed in a living individual
is 81% (Cuozzo and Sauther, 2004, 2006a).
The high frequencies of wear-related antemortem tooth

loss observed among BMSR L. catta results primarily
from the consumption of tamarind fruit (Tamarindus ind-
ica). Ripe tamarind fruit is a dominant dietary component
during the dry season for ring-tailed lemurs living in
semi-deciduous riverine gallery forest at BMSR and
serves as an important fallback food resource during this
period as the availability of alternative food items is lim-
ited due to seasonal effects (Sauther, 1992, 1998; Ratsirar-
son et al., 2001; Cuozzo and Sauther, 2004, 2006a,b; Sim-
men et al., 2006; Cuozzo et al., 2008; Sauther and Cuozzo,
2009). This fruit is exceptionally difficult for L. catta to
consume as ripe tamarind is physically the largest food
item eaten at BMSR, has a casing (exocarp) which is
harder and tougher than any other food eaten by L. catta
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at BMSR and also possesses tough fibers surrounding edi-
ble portions of the fruit (Cuozzo and Sauther, 2006a,b;
Yamashita, 2000, 2008b; Yamashita et al., this volume).
Ring-tailed lemur dental morphology appears to be poorly
adapted to breaking down diets in which large, hard, and
tough foods compose a major proportion of items con-
sumed. In contrast to hard object feeding adapted species,
which frequently demonstrate blunt cusp morphology and
comparatively thick enamel, ring-tailed lemurs possess
dental morphology characterized by elongated shearing
crests and enamel which is among the thinnest observed
for any extant primate taxa (e.g., Shellis et al., 1998; God-
frey et al., 2005). Ring-tailed lemur dental morphology
thus appears to be adapted toward a more folivorous diet
than is consumed at BMSR (Kay et al., 1978; Dumont,
1995; Yamashita, 1998; Cuozzo and Sauther, 2004,
2006a,b; Lambert et al., 2004; Godfrey et al., 2005; see
also review in Cuozzo and Yamashita, 2006). Tooth wear
and loss therefore appear to result from using a compara-
tively thin-enameled and crested tooth to process the hard
and tough casing of the tamarind fruit and scraping the
fruit’s tough internal fibers across the tooth during con-
sumption (Cuozzo and Sauther, 2004, 2006a,b; Cuozzo et
al., 2008; Sauther and Cuozzo, 2009; Yamashita et al.,
this volume).
Severe tooth wear and loss is particularly common for

postcanine tooth positions directly involved in tamarind
fruit processing, with the first molars being the most fre-
quently lost position, followed by (in descending order)
P3, P4, and M2. Because M1 is the first permanent posi-
tion to erupt, the high rate of M1 loss likely reflects an
interaction between eruption schedule and tamarind con-
sumption, which corresponds with and/or begins soon af-
ter weaning (Sauther et al., 2002; Cuozzo and Sauther,
2004, 2006a). The association between loss and eruption
schedule is, however, weakly linked for other tooth posi-
tions. For example, the P3 and P4 positions commonly
used in tamarind fruit processing are more frequently
absent than are earlier-erupting positions which are
used less during tamarind fruit processing (e.g., I1, I2,
and, M2). High rates of dental wear are also noted in
the deciduous dentition of subadults (which demonstrate
adult patterns of tamarind processing) further highlight-
ing the role of tamarind in the generation of tooth wear
and loss observed for BMSR L. catta and indicating that
wear commences and proceeds rapidly from an early age
(Cuozzo and Sauther, 2006b; Sauther and Cuozzo, 2009).

Behavior, tooth loss, and food particle size

Although dental impairment is presumed to reduce
the efficiency with which foods are processed and uti-
lized, BMSR ring-tailed lemurs have been observed to
adjust their behaviors to compensate for tooth loss (Mil-
lette et al., 2009). Individuals with tooth loss show diver-
gent food processing behaviors in comparison to those
without tooth loss. For example, these individuals dem-
onstrate longer tamarind fruit feeding bout lengths than
do individuals without tooth loss, but do not show longer
feeding bouts when consuming less-challenging foods
which do not require extensive initial processing (e.g.,
small Enterospermum pruinosum berries which are
swallowed whole without processing). These data sug-
gest that lemurs with tooth loss may be less capable of
consuming tamarind fruit than individuals without tooth
loss (Millette et al., 2009). As tamarind fruit is a top
fruit resource during the dry season at BMSR, the rela-

tive proportion of tamarind in the feces of individuals
without tooth loss may be greater than those without
loss as these lemurs may more easily access and con-
sume greater quantities of this fruit per feeding bout.
Ring-tailed lemurs, however, may alter their behaviors

to compensate for reduced tamarind fruit processing
abilities. For example, individuals with tooth loss have
been observed to engage in higher frequencies of licking
behavior when consuming tamarind than individuals
without tooth loss. Individuals have also been observed
to manually process tamarind fruit and consume tama-
rind pods previously opened and discarded by other
group members. Examination of excreted food particles
may help understand the relationship of these behaviors
toward the compensation for tooth loss, particularly
those directed toward consumption of tamarind fruit. If
these behaviors are fully compensatory, the relative pro-
portion of fruit material within the feces of these individ-
uals may not differ from those without tooth loss. As
such, examining the relative proportion of fruit material
within the feces of individuals with dental impairment
in comparison to those without dental impairment may
test the efficacy of these behavioral adjustments.

Study goals and hypotheses

In this article, we examine the relationship between
dental impairment and (1) fecal particle size as an indi-
cator of ingested food particle size and (2) the relative
proportion of leaf matter to fruit matter with respect to
fecal particle size in ring-tailed lemurs of the BMSR. We
hypothesize that individuals with dental impairment
will demonstrate increased fecal food particle size in
comparison to those without dental impairment. We also
hypothesize that individuals will demonstrate divergent
patterns of processing for different types of food (e.g.,
fruits vs. leaves). We suggest that dentally impaired
individuals will demonstrate reduced proportions of fruit
material within their feces as these individuals are
expected to demonstrate reduced efficiency when proc-
essing tamarind fruit.

METHODS

Study site

The BMSR (238300S and 448400E) is located in south-
west Madagascar approximately 35 km northeast of the
town of Betioky Sud. The reserve consists of two pro-
tected parcels, an annex connecting the two parcels and
a research camp. This study was conducted using sam-
ples procured from L. catta living in or adjacent to Par-
cel 1, an 80 ha western Malagasy dry semi-deciduous
gallery forest located on the western bank of the ephem-
eral Sakamena River (Sauther et al., 1999; Ratsirarson,
2003). Since 1979, Parcel 1 has been relatively free from
anthropogenic impacts (e.g., logging or livestock grazing)
by both a barbed-wire fence and an agreement by the
local Mahafaly population to not graze their animals
within the reserve. The eastern portion of Parcel 1 is a
mature riparian deciduous and semi-deciduous forest
which progressively becomes more xerophytic in western
areas away from the river (Sauther, 1998; Ratsirarson,
2003). This gallery forest is dominated by tamarind (T.
indica), particularly on the parcel’s wetter eastern por-
tion. Eastern portions of the reserve are characterized
by a closed canopy of roughly 15–20 m in height and
consisting primarily of tamarind, Acacia rouvmae,
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Euphorbia tirucalli, and Salvadora angustifolia. Below
this canopy layer, and in western portions of Parcel 1,
most trees are relatively short in height ranging from 2
to 15 m. Dominant tree species in a given area of the
Parcel 1 tends to follow the decreasing east–west gradi-
ent of water availability, although tamarind and Azima
tetracantha are found throughout Parcel 1 (Sussman
and Ratsirarson, 2006).
Unprotected gallery forest covering approximately 200

ha is located contiguously to the north and south borders
of Parcel 1 (Sussman and Ratsirarson, 2006). These
areas demonstrate reduced productivity and degradation
of the forest understory due to grazing and farming
(Sussman and Rakotozafy, 1994; Sauther, 1998; Sauther
and Cuozzo, 2009). The quantity and quality of under-
story lianas and herbs available for use by ring-tailed
lemurs is reduced within these areas in comparison to
Parcel 1 (Sussman and Rakotozafy, 1994; Sauther, 1998;
Sauther and Cuozzo, 2009). Located immediately south
of Parcel 1, the camp area consists of several small
administrative and research buildings, a small museum
and camping facilities for researchers and visitors. These
facilities include a kitchen, a closed water well, and open
trash pits that are sometimes raided by several lemur
groups (Sauther et al., 2006; Fish et al., 2007; Millette,
personal observations). Although lemurs have been
observed to procure both food and water from these sour-
ces, BMSR ring-tailed lemurs are not provisioned. Ring-
tailed lemurs range through and utilize all aforemen-
tioned areas irrespective of anthropogenic alterations,
with several social groups using both protected and dis-
turbed areas (Sauther et al., 2006; Fish et al., 2007).

Dental assessment and capture protocol

Individual tooth wear and loss data were determined by
F.P.C. for 33 BMSR ring-tailed lemurs during annual
health assessments (see capture and assessment protocol
below) conducted during the 2006, 2007 and 2008 field sea-
sons. Tooth loss was recorded only for positions where the
crown was worn to the gumline and/or was totally missing,
leaving at most only worn roots (e.g., Cuozzo and Sauther,
2006a; Cuozzo et al., 2010). Such positions are not in occlu-
sion and represent a total loss of tooth function. Of the 33
study subjects, seven individuals were found to be missing
at least one tooth, with total tooth loss ranging from 8% to
56%. Of these, all but one individual demonstrated[10%
tooth loss (e.g., heavy loss). When limited to the postcanine
dentition, tooth loss ranged from 8% to 79%. For this
study, postcanine dentition is defined as maxillary tooth
positions distal to the canine, and mandibular positions
distal to the lower second premolar, as this tooth is canine-
like in form and function (e.g., Cuozzo and Yamashita,
2006). To provide an indicator of individual tooth wear sta-
tus, a wear index was calculated. For each individual, all
tooth positions were scored using a 0–5 ordinal wear scale
(0 representing a low-wear state, 5 representing the total
ablation of the tooth to the gumline, see Table 1 and Fig.
S1). Wear indices were determined by dividing the sum of
wear scores by the number of teeth present for (1) the total
dental arcade and (2) for the postcanine dentition. Total
wear indices ranged from 0.500 to 4.750, whereas postca-
nine wear ranged from 0.500 to 4.733. A complete listing of
tooth wear and loss statistics for individuals used in this
study is available in the Supporting Information Table S1.
All captures were conducted as part of a long-term

study (since 2003) of ring-tailed lemur health, behavior,

and life history conducted by M.L.S. and F.P.C. (see
Cuozzo and Sauther, 2004, 2006a,b; Sauther and Cuozzo,
2009). All lemurs were captured using a Dan-Inject blow
dart system (Dan-Inject, North America, Fort Collins,
CO) in conjunction with the drug Telazol1 (Fort Dodge
Laboratories, Fort Dodge, IA). Darting, capture, and ex-
amination protocols followed methods developed over 20
years of research and over 400 safe captures at BMSR
(e.g., Sussman, 1991; Sauther et al., 2002, 2006; Cuozzo
and Sauther, 2006a,b; Miller et al., 2007; Larsen et al.,
2011). During each examination, a veterinarian and vet-
erinary students were present to monitor the health of
the captured lemur. All methods and materials received
approval by and followed standard animal handling
guidelines and protocols of the Institutional Animal Care
and Use Committees (IACUC) of the Universities of
North Dakota and Colorado-Boulder. All data collection
and captures were approved by MNP (Madagascar
National Parks, formerly ANGAP), the body governing
research in Madagascar’s protected areas.

Fecal methods

Forty-three fecal samples were collected during the
dry seasons (June–August) of 2006, 2007, and 2008 from
33 study subjects. Ten fecal samples were collected from
individuals demonstrating tooth loss, whereas 33 sam-
ples were collected from individuals without tooth loss.
Fecal samples were collected from excreta produced dur-
ing annual health inspections, either while lemurs were
being examined and assessed, or from the portable ken-
nels in which the lemurs recover, following their release.
Following collection, samples were washed with water
through three sieves of decreasing size (11.2 mm, 4.75
mm, and 1.0 mm), producing three sub-samples of the
following sizes: 1.0–4.75 mm, 4.75–11.2 mm, and [11.2
mm. Seeds were not removed from the sample, with
most of these deposited in the 4.75 mm and 11.2 mm
sieves (see Fig. 1). Samples were then dried and trans-
ported to the University of Colorado at Boulder where
the mass of each fraction was weighed. As samples col-
lected during field observations were often impossible to
collect in their entirety, and some of each sample\1 mm
in size was lost during sieving, each sieved proportion
was assessed in relation to the total dry mass recovered
following sieving. Each resulting mass proportion was
then assessed in relation to individual wear and loss sta-
tus using non-parametric methods (e.g., Mann–Whitney
U and Spearman rho). Non-parametric methods were
utilized as masticated food particle sizes are typically
not normally distributed (see Lucas, 2004). For each
test, statistical significance was set at the a 5 0.05 level.

TABLE 1. Tooth wear ordinal scale

0—unworn occlusal surface
1—small wear facets and no dentine or pulp exposure
2—large wear facets and no dentine or pulp exposure
3—some dentine and pulp exposure, few cusps still present; for

canine and tooth comb, 1/2 remaining
4—pulp exposure, with cusps gone, dentine or pulp exposed

across most of the surface, or partial crown remaining; for
canine and toothcomb, less than 1/4 remaining

5—tooth worn to or below gum line with only roots/partial roots
remaining (i.e., functional loss [see Cuozzo and Sauther, 2004,
2006a); OR no presence of the tooth remains (i.e., healed
gingiva only, or in skeletal specimens remodeled alveoli)
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To assess the potential relationship between tooth loss
and the consumption of divergent food item types, for a
20-fecal sub-sample (10 from individuals with tooth loss
and 10 from those without loss), the relative proportion
of fruit to leaf mass was determined within each size
fraction. For each sieve, fruit material and leaf material
were manually separated. These proportions were then
weighed and assessed in relation to their total mass. The
relative proportions of these materials within each sieve
size were then assessed in relation to tooth loss status
using non-parametric methods (e.g., Mann–Whitney U).
Statistical significance was set at a 5 0.05 level.
Although leaf material (e.g., undigested leaf portions,
leaf vasculature, and stems) was easily distinguished
from fruit material (e.g., seeds, tamarind shell, and rem-
nants of fruit ‘‘meat’’), it was not possible to reliably dis-
tinguish the species of each leaf, although several fruit
species were readily identifiable (e.g., E. pruinosum and
T. indicia). As species could not be reliably determined

for leaves, a simple leaf/fruit distinction was utilized to
assess the relationship between dental impairment and
the relative proportion of dietary components within
each sieved portion. Insect material was not observed,
and thus not considered, when assessing fecal contents.

RESULTS

Dental impairment and particle size

Tooth loss status was associated with fecal particle
size. Individuals with tooth loss demonstrated relatively
smaller proportions of material 1.0–4.75 mm in size than
did individuals without tooth loss. This pattern also
holds true for individuals with greater than 10% tooth
loss, and also when assessed with respect to the postca-
nine dentition. Unexpectedly, no differences were found
between individuals with tooth loss and without tooth
loss for material recovered in the 4.75–11.2 mm or [11.2

Fig. 1. Food particle size fractions were produced by sieving each fecal sample through sieves of decreasing size (A). Each frac-
tion was then dried individually before being weighed and assessed as a proportion of the total mass of recovered material (B).
Image (C) demonstrates fecal materials trapped within the 11.2 mm sieve, including tamarind seeds and leaf material.

TABLE 2. Mean percentage of total fecal mass for each sieved fraction in relation to tooth loss status

1.0–4.75 mm 4.75–11.2 mm [11.2 mm

Sieve size fraction % total mass sd % total mass sd % total mass sd

Tooth loss (N 5 10) 22.4 7.5 47.9 12.3 29.7 12.6
No tooth loss (N 5 33) 36.6 16.3 42.0 11.7 21.3 15.2
Mann–Whitney U score 75.0 114.0 110.0
P value 0.0097 0.1426 0.1127
[10% tooth loss (N 5 9) 21.5 7.3 48.6 12.2 29.9 13.3
\10% tooth loss (N 5 34) 36.5 16.1 42.0 12.1 21.5 15.0
Mann–Whitney U score 62.0 111.0 104.0
P value 0.0066 0.6217 0.1422
Postcanine loss (N 5 10) 22.4 7.5 47.9 12.3 29.7 12.6
No postcanine loss (N 5 33) 36.6 16.3 42.0 11.7 21.3 15.2
Mann–Whitney U score 75.0 114.0 110.0
P value 0.0097 0.1426 0.1127

p\ 0.05
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mm fractions. This pattern remains when examined in
terms of the postcanine dentition and/or limited to indi-
viduals with greater than 10% tooth loss (Table 2 and
Fig. 2). When particle sizes were examined with respect
to tooth wear indices, increasing wear was associated
with a smaller proportion of particles in the small 1.0–
4.75 mm proportion. When limited to postcanine wear,
significantly more particles were also present in the
large [11.2 mm sample with increasing wear scores.
When examined with respect to tooth wear indices, pat-
terns observed with respect to tooth loss status hold
remarkably well. This is not unexpected as individuals
with extensive tooth loss demonstrate significantly
higher rates of tooth wear, as wear is the primary cause
of tooth loss in this population (e.g., Cuozzo and Sauther,
2006a). However, when assessed by excluding individu-
als without tooth loss, but demonstrating tooth wear, no
significant patterns for any of the three size categories
were present (Table 3 and Fig. 3).
Tooth loss is associated with greater proportions of

leaves and reduced proportions of fruit within the 1.0–
4.75 mm sample and the [11.2 mm sample. A similar
but non-significant pattern is also present in the 4.75–
11.2 mm sample. These data indicate that leaves are
present in greater quantities in the feces of individuals
with tooth loss and suggest that these individuals ingest
fewer fruits than do individuals without tooth loss dur-
ing BMSR’s dry season (Fig. 4 and Table 4).

DISCUSSION

Dental impairment and food processing

Our data indicate a link between dental impairment
and fecal food particle size. Individuals with tooth loss
demonstrate significantly higher proportions of material
in the 1.0–4.75 mm sample. Wear index was also associ-
ated with fecal particle size for the 1.0–4.75 mm sample
and also the[11.2 mm sample when examined in terms of
postcanine wear. Therefore, fecal particle size provides a
means for assessing the impact of dental impairment on
an individual’s ability to process and utilize food items
among ring-tailed lemurs. Individuals with significant
dental impairment, such as severe tooth wear and/or tooth
loss, demonstrate a reduced ability to break down foods
into particles of small size in comparison with those with
lower amounts of dental impairment. Given the link
between food particle size and the effective utilization of
food items, these lemurs may demonstrate a compara-
tively lower capacity to digest and harness nutrients of
foods consumed. This may be especially true in terms of
capacity to utilize leaves, which appear to be a major die-
tary component for lemurs with tooth loss in this study
and given that food particle size-related loss of cellulose
digestion has been reported for L. catta by Sheine (1979).
No differences were found between individuals with

and without tooth loss for the 4.75–11.2 mm or[11.2 mm
categories. One explanation for these data is that the
generation of particles in these size ranges is attainable
regardless of tooth loss status, although further break-
down is not readily possible for dentally impaired individ-
uals. A second explanation is that dentally impaired indi-

Fig. 2. Percentage of total fecal mass accounted for by the
1.0–4.75 mm sieve fraction based on tooth loss status. Individu-
als without tooth loss demonstrate significantly greater propor-
tion of their fecal materials within this sample than do individu-
als with tooth loss. No differences were noted for either the
4.75–11.2 mm or >11.2 mm fractions between individuals with
and without tooth loss.

Fig. 3. The relationship between tooth wear status and fecal
food particle size for the 1.0–4.75 mm sized sample. Increasing
tooth wear status is associated with a reduced proportion of
fecal material within the 1.0–4.75 mm sized fraction.

TABLE 3. Relationship between tooth wear status and sieved fecal food particle size

Sieved Fraction Size

1.0–4.75 mm 4.75–11.2 mm [11.2 mm

Tooth wear status N rho P rho P rho P

Total wear 43 20.379 0.014 0.257 0.095 0.282 0.067
Postcanine wear 43 20.387 0.012 0.244 0.114 0.307 0.047
Total wear (no loss) 33 20.145 0.411 0.182 0.303 0.151 0.393
Postcanine wear (no loss) 33 20.174 0.326 0.169 0.339 0.187 0.289

p\ 0.05
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viduals may be selecting items which more easily frag-
ment than do those without impairment. We suggest,
however, that individuals with tooth loss or extensive
wear do not divergently select food items as L. catta feed
predominantly in a synchronous manner where all mem-
bers of a social group consume a single species or type of
food simultaneously (Sauther et al., 1999) and tend to
focus on a narrow variety and limited number of food
species as they become seasonally available (Sauther,
1998). Patterns of food consumption should thus be simi-
lar between individuals irrespective of tooth loss status.
Additionally, if impaired individuals are selecting foods
based on ease of breakdown, their observed particle size
distributions should be similar to those without impair-
ment. As this is not the case, it appears that dentally
impaired individuals comparatively are less capable of
reducing food items into particles of small size.
Individuals with tooth loss demonstrate relatively

higher proportions of leaves and reduced proportions of
fruit in their fecal matter. One explanation for these
findings is that individuals may be selectively consuming
leaves in lieu of fruit. Alternatively, these data may
reflect an inability to access fruit resources, particularly

tamarind fruit, which is a primary dry-season fallback
food that is exceptionally challenging to process (e.g.,
Sauther and Cuozzo, 2009). Dentally impaired individu-
als may not be able to access tamarind as efficiently as
those without dental impairment, thus reducing the rela-
tive percentage of fruit within each fecal sample. This
interpretation is supported by observations that individ-
uals with tooth loss demonstrate difficulty opening tama-
rind pods and exhibit longer feeding bout lengths for
tamarind fruit (Millette et al., 2009, personal observa-
tions). Given that herbaceous material is of compara-
tively lower quality than the ripe tamarind fruit con-
sumed during the dry season, which is a high quality
food rich in sugar (see Yamashita, 2008a), and observa-
tions that dentally impaired individuals do not as finely
comminute leaf material (see Fig. 1C), it is likely that
they show reduced energetic intake in comparison to
individuals without dental impairment.
When limited to individuals without tooth loss, tooth

wear indices are not related to food particle size. These
data suggest that tooth wear alone does not result in
reduced masticatory abilities for ring-tailed lemurs at
BMSR and may provide support for the hypothesis that
teeth have evolved in a manner where functionality is
maintained despite the presence of wear. As primate
teeth do not regenerate or remodel their unworn mor-
phology, they should evolve in a manner which permits
the efficient breakdown of diets consisting of food items
of specific physical and structural properties through
wear (Rensberger, 1973; Kay, 1981; Teaford, 1983; Lan-
yon and Sanson, 1986; Ungar and M’Kirera, 2003; Den-
nis et al., 2004). For example, among folivorous species,
differential wear between enamel and dentin may result
in the maintenance of dental function through the expo-
sure of shearing crests where dentin ablates at a higher
rate than does enamel (Rensberger, 1973; Lanyon and
Sanson, 1986; King et al., 2005).
Several researchers have demonstrated that functional

aspects of primate dental morphology are maintained
throughthecourseofwear.Forexample,usingthree-dimen-
sional Geographical Information Systems-based topo-
graphicmethods onworn teeth of chimpanzees andgorillas,
Ungar and M’Kirera (2003; see also M’Kirera and Ungar,
2003)foundthatdespitereductionsinoverallslopeandrelief
withwear,thesespeciesremainconstantintheirtopographic
angularity, a measure of the average change in slope of the
tooth associated with the breakdown of tough material. In
thiscase,gorillasmaintainedcomparativelyhigherangular-
itythroughthecourseofwearthandidchimpanzees,consist-
ent with their (in comparison to chimpanzees) tougher and
more folivorousdiet.As such, theseauthors suggest thatan-
gularity represents ameans throughwhich dental function

TABLE 4. Type of food within each sieved fraction by tooth loss status

Sieve fraction size Loss status N % fruit sd % leaf sd

1.0–4.75 mm Tooth loss 10 23.9 24.6 76.1 24.6
No tooth loss 10 49.7 29.1 50.3 29.1
U-Score 5 22 P 5 0.034

4.75–11.2 mm Tooth loss 10 49.3 28.8 50.7 28.8
No tooth loss 10 75.7 28.4 24.3 28.4
U-Score 5 25 P 5 0.063

[11.2 mm Tooth loss 10 62.8 39 37.2 39
No tooth loss 8a 99.6 0.7 0.4 0.7
U-Score 5 15 P 5 0.018

a No[ 11.2 mm sized particles were present for two individuals without tooth loss.
p\ 0.05

Fig. 4. Percentage of leaf material within each fecal sieve
size for individuals with and without tooth loss. Individuals
with tooth loss demonstrated increased proportions of leaf mate-
rial within their fecal material than did individuals without
tooth loss for both the 1.0–4.75 mm and >11.2 mm fractions
than did individuals without tooth loss. These data suggest that
individuals with tooth loss ingest relatively lower proportions of
fruit material than do individuals without tooth loss.
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ismaintaineddespitetheonsetofwear.Similarmaintenance
ofangularityuntil extremewearhasbeenreported forhowl-
ing monkeys by Dennis et al. (2004). Likewise, King et al.
(2005) found that extreme dental wear was associated with
increased maternal infant mortality among Propithecus
edwardsiduringperiodsoflowrainfall,althoughindividuals
withlowerweardidnotdemonstraterainfall-linkedpatterns
ofreducedinfantsurvival.
Ring-tailed lemurs at BMSR may demonstrate a simi-

lar maintenance of dental function through the course of
wear as, when limited to individuals without tooth loss,
increasing wear status is not associated with the reduc-
tion of foods into larger sized particles. As a result, wear
alone appears insufficient to limit an individual’s ability
to efficiently masticate foods into particles. The finding
that wear status is associated with increasing propor-
tions of larger sized food particles when individuals with
tooth loss are included is not unexpected, as loss repre-
sents the total elimination of function for a given tooth
position. Nevertheless, the hypothesis that dental func-
tion is maintained despite wear for BMSR L. catta
remains speculatory. Individuals without tooth loss may
simply not possess wear of sufficient severity to impact
particle size. Individuals with extensive wear also likely
show comparatively higher levels of wear than do indi-
viduals without tooth loss. These data do, however, pro-
vide initial evidence that dental function is maintained
despite wear among BMSR lemurs prior to the onset of
tooth loss.

Behavior and dental impairment

Although food particle size appears related to dental
impairment in BMSR ring-tailed lemurs, the impact of
dental impairment on these individuals is not yet fully
understood. As we have discussed elsewhere (Millette et
al., 2009), ring-tailed lemurs compensate for tooth loss
through behavioral mechanisms related to food process-
ing. Individuals with tooth loss may gain access to foods
by simply spending more time for processing each indi-
vidual food item. Also, individuals have been observed
processing foods using alternative means, including non-
dental food processing such as licking food items and/or
use of the hands. Alternatively, individuals with dental
impairment utilize foods that have been previously proc-
essed and discarded by others (Cuozzo and Sauther,
2006a). Individuals with tooth loss, particularly exten-
sive tooth loss, have also been observed to remain active
during periods of group inactivity and resting during the
early afternoon, using this period instead to feed, forage,
and groom (Millette et al., 2009).
Individuals may also compensate for dental impair-

ment using strategies that have not yet been investi-
gated. For example, dentally impaired individuals may
preferentially select food items which are less challeng-
ing to process and consume. Such alterations to the diet
may explain differences in the contents of fecal samples
assessed during this study. If this is the case, fecal parti-
cle size may also be impacted by food choice. Although
the presence and direction of any such change remains
speculatory, dental impairment is still expected to result
in the consumption of larger sized food particles for a
given diet.
Our data indicate that dental impairment is associated

with increased food particle sizes and reduced fruit
intake. Behaviors associated with compensation for tooth
loss do not appear to enhance the efficiency with which

food items are broken down into particles, or to confer
compensatory food processing abilities. Behavioral
responses to tooth loss thus appear to reflect compensa-
tion through increasing overall food intake and/or access
to foods, but likely do not impact the utilization of food
resources once acquired, processed, and ingested.

CONCLUSIONS

Our data indicate that individuals with dental impair-
ment demonstrate divergent patterns of fecal food particle
size than do individuals without dental impairment.
Tooth loss and wear appear to negatively impact an indi-
vidual’s ability to breakdown of food items and indicate
that dental impairment leads to reduced masticatory per-
formance. The presence of larger food particle sizes within
the feces of individuals with dental impairment indicates
that these individuals likely utilize ingested food items
less effectively. The extent to which the increased particle
size impacts ring-tailed lemur health, survival, and repro-
duction is not yet known or well understood. Ring-tailed
lemurs with extensive tooth loss living at BMSR, how-
ever, have been observed to survive for extended periods
(e.g., survival for [5 years in a near-edentulous state)
while in good health and do not demonstrate reduced
reproductive success in comparison to those without tooth
loss (Cuozzo and Sauther, 2004, 2006a,b; Cuozzo et al.,
2010). The impact of tooth loss alone, and thus increased
particle size, is not inextricably linked to individual
health and survival in this population. We suggest that
individuals with tooth loss attempt to compensate for this
reduction of masticatory abilities through behavioral
mechanisms, including alterations to activity budget and
food processing behaviors (see Millette et al., 2009). These
alterations, however, do not appear to result in similar
particle size distributions between individuals with and
without dental impairment. These data indicate that
behaviors used in compensation for dental impairment do
not act through reducing food particle size. Rather, such
behaviors likely increase overall access to foods and/or
permit the initial breakdown foods, which could otherwise
not be consumed.
Data presented here also suggest that individuals with

tooth loss demonstrate divergent patterns of food con-
sumption, ingesting more leaves than they do fruit mate-
rial. We suggest that this is potentially a function of
reduced tamarind fruit processing capabilities among
individuals with tooth loss, as this fruit is exceptionally
difficult for L. catta to process and consume. Alternatively,
these individuals may be emphasizing leaves over fruit,
regardless of a reduced ability to comminute leaves into
finely sized particles and a presumably impaired capacity
to extract nutrients from this resource. Although we as of
yet have no feeding behavior data regarding patterns of
leaf consumption among individuals with dental impair-
ment, these individuals may be attempting to offset reduc-
tions in their ability to utilize this resource by increasing
the total volume of leaves consumed. Such alterations to
feeding behavior may be particularly prevalent if access to
important alternative foods is restricted by dental impair-
ment, as is likely the case with ripe tamarind fruit. Our
ongoing work at BMSR will further clarify such aspects of
food item choice and consumption in relation to dental
impairment.
Tooth wear was not associated with increased particle

sizes when individuals with tooth loss were excluded.
These data indicate that tooth loss is a key element in
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the reduction of masticatory efficiency for individuals
living at BMSR, and that dental function may be main-
tained through the course of wear prior to tooth loss.
This interpretation supports the hypothesis that masti-
catory function is maintained among individuals with
tooth wear and is only reduced when extensive wear
and/or tooth loss is present.
In conclusion, our data suggest the following is true

for ring-tailed lemurs at BMSR:

1. Tooth loss is associated with reduced proportions of
small sized particles 1.0–4.75 mm in size but is not
associated with divergent patterns for particles 4.75–
11.2 mm or[11.2 mm in size. As a result, individuals
with tooth loss may less effectively process food items
and may utilize foods less efficiently than do those
without tooth loss.

2. Increasing dental wear is associated with fewer pro-
portions of 1.0–4.75 mm sized particles and, when
limited to postcanine wear scores, also greater propor-
tions of large [11.2 mm sized particles. No such dif-
ferences are present when individuals with tooth loss
are removed from the sample. Tooth wear alone may
thus not result in a loss of dental function among
BMSR L. catta.

3. Individuals with tooth loss demonstrate greater pro-
portions of leaf material in their fecal material than
do individuals without tooth loss, suggesting that
individuals with tooth loss consume less fruit during
the dry season at BMSR.
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