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ABSTRACT One problem with dental microwear analyses of museum 
material is that investigators can never be sure of the diets of the animals in 
question. An obvious solution to this problem is to work with live animals. 
Recent work with laboratory primates has shown that high resolution dental 
impressions can be obtained from live animals. The purpose of this study was 
to use similar methods to begin to document rates and patterns of dental 
microwear for primates in the wild. 

Thirty-three Alouatta palliata were captured during the wet season at 
Hacienda La Pacifica near Canas, Costa Rica. Dental impressions were taken 
and epoxy casts of the teeth were prepared using the methods of Teaford and 
Oyen (1989a). Scanning electron micrographs were taken of the left mandibu- 
lar second molars at magnifications of 200 x and 500X. Lower magnification 
images were used to calculate rates of wear, and higher magnification images 
were used to measure the size and shape of microwear features. 

Results indicate that, while basic patterns of dental microwear are similar in 
museum samples and samples of live, wild-trapped animals of the same 
species, ecological differences between collection locales may lead to signifi- 
cant intraspecific differences in dental microwear. More importantly, rates of 
microwear provide the first direct evidence of differences in molar use between 
monkeys and humans. 

Dental microwear analyses have the po- 
tential to yield new insights into dental func- 
tion in extinct animals (Grine, 1986; Grine 
and Kay, 1988; Harmon and Rose, 1988; 
Puech et al., 1980, 1983; Rensber er, 1978, 

1989; Solounias et al., 1988; Teaford, 1991; 
Teaford and Walker, 1984). However, mi- 
crowear interpretations of fossil teeth are 
ultimately based on comparisons with mod- 
ern teeth, and most analyses of modern teeth 
(e.g., Ryan, 1981; Teaford, 1985, 1988a; 
Teaford and Robinson, 1989; Ungar, 1990; 
Van Valkenburgh et al., 1990) have involved 
museum specimens where investigators can 
never be sure of the diets of the animals in 
question. The only exception involves the 
pioneering work of Walker et al. (1978) in 

1986; Rose et al., 1981; Ryan and f ohanson, 

which hyraxes were collected durin differ- 

One solution to this problem is to take high 
resolution dental impressions from live ani- 
mals so that specific differences in diet can 
be related to differences in dental mi- 
crowear. Unfortunately, while this may 
seem like an easy alternative, the plain fact 
is that it is an extremely difficult process 
involving critical decisions about anesthesia 
for the animals, careful cleaning and drying 
of the teeth, and selection of appropriate 
materials for the taking and casting of im- 
pressions (Teaford and Oyen, 1989a). Each 
of these steps has the potential to cause 

ent seasons specifically for that stu dg y. 
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roblems with the resultant dental casts P Teaford, 198813,1991). Thus, it is no wonder 
that, until recently, all attempts to take high 
resolution dental impressions from live ani- 
mals have been unsuccessful. 

Recent work with laboratory primates has 
shown that, under proper conditions, high 
resolution dental impressions can be taken 
from live animals (Teaford and Oyen, 
1989a). The resultant e oxy casts can be 

analyses (Teaford, 1988a,b), but also for new 
analyses, as the rate at which microwear 
features are created can be used as an indi- 
cator of the overall rate of wear of the tooth or 
the rate of wear of a specific location on the 
tooth (Teaford and Oyen, 1989c; Teaford and 
Tylenda, 1991). These changes in microwear 
can be documented in a matter of days rather 
than the months or ears it takes to docu- 

(e.g., Carlsson et al., 1985; Lambrechts et a ., 
1989; Molnar et al., 1983a,b; Roulet et al., 
1980; Teaford and Oyen, 1989b). Using these 
daily or weekly rates of tooth wear, we now 
have the potential to mon- itor daily or weekly 
chan es in tooth use-including those asso- 
ciate % with changes in diet and those associ- 
ated with growth and development. 

The purpose of this project was to see if 
hi h resolution dental impressions could be 

that 1) dental microwear atterns could be 

tra ped animals and those from museum 

could be calculated for primates in the wild. 
MATERIALS AND METHODS 

When one considers the logistical prob- 
lems that arise in many field settings (e.g., 
absence of electricity or running water), it 
becomes clear that extreme care and plan- 
ning are essential if high resolution dental 
impressions are to be taken from live, wild- 
trapped primates. The animals must not 
only be accessible, they also must be well- 
studied, so that we can be fairly sure of the 
feeding and ranging habits of individual an- 
imals. Since the animals need to be anesthe- 
tized for the procedure, the dental im- 
pression sessions should robably be incor- 

information as ossible is athered. In this 

Hacienda La Pacifica near Canas, Costa 
Rica seemed ideal for this study. They live in 
patches of tropical dry forest interspersed 

used not only for standar i! dental microwear 

7 ment wear-related c K anges in tooth sha e 

ta a en from live, wild-trapped primates so 

compared between samp f es of live, wild- 

col P ections, and 2) rates of dental microwear 

porated into a larger stu a y so that as much 

light, the popu f ations of w . palliata, from 

with pasture land. As a result, they are 
eminently accessible and have been studied 
extensively over the ast 20 years (Clark et 

Glander, 1975, 1978a,b, 1979, 1980, 1981; 
Moreno et al., in ress). On-going work in- 

studies as well as the capturing and mar ing 
of 688 animals since 1970. Currently, 353 of 
the estimated 450 howlers on the ranch are 
marked. Data collected from these animals 
include body weights and measurements, 
footprints, and samples of blood, urine, feces, 
hair, and saliva. Data are collected at a field 
laboratory with access to electricity and run- 
ning water. 

For the resent study, 33 monkeys were 
captured cg uring the wet season usin 
techniques described by Glander et a .  (in 
press). The capture drug was Telazol (A.H. 
Robbins), a combination of equal parts by 
weight of tiletamine h drochloride (an ary- 

ic) and zolazepam hydrochloride (a nonphe- 
nothiazine diazepinone with tranquilizing 
properties). 

Impression techniques were generally the 
same as those described by Teaford and 
Oyen (1989a) for laboratory primates. Thus, 
10-15 minutes before impressions were 
taken, each animal was gven a small dose of 
atro ine, to reduce salivation and to stabilize 

from the mouth by brushing the teeth with a 
soft toothbrush and water. Or anic films on 

with a 0.15% solution of sodium hypochlo- 
rite, after which the teeth were rinsed for 1 
minute with an oral irrigation device (Wa- 
ter-Pik). A portable air compressor was used 
to dry the teeth for from 1 to 2 minutes. 
Dental im ressions were then taken of the 
left mandi !I ular tooth row using a polysil- 
oxane im ression material (President Jet, 

stored in zip-lock plastic bags and carried 
back to Baltimore where epoxy casts were 
poured approximately 1 month after the im- 
pressions were taken (using Araldite 9513 
resin and 2964 hardener, Ciba-Geigy). The 
epoxy casts were then used in scanning elec- 
tron microscope (SEM) analyses. 

SEM micrographs were taken at magnifi- 
cations of 200x or 500x using the tech- 
niques of Teaford and Walker (1984) and 
Teaford and Robinson (1989). Higher magni- 
fication SEM micrographs (2 per individual) 
were used to measure the size and shape of 

al., 1987; Clarke an tl Glander, 1981, 1984; 

cludes detailed c f  ietary and demogra hic R 

7 the 

laminocycloalkanone B issociative anesthet- 

the ?I eart rate. Food debris was removed 

the teeth were reduced by brus a ing the teeth 

Regular I! ody, Coltene). Impressions were 
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microwear features on facet 9 of the mandib- 
ular second molars (Teaford, 1988a; Teaford 
and Robinson, 1989). All 33 individuals were 
used in this part of the stud -17 from one 

and 16 from 3 social groups isolated from the 
river. Nonparametric statistics (the Mann- 
Whitney test) were used to compare dental 
microwear measurements from this sample 
with those from a museum sample of A. 
palliata collected on February 16-17, 1960 
at one site in Panama. The Mann-Whitney 
test was also used to compare dental mi- 
crowear measurements from river versus 
non-river groups within the Costa Rican 
sample. 

Lower magnification microgra hs were 

molars of 9 individuals caught twice during 
the study. As in revious work with labora- 

baseline and follow-up micrographs of the 
same enamel areas were placed under an 
acetate transparency and examined under a 
3 x magnifyin ring. A grid on the transpar- 

into 20 smaller units to facilitate the rec- 
ognition of identical microsco ic wear fea- 

scratch and pit visi !I le on the follow-up mi- 
crogra h was counted. If a scratch or it in 

the baseline micrograph, it was also re- 
corded as a new feature. The number of new 
features in the follow-up micrograph was 
divided by the total number of features in the 
follow-up microgra h to yield apro ortion of 

baseline and follow up. As the time between 
baseline and follow-up impressions ranged 
from 3 to 9 days, all proportions were con- 
verted to proportions of features created in 7 
days which was then used as an indicator of 
the rate of tooth wear (Teaford and Tylenda, 
1991).l The Wilcoxon paired-sample test was 
used to test for differences in rates of wear 
between shearing and crushing-grinding 

social group captured along t t e Rio Tenorito 

used to calculate rates of wear for t K e second 

tory monkeys ( 8 eaford and Oyen, 1989~1, 

ency effective 5 y divided each micrograph 

tures in each micro raph. Eac E microscopic 

the fol P ow-up micrograph was not visi B le in 

microscopic wear P eatures create B between 

'Previous work by Boyde and Martin (1982) has shown that 
high concentrations (i.e., 15-30% 1 of sodium hypochlorite may 
attack the organic component of enamel if left on the teeth 
overnight. While this raises the possibility that pretreatment of 
teeth with dilute solutions of sodium hypochlorite might affect 
rates of wear, the chances of significant effects In the present 
study are robably extremely remote for the following reasons. 
First, t h e ~ h ~ t i o n  used in this study is 2 ordersof magnitude less 
than that used by Boyde and Martin. Second, the actual time of 
contact with the enamel was only a matter of seconds rather than 
overnight. Third, application ofthe solution, together with subse- 
quent tooth wear, occurred in the presence of various salivary 
buffers. Finally, even if rates of wear were affected, all compari- 
sons involve samples collected using the same protocol. 

facets on the second molars. The Mann- 
Whitney test was used to com are weekly 

le and a sample of human dental patients P Teaford and Tylenda, 1991). The latter sam- 
ple consisted of 9 healthy adults (aged 20- 
43) with rather typical American diets (e.g., 
hamburgers and pizza). Each patient kept a 
written record of all food consumed between 
baseline and follow-up impressions, and the 
time between baseline and follow-up never 
exceeded 7 days. 

RESULTS 

rates of molar wear between the K owler sam- 

As in previous studies of Alouatta (Tea- 
ford, 1988a; Teaford and Walker, 19841, the 
molar microwear of the Costa Rican sample 
was characterized by the presence of far 
more scratches than pits (Fi . 1). However, 

and the number of features per microgra h 

museum sample (Table 1, Fig. 2). 
Within the Costa Rican sam le, there was 

between river and non-river groups, al- 
though comparisons for certain measure- 
ments (e.g., number of features er micro- 
graph) showed nearly significant lifferences 
(P < .07) (Table 2). 

The rates of dental microwear indicate 
that the wild-tra ped howlers wear down 

human dental patients (Table 2). In fact, the 
howlers are probably wearing down their 
teeth as fast as a previously-published sam- 
ple of laboratory rimates raised on a hard 

(Teaford and Oyen, 1989~) (Fig. 3). Unlike 
the laboratory monkeys and dental patients, 
however, the howlers wear-down their 
shearing facets faster than their crushing/ 
grinding facets. 

the percentage ofpits, the wi f th of scratches, 

were all significantly greater than in t K e 

no significant difference in mo P ar microwear 

their teeth signi f icantly faster than some 

diet, where the on P y available data are for M1 

DISCUSSION 
None of the intraspecific variations in den- 

tal microwear measurements in the present 
samples interfere with comparisons between 
Alouatta and other species with broadly dif- 
ferent diets (e.g., Cebus apella). However, 
the differences in dental microwear between 
the Costa Rican howlers and the museum 
sample of howlers from Panama reaffirm 
that dental microwear analyses of closely- 
related species, or species with similar diets, 
must take into account ecological differences 
between collection locales (Teaford and Rob- 
inson, 1989). For example, while both sam- 
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Fig. 1. Molar microwear on mandibular M2 Alouatta palliatu. 

TABLE 1 .  Descriptive statistics (mean k s.d.) and results of statistical comparisons of microwear measurements 

Scratch width Pit width 
Sample No. featuredmicrog. %I of pits (in microns) (in microns) 

Live, wild-trapped 147.5 f 47.1*** 20.5 f 8.5** 0.91 * .2* 3.28 * 0.8 
Alouatta palliata 
from Costa Rica 
(N = 33) 

A. palliata from 
Panama 
(N = 14) 

Museum sample 64.3 f 14.0 13.8 f 4.7 0.80 t_ .08 3.59 +_ 1.1 

*significantly greater than values for museum sample from Panama  (P < .05). 
**significantly greater t han  values for museum sample from Panama  (P < .02). 
***significantly greater t han  values for museum sample from Panama  (P < ,001). 

ples of Alouatta were collected during the 
wet season, the Costa Rican howlers were 
collected in a tro ical dry forest, and the 

tropical moist forest (Holdridge, 1971 1. Pre- 
sumably, the Costa Rican howlers ingest 
more abrasives than the Panamanian howl- 
ers as evidenced by the larger number of 
microwear features, larger scratches, and 
higher incidence of pittin on their teeth. 

fall and resource availability at La Pacifica, 
it remains to be seen if dental microwear 
patterns in the Costa Rican howlers will 
change significantly during seasonal changes 
in diet. The relatively low number of features 
on the teeth of the Panamanian howlers 
suggests, once again, that either the Pana- 
manian howlers ingest relatively few abra- 
sives or that other wear processes, such as 

Panamanian how P ers were collected in a 

Given the marked seasona f changes in rain- 
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TABLE 2. Descriptiue statistics (mean f s.d.i for microwear measurements from river and non-riuer groups 
within Costa Rican sample o f  Howlers 

Scratch width Pit width 
No. featuredmicrog. 9% of pits (in microns) (in microns) Group 

River group 135.1 f 36.8 22.4 k 8.8 0.95 ir .17 3.47 k 0.8 

Non-river groups 160.7 k 54.0 18.4 + 8.0 0.87 * .15 3.07 k 0.7 
(N 17) 

(N = 16) 

1 

ry 
t B 

Laboratory Monkeys Aloualla pailiala 

(Cercopifhecus aelhlopsl 

Laboratory Monkeys Alouana pailiala 

(Cercapitnecus aeihiopsl 

Fig. 3. A: Rates of wear on molar crushing facets. B: Rates of wear on molar shearing facets 

chemical erosion, eriodically obliterate fea- 

The rapid rates of molar wear shown by 
the Costa Rican howlers are perhaps not 
surprising given the amount of dentin ex- 
posed on their teeth. However, the fact that 
the Costa Rican howlers showed relatively 
faster wear on their molar shearing facets, 
whereas the laboratory monke s and the 

faster wear on their molar crushing facets, is 
probably the best evidence yet in support of 
various theoretical discussions of primate 
molar use (Kay, 1975, 1977; Kay and Hii- 
emae, 1974; Lucas, 1979; Lucas and Luke, 
1984bi.e., the mature leaves which make 
up much of the diet of the Costa Rican howl- 
ers during the wet season (Glander, 1981) 
probably require relatively more cutting and 
shearing than do the repared foods which 

laboratory monkeys. This is the first direct 

tures on their teet \ (Teaford, 1988a). 

human dental patients showe d relatively 

make u most of our I! iet or the laboratory 
chow w R ich formed most of the diet of the 

evidence of differences in molar use between 
primates with different diets. Are these 
rates of tooth wear typical for humans and 
monkeys? Only further work with live pri- 
mates will tell. 

Taken together, the results of this study 
show that 1 j hi h resolution dental impres- 

primates, 2) standard dental microwear 
analyses of museum material must roceed 
cautiously in order to counter the e K. ects of 
intraspecific variations in tooth use (i.e., 
investigators must be aware of the possible 
effects of differences in dental microwear 
associated with differences between ecologi- 
cal zones and seasons), and 3) new mi- 
crowear features are 
day on the teeth of wi 
remains to be seen 
microwear patterns (e.g., proportions of pits 
and scratches) change in response to 
changes in diet. However, one thing is cer- 
tain: dental microwear analyses hold even 

sions can be ta a en from live, wild-trapped 



318 M.F. TEAFORD AND K.E. GLANDER 

TABLE 3. Rates o f  molar wear (!A of microwear features created in 7 days; mean i s.d.)’ 

Sample Crushing/grinding facets Shearing facets 

Human dental patients 11.8 i. 6.2 8.8 i 9.1 
(N = 9) 

(Cercopithecus aethiops) 
raised on a soft diet 
(N = 4) 

(Cercopithecus aethiops) 
raised on a hard diet 
(N = 7) 

Alouatta palliata 
(N = 9) 

Laboratory monkeys 41.7 * 6.5 20.0 k 7.7 

Laboratory monkeys 77.9 * 21.5 43.7 f 9.2 

Costa Rican 50.0 k 24.0 58.9 + 33.5 

‘Data  for humans  and Alouatta are for M,. Data  for laboratory monkeys are  for M ,  because 4 of those individuals had only recently begun 
using their M,s 

more potential for an even wider range of 
morphological and ecological research, than 
had reviously been hoped. They can not 
only g e used to establish a better association 
between microwear patterns and dietary dif- 
ferences; through analyses of rates of micro- 
scopic wear, they can also document how 
teeth are actually used in natural or labora- 
tory environments. In other words, if weekly 
changes in dental microwear provide a 
record of weekly chan es in tooth use, then 

us which parts of which teeth are used most 
frequently durin the consumption of spe- 

in addition to laboratory studies of feeding 

Hylander et al., 1987) as tooth-food-tooth 
movements during chewing and ingestion 
have traditionally proven extremely difficult 
to document. Finally, by reexamining the 
teeth of specific individuals in natural envi- 
ronments, investigators may even be able to 
document subtle changes or differences in 

between the sexes) without nearly 

as changes in dental microwear may effec- 
tively summarize 1-2 weeks of feeding dif- 
ferences. 

dental microwear ana Ig yses can finally show 

cific food items. T ll is would provide an excit- 

be a avior (e.g., Hiiemae and Crompton, 1985; 

diet so muc (e.a., long-term, behavioral observation, 
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