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a b s t r a c t

Criteria developed to distinguish between the mandibles and mandibular teeth of sheep and goats are
evaluated using modern specimens from the collections of the National Museum of Natural History and
the Field Museum of Natural History. Certain teeth prove to be quite reliable in this regard (dP3, P3, P4).
Other dental elements, however, are not reliable and should not be used in dental based identifications of
these closely related species (dP4, M1, and mandibular bones). Overall, the identification of sheep
dentition using these criteria is more reliable than it is for goats. However, the generally greater likeli-
hood of incorrect identification of goat teeth and mandibles means that specimens identified as sheep
are likely to contain high proportion of misidentified goats. Both the proportion of remains that can only
be classified as ‘Ovis-Capra’ and the proportion of incorrectly identified teeth and mandibular bones
varies with age, with identifications of younger and older animals less reliable than those of animals in
the 1.5–6 year age range. Reliability of identifications increases when more criteria and more elements
are used. Identifications based on whole mandibles with complete tooth rows are quite reliable.
However, the proportion of specimens likely to be classified as ‘Ovis-Capra’ also increases in whole
mandible identifications, especially in goats. Systematic differences in the proportions of indeterminate
and incorrect identifications have a significant impact on species-level dentition-based harvest profiles.
Recommendations are made for the use of dentition and long bone based harvest profiles in the study of
sheep and goat exploitation strategies.

Published by Elsevier Ltd.

1. Introduction

Developing reliable criteria that can be used to discriminate
between the bones and teeth of sheep and goats is one the most
enduring and most challenging methodological issues in archae-
ozoology. These closely related species are found together in
archaeozoological assemblages with great geographic and
temporal reach. Wild sheep and goat were prominent prey species
of Paleolithic hunters across Asia. As domestic animals they are
usually well represented in more recent archaeological assem-
blages wherever these peripatetic species were utilized. Accurate
discrimination between the remains of sheep and goat is key to
determining the relative importance of each species to the people
who exploited them. Since people often exploited sheep and goats
in different ways, whether as prey or domesticates, reliable criteria
for distinguishing between the bones and teeth of sheep and goat

are also an essential step in the construction of species-level
harvest profiles capable of detecting these different economic
strategies.

Over the years a number of highly effective criteria have been
developed to distinguish between the post-cranial elements of
sheep and goats (Boessneck et al., 1964; Boessneck, 1970; Hole
et al., 1969; Prummel and Frisch, 1986). Combined with increasingly
high resolution data on the sequence and timing of long-bone
fusion (Silver, 1969; Noddle, 1974; Hatting, 1981; Garcia-Gonzalez,
1983; Moran and O’Connor, 1994; Zeder, 2006a; Bullock and
Rackham, 1982), it is now possible to compute robust species-level
harvest profiles based on long-bone fusion data (e.g. Zeder, 2008).
However, fusion-based harvest profiles cannot project any farther
than the age of late fusing bones (i.e. the proximal humerus which
fuses at about 4 years of age in sheep and goats). For an animal that
may live as long as 10–12 years or more, this is a serious limitation.

Tooth eruption and wear sequences, in contrast, cover the entire
lifespan of these animals, from birth to death, and, thus, promise
a much more robust profile of the harvest strategies of both hunters
and herders. In the early 1970s Payne (1973) published a set of
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tooth eruption and wear criteria that could be used in the aging of
sheep and goat mandibles. These original criteria have since been
subjected to many assessments and enhancements (Deniz and
Payne, 1982; Payne, 1987; Jones, 2006; Zeder, 1991, 2006a; Bullock
and Rackham, 1982). As a result, archaeozoologists now have
a reliable and easily utilized set of criteria for the computation of
dentition-based harvest profiles for caprine dentition that covers
essentially the entire lifespan of these animals. However, lacking
reliable criteria for distinguishing between the teeth of sheep and
goats, most dentition-based harvest profiles have, until recently,
been computed using combined assemblages of sheep and goat
remains – a limitation that restricts the utility of these profiles.

In 1985 Payne addressed this problem by proposing a number of
criteria that he believed could be used to distinguish between
certain teeth in juvenile sheep and goats (Payne, 1985): the first
milk incisor (i1 or dI1), the second milk molar (m2 or dP3), the third
milk molar (m3 or dP4), and unworn first molar’s (M1). This initial
attempt was followed by the work of Helmer (2000) who presented
criteria for distinguishing between caprine permanent pre-molars
– the third pre-molar (P3) and the fourth pre-molar (P4). Helmer’s
criteria were later incorporated into a more ambitious effort by
Halstead et al. (2002) that proposed taxonomic criteria for all adult
cheek teeth (P3 through M3) and the mandibular bones of sheep
and goats. Balaase and Ambrose (2005) have also contributed to the
effort at developing criteria for the discrimination of sheep and
goat teeth. Many archaeozoologists have eagerly embraced at least
some of these new criteria and are increasingly using them to
construct species-level dentition-based harvest profiles used to
make fine scale distinctions between different sheep and goat
exploitation strategies (e.g. Vigne and Helmer, 2007).

In this paper, we present an independent assessment of the
efficacy of these criteria based on a sample of 62 individuals (123
mandibles) of modern sheep and goat from the collections of the
Smithsonian Institution’s National Museum of Natural History and
an additional 22 specimens (44 mandibles) from the Field Museum
of Natural History. This assessment was undertaken as part of
a larger study of sheep and goat domestication in the eastern Fertile
Crescent region of today’s Iran and Iraq (Zeder, 2001, 2005, 2006b,
2008). Our initial goal was simply to acquaint ourselves with these
criteria on specimens with secure species assignment before we
attempted to apply them to archaeological assemblages. However,
our examination of these modern specimens raised some questions
about the reliability of these criteria and their use in the compu-
tation of species-level harvest profiles. We present the results of
our assessment and the questions it raises here.

2. Sample and methods

The initial sample examined consisted of 121 mandibles repre-
senting 17 goats and 45 sheep from the collections of the National
Museum of Natural History (Table 1, Table S1). Subsequently this
sample was expanded to include an additional 44 mandibles of
younger animals with deciduous teeth, representing nine goats and
13 sheep, from collections of the Field Museum of Natural History.
All specimens were associated with skulls and are securely iden-
tified at least to genus level as either sheep or goat. The sample
includes both males and females and animals that span the full
range of age classes, from very young to very old individuals.
In addition, 31 of these specimens (15 goats and 16 sheep) are wild
animals (Capra aegargus and Ovis orientalis) from eastern Iran and
Pakistan. Eleven specimens were originally identified in the NMNH
catalogue as Ovis europaeus orientalis or Ovis musimon. These
specimens are either from the island of Sardinia or represent zoo
animals that are most likely the feral ancestors of domestic sheep

left behind on Mediterranean islands by early Neolithic colonizers
of the Western Mediterranean.

Criteria evaluated are derived from Payne (1985), Helmer
(2000), Halstead et al. (2002), and Balaase and Ambrose (2005),
with one criterion observed by Pilaar in the course of our study.
These criteria are presented in Figs. 1–7. Each tooth on each of
the 167 mandibles was scored for each criterion (Table S2). Both the
right and left mandibles of each specimen were included in the
sample. Though often nearly identical, there were many instances
in which dental and mandibular features varied within the right
and left sides of individuals, or in which features were obscured on
one side but not on the other. Scoring recorded whether the feature
observed conformed to criteria consistent with sheep (O), with goat
(C), or was not clearly identifiable as either taxon (O/C). Criteria that
could not be observed due to absence of a tooth, breakage, or other
obscuring factors were recorded as ‘x’.

Taxonomic assignment of individual teeth and mandibular
bones was made by averaging the results of the individual criterion
assessments for each element. If 50% or more of the criteria eval-
uated were consistent with sheep, for example, the element was
scored as ‘O’. If there was no majority assignment as ‘C’, ‘O’, or ‘O/C’,
then the tooth or mandible was scored as ‘O/C’. This method differs
from that recommended by Halstead et al. who suggest that whole
element identifications be based on a general sense of the combi-
nation of observable criteria rather than a simple tally of criteria
(Halstead et al., 2002: 550). However, we feel that our scoring
system, while more mechanical, provides a more objective
assessment of the cumulative value of these criterion, especially
since in it less colored by observer bias in making these determi-
nations on mandibles whose taxon is known.

Taxonomic assignment for entire specimens (including all teeth
and the mandibular bone) was made in a similar fashion. If the
majority of teeth and the mandibular bone were scored as either ‘C’,
‘O’, or ‘O/C’, then the specimen received this assignment. If there
was no majority assignment, then the specimen was scored as ‘O/C’.

3. Assessment of the entire sample

3.1. Individual criteria

The performance of individual criteria in assigning the correct
taxon is presented in Table 2. Individual criteria are listed by
element (for each tooth and the mandibular bone), with sample
sizes and results presented first for goats and then for sheep. For
each taxon, the number of specimens observed is listed, then the
percentage of specimens that could not be identified as either
sheep or goat but scored as ‘O/C’ is provided. The next two columns
in both the goat and sheep portions of the table present the

Table 1
Summary of specimens examined in this study by sex, domestic status, and age.

Category Goat Sheep Total

Total 26 58 84

Male 13 30 43
Female 9 21 30
Sex unknown 4 7 11

0–1.5 yrs 12 29 41
2–6 yrs 11 24 35
>6 yrs 3 5 8
Age unknown 0 0 0

Wild 15 16 31
Domestic 10 23 33
Feral 0 11 11
Status unknown 1 8 9

M.A. Zeder, S.E. Pilaar / Journal of Archaeological Science 37 (2010) 225–242226
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percentage of correct and incorrect taxon assignments among the
remaining specimens. Taking the third criterion evaluated for the
P4 (P4:4) as an example, of the 20 goat P4s examined, five (25%) did
not definitively display the expected characteristics for either sheep
or goat and were scored as indeterminate ‘O/C’. Of the remaining
15 specimens, ten (66.7%) displayed the longer, narrower shape
predicted for goats by P4:4 and were thus classified correctly as
goat. Five specimens (33.3% of the 15 identified specimens)
displayed the shorter, broader shape held to be characteristic of
sheep and, thus, would in a blind study have been incorrectly
identified as sheep. For the same criterion, five (9.8%) of the 51
sheep specimens examined were classified as indeterminate ‘‘O/C’’.
Forty of the 46 remaining specimens (87% of the identified speci-
mens) displayed the squarer shape held to be characteristic of
sheep, while six specimens (13%) would in a blind study have been
wrongly attributed to goat.

The last two columns of Table 2 look at the same data from
a somewhat different perspective. Based on the rates of both
correct and incorrect assignment, these columns project the
proportion of specimens that, for that criterion, would have been
positively identified as either or sheep or goat, but that would, in
fact, have been the other taxon. Since the number sheep and goat
mandibles examined were quite different (there were more than
two times as many sheep as goat in our sample), we used
normalized percentages of correct and incorrect identifications to
compute this figure. Using the same P4:4 criterion once again as
an example, based on the rates of correct and incorrect assign-
ment reported for both the goats and the sheep in the normal-
ized samples, 79.7 of the specimens would have been identified
as goats (arrived at by adding the percentage of correctly iden-
tified goats to the percentage of incorrectly identified sheep).
Thus in this normalized population, 66.7 of the animals so

Fig. 2. Criteria for distinguishing Ovis and Capra dP4.

Fig. 1. Criteria for distinguishing Ovis and Capra dP3.

M.A. Zeder, S.E. Pilaar / Journal of Archaeological Science 37 (2010) 225–242 227
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Fig. 3. Criteria for distinguishing Ovis and Capra P3.

Fig. 4. Criteria for distinguishing Ovis and Capra P4.
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identified would have actually been goats, while 13 would have
actually been misidentified sheep. Of the 120.3 animals that
would have been identified as sheep using this characteristic,
33.3 would have been misidentified goats. So the rate of

misidentified specimens among the specimens identified as goats
using this criterion would be 27.7% (33.3/120.3), while 16.4% (13/
79.7) of the specimens identified as sheep would have been
misidentified goats.

Fig. 5. Criteria for distinguishing Ovis and Capra M1 and M2.
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Fig. 6. Criteria for distinguishing Ovis and Capra M3.
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Thus the figures presented for sheep and goats in the middle of
the table provide a sense of the degree of resolution of each crite-
rion for each species (in the proportion of specimens that cannot be
identified to taxon using the criteria) and both the accuracy and
error rates of these calls (in the percentage of correct and wrong
assignments). The final two columns, on the other hand, combine
the separate accuracy and error rates for sheep and goats to project
the impact of erroneous identifications on the sample of identified
specimens. These final columns, then, give one an appreciation for
the degree of error expected in the application of these criteria to
an actual sample of unknown specimens, a situation that more
accurately reflects potential success, and error, rates of these
criteria in an archaeological assemblage.

The dangers of using individual criteria for making these
determinations become readily apparent in examining Table 2.
Certain criteria (i.e. dP3:1, dP3:2, dP3:4, P3:1, P4:2, P4:3, and M3:1)
have high, greater than 80% success rates in both goats and sheep,
and subsequent low proportions, under 20%, of projected
misidentified specimens among the specimens identified as either
goats or sheep on the basis of the criterion. This kind of cross
species consistency, however, is uncommon. More often criteria
that have high rates of correct assignment for one species do not
have similar success rates in the other species. Criterion P4:1, for
example, assigned 91.5% of the sheep examined to the correct
taxon, while the success rate of this criterion, at 60%, was much
lower in goats. Thus despite its high success rate in correctly
identifying sheep, the pool of specimens identified as sheep using
this criterion would have contained 30.4% misidentified goats.

Average rates for criterion based assessments presented in Table
3 are computed by totaling the percentages in each column in Table
2 and dividing the result by the number of criteria observed. These
averages provide an overall sense of the accuracy or error rates of
identifications made on the basis of isolated criteria and highlight
systematic differences between sheep and goats in the success
rates of these criteria in making correct species identification.
Single criteria for identifying teeth and mandibular bones are
somewhat more likely to be classified as indeterminate in goats
than in sheep (10.4% ‘O/C’ in goats versus 8.1% in sheep). When

a taxonomic assignment was possible, the accuracy of these iden-
tifications in goats is, on average, lower than it is in sheep (71.1%
versus 80%). As a result despite the greater degree of accuracy in the
identification of sheep teeth using single criteria, the greater
potential for misidentification of goats means that specimens
identified as sheep are projected to include, on average, 23.1%
misidentified goats, while specimens identified as goats are
projected to include a slightly lower proportion of misidentified
sheep (20.6%).

3.2. Individual elements

As noted by both Payne (1985) and by Halstead et al. (2002),
identifications are most reliably made not on the basis of individual
criteria, but on the basis of a number of criteria considered
taxonomically diagnostic for each element. It is useful, then, to
examine the efficacy of identifications made on the basis of
a combination of individual criteria for teeth and jaws. Table 4
presents the results of this assessment by element (for each tooth
and the mandibular bone (MD)), and Table 5 presents the average
of rates of indeterminate, correct, wrong, and misidentified speci-
mens made on the basis of combined trait assessments of
individual teeth and mandibles. Somewhat unexpectedly, identifi-
cations of teeth and mandibles made on the basis of combined
criteria are not always more robust than identifications based on
individual criteria.

Success rates for certain teeth are quite high. Both sheep and
goats had success rates of 90% or more on the basis of combined
traits in two of the eight elements examined (dP3, P4), with two
additional elements (P3 and M2) successfully assigned to taxon in
more than 80% of the specimens examined. The projected propor-
tion of misidentified specimens for all of these elements is less than
20% in both sheep and goats. Identifications of sheep and goat using
these teeth seem to be quite reliable.

Other teeth, however, have much lower success rates. The dP4,
in particular, seems a highly unreliable element for distinguishing
between sheep and goats. Payne lists four criteria in the dP4 that
can be used to discriminate between sheep and goat (Fig. 2). We

Fig. 7. Criteria for Distinguishing Ovis and Capra Mandibles.
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evaluated two of these criteria (dP4:1 and dP4:2) on the NMNH and
FMNH specimens. The first (dP4:1) concerns the degree of basal
swelling, especially on the bucco-distal corner of the tooth, held to
be more pronounced in goats. The second (dP4:2) is based on the
presence or absence of an inter-lobar pillar on the lingual side of the
tooth, said to be often present in goats but generally absent in
sheep. These criteria could be evaluated on most of the younger
animals where the dP4s were fully erupted or where, in especially
young specimens, the tooth could be pulled up in the jaw

sufficiently to observed the enamel base of the tooth (Table S2).
We did not evaluate the other two criteria proposed by Payne:
dP4:3, which involves the degree of hypsodonty (said to be greater
in sheep), or dP4:4, which relies on an evaluation of the angle of the
enamel as it rises from the buccal to the lingual side of the tooth
(said to be steeper in sheep than in goats). Both these criteria
require complete removal of the teeth from the mandible, which
was not possible with the museum specimens examined here.
Moreover, as Payne (1985: 143) notes, these criteria are likely to be

Table 2
Results for individual criteria for entire sample.

Tooth Criteria Goats Sheep % Misidentified

# % O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among
goats

Goats among
sheep

dP3 1 6 16.7 100 0 25 8 100 0 0 0
2 15 6.7 100 0 32 12.5 85.7 14.3 12.5 0
3 23 13 95 5 53 39.6 75 25 20.8 6.3
4 23 0 82.6 17.4 57 14.0 87.8 12.2 12.9 16.5

dP4 1 20 35 38.5 61.5 37 16.2 64.5 35.5 78 48.8
2* 23 0 21.7 78.3 49 0 81.6 18.4 45.8 48.9

P3 1 21 0 85.7 14.3 51 0 92.2 7.8 8.4 13.4
2 21 4.8 100 0 51 2 70 30 23.1 0
3 21 9.5 89.5 10.5 51. 7.8 66.0 34 27.6 13.8
4 22 18.2 72.2 27.8 51 19.6 70.7 29.3 28.8 28.2

P4 1 23 13 60 40 51 7.8 91.5 8.5 12.4 30.4
2 21 19.0 88.2 11.8 53 5.7 86 14 13.7 12
3 23 4.3 95.5 4.5 53 7.5 85.7 14.3 13 5
4 20 25 66.7 33.3 51 9.8 87 13 16.4 27.7

M1 2* 36 0 5.6 94.4 81 0 100 0 0 48.6
3 40 22.5 58.1 41.9 82 8.5 86.7 13.3 18.7 32.6
4* 41 2.4 47.5 52.5 82 3.7 82.3 17.7 27.2 39
5 45 6.7 78.6 21.4 84 27.4 62.3 37.7 32.4 25.6
6 28 14.3 83.3 16.7 46 10.9 68.3 31.7 27.6 19.6
7 23 13 70 30 43 20.9 85.3 14.7 17.4 26

M2 3 30 3.3 72.4 27.6 60 0 96.7 3.3 4.4 22.2
4* 31 6.5 41.4 58.6 63 0 92.1 7.9 16.1 38.9
5 31 3.2 83.3 16.7 63 17.5 57.7 42.3 33.7 22.4
6 25 0 56 44 52 0 84.6 15.4 21.6 34.2
7 19 15.8 81.3 18.8 51 5.9 75 25 23.5 20

M3 1 22 13.6 84.2 15.8 54 0 96.3 3.7 4.2 14.1
2* 22 13.6 63.2 36.8 52 0 100 0 0 26.9
3 22 27.3 75 25 54 3.7 76.9 23.1 23.5 24.5
4* 17 17.6 21.4 78.6 51 3.9 95.9 4.1 16 45
5 18 11.1 75 25 52 19.2 42.9 57.1 43.2 36.8
6* 18 0 55.6 44.4 52 3.8 76 24 30.2 36.9
7 15 13.3 92.3 7.7 48 4.2 69.6 30.4 24.8 10

MD 1 52 0 88.5 11.5 115 0 61.7 38.3 30.2 15.7
2 20 15 100 0 56 5.4 77.4 22.6 18.5 0
3 18 0 83.3 16.7 50 0 70 30 26.5 19.2

*Identified as asymmetrical criteria in Halstead et al. (2002).

Table 3
Averages by individual criteria.

Sample Goats Sheep % Misidentified

#* % O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among
goats

Goats among
sheep

All 52 10.4 71.7 28.3 115 8.1 80 20 20.6 23.1
All� assy** 52 11.2 78.6 21.4 115 9.4 77.7 22.3 21.8 19.8

0–1.5 yrs 24 7.5 61.9 38.1 57 14.1 84.8 15.2 16.4 24.6
1.5–6 yrs 20 9.8 71 29 48 5.7 81.1 18.9 18.2 22.9
>6 yrs 8 10.1 61.2 35.1 10 4.1 72.1 27.9 27.2 24.9

Wild 30 9.7 69.7 30.3 32 8.8 73.6 26.4 23.5 27.7
Domestic 20 11.8 74.7 25.3 46 8.8 83.4 16.6 18.3 17.6

*# – number of mandibles; ** – All�Assy¼ entire sample minus ‘‘asymmetrical’’ criteria.
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obscured in more heavily worn specimens (i.e. animals greater than
6 months of age) limiting their potential utility to a small subset of
very young animals. Even in the less worn teeth of younger animals
these criteria seem quite subjective and open to observer error.

The dP4 criteria we could evaluate did not perform well, espe-
cially the widely used second criterion, the inter-lobar pillar
(dP4:2) held to be ‘‘often present’’ in goats but ‘‘rarely’’ present in
sheep (Payne, 1985: 143). Of the 23 goat mandibles with deciduous
teeth examined only five (21.7%) had evidence of inter-lobar pillars
(often fairly weakly expressed) while the majority (18 specimens,
78.3%) had no such pillars (Table 2, Fig. 8). These pillars were
present, and sometimes strongly expressed, in nine of the 49 young
sheep mandibles examined (18.4%) (Fig. 8), occurring roughly about
as frequently as in the young sheep examined and in goats (21.4% of
young goats had this feature compared to 18.4% in sheep). These
results do not seem to be an artifact of the sample of animals
studied. Deciduous P4s bearing inter-lobar pillars, for example,
were observed in domestic sheep, wild sheep, and feral sheep.
Similarly, goats lacking pillars were not confined to any one
sub-group of the sample examined. The reliability of the other dP4
criterion evaluated, the degree of basal swelling (dP4:1), is
hampered by both the qualitative nature of this character, which
results in a high proportion of specimens classified only as O/C (35%
in goats and 16.2% in sheep), and high error rates in taxonomic
assignment in both goats (61.5%) and sheep (35.5%). When
considered together in making whole element taxon assignments
(Table 4), the cumulative impact of these poorly performing criteria
is a high proportion of unidentifiable dP4s in both goats and sheep
(66.7% and 30.6% respectively) and high error rates in the speci-
mens assigned to taxon, especially in goats (75%). Incorrectly
assigned dP4s approach 50% in both sheep and goats.

The M1 was another poor performer (Table 4). Nearly half of the
goat M1s examined could only be identified as O/C, and only 52% of
the remaining goat M1s were classified as goat based on the
combined results for the seven different criteria evaluated here. The
large number of incorrect identifications of goat M1s would result
in a projected high rate of misidentified specimens among M1s
identified as sheep (33.8%).

Moreover, the percentage of specimens that can only be iden-
tified as ‘O/C’ increases when single criteria are combined to make
identifications for individual teeth and mandibles. This is especially
true for goats where the proportion of ‘O/C’ identifications
increases from an average of 10.4% when criteria are considered
singly (Table 3) to 27.3% when combined by element (Table 5). The
proportion of indeterminate identifications also increases in sheep,
from 8.1% to 16.2%. The disparity between the proportions of
indeterminate identifications in goats compared to sheep also
grows substantially when criteria are combined by element. Using
single criteria there was only a roughly 2% difference between the
proportions of indeterminate assignments in sheep and goat; with
whole element assignments there is an 11% difference between
sheep and goats in the proportion of specimens identifiable only as
‘O/C’.

The average percentage of correctly identified goats made on
the basis of whole element identifications at 74.8% (Table 5) is not
much different from what it is using isolated criteria (71.7%, Table
3). For sheep, however, the average success rate of identifications
rises nearly 10% over the average percentage of correct identifica-
tions using isolated criteria (from 80% to 89.1%). On average, the
percentage of misidentified specimens using whole element
identifications is lower than when identifications are based on
individual criterion, but still approaches 20% among sheep, and
over 10% among specimens identified as goats.

3.3. Whole mandibles

The researchers who developed these criteria also predicted
that taxonomic assignments made on the basis of multiple teeth
within single mandibles are much more reliable than those made
using either single criteria or combined criteria for single elements.
This prediction is born out in Table 6 that presents the results of the
whole specimen assignments made on the entire sample studied
here. All of the 23 goat mandibles not classified as ‘O/C’ were
correctly identified. In sheep, only five of the 115 identifiable sheep
whole mandibles were incorrectly identified as goats. One could,
then, be reasonably sure that identification made on the basis of

Table 4
Results for individual elements for entire sample.

Tooth Goats Sheep % Misidentified

# % O/C % Corr % Inc # % O/C % Corr % Incr Sheep among
goats

Goats among
sheep

dP3 23 13 95 5 57 15.8 91.7 8.3 8.1 5.2
dp4 23 65.2 25 75 49 30.6 79.4 20.6 45.2 48.6
P3 22 4.5 85.7 14.3 53 35.8 91.2 8.8 9.3 13.5
P4 25 36 93.8 6.3 53 15.1 95.6 4.4 4.5 6.1
M1 46 45.7 52 48 81 19 94.1 5.9 10.2 33.8
M2 32 25 83.3 16.7 63 3.2 93.4 6.6 7.3 15.1
M3 22 27.3 75 25 54 5.6 100 0 0 20
MD 52 1.9 88.2 11.8 115 4.3 67.3 32.7 27.1 14.9

Table 5
Averages by individual elements.

Sample Goats Sheep % Misidentified

#* % O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among
goats

Goats among
sheep

All 52 27.3 74.8 25.2 115 16.2 89.1 10.9 13.9 19.7

0–1.5 yrs 24 46.8 55.7 24.3 57 15.8 86.1 13.9 17.2 23.9
1.5–6 yrs 20 22.6 82.5 17.5 48 12.7 91.9 8.1 8.1 14.4
>6 yrs 8 16 69.5 30.5 10 9.4 82.9 17.1 27.8 20.9

Wild 30 30.3 72.4 27.6 32 19.1 84.3 15.7 16.9 22.5
Domestic 20 25.3 87.3 12.7 46 17.1 90.8 9.2 8.4 9.9

*# – number of mandibles.
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a whole mandible would be highly accurate. The utility of whole
mandible identifications was further demonstrated by the results of
a blind study we conducted in which both authors working inde-
pendently correctly identified all of 10 mandibles selected at
random by another member of our laboratory.

Although the majority of the species-level identifications made
using whole mandibles were correct, a high proportion of mandi-
bles could not be classified as either sheep or goat but were instead
classified as ‘O/C’ (Table 6). This was especially the case for goats
where 55.8% of the mandibles examined could not be assigned to

taxon. In contrast, the proportion of whole sheep mandibles iden-
tified as ‘O/C’ was substantially less at 19.1%.

4. Assessment for different age classes

Criteria for distinguishing between the teeth of sheep and goat
are highly age dependent. Some of these criteria pertain only to
deciduous teeth which are shed within the first two years of life.
The utility of other criteria depends on the state of wear of teeth,
with some designed specifically for unworn teeth (dP3:1, dP4:1,

Fig. 8. Ovis and Capra dP4s. a. Capra without inter-lobar pillar but with basal swelling (FMNH 97911), b. Capra without inter-lobar pillar or basal swelling (FMNH 180661), c. Capra
with slight inter-lobar pillar (FMNH 97916), d. Ovis with basal swelling (FMNH 58022), e. Ovis with strong inter-lobar pillar (NMNH 284889), f. Ovis with strong inter-lobar pillar
(FMNH 58057).

Table 6
Results for whole mandibles.

Sample Goats Sheep % Misidentified

# % O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among
goats

Goats among
sheep

All 52 55.8 100 0 115 19.1 94.6 5.4 5.1 0

0–1.5 yrs 24 66.7 100 0 57 29.8 87.5 12.5 11 0
1.5–6 yrs 20 35 100 0 48 6.3 100 0 0 0
>6 yrs 8 75 100 0 10 20 100 0 0 0

Wild 30 66.7 100 0 32 28.1 82.6 17.4 14.8 0
Domestic 20 45 100 0 46 10.9 97.6 2.4 2.4 0
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M1:1, and M2:1) and others specific to teeth in a more advanced
state of wear (dP3:2–4). We thought it useful, then, to segregate our
sample by age and perform the same assessment of the reliability of
these criteria for single criteria, for single elements, and for whole
specimens. Three general age classes were examined: 0–1.5 year
old animals with deciduous teeth, 1.5–6 year old animals with
permanent pre-molars and molars in light to moderate wear, and
animals greater than 6 years of age whose teeth are in a more
advanced state of wear.

Age determinations for the NMNH specimens were made using
a system devised by Zeder (1991, 2006a) based on the sequence
originally developed by Payne (1973). The numbers of sheep and
goat specimens in this sample that fall into these categories can be
found in Table 1, with individual specimen age assignments in Table
S1. Results of our evaluations of these specimens in these different
age brackets were computed in the same way as was done for the
entire sample. Tables presenting the results of these assessments
for individual criteria in the three age classes can be found in
Supplementary Tables S3–S5, with the averaged results for identi-
fications by individual criteria for each age class presented in Table
3. Results of assessments made using combined criteria by element
are presented in Table 7. Averages for assessments made on indi-
viduals elements are presented in Table 5. The results of whole
mandible identifications by age class are presented in Table 6. We
will focus primarily on the averaged results for combined criteria
and for whole mandibles in this discussion (Tables 5 and 6).

4.1. Animals between 0 and 1.5 years old

Identifications of younger animals are relatively unreliable,
especially among goats. Nearly half of the individual teeth and
mandibular bones of goats in this age class could not be identified
to species and were classified as ‘O/C’ (Table 5). Of the individual
teeth and mandibles of young goats that could be taxonomically
assigned, nearly a quarter were incorrectly identified as sheep
(Table 5). The poor performance of goat mandibles within this age
group is not only attributable problems in the identification of the
dP4 discussed earlier. The M1s, M2s and mandibular bones of
animals in this age bracket also proved unreliable in making
accurate taxonomic identifications. In fact, the dP3 was the only
tooth that could be used with any degree of confidence in making
accurate taxonomic identifications in younger goats.

Younger sheep fare quite a bit better, with certain elements
(dP3, M1, and M2) more reliable in making correct identifications
than others (Table 7). Yet, despite the high success rate of criteria in
correctly identifying young sheep, the high error rate of identifi-
cations of young goats elevates the projected rate of misidentified
teeth and mandibles among identified young sheep to nearly 20%
(Table 5).

Whole specimen identifications are once again more reliable,
with no misidentified specimens among the 23 goats examined,
and only five of the 57 sheep whole mandible identifications
wrongly attributed to goats (Table 6). However, a very high 65.2% of
the sample of 0–1.5 year old goats could only be classified as ‘O/C’,
while a much smaller but still substantial 29.8% of the sheep
mandibles in this age class could not be taxonomically assigned to
either sheep or goat.

4.2. Animals between 1.5 and 6 years old

Halstead et al. (2002: 550) maintain that mandibles with teeth
in a moderate state of wear are more easily identified than
mandibles with erupting or highly worn teeth. This conclusion is
certainly supported here. Both sheep and goats in this age bracket
have the highest percentage of correctly identified specimens, with
the teeth and mandibles of 1.5–6 year old goats correctly identified
an average of 82.5% of the time, and sheep elements correctly
identified 91.9% of the time (Table 5). Among the sheep, the success
rate of identifications is greater than 90% in all of the teeth of the
animals in this age bracket (Table 7). While once again proving less
reliable than sheep, success rates for individual teeth and mandi-
bles in goats are generally quite high. As a result, the projected rates
of misidentified specimens in this age bracket are the lowest of any
age class. Based on our results it can be predicted that, on average,
only 8.1% of specimens identified as goats in this age bracket would
be misidentified sheep, while specimens identified as sheep would
contain only 14.4% incorrectly identified goats (Table 5).

Whole mandible assignments reflect the greater clarity of
distinguishing characteristics among animals in the 1.5–6 year old
age bracket (Table 6). Nearly 94% of the sheep mandibles in this
1.5–6 year old age bracket could be identified to species, with only
6.3% were classified as ‘O/C’. The percentage of indeterminate
mandibles among the goats in this age group, at 35%, was also lower
than it was for goats in other age brackets. The disparity between

Table 7
Results for individual elements by age.

Age class Tooth Goats Sheep % Misidentified

# % O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among
goats

Goats among
sheep

0–1.5 yr dP3 23 13 95 5 57 15.8 91.7 8.3 8.1 5.2
dP4 23 65.2 25 75 49 30.6 79.4 20.6 45.2 48.6
M1 18 55.6 75.0 25.0 37 32.4 100 0 0 20
M2 4 100 0 0 8 0 100 0 0 –
MD 24 0 83.3 16.7 57 0 59.6 40.4 32.6 21.8

1.5–6 yr P3 16 0 87.5 12.5 47 40.4 92.9 7.1 7.5 11.9
P4 19 42.1 100 0 47 14.9 95.0 5 4.8 0
M1 20 45 63.6 36.4 39 10.3 94.3 5.7 8.2 27.8
M2 20 15.0 94.1 5.9 46 2.2 91.1 8.9 8.6 6.1
M3 14 28.6 60 40 44 4.5 100 0 0 28.6
MD 20 5 89.5 10.5 48 4.2 78.3 21.7 19.5 11.9

>6 yr P3 6 16.7 80 20 6 0 83.3 16.7 17.2 19.4
P4 6 16.7 80 20 6 16.7 100 0 0 16.7
M1 8 25 0 100 8 0 75 25 100 57.1
M2 8 12.5 57.1 42.9 10 10 88.9 11.1 16.3 32.5
M3 8 25 100 0 10 10 100 0 0 0
MD 8 0 100 0 10 20 50 50 33.3 0
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the percentage of goat mandibles in this age bracket that could not
be determined to species and the percentage of sheep mandibles
classified as ‘O/C’, however, is still quite large.

4.3. Animals greater than 6 years old

Predictably, older animals with greater tooth wear are more
difficult to classify. While the average rate of indeterminate iden-
tifications among teeth and mandibles is at its lowest rate in both
older goats and sheep (Table 5), those teeth and mandibles not
classified as ‘O/C’ are quite much more likely to be incorrectly
identified than in any other age bracket. As a result, specimens
identified as either sheep or goat in this older age bracket are both
projected to contain more than 20% misidentified specimens.

Looking at whole mandibles (Table 6), the disparity between
sheep and goats in the proportion of identifiable specimens is the
largest of any age bracket. Among older caprines there is a 50
percentage point difference between sheep and goat in the
proportion of identifiable mandibles. This means that in a pop-
ulation of 100 older animals comprised of 50 goats and 50 sheep,
only 15 of the 50 goats mandibles would be identified to species
with the rest identified as ‘O/C’. In contrast 40 of the 50 sheep
mandibles would be identified to species. Thus rather than the
actual 50:50 ratio of old goats to old sheep, the high rate of
unidentifiable specimens among the goats in this older age bracket
would result in a highly skewed proportional representation of 27%
goats to 73% sheep among the mandibles identified to species.
As we will see below, differences in the proportion of mandibles
that can be identified to species among sheep and goats has
important implications for the reliability of species-level age
profiles drawn on the basis of whole mandible identifications.

5. Domestic versus wild specimens

We wondered whether the mix of wild, domestic, feral, and zoo
animals in our assemblage somehow affected the results of our
study. We thought it worthwhile, then, to compare the efficacy of
these traits in wild and domestic animals. Our wild sample consists
of 62 mandibles from 15 goats and 16 sheep from Iran and Pakistan
(Table S1). Zoo specimens and feral animals were not used here.
Domestic specimens consist of 66 mandibles from 10 goats and
23 sheep, mostly from the US, but also from domestic animals in
Africa, Asia, Oceania, and South America. We hoped that the tighter
taxonomic and environmental control of the segregated wild and

domestic populations would improve the accuracy our classifica-
tions and lower the proportions of specimens that could not be
taxonomically assigned. The results of this examination are shown
in Supplementary Tables S6 and S7 for individual criteria and in
Table 8 for the individual elements. Average success rates for wild
and domestic animals are presented in Table 3 for individual
criteria, in Table 5 for combined criteria by element, and for whole
mandibles in Table 6.

In both species, wild specimens seem more likely to be classified
as ‘O/C’ than domestic specimens, whether dealing with individual
elements (Table 5) or whole mandibles (Table 6). Moreover, the
proportion of incorrectly identified teeth and mandibles is, on
average, higher among wild sheep and goats than it is in domestic
animals (Table 5). Once again this pattern is especially pronounced
in goats. Incorrect identifications of teeth and mandibles are, on
average, more than 10% higher in wild goats than in domestic goats
(Table 5). As a result the projected proportion of misidentified goat
specimens among wild sheep (at 22.5%) is substantially higher than
it is among domestic specimens (16.9%) (Table 5). The proportion of
whole mandibles that can only be classified as ‘O/C’ is, at 66.7%, is
also much higher in the wild goat sample than among domestic
goats (28.1%) (Table 6).

It is unclear, however, whether the greater effectiveness of these
criteria in correctly identifying the domestic sheep and goats in our
sample is attributable to their domestic status. If so, these
distinguishing features would represent derived traits specific to
domestic animals that are not as strongly expressed in wild ones.
This would suggest that the criteria developed for distinguishing
between the teeth of sheep and goats are best applied to domestic
animals, especially those from periods well after initial domesti-
cation. However, if these features are derived characteristics of
domestic animals, it is curious that domestic sheep, which have
been the object even more intensive breeding than goats, do not
show as marked a difference when compared to wild sheep.

6. Caveats and cautionary notes

The detailed discussion above and the extensive documentation
of our results in the published tables and in the on-line the
supplementary information provide a comprehensive assessment
of the utility of dental and mandibular criteria for identifying sheep
and goats. The interested reader should have more than enough to
go on to ferret out information on the resolution and accuracy of
specific criteria at multiple levels of analysis. There are, however,

Table 8
Results for individual elements for wild and domestic specimens.

Age class Tooth Goats Sheep % Misassigned

# % O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among goats Goats among sheep

Wild dp3 16 18.8 92.3 7.7 22 9.1 80 20 17.8 8.8
dp4 16 68.8 20 80 22 27.3 87.5 12.5 38.5 47.8
P3 13 7.7 75 25 8 37.5 60 40 34.8 29.4
P4 13 23.1 90 10 8 12.5 100 0 0 9.1
M1 26 50 53.8 46.2 23 43.5 100 0 0 31.6
M2 16 37.5 90 10 12 0 91.7 8.3 8.5 9.8
M3 12 33.3 75 25 10 20 100 0 0 20
MD 30 3.3 82.8 17.2 32 3.1 54.8 45.2 35.3 23.9

Domestic dp3 5 0 100 0 20 20 100 0 0 0
dp4 5 80 100 0 14 42.9 75 25 20 0
P3 9 0 100 0 23 39.1 92.9 7.1 6.7 0
P4 12 50.0 100 0 23 26.1 94.1 5.9 5.6 0
M1 20 40 50 50 32 6.3 93.3 6.7 11.8 34.9
M2 16 12.5 78.6 21.4 32 0 100 0 0 17.6
M3 10 20 75 25 22 0 100 0 0 20
MD 20 0 95 5 46 2.2 71.1 28.9 23.3 6.6
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more general patterns that emerge from this study which we feel
bear special mention.

6.1. General observations on reliability of dental criteria

Our results suggest that certain teeth are highly unreliable
indicators of species and should not be used for this purpose.
Among the permanent teeth of older animals, molars are generally
less reliable than permanent pre-molars in distinguishing between
sheep and goats, with the M1 a particularly unreliable tooth for
making taxonomic identifications in goats. In all age brackets,
species determinations based on mandibular bone are less reliable
than those based on teeth, especially in sheep.

Of the deciduous teeth the dP4 is highly unreliable and should
not be used to make taxonomic determinations. The two charac-
teristics evaluated here, the degree of basal swelling and the
presence of an inter-lobar pillar failed to distinguish between sheep
and goats. In fact, both the purported goat-like characteristics were
found in sheep almost as frequently as they were observed in goats,
and in neither population were these characteristics very
frequently observed. The other two proposed criteria not examined
here, the degree of hypsodonty, the angle of the enamel as it rises
from the buccal to the lingual side of the tooth hold little promise as
alternative criterion for making taxonomic determinations of this
tooth. Both criteria are based on highly subjective judgments with
plenty of room for inter-observer variation. Moreover, both are
obscured by wear, limiting their application to very young animals
under six months of age. The dP3, however, performed much better.
Indeed, the dP3 seems the only element that can be reliably used
for this purpose in younger caprines with deciduous teeth.

Our study also indicates that while these criteria generally
perform well in the identification of sheep, they are much less
diagnostic in goats. Goat teeth and jaws are much less likely to have
features that can be clearly classified as either sheep or goat
(resulting in high proportions of indeterminate identifications).
When identified to species these identifications are more likely to
be incorrect. Thus the higher proportion of misidentified goat teeth
and mandibles introduces a potentially significant number of
misidentified goats into the sample of specimens identified as
sheep. In addition, the small proportion of goat elements that can
be identified to species magnifies the impact of even a relatively
small number of sheep incorrectly identified as goats.

Our study also underscores the importance of using multiple
criteria and multiple elements when making identifications. The
proportion of correctly identified specimens increases in both
sheep and goats when one moves from individual criteria, to
individual teeth and jaws, to whole mandibles. Thus taxon
assignments made using whole tooth rows in well preserved
mandibles are quite reliable and one can be reasonably sure that
identifications made of these specimens are correct.

At the same time, however, the proportion of indeterminate
specimens also increases when criteria are combined by element

and, even more so, when individual tooth and mandibular bone
identifications are combined into whole specimens. The increase in
indeterminate assignments is especially marked in goats, with the
disparity between sheep and goats in the proportion of specimens
classified as ‘O/C’ especially high in whole mandible identifications.

6.2. Impact of variable reliability of dental criteria on harvest
profiles

Variability in the proportions of indeterminate and incorrectly
identified elements in different age brackets have very serious
implications for the reliability of tooth-based harvest profiles based
on sheep and goat remains identified using these criteria. The
impact of these biases on harvest profiles is best demonstrated
through two simulations – one projecting the biases introduced by
taxonomic assignments based on individual elements (Table 9 and
Fig. 9) and the other projecting the impact of biases inherent in
assignment made using whole specimens (Table 10 and Fig. 10).

The first simulation starts with two hypothetical populations of
100 goats and 100 sheep. The goats were exploited following
a regime that promotes herd security, while the sheep were
exploited for both meat and wool. Both populations were culled in
ways that maximized the return of these resources (following
Redding, 1981 and Payne, 1973). Culling strategies aimed at maxi-
mizing herd security emphasize the slaughter of animals younger
than 2 years of age, while strategies that maximize for both meat
and wool production in sheep emphasize the slaughter of older
animals. Hypothetical harvest profiles for these two populations
are presented in the first four columns of Table 9 and graphically
shown in the left hand histograms in Fig. 9a and b.

We assume that each of the 200 sheep and goats is represented
by a single mandible (100 per species) and that the identification
success rates of the teeth and mandibular bones of these specimens
will be the same as that as the averages for combined criteria
assessments presented in Table 5. First we adjust our samples to
accommodate the proportion of indeterminate ‘O/C’ identifications
for goats and sheep in different age brackets listed in the fifth and
eight columns of Table 9. The number of specimens remaining once
these indeterminate specimens are subtracted from the sample is
presented in the next columns. Harvest profiles computed using
these adjusted samples are presented in columns seven and ten of
Table 9 and graphically shown in the middle histograms in Fig. 9a
and b.

The high proportion of indeterminate specimens among
younger goats substantially reduces the number of identifiable
elements the 0–1.5 year age bracket, obscuring the strong emphasis
on younger animals seen in the actual age distribution. And while
the impact of the smaller proportion of indeterminate specimens
among the sheep is less than in goats, the different rates of
identifiability among these different age brackets both reduces the
proportion of younger animals and inflates the proportion of older
animals in the sheep harvest profile.

Table 9
Hypothetical harvest profiles for tooth-based identifications compensating for indeterminate and incorrect identifications.

Age Class Goat actual Sheep actual Deduction of O/C Adjusted for misidentification

Goat Sheep Goat Sheep

# % # % % O/C* # % % O/C* # % % Correct* # % % Correct* # %

<1.5 yrs 52 52.0 10 10.0 46.8 27.7 42 15.8 8.4 9.5 55.7 16.6 29.5 86.1 19.5 20
1.5–6 years 30 30.0 50 50.0 22.6 23.2 35.1 12.7 43.7 49.5 82.5 22.9 40.8 91.9 44 44.8
>6 years 18 18.0 40 40.0 16 15.1 22.9 9.4 36.2 41 69.5 16.7 29.7 82.9 34.6 35.2

Total 100 120 66 88.3 56.2 98.1

* From Table 5.
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These distributions, however, assume that all of the sheep and
goat specimens not classified as indeterminate could be correctly
identified to species. We know, however, that not all identifications
made on isolated teeth and mandibles are correct, that error rates
in goats are generally higher than in sheep, and that error rates vary
with age in both species. The percentage of correct identifications
for sheep and goats in each bracket are listed in columns 11 and 14
of Table 9 (again derived from Table 5). The next columns present
the number of goats and sheep once adjusted for misidentifications
(i.e. by adding the misidentified goats to the correctly identified
sheep and vice versa).

This later adjustment has a profound impact on the harvest
profiles for our populations of sheep and goat. The resultant
histograms, displayed in the far right-hand side of Fig. 9a and b,
now look quite similar to one another. Once the misidentified
elements are added to the mix, the harvest profiles suggest that the
sheep and goat in our simulation were harvested (and by extension
utilized) in very similar ways, when, in fact, they were managed
very differently. The markedly different management regimes of
our actual populations are entirely masked by the biases in the
proportion of identifiable specimens and in the proportion of
correctly identified specimens.

While the whole mandible identifications are much more likely
to be correct than those made on the basis of single elements, the
higher proportion indeterminate identifications when using whole
mandibles also has a transformative impact on harvest profiles. We

illustrate the impact of indeterminate attributions in whole
specimens in another simulation (Table 10 and Fig. 10). This time
we assume that our hypothetical populations of 100 sheep and 100
goats are both managed with an eye toward promoting herd
security (Redding, 1981) and both culled in the same proportions in
the three age brackets considered here. The harvest profile for these
similarly managed animals is graphically represented by the
histogram on the left hand side of Fig. 10a and b. The simulation
once again assumes that one mandible from each animal was
perfectly preserved and analyzed using the criteria evaluated here
(100 sheep and 100 goat mandibles in all).

Based on the results of our study, we can project the proportion
of whole mandibles for each species and age bracket that would be
classified as indeterminate (columns 7 and 10 in Table 10, derived
from Table 6). The next columns project the adjusted number of
sheep and goat in each age bracket once the indeterminate speci-
mens are removed from the samples, graphically displayed in the
right-hand histograms in Fig. 10a and b.

Given the lower proportion of indeterminate mandibles among
the sheep, the harvest profile for the sample of identified sheep
resembles the actual population, although the higher proportion of
identifiable specimens in the 1.5–6 year age bracket, and the
misidentifications in the 0–1.5 year age bracket elevates the
proportion of animals in older age brackets in the adjusted harvest
profile. However, the higher and more variable proportions of
indeterminate specimens among the whole goat mandibles in

Fig. 9. Simulated Harvest Profiles for Ovis and Capra based on combined criteria for dental elements. a. Capra, b. Ovis.

Table 10
Hypothetical harvest profiles for complete mandibles measuring the impact of indeterminate identifications.

Age class Goat Actual Sheep Actual Deduction of O/C

Goat Sheep

# % # % % O/C* # % % O/C* # %

<1.5 yrs 52 52.0 52 52.0 65.2 18.1 43 29.8 36.5 46.2
1.5–6 years 30 30.0 30 30.0 35 19.5 46.3 6.3 28.1 35.6
>6 years 18 18.0 18 18.0 75 4.5 10.7 20 14.4 18.2

Total 100 100 42.1 79

*From Table 6.

M.A. Zeder, S.E. Pilaar / Journal of Archaeological Science 37 (2010) 225–242238



Author's personal copy

these different age classes have a profound impact on the goat
harvest profile. The adjusted goat harvest profile reduces the
original emphasis on 0–1.5 year old animals, over-emphasizes the
exploitation of 1.5–6 year old animals, and seriously under repre-
sents the exploitation of older animals. The combined impact of
these variations in indeterminate identifications in goats produces
a harvest profile that might be interpreted reflecting an emphasis
on meat maximization (Redding, 1981). In this case, even though all
of the identifiable specimens were identified correctly, the bias
introduced by differences in the proportions of indeterminate
animals results in harvest profiles that suggest very different
management regimes for sheep and goat when in actuality sheep
and goats were managed in exactly the same way.

6.3. Comparability between our results and earlier studies

The results of our assessment of the reliability of dental and
mandibular criterion for making taxonomic distinctions between
sheep and goat seem at variance with earlier studies that concluded
these criteria were highly reliable (Payne, 1985; Helmer, 2000;
Halstead et al., 2002; Balaase and Ambrose, 2005). These apparent
differences, however, may lie more in the size and nature of the
samples examined and in the degree of rigor of the earlier evalu-
ations of their efficacy.

In the Payne (1985) study, for example, methods for dis-
tinguishing between deciduous pre-molars were developed using

a homogenous sample of 12 sheep and 12 goats comprised almost
exclusively of domestic animals purchased from butchers in
southern Greece. Payne’s comprehensive report on his assessment
of these 24 animals makes it possible to assess his results using the
methods employed here. Table 11 presents these results for the dP3
and dP4 by individual criteria, by tooth, and for whole specimens
based on the cumulative results for these two deciduous teeth.
As might be expected, the error rate in the very homogenous
sample used to develop these criteria is in almost all cases much
lower than in our larger, more heterogeneous sample. However,
Payne’s assessment echoes ours in several important respects. First,
as in our sample, the proportion of indeterminate O/C identifica-
tions increases in each different level of assessment (from indi-
vidual criterion, to whole teeth, to whole specimens). Moreover,
with the exception of the dP4:1 criterion, goats always have more
indeterminate specimens than sheep, and the disparity between
the proportion of indeterminate specimens in the sheep and goat
samples increases at each different level of assessment. Indeter-
minate O/C identifications comprise 66.7% of the goat whole
specimen determinations (close to our finding of 65.2% among
0–1.5 year old animals) and only 16.7% of the sheep in Payne’s
sample.

Helmer’s (2000) presentation of criteria used to distinguish
between P3 andP4 teeth of sheep and goats was based on a sample
of 31 domestic sheep and goats from southern France (with no
record of the proportions of sheep and goat in the sample, nor any

Fig. 10. Simulated harvest profiles for Ovis and Capra based on whole mandibles.

Table 11
Payne (1985) results for dP3 and dP4 by criterion, tooth, and whole specimens.

Sample Goats Sheep % Misidentified

# % * O/C % Corr % Wrng # % O/C % Corr % Wrng Sheep among
goats

Goats among
sheep

dP3:1&2 12 50 100 0 12 16.7 100 0 0 0
dP3:4 11 36.4 100 0 12 33.3 87.5 12.5 11.1 0

dP4.1 9 11.1 100 0 12 25 100 0 0 0
dP4:2 12 0 91.7 8.3 13 0 84.6 15.4 14.4 9

dP3 12 83.3 100 0 12 58.3 100 0 0 0
dP4 11 54.5 100 0 12 33.3 100 0 0 0

Specimen 12 66.7 100 0 12 16.7 100 0 0 0

*– Includes specimens classified by Payne as indeterminate and as ‘‘less typical’’.
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indication of their age or sex), three European ibex, and six feral
mouflon from Corsica. He does not, like Payne, present detailed
statistics on the results of his study, but he does report that error
rates for pre-molars in-wear of about 10% and about 15% in unworn
or lightly worn teeth. These error rates are quite similar to (though
actually a bit worse) than those in our sample of 1.5–6 year old
animals (Table 7). Helmer does not report any statistics on rates of
indeterminate O/C determinations.

Balaase and Ambrose’s study was based on a control sample of
ten goats and six sheep obtained from Massai herders in Kenya.
Their metrical analysis of two traits for the identification of the M2
and M3 cannot be compared with ours which is based on obser-
vational, not metric data. However, their conclusion that these
criteria are most reliable when teeth are in a moderate state of wear
does agree with our own results. The author’s more impressionistic
assessment of the reliability of criteria developed by Helmer (2000)
and Halstead et al. (2002) also agrees in most respects with our
results. In general, these authors find that criteria used to make
taxonomic identification in permanent pre-molars are quite
reliable, while those proposed for the identification of the M1 and
M2 are problematic. Unlike our study, Balaase and Ambrose found
criteria presented in Halstead et al. for the identification of caprine
M3s to be ‘‘highly diagnostic’’.

The largest assessment of this kind is presented in the seminal
Halstead et al. (2002) study, which developed criteria for taxo-
nomic identification of caprine teeth and mandibles using a sample
of 43 adult sheep and 41 goats in the modern reference collection at
the University of Sheffield. In addition to this core sample of 84
animals, they also examined the mandibles of 20 younger sheep
and 28 goats from the same collections to further assess the use of
the M1 and the M2 in species identification. These criteria were
evaluated using a sample of 71 sheep (31 adult and 40 young) and
131 goats (107 adult and 24 young) drawn from various museum

collections in the United Kingdom and France. The sample included
domestic breeds of sheep and goats from Great Britain and
continental Europe, as well as domestic goats from Africa and South
Asia. Their sample also included both feral and wild sheep and
goats. There is, however, no breakdown of the number of animals
representing each region, the ages of the animals examined (other
than young and adult), or the sexes examined.

Results of their assessment are reported in a summary table
(Halstead et al., 2002: Table 2) which presents the number of
specimens identified as either sheep or goat and the percentage of
correct identifications by individual criteria for the adult pre-
molars, the molars, and the mandibular bone. This table also
provides the rates of indeterminate identifications, but since
indeterminate identifications are reported for the combined
sample of sheep and goats, it is impossible to look for differences in
the proportion of O/C identifications among sheep and goats. Nor is
it possible to evaluate the efficacy of these criteria in determining
the taxon of individual teeth and mandibular bones, of whole
mandibles, or of subsets of the sample by age or domestic status as
was done here. Moreover, the Halstead et al. paper presents no data
that would allow one to assess the utility of Payne’s criteria for the
taxonomic identification of deciduous teeth, though they do report
that these criteria are ‘‘thoroughly vindicated’’ in their examination.

One can, however, compare the proportions of correct and
wrongly attributed specimens for individual criterion in the
Halstead et al. sample with the results of this study. Table 12
presents the Halstead et al. results for individual criteria using the
same methods employed here to compute the overall percentage of
indeterminate taxon assignments, the percentage of correct and
wrong attributions by criterion, and the expected proportions of
misidentified animals among the samples specimens assigned to
taxon using these criteria. When this is done, some interesting
parallels, and differences, can be drawn between the two studies.

Table 12
Results for individual criteria from Halstead et al. (2002).

Tooth Criteria Z&P Criteria H et al. % O/C Goats Sheep % Misidentified

# % Corr % Wrng # % Corr % Wrng Sheep among
goats

Goats among
sheep

P3 1 1 3.8 148 93.9 61 96 85.4 14.6 13.4 6.6
2 2 5.4 141 94.3 5.7 41 95.2 4.8 4.8 5.6
3 3 3 137 96.4 3.6 51 92.2 7.8 7.5 3.8
4 4 12.7 119 94.1 5.9 46 82.6 17.4 15.6 6.6

P4 1 1 1.9 150 96.7 3.3 102 87.3 12.7 11.6 3.7
3 2 2.4 140 97.9 2.1 60 96.7 3.3 3.3 2.2
4 3 13.2 121 95.0 5.0 52 86.5 13.5 12.4 5.4

M1 2* 4 .3 30 9.3 6.7 262 43.1 56.9 37.9 13.4
3 1 12.7 121 93.4 6.6 83 92.8 7.2 7.2 6.7

4* 2 3.9 121 91.7 8.3 166 60.2 39.8 30.2 12.1
5 3 7.9 159 98.6 4.4 118 87.3 12.7 11.7 4.8

M2 3 1 5.2 152 95.4 4.6 107 92.5 7.5 7.3 4.7
4* 2 5.8 99 89.9 10.1 162 60.5 39.5 30.5 14.3
5 3 12.4 126 95.2 4.8 110 91.8 8.2 7.9 4.9

M3 1 1 5.4 118 96.6 3.4 82 81.7 18.3 15.9 4
2* 2 4.7 95 93.7 6.3 97 68 32 25.4 8.5
3 3 13.2 81 100 0 91 75.8 24.2 19.5 0

4* 4 5.0 74 90.5 9.5 107 51.4 48.6 34.9 15.5
5 5 2.1 120 87.5 12.5 59 83.1 16.9 16.2 13.1

6* 6 6.7 103 87.4 12.6 92 64.1 35.9 29.1 16.4

MD 1 1 3.2 222 83.8 16.2 98 94.9 5.1 5.7 14.6
2 2 5.7 107 100 0 78 85.9 14.1 12.4 0

All 6.2 93.7 6.3 80 20 16.4 7.6

All�Assy 6.9 94.7 5.3 88.2 11.8 10.8 5.4

*– Identified as asymmetrical criteria in Halstead et al. (2002).
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As in our study, the Halstead et al. data show that criteria used to
identify permanent pre-molars are appreciably more effective than
those used to identify molars. Using pre-molar criteria mis-
attributed specimens are always under 15% of the specimens
identified as either sheep or goat. Using molar criteria, in contrast,
misattributed specimens in their sample increase, with particularly
high numbers of incorrectly identified molars among sheep. Hal-
stead et al.’s results differ from ours in the much lower percentage
of indeterminate specimens (which varies from about 2–13% of the
combined sample of sheep and goats), and in the much higher
success rates in the attributions of the taxonomic assignments
made using the criteria they evaluated. In our study, of the 29
permanent pre-molar and molar criteria we evaluated only 4
criteria had over 80% correct attributions in both sheep and goats.
In contrast, 15 of the 22 criteria evaluated in Halstead et al.’s earlier
study met this standard. Moreover, while a mislabeling in the
column headings in Halstead et al. Table 2 makes it difficult to
interpret their data, it would also appear to that the sheep in their
sample are more likely to be incorrectly identified than goats. We
found the opposite to be true.

Halstead et al. attribute the lower success rates among sheep in
their sample, at least in part, to a number of ‘‘asymmetrical’’ criteria –
criteria which, when present, are characteristic of one taxon, but that
might be absent in both sheep or goat (Halstead et al., 2002: 549).
Success rates for sheep in their sample approaches that found for
goats when these criteria are removed from the mix (Table 12).
Higher error rates were not restricted to such asymmetrical criteria
in our sample. In fact, in many such instances purportedly ‘‘goat-like’’
criteria were found in less than half of the goats examined (i.e. M1:2,
M1:4, M2:4, and M3:4) or were equally likely to occur in both sheep
and goats (e.g. dP4:2). Averages for indeterminate and incorrect
assignments did not improve when these criteria were excluded
from consideration in our sample (Table 3); in fact success rates
among sheep actually declined when this was done.

It is impossible to identify the precise reason why our two studies
differ in the proportions of indeterminate attributions, in overall
success rates of the various criteria we evaluated, and in the
differences between sheep and goats in the reliability of dental
criteria. More data on the nature of the Halstead et al. sample is
needed if we are to isolate the exact reasons for the differences
between our two studies (i.e. a breakdown of domestic and wild
animals in the sample and a report of results by age of animal). Their
decision to include identifications of ‘‘possible’’ goat and sheep
among the positively identified specimens, rather than to declare
these as indeterminate specimens as we were more likely to do,
probably lowered the proportion of O/C identifications in their
study. Moreover, the fact that these authors both developed and
tested these criteria might have increased the accuracy of their
application. We, on the other hand, were not as familiar with these
criteria as those who first identified them, but were trying to apply
them solely on the basis of the descriptions and the figures pre-
sented in the Halstead et al. paper. But if taxonomic criteria are to be
of any general utility, then other analysts should be able to replicate
the results of those who developed them in the first place using such
published descriptions. This is, after all, what the majority of
archaeozoologists attempting to apply these criteria are doing.

Finally, it is possible that the higher success rates reported by
Halstead et al. are attributable to the homogeneity of their sample
(i.e. if the sample was comprised primarily of domestic breeds from
Western Europe). The accuracy of their determinations might also
have been increased if the sample were comprised of adult animals
with moderate, but not heavy, states of tooth wear. In fact, the
averages of misattributed 1.5–6 year old specimens in our sample
(Table 3) are similar to those in the Halstead et al. sample (Table 12),
although reversed for sheep and goats.

We submit, however, that if these criteria are to be generally
useful in discriminating between sheep and goat across the broad
temporal and geographic range of these animals (as is currently
being done), then their efficacy needs to be assessed using
a heterogeneous sample like ours that includes multiple breeds of
domestic animals, wild and feral animals, as well as a variety
animals in different age brackets. If on the other hand, these criteria
are only effective among certain domesticates from certain parts of
the world or in animals that fall into certain age brackets, then this
subset of animals needs to be identified and the application of these
criteria should be restricted to archaeological sheep and goat
remains that fit these parameters. It is often argued that the
experienced archaeozoologist knows that caprine assemblages
from different geographic areas require different suites of identi-
fication criteria, and perhaps that will be the case here. But unless
one knows the parameters of breed, taxon, geographic region, and
age of animal where such criteria can be reliably used, no amount of
experience will allow the analyst to determine whether the taxo-
nomic identifications of unknown archaeological remains made
using these criteria are correct or not.

7. Conclusions

Our assessment of criteria used to distinguish between the teeth
and mandibles of sheep and goat raises some serious concerns.
At the very least, this study suggests that archaeozoologists need to
be much more cautious in their use of these criteria in the study of
caprine faunal assemblages. Application of these criteria to
archaeological assemblages of wild caprines or early domesticates
would, based on our assessment, seem particularly risky. Inde-
pendent assessments of the reliability of these criteria following
protocols similar to those adopted here (especially assessments
based on Western European domestic caprine breeds) might help
isolate a subset of caprines where these criteria might be more
effective.

Most importantly, our results indicate that the lack of resolution
and accuracy in the application of these criteria can introduce
significant biases into species-level harvest profiles based on dental
eruption and wear patterns, especially those that focus on the
utilization of younger animals. Given the uneven reliability of
dental taxonomic assignments observed in our study and the biases
they introduce to harvest profiles, any species-level harvest profile
based on assemblages identified using these criteria is likely to have
been shaped primarily by methodological bias and cannot be
considered an accurate reflection of the culling practices of ancient
herders.

We conclude that harvest profiles based on dental eruption and
wear are only truly reliable in assemblages dominated by one
species (as determined on the basis of long-bone taxonomic
criteria), and where the entire assemblage of ageable caprine teeth
are included in the analysis. Dentition-based harvest profiles are of
very limited utility in assemblages where there is a more balanced
representation of sheep and goats, especially if these two species
were utilized in different ways. As we have demonstrated, using the
full-suite of dental taxonomic criteria to construct species-level
harvest profiles for sheep and goats can result in profiles that reflect
biases in the resolution and accuracy of dental taxonomic criteria
rather than ancient harvest practices. Although there are some
reasonably reliable dental taxonomic criteria, limiting analysis to
this small number of markers would further reduce an already
restricted sample of ageable teeth, subjecting any resultant harvest
profile to small sample biases. In assemblages with a mix of sheep
and goats, it would seem that dentition-based harvest profiles can
only be reliably computed for the combined caprine sample, even
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though they are likely to represent an amalgam of culling strategies
that obscures any differences in exploitation of these two species.

Long-bone harvest profiles, in contrast, are usually based on
larger samples of more reliably identified sheep and goat bones
(Zeder and Lapham, in preparation), so that even smaller assem-
blages are likely to yield enough identifiable bones to generate
species-level harvest profiles. In addition, the sequence and timing
of long-bone fusion in sheep and goats has been shown to be more
consistent and less influenced by differences in diet than are rates
of tooth eruption and wear (Zeder, 2006a). Finally, long bones can
be used to generate both species and sex-specific harvest profiles,
providing a higher resolution picture of ancient exploitation strat-
egies than species-level harvest profiles which represent an
amalgam of male and female culling patterns (Zeder, 2001, 2005,
2008). The major limitation of long-bone harvest profiles is, of
course, that they cannot capture the culling of older animals,
whether these older animals are prime age wild males targeted by
hunters, or older domestic females culled by herders once they pass
peak reproductive years – ages that are captured in dentition-based
harvest profiles.

We are not proposing that researchers reject one method for
constructing caprine harvest profiles and embrace the other. We do
argue, however, that the limitations and strengths of both long
bone and dentition-based harvest profiles should be recognized.
High resolution species-and sex-specific harvest profiles based on
long bones are the most powerful tool we have for examining
culling strategies directed at juvenile and early prime age animals
(up to about five years of age). Taxonomically undifferentiated
dental harvest profiles, on the other hand, seem best suited to
examining generalized harvest strategies directed at older animals.
Combining these two techniques to look at these two different
phases of caprine harvest represents an optimal approach for
gaining the most information about ancient exploitation strategies.
The best way forward, then, is to acknowledge and control for the
various limitations of both approaches while maximizing their
different strengths in the computation and interpretation of
harvest profiles of sheep and goats from archaeological sites.
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