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A critical comparison of two commonly used markers of initial animal domestication, size reduction and demographic
profiling, is presented. A metrical analysis of a large collection of modern wild and domestic goats (Capra hircus
aegargus and C. h. hircus) from Iran and Iraq clearly demonstrates that sex is by far the most significant factor affecting
size in goats. In all post-cranial bones examined, those of males, even the unfused bones of males over 1 year of age,
are absolutely larger than the bones of females. Region also plays a significant role in the size of these animals, but
domestic status seems to have little impact. Similarly, a re-analysis of archaeological assemblages from Upland Sites the
eastern fertile crescent shows no evidence of population-wide size reduction over a period that encompasses
the transition from hunting to herding goats in the region, from the Middle Palaeolithic to the Early Neolithic. The
apparent rapid reduction in the size of caprines during the early phases of domestication noted in earlier studies is likely
attributable to a shift in the sex ratio of the adult breeding population of managed herds towards female domination,
plus the differential destruction and loss of the bones of male animals killed at younger ages, as well as biases introduced
by standard methodological practices. Building on the earlier work of Hesse, and using the empirical understanding of
the factors influencing size in modern goats gained in this study, a new approach is proposed that combines both size
and long-bone fusion data to construct high resolution, sex-specific age profiles of male and female goats that can be
used to detect the hunting to herd management transition which marks the initial stages of the domestication process.
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Introduction

F or more than 50 years the origin of animal
domestication has been a major topic of
archaeological investigation in the Near East.

Literally hundreds of tightly focused to broadly syn-
thetic studies devoted to this topic have appeared in the
archaeological literature over the years. But while these
scholarly efforts have provided a general outline of the
process of domestication for the region’s primary live-
stock species (goat, sheep, pigs, and cattle), there are
still no conclusive answers to fundamental questions
about the causes, cultural and environmental context,
and the exact timing and sequence of the domestication
of these four ‘‘founder’’ species. Of obvious central
importance to answering these basic questions, of
course, is being able to identify the initial stages of
animal domestication in the archaeological record. As
a result, it is not surprising that considerable attention
has focused on the identification of ‘‘markers’’ of
domestic status in animals and the development
of methods that allow domesticated animals to be
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distinguished from wild ones in archaeological
assemblages of animal bones. Three quite different such
methods and markers for recognizing the initial
appearance of domesticated animals in the archaeologi-
cal record have been proposed and widely employed by
archaeologists: species abundance, morphological
change, and demographic profiling. Each of these three
methods has different strengths and limitations, as well
as different proponents and sceptics (e.g. Meadow,
1989; Davis, 1987; Hesse, 1982; Legge, 1996).

Of these three methods, the one with the greatest
number of shortcomings and the most limited utility is
based on a simple recognition of an increase in the
relative abundance of a species in the archaeofaunal
record of a region. The ‘‘increased species abundance’’
marker (or, in some cases, even the simple presence/
absence of a species) can work well in recognizing the
initial appearance of a domesticate in areas that are
well beyond the known geographical range of its wild
ancestor. But this method is of little value in docu-
menting the early history of a domesticate in regions
close to, or within, the range of distribution of its wild
� 2001 Academic Press
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progenitor. In this general geographical zone—the
likely ground zero for initial domestication—it would
be difficult to either accurately define the exact bound-
ary of a wild species’ range thousands of years ago, or
to say if an observed increased representation of a
species, in fact, marked the initial management of
domesticated herds, or simply signalled an increased
reliance on hunting of wild populations.

The other two commonly used markers of animal
domestication, in contrast, can be clearly and appro-
priately applied in looking for evidence of initial
domestication of a species within this ground-zero
zone. This is because both of these markers can be
directly linked in a cause-and-effect relationship to the
intervention of humans in the breeding behaviour of
managed herds, which lies at the core of the process of
domestication. Both of these markers and the methods
used to identify their presence, however, are subject to
different limitations and sources of potential bias.

The use of size reduction or other changes in skeletal
morphology, which comprise the widely employed
‘‘morphological change’’ marker category for initial
animal domestication, is complicated by the number of
diverse factors that can and do influence size and
morphology in wild animals. Wild animal species can
potentially exhibit considerable morphological vari-
ation across the full extent of their geographical range,
depending upon habitat heterogeneity and the species’
sensitivity to such environmental change. Age and sex,
too, are obvious factors that can influence the size and
shape of various skeletal elements, particularly for
those species in which sexual dimorphism is pro-
nounced. Many wild species have also undergone a
reduction in size since the end of the Pleistocene,
further complicating the use of morphological change
as a marker of initial domestication in animal species
(Uerpmann, 1978; Davis, 1981; Ducos & Kolska
Horwitz, 1997). Clearly, any effort to employ morpho-
logical changes as a marker of initial domestication
would need to be able to rule out a role for any of
these other potential factors—age, sex, time, and
environment—before deeming such change evidence of
domestication. Moreover, while Zohary et al. (1998)
present the most cogent discussion to date of why a
diverse array of proposed nutritional and selective
factors might lead to size reduction and other morpho-
logical changes in animals under human manage-
ment, the proposed causal pathway between human
management and morphological change has yet to be
convincingly, empirically demonstrated.

In addition, it is not at all clear how rapidly mor-
phological changes actually appear once humans begin
the active management and control of reproduction in
domesticated herds. Changes in the horn form of early
domestic goats, for example, seem to have happened
gradually and are not clearly evident in archaeological
assemblages until well after other markers indicate the
transition to herding had occurred (as in Hole et al.,
1969 and Hesse, 1998). On the other hand, Bökönyi
(1976) and others (e.g. Uerpmann, 1978; Meadow,
1989) propose that size reduction in managed herds
can occur quite rapidly, in less than a century. Other
researchers, however, suggest that size reduction, like
changes in horn form, may be a more delayed marker
of domestic status (Zohary et al., 1998; Davis, 1987).

The third commonly used marker of initial animal
domestication in the archaeological record is based
on the predicted differences in age and sex profiles
between faunal assemblages resulting from the hunting
of wild populations, as opposed to the controlled
harvesting of managed, domesticated herds. Modelling
such profiles requires baseline knowledge of the popu-
lation dynamics and age and sex composition of both
wild and domesticated herds, and the range of possible
hunting and management strategies that were followed
by early hunters and herders. The primary obstacle to
the effective use of demographic profiling to detect
initial animal domestication centres on the limited
resolution of current techniques for establishing the
age and sex of individual skeletal elements recovered
from archaeological contexts. The challenges encoun-
tered in ageing and sexing individual bones can be even
further complicated if two closely related species
having similar morphology are both represented in a
faunal assemblage. Goat and sheep, for example, both
frequently occur in Near Eastern faunal assemblages
and it is often difficult to distinguish between the two
species. As a result, many researchers compile com-
bined ‘‘caprine’’ demographic profiles, even though
kill-off patterns for these two species may differ,
especially if one is kept as a managed animal and
the other hunted in the wild. Without the ability to
reconstruct separate age profiles for both male and
female animals of tightly drawn taxonomic groups,
it may be difficult to distinguish between the demo-
graphic patterns of managed herds from those that
result from specialized hunting practices.

In this article I present a critical comparison of the
relative merits of morphological change (specifically
size reduction) versus age and sex profiling in marking
the initial domestication of the goat—arguably the
earliest domesticated livestock species in the Near East.
Central to this assessment of these proposed markers
of initial animal domestication is an intensive metrical
analysis of a large collection of modern goats from
Iran and Iraq designed to establish the impact of
various factors on the size of these animals. This
empirically grounded understanding of the morpho-
logical variation in a well-documented collection of
modern goats is then applied to the development of a
new approach for monitoring the transition from hunt-
ing to herding in the Early Holocene of highland Iran.
The FMNH Goat Collection

The Field Museum of Natural History (FMNH)
curates what is likely the largest skeletal collection of
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Near Eastern wild and domestic caprines in the
world—specimens collected during the Street
Expeditions to Iran of the 1960s (Lay, 1967; Street
et al., 1986), and by Charles Reed while assisting in
archaeological investigations in Iraqi Kurdistan and
northwestern Iran in the 1950s and 1960s. The Field
Museum houses the post-cranial skeletons of 40
modern goats from Iran and Iraq (Capra hircus, fol-
lowing Wilson & Reeder, 1993). Of these, 36 are wild
(Capra hircus aegargus) and four are domesticated
livestock (C. h. hircus). The sex and collecting locality
of all specimens is included in the FMNH catalogue
records. Collecting localities can be divided into six
general regions (Figure 1): Caspian, including animals
taken in the Elburz Mountains rimming the Caspian
Sea north of Tehran (two � and four �); Azerbaijan, in
the far northwest portion of Iran (two � and one �);
Iraqi Kurdistan, in northeastern Iraq (five � and four
�); Kermanshah, in western highland Iran (two � and
four �); the Central Zagros region, east and north of
Isfahan (four � and two �); and Southern Fars, which
includes the southern highlands of Iran extending up to
the narrow, southern coastal region of the Persian Gulf
(six � and four �).

The age of the specimens in the FMNH collection
was determined for this study by examination of
post-cranial long-bone fusion patterns of complete
skeletons. Age classes presented here are based on
Silver’s (1963) fusion data compiled as the mean
ages of fusion from a number of ‘‘scrub’ crossbreed’’
domestic European sheep. Silver is the standard refer-
ence employed by researchers to assign goat bones to
age classes. The FMNH collections were grouped into
five general age classes: Class A, defined by the fusion
of the proximal radius and distal humerus, which
according to Silver takes place within the first year of
life (three � and two �); Class B, capped by the fusion
of the metapodials and the distal tibia, which takes
place in the second year (eight � and one �); Class C,
defined by the fusion of the calcaneus and distal radius
set at between 2 and 3 years (four � and three �); Class
D, in which there is fusion of the proximal and distal
femur, the proximal tibia and the proximal humerus,
between about 3 and 4 years (four � and 12 �); and
Class E, marked by the fusion of all post-cranial
elements, set at over 4 years of age (one � and one �).

For the most part, post-cranial elements were
measured using the metric standards developed by von
den Driesch (1976) as a basic guide (Table 1). The
metrical analysis of this large collection of modern
goats was aimed at addressing four basic questions:

(1) What is the degree of regional variation in the size
of these animals?

(2) What role does age play in size variation?
(3) What is the degree of sexual dimorphism in these

populations?
(4) Are the domestic specimens in this collection

distinguishable from the wild specimens on the
basis of size?
Southern Fars
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Figure 1. Map of Iraq and Iran showing six collecting localities of
the modern FMNH goat specimens and archaeological assemblages
analysed.
Region and size
Figure 2 presents data on the distal breadth of the
metacarpals of the FMNH goats by region and by sex
within three general regions: the Northern Zagros,
including the Caspian, Azerbaijan, and Kurdistan col-
lecting localities; the Central Zagros, including the
Kermanshah and Isfahan collecting localities; and the
Southern Zagros, comprised primarily of goats col-
lected in the Southern Fars coastal region. Departing
from standard practice, which limits metrical analysis
to fused specimens (see von den Driesch, 1976: 4), all
bones in this study were measured if the standard
landmarks for measurement were preserved, regardless
of their state of fusion.

There is a clear, statistically significant trend toward
reduction in the size of the goats in the FMNH
collection as one moves south from the Elburz
Mountains in northern Iran down the spine of the
Zagros Mountains toward the Persian Gulf. This
pattern is consistently manifested not only in the
breadth of the distal metacarpals shown in Figure 2,
but in all bones and in all dimensions measured.
Two-sample Student’s t-tests, based on separate vari-
ance using the largest of the two metacarpal distal
breadth measurements of each individual, show a
significant difference when males in the Northern
Zagros group (Figure 2(a)) are compared to males in
both the Central Zagros group (Figure 2(b)) (t=4·509,
df=7·1, P=0·003) and the Southern Zagros group
(Figure 2(c)) (t=5·546, df=7·4, P>0·001). The regional
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variation among the female goats in the sample is more
subtle and does not become significant at better than
a 0·05 probability level until the Northern females
(Figure 5(a)) are compared to those from Southern
Fars (Figure 5(c)) (t=5·197, df=9·7, P<0·001). It is
possible that the trend toward decreasing size in the
more southerly populations is a manifestation of
Bergmann’s (1847) rule that predicts a decrease in the
size of animals with increasing temperatures. It is also
possible, however, that this decrease is linked not so
much to temperature as it is to decreasing quality of
pasturage in these increasingly more arid regions.
Age and size
Figure 3 partitions breadth measurements of the distal
metatarsal by age, as estimated by long-bone fusion.
While the young males in age class A (Figure 3(d)) (less
than 1 year) are larger than females in the same age
group, the size of these young male and female animals
is quite similar, and the two sexes could not be easily
differentiated from one another if the sex were not
known.

Male animals show a remarkable increase in size
after age class A, essentially attaining their full adult
size within the age group B, (Figure 3(c)) at 1 to 2
years. Females, in contrast, do not show the same
dramatic jump in size. In fact, the size of females
remains fairly consistent over the more than 4-year
span of time displayed, suggesting that the two very
young females in age class A were already reaching
adult size when collected. Once males are older than
age class A, they are absolutely larger than all females
regardless of age or region of origin. Even the unfused
bones of younger males in age class B (�1 to 2 years)
are significantly larger than the fully fused bones of
adult females in the oldest age classes D and E (Figure
3(a)) (at least 3–4+ years) (t=9·771, df=14, P<0·001).
This pattern is seen in all dimensions of the post-
cranial bones measured, lending support to Davis’s
(1996: 599) conjecture that caprines undergo very rapid
osteological development, so that joint dimensions, like
the breadth of the distal metapodials, reach their full
size before full fusion is attained.
Table 1. Dimensions (mm) of modern goat skeletons, excluding animals younger than 1 year and animals from the Southern Zagros, largest
specimen for each individual skeleton

Bone Measurement* Sex N Minimum Maximum Mean Median .. CV (%)

Humerus Dd Both 23 24·71 34·22 28·98 28·13 3·10 10·7
Male 12 28·13 34·22 31·38 31·81 2·28 7·3

Female 11 24·71 27·69 26·37 26·55 0·97 3·7
1st phalanx† GL Both 41 36·01 49·52 41·95 41·29 3·62 8·6

Male 22 40·29 49·52 44·55 44·27 2·72 6·1
Female 19 36·01 42·32 38·94 38·50 1·65 4·2

1st phalanx Bp Both 42 11·12 16·78 13·86 13·74 1·47 10·6
Male 22 12·58 16·78 14·81 14·75 1·13 7·7

Female 20 11·12 15·03 12·81 12·86 1·02 7·9
2nd phalanx GL Both 32 24·77 32·82 28·50 28·00 2·21 7·8

Male 17 26·60 32·82 30·07 30·31 1·77 5·9
Female 15 24·77 28·10 26·73 27·01 0·98 3·7

2nd phalanx Bp Both 35 10·66 16·52 13·13 13·18 1·49 11·3
Male 19 11·98 16·52 13·93 13·42 1·32 9·5

Female 16 10·66 13·90 12·19 12·17 1·08 8·8
Metacarpal Bd Both 24 25·29 36·07 30·50 29·69 3·51 11·7

Male 12 30·09 36·07 33·18 33·55 1·72 5·2
Female 12 25·29 29·29 26·92 27·05 1·20 4·5

Metatarsal Bd Both 24 23·11 31·47 26·42 25·84 2·91 11·0
Male 12 25·73 31·47 28·87 29·19 1·93 6·7

Female 12 23·11 26·27 23·96 23·89 0·91 3·8
Tibia Bd Both 22 24·35 31·82 27·34 27·31 2·20 8·1

Male 11 27·23 31·82 29·11 28·35 1·57 5·4
Female 11 24·35 27·39 25·57 25·33 0·90 3·5

Calcaneus Bp Both 23 20·75 26·97 23·65 23·08 1·64 6·9
Male 12 22·74 26·97 24·85 24·76 1·26 5·1

Female 11 20·75 23·32 22·34 22·36 0·72 3·2
Radius Bd Both 23 27·62 38·92 31·61 30·56 3·29 10·4

Male 12 29·31 38·92 33·82 34·51 3·03 9·0
Female 11 27·62 31·12 29·19 29·03 1·17 4·0

*Measurements taken from von den Driesch (1977), except for calcaneus proximal breadth.
†Phalanx measurements shown include both fore and hind limbs.
Sex and size
Figure 4 presents the combined samples of all the age
classes and all regions for four different long bones (see
also Table 1). Male and female animals show almost
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Figure 2. Metacarpal distal breadth measurements for modern
FMNH goat specimens by region. Females shown in light grey bars,
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Figure 3. Metatarsal distal breadth measurements for modern
FMNH goat specimens by age class; Southern Fars specimens
excluded. (a) Age classes D and E, i=11, s=20; (b) Age class C, i=6,
s=12; (c) Age class B, i=8, s=14; (d) Age class A, i=4, s=8.
complete size separation for all elements. Even where
there is some overlap between males and females (as in
the radius and calcaneus measurements), Student’s
t-tests indicate a highly significant difference between
males and females at greater than the 0·001 level of
probability. With the exception of the young animals
in age class A, the measurements of the male elements
(regardless of state of fusion) are distinctly larger than
those belonging to females. Thus, while the bones of
very young males fall into the size range of the female
population, there is almost no overlap between the size
of the bones of males and females in the older age
classes.

There is also a remarkable consistency in the distri-
bution of the male and female population in each
element examined. When the distributions of the dif-
ferent elements are stacked as in Figure 4, it becomes
quite clear that the point of separation between males
and females occurs in about the same place in each
graph. For every skeletal element, the range of vari-
ation in the female elements accounts for about 40% of
the total range of variation for that bone, while the
males contribute around 60% to the total variability.
When a normal curve is fitted to the measurements of
male and female distributions for each measurement,
in all cases the female curve is quite sharply peaked and
narrow, while the male curve in comparison is low
and broad.
This visual assessment of the shape of the distri-
butions of the male and female measurements is
consistent with their statistical assessment using the
coefficient of variation (CV—the standard deviation
expressed as a percentage of the mean) of the various
male and female elements measured (Table 1). The
CVs of female elements range from 3·2–4·7%, indi-
cating limited variability and a relatively tight, narrow
distribution around the mean. These CV values are
consistent with those reported by Davis (1996) in his
metrical study of female domestic Shetland sheep,
which generally range from 3–5%. The similarity in the
distributions of the female goat joint measurements
in this study is also in line with Davis’ (1996: 606)
observation that measurements taken on the same axis
tend to be highly correlated. The CVs of the wild male
goat elements, in contrast, range from 5·4–9%, and are
consistently about 2–4% greater than the CVs of
corresponding female elements. The greater variability
of male measurements is not likely to be an artefact of
a different age or regional distributions for males
versus females. CVs for males and females within
regions resemble those found in the population as a
whole, and the joint measurements of males and
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females change little after the first year of life. Instead,
CV values, like the visual inspection of the distribution
of male and female measurements, indicate that male
elements show a consistently greater range and degree
of variability than females.

This pattern extends to the phalanges, which can
prove problematical in metrical analysis because of size
differences both between morphologically similar front
and hind limb phalanges, and to some extent between
phalanges on the lateral and medial sides of each limb.
Figure 5 shows, however, that the impact of these
factors seem less strongly felt in some measurements
than in others. Specifically, while the upper limit of the
length measurements in both males and females is a bit
greater in fore limb 1st phalanges than in hind limb
phalanges (Figure 5(a),(b)), the area of overlap be-
tween the lengths of male and female animals in fore
and hind elements tends to be quite narrow (mostly
attributable to regional size differences), and falls at
about the same place in both the fore and hind limb
sample, In fact, the distributions of lengths of male
fore and hind limb phalanges are statistically in-
distinguishable from one another (t=1·208, df=19·9,
P=0·241), as are the female fore and hind limb
phalanges (t=0·661, df=17, P=0·518). However, even
in a mixed population of fore and hind limb phalanges,
the differences between the distributions of male and
female greatest length measurements is highly signifi-
cant (t= �9·101, df=35·3, P<0·001). In contrast, there
is a much greater area of overlap between the proximal
breadth measurements of male and female fore and
hind limbs (Figure 5(c),(d)). In a mixed sample, the
proximal breadth of female fore limb phalanges would
be impossible to distinguish from male hind limb
elements, and the area of overlap between males and
females would account for approximately 50% of the
total size range. This same pattern is evident in an
examination of 2nd phalanges (Table 1), Thus, while
phalange breadth measurements may not be as reliable
in distinguishing between males and females in a mixed
sample, length measurements of these elements provide
as strong and clear a reflection of the marked di-
morphism in the size of male and female goats as any
of the other post-cranial measurements. Moreover, the
proportional relationship in the ranges of the male and
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female length measurements in both the 1st and 2nd
phalanges is consistent with that seen in other bones, as
is the relationship between the CVs of male and female
elements (Table 1).
Domestication and size
Since the sample of domesticated goats is so small
(two females, one complete and one incomplete male,
marked with a ‘‘D’’ in Figures 2–5), no final conclu-
sions can be drawn about the impact of domestic status
on the size of goats from the Zagros region. However,
it is interesting to note that in all measurements the
female domesticates fall well within the size range of
the wild females. Moreover, although the bones of the
more complete domestic male usually fall within the
small end of the distribution of wild males, they are
often somewhat larger than other wild males in the
sample, and are almost always larger than all the
females. The single metatarsal from the incomplete
domesticated male also falls within the wild male
range.

Uerpmann (pers. comm., July 1998) has suggested
that comparisons between modern wild and domestic
caprines are invalid models for ancient populations,
due to recent forces that have caused size reduction in
wild caprines, along with improved breeding and
management practices that have caused size increase in
domestic caprines. As demonstrated below, there is
good evidence for size reduction in wild goats over
the last 10,000 years. It would be difficult to argue,
however, that the FMNH domestic specimens, which
represent unimproved breeds from rural villages, were
the beneficiaries of the kinds of targeted breeding and
enhanced nutrition that might lead to substantial in-
crease in size in these animals over wild animals from
similar environmental settings. Moreover, it is curious
that with all the size changes proposed by Uerpmann
for wild and domestic goats, the modern FMNH
domestic females still fall within the range of the wild
females and the domestic males fall within that of the
wild males. This consistency suggests that sex and
environment remain the primary factors influencing
size in all goats, both wild and domestic.
Summary: discussion of size variation among modern
goats
There are then, four major conclusions one can draw
from this analysis of the FMNH goats:

(1) There is strong north to south cline in the size of
goats, probably related to increasing temperatures
and decreasing quality of forage as one moves
southward.

(2) The size distinction between males and females is
clearly evident in animals older than 1 year of age,
and is present even when comparing unfused
bones of young males to fully fused bones of older
females.
(3) Marked and consistent sexual dimorphism of
male and female goats is evident in the size of all
post-cranial elements and in all dimensions.

(4) Measurements of the limited sample of domesti-
cated females fall squarely within the range of
those of wild females. And while the domesticated
males may fall within the smaller end of the size
range of the male goats, they are still within the
range of wild males, and are generally larger than
both wild and domestic females.

Thus, of all the variables examined here (region, age,
sex, and domestic status), the sex of an animal is the
single most important factor determining size, followed
by region, with age coming in a distant third. Finally,
the limited sample of domestic animals examined
here suggests that domestic status has little discernible
influence on the size of these animals.
Archaeological Collections of Goats

The empirically grounded understanding of size vari-
ation in modern goats gained from the analysis of the
FMNH collection allows us to take a new look at the
methods used to track the transition from hunting to
herding that took place in the eastern fertile crescent
around 10,000 years ago. This discussion will focus
primarily on the large assemblage of goats from the site
of Ganj Dareh in the Kermanshah region of western
highland Iran (Figure 1), originally studied by Brian
Hesse (1978, 1982, 1984) in his breakthrough disser-
tation research, and re-analysed for the present study.
New AMS dates obtained on collagen of goat bones
from Ganj Dareh (Zeder & Hesse, 2000; Zeder, 1999)
confirm that all five levels at this early village site
represent a very brief occupation of about 100 years
about 10,000 years ago. The Ganj Dareh goats are
accepted as a domestic population by most zoo-
archaeologists working in the region. Hesse based his
conclusion that these animals were domesticated on the
basis of demographic patterns that showed an empha-
sis on young animals, especially males, a pattern con-
sistent with the age profiles of managed domestic herds
(Hesse, 1977). Proponents of size reduction as a
marker of initial domestication point instead to an
apparent reduction in the size of the Ganj Dareh goats
when compared to wild Pleistocene benchmark popu-
lations as the primary supporting evidence for assign-
ing them domestic status (Uerpmann, 1979; Helmer,
1989; Bar-Yosef & Meadow, 1995). The controversy
over the primacy of the relative validity of these
different markers of the domestic status of the Ganj
Dareh goats, along with the very large size of this
carefully collected, well-dated assemblage, makes it an
ideal case study comparison of size reduction versus
demographic profiling as markers of domestication in
archaeological animal bone assemblages.
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Table 2. Dimensions of Ganj Dareh goat bones (mm)

Bone Measurement Fusion N Minimum Maximum Mean Median .. CV (%)

Humerus Dd Both 264 25·29 38·41 30·01 29·13 3·06 10·2
Fused 226 25·29 38·41 30·16 29·15 3·10 10·3

Unfused 38 25·57 34·62 29·12 28·73 2·65 9·1
1st phalanx GL Both 73 36·48 50·57 42·49 41·40 3·51 8·3

Fused 55 36·48 49·25 41·79 41·01 3·05 7·3
Unfused 18 37·50 50·57 44·62 44·49 4·05 9·1

1st phalanx Bp Both 133 11·32 17·30 14·04 13·83 1·53 10·9
Fused 86 11·36 17·30 13·88 13·71 1·47 10·6

Unfused 47 11·32 16·93 14·33 14·29 1·61 11·2
2nd phalanx GL Both 122 24·59 36·38 29·88 29·16 2·85 9·5

Fused 102 24·59 36·38 29·69 28·87 2·83 9·5
Unfused 20 25·60 35·92 30·87 31·04 2·78 9·0

2nd phalanx Bp Both 134 9·70 18·23 13·83 13·62 1·61 11·6
Fused 108 9·70 18·23 13·87 13·63 1·66 12·0

Unfused 26 11·58 16·27 13·69 13·28 1·41 10·3
Metacarpal Bd Both 158 24·71 40·78 30·68 29·54 3·58 11·7

Fused 96 24·71 39·49 29·13 28·92 2·20 7·6
Unfused 62 25·38 40·78 33·08 33·24 3·97 12·0

Metatarsal Bd Both 147 23·49 35·88 28·01 26·79 3·16 11·3
Fused 87 23·68 32·63 26·50 26·26 1·69 6·4

Unfused 60 23·49 35·88 30·19 30·99 3·50 11·6
Tibia Bd Both 81 24·48 32·72 28·81 28·93 2·21 7·7

Fused 28 25·24 32·18 28·60 28·65 1·94 6·8
Unfused 53 24·48 32·72 28·92 29·09 2·35 8·1

Calcaneus Bp Both 232 20·61 31·01 24·05 23·92 1·74 7·2
Fused 74 20·71 26·18 23·67 23·67 1·22 5·2

Unfused 158 20·61 31·01 24·27 24·02 1·90 7·8
Radius Bd Both 181 25·93 40·13 31·99 31·53 3·17 9·9

Fused 31 29·18 34·72 31·89 31·91 1·44 4·5
Unfused 150 25·93 40·13 32·01 31·27 3·42 10·7
Size variation in ancient goat populations
First let us consider the size of the Ganj Dareh goat
assemblage relative to goats recovered from other
archaeological sites in the region that bracket the key
transitional period from the Late Pleistocene up into
the Early Holocene (Figure 1). Collections stored
at the Smithsonian’s National Museum of Natural
History and at the Field Museum that were examined
for this study include five small Pleistocene-age
cave assemblages: Warwasi, Kobeh, and Kunji caves
(dating to the Mousterian/Middle Palaeolithic at
c. 50,000 ), Yafteh Cave (Upper Palaeolithic/
Baradostian period c. 30,000 ), and Palegawra Cave
(Upper Palaeolithic/Zarzian c. 12,000 ). Earlier
analyses of these collections include those by Reed
(1960, 1983), Turnbull & Reed (1974), Turnbull (1975),
Stampfli (1983), and Marean & Kim (1998). These
Palaeolithic upland collections have been widely
acknowledged as representing wild animals.

The somewhat younger, Epipalaeolithic collection
from the open-air site of Asiab, thought to date to
about 10,000 years ago (Hole, 1987), was reported by
Sandor Bökönyi to contain mostly large adult males,
which he interpreted as representing a transitional
culling pattern related to early domestication
(Bökönyi, 1977). Other researchers, however, subse-
quently interpreted the size and age data from this
site as representative of selective hunting of a wild
population (Hesse, 1984; Ducos & Helmer, 1981;
Legge, 1996).

On the other side of the domestication divide is the
collection of goats from the site of Ali Kosh, originally
studied by Kent Flannery in the 1960s (Hole et al.,
1969), and re-analysed for this study. Ali Kosh is also
widely accepted as being comprised of domesticated
animals on the basis of three different criteria:
(1) species abundance—the presence of goats outside
their presumed natural range; (2) morphological
change—changes in horn form; and (3) demographic
data—an emphasis on the slaughter of young animals.
Metric data for the Ali Kosh goats have not been
available until this study. Ali Kosh makes for a par-
ticularly interesting comparison since, in contrast to
Ganj Dareh and the other upland sites examined, it is
located on the hot, arid Deh Luran Plain, well outside
of the Zagros Mountains region. This comparison is
also of interest since new AMS dates obtained for this
study confirm that Ali Kosh was not occupied until
about 500–1000 years later than Ganj Dareh (Zeder &
Hesse, 2000; Zeder, 2000). Thus, Ali Kosh provides
the opportunity to gain a slightly later glimpse of the
ongoing process of goat domestication outside the
highland natural habitat of wild goats.

Summary statistics for the Ganj Dareh goats and the
goats from other Zagros sites examined in this study
are presented in Tables 2 & 3. Figure 6 presents a
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Table 3. Dimensions of archaeological goats from sites in the Zagros regions dating from the Middle Palaeolithic to the Early Neolithic (mm)

Bone Measurement Site N fused N unfused Minimum Maximum Mean Median .. CV (%)

Humerus Dd Palegawra 2 1 24·83 31·41 27·12 25·11 3·72 13·7
Asiab 6 0 28·15 32·24 30·44 30·97 1·80 5·9

Ali Kosh 67 5 22·17 34·98 27·74 26·77 3·02 10·9
1st phalanx GL Kunji 3 0 35·64 39·68 37·08 35·92 2·26 6·1

Palegawra 5 1 35·01 44·36 38·34 37·52 3·58 9·3
Yafteh 1 0 49·08 49·08 49·08 49·08 — —
Asiab 1 0 27·26 27·24 27·26 27·26 — —

Ali Kosh 117 4 29·50 46·45 38·39 37·57 3·13 8·2
1st phalanx Bp Warwasi 1 0 15·80 15·80 15·80 15·80 — —

Kobeh 2 0 12·03 14·87 13·45 13·45 2·01 14·9
Kunji 3 0 11·81 13·05 12·43 12·43 6·20 5·0

Palegawra 8 1 10·97 15·86 12·92 12·44 1·44 11·2
Yafteh 9 2 12·51 18·25 14·45 13·77 1·77 12·2
Asiab 4 1 12·04 16·76 13·91 14·13 1·91 13·7

Ali Kosh 166 15 10·67 18·25 13·13 12·95 1·35 10·2
2nd phalanx GL Kobeh 1 0 33·92 33·92 33·92 33·92 — —

Kunji 1 0 26·45 26·45 26·45 26·45 — —
Palegawra 8 0 29·33 35·38 31·44 31·07 2·09 6·6

Yafteh 10 0 25·99 33·15 29·49 29·42 2·60 8·8
Asiab 7 0 26·48 32·67 30·07 30·70 2·57 8·5

Ali Kosh 104 9 22·44 31·93 26·20 25·70 2·07 7·9
2nd phalanx Bp Kobeh 1 0 17·78 17·78 17·78 17·78 — —

Kunji 2 0 12·48 13·38 12·93 12·93 0·64 4·9
Palegawra 8 0 14·29 18·42 16·03 15·81 1·60 10·0

Yafteh 9 0 12·81 18·30 15·33 14·86 2·12 13·8
Asiab 4 0 11·70 18·31 15·01 15·01 2·98 20·0

Ali Kosh 99 11 10·71 16·56 12·80 12·70 1·36 10·7
Metacarpal Bd Palegawra 1 0 26·29 26·29 26·29 26·29 — —

Asiab 2 0 29·84 31·29 30·57 30·57 1·3 3·4
Ali Kosh 26 8 24·82 35·89 27·98 27·01 2·88 10·3

Metatarsal Bd Kobeh 1 0 36·28 36·28 36·28 36·28 — —
Ali Kosh 29 12 21·52 32·85 24·72 23·78 2·69 10·9

Tibia Bd Kunji 1 0 28·65 28·65 28·65 28·65 — —
Asiab 2 0 27·57 31·78 29·68 29·68 2·98 10·0

Ali Kosh 38 26 20·87 32·77 26·36 26·08 2·29 8·7
Calcaneus Bp Palegawra 1 1 19·18 21·71 20·46 20·46 1·81 8·8

Asiab 0 1 23·71 23·71 23·71 23·71 — —
Ali Kosh 19 19 19·15 25·48 22·03 21·93 1·56 7·1

Radius Bd Kunji 1 0 33·13 33·13 33·13 33·13 — —
Palegawra 1 3 26·15 33·82 29·09 28·20 3·37 11·6

Asiab 2 0 31·78 41·40 36·59 36·59 6·81 18·6
Ali Kosh 9 53 24·47 29·77 30·35 30·00 3·36 11·1
graphic comparison of the measurements of the second
phalanx—a bone particularly well represented in all
assemblages examined. It is clear that the wild goats
from both the Pleistocene sites and the Epipalaeolithic
hunting camp of Asiab all fall comfortably within the
distribution of the larger sample of goats from Ganj
Dareh. The means and the medians for all of the
assemblages are almost identical. Student’s t-test com-
paring these assemblages show, not surprisingly, no
significant difference between them. Moreover, this
pattern is consistently seen in all bones measured taken
from upland sites (Tables 2 & 3). In all cases, the
samples from these likely wild goat assemblages
fall comfortably within the range of the Ganj Dareh
assemblage, and when samples are large enough to
compute more reliable summary statistics, or when
Pleistocene sites are grouped together (Figure 6), there
is no demonstrable difference in the range, mean, and
median between these wild highland assemblages and
the Ganj Dareh goats. While the small sample size of
the wild goat assemblages makes it difficult to draw
any firm conclusions about the variability of these wild
assemblages as measured by their CVs, the generally
smaller Ganj Dareh CVs certainly do not indicate the
comparatively greater degree of variability predicted
by Uerpmann (1979) and others (Meadow, 1989) for
a domestic population. Thus, contrary to earlier
claims for size diminution of the Ganj Dareh goats
(Uerpmann, 1979; Helmer, 1989; Bar-Yosef &
Meadow, 1995), there is no evidence of size reduction
in the Ganj Dareh collection when compared to assem-
blages of earlier and contemporary assemblages of wild
goats from the same region. The reasons for the
divergence of these results from earlier studies that
argued for size reduction in the Ganj Dareh goats is
explored below.
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There is, however, a difference in the size of the
lowland Ali Kosh goats from the initial Bus Mordeh
levels of occupation when compared to highland col-
lections. The Ali Kosh goats are distinctively smaller in
their means, medians, and ranges, a difference that is
significant at greater than a 0·001 level of probability in
all cases. While it is possible that the change in the size
of the Ali Kosh goats is an artefact of 500–1000 years
of human management of goats, it is also useful to
keep in mind the demonstrated impact of climatic and
environmental conditions on size seen among the
modern FMNH goats (Figure 2). Indeed, the difference
in the size of the Ganj Dareh and Ali Kosh goats is
quite comparable to the degree of difference between
the modern Kermanshah and Southern Fars samples,
which represent strong environmental parallels to the
upland Ganj Dareh region and the arid Deh Luran
Plain. The CVs of the Ali Kosh goats, however, are
similar to those of the Ganj goats, indicating that,
despite the change in size, there has been no change in
the variability of the sample.
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Figure 6. Comparison of the second phalanx greatest length (GL)
for specimens from archaeological assemblages. Fused bones repre-
sented by dark grey bars, fusing bones in light grey shaded bars,
and unfused bones by white, unshaded bars. Means are indicated
by an arrow. Abbreviations for Pleistocene age sites: K: Kobeh,
P: Palegawra, Y: Yafteh. (a) Pleistocene sites, number (N)=23;
(b) Asiab, N=6; (c) Ganj Dareh, N=129; (d) Ali Kosh, N=43.
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Figure 7. Comparison of the size distributions of modern FMNH
goats and archaeological goats from Ganj Dareh for the distal
breadth of the metacarpal and the distal breadth of the humerus;
excluding goats from Southern Fars, animals in age class A, and
domesticates. The dividing line between the size range of males and
females in the modern sample is marked by a bold vertical line and
the proportional representation of each sex within the total range
of variation noted on either side of the line. Arrows mark the mean
of the male and female sub-populations. (a) Metacarpal Bd:
Ganj Dareh, N=157; (b) Metacarpal Bd: Modern, i=22, s=42;
(c) Humerus Dd: Ganj Dareh, N=264; (d) Humerus Dd: Modern,
i=21, s=41.
Size variation from the Early Holocene to the modern
era
Figure 7 compares the measurements of two bones (the
metacarpal and the humerus) of the modern Iranian
goats to those of the 10,000-year-old highland Ganj
Dareh goats. The modern sample displayed here is
comprised solely of wild goats older than about 1 year
of age from the five more northern collecting localities
in the study region. The graphs in Figure 7 follow the
conventions adopted in earlier figures of the modern
and archaeological collections for designating males
and females in the modern collections and for noting
states of fusion in the modern and the archaeological
assemblages.

It is clear that over the past 10 millennia there has
been a substantial decrease in the average size of wild
goats in the Zagros highlands. Yet this change is more
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Table 4. Dimensions of Ganj Dareh goats by sex

Bone Measurement Cut-off Sex N Minimum Maximum Mean Median .. CV (%)

Humerus Dd 29·88 Male 100 29·99 38·41 33·38 33·62 2·05 6·1
Female 164 25·29 29·88 27·96 28·09 1·16 4·1

1st phalanx GL 41·98 Male 30 42·04 50·57 46·01 46·30 2·56 5·6
Female 43 36·48 41·98 40·04 40·10 1·28 3·2

2nd phalanx GL 29·19 Male 61 29·25 36·38 32·17 32·51 2·11 6·6
Female 61 24·59 29·06 27·60 27·81 1·12 4·1

Metacarpal Bd 31·29 Male 42 31·36 40·78 35·85 35·81 2·48 6·9
Female 116 24·71 31·28 28·81 28·90 1·40 4·9

Metatarsal Bd 27·95 Male 50 28·03 35·88 31·84 32·20 2·21 6·9
Female 97 23·49 27·91 26·03 26·17 1·03 3·9

Tibia Bd 27·86 Male 51 28·02 32·72 30·25 30·45 1·30 4·3
Female 30 24·48 27·82 26·37 26·37 0·85 3·2

Calcaneus Bp 24·77 Male 101 24·79 31·01 26·16 25·81 1·13 4·3
Female 194 20·61 24·77 23·20 23·30 1·07 4·6

Radius Bd 31·61 Male 90 31·69 40·13 34·57 33·99 2·21 6·4
Female 91 25·93 31·53 29·44 29·90 1·42 4·8
Table 5. Coefficient of variation for modern goats and ancient Ganj Dareh goats

Bone Measurement
CV

(all modern)
CV

(all ancient)
CV

(male modern)
CV

(male ancient)
CV

(female modern)
CV

(female ancient)

Humerus Dd 10·7 10·2 7·3 6·1 4·7 4·1
1st phalanx GL 8·6 8·3 6·1 5·6 4·2 3·2
2nd phalanx GL 7·8 9·5 5·9 6·6 3·7 4·1
Metacarpal Bd 11·7 11·7 5·2 6·9 4·5 4·9
Metatarsal Bd 11·0 11·3 6·7 6·9 3·8 3·9
Tibia Bd 8·1 7·7 5·4 4·3 3·5 3·2
Calcaneus Bp 6·9 7·2 5·1 4·3 3·2 4·6
Radius Bd 10·4 9·9 9·0 6·4 4·0 4·8
complex than a simple downward shift in the size range
of the goat population. Instead it seems that while the
upper limits of the modern range, which includes the
largest of the male animals, is considerably smaller
than in the 10,000-year-old Ganj Dareh assemblage,
the lower limit of the size range, the size of the
smallest modern female goats, has remained relatively
unchanged. Comparison of the population statistics
for the ancient and modern goats in Tables 1 and 2
shows this pattern in all post-cranial bones measured.
Whatever the factors that caused this change in the size
of goats in this region over time, then, they seem to
have affected males and female goats in different ways.

Given the demonstrated difference between the sizes
of male and female goats in the modern sample, the
marked bimodality in the archaeological goat bones
displayed in Figure 7(a) and (c) can also, in all likeli-
hood, be attributed to sexual dimorphism. Thus, the
group of smaller specimens on the left-hand-side of the
graph most likely consists primarily of females, while
the larger specimens on the right represent males.
Transposing the proportional dividing lines between
modern males and females on to the ancient distri-
butions, the vertical line in Figure 7, cleanly separates
the larger and smaller modes of the ancient population.
When this is done for all the bones measured in the
Ganj Dareh assemblage (Table 4), summary statistics
for these proposed ancient male and female popu-
lations can be compared with those presented in Table
1 for the known males and females in the modern
population.

In all bones examined there seems to have been little,
if any, change over the last 10,000 years in the lower
limit of the size range of females in these highland
populations. However, there has been a fairly substan-
tial downward shift in the upper size limit and the
mean size of modern females, resulting in a contraction
in the size range of modern wild females when com-
pared to the ancient females. In wild males, on the
other hand, there seems to have been a quite consistent
downward displacement in both the lower and upper
limits of their size range. However, not only are CVs
for the total populations of ancient and modern goats
almost identical in all bones (Table 5), there is also
striking similarity between the CVs of the known male
and female goats in the modern sample and those
computed for the presumed male and female goats in
the ancient sample. This consistency is all the more
remarkable given the greater regional range of the
modern sample, and the likelihood that the separation
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between males and females in the ancient population is
not entirely clean. Thus, it would seem that while the
size range of modern goats has contracted over time,
and while males and females have experienced this
change in somewhat different ways, the overall nature
and proportional relationships between the size distri-
butions of male and female goats has remained un-
changed. It is possible, then, to use the empirically
demonstrated relationships between the sizes of mod-
ern male and female goats to differentiate between
male and female individuals in these ancient bone
assemblages where the sex of individuals is not directly
known.
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Figure 8. Size distribution of seven long bones from Ganj Dareh
with male/female dividing lines based on modern collections trans-
posed on to each bone. The dotted lines mark the 90% confidence
interval for inclusion in the female or male groups, based on
discriminant function analysis. Black arrows mark the mean of the
male and female sub-populations. (a) Radius Bd, N=182, 36 months;
(b) calcaneus Bp, N=237, 30 months; (c) metacarpal Bv, N=157,
24 months; (d) metatarsal Bd, N=146, 24 months; (e) 1st phalanx
GL, N=73, 16 months; (f) 2nd phalanx GL, N=129, 13 months;
(g) humerus Dd, N=264, 10 months.
The demography of the goats from Ganj Dareh
The size distributions of seven different bones in the
Ganj Dareh goat assemblage are presented in Figure 8.
The bold vertical line in each represents the propor-
tional cut-off between males and females extrapolated
from the modern sample for each bone, and the arrows
mark the means of the distributions of the presumed
males and females. Bones are arranged in decreasing
order of fusion, from the distal radius at the top
(Figure 8(a), which Silver estimates to fuse at 36
months) to the distal humerus (Figure 8(g), whose
fusion is set at 10 months). There are a number of
patterns highlighted in this graph which have import-
ant bearing on the demography of the Ganj Dareh goat
herd.

As was the case for the humerus and metacarpal, in
the more clearly bimodal distributions included in
Figure 8 (the metatarsal and the phalanges) the
extrapolated cut-off between males and females sep-
arates the two modes in the archaeological population
reasonably well. The distinction between the male and
female size modes is less clearly marked, but still
evident, in the greatest depth of the calcaneus and the
distal breadth of the radius, two bones that showed a
greater degree of overlap between males and females in
the modern sample as well. Also as in the modern
sample, the means of the ancient male and female
samples in all bones fall proportionately in about the
same place on each graph.

One of the most striking patterns in this figure is the
steady increase in the proportion of unfused bones,
especially in the larger, presumed male, mode of each
graph. This visual pattern is numerically supported in
Table 2 by the proportional increase in the number of
unfused elements in bones that fuse at progressively
older ages, and the tendency for these unfused elements
to have a greater mean size than fused elements. This
suggests that males in the sample were killed at
younger ages than females.

Also noteworthy is the general under-representation
of specimens included in the larger, male mode relative
to the number of smaller specimens that fall into the
female mode. Rather than an artefact of past human
preference, this pattern is probably best attributed to
the differential impact of post-depositional tapho-
nomic factors on the preservation and recovery of male
and female elements. The more friable, unfused bones
of young males were not preserved or recovered in the
same quantity as the more hardy bones of females,
killed at a later stage of development. This hypothesis
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is supported by the better proportional representation
of males in early fusing bones, like the humerus, and
the steady decrease in the proportion of males in
progressively later fusing bones.
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Figure 9. Survivorship curves (a) for male and female Ganj Dareh
goats compared to the curve computed using the entire sample of
measurable goat bones and (b) the curves computed using the
measurable goat bones, all identifiable goat bones, and bones that
could only be identified as either sheep or goat. �, measured goats,
N=1098; �, females 90%, N=606; �, males 90%, N=311; �, all
goats, N=2360; 	, sheep/goats, N=1364; , dental age, N=250.
Computing male and female survivorship curves
Despite the high degree of dimorphism in the modern
sample, there are still areas of overlap between the size
distributions of the male and female population seg-
ments, with overlap areas more marked in certain
bones than in others. It is therefore quite likely that
despite the greater regional homogeneity of the Ganj
Dareh sample, there is some overlap between the size
range of males and females in this archaeological
assemblage as well. One way to isolate this area of
potential overlap in the ancient population is to com-
pute the probability of group membership of each
measurement on a case-by-case bais, and then elimi-
nate from further consideration those specimens that
fail to meet a defined threshold of group member-
ship. This can be accomplished by computing the
Mahalanobis distance squared of each measurements
from the mean of the ancient male and female groups
defined by the imposed cut-off point, and then
examining the probability of membership in this group
for each different specimen. The dashed lines on either
side of the bolder vertical male/female dividing line on
the graphs in Figure 8 represents the 90% confidence
interval of group membership for each sex. The area
isolated in this way generally conforms with the area of
overlap between known males and females in the
modern sample, and exclusion of this possible overlap
zone in a division of the ancient sample into male and
female sub-populations should safeguard against
misclassification of males and females.

Having divided the ancient population into probable
male and female groups, and having defined regions of
potential overlap, it is now possible to compute
sex-specific age distributions for the Ganj Dareh
assemblage. This is done using Redding’s (1981a)
‘‘fusion score’’ formula for each element of known
fusion age:

(f+(i*0·5)/(f+i+u))*100),

where f=fused bones, i=fusing bones, and u=unfused
bones. The resultant score provides an estimate of the
proportion of animals that survived beyond the age at
which the element fuses. When the scores of various
elements are examined in the order in which they fuse,
an impression is gained of the intensity of kill-off
of animals over the years represented in the fusion
sequence.

Comparing the sex-specific survivorship curves com-
puted this way (Figure 9(a)) reveals a sharp contrast
between the kill-off profiles of males and females.
Kill-off males appears to begin sometime after the
estimated 10-month fusion age of the distal humerus,
with survivorship tumbling from 95% at 10 months to
20% by the age of fusion of the distal metacarpal
(estimated at 24 months). In contrast, female survivor-
ship remains quite high until sometime between the
ages of fusion of the distal metapodials and the
calcaneus (between 24 and 30 months), falling to 16%
at the age of fusion of the distal radius (c. 36 months).

The dashed line shown in Figure 9(a) represents the
survivorship of the combined sample of all measured
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goat bones displayed in Figure 8, the males, females,
and specimens that fall in the overlap zone between
these two groups. Clearly the larger female sample is
primarily responsible for determining the shape of this
curve, while the young kill-off pattern of the male
sample has only a minimal impact on this combined
curve. This is due to the under-representation of males
in the sample of measurable caprine bones that could
be identified to species.

In Figure 9(b) the survivorship curve computed
using measurable goat bones is contrasted to a curve
computed using the total of all measured and un-
measured goat elements (bones that could be identified
as goats, but that did not have preserved metric
landmarks), as well as to a ‘‘caprine’’ survivorship
curve based on bones that could only be identified as
either sheep or goat. Also included is a survivorship
pattern on dental age estimates for the combined
sample of Ganj Dareh sheep and goats taken from
Hesse (1978: 258), shown in bar form. Given the 14
to 1 ratio of identifiable goat to sheep bones in this
assemblage, this sheep/goat population can be safely
considered to be primarily comprised of goats. The
three distributions based on measured goats, all goats,
and sheep/goat dental age, all show close agreement up
to about 1 year of age, at which point the latter two
distributions drop much more steeply than the curve
based on measurable goat bones alone. The decline is
steeper still in the survivorship curve computed for the
bones that could only be identified as sheep or goats,
where there is a 35% drop in survivorship between
birth and 10 months of age.

Given the emphasis on the culling of young males
and the relative longevity of females evident in the
sex-specific age curves, the young animals whose
slaughter is captured in these non-sex-specific age
distributions were most probably predominately males.
In fact, the survivorship curve for the total goat
population and the caprine dental age profile both
closely mirror the survivorship curve computed for
male goats in Figure 9(a). The more friable bones of
these younger animals are simply less likely to have
preserved landmarks that would allow either metric
analysis or species identification, and are, therefore,
less likely to be included in the sample of post-cranial
bones used to construct the sex-specific age profiles.
Moreover, as we have seen from the analysis of the
modern goats, even when recovered in measurable
condition, the bones of young males killed before the
fusion of the distal humerus are likely to fall into the
female side of the size distribution. Thus, the apparent
delay in slaughter of young males suggested by the
more gentle drop in survivorship from 0 to 10 months
in the male curve (and in all but the sheep/goat curve in
the non-sex-specific age profiles), is less an artefact of
ancient culling practices, than a reflection of the loss of
bones and teeth of very young animals from the
sample, and the difficulty of identifying or measuring
those that survive. In addition, the initial drop and
then apparent resurrection in female survivorship
between birth and 16 months of age is probably a
reflection of the misclassification of very young male
goats in the female population. It would seem likely,
then, that kill-off of males at Ganj Dareh was even
earlier and more intensive than indicated by the male
survivorship curve in Figure 9(a), beginning during the
first year of life, with few males surviving past the point
of fusion of the metapodials, at around 2 years of age.

It is important to consider here the calibration of the
fusion data with the actual age at death of the animals.
As indicated earlier, Silver’s age estimates, based on a
population of modern domestic cross breeds (Silver,
1963: 254), are widely used as a kind of ‘‘industry
standard’’ for age estimation. And while his classifi-
cation agrees in general terms with other available
fusion calibrations, such as Noddle’s (1974) estimates
for fusion in domestic goats, as Silver notes, it is
unlikely that the ages of fusion in Silver’s study univer-
sally apply to all sheep and goats, irrespective of
region, climate, or nutritional levels. In fact, the fusion
rates of different species, and perhaps even sub-species,
of caprines, raised under different conditions, will
almost certainly vary from Silver’s estimates. This is
perhaps especially true for the 10,000-year-old Ganj
Dareh goats, which were only just beginning to come
under human control. Indeed, Bullock & Rackham’s
(1982) data for Scottish feral goats suggests that while
Silver’s ages of fusion are in general agreement with
their estimates for earlier fusing bones (the distal
humerus, phalanges, and metacarpals), they may be
significantly too young in later fusing bones (the cal-
caneus, distal radius, and proximal humerus). Thus,
the apparent intensification in female kill-off at about
30 months indicated in Figure 9(a) (using Silver’s
calibration) may actually have occurred at a somewhat
older age. Even given this important cautionary note,
however, the general sequence and timing of fusion of
bones observed by Silver is quite secure, and, therefore,
the general patterns of early male kill-off and delayed
harvesting of females seen in the Ganj Dareh popu-
lation is an accurate reflection of the ancient herd
management practices.

The Ganj Dareh sex-specific age profiles can be
compared to those of the goat population from the
nearby, and roughly contemporary, site of Asiab,
which is generally accepted as a wild hunted popu-
lation. Figure 10 presents the distribution of five bones
from the Asiab goat assemblage using the size range of
the Ganj Dareh population as a scale template. The use
of the large Ganj Dareh sample to set this scale is
justified due to the environmental and temporal
proximity of the two sites. Moreover, in all bones
examined the size distribution of the Asiab bones fits
well within the limits of the Ganj Dareh distribution
(Tables 2 & 3), suggesting that the absence of indi-
viduals in the Asiab assemblage at either the smallest
or largest extent of the Ganj Dareh range is more a
function of sample size than of an overall difference in
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Figure 10. Size distribution of five long bones of Asiab goats.
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Figure 11. Survivorship curves (a) for male and female Asiab goats
compared to the curve computed using the entire sample of measur-
able goat bones and (b) the curves computed using the measurable
goat bones, all identifiable goat bones and bones that could only be
identified as either sheep or goat. �, measured goats, N=27; �,
females, N=19; �, males, N=24; �, all goats, N=62; 	, sheep/
goats, N=112.
the size of goats utilized at these two sites. Yet, despite
the small size of this sample, and in strong contrast to
Ganj Dareh, there is a clear tendency for the bones of
the Asiab goats to fall into the right-hand-side of the
scale. Moreover, the majority of these bones, especially
among those in the larger presumed male side of the
distribution, are fused.

Using the same points of division to separate the
Ganj Dareh sample into male and female population
segments (without eliminating samples in the potential
overlap zone, owing to the small size of the Asiab
assemblage), sex-specific age distributions can be
generated for the Asiab assemblage (Figure 11(a)). The
high survivorship of the male goats from Asiab is
striking. Almost all of the males in the sample are older
than the age of fusion of the oldest fusing bone. In
contrast, the age profile for presumed females suggests
the utilization of somewhat younger animals than seen
among the males, though it is important to keep in
mind here that the unfused bones on the female side
might represent either young females or very young
males. When the curves generated for the sample of
measurable goat bones are contrasted to those
computed for both the entire goat sample and the
sheep/goat sample from the site (Figure 11(b)), all three
curves indicate a strong emphasis on the utilization of
older animals. This pattern is consistent with a hunting
strategy that targets older prime-age male animals, but
also includes females and younger animals. In contrast,
the Ganj Dareh distribution resembles the demography
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of a herd managed to produce a reliable supply of meat
while promoting the perpetuation of the herd—a
strategy which predominates among pastoralists in the
region today (Payne, 1973; Redding, 1981b). Thus,
despite the lack of any detectable shift in the size of the
Ganj Dareh goats from wild goats in the region, this
system of controlled culling irrefutably marks them as
a managed, and, therefore, domesticated population.
Size Reduction and Demographic Profiling as
Markers of Initial Domestication
This study cast serious doubts on the utility of size
reduction as an effective marker of initial domesti-
cation in goats. Not only is there little variation in the
size between modern wild and domesticated goats,
domesticated animals in managed herds of the Early
Holocene are also indistinguishable on the basis of
size from demonstrably wild animals from the same
region. This includes the wild goats from roughly
contemporary contexts, as well as those from preceding
Late Pleistocene sites in the eastern fertile crescent.

This conclusion is at odds with earlier studies that
maintained the Ganj Dareh goats showed a significant
degree of diminution when compared to Palaeolithic
benchmark populations (Uerpmann, 1979; Helmer,
1989; Bar-Yosef & Meadow, 1995). However, based on
this analysis it is likely that what previous studies
interpreted as population-wide size reduction in this
early domestic goat population was, in fact, a shift in
the sex ratio of the adult breeding population in a
managed herd. The danger of misreading a shift
toward female domination of adult herds as represent-
ing an across the board size reduction is, in part, the
result of the common practice of measuring only fully
fused bones as prescribed by von den Driesch (1976: 4).
As shown here, in the Ganj Dareh assemblage the
bones of female animals overwhelmingly dominate the
sample of fused elements, while the bones of the young
males, when preserved in measurable condition, are
more likely to be unfused, especially in the case of
bones that fuse after about 1 year of age. Moreover,
owing to their more friable condition, many of the
bones of young males are likely to be too fragmented
to permit either measurement or even secure species
identification. In contrast, in an assemblage of hunted
animals, like that from Asiab and the earlier Palaeo-
lithic sites examined, the bones included in a metric
study restricted to fused bones would be
dominated by large adult males. Comparison of the
sizes of the fused bones from these sites would seem to
point to size reduction, when in fact, size variability in
these populations is largely attributable to the selection
of the age and sex of animals utilized in the past, as
well as to taphonomic factors that select against the
preservation of the bones of young animals, and
methodological practices that limit metrical analysis to
fused bones of adults (see Ducos, 1991 and Meadow,
1999).
Although Meadow recognizes the possible impact of
the presence of large numbers of older females on the
size profiles of managed populations, he also maintains
that a shift in the minimum size of elements, plus an
increase in variability in the sizes of goat represented in
faunal assemblages of late 10th, early 9th millennia,
are both indictive of a population-wide reduction in
the size of both males and females in these early
managed herds (Bar-Yosef & Meadow, 1995; see also
Uerpmann, 1978, 1979). However, there is no demon-
strable downward shift in the minimum size of the
Ganj Dareh assemblage when directly compared to
highland wild assemblages, nor is increased variability
in size of Ganj Dareh goats indicated by the coefficients
of variation in these assemblages.

Another likely contributing factor to the false
impression of size reduction in the Ganj Dareh
assemblage is the common methodological practice of
blending the normalized measurements of many differ-
ent elements into a single size profile for an assemblage
or group of assemblages representing a general
temporal period (see Uerpmann, 1979; Meadow, 1989
and, especially, 1999, for a discussion of the history of
this technique and a consideration of some of its
limitations). This blending of the normalized values of
many different skeletal elements exacerbates the
bias toward the fused bones of smaller females in
assemblages like Ganj Dareh, calling into question the
utility of this technique in its intended purpose of
tracking population-wide size variation over time.
Not knowing the source of the measurements that
contributed to a normalized profile, it is impossible to
assess whether evident differences between profiles are
attributable to population-wide change in ancient
populations, to differences in the hunting/herding
strategies that may emphasize different ages and sexes
of animals, or to other taphonomic and randomizing
factors that shaped the range of elements used to
compute the coalesced profile. Indeed it would seem
that such techniques needlessly blur the fine-tuned
sensitivity of individual elements to age-dependent
shifts in the proportion of male and female animals in
a population, patterns central to monitoring the initial
shift from hunting to herding.

This is not to say that domestication has no impact
on the size of caprines. Zohary et al. (1998) have
recently presented a compelling argument for how
human management of caprines might result in the
diminution of size of individuals in a population,
especially male individuals. And while domestic status
could not be detected in the size of the small sample of
modern domestic goats studied here, especially in
female goats, there was some suggestion that male
domesticates appear to fall at the lower end of the
range of variation of modern wild goats. These,
admittedly limited, data lend support to the prop-
osition that domestication results in a lessening in the
degree of sexual dimorphism in domestic herds when
compared to animals in the wild under selective
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pressures that favour greater size in males (Zohary
et al., 1998). However, as Zohary et al. point out, the
length of time it takes for such a change is uncertain
and, as indicated by the present study of modern goats,
may not be easily recognized.

The smaller size of the Ali Kosh goats when com-
pared to the Ganj Dareh goats might be taken as
an indication of size reduction in managed herds
(Figure 5) over the 500 to 1000 years that we now
know separated the occupation of these two sites
(Zeder & Hesse, 2000; Zeder, 1999). It is impossible,
however, to tell if the smaller size of this lowland
goat population is attributable to selective factors that
favour smaller animals in managed herds, to the adap-
tation of colonizing domestic goat populations to
harsher environmental conditions, or to the initial
smaller size of a more southerly population of ancestral
wild goats. The range of possible factors that might
have been involved in influencing the smaller size of the
Ali Kosh goats helps underscore the fundamental
difficulty inherent in any attempt to employ general
size reduction as a marker of goat domestication.
There are simply too many other, more potent factors
that influence size in goats for size to be confidently
used as a marker of their initial domestication. Sexual
dimorphism, regional variation, climate, and time have
all been shown to have a marked and measurable
impact on size in known populations of wild goats. A
downward shift in the size of male domesticates would
be easily lost among the other, more powerful forces
that influence size in these animals.

In contrast, changes in herd demography represent a
much better marker of the initial stages of the domes-
tication process. Many of the patterns observed in the
Ganj Dareh assemblage in this study were noted by
Hesse in his original analysis of this important collec-
tion (Hesse, 1978, 1982, 1984). Drawing, in part, from
an earlier study by Higham (1967) on European stock
rearing, Hesse recognized the marked bimodality in the
measurements of various elements, the tendency for
unfused elements to be larger than fused elements, and
the decreasing proportion of larger specimens in later
fusing bones. He concluded that these patterns were
indicative of a distinctive demographic profile that he
took as a marker of the initial stages of domestication.
What was missing from his landmark study, however,
was a clear and concrete connection between sexual
dimorphism in goats, differential treatment of male
and female goats by Ganj Dareh herders, and the
observed size and fusion patterns of the Ganj Dareh
goat bone assemblage. The modern FMNH goat col-
lection analysed here provides this critical missing link,
in that it shows that the bones of male and female
goats are highly dimorphic, and that the unfused
elements of males older than 1 year are distinctly, and
absolutely, larger than the fully fused bones of adult
females. Analysis of this modern baseline collection
also illuminates the regularity in the male to female size
relationship across a broad range of different skeletal
elements and over time. This demonstrated regularity
permits, for the first time, the confident separation of
ancient caprine bone assemblages into male and female
sub-populations, which in turn allows the computation
of separate male and female survivorship curves. This
study also considers Ganj Dareh within the broader
context of other earlier and later archaeological
asemblages, and, in so doing, strengthens and
extends Hesse’s prescient observations into a robust
method for firmly establishing the early origins of goat
domestication.

Meadow (1989: 83) has argued that age and sex
profiles are of limited value as markers of domesti-
cation because it is ‘‘impossible to use age and sex
ratios to rule out [original emphasis] selective hunting
as an explanation of particular faunal configurations’’.
He also questions whether there is a typical demo-
graphic pattern that can be used to detect human
management of domesticated herds since ancient
herders may have followed different culling strategies
to obtain various animal products (i.e. meat, milk, or
wool), and he worries that in some cases social reasons
might override economic factors in shaping herd
demography, or that random acts of God could
influence age and sex profiles in managed herds.

It is possible that some hunted assemblages
represent strictly seasonal or otherwise highly selective
samples of ages and sexes. However, such ephemeral,
epiphenomenal hunting events are unlikely to yield a
large enough asemblage to allow even the most rudi-
mentary demographic profile to be drawn. Even if they
are, it is hard to imagine any selective hunting strategy
that would result in the distinctive profile of young
male slaughter and prolonged female survivorship of a
managed herd. For example, a specialized hunting
strategy that targets herds of lactating females and
nursing young (the most likely selective hunting strat-
egy to be confused with herd management), would
exhibit a heavy emphasis on both very young males
and young females, and on adult females in prime
reproductive years (Hesse, 1977: 304). This nursery
herd age and sex profile would be distinct from the
managed herd profile found at Ganj Dareh that com-
bines the focused culling of males up to about 2 years
of age with a delayed kill-off of older females. And
while these distinctions would be missed with earlier
demographic profiling techniques that did not distin-
guish between males and females, or often even
between sheep and goats, given a large enough, care-
fully collected sample subjected to a comprehensive
metrical analysis of both fused and unfused bones,
these two demographic patterns should be distinguish-
able in the sex-specific age profiles made possible with
the method developed here.

As to problems caused by the diversity of different
possible management strategies in domestic herds, two
of three contrasting strategies (maximization for meat
and for milk) will produce profiles that emphasize
utilization of young males and adult females, with
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some differences in the precise ages at which young
males and older females are slaughtered (Payne, 1973).
Moreover, since generalized management strategies
aimed at promoting herd security are capable of yield-
ing the full range of animal products in sufficient
quantity to meet the needs of most domestic house-
holds (Redding, 1981b), it is unlikely that the kind of
extreme specialization that would seriously shift age
and sex profiles away from this basic pattern would be
seen until the development of highly specialized state-
level economies—and perhaps not even then. Finally,
while it is sometimes true that non-economic social
considerations might affect management decisions
regarding which animals to slaughter, or that cata-
strophic factors like drought or disease might wipe-out
whole herds of animals, the fact remains that over the
long term, the vast majority of culling decisions will be
guided by basic principles that promote the long-term
security and productivity of the herd—goals that are
bet met by a strategy focused on the kill-off of young
males and the preservation of an adult breeding popu-
lation dominated by females (Redding, 1981b). What is
called for is not a rejection of the use of age and sex
profiles as a tool for understanding human/animal
interaction patterns in the past, but rather the refine-
ment of profiling methods to allow for higher resol-
ution sex-specific age profiles (as is done here), and for
the more accurate calibration of fusion patterns with
actual ages (a much needed study).

With the methods initially pioneered by Hesse and
refined here, we are now in an excellent position to
chart the developmental pathways along which the
intensive selective hunting strategies that likely pre-
ceded initial domestication were transformed into the
management strategies that lie at the heart of the
domestication process. We may also be able to detect
the more subtle nuances in management strategies that
indicate shifting economic emphases in the exploitation
of managed herds. Optimally, successful application of
this approach requires large collections like that from
Ganj Dareh, where screening of deposits was routinely
followed and where all recovered were saved and
curated. Regrettably, there are few extant assemblages
that meet these requirements, and it is hoped that this
case study demonstration of the substantial future
potential of this approach will help to guide recovery
and analytical practices in the future. If, however, there
are appropriate large assemblages from close temporal
and regional contexts to provide an appropriate scale
of size variability for different elements, even small
assemblages like that from Asiab can be profitably
examined with this approach. It is also likely that this
method for computing sex-specific age profiles is appli-
cable to any highly dimorphic hoofed stock (sheep,
pigs, cattle, and possibly other animals like horses,
camels, and llama). Thus, the promise of this new
method goes beyond this study of initial goat domes-
tication in the Zagros mountains, potentially offering
significant new insight into the domestication in a wide
range of animal species in many different contexts
around the world.
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