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Sheep and goats (caprines) were domesticated in Southwest Asia
in the early Holocene, but how and in how many places remain
open questions. This study investigates the initial conditions and
trajectory of caprine domestication at Aşıklı H€oy€uk, which pre-
serves an unusually high-resolution record of the first 1,000 y of
Neolithic existence in Central Anatolia. Our comparative analysis
of caprine age and sex structures and related evidence reveals a
local domestication process that began around 8400 cal BC. Cap-
rine management at Aşıklı segued through three viable systems.
The earliest mode was embedded within a broad-spectrum forag-
ing economy and directed to live meat storage on a small scale.
This was essentially a “catch-and-grow” strategy that involved
seasonal capture of wild lambs and kids from the surrounding
highlands and raising them several months prior to slaughter
within the settlement. The second mode paired modest levels of
caprine reproduction on site with continued recruitment of wild
infants. The third mode shows the hallmarks of a large-scale herd-
ing economy based on a large, reproductively viable captive popu-
lation but oddly directed to harvesting adult animals, contra to
most later Neolithic practices. Wild infant capture likely continued
at a low level. The transitions were gradual but, with time, gave
rise to early domesticated forms and monumental differences in
human labor organization, settlement layout, and waste accumu-
lation. Aşıklı was an independent center of caprine domestication
and thus supports the multiple origins evolutionary model.

pre-Pottery Neolithic j sheep and goat management j mortality patterns j
zooarchaeology j forager–producer transition

Animal domestication is a coevolutionary mutualism that, in
rare cases and with sufficient time, may develop between

humans and another species (1–3). Many of the domesticated
ungulates that we know today evolved within the Neolithic
period between about 10,000 and 5,000 y ago. Accumulating
evidence has revealed that, as with many plants, domestication
of hoofed animal species occurred in multiple loci and over lon-
ger periods than previously recognized. Most of what we know
about animal domestication pertains to the later outcomes of
the process. We know far less about the formative conditions of
domestication because the physical traits commonly studied
only diverge from wild progenitors after many generations.
Reliable contextual data about the timing and nature of the
early phases of animal management are harder to come by, yet
they are utterly essential to understanding early domestication
processes. These contextual data concern the physical and
social aspects of the human-altered environment to which the
partner species adapts and the human behaviors that repeat-
edly biased survivorship in the partner population. Most of this
contextual information is provided by archaeological science.

Three common pathways to animal domestication are widely
recognized—the commensalism pathway, the prey pathway,
and the directed pathway (2, 4). They differ in the conditions of

selection but nonetheless describe a continuum between free-
ranging populations that colonize and adapt in specific ways to
human-altered environments (commensal pathway) and highly
orchestrated manipulation by humans of survivorship and mate
choice within a controlled environment (directed pathway).
Prey domestication pathways lie within these extremes, vari-
ously involving partial captivity, periodic admixture, and sub-
traction of the most undesirable individuals from the managed
population. Continuous admixture with wild counterparts is
bound to slow the overall pace of morphological change in a
managed population but may have been common in early
periods. Such admixture can be critical for preserving genetic
diversity over the long term by allowing a relatively small sub-
population to accumulate a wide range of neutral traits (1, 3,
5–7). Under these conditions, significant behavioral and physio-
logical shifts can occur in the managed population well in
advance of obvious skeletal changes (the purview of zooarch-
aeologists) if body size reduction is not the focus of strong
selection.

The prey pathway model applies well to sheep and goat (cap-
rine) domestication. Mortality patterns by age and sex are par-
ticularly sensitive indicators of caprine management by humans
and of variation in humans’ strategies for obtaining meat, fat,
and, in some cases, milk and/or hair (8–14). Some mortality
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patterns are subject to equifinality, as they can arise from more
than one causal factor. When coupled with independent lines
of archaeological evidence, however, mortality patterns are cen-
tral to understanding the evolutionary process of domestication
and its outcomes.

This study investigates the early conditions and trajectory of
caprine management at the Pre-Pottery Neolithic (PPN) site of
Aşıklı H€oy€uk (AH) and the question of whether early domestic
forms arose within this context. Located in the Central Anato-
lian region of Cappadocia (Fig. 1), AH preserves an unusually
high-resolution stratigraphy and rich zooarchaeological record
(15–17) that spans 1,000 y of continuous occupation (ca. 8400
to 7350 cal BC) (18). AH lies within the natural ranges of both
mouflon sheep (Ovis gmelinii, a.k.a. O. orientalis anatolica) and
bezoar goat (Capra aegagrus). These wild species came under
human management around the time that the settlement was
first established by broad-spectrum foragers (17, 19, 20).

Core questions persist about how the management relation-
ship evolved at AH, the pace and scale of change, and whether
domestic forms emerged within the 1,000 y of the community’s
existence. To address these questions, we use measures of 1)
caprine importance relative to other prey, 2) the ratio of sheep
to goats, 3) caprine sex ratios, and 4) caprine mortality pat-
terns. A comparison of the AH caprine mortality patterns to
Epipaleolithic and Paleolithic cases provides an independent
“yardstick” for interpreting the extent of change within a larger
human–caprine interaction continuum. The zooarchaeological
trends at AH are then linked to independent contextual data
on phytoliths, sediment micromorphology and chemistry, cap-
rine bone pathologies, stable isotopes, and genetic evidence. A
synthesis of these data offers much clarification on the selective
forces experienced by the AH caprines, the extent of evolution-
ary change, and the probable mechanisms of genetic isolation.

Archaeological Background
AH is the earliest known aggregated PPN settlement in Central
Anatolia (15, 21, 22). A variety of mobile and semimobile for-
agers resided in Cappadocia and the Konya Plain at this time,
but the sites created by other groups were smaller and their
occupation histories shorter (compare refs. 22–25). AH none-
theless was part of a regional patchwork of complex hunter-
gatherers. The faunal and botanical records of AH document a
socioeconomic transition from broad-spectrum foraging to food
production.

The AH settlement was founded ca. 10400 cal B.P. along a
wide stretch of the Melendiz River floodplain, where rich soils
had developed from late Pleistocene marsh deposits (26). By
the time of its abandonment, the site had expanded into a 4-ha
mound roughly 16 m high (15). The earliest cultural deposit,

Level 5, represents a small and probably semisedentary settle-
ment with round wattle-and-daub structures set deep into the
ground. Levels 4 to 3 were permanent occupations with semi-
subterranean oval mudbrick residential structures. Level 2 is
distinguished by rectangular mudbrick structures built entirely
aboveground. The settlement became increasingly dense
through structural infilling as its total area expanded. Levels 5
to 4 span ca. 8400 to 8000 cal BC, Level 3 spans 8000 to 7700
cal BC, and Level 2 spans 7700 to 7300 cal BC (18).

Gradual change was the rule at AH over the millennium of
its existence, but the major facets of the archaeological record
changed at very different rates. Lithic technology shifted very
slowly until the final phases of occupation, whereas architecture
and human–caprine interactions changed greatly throughout
the sequence (15, 27–29). AH preserves the earliest known
occurrence of the new glume wheat type and free-threshing
wheat (in Level 5, Triticum aestivum/durum) in Anatolia and
perhaps elsewhere in the Middle East (28). However, the ratio
of cereals and pulses to other plant foods increased only mildly
from Level 5 through Level 2, and people continued to rely
heavily on wild plants (28). Zooarchaeological and geoarchaeo-
logical data indicate that small numbers of caprines were held
captive inside the settlement by 10350 cal B.P., if not earlier
(17).

Rare exotic materials such as shells from the Mediterranean
Sea and nonnative cultigens such as chickpea occur in Levels 5
to 4. This situation was followed by a prolonged interval of lim-
ited or no long-distance exchanges between AH and other com-
munities. Strangely, the Aşıklans did not participate in the
obsidian exchange networks that targeted high-quality obsidian
sources only 20 to 30 km east of the settlement (27, 29) (see
also refs. 30–32); these sources were used heavily by the locals
and nonlocal prospectors alike (29, 33). The tendency for com-
munity insularity persisted until the final phases of Level 2 (2D
to C), when a revival of interregional exchange is marked by
the influx in exotic decorative objects (34, 35). The gradual
nature of change at AH and limited evidence of outside
cultural influences for much of the settlement’s history help to
explain many of the unique properties of this community
(15, 36).

Results
Trends in Caprine Importance at Aşıklı. The early meat diet at AH
included a wide range of large and small wild prey (SI
Appendix, Fig. S1). Caprines were a minor component at the
outset (27% in Level 5) but gradually became the dominant
meat source (81% in Level 2J to D) (SI Appendix, Table S1).
Changes in the ratio of sheep to goats with time are also of
interest because the two species have somewhat different food
and habitat tolerances. Sheep were the dominant caprine spe-
cies in all levels, but dung phytolith evidence demonstrates that
both species were held captive within the settlement from an
early date (37). We used eight diagnostic skeletal elements that
are common and similarly represented across levels—scapula,
humerus, radius, tibia, astragalus, calcaneum, third phalanx,
and lower third molar—to determine the relative representa-
tion of Ovis and Capra (38, 39) (SI Appendix, Fig. S2). The
aggregate means show that a) goats were always fewer than
sheep, but b) the proportion of goats dropped from 26 to 29%
in Levels 5 and 4 to 14 to 10% in Levels 3 and 2. The ratio in
AH Level 2 matches that for the later Neolithic at Çatalh€oy€uk
on the Konya Plain (40).

Trends in Caprine Survivorship at Aşıklı. Several kinds of mortality
data were cross-referenced to test for human manipulation of
caprine survivorship at AH. Considered first was the relative
abundance of preterm (fetal) and neonate remains from

Fig. 1. Location of Aşıklı H€oy€uk and other Anatolian sites discussed: 1)
€Ok€uzini and Karain B caves, 2) Çatalh€oy€uk, 3) Aşıklı H€oy€uk, 4) Direkli cave,
5) €Uça�gızlı caves I and II, 6) Hallan Çemi, 7) K€oşk H€oy€uk, 8) Suberde, 9)
Erbaba, 10) Ulucak, and 11) Gritille.
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multiple ungulate species in the assemblages, followed by cull-
ing patterns for young caprines by sex as determined from the
pelvis, and, finally, caprine mortality patterns over the full
potential lifespan based on dental remains. The faunal samples
are from the post-2009 excavations, spanning Level 5 through
Level 2D, where sediments were systematically fine screened
and floated to ensure complete recovery of small and immature
specimens (SI Appendix, Fig. S3 and Table S2).
Fetus versus neonate deaths. Preterm and neonate remains are
noted in small numbers in a variety of prehistoric contexts, but
the two age groups co-occur more consistently in situations that
involved management (e.g., ref. 40). Table 1 presents a compar-
ison of such remains for caprines and other ungulate species by
level at AH. The immature bones were separated into preterm
and neonate cohorts using photographs of modern newborn
skeletons as the central standard (see also ref. 41) but excluding
individuals that appeared to straddle the boundary between the
two developmental states. The high proportion of fetal remains
(12 to 35%) clearly sets the caprines apart from the other
(wild) ungulate species, and the differences are statistically sig-
nificant (17). Preterm remains are absent or rare for the other
ungulate species, although pigs may be a minor exception. The
distinct pattern for caprines is manifest early in the AH chro-
nology and persists through Level 2.
Sex-biased early culling. Preferential culling of very young males
is another common signature of human manipulation and not
typical of predator–prey interactions between Pleistocene
humans and wild artiodactyl ungulates. Mild male biases do
occur in some Paleolithic archaeofaunas, depending on the spe-
cies and its social adaptations, but mainly in adult individuals
(e.g., refs. 42 and 43). The biological logic behind culling young
males in managed populations is simply that females are the
limiting reproductive resource, and male behavior can be dis-
ruptive. A common solution is to harvest many (but not all)
males at a young age. Evidence of sex-biased culling in the
caprines at AH is based on visual observations of the morphol-
ogy and fusion state of the acetabulum–pubis region of the
innominate. As the acetabular region develops in young indi-
viduals, the pubis and the adjacent part of the ilium take on dif-
ferent shapes and thicknesses in males versus females (44) (see
SI Appendix, SI Background on pelvic morphology and fusion).
Fusion tends to occur before 7 mo of age in caprines, although
the timing can vary (45).

Culling was indeed biased to young males throughout Levels
5 to 3 at AH, with about 60% of all males killed before 7 mo of
age (Fig. 2, Table 2, and SI Appendix, Table S3). Some females
also died before 7 mo, but very few. The situation changed
markedly in Level 2, when the majority (ca. 80%) of both males
and females were allowed to live beyond the age of 7 mo.
Age-biased culling over the full potential lifespan. Mortality pat-
terns are fundamental to investigations of the ungulate man-
agement practices of the Neolithic period, but these data are

seldom compared to hunted assemblages from earlier periods.
Because the first PPN economies in Southwest Asia emerged
from local Epipaleolithic forager systems, such a comparison
can be helpful for clarifying thresholds in the transformation
from hunting to management and/or domestication, and, more
importantly, for gauging the scale of difference between the
economic systems. We know that prey age selection continued
to evolve from the Paleolithic through the Epipaleolithic and
that some Epipaleolithic death assemblages contain relatively
more young animals (43, 46–48). Neolithic systems are
expected to have diverged even further as management practi-
ces developed. However, there are few clear expectations for
how mortality patterns generated by nascent caprine manage-
ment practices would differ from ancestral Epipaleolithic ones.
Some late Epipaleolithic cultures are known to have intensified
their offtake from wild prey populations enough to drive down
the mean age of reproduction (43). This does not qualify as evi-
dence of deliberate management, but the resulting mortality
patterns could, in principle, overlap with those generated by
the earliest management practices. We would expect a true
herding system to optimize growth and enhance bioproduct
outputs by sparing the reproductive core of the population as
much as possible. Did early management of wild captives fit the
latter expectation, or did other strategies exist that have since
gone extinct?

Other expectations may also apply to the early PPN, depend-
ing on the character of exploitation: 1) if meat was the main
product to be gained from exploited captives, then a somatic
(S-shaped) growth curve should predict culling decisions to a
great degree, with many individuals killed before or as the
upper developmental asymptote is reached; 2) if people sought

Table 1. Relative representation of ungulate preterm fetus and neonate remains by level from the post-2009 excavations at AH

Ungulate type

Level 5 Level 4 Level 3 Level 2J to D

Fetus Neonate Fetus Neonate Fetus Neonate Fetus Neonate

NISP NISP NISP NISP NISP NISP NISP NISP

Caprines (sheep, goat) 8 39 21 72 28 51 6 46
Bos (aurochs) — 27 — 15 — 3 — 5
Cervus (red deer) — — — — — — — —

Sus (pig) 1 27 — 29 — 4 2 9
Equidae (onager, horse) — 3 — 10 — — — 3
Capreolus (roe deer) — — — 1 — — — —

Data are presented as specimen counts rather than percentages due to small sample sizes for the noncaprine ungulates. NISP: number of identified
specimens. Dashes indicate none present.

Fig. 2. Percent unfused caprine innominates that could be assigned to
sex in each level at AH. Male and female fusion percentages are calculated
separately with the minimum number of elements (MNE) shown below
each bar.
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(and could afford) to increase the size of the captive population
to enhance future production, the culling of reproductive
females should be limited; and 3) if secondary (nonmeat) prod-
ucts were important, whether as live units of wealth or sources
of milk and/or hair, then many animals of one or both sexes
should be allowed to live relatively long adult lives until biologi-
cal senescence is reached (e.g., refs. 9, 12, 13, 49, and 50).

We used simple, easily replicated criteria for age-scoring cap-
rine teeth to construct the mortality patterns, with no adjust-
ments to estimated age in years. Our choice of procedure limits
the number of published cases suitable for comparison, but it
ensures primary data comparability in a field in which dental
age scoring and compilation criteria vary greatly (50, 51). The
age cohorts are based on eruption and wear states for the dP4

to P4 dental sequence, which collectively spans infancy to old
age. Age scoring follows Grant’s (52) dental scheme. The
scheme was also cross-referenced to Payne’s (13) system to
accommodate other cases that used the dP4 to M3 dental
sequence.

Dividing the maximum potential lifespan (MPL) into eight
cohorts (SI Appendix, Table S4) reveals bimodal mortality pat-
terns throughout the AH sequence (Fig. 3A). The first peak
corresponds to animals ca. 6 to 18 mo old and is the dominant
one in Levels 5 and 4. Though comprised overwhelmingly of
juveniles, the Level 5 assemblage also contains just a few adults,
including one old adult (Fig. 3A). These individuals may have
been hunted from the wild, but this is not certain. The second
peak spans the mid-adult years and becomes more dominant
with time. Many more animals survived into productive adult-
hood during the later occupations. By Level 2I to J, some old
adults (>6 y) are also present in the death assemblage.

Fig. 3B examines juvenile mortality in greater detail by sub-
dividing the first 0 to 24 mo of life into multiple cohorts. Level
5 shows a major gap in the age distribution between Grant’s
deciduous stages h to l. This gap may reflect a seasonal rhythm
in the deaths of young caprines. The empty cohorts increasingly
are filled in the later assemblages, and the mortality patterns
appear less seasonal.

Diachronic Comparisons of Caprine Mortality Patterns. Next, we
compared the AH assemblages to those from a variety of Neo-
lithic, Epipaleolithic, and Paleolithic sites in Anatolia and the
eastern Mediterranean basin (SI Appendix, Table S5). The num-
ber of age cohorts was reduced to three so that many assemb-
lages could be compared at once. The pre-Neolithic cases
emphasize caprines from Anatolia (Fig. 1) (46, 53, 54) and the
northern Levant (47, 55) along with a few ibex, chamois, and
roe deer assemblages from Italy (56) and mountain gazelle
(bovid) assemblages from the southern Levant (43, 57). The
Neolithic assemblages are either dominated by sheep or contain
relatively even mixtures of sheep and goats. The Anatolian
comparison cases are from Erbaba (58), K€oşk H€oy€uk (59), Ulu-
cak (60), Gritille (61), and Çatalh€oy€uk (40). The cases outside
Anatolia are Shillourokambos on Cyprus (62, 63) and Franch-
thi Cave in southern Greece (64). Shillourokambos provides
PPN samples, whereas the other Neolithic cases date to the

Table 2. Percentage of culled male specimens among all fully
fused (adult) innominates by caprine species from uppermost
Level 3 through Level 2 in the old excavations at AH

Total
MNE % Male

Total
MNE % Male

Total
MNE % Male

Level 3B to 2H 3B to 2H 2G to D 2G to D 2C to A 2C to A

Capra 16 62.5 24 54.2 10 80.6
Ovis 112 53.6 66 59.1 45 57.6

Fig. 3. AH caprine mortality patterns by level. (A) For the total potential
lifespan based on the dP4 to P4 dental sequence in eight-cohort format.
Stages represented by the deciduous tooth are collapsed into two cohorts
to improve comparability with older age cohorts of longer duration. (B)
Subdistribution within the juvenile group (dP4) using Grant’s categories.
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Pottery Neolithic (SI Appendix, Table S6) and represent fully
domesticated stock.

Two different three-cohort systems were used for subdividing
the MPL in order to expose possible thresholds in the mortality
pattern distributions. Fundamental life history transitions pro-
vide the most reliable points of reference. Specifically, the
replacement of the deciduous tooth with the permanent one
generally coincides with the onset of female reproductive matu-
rity. Biological senescence begins in artiodactyl ungulates at
roughly 67% of the MPL (42). The first three-cohort system
divides the MPL into juvenile, subadult, and adult cohorts—
thus named the JSA system—and was developed for this study.
The second three-cohort system uses juvenile, prime adult, and
old adult cohorts—the JPO system; it was developed previously
for research on Paleolithic hunting societies and is based on
independent demographic models (42, 56). The mortality pat-
tern results are presented in a pair of tripolar plots in Fig. 4.

In the JSA plot (Fig. 4A), the Neolithic caprine assemblages
do not overlap with the Paleolithic and Epipaleolithic distribu-
tions, mainly because they are consistently poor in subadults.
Epipaleolithic assemblages tend to contain fewer adults and
subadults than the Paleolithic ones, but the Neolithic cases are
exceptional for their lack of subadults.

The Neolithic cases in the JPO plot vary greatly in the pro-
portions of juveniles and prime adults (Fig. 4B). The gamut of
variation for all the Neolithic cases is double that of the earlier
periods combined. Remarkably, the four AH assemblages dat-
ing to pre-pottery phases span the entire distribution of the
Neolithic comparison cases. Level 5 shows the greatest bias to
juveniles at 71%. Level 2 is the least biased to juveniles at 23%
and instead is rich in prime adults (65%, SI Appendix, Table
S5). Strong juvenile biases also occur in many of the later Neo-
lithic cases such as at Franchthi Cave, Erbaba, Çatalh€oy€uk, and
Ulucak vl. The total Neolithic distribution in the JPO plot (Fig.

4B) partly overlaps with those dating to the Epipaleolithic and
Paleolithic. This overlap is due to the substantial presence of
prime adult individuals in the Neolithic assemblages from AH
Levels 3 to 2J to I, Shillourokambos, and Ulucak iv. The AH
Level 4 assemblage instead overlaps with Epipaleolithic
caprines from €Ok€uzini, Karain, Direkli, and Hallan Çemi.

A strong temporal trend is apparent within the AH series.
Oddly, there is no such ordering among the other Neolithic
cases as a group nor within stratigraphic series with the minor
exception of Franchthi. Because our post-2009 sample lacks the
final phases of Level 2 (2C to A), we compared larger samples
recovered during the old excavations of Level 2 (SI Appendix,
Tables S7 and S8). These data are not entirely comparable to
the post-2009 samples due to minor differences in recovery and
quantification and so are plotted separately in SI Appendix, Fig.
S4. The distribution of the cases by phase within Level 2 con-
firms an increasing proportion of adults from phases 2I to J to
2A to C. The special purpose building (SPB) assemblage is coe-
val with 2C to A but represents a major anomaly; this spatially
restricted sample is strongly biased to young animals and asso-
ciates with sacrificial contexts within the communal building
sector (16). The sex ratio data based on innominates (Table 2)
indicate a relatively even balance of adult male and female
sheep culled in Level 2. Goats were kept in lower numbers in
this period, but their treatment in the final phases (Level 2C to
A) differed from sheep in that many more adult males were
culled than adult females.

Other Evidence on Human–Caprine Interactions at Aşıklı
How do the mortality results square with other evidence of
human–caprine interactions at AH? Small outdoor spaces in
Levels 5 to 4 contain highly localized, primary dung concentra-
tions that were trampled in place based on phytolith and micro-
morphology studies (65). These lenses testify to the presence of
a small number of captive animals in Level 5 and somewhat
more in Level 4. Phytolith assemblages from the dung lenses
also testify to the localized presence of both grazers (sheep)
and browsers (goats) within the settlement (37). Dung accumu-
lations became much more massive and widespread toward the
end of Level 4 and upwards (15, 65), indicating that many more
animals were held in communal corrals as time went on.

Abell et al. (66) have shown that urine salt inputs—sodium
[Na+], chlorine [Cl�], and nitrate [NO3

�]—to the AH sedi-
ments increased by orders of magnitude through the cultural
sequence (Fig. 5). The urine salt inputs greatly exceed what the
human inhabitants could have produced and thus illustrate the
scale of growth in caprine management with time. Specifically,
there is a 5 to 10× increase in [Na+], [Cl�], and [NO3

�] from
Levels 5 to 4 and a 10 to 1,000× increase from Levels 5 to 3.
Level 2 inputs are similar to, or somewhat lower than, the
inputs in Level 3, but humans’ dependence on caprines none-
theless continued to rise (Fig. 5C). The site structure evidence
indicates that large animal enclosures were eventually moved
off the mound top during Level 2 and replaced with residential
buildings.

Phytolith (37) and macrobotanical (28) evidence indicate
that the captive animals were fed wild grasses in all periods.
However, Peters et al. (67) detected a minor, positive shift in
δ13C values in sheep bone collagen in Level 2, suggesting that
caprine diets began to include C4 types. At the later Neolithic
site of Çatalh€oy€uk, δ13C and δ15N values in caprine bone colla-
gen also indicate a varied diet with some C4 plants (68), possi-
bly from feeding on pastures beyond the zone of active plant
cultivation (69). Zimmermann et al.’s (70) comparative study of
pathologies on the surfaces of sheep astragali at AH also points
to increased livestock mobility by the times of Level 2. Circum-
scribed mesoscopic lesions can occur in any wild or captive

Fig. 4. Tripolar comparison of AH caprine mortality patterns to Paleo-
lithic, Epipaleolithic, and Neolithic caprine and other medium-sized ungu-
late assemblages in Anatolia and the eastern Mediterranean area. (A) JSA
system is comprised of juvenile, subadult, and adult cohorts. (B) JPO sys-
tem is comprised of juvenile, prime adult, and old adult cohorts.
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ungulate population, but their severity in Levels 5 to 3 suggests
excessive confinement followed by improvements in joint health
(i.e., increased mobility) in Level 2.

Yet another dimension of the human–caprine relationship at
AH is revealed by multi-isotope analyses of human collagen
(71). The ratio of animal protein to plant foods in the Aşıklans’
diets did not decline from Level 4 through the end of Level 2
(no data were available for the Level 5 humans). This is a strik-
ing result given that the size of the human population grew
roughly 10-fold by the final phases of Level 2. In fact, the plant
diet changed only mildly with time, with slight increases in
cereal and pulse production alongside heavy use of wild plant
foods (28). The balance of hunted and managed meat sources
meanwhile tilted strongly toward the latter. Importantly, this
development was not accompanied by a reduction in animal
protein consumption per capita. The situation at AH is distinc-
tive in this regard, in contrast to later Neolithic diets at
Çatalh€oy€uk where a heavier reliance on plant carbohydrates
took appreciable tolls on human health (72).

Despite clear indications of human-imposed selection and
manipulation of caprines over many centuries at AH, there was lit-
tle if any body size reduction in the sheep and goats from Levels 5
through 2 (16). A broader comparison puts these results in per-
spective. The application of a logarithmic size index to skeletal
measurements (73, 74) shows that wild sheep from the 10th millen-
nium cal BC at Hallan Çemi and early ninth millennium cal BC at
G€obekli Tepe were larger on average than the AH sheep (SI
Appendix, Fig. S5). Domesticated sheep were notably smaller by
the later Neolithic at Çatalh€oy€uk, G€urc€utepe, Mezraa Teleilat, and
Gritille. A similar situation is found for goats (16). The body sizes
of the AH sheep and goats occupy intermediate positions to other
earlier and later caprine assemblages. There is, however, no statisti-
cally significant diminution trend for either species within the
millennium-long history of AH (SI Appendix, Tables S9 and S10).

Discussion
A diachronic comparison of caprine mortality patterns confirms
that Neolithic harvesting practices, including those of the early
PPN at AH, were largely distinct from Epipaleolithic and
Paleolithic patterns. The Neolithic assemblages are most
unique for the consistent underrepresentation of subadult indi-
viduals. They display great variation in the proportions of juve-
niles versus prime adults. Remarkably, AH is the only series
that spans the entire gamut of Neolithic variation (Fig. 4). With
the minor exception of the Franchthi Cave series, other

multicomponent sites form atemporal clusters within the total
Neolithic distribution.

Biases in culling by sex and age indicate a deliberate manipula-
tion of caprine survivorship by the Aşıklans from the outset (Level
5). The modes of management transitioned through a series of
apparently viable forms over the next 1,000 y, effectively reversing
the relative contributions of wild versus captive meat sources.
Three successive modes of human–caprine interaction are recog-
nized. The earliest was embedded within a hunting economy and
directed to small-scale live meat storage. It was a low-investment,
quick-return strategy that involved capturing live lambs and kids
after the birthing season and raising them for some months inside
the settlement. This “catch-and-grow” strategy may have been the
sole means of recruitment of captive stock for the Level 5 commu-
nity, as there is little if any evidence for a reproductive core of cap-
tive adults. The motivations behind the catch-and-grow strategy
were most likely about forestalling the next lean season and/or to
supply special social events within the community. Such practices
are known among some recent foraging and farming cultures (see
refs. 75 and 76 on pigs) but are most feasible in semi- or fully per-
manent settlements. The archaeological record of Anatolia sug-
gests that catch-and-grow methods may have been commonplace
around the time of the Pleistocene–Holocene transition such as
for piglets at the Epipaleolithic site of Hallan Çemi (77, 78).

While catch-and-grow traditions have the potential to shift
into a domesticating relationship, they rarely did so. AH rep-
resents the exception within Central Anatolia, where the
multigenerational propagation of captive caprines first
emerged within the time frame of upper Level 5 through
Level 4. Modest levels of captive reproduction on site are
indicated by the presence of some young adults in the death
assemblage. Another clue to the development of on-site
reproduction is the increasing ratio of fetus to neonate
remains (Table 1). A few preterm individuals are present in
Level 5 (17% of lamb/kid specimens), but the percentage
rises to 23% in Level 4 and to 35% in Level 3. These preterm
individuals may have been aborted in pens because of con-
genital conditions and/or poor care.

The third mode of caprine management shows the hallmarks
of a large-scale herding economy but one oddly directed to har-
vesting adult animals. At this point, many adult sheep of both
sexes were allowed to live well into adulthood. Level 2 also
associates with a sharp decline in preterm individuals (12%),
but here the low percentage coincides with improvements in
caprine joint health and dietary changes that imply greater herd
mobility. Either the living conditions for pregnant livestock

Fig. 5. Summary of urine salt input trends in the sediments of AH (66). (A) Mean soluble salt concentrations in the archaeological levels and in the natu-
ral alluvium at the base of the mound. Sodium [Na+], chlorine [Cl�], and nitrate [NO3

�] are given in moles × 1,000 kg�1. (B) Model-predicted densities of
organisms (per m2) required to produce urine-related [Na+], [Cl�], and [NO3

�] values, averaged by level using variable sedimentation rates based on
14C-dated level boundaries. (C) Changes in caprine number of identified specimens (NISP) as percent of total taxon-specific NISP.
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improved at this time, or preterm infants were more often lost off
site and thus not recorded in settlement refuse.

In the framework of the Neolithic management models pro-
posed by Payne (13), Halstead (11), and others (12, 50), the
pattern in AH Levels 5 and 4 best fits the Meat-type A model
with a focus on “yearlings” (killed at 6 to 12 mo of age). In Lev-
els 3 and 2, something akin to Meat-type B production is evi-
denced (mainly for sheep), but here the analogy to AH departs
from common patterns of the later Neolithic. The caprine mor-
tality patterns in Levels 3 and 2 are peculiar in that they fall
within the Paleolithic optimum of harvesting prime adults,
especially the Level 2 assemblage. The only other Neolithic
cases that display this pattern in the comparisons data are from
PPN layers in Shillourokambos on Cyprus. The fact that the
juvenile bias in the SPB assemblage in AH Level 2C to A bucks
the larger tendency of the residential middens suggests that
adult harvesting was motivated by general socioeconomics
more than specific ritual uses in this period. Juveniles were
reserved in small numbers for public sacrifice.

While the system of Level 2 remained focused on meat pro-
duction in sheep, the management of goats shifted in Level 2C
to A in a manner suggesting low-level milk production. Fewer
goats than sheep were kept in the later periods as a rule, declin-
ing from one-third of all caprines in Level 5 to one-tenth in
Level 2. Most Level 2 caprines of both species were allowed to
live into adulthood, and some to an advanced age of 6 to 8 y,
but the adult sex ratios differ between the two species in the
final phases. The sex ratio in culled adult sheep is roughly even
throughout Level 2, whereas that for adult goats in Level 2C to
A is strongly biased to males (81%, up from 54% in Level 2G
to D, Table 2). The ratio of potential milk producers (adult
females) increased markedly among goats toward the end of
the cultural sequence.

Most or all the management strategies at AH have gone
extinct, perhaps as early as the late Neolithic. The mode indi-
cated in AH Level 2 and at Shillourokambos may have become
unsustainable as Pottery Neolithic (PN) farming economies
expanded in size, and crop dependency increased. In fact, an
emphasis on killing full adults, especially adult females, is an
ecologically expensive use of livestock. Rare exceptions also
exist in early PN Greece, where Halstead (79) notes unusually
high culling of subadult–adult caprines at Tsoungiza and Knos-
sos. He relates this mortality pattern along with an even sex
ratio in the caprines to a demand for large meat carcasses to
supply “collective commensality” social events (79). Cattle were
rare at these sites, making caprines the largest common live-
stock. A need for large sharable carcasses also seems to apply
for AH Level 2 and much of the Shillourokambos sequence.

The position of the AH series in the larger universe of Neo-
lithic variation (Fig. 4) reveals other intriguing anomalies as
well. The apparent overlap in a juvenile bias between the AH
Levels 5 and 4 (early PPN) assemblages and many later PN
assemblages is striking. The PN cases certainly involved domes-
ticated stock, whereas those from AH Levels 5 and 4 involved
small numbers of captive young animals with no or few
reproductive-aged adults in residence. Clearly, strong juvenile
biases can arise from more than one kind of management strat-
egy (11, 76), conflating in this study an early catch-and-grow
method at AH with fully developed herding practices of the PN
oriented to building and maintaining adult stock. Supporting
information on cultural contexts helps to sort this out.

The lack of body size diminution in both caprine species at
AH over 1,000 y of occupation might seem to contraindicate
local domestication, as this criterion is frequently called upon
by domestication scholars. Body size reduction can and often
does signal advanced levels of domestication in ungulate spe-
cies. However, it is bound to be a tardy measure of the domesti-
cation process (7, 14) (on plants, refs. 80 and 81) unless a

smaller body size is directly selected for from the beginning (7,
82). The lack of a diminution effect thus cannot exclude the
possibility of an early domesticating process in early Neolithic
contexts. It is interesting that the AH caprines were somewhat
smaller bodied than wild comparison populations from eastern
Anatolia, but this most probably is explained by regional size
differences among wild sheep and goat populations in Anatolia
around the Pleistocene–Holocene transition. The stability in
caprine mean body size within the AH series is instead
explained, we believe, by continued lateral admixture (intro-
gression) between the captive population and small numbers of
wild live individuals introduced into the flock as lambs and
kids. Introgression did not prevent the domestication of sheep
and goats in this situation but rather supported its success by
maintaining genetic viability in the expanding captive popula-
tion. The AH herds experienced intense selection for tolerance
to captivity and food supplements while retaining/accumulating
considerable genetic diversity in the form of neutral and benefi-
cial traits. Conservatively speaking, the upper half of the AH
sequence alone could have involved ca. 250 generations of cap-
tive livestock, ample time for major selective changes to occur.

There is the related question of whether the AH caprines
were in any way ancestral to later domesticated populations in
Anatolia and beyond. The genetic contribution of PPN Anato-
lian sheep to modern domesticates is still being worked out
(83–85). However, the representation of mitochondrial DNA
clades A, B, D, and E in the AH sheep (including from Level
2) testifies to their high mitochondrial diversity (67). Molecular
phylogenetic analysis also indicates that the early domestication
process in sheep retained high levels of diversity in general
(86). The Anatolian sheep are genetically closest to modern
European breeds, especially those from Central and Northern
Europe (85). Y chromosome DNA traits in 10,000-y-old sheep
remains from this part of the world persist in recent Northern
European sheep that retain mouflon-like morphology (84). The
AH sheep likely represent one of several formative nodes for
modern sheep (67). Continued work is addressing the relation-
ship between AH caprines and later domestic populations.

Conclusion
Virtually every line of evidence we have examined—species
importance, caprine mortality patterns, diet, and pathologies—
points to an endemic evolution of a management-cum-domesti-
cation relationship at AH. Several independent centers for
sheep and goat domestication are thought to have emerged in
Southwest Asia during the early Neolithic (62, 87, 88). AH cer-
tainly was one of these, although it is located well to the west of
the “Fertile Crescent” as originally defined (36). When consid-
ered against the larger universe of variation in caprine mortality
patterns, the 1,000-y trajectory in human–caprine interactions
at AH is exceptional in its scope and without precedent in Cen-
tral Anatolia. The balance of meat and plant food sources
changed little with time, yet each management strategy in the
succession required more infrastructure and labor than the
last. The changes in human–caprine interactions with time
amounted to monumental differences in many dimensions of
human existence. Much of this process unfolded during a long
interval of community isolation as indicated by the cessation of
interregional trade. We conclude that these trends were driven
primarily by dynamics internal to the AH community (36).
Humans’ motivations within the larger dynamic were likely two-
fold: 1) live meat storage alongside investments in plant cultiva-
tion and 2) mounting social incentives for commensal meat
eating and, later, also for building wealth. Some juvenile
caprines were also reserved for ritual sacrifice but not in high
volumes. By the times of Level 2, adult cattle had become the
most important objects of sacrifice within the SPB area of Level
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(Central Anatolia, Turkey)

PNAS j 7 of 9
https://doi.org/10.1073/pnas.2110930119



2C to A at AH (16) and at the sister complex of Musular just
across the river (89).

Methods and Materials
Our analyses prioritized faunal samples from the “new” (post-2009) excava-
tions at AH because these sediments were fine sieved and floated systemati-
cally (22) (SI Appendix, Fig. S1 and Table S2) and so yield more reliable results
on caprine age and sex structure, the main focus of this study. The samples
from Levels 2 and 3 are from Area 2JK on the western part of the mound, the
Level 5 sample from Area 4GH, and the Level 4 sample from both areas. The
assemblage from each level represents a wide range of units and contexts
across the site. The primary quantitative unit is the number of identified speci-
mens and is used to investigate variation in species importance. The minimum
number of elements is used for the analyses of bone epiphyseal fusion, sex
ratios, and dental age (90). Mandibular teeth and pelves are consistently well
represented relative to other skeletal parts throughout the AH levels.

The mortality pattern analyses of teeth are based on dental development
and occlusal wear. The data were not adjusted to accommodate estimates of
age in real years, a practice which would interfere with efforts to isolate real
but unexpected patterns in the raw data (91). Our approach is comparative
and seeks evidence of divergence from preexisting tendencies (distributions)
of earlier cultures and the directionality of divergence. The dental sample
includes articulated (still seated in the mandible) and nonarticulated (isolated)
teeth. To prevent the double counting of individuals, the deciduous premolar

should not have been shed, as indicated by the state of the root, and the per-
manent toothmust show signs of wear of its occlusal surface (42, 43).

In the JSA cohort system, the juvenile cohort is represented entirely by the
development–wear stages of the dP4 and spans the first two years of life. The
subadult group is narrowly defined as the onset of occlusal wear of the P4
through Grant’s (52) wear stage e or Payne’s (13) stage E; this interval spans
roughly 2 to 3 y of age. The adult cohort includes P4 wear stages f through n
or Payne’s F through I. For the JPO cohort system, juveniles are defined as in
the JSA system, but prime adult animals are defined by the onset of occlusal
wear of the P4 through Grant’s stage j, corresponding to Payne’s stages E
through G; this interval spans roughly 2 to 6 y of age. Old adults are defined
as Grant’s stages k through n or Payne’s stages H through I.

Data Availability. All study data are included in the article and/or SI Appendix.
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lian Studies 23, 281–303 (1973).

14. M. A. Zeder, B. Hesse, The initial domestication of goats (Capra hircus) in the Zagros
mountains 10,000 years ago. Science 287, 2254–2257 (2000).
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(Central Anatolia, Turkey)

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110930119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110930119/-/DCSupplemental
http://10.1007/s10814-021-09167-z
http://10.1007/s10814-021-09167-z


38. J. Boessneck, H.-H.M€uller,M. Teichert, OsteologischeUnterscheidungmerkmale zwischen
Schaf (Ovis aries Linn�e) undZiege (Caprahircus Linn�e).K€uhn-Archiv78, 5–129 (1964).

39. M. A. Zeder, H. A. Lapham, Assessing the reliability of criteria used to identify post-
cranial bones in sheep,Ovis, and goats, Capra. J. Archaeol. Sci. 37, 2887–2905 (2010).
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