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Abstract

The mountains of Central Asia during the Bronze and Iron Ages are increasingly being

reconceived as an important zone for intensive crop cultivation in combination with

pastoralist herding. However, very little information is known about how farming

practices intersected with livestock husbandry, especially at high-elevation sites. This

paper presents the first insights to ancient animal management strategies in the Tian

Shan through incremental carbon and oxygen stable isotope analysis of domesticated

caprine teeth recovered from the Chap-1 farmstead located at 2000 m.a.s.l. in

Kyrgyzstan (1065 to 825 cal BCE). We implemented a fully reproducible analysis of

time-series isotope data in the R programming language. Results show subtle but

variable manipulation of domesticated caprine diets at subannual scales, suggesting

mixed strategies of providing access to a small amount of C4 plant biomass, in

addition to summer movements to high pastures where the overall carbon isotopic

composition of graze was depleted in 13C compared with that of the environs of the

site or lowland pastures. Nevertheless, caprine dietary intake was overwhelmingly

dominated by C3 plants. Analysis of domesticated caprine birth seasonality reveals

off-season fall and winter births, which represent a common strategy employed by

ancient producers in Central Asia to improve herd security and extend meat and milk

availability. This study illustrates a well-integrated system of agro-pastoralist

production that can help clarify the social dynamics underlying food systems in the

mountain regions of Central and Inner Asia in the Final Bronze Age. It further reveals

the capability for more sedentary agro-pastoralist communities to facilitate wider

interregional cultural connections, through limited seasonal herding mobility and

investment in highland settlement.
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1 | INTRODUCTION

Archaeologists have long thought that human subsistence in the

Bronze Age (3300–1000 cal BCE) of the steppes and mountains of

Central Asia had been exclusively based on pastoralism using sheep,

goat, cattle, and horses, providing diets rich in meat and dairy

(Anthony, 2007; Kohl, 2007; Kuzmina, 1986). However, systematic

macrobotanical research at a handful of sites in the mountains of

Central Asia over the past decade, combined with direct radiocarbon

dating of carbonized seeds, indicates that the earliest pastoralist strat-

egies there were accompanied by wheat, barley, and millet agriculture

(Doumani et al., 2015; Frachetti et al., 2010; Motuzaite Matuzeviciute,

Hermes, et al., 2020; Yatoo et al., 2020; Zhou et al., 2020). Similar

work has further revealed that Central Asian communities of the later

Bronze Age and Iron Age (1000 cal BCE–cal CE 200) cultivated an

increasingly wide range of plant domesticates as people facilitated

subsequent agricultural dispersals and adapted plants for cultivation

in highland environments (Motuzaite Matuzeviciute, Tabaldiev,

et al., 2020; Motuzaite Matuzeviciute, Mir-Makhamad, &

Spengler, 2021; Motuzaite Matuzeviciute, Mir-Makhamad, &

Tabaldiev, 2021; Spengler et al., 2013, 2014). Taken together, this

research has greatly shifted our understanding of Central Asia, from a

domain of nomadic pastoralists to a region with a compelling record

for farming (Spengler et al., 2021).

The mountains of Central Asia have emerged as the earliest

known intersection for agricultural traditions originally developed in

Southwest Asia focused on wheat and barley and traditions from

China focused on millets (Frachetti et al., 2010; Liu et al., 2017;

Motuzaite Matuzeviciute, Hermes, et al., 2020; Zhou et al., 2020). In

addition to these early trans-Eurasian “food globalization” processes

(Jones et al., 2011; Liu et al., 2019), dynamic cultural and biological

interactions among communities across the wider steppe region

appear to have been intensified in the Pamir, Tian Shan, Dzhungar,

and Altai Mountains, collectively known as the “Inner Asian Mountain

Corridor (IAMC)” (Frachetti, 2012). Critically, human paleogenomic

research documents several large-scale gene flow events through the

IAMC since the early Bronze Age, which implies a substantial amount

of population movements or repeated biological admixture coinciding

with the spread of food producing technologies and with the later rise

of protracted economic and political networks (Jeong et al., 2020;

Narasimhan et al., 2019). However, it remains challenging to reconcile

evidence for Bronze and Iron Age agricultural engagements with these

dynamic genetic admixtures and material culture exchanges that

undoubtedly required regular movements of people across the

landscape. This emerging paradox raises important questions about

how the management of pastoralist livestock (sheep, goat, cattle, and

horse) and herder mobility fit with pervasive crop cultivation. A

greater understanding of how domesticated bovids were managed

would help clarify how IAMC communities balanced herding and

agricultural investments, while further informing on the nature of

seasonal mobility patterns.

Here, we investigate subannual scales of animal management

through incremental stable carbon and oxygen isotope analysis of

tooth enamel bioapatite of domesticated caprines (sheep and goat)

recovered from the high-elevation Chap-1 farmstead, dated to the

transition between the Bronze and Iron Ages (�1100–800 BCE)

located in the Tian Shan mountains of central Kyrgyzstan at 2000 m.a.

s.l. This archaeological setting reflects a critical period in Central Asian

cultural and institutional dynamics, during which the initial intensifica-

tion of trans-continental exchange networks occurred amid regionally

specific herding practices (Haruda, 2018; Haruda et al., 2019), along-

side the proliferation of irrigation agriculture using a complex crop

spectrum (Li et al., 2017; Spengler et al., 2014, 2021). A subannual

stable isotopic approach focused on herding livestock provides high-

resolution temporal records of (1) animal dietary intake, especially of

isotopically distinct C4 plants such as millets, (2) birthing seasons, and

(3) vertical mobility. These parameters of animal management are crit-

ical components of pastoralist subsistence and help reveal how the

ancient people at Chap-1 and those interacting with them shaped

their production of food and animal-based commodities. This, in turn,

provides a means to understand the interplay of subsistence, residen-

tial mobility, and the social mechanisms for how cultural networks

across the mountains of Central Asia were built and maintained, while

also further illuminating how evidence of high-elevation agricultural

systems transforms our understanding of ancient human land use in

Central Asia.

2 | ARCHAEOLOGY AND ENVIRONMENT
OF CHAP-1

Chap-1 was occupied from 1065 to 825 cal BCE and yielded rich mac-

robotanical remains of several wheat and barley varieties, foxtail and

broomcorn millets, lentils, and peas, in addition to glume bases and

rachis internodes, indicating local crop processing (Motuzaite

Matuzeviciute, Tabaldiev, et al., 2020; Motuzaite Matuzeviciute, Mir-

Makhamad, & Tabaldiev, 2021). Importantly, the zooarchaeological

assemblage from Chap-1 demonstrates that animal exploitation was

focused on domesticated caprines with smaller components trained

on cattle and horses, and more specifically, mortality profiles for cap-

rines show the survival of older animals, suggesting milk and wool

production (Ananyevskaya et al., 2021). The ceramic assemblage from

Chap-1 shows participation in sprawling cultural networks, which indi-

cates the site's inhabitants were well engaged in communication and

exchange with diverse cultural communities in neighboring regions

(Luneau et al., 2020; Motuzaite Matuzeviciute, Tabaldiev, et al., 2020).

The Kyrgyz Tian Shan cover nearly the entire area of modern

Kyrgyzstan, which provides a highly mosaiced environmental setting

and numerous valleys and high-elevation passes that connect to

diverse regions of Central Asia. Chap-1 is located in the Kochkor

Valley, which extends from Lake Issyk Kul to the southwest for

approximately 80 km. Today, the Kochkor Valley is characterized by

abundant agricultural fields using terraced and stream irrigation with

runoff and snowmelt from the surrounding highlands. While surface

water is plentiful in Kochkor Valley, average annual precipitation is

only about 232 mm (Böckel & Becker, 2014), which reaches a monthly
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maximum in July, while winter is characterized by almost zero precipi-

tation (Chupakhin, 1959). The lack of snow accumulation makes an

ideal setting for winter pasturing of livestock—an opportunity that

attracts herders from neighboring regions today. Moreover, the

Kochkor valley and surrounding highlands are devoid of trees. Only

the north-facing ranges in the north of the country fall outside of the

Tian Shan rain shadow and have forests, which are largely composed

of conifers, followed by aspen, birch, willow, and ash (Krever

et al., 1998). The vegetation surrounding Chap-1 on the slopes and

high terrain is characteristic of steppe environments, indicated by

grasses belonging to Pocaceae and Stipa, in addition to flowering

plants of Silene, Stillaria, Fragaria, and Potentilla. In contrast, the well-

watered floodplain is dominated by Chenopodium, Fabaceae, Carex,

and Vaccaria taxa. The macrobotanical assemblage from the site also

contains these wild plant taxa, indicating a similar environment that

was highly modified by irrigation and livestock pasturing (Motuzaite

Matuzeviciute, Mir-Makhamad, & Tabaldiev, 2021).

3 | MATERIALS AND METHODS

3.1 | Study design and sample selection

Ten mandibular second (M/2) or third molars (M/3) from domesti-

cated sheep and goats were recovered from the well-dated occupa-

tional strata of Chap-1 (Motuzaite Matuzeviciute, Tabaldiev,

et al., 2020), which met the inclusion criteria of having a crown height

greater than 2 cm and having at least one loph with a complete buccal

portion (Table S1). Although having comparative isotopic data from

domesticated cattle would give a more complete picture of animal

management strategies, Bos M/2s or M/3s were not recovered from

Chap-1 (Ananyevskaya et al., 2021). For a modern comparative

dataset from wild bovids, we obtained two mandibular M/2s and

M/3s each from two modern Siberian ibex (Capra sibirica) from snow

leopard kill sites in the Jeti-Oguz nature reserve of Kyrgyzstan

(Table S1). Siberian ibex are endemic to the IAMC and provide an

important reference for animals that perform vertical migrations, con-

sume wild vegetation, and exhibit natural birth seasonality.

Comparative isotopic data from M/2s of Bronze Age Central

Asian domesticated caprines were also reanalyzed from Hermes

et al. (2019) for sites Begash and Dali, including one modern sheep

from Bayan-Zherek (near Dali), and from Ventresca-Miller et al. (2020)

for sites Kent and Turgen, all located in Kazakhstan (Figure 1). These

comparative data represent the currently available carbon and oxygen

isotopic data generated from incrementally sampled sheep and goat

teeth from ancient Central Asia, thus to date providing the most com-

plete regional analysis of intra-annual caprine management. While

three bovid species were analyzed in this study, it is unlikely that the

general ontogenic scheduling would differ substantially between them

(e.g., Zeder, 2006). Moreover, there is no indication that inter-specific

metabolic differences in carbon or oxygen isotopic mechanics would

generate differences to impede direct comparisons, although research

on this topic using controlled feeding would be important for under-

standing possible dissimilarities between taxa.

3.2 | Isotope mechanics

Bovid M/2s and M/3s develop incrementally, which largely spans the

first and second years of life, respectively (Milhaud & Nezit, 1991),

and archive intra-annual isotopic inputs with relatively high temporal

fidelity (Zazzo et al., 2010). For a discussion on time averaging during

enamel formation and also due to sampling method, see Zazzo

et al. (2005), Zazzo et al. (2010), and Pederzani et al. (2021: Supple-

mentary Text 7). Sequential measurement of stable carbon and oxy-

gen isotope ratios of enamel bioapatite (δ13Capa and δ18Oapa) along

the tooth growth axis provides seasonal records of (1) dietary intake

reflecting the relative abundance of ingested C4 and C3 plants for

F IGURE 1 Map of the Inner Asian
Mountain Corridor showing the location
of Chap-1 in relation to other sites
providing carbon and oxygen stable
isotope data from caprine teeth [Colour
figure can be viewed at
wileyonlinelibrary.com]
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δ13Capa and (2) ambient environmental temperature via body water

for δ18Oapa. Due to physiological differences in carbon fixation during

photosynthesis, C4 plants have δ13C values approximately ranging

between �13 and �10‰, and C3 plants have δ13C values approxi-

mately ranging between �22 and �35‰ (Farquhar et al., 1989). Gen-

erally, δ13C values of C3 plants are sensitive to a wide range of

environmental factors, which for example, can increase δ13C values by

2–3‰ due to water stress, high salinity soils, and high elevation, while

C4 plants exhibit slight variation in δ13C due to environment

(Tieszen, 1991). Ruminant bioapatite is enriched in 13C by approxi-

mately 14.5‰ relative to ingested vegetation (Passey et al., 2005),

but a lower fractionation offset of approximately 11.5‰ has been

observed in lambs fed a pure C4 diet (Zazzo et al., 2010).

In particular, the underlying factors for the carbon isotopic varia-

tion in plants across elevational gradients are relevant for interpreting

vertical mobility of herbivores. Foliar δ13C values for a single plant

taxon increase with higher elevation due to reduced carbon dioxide

partial pressure, causing reduced discrimination against 13C during

photosynthetic carboxylation (Körner et al., 1988; Wang et al., 2017).

However, montane environments in Central Asia are characterized by

substantially higher precipitation than the arid lowlands, which occurs

in a relatively short growing season (Guan et al., 2022), together caus-

ing plants to have low foliar δ13C values (Tieszen, 1991). Moreover,

the effective carbon isotopic pools entering herbivore diets at medium

and high elevations are influenced by a substantial reduction in the

relative proportion of C4 to C3 plants (Körner et al., 1988, 1991). The

canopy effect is another contributor to low δ13C values of understory

vegetation, which animals can graze in dense forests (Bonafini

et al., 2013). Since forests only occur in Central Asia in the mountains,

this reduction in plant δ13C values is relevant for using carbon stable

isotope analysis to infer vertical movements of animals. The canopy

effect is caused by a combination of biogenic CO2 depleted in 13C

that is produced by decomposing biomass on the forest floor and also

low light intensity for the understory plants resulting in lower CO2

concentrations in the intercellular spaces relative to atmospheric CO2

concentrations, correlating to low foliar δ13C values (van der Merwe &

Medina, 1991; Vogel, 1978). Overall, there is less 13C in floral commu-

nities in Central Asian highlands relative to lowland environments,

which would result in animals that grazed on high-elevation pastures

having lower δ13C values than animals that remained at low

elevations.

The oxygen isotope ratios in bioapatite derives from the oxygen

isotopic variation in body water, which is influenced by a complex

interplay of ingested water, structural oxygen in food, and atmo-

spheric oxygen (Bryant & Froelich, 1995; and for review, see

Pederzani & Britton, 2019). Nevertheless, stable isotopic research has

shown that marked seasonal environments, such as those in Central

Asia, impart a regular oscillation in δ18O values of precipitation and

leaf water that is closely reflected in herbivore tooth enamel bio-

apatite, such that high δ18Oapa values indicate summer and low

δ18Oapa values indicate winter, which can be effectively modelled as a

sinusoidal curve (e.g., Balasse et al., 2012; Hermes et al., 2019;

Lazzerini et al., 2020; Tornero et al., 2016; Ventresca-Miller

et al., 2020). Moreover, time-series of δ18Oapa values from sheep and

goat M/2s can be used to model birth seasonality, based on the posi-

tion of the curve maximum relative to the curve's wavelength, while

M/3s exhibit more irregular development over time and are less reli-

able as temporal indicators of life events when compared between

individuals (Balasse et al., 2012), although cattle M/3s have recently

been successfully used to infer birth seasonality (Balasse et al., 2021).

Time-series of δ18Oapa values have also been argued to be a possible

indicator of vertical transhumance, as summer movements from low-

lands to highlands, where water sources are more likely to be charac-

terized by relatively lower δ18O values, would cause a sharp flattening

of the δ18Oapa maxima (Hermes et al., 2018)—a pattern also used by

Britton et al. (2009) to track caribou migrations between areas of

hyperseasonality.

3.3 | Isotopic analysis

Sample preparation for measurement of δ13C and δ18O followed

Hermes et al. (2019) and was performed at the Bioarchaeology

Research Centre of Vilnius University. Selected tooth specimens were

sonicated in deionized water and then gently cleaned with a scalpel to

remove sediment accretions and cementum. A 1-mm-wide tungsten

drill bit was used to incrementally remove enamel powder in bands

from the apex to cervix along one loph of the buccal side of each

tooth, resulting in an average of approximately 10 samples per tooth

(Table S1). Pre-treatment of the sample powder included a soak in

0.1 M acetic acid for 4 h to remove exogenous carbonates, followed

by five rinses in Milli-Q ultrapure water and freeze-drying. Bioapatite

carbonates were analyzed for δ13C and δ18O at the Leibniz Labor, Kiel

University with a Finnigan MAT 253 mass spectrometer coupled to a

Kiel IV device reacting with 100% orthophosphoric acid at 75�C.

Duplicates were run for every 10 samples on average, and two in-

house enamel standards were measured 18 times each; analytical pre-

cision was 0.079‰ and 0.075‰ for δ13C, and 0.114‰ and 0.132‰

for δ18O (Table S2). Measurements were calibrated using the carbon-

ate standard NBS 19 (δ13C = +1.95‰ and δ18O = �2.2‰) and

expressed relative to the international Vienna PeeDee Belemnite

(VPDB) standard in delta notation. δ13Capa values from modern ani-

mals were corrected for the Suess effect by adding 1.5‰

(Keeling, 1979; Suess, 1955).

3.4 | Oxygen isotopic modelling and seasonal
inference

We followed Hermes et al. (2019) to fit a cosine function to the

δ18Oapa series from each analyzed tooth in order to visualize the iso-

topic data and estimate birth seasonality, which is an implementation

of the method by Balasse et al. (2012) in Microsoft Excel that is

used widely (Lazzerini et al., 2020, 2021; Tornero et al., 2015;

Ventresca-Miller et al., 2020). In contrast, our method was written as

fully reproducible scripts using the R programming language, v. 4.1.0

HERMES ET AL. 795
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(R Core Team, 2021). Curve fitting is achieved using non-linear least

squares with the following cosine function:

δ18Om ¼Acos 2π
Χ�Χ0

z

� �
þM

δ18Οm is the modelled oxygen isotope value. A is the amplitude of the

modelled curve in ‰. X is the distance of the sampled tooth incre-

ment to the root-enamel junction. X0 is the offset of the start of the

curve, corresponding to the time of year when the tooth began devel-

oping. Z is the period of the curve in mm, representing the length of

the tooth formed over 1 year. M is the simple mean of the minimum

and maximum δ18Ο values in ‰. Compared with the approach

described by Balasse et al. (2012), our method has several advantages:

(1) it is open source and available on any modern computing platform;

(2) it can be readily modified to incorporate additional modelling vari-

ables and underlying fitting algorithms (e.g., simulating annealing);

(3) Numerical output can be easily manipulated in a scripting environ-

ment to streamline statistical analysis and graphical output. For exam-

ple, our approach generates 95% confidence intervals for the curve

fitting using bootstrapped values, which then serve as the basis for

calculating error in seasonal inferences (e.g., birth seasonality). Our R

scripts generate all tables and figures mentioned in this paper. Source

code and newly generated isotope data are available at https://

github.com/trhermes/isotopes.sheep.goat.tianshan and archived at

https://doi.org/10.17605/OSF.IO/UTNYR.

To estimate the time of year using the oxygen isotopic time-series

for each analyzed tooth, the period of each sinusoidal curve is used to

model a “Julian day” between 1 and 365 for each sampling increment.

Measurements of each isotopic increment can then be laid out across

the portion of the annual cycle represented in the period of the tooth,

which estimates the time of year for carbon isotope values. Estimating

birth seasonality similarly uses the position of the maximum for each

sinusoidal curve relative to the wavelength of the sinusoidal curve,

giving values between 0 and 1 within a probability distribution.

Although this study lacks a reference set of modern animals with

known birthdates, we can approximate the seasonality of births as fol-

lows: spring ≈ 0.13–0.38, summer ≈ 0.38–0.63, fall ≈ 0.63–0.87,

winter ≈ 0.87–1 and 0–0.13 (since winter would be split between

0 and 1 values). Isotopic research on modern reference animals may

refine these initial birth seasonality classes.

4 | RESULTS

Summary statistics of the newly reported and previously published

comparative δ13Capa and δ18Oapa values are shown in Table 1, and

plots of the isotopic values for each newly analyzed tooth are shown

in Figure 2. Overall, δ13Capa values from Chap-1 caprines range

between �10.5 and �7‰, which correspond to a diet based almost

exclusively on C3 plants (Table 1). This pattern of dietary intake is fur-

ther observed for modern Siberian ibex from Jeti-Oguz, which corre-

sponds with the comparative data of one modern domesticated sheep

(Bayan-Zherek in Kazakhstan) and also for ancient caprines from Kent

(Table 1). In contrast, high δ13Capa values approaching �3‰ for

ancient caprines from Begash and Turgen in the comparative dataset

demonstrate the effect of a substantial portion of C4 plants in the diet

(Table 1).

It is important to note that, for each isotopic sequence analyzed

here and in the comparative dataset, high δ13Capa values appear to

coincide with low δ18Oapa values, and vice versa (Figure 2;

Figures S1–S3). Following Knockaert et al. (2018), we further evalu-

ated this relationship through analysis of the Pearson correlation coef-

ficient between δ13Capa and δ18Oapa values for each tooth. Out of

40 tooth isotopic sequences in the dataset, 28 exhibit negative corre-

lations between carbon and oxygen isotope values that also yielded p-

values greater than or equal to 0.05 (Figure S4; Table S3). Moreover,

seasonal changes in dietary intake for Chap-1 caprines, represented

by the difference between maximum and minimum δ13Capa values for

each tooth, ranges between 0.4 and 2.8‰ across the 10 analyzed

TABLE 1 Summary statistics of δ13Capa and δ18Oapa values from teeth of ancient domesticated caprines from Chap-1 and modern wild
Siberian ibex from Jeti-Oguz (second and third mandibular molars)

δ13Capa (‰) δ18Oapa (‰) n

Site Mean SD Min Max Mean SD Min Max Teeth Increments MNI

Chap-1 �9.1 0.81 �10.53 �7 �5.37 3.27 �10.76 0.88 10 98 8

Jeti-Oguz (ibex) �11.02 0.58 �12.17 �9.98 �7.55 2.8 �12.57 �2.59 4 43 2

Bayan-Zhereka �11.07 0.69 �12.38 �10.28 �6.13 3.09 �9.78 �0.92 1 21 1

Begasha �8.49 1.93 �11.17 �3.22 �7.4 3.04 �12.52 �2.03 6 73 6

Dalia �10.05 0.5 �11.17 �9.1 �8.26 3.46 �13 �2.53 2 32 2

Kentb �9.38 0.74 �10.69 �7.66 �8.25 2.96 �14.87 �2.89 10 78 10

Turgenb �9.14 2.14 �11.61 �3.83 �6.5 3.08 �13.68 �1.71 7 43 7

Note: Comparative isotopic data are included.
aPreviously reported δ13Capa and δ18Oapa values from caprine second mandibular molars include a modern sheep from Bayan-Zherek and ancient caprines

from Begash and Dali (Hermes et al., 2019).
bPreviously reported δ13Capa and δ18Oapa values from caprine second molars include ancient caprines from Kent and Turgen (Ventresca-Miller et al., 2020).
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teeth, while there is a slightly narrower set of individual ranges of

δ13Capa values for Siberian ibex between 1.1 and 1.9‰ (Table S4). For

example, teeth CHP01, CHP09, and CHP10 exhibit inter-seasonal

stretches of δ13Capa values that change very little, compared with the

inter-seasonal shift in δ13Capa values visible in the teeth CHP02 and

CHP03 (Figure 2). Small seasonal changes in δ13Capa values in the

Chap-1 caprine teeth are broadly similar to that for comparative sites

Kent and Bayan-Zherek (Table S4). In contrast, there are prominent

F IGURE 2 Time series plots of δ13Capa and δ18Oapa values of domesticated caprines from Final Bronze Age layers at Chap-1 and modern
Siberian ibex from Jeti-Oguz, Kyrgyzstan [Colour figure can be viewed at wileyonlinelibrary.com]
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seasonal changes in δ13Capa values for Begash and Turgen caprines, of

which the teeth with the most change from each site have individual

tooth δ13Capa ranges of 5.7 and 4.6‰, respectively (Table S4), which

reflects the effect of animals ingesting C4 plants during winter.

We successfully fit cosine functions to the sequences of δ18Oapa

values for each tooth in the Chap-1 and comparative datasets, except

for comparative teeth 5582 and 5583 from Ventresca-Miller

et al. (2020) due too few isotope measurements. The modeling per-

formed less well for tooth IBX03, which nearly exhibits three minima

in the δ18Oapa sequence (Figure 2), likely due to unusually slow tooth

development in this Siberian ibex individual, causing this third molar

to archive isotopic inputs for an unusually long time of more than

2 years. This effect corresponds to observations made by previous

researchers showing a slowdown of molar development in horses

(Bendrey et al., 2015; Nacarino-Meneses et al., 2017). In addition, lim-

ited research on Iberian ibex (Capra pyrenaica) suggests wild goats

may have occasional instances of slow molar growth (Vigal &

Machordom, 1985); although, more research is needed on a variety of

ibex species. Nevertheless, we estimated birth seasonality using data

only from the mandibular second molars to avoid irregular develop-

mental schedules for mandibular third molars (Figure 3), and no tem-

poral shifts in tooth growth were visible except for teeth IBX03 and

IBX04, from which we excluded one value each closest to the root-

enamel junction. Starting with the Siberian ibex, we observe births

during the late spring-early summer, which is the natural kidding

season for this species (Baskin & Danell, 2003; Heptner et al., 1988),

and this is the most common period for births observed in the Chap-1

and comparative datasets (Figure 3). Three of the six caprines from

Chap seemingly had off-season births (CHP02, CHP04, and CHP07),

in addition to a handful of caprines from Begash (n = 2), Kent (n = 2),

and Turgen (n = 1) (Figure 3). Derivations of birth seasonality and

Julian days are collated with all isotope data in Table S5.

Finally, the crests of the δ18Oapa curves from Chap-1 do not

exhibit any detectible flattening that has been previously hypothe-

sized by Hermes et al. (2018) to suggest summer migrations to high-

elevation (Figure 2). However, Siberian ibex δ13Capa values

corresponding to winter dietary intake are systematically higher than

δ13Capa values corresponding to summer dietary intake, giving insight

to the change in dietary carbon isotopic variation due to vertical

mobility, as these animals routinely occupy alpine environments in

summer and descend to lowland valleys in winter (Baskin &

Danell, 2003; Heptner et al., 1988).

5 | DISCUSSION

5.1 | Agricultural and pastoralist integration

This study provides initial insight into how sheep and goat husbandry

intersected with agriculture at Chap-1 during the final Bronze Age in

F IGURE 3 Probability distributions
of estimated birth seasonality using
modelled cosine functions against
δ18Oapa values from Chap-1 caprines and
modern Siberian ibex (Jeti-Oguz), in
addition to caprines from comparative
sites listed in Table 1. Point estimate for
each birth season represents the
optimized curve fit. Only data from
second mandibular molars were used in
the estimations
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the Kyrgyz Tian Shan. The relatively wider range of summer-winter

δ13Capa values for individual teeth of domesticated caprines compared

with that for Siberian ibex suggests human control of animal diets,

likely through flexible strategies that varied from year to year, such as

foddering with mixtures of agricultural biproducts, grazing on crop

stubble after harvest, and vertical transhumance to summer pastures.

Consistent dietary intake between winter and summer suggests that

some caprines were closely managed near the site and had regular

access to graze and fodder that, in some cases, may have been charac-

terized by unvarying carbon isotopic compositions, perhaps coming

from large stockpiles. In contrast, marked change in dietary intake

between summer and winter for most analyzed Chap-1 teeth corre-

sponds to that observed for Siberian ibex, which may be the result of

vertical mobility to high pastures in summer, where vegetation is char-

acterized by low δ13C values compared with the more arid lowlands

that are affected by the Tian Shan rain shadow. Increased precipita-

tion at higher elevations and rapid plant growth during the short sum-

mer season contribute to C3 vegetation being depleted in 13C

compared with that in lowland environments (Tieszen, 1991). More-

over, there is a decreasing relative abundance of C4 plants at higher

elevations (Tieszen et al., 1979), which would further lead to low δ13C

values in summer-forming portions of teeth in caprines herded to

higher elevations as the carbon isotopic composition of highland veg-

etation would be increasingly depleted in 13C.

The seasonal carbon isotopic time-series from Siberian ibex ana-

lyzed in this study and from a domesticated sheep documented to

have migrated to high pastures in the summer in Hermes et al. (2019)

provide additional support that vertical transhumant moves in

Central Asia generates a pattern of decreasing δ13Capa values in

summer months. However, this shifting carbon isotopic pattern in

domesticated caprines could also be the result of a relatively minor

component of winter foddering or stubble grazing with cultivated

millet, or the grazing on pastures/fields containing low numbers of

wild C4 plants, such as green foxtail (Setaria viridis) and barnyard

grass (Echinochloa sp.), of which carbonized seeds were recovered

from Chap-1 flotation samples (Motuzaite Matuzeviciute,

Mir-Makhamad & Tabaldiev, 2021). Overall, the carbon isotopic

variability observed in the analyzed teeth of Chap-1 domesticated

caprines points toward adaptable strategies for managing animal

diets that may have included sedentism, provisioning with a small

amount of C4 plants in combination with more substantial amounts

of C3 wheat and/or barley, and occasional mobility to high-elevation

pastures. Thus, we can discern two main processes of integrating

caprines into the agricultural milieu at Chap-1: (1) local herding in

the surrounds of the site with the possibility of foddering with C3

crops and (2) infrequent vertical transhumance. A third management

strategy would possibly include fall and winter foddering with a

relatively low proportion of millets relative to the consumption of

natural pastures or C3 crops. The differentiation of this strategy from

vertical transhumance based on seasonal carbon isotopic shifts

remains challenging.

It is notable that we did not detect animal diets with large compo-

nents of C4 plants, as was evident at Bronze Age Begash (Hermes

et al., 2019) and Turgen (Ventresca-Miller et al., 2020). This lack of

evidence for foddering with C4 plants indicates that caprines were not

integrated into strategies for the cultivation of millet at Chap-1. Both

broomcorn and foxtail millets reflect a minor component of the mac-

robotanical record at Chap-1, which were found at a relative abun-

dance of 1.9% of the domesticated crops that were dominated by

barley (Motuzaite Matuzeviciute, Mir-Makhamad & Tabaldiev, 2021).

One possibility could be that cattle were foddered with millet, and the

low relative abundance of millets in the macrobotanical record at the

site could be explained by different processing of millets compared

with wheat and barley. Since cattle teeth were unavailable for this

study, future research on the carbon isotopic composition of cattle

bone collagen may be able to identify this foddering strategy. How-

ever, the low relative abundance of millets at Chap-1 could also be a

result of millets growing in fields as weeds and entering the archaeo-

logical deposits through the burning of dung from animals that grazed

on crop stubble.

5.2 | Manipulation of animal births

Analysis of birth seasonality for domesticated caprines at Chap-1 indi-

cates efforts made by people to facilitate off-season births that

extended into the fall and possibly winter. Based on the incremental

oxygen isotopic data from Begash, Kent, and Turgen (Hermes

et al., 2019; Ventresca-Miller et al., 2020), it is clear that the practical

expertise for extending birthing seasons of domesticated caprines was

in circulation throughout the wider region since the mid second mil-

lennium BCE. An extended birthing season affords producers with

fallback offspring if the previous cohort of newborns is killed due to

severe winter conditions, such as the deep freezes and snow accumu-

lations caused by the jut, provided that recently pregnant ewes can

reenter estrus (Ventresca-Miller et al., 2020). Moreover, spaced out

birthing seasons also afford producers with extended time periods for

harvesting animals for meat and for milking them. Longer lambing sea-

sons can be achieved by the “ram effect,” which involves bringing

rams into contact with ewes who have been isolated from males for

several weeks, causing male pheromones to trigger ovulation within

2–3 days but without the typical physiological signs of estrus (Fabre-

Nys et al., 2015). It may be the case that ancient herders in Central

Asia had bred and selected animals that had more biological proclivity

for off-season births since domesticated sheep and goat first spread

into the region during the Neolithic by 6000 BCE (Taylor et al., 2021),

and ongoing paleogenomic research may reveal the genetic signatures

for such traits in detail. Nonetheless, extended birthing seasons would

have demanded a high degree of knowledge about animal reproduc-

tive physiology, in addition to a system of record keeping that tracked

individual animal contacts with males and tracked the fecundity of

ewes. Because the species of the analyzed teeth were not determined

with biomolecular methods such as ZooMS (Zooarchaeology by Mass

Spectrometry) (Buckley et al., 2010), and could not be reliably differ-

entiated based on dental morphology, the specific goals of production

for sheep or goats at Chap-1 cannot be identified. Zooarchaeological
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research at Chap-1 identified kill-off patterns of caprines (presumably

sheep) favoring survivorship of older animals, suggesting a strategy of

wool production (Ananyevskaya et al., 2021).

There is the possibility that the three animals showing off-season

births at Chap-1 (CHP02, CHP04, CHP07) are not the result of human

intent but occurred spontaneously (Fabre-Nys et al., 2015). Tooth

CHP07 provides the strongest evidence for a winter birth, as its mod-

elled oxygen isotopic sequence displays a minimum and maximum,

while teeth CHP02 and CHP04 show incomplete curve wavelengths

(Figure 2). Despite this shortfall, the modelled seasonality of the births

represented by these teeth with incomplete wavelengths reflect an

off-season clustering with animals from Begash, Kent, Turgen. Thus,

taken together, this pattern of off-season births from a limited set of

analyzed teeth suggests the practice of manipulating livestock births

may have been a relatively common practice in Bronze Age Central

Asia. If teeth CHP02 and CHP04 are disregarded, then the presence

of one M/2 tooth out of six for Chap-1 still suggests the capability of

people to manipulate caprine births, since a random occurrence seems

unlikely.

5.3 | Regional perspective

In light of the complex summer and winter cropping systems in place

at Chap-1 evidenced from the macrobotanical record (Motuzaite

Matuzeviciute, Mir-Makhamad & Tabaldiev, 2021), we can begin to

appreciate that the Kochkor Valley at the end of the Bronze Age had

a well-integrated system of agro-pastoralist production, the scale of

which necessitates discussion. Although the settlement density and

stocking rate of the Kochkor Valley in the Bronze Age remains

unknown due to a lack of systematic regional survey, a safe assump-

tion can be made that Chap-1 was part of a constellation of farm-

steads that likely supported at least dozens of households, if not

more. Integrated farming and pastoralism would have shaped complex

labor divisions and knowledge systems surrounding crops and animals

for the ancient communities living in the valley. We can envision sce-

narios in which households enter agreements with one another to

provide access to pastures and agricultural by-products, and in which

some members of households herded animals to highland pastures,

facilitating social interactions with summer herders from neighboring

regions. In addition to this herding dynamic, animals from the Kochkor

Valley may have been herded to lower elevations or vice versa, while

crops, dairy products, and other commodities (raw materials or fin-

ished crafts) were also likely exchanged. While direct evidence for

these channels of communication and exchange remain elusive, we

can begin to illustrate how permanent settlement in the fertile high-

lands of Central Asia would have facilitated dynamic social networks

that spread across the wider region, as some people moved with ani-

mals while others kept the core of animal management close to farm-

steads. Additional research at ancient highland settlements in Central

Asia will contribute to a greater understanding of the importance of

mountain environments in serving as key corridors of interaction

between diverse communities (e.g., Frachetti et al., 2017; Hermes,

Doumani Dupuy, et al., 2021; Hermes, Shnaider, et al., 2021;

Maksudov et al., 2019).

6 | CONCLUSION

The isotopic evidence for subtle but variable manipulation of domesti-

cated caprine diets using a mixture of strategies, including foddering

and vertical transhumance, which were also combined with invest-

ment in extending birthing seasons, illustrates a productive and

diverse agro-pastoralist subsistence economy in the Kyrgyz Tian Shan

during the Final Bronze Age. While this mountain corridor region and

Central Asia more broadly has long been thought of as a domain of

highly mobile nomadic pastoralists, we should reevaluate this assump-

tion with a growing body of evidence for strongly integrated farming

and herding strategies that were well developed in highland

environments.

In the context of the abundant and rich macrobotanical record

from Chap-1, the occupation of the site must have been year-round,

while a section of the community may have been responsible for

herding animals to highland pastures or the lowlands on a seasonal

basis but retained a strong subsistence connection to an agricultural

home base at 2000 m.a.s.l. Thus, when considering how commodities,

styles, ideas, and genetic ancestry were transmitted throughout the

IAMC since the early Bronze Age, future models for communication

and exchange should explicitly factor in such community segments

rather than supposing all members of a community were mobile and

directly participated in social engagements with neighboring groups.

Future research combining human and livestock paleogenomic

records for resolving biological admixture and incremental strontium

isotopic patterns in human tooth enamel for isolating geographic

mobility will greatly help to clarify how communities achieved

contact with one another and contributed to dynamic arenas of

interaction since the Neolithic. These lines of research are crucial for

understanding how agro-pastoralist strategies connecting the

lowlands and highlands facilitated community interactions in ancient

Central Asia.
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