
Seasonal herding distinguishes Kura–Araxes and
local communities in the Early Bronze Age Levant
Gwendoline Maurer 

University College London
Rafi Greenberg 

Tel Aviv University
Delphine Frémondeau 

University College London
Alexandra Nederbragt 

Cardiff University
Rhiannon E. Stevens 

University College London

Research Article

Keywords:

Posted Date: November 12th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11521935/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-11521935/v1
https://doi.org/10.21203/rs.3.rs-11521935/v1
https://doi.org/10.21203/rs.3.rs-11521935/v1
https://creativecommons.org/licenses/by/4.0/


Seasonal herding distinguishes Kura–Araxes and local communities in the Early Bronze 1 

Age Levant 2 

3 

Gwendoline Maurer1,2*, Rafi Greenberg3*, Delphine Frémondeau1, Alexandra Nederbragt4 & 4 

Rhiannon E. Stevens15 

1Institute of Archaeology, University College London, London, United Kingdom 6 

2Department of Archaeology and Conservation, School of Global Humanities, Cardiff 7 

University, Cardiff, United Kingdom 8 

3Institute of Archaeology, Tel Aviv University, Tel Aviv, Israel 9 

4School of Physical, Chemical, and Environmental Sciences, Cardiff University, Cardiff, 10 

United Kingdom11 

12 

*Corresponding authors: maurerg@cardiff.ac.uk; grafi@tauex.tau.ac.il 13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 



1 

1

35 

ABSTRACT 36 

The Kura–Araxes tradition, originating in the southern Caucasus, spread across much of 37 

Southwest Asia during the Early Bronze Age, reaching as far south as the Levant. There, 38 

Khirbet Kerak Ware (KKW; c. 2850–2500 BCE) communities lived alongside local 39 

populations, but how far they were integrated into Levantine society remains debated. 40 

Seasonal herd management, linked to land access and agricultural scheduling, is a sensitive 41 

proxy for such integration. At Tel Bet Yerah (Khirbet el-Kerak), KKW and local 42 

neighbourhoods coexisted within one town, making it an ideal test case. We present the first 43 

sequential δ18O and δ13C analyses of livestock directly associated with KKW in the Levant. 44 

We demonstrate a marked divergence: local Levantine herding was integrated into a 45 

Mediterranean agropastoral cycle, whereas KKW herding operated largely outside it, some 46 

herds moving seasonally into steppe environments. The two communities maintained distinct 47 

agropastoral and land-use practices, refining models of Kura–Araxes spread into the Levant. 48 

49 

“Khirbet Kerak” Culture 50 

Long defined by its distinctive ceramics (Khirbet Kerak Ware, KKW) as the southernmost 51 

expression of the Kura–Araxes culture of the southern Caucasus and eastern Anatolia [1,2], 52 

the Khirbet Kerak phenomenon in the Levant is now known to comprise a set of spatial, 53 

material and bio-archaeological dispositions evidenced at scores of sites extending from the 54 

Amuq valley in western Syria to the northern Jordan valley and its flanks [3,4].  55 

56 

In the southern Levant, while the presence of KKW has been documented widely, the 57 

presence of a sizable community of KKW producers and consumers is confined to seven or 58 

eight sites [5] (Fig. 1) with stratified sequences that anchor the chronology [6–10].  59 

The degree to which KKW reflects migration linked to Transcaucasia or local interaction and 60 

hybridisation has long been debated [7,11–14]. Petrographic and chaîne opératoire studies 61 

show local production using indigenous clays but conservative, non-local technologies, 62 

challenging simple migration or diffusion models [15,16]. 63 

64 

Tel Bet Yerah, a 30 ha mound on the southern shore of the Sea of Galilee, uniquely preserves 65 

large, stratified and contemporaneous KKW-associated (henceforth, KKW) and local-66 

tradition (henceforth, local) habitation areas within a fortified town with an urban grid, albeit 67 

a patchy one [17,18]. In the principal excavated area in the north part of the mound, KKW 68 
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occupation was excavated mainly within the abandoned foundations of the large public 69 

‘Circles Building’ and in the open area (‘plaza’) to its north (excavation fields SA-M, GB-H), 70 

while a local sequence (excavation field SA-S) extending from late EB I to EB III was 71 

excavated along the paved road flanking the Circles Building on the west [11,19]. Bayesian 72 

chronology confirms that KKW contexts and proximate local compounds were coeval in the 73 

EB III [20], making the site ideal for testing whether cultural distinctions extended to pastoral 74 

management. Beyond the study of the composition of the herds associated with each group 75 

[21,22], the study of sequential stable oxygen and carbon isotopes in sheep, goat and cattle 76 

enamel from Tel Bet Yerah provides insight into seasonal herding practices, allowing us to 77 

compare both KKW and local Early Bronze Age III herding systems, as well as KKW and 78 

Kura Araxes complexes outside the Levant (Fig. 2). 79 

80 

Levantine environmental context  81 

Tel Bet Yerah (Khirbet el-Kerak) lies ~200 m below sea level in the Jordan Valley, within a 82 

region of marked topographic and ecological variation (Supplementary Fig. S1a–d). Tel Bet 83 

Yerah lies within the wetter Mediterranean zone, together with fertile lowlands such as the 84 

Jordan, Hula and Jezreel valleys; in Supplementary Fig. S1b, this zone is represented by 85 

forest and maquis, Mediterranean savannoid, batha and garigue, and tragacanthic vegetation. 86 

Hereafter, this ecological area is referred to as the Mediterranean zone. Eastwards and South-87 

eastwards, these communities give way to transitional and steppe vegetation and the Badiya, 88 

with desert environments extending farther south and southeast [23] (Supplementary Fig. 89 

S1b).  90 

The Mediterranean zone is characterised by mild, wet winters, hot, dry summers and 91 

predominantly winter precipitation; snow persists at higher elevations in the Lebanon and 92 

Anti-Lebanon and occurs episodically across surrounding uplands [24,25] (Supplementary 93 

Fig. S1d). These eastward and southward gradients from Mediterranean to increasingly arid 94 

steppe and desert environments are also reflected in the distribution of C3 and C4 plants. 95 

(Supplementary Table S2a).  96 

C3 and C4 plants use different photosynthetic pathways and occupy distinct ecological niches, 97 

with C3 plants including trees, shrubs and cool-season grasses and C4 plants dominated by 98 

warm-season grasses, sedges and herbaceous eudicots; their relative distributions are strongly 99 

influenced by temperature, growing season and aridity [26,27]. 100 

Vegetation in the Mediterranean zone is dominated by C₃ taxa, with C₄ plants occurring 101 

patchily where summer moisture or shallow water tables permit (Supplementary Table S2a; 102 
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Supplementary Fig. S1b). Around Tel Bet Yerah, vegetation is overwhelmingly C3, with 103 

limited C4 grasses and Cyperus spp. largely confined to wetland margins and of low 104 

palatability. C4 taxa become more common in the increasingly arid transitional steppe 105 

(Supplementary Fig. S1b), steppe environments (Supplementary Fig. S1b) to the east, 106 

southeast and south, as well as in saline and sandy habitats. The C4 plant Noae mucronata has 107 

also been identified in the high altitudes of Mount Hermon [28–34] (Supplementary Fig. S1b 108 

and Supplementary Table S2a). 109 

110 

Levantine isotopic context 111 

Enamel δ18O in livestock reflects the isotopic composition of ingested water, derived from 112 

both drinking water and plant water [35]. Animals that obtain a greater proportion of their 113 

water from plants can show higher δ18O values because leaf water becomes enriched in 18O 114 

through evaporation [36]. In the Levant, precipitation δ18O varies seasonally and 115 

geographically in response to climate and topography, with wetter conditions generally 116 

producing lower, more negative values [37–41]. At Tel Bet Yerah, modelled precipitation 117 

δ18O values range from –6.4‰ in winter to +1.0‰ in summer [40]. Freshwater sources across 118 

the region (Supplementary Fig. S1c) broadly reflect precipitation inputs but can be modified 119 

by processes such as snowmelt and evaporation [42,43]. Lake Tiberias shows relatively 120 

limited variation, ranging from 0 to –2.5‰ VSMOW, whereas ephemeral water sources may 121 

become substantially more enriched through evaporation [44,45] (Supplementary Table S2d). 122 

Groundwater is generally more negative in δ¹⁸O and less seasonally variable [46]. 123 

Consequently, sequential enamel δ18O can track seasonal variation and changes in water-124 

source use by livestock. 125 

126 

Enamel δ13C provides a complementary record of seasonal diet and vegetation use. It 127 

primarily reflects the relative contribution of C3 and C4 vegetation to the diet of livestock 128 

[26], although plant δ13C is also affected by environmental conditions, particularly water 129 

stress, humidity and elevation [47–51]. In the Levant, C3 plants sampled during the wet 130 

season (October–April) average –27.27 ± 1.25‰, compared with –25.90 ± 1.52‰ during the 131 

dry season (May–September), reflecting the influence of seasonal water availability on C3132 

plant δ¹³C values [50] (Supplementary Table S2b). C₄ plants in our compiled dataset average 133 

–12.81 ± 1.15‰ and range from –14.14‰ to –9.70‰ [52] (Supplementary Table S2b). These 134 

differences provide the basis for distinguishing seasonal shifts in C3 and C4 consumption, 135 

while accounting for variation in C3 plant δ13C caused by water stress. 136 
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137 

138 

Results139 

Caprines140 

The full sequential stable isotope dataset is provided in Supplementary Data S3, with 141 

specimen-level summary statistics presented in Table 1. Due to limited sample size, EB II 142 

Middle, EB II Latest and EB III Local specimens are treated as a single Local group. It 143 

should be noted that only the EB III Local specimens are contemporary with the KKW 144 

specimens (Fig. 1). 145 

146 

Caprine enamel δ18O values range from −1.7‰ to 8.1‰, with intra-tooth amplitudes of 147 

1.3‰–8.4‰ (Table 1). Local caprines (n = 5) range from −0.8‰ to 4.8‰, with amplitudes of 148 

2.2‰–4.3‰ (Supplementary Table S3b). KKW-associated caprines (n = 8) show higher δ18O 149 

values (−1.7‰ to 8.1‰) and a wider range of amplitudes (1.3‰–8.4‰) (Table 1). Among 150 

specimens with clearly defined minima and maxima (Fig. 3; KKW n = 6, Local n = 4), there 151 

were no significant differences between KKW-associated and Local caprines in δ18O 152 

midpoints (median = 2.53‰ vs 1.53‰; Mann–Whitney U = 6.0, P = 0.26) or intra-tooth 153 

amplitudes (median = 5.40‰ vs 3.56‰; U = 8.0, P = 0.48). 154 

155 

Caprine enamel δ13C values range from −12.3‰ to −5.2‰. Local caprines (n = 5) span 156 

−11.5‰ to −6.5‰, with amplitudes of 1.2‰–3.8‰ (Table 1). KKW-associated caprines (n = 157 

8) range from −12.3‰ to −5.2‰, with amplitudes of 1.3‰–5.0‰. Among the same 158 

specimens, δ¹³C midpoints (median = −9.11‰ vs −9.17‰; U = 10.0, P = 0.76) and intra-159 

tooth amplitudes (median = 2.35‰ vs 2.63‰; U = 11.0, P = 0.91) did not differ significantly 160 

between KKW-associated and Local caprines. 161 

162 

Four intra-tooth patterns were identified (Fig. 4): Patterns A–B (KKW) and Patterns C–D 163 

(Local), with specimen-level summary statistics presented in Table 1. 164 

Pattern A (TBY70444, TBY70203, TBY70158) shows δ18O variation, although a distinct 165 

minimum is absent in TBY70203. δ13C is fully sinusoidal only in TBY70444, with absent or 166 

weak minima in the other sequences but well-defined maxima throughout and varies in phase 167 

with δ18O. δ13C values indicate a predominantly C3 diet, with minor C4 input (~2%) in 168 

TBY70158 and seasonal shifts from dry C3 resources in summer to fresher C3 resources in 169 

winter. 170 
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Pattern B (TBY20, TBY70145, TBY70157, TBY70656, TBY702805) shows δ18O variation, 171 

with dampened cycles in TBY70145 and TBY70656, an unclear maximum in TBY70157, 172 

and an unclear minimum in TBY20. δ13C is largely anti-phased with δ18O, indicating summer 173 

reliance on dry C3 resources and increased C4 intake (~22–38%) during cooler seasons. This 174 

pattern records a brief summer C3 phase followed by prolonged autumn–winter C4 use. 175 

TBY702805 differs slightly, with sinusoidal δ18O but poorly defined δ13C optima and 176 

alternating phasing, indicating ~18% C4 intake at the δ18O minimum and a shift toward a dry, 177 

C3-dominated diet as δ18O increases. 178 

Pattern C (TBY70647, TBY70489) shows sinusoidal δ13C variation largely anti-phased with 179 

δ18O. δ18O is sinusoidal in TBY70647 but lacks a clear minimum in TBY70489, and the δ13C 180 

cycle in TBY70647 is dampened (1.2‰). δ13C minima indicate fresh C3 intake, whereas 181 

higher values reflect drier C3 resources and modest C4 input (~16.4%) during cooler seasons. 182 

Pattern D (TBY70168, TBY70652, TBY702839) shows largely anti-phased δ18O–δ13C 183 

variation. In TBY70168 and TBY702839, both isotopes vary sinusoidally, with δ¹³C maxima 184 

coinciding with δ18O minima and indicating C4 intake (~19% and ~13.5%), and minima 185 

reflecting dry, C3-dominated diets. TBY70652 lacks clear optima but shows opposed isotope 186 

variation and a shift from higher to lower δ13C values. Pattern D also shows a diverging δ18O 187 

baseline relative to Pattern B (Fig. 3). 188 

189 

Cattle190 

Enamel δ18O values range from −3.9‰ to 4.7‰, with amplitudes (where identifiable) of 191 

1.9‰–3.6‰. KKW cattle (n = 3) range from −1.6‰ to 4.1‰ (1.9‰–3.6‰), while Local 192 

cattle (n = 3) range from −3.9‰ to 4.7‰, with a single identifiable amplitude of 1.7‰. 193 

Cattle enamel δ¹³C values range from −11.5‰ to −6.0‰, with amplitudes of 0.9‰–3.3‰. 194 

KKW cattle (n = 3) range from −11.5‰ to −9.3‰ (1.1‰–1.5‰), while Local cattle (n = 3) 195 

range from −10.8‰ to −7.9‰ (0.9‰–3.3‰). 196 

Three patterns were identified (Fig. 4): Pattern E (KKW & Local), Pattern F (Local), and 197 

Pattern G (Local). 198 

Pattern E (TBY45, TBY70316, TBY37, TBY702849) comprises two sub-patterns. Sub-199 

pattern E.1 (KKW) includes TBY70316 and TBY45: TBY70316 shows sinusoidal δ18O and 200 

δ13C variation, whereas TBY45 lacks clear periodicity. δ13C indicates year-round C3 201 

consumption, with seasonal shifts between fresher winter and drier summer resources. Sub-202 

pattern E.2 (TBY37 (EB II) and TBY702849 (KKW) shows sinusoidal, in-phase δ18O–δ13C 203 
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variation, with enriched summer δ18O values producing larger amplitudes than in other cattle 204 

specimens and persistent C3 consumption throughout. 205 

Pattern F (TBY702827; EB II late) shows sinusoidal δ18O variation, while δ13C lacks clear 206 

periodicity. Values indicate dry, C3-dominated intake in summer and recurring increases 207 

consistent with substantial C4 input (up to 29.4%) during cooler seasons. 208 

Pattern G (TBY39; EB III Local) shows weak δ18O sinusoidality with a poorly defined 209 

minimum, while δ13C exhibits a dampened cycle; the proxies are largely anti-phased. δ18O is 210 

more depleted in summer than winter, indicating a reversal of the expected seasonal signal. 211 

δ13C indicates dry, C3-dominated intake in summer and fresher C3 intake in winter. 212 

213 

Seasonality of birth 214 

Modelling results for caprines (n = 6) and cattle (n = 1) are presented in Fig. 5 and 215 

Supplementary Table S3c. In caprines, fitted periods (X) range from 22.1 to 30.7 mm, with 216 

x0/X values between 0.27 and 0.71. KKW caprines show values of 0.27–0.62, while local 217 

sheep (n = 3) range from 0.45 to 0.71, corresponding to births from late spring to early 218 

autumn. The KKW cattle specimen has x0/X = 0.26. 219 

220 

Discussion  221 

Local-horizon isotopic sequences indicate a synchronised agropastoral system structured 222 

around seasonal use of C3-dominated pastures within the Mediterranean zone (Fig. 1; 223 

Supplementary Fig. S1b), post-harvest field and orchard grazing, and flexible summer pasture 224 

exploitation (Fig. 2). 225 

Across Patterns C, D and F, isotopic signals show a spring–summer emphasis on 226 

Mediterranean C3 vegetation, followed by a brief cooler-season shift introducing brief C4 227 

input. Locally herded, C3 -dominated caprines with minor C4 input are likewise documented 228 

at contemporary EB III Tell es-Safi/Gath [53], indicating that comparable practices occurred 229 

elsewhere in the southern Levant. 230 

Given the limited availability of C4 biomass in Mediterranean settings, this enrichment could 231 

be consistent with intermittent post-harvest access to cultivated fields and orchard margins, 232 

where C3 residues and ruderal C4 weeds were available. Livestock can support cultivation 233 

through post-harvest grazing, clearing crop residues while manuring fields for the next 234 

growing season, a widely documented practice in Mediterranean and Middle Eastern 235 

agroecosystems (Fig. 6). Its presence in both cattle and caprines suggests a shared, agro-236 

integrated land-use strategy. 237 
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238 

This interpretation is supported by archaeobotanical evidence. Charcoal assemblages indicate 239 

that local landscape use was closely tied to olive and fig horticulture, with pruning reflecting 240 

sustained orchard management [54]. Two proposed harvest windows (late spring and late 241 

summer/autumn) likely enabled field and orchard grazing, producing the brief recurring C4242 

signal in local sequences. The Local-horizon assemblage includes disturbance-tolerant C4 243 

weeds such as Amaranthus graecizans and Portulaca oleracea, and specifically the absence 244 

of Trifolium sp., a common C3 weed, suggesting a deliberate use of low growing weeds as 245 

fodder post-harvest [55]. Legumes, fruits, and olives are late-autumn crops, interestingly they 246 

are common in local archaeobotanical assemblages and largely absent from KKW contexts 247 

[55]. Further, the birthing season of locally associated sheep coincide with or occur shortly 248 

after these harvest windows, when field and orchard fodder would have been most available. 249 

250 

Within this agropastoral integrated system, summer pasture use varied. Patterns C and D 251 

differ primarily in their summer grazing strategies. In Pattern C, a summer δ18O dip coincides 252 

with a δ¹³C minimum, indicating access to isotopically depleted waters, consistent with 253 

snowmelt influence and/or higher-elevation water sources, alongside fresh C3 forage. 254 

Comparable values in snowmelt-fed rivers of the Upper Jordan system (e.g. the Hasbani and 255 

Banias; Supplementary Fig. S1c)[42] suggest seasonal movement to cooler, wetter higher 256 

elevations towards the north, where fresh C3 forage would have been available during 257 

summer. By contrast, Pattern D lacks a summer δ18O dip and evidence for fresh C3 intake, 258 

indicating summer grazing within lower-elevation Mediterranean settings. Cattle Patterns E.2 259 

and G similarly reflect year-round Mediterranean grazing, with fresh C3 forage consumed in 260 

the wet season and dry or senescent C3 biomass in summer. In Pattern G, access to 261 

isotopically depleted summer waters without a corresponding δ13C shift suggests use of 262 

snowmelt-derived waters i.e. lowland Upper Jordan contexts, rather than further upland 263 

pastures. 264 

265 

Given the small sample size, these patterns should be interpreted cautiously, but they suggest  266 

dispersed practices in summer, followed by more collectively coordinated autumn–winter 267 

management linked to post-harvest field use. 268 

269 

By contrast, KKW-associated herding appears decoupled from local agropastoral cycles, 270 

neither coordinated with cultivation schedules nor integrated into post-harvest field use and 271 
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follows two distinct pastoral strategies (Fig. 2). Patterns A and E are consistent with year-272 

round Mediterranean C3 grazing structured around seasonal variation in C3 forage, rather than 273 

agriculturally synchronised grazing. Pattern B shows a prolonged autumn–winter C4 signal 274 

inconsistent with year-round Mediterranean herding, indicating seasonal movement of 275 

caprines away from Tel Bet Yerah into mixed C3/C4 environments where C4 resources persist 276 

through cooler months. Elevated C4 intake in southern Levantine caprines has elsewhere been 277 

linked to herding beyond local C3 pastures [56]. 278 

This could be consistent with the use of southeasterly and more easterly zones (Fig. 1), where 279 

mild winters sustain multiple C4 taxa i.e. Noaea mucronata, a documented sheep winter 280 

forage in Levantine steppe environments [57]. Herds move into transitional and steppe zones 281 

in late autumn, grazing a mosaic of dried C3 plants from the previous season alongside 282 

winter-tolerant C4 shrubs and grasses. Winter rains then promote fresh C3 growth (e.g., 283 

Carex, Poa), while resistant C4 species continue to contribute to the available pasture. By late 284 

spring, as grazing and water availability decline, herds shift back north or westwards into the 285 

Mediterranean zone to exploit summer forage dominated by water-stressed C3 plants.  286 

One possibility is winter–spring access to the lower Jordan Valley (the Ghor; Fig. 1) 287 

transitional vegetation (Supplementary Fig. S1b and Supplementary Table S2a), in proximity 288 

to known KKW-rich sites such as Tel Yaqush and Tall ash-Shuna, followed by a return north 289 

in late spring/early summer. Further, seasonal east–west movement has close parallels in 290 

historically documented pastoral practices across the Levant [58], and isotopic evidence 291 

suggests steppe or desert grazing in later periods [59,60], but it remains unattested for the 292 

Early Bronze Age. While our isotopic data cannot pinpoint a precise location, both 293 

southeasterly and easterly scenarios (Fig. 1) provide ecologically plausible mechanisms for 294 

producing the prolonged cool-season C4 signal observed in Pattern B. 295 

Birth seasonality broadly aligns with the mobility framework, though the sample is limited. 296 

Livestock births coincide with increased winter steppe pasture and fresh Mediterranean C3297 

vegetation, consistent with herding systems that track seasonal forage gradients between 298 

steppe and Mediterranean zones. 299 

300 

Archaeobotanical evidence further suggests that these differences extended beyond herding 301 

alone. The distribution of Lolium species, linked to soil conditions, implies that cultivation 302 

was structured across distinct niches, with local populations focusing on Jordan Valley soils 303 

and Khirbet Kerak groups exploiting basalt-derived landscapes to the north and east of Tel 304 
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Bet Yerah [55]. Basaltic landscapes are widespread across the eastern Lower Galilee, Golan 305 

Heights, southern Syria and northeastern Jordan [61–63]. 306 

307 

Although the small sample size limits the strength of inference, KKW herding appears less 308 

normative, with variability potentially driven by household autonomy, risk-buffering herd 309 

division, temporal change, and rainfall-linked shifts in pasture availability.  310 

Herding practices appear weakly integrated into local agropastoral cycles, suggesting that 311 

KKW-associated livestock management operated partly outside the crop-livestock economy 312 

of Tel Bet Yerah 313 

314 

These differences have broader implications for interpreting Khirbet Kerak Ware 315 

communities in the Levant. Winter movement to distant pastures overlaps with the 316 

agricultural growing season, particularly for cereals and legumes that begin growth in early 317 

winter. Such overlap likely required spatial separation between cultivation and intensive 318 

grazing to avoid crop damage and competition over nearby land. In a setting where 319 

agricultural intensification and settlement expansion increased pressure on surrounding 320 

landscapes during the EB II–III, herding would be expected to shift outward to reduce 321 

interference with cultivated fields. Tel Bet Yerah, as a large EB III site (c. 30 ha) situated in a 322 

highly productive zone, likely experienced particularly strong pressure on nearby land. 323 

Seasonal displacement of KKW flocks, especially in winter, can therefore be understood as a 324 

strategic adaptation that reduced overlap with local agro-pastoral scheduling and helped 325 

avoid conflict or bottlenecks in land use. 326 

The broader settlement landscape is consistent with the feasibility of such seasonal circuits. 327 

EB I–III settlement patterns include both large sites requiring dense landscape use and 328 

smaller or potentially seasonal sites in semi-arid steppe margins, suggesting environments 329 

where more mobile, flexible herding could be practiced [64]. The presence of Khirbet Kerak 330 

Ware at sites along eastern steppe margins (i.e. Khirbet ez-Zeraqun and Khirbet al-Batrawy) 331 

and within the Jordan Valley (Fig. 1), including Tel Yaqush in the Ghor, is compatible with 332 

movement corridors or recurring seasonal interaction between Tel Bet Yerah and 333 

eastern/southern grazing zones. 334 

In the wider Kura–Araxes culture context, our study contributes to a growing body of work, 335 

including case studies from Köhne Shahar in Iran and Maxta I in Nakhchivan, that 336 

demonstrates patterns of seasonal local horizonal transhumance, highlighting the diversity of 337 

Kura–Araxes pastoral practices [65,66]. 338 
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Methods 339 

Materials 340 

Specimens from Tel Bet Yerah were phased within the site stratigraphy and its Bayesian 341 

radiocarbon model, which places the Early Bronze I-II transition in the 32nd century BCE and 342 

the Early Bronze II-III transition at about 2850 BCE (ref. [20], fig. 9). They originate from 343 

Areas SA-M, SA-S and the Circles Building [67] (for context descriptions, see 344 

Supplementary Table S3d). KKW contexts were distinguished by their ceramic assemblage 345 

as well as by their use of space, the presence of wattle and daub and burnished floor 346 

fragments, the presence of distinctive pot-supports (andirons) and figurines, and other, more 347 

subtle differences in material culture [12]. 348 

We analysed 21 mandibular molars: 14 caprine second molars (M2) and seven cattle (Bos) 349 

third molars (M3), comprising 250 sequential samples. Two specimens (TBY70329 – Bos; 350 

TBY9990333 – Ovis) had poor reproducibility and were excluded (Supplementary Table 351 

S3a).  352 

Caprine crown height and anterior-posterior crown diameter (dap) were recorded following 353 

Helmer [68], and K-means clustering of these measurements was used to differentiate 354 

distinction between loose first (M1) and second (M2) mandibular molars. Loose cattle (Bos) 355 

mandibular molars were assigned to tooth position following Jones [69]. Sheep and goat 356 

morphological differentiation followed Halstead et al. [70], with ambiguous specimens 357 

classified as Ovis/Capra. Only teeth with preserved enamel–root junctions and crown height 358 

>3 cm were included. 359 

360 

Sequential stable isotope analysis 361 

Cementum was removed from M2 and M3 posterior pillars using a tungsten drill bit. Teeth 362 

were cleaned, rinsed, air-dried, and enamel sequentially sampled with 1 mm diamond bits 363 

(~4–6 mg per increment). Pre-treatment followed Tornero et al. [71]: 4 h in 0.1 M acetic acid 364 

(0.1 ml/mg), five deionised-water rinses, and freeze-drying. 365 

366 

Enamel δ18O and δ13C were analysed at the Stable Isotope Facility, Cardiff University, and 367 

reported in ‰ relative to VPDB (NBS-19), calibrated using Carrara marble and standards 368 

NBS-18 and NBS-19. Samples were measured on a Thermo MAT 253 dual-inlet (Kiel IV), 369 

acidified for 5 min at 70 °C; long-term precision is 0.021‰ (δ13C) and 0.032‰ (δ18O). 370 

371 
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Sequential isotope analysis targets tooth enamel because it mineralises progressively, 372 

preserving a chronological isotopic record [72,73]. Therefore, δ13C and δ18O values reflect an 373 

integrated signal of dietary and environmental inputs during the mineralisation period [74]. 374 

375 

In caprines, M2 crown formation spans ~1–13 months [75–78], while in cattle, M3 spans 376 

~12–24 months [72,79,80]. There is a ~ 6-month delay between enamel formation and 377 

isotopic signal incorporation [72,78]. 378 

379 

Threshold δ13C values in tooth enamel  380 

Published Levantine plant δ13C values for C3 and C4 taxa were compiled to derive regional 381 

enamel cut-offs for wet-season C3, dry-season C3 and C4 diets [50,52] (Supplementary Tables 382 

S2b and S2c). Wet-season and dry-season C3 values correspond to plants sampled during 383 

October–April and May–September, respectively, following Hartman and Danin [50]. The C4384 

endmember represents a regional Middle Eastern mean and may not capture the full range of 385 

Levantine variability. Enamel δ13C values were estimated using equation and enrichment 386 

factors (ε*) of +14.1‰ for caprines [81] (Supplementary Table S2b) and +14.5‰ for cattle 387 

[82] (Supplementary Table S2c). 388 

389 

Modelling of δ18O sequences 390 

Birth seasonality was modelled following Balasse et al. [83]; specimens lacking clear 391 

sinusoidal patterns or preserved enamel–root junctions were excluded, potentially 392 

underrepresenting some birth timings. Birth seasons were inferred using modern caprine 393 

reference datasets, noting their predominantly Western European origin [83–88] (D. 394 

Frémondeau, unpublished data). 395 

396 

Statistical analysis397 

Differences between KKW-associated and Local caprines in δ18O and δ13C midpoints 398 

((minimum + maximum)/2) and intra-tooth amplitudes (maximum − minimum) were 399 

assessed using two-tailed Mann–Whitney U tests (exact P values; α = 0.05), selected because 400 

of the small sample sizes. Only specimens with clearly defined minima and maxima were 401 

included (Fig. 3). 402 

403 

404 

405 
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Data availability  406 

The original data presented in the study are openly available in the supplementary material. R 407 

codes are accessible on GitHub https://github.com/GwenMaurer-arch/Khirbet-el-Kerak-408 

Sequential-Isotopes  409 
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Figure 1. Map of Khirbet Kerak Ware (KKW) sites in the Levant. Site coordinates after 729 

Batiuk [89]. Temporal association of samples after Regev et al. [20]. Shaded areas indicate 730 

hypothetical KKW winter–spring pasture zones. The Mediterranean C3 line marks the 731 

approximate extent of C3-dominated Mediterranean vegetation, while the Badiya line 732 

represents the approximate 200 mm mean annual rainfall isohyet, commonly used to delimit 733 

the arid Badiya from wetter areas to the west. Coordinates of sites are available in 734 

Supplementary Table S1.735 

736 

Figure 2. A model of KKW and Levantine livestock herding strategies. (a) Annual 737 

husbandry calendar contrasting Local agro-integrated management (including seasonal use of 738 

post-harvest fields) with KKW seasonal use of winter pastures in a C3/C4 ecotone and 739 

summer grazing in predominantly C3 Mediterranean settings. (b) Schematic ecological 740 

gradient showing the expected direction of dietary δ13C change with increasing C4741 

availability/aridity. (c) Hypothetical stable isotope values of sequential samples of enamel 742 

bioapatite from cattle, sheep and goat molars under each strategy.743 

744 

Figure 3. Minimum, mean and maximum of sequential stable δ18O and δ13C isotope 745 

values. Only specimens with clear maxima and minima are shown: sheep (Ovis) – 746 

TBY70203, TBY702805, TBY70145, TBY70656 and TBY70168; goat (Capra) – 747 

TBY70158, TBY70444 and TBY70647; sheep/goat (Ovis/Capra) – TBY702839 and 748 

TBY70489; cattle (Bos) – TBY37, TBY702849 and TBY70316. Specimen without an icon 749 

represent sheep/goat. Panels were annotated and assembled in Adobe Illustrator V. 2026. 750 

Sheep, goat and cattle icons from Vecteezy.com.751 

752 

Figure 4. Sequential stable δ13C (red) and δ18O (black) isotope profiles plotted against 753 

distance from the root-enamel junction for caprines and cattle. The shaded δ18O envelope 754 

indicates a bootstrapped 95% confidence interval from a cosine model fit (n = 600). Axes are 755 

reversed to reflect enamel mineralization direction. Wet C3 and dry C3 are based on wet- and 756 

dry-season plant values from Hartman and Danin [50], used here to represent fresher and 757 

more water-stressed C3 forage, respectively. The figure was annotated and assembled in 758 

Adobe Illustrator V. 2026. Sheep, goat and cattle icons from Vecteezy.com. 759 

760 

Figure 5. Seasonality of sheep, goat and cattle births at Tel Bet Yerah inferred from 761 

normalised maximum δ18O values in tooth crowns (x0/X), compared with modern 762 

reference datasets [83,85–88,90] (D. Frémondeau, unpublished data). Shaded areas 763 
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indicate modern seasonal ranges; red dots show KKW specimens and black dots local 764 

specimens. Details in Supplementary Table S3c. 765 

766 

Figure 6. Sheep and goat grazing on post-harvest fields with dry C3 stubble and C4 767 

weeds in the Sulaymaniyah province, Iraqi Kurdistan. Image taken by the author in 768 

October 2023. 769 

770 

771 

772 

773 

774 

Table 1. Specimen-level summary statistics for sequential enamel δ18O and δ13C values 775 

from caprines and cattle at Tel Bet Yerah (Khirbet-el-Kerak), including minimum, 776 

mean, maximum and intra-tooth amplitude values. Tooth wear stages (TWS) are 777 

according to Grant 1982. The full sequential isotope dataset is provided in Supplementary 778 

Data S3. 779 

Specimen Taxa Tooth TWS  Phase n δ18O 
mean 

δ18O 
min 

δ18O 
max 

δ18O 
range

δ13C 
mean

δ13C 
min 

δ13C 
max 

δ13C 
range

TBY20 Ovis/capra M/2 KKW 12 3.7 2.4 5.0 2.7 -7.8 -9.6 -5.2 4.5 

TBY70145 Ovis M/2 f KKW 13 0.4 -1.7 3.6 5.3 -7.6 -10.3 -5.3 5.0 

TBY70157 Capra M/2 e KKW 12 1.6 0.5 3.5 3.0 -7.3 -10.3 -5.6 4.7 

TBY70158 Capra M/2 g KKW 9 4.0 -0.3 8.1 8.4 -9.7 -10.7 -8.9 1.9 

TBY70203 Ovis M/2 g KKW 8 4.3 1.0 6.5 5.5 -10.8 -11.5 -10.2 1.3 

TBY70444 Capra M/2 e KKW 10 2.7 -1.6 5.1 6.7 -10.8 -12.3 -9.3 2.9 

TBY70656 Ovis M/2 h KKW 9 2.4 1.8 3.1 1.3 -8.0 -9.3 -6.9 2.3 

TBY702805 Ovis M/2 g KKW 8 2.5 1.9 3.3 1.4 -8.4 -9.6 -7.2 2.4 

TBY70489 Ovis/capra M/2 g EB3 
early

11 1.9 0.2 3.2 3.0 -9.2 -11.2 -7.4 3.8 

TBY70168 Ovis M/2 g EB3 
local

9 0.9 -0.7 2.6 3.3 -8.1 -9.7 -7.1 2.6 

TBY70652 Capra M/2 f EB3 
local

9 2.2 0.2 2.3 2.2 -7.2 -8.5 -6.5 2.0 

TBY70647 Capra M/2 f EB2 
latest

14 1.7 -0.8 3.5 4.3 -10.8 -11.5 -10.3 1.2 

TBY702839 Ovis/capra M/2 EB2 
latest

14 3.8 0.9 4.8 3.8 -9.2 -10.3 -7.7 2.6 

TBY702849 Bos M/3 l KKW 14 2.6 0.5 4.1 3.6 -11.0 -11.5 -10.4 1.1 

TBY45 Bos M/3 KKW 16 -0.8 -1.6 0.5 2.1 -10.1 -10.7 -9.3 1.4 

TBY70316 Bos M/3 f KKW 12 -0.4 -1.3 0.5 1.9 -10.4 -11.3 -9.8 1.5 

TBY39 Bos M/3 EB3 
local

18 -2.2 -3.9 -0.5 3.3 -9.6 -10.1 -9.2 0.9 

TBY702827 Bos M/3 g EB2 
Late

14 0.9 -0.8 1.7 1.7 -7.9 -9.3 -6.0 3.3 

TBY37 Bos M/3 EB2 15 3.4 2.1 4.7 2.6 -9.8 -10.8 -9.1 1.7 
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