
 

 
Supplementary Materials for 

 
Subarctic climate for the earliest Homo sapiens in Europe 

 
Sarah Pederzani*, Kate Britton, Vera Aldeias, Nicolas Bourgon, Helen Fewlass, Tobias Lauer,  

Shannon P. McPherron, Zeljko Rezek, Nikolay Sirakov, Geoff M. Smith, Rosen Spasov,  
N.-Han Tran, Tsenka Tsanova, Jean-Jacques Hublin 

 
*Corresponding author. Email: sarah_pederzani@eva.mpg.de 

 
Published 22 September 2021, Sci. Adv. 7, eabi4642 (2021) 

DOI: 10.1126/sciadv.abi4642 
 

This PDF file includes: 
 

Supplementary Texts S1 to S10 
Figs. S1 to S13 
Tables S1 to S3 
References 



 

Supplementary Text 

1. Stratigraphy and chronology of Bacho Kiro Cave S

Bacho Kiro Cave is located in north-central Bulgaria in the town of Dryanovo, Gabrovo province 

(Fig. 1). The cave site was originally excavated by Dorothy Garrod in 1938 (44) and re-excavated 

by B. Ginter and J. K. Kozlowski from 1971-1975 (10) and more recently, since 2015 by a joint 

team from the Bulgarian National Archaeological Institute with Museum (NAIM-BAS, Sofia) and the 

Department of Human Evolution, Max-Planck-Institute for Evolutionary Anthropology, Leipzig, 

Germany (MPI-EVA). The archaeological sequence of the cave encompasses the late Middle 

Palaeolithic (Layer N1-K) through the early Upper Palaeolithic, with notable Initial Upper 

Palaeolithic units (here Layers N1-I & I and N1-J & J, originally Layers 11 and 11a) originally 

termed ‘Bachokirian’ (Fig. S2). 

Two excavation sectors were opened in the most recent excavation, the Main Sector and an 

additional sector in a side chamber, termed Niche 1. Layer terminology designates units in Niche 

1 with the prefix “N1-.” The deposits in the two sectors are not physically connected, as between 

them the stratigraphic sequence has been removed by previous excavations, but archaeological 

layers in the lower portion of the sequence can be correlated based on archaeological and 

geological observations (Fig. S2) (5). Based on these observations, Layers N1-H/G, N1-I and N1-J 

in Niche 1 clearly correspond to Layers G, I and J in the Main sector (5). This is also supported by 

good agreement of the 14C dates of N1-I & I and N1-J & J (6). For this reason we group samples 

from Layer I and N1-I in a single archaeological unit in this study that we designate as N1-I & I. 

Samples from the contact between two layers are grouped separately and labelled accordingly, 

for example as N1-I/J. 

The upper part of the sequence consists of a number of uncorrelated Upper Palaeolithic layers (C, 

B, A2 and A1 in the Main Sector and N1-3a and N1-3b in the Niche) followed by layers with 

undiagnostic lithic assemblages (D through F and N1-3c through N1-3e) (5). Immediately above 

the most prominent Initial Upper Palaeolithic layer (N1-I & I) sits a unit of essentially 

archaeologically sterile Layers N1-H/G and G, which are characterised by laminated sediments 

indicating a rapidly accumulated water deposition (5). The contact between Layer N1-I & I and the 

overlying layers is sharp and erosive. artefacts occur very rarely in Layers N1-G & G and N1-H and 

only in the lowermost portion. They appear to to be reworked material from the surface of Layer 

N1-I & I (5). We therefore consider material from the contact of Layer N1-H and N1-I as belonging 

to the IUP Layer N1-I & I complex and group them as such. 



 

Contact between Layer N1-J and the underlying Middle Palaeolithic Layer N1-K is gradual and was 

difficult to pinpoint during excavations. Additionally, Middle Palaeolithic artefacts made from 

coarse grained raw material (analogous to the majority of the artefacts from Layer N1-K) have 

been recovered from the lower portion of Layer N1-J. Radiocarbon dates from Layer N1-J show 

three distinct age clusters (radiocarbon dates reported in ref. (6) have been recalibrated here 

using the IntCal20 calibration curve (7) in OxCal v4.4(45)). In the lower part of Layer N1-J, two 

bones yielded ages > 51,000 BP and a second cluster of dates ranged from 48,130 - 46,030 cal 

BP (modelled age, 94.5% probability). In terms of artefacts, these lower portions of N1-J cannot be 

securely associated with either the IUP or the underlying MP. The middle and upper portion of 

Layer N1-J dates from 45,990 - 44,540 cal BP (modelled age, 94.5% probability) and is associated 

with IUP artefacts that are technologically consistent with the lithic record in the overlying Layer 

N1-I. The Layer J dates from the Main Sector are consistent with the youngest of these age 

clusters (44,990 - 44,020 cal BP modelled age, 94.5% probability). Combined with field 

observations and micromorphological indicators these dates support the conclusion that only the 

upper portion of the Layer N1-J & J complex is preserved in the Main Sector. The radiocarbon 

dates for Layer N1-J & J and N1-I & I, the techno-typological characteristics, and the increase in 

artefact density from N1-J & J to N1-I & I support the interpretation that the IUP occupation began 

during the formation of Layer N1-J & J and intensified in Layer N1-I & I, representing a relatively 

continuous human presence in the cave. This places the beginning of the IUP at Bacho Kiro most 

likely around 45,990 cal BP (95.4% probability). 

The Middle Palaeolithic Layer (N1-K) forms the base of the stratigraphic sequence in the cave, but 

in the new excavations is only present in the Niche 1 sector. All five radiocarbon dates from this 

layer are older than 51,000 BP (beyond the radiocarbon range) (6). OSL dates on the fine grain 

fraction from Layer N1-K have so far yielded an age 61 ± 6 ka (see Supplementary Text S2). As the 

geological observations in the cave suggest that the Layer K sediments originate from further 

inside the cave, sediments are likely to have been recycled to some extent inside the cave and 

the OSL dates should therefore be regarded as a maximum age. This means that the age of Layer 

N1-K is constrained between this date of 61 ± 6 ka and the 14C dates of > 51,000 BP. These dates 

place the Middle Palaeolithic at Bacho Kiro as most likely falling into early MIS 3 or possibly late 

MIS 4. 



 

 Luminescence dating S2.

To obtain chronological information on the depositional age of Layer N1-K, optically stimulated 

luminescence was applied to the 4-11 microns polymineral fraction. This layer extends beyond 

the range of the radiocarbon method (> 51,000 BP), but luminescence dating (46) provides the 

opportunity to cover a time range going back several 100 ka (e.g. 47). Sample preparation was 

undertaken at the luminescence laboratory within the Department of Human Evolution at the Max 

Planck Institute for Evolutionary Anthropology in Leipzig (MPI-EVA). It included the common steps 

of chemical treatment (10 % HCL; sodium oxalate and 15 % H2O2) and centrifuging. 

Luminescence measurements were conducted on a Risø TL-DA-20 reader equipped with a beta 

source (dose rate = 0.19 Gy/s) and IR emitting diodes (870 nm) for feldspar stimulation. For De-

measurements, the pIRIR290 approach (48, 49) was used, stimulating the feldspar signal at an 

elevated temperature after bleaching the IR50 related electron traps. This signal is known to be 

characterized by a stable luminescence emission (50) and mostly avoids the correction for 

anomalous fading. The latter would lead to an age underestimation if not accounted for properly 

(51). The luminescence signal was recorded using a D410 filter allowing to detect the blue-violet 

emission. Prior to the De-measurements, the protocol was tested for its reproducibility using a 

dose recovery test, which successfully recovered the given dose with a ratio of 1.03 ± 0.02. As 

quality criteria, only aliquots showing a recycling ratio deviation < 10 % from unity and a 

recuperation value < 5 % were accepted. Fading measurements were applied for 6 aliquots and 

the pIRIR290-related g-values was at 1.3 ± 0.2 highlighting that fading has only a negligible effect 

for sampled material from Bacho Kiro. Calculating an age using luminescence dating also requires 

the evaluation of the dose rate mainly defined by the activity of 238U, 232Th and 40K within the 

sediment-unit of interest. Therefore, high resolution gamma spectrometry was applied at the 

Felsenkeller laboratory (VKTA) in Dresden. The obtained nuclide concentrations are listed in Table 

S1. A water content of 16 ± 10 % was used to account for dose rate attenuation by moisture. The 

high error was chosen with respect to significant potential fluctuations of the moisture in Layer 

N1-K over the relevant geological time-scale. To consider the alpha efficiency, an a-value of 0.086 

± 0.004 was used (52). The pIRIR290 luminescence age estimate obtained from Layer N1-K points 

to a deposition of the sediments at 61 ± 6 ka. As there is indication for sediment reworking inside 

the cave system, this age should be interpreted as a maximum age. Nevertheless, a significant 

age overestimation can be excluded keeping in mind the radiocarbon-chronology from the 

capping units (see Supplementary Text S1). 



 

 Faunal assemblage S3.

Bone surface modifications 

The relative frequency of human modifications of bone fragments compared to modifications 

made by carnivores gives an indication of the origin and formation process of the Bacho Kiro Cave 

faunal assemblage. In the IUP Layer N1-I & I as well as at the contact between N1-I and N1-J/J and 

I (grouped as N1-I/J & I/J), human modifications clearly dominate the modified bone fragments, 

with very few carnivore marks present (Fig. S3). In Layer N1-J & J carnivore modifications become 

more frequent, occurring at the same frequency as human modifications throughout this layer. 

This suggests that the IUP faunal assemblage, particularly in Layer N1-I & I and the contact to 

Layer N1-J & J is of anthropogenic origin. This means that the stable isotope results generated in 

this study can be directly tied to environmental conditions that persisted during human activity at 

Bacho Kiro Cave. However, for the main part Layer N1-J & J (except the contact with Layer N1-I & 

I), the contact between N1-J and N1-K (N1-J/K), as well as Layer N1-K, this is no longer securely 

the case. Carnivore modifications in these units occur with the same or higher frequency than 

human modifications and it therefore cannot be clearly determined if faunal remains from these 

layers originate from prey of humans or carnivores. The stable isotope results from these layers 

are therefore not necessarily specifically tied to the time of human occupation of the cave, but 

have to be interpreted as generally representative of the time of layer formation, which occurred 

between 61 ± 6 ka ago and 51 ka BP (infinite radiocarbon age). 

Season of death 

As temperatures fluctuate seasonally the seasonality of site use can be a key factor in our 

understanding of the climatic conditions that humans experienced at an archaeological site. In 

the case of Bacho Kiro Cave, oxygen isotope analysis of equid and Bos/Bison tooth enamel shows 

that, despite very low mean annual and winter temperatures, summer temperatures were still 

reasonably high, particularly in Layer N1-J and the contact between N1-J and N1-I (N1-I/J). It is 

therefore of particular interest, whether humans were present at the site also during the colder 

parts of the year. Information on seasonality of site use can be obtained by determining the 

season of death of human prey animals based on age data from epiphyseal fusion and tooth 

development and wear. The analysis of season of death for the Bacho Kiro Cave faunal 

assemblage is still ongoing, but preliminary pilot data from a small number of equid, Bos/Bison, 

and bear individuals suggest that at least some animals were hunted during the colder parts of 

the year. Ursids are included, as bear remains from the cave (particularly in Layer N1-I & I) 

commonly exhibit butchery marks, indicating that they were hunted by humans (5). In the IUP 



 

layers (N1-I & I and N1-J & J) seasons of death include spring (equid dP4, Bos/Bison M2 tooth 

wear), spring/summer (equid dI2), autumn/winter (2 unfused equid phalanges), winter (ursid 

canine tooth wear) and winter/spring (Ursid M1 germs). In Layer N1-K the tooth wear of a 

Bos/Bison M2 suggests death during the winter, although it should be noted that the faunal 

assemblage of this layer constitutes a mixture of anthropogenic and carnivore deposition. These 

data suggest that for the IUP there was at least some human presence at Bacho Kiro Cave during 

the colder parts of the year, despite the low temperatures reconstructed for these seasons. Given 

the limited nature of the season of death data, however, it is currently not possible to say 

whether intensity or frequency of site use differed between seasons. 

 Oxygen isotopes of tooth enamel as a palaeotemperature proxy S4.

Oxygen isotope delta values (𝛿18O) of bioapatite - the mineral portion of teeth and bones - of 

obligate drinking terrestrial animals can be used to reconstruct past air temperatures. This is 

based on two relationships that together form the basis of bioapatite 𝛿18O as a temperature 

proxy. 1) There exists a strong linear relationship between temperature and 𝛿18O in precipitation 

(𝛿18Oprecip) and most surface water in mid- to high latitudes (53–58), where low 𝛿18O correspond to 

low temperatures and high 𝛿18O values represent higher temperatures. 2) Animals that regularly 

drink large amounts of open water (such as aurochs/bison, horses or mammoths) record the 

oxygen isotopic composition of surface water that they consume in the oxygen isotopic 

composition of tooth and bone bioapatite (59–62). In combination, these two effects enable the 

reconstruction of palaeotemperatures using faunal skeletal remains. In this study we specifically 

use the oxygen isotope composition of tooth enamel bioapatite phosphate (𝛿18Ophos), which is 

most resistant to diagenetic changes. 

Oxygen isotope delta values can be compared directly between layers or groups to draw 

inferences on relative changes in seasonality (summer to winter differences) or temperature 

(warmer vs colder, more seasonal vs less seasonal). However, for comparisons of different 

species or with other climatic proxies, a conversion to reconstructed drinking water 𝛿18O (𝛿18Odw) 

or temperature is necessary (see Supplementary Text S8). This conversion to palaeotemperatures 

relies on formalised versions of the linear relationships between temperature and 𝛿18Oprecip, as 

well as between 𝛿18Odw and 𝛿18Oenamel (15, 37, 60, 61, 63–66). 

While the temperature effect on 𝛿18Oprecip is pronounced in mid- to high latitudes, other effects 

can impact 𝛿18Oprecip and 𝛿18Oenamel (67). This means that assumptions of the palaeotemperature 

proxy model have to be tested and potential interfering effects have to be reasonably excluded in 



each study-setting to confirm the use of 𝛿18O as a temperature proxy. Firstly, the use as a 

temperature proxy relies on the assumption that studied animals drink relatively large amounts of 

water and that this water generally reflects 𝛿18Oprecip. Large Bovidae such as cattle or Bison as 

well as equids such as horses are obligate drinkers and have a very limited ability to meet a 

substantial portion of their large water requirements from other sources such as water contained 

in food (68–75). In modern-day settings these taxa have been reported to regularly consume 

large quantities of drinking water across diverse environmental settings (68–71, 73, 75) and their 

𝛿18Oenamel has consequently been shown to be strongly tied to 𝛿18O of local precipitation (65, 76–

80). Considering the metabolic constraints on water requirements and the lack of variability in 

drinking behaviour across modern ecosystems in these taxa, we feel that it is reasonable to 

assume a similar drinking behaviour in the Upper Pleistocene. 

The second fundamental assumption regarding the relationship between 𝛿18Odw and 𝛿18Oprecip is 

necessary, as the relationship between temperature and 𝛿18O is established using modern 

measurements of 𝛿18Oprecip. And indeed, most open water sources relatively closely reflect 

𝛿18Oprecip (81). However, this is not the case for all water bodies, and therefore regionally 

available water sources in the study region need to be examined with this in mind. Water sources 

that commonly can be significantly isotopically decoupled from local precipitation are deep 

groundwaters, large rivers, and large lakes, due to effects of water transport, water residence 

time and evaporation (82–84). Substantial water consumption from highly evaporated lakes would 

cause animals to exhibit high 𝛿18Oenamel values, which is in contrast to the uncommonly low 

oxygen isotope values of the animals from Bacho Kiro Cave measured in this study. Combined 

with the absence of large lakes in the vicinity of the site, substantial consumption of evaporated 

lake water is unlikely. This leaves the possibility of river or groundwater consumption. Bacho Kiro 

Cave is located at 335 m a.s.l. and is situated directly above the small stream of the Andaka river, 

which flows into the Dryanovo river (also called the Dryanovska river) in immediate proximity to 

the cave. Both rivers are relatively small, and therefore are most likely isotopically representative 

of local precipitation in the catchment with relatively little potential for strong buffering or time 

averaging effects (82, 83). In the absence of isotopic measurements from these rivers, we can 

therefore use precipitation oxygen isotope delta values to estimate how strongly these rivers are 

likely to isotopically deviate from precipitation in the vicinity of Bacho Kiro Cave. The Dryanovo 

river originates at 980 m a.s.l. and flows into the Belitsa river close to the town of Debelets, 

approximately 25 km northeast of Bacho Kiro Cave (85). The drainage basin has an average 

elevation of 667 m a.s.l.(86) The estimated 𝛿18Oprecip value for the Dryanovo river origin is -10.6 ± 

0.4 ‰, ranging from -14.7 ‰ in winter to -4.9 ‰ in summer (87). Local precipitation at Bacho 



 

Kiro Cave is estimated to have a 𝛿18Oprecip of -9.0 ± 0.3 ‰, ranging from -13.2 ‰ in winter to -3.9 

‰ in summer (87). This means that an oxygen isotopic difference of no more than approximately 

1 - 1.5 ‰ is expected between local precipitation at Bacho Kiro Cave and the river water of the 

Dryanovo river. Animals drinking mostly from the Dryanovo river would have artificially slightly 

lowered 𝛿18Oenamel values, leading to a slight underestimation of palaeotemperatures. However, 

this temperature underestimation would at most only be approximately 2.5 °C, which falls within 

the range of uncertainty of the palaeotemperature reconstructions made in this study. For the 

Initial Upper Palaeolithic layers, raising the palaeotemperature estimates by 2.5 °C would still 

result in temperature estimates that are consistent with a pronounced cold phase. The larger 

Yantra river could also potentially have served as a water source, flowing ~ 10 km west of Bacho 

Kiro Cave. 𝛿18Oprecip at the source of the Yantra river is estimated to be -11.4 ± 0.5 ‰, 2.4 ‰ 

lower than precipitation at Bacho Kiro Cave (87). This would mean a slightly larger maximum 

possible temperature bias of ∼ 5 °C. Nonetheless, elevating the reconstructed temperatures by 

this amount would result in reconstructions that still fall within the temperature variability of 

Upper Pleistocene cold phases (22). Additionally, it should be considered that this constitutes an 

estimate of maximum possible isotopic difference between the river and local precipitation at 

Bacho Kiro Cave. Given that precipitation from the complete catchment up to the Dryanovo area - 

which has an average elevation of 545 m a.s.l.(86) - contributes to the river water, the actual 

isotopic difference to local Dryanovo precipitation is most likely significantly smaller. It should 

also be noted that, given the larger size of the Yantra river and the spring and summer 

contribution from snowmelt to this river (86), animals drinking from this river would be expected 

to show a significantly reduced seasonal amplitude in 𝛿18O, which is not the case (see 

Supplementary Text S6). Another drinking water source that could result in artificially lowered 

temperature reconstructions would be springs fed from old groundwater, formed during a colder 

time period. However, such groundwaters have by definition a very long residence time, and are 

seasonally completely or almost completely invariable (82, 88–90). Animals regularly consuming 

such spring water would therefore also be expected to show no seasonal sinusoidal 𝛿18O curves, 

which is not the case in this study. This makes a bias on temperature reconstructions from 

groundwater consumption unlikely. We therefore conclude that animals using precipitation-

decoupled drinking water sources is either unlikely in some cases or of negligible isotopic 

magnitude in other cases and would not change the conclusions made in this study, supporting 

the use of 𝛿18Oenamel as a temperature proxy. 

An additional consideration in the use of 𝛿18Oenamel to obtain palaeotemperature estimates is the 

variability in the exact relationship between 𝛿18Oprecip and air temperature. For 



 

palaeotemperature reconstruction, this relationship is established using modern-day calibration 

data (see methods in Supplementary Text S8) under the assumption that this relationship remains 

sufficiently stable throughout the archaeological time scales that are considered. However, some 

variability in the 𝛿18Oprecip - air temperature relationship is known to be caused by differences in 

atmospheric circulation and is, for instance, visible in modern measurements as variability 

depending on geographic location (81, 91, 92). This means that air temperature reconstruction 

therefore needs to assume a certain degree of equivalency in atmospheric circulation between 

modern-day calibration data sets and past environments. Modern-day spatial variations in this 

relationship are relatively minor and the slopes of 𝛿18Oprecip-temperature regressions are overall 

spatially relatively robust (58, 81, 91–94), indicating that the 𝛿18Oprecip-temperature relationship is 

stable under moderate circulation changes. Pleistocene data that allow the characterisation of the 

𝛿18Oprecip-temperature relationship are scarce, but simulations suggest relatively limited changes 

in atmospheric circulation and oxygen isotope data for Pleistocene precipitation compared with 

temperature estimates from a variety of proxies show little variability in the isotope-temperature 

relationship in the Upper Pleistocene compared to modern slope estimates (63, 66, 89, 95, 96). 

For instance, 𝛿18O measurements of Pleistocene groundwaters from Switzerland indicated a 

𝛿18Oprecip-temperature slope of 0.497 compared to a modern-day slope of 0.44 (63). The effects of 

variability in the 𝛿18Oprecip-temperature relationship on palaeotemperature reconstruction can also 

to some degree be numerically incorporated during the calculation of palaeotemperature 

estimates by using modern-day calibration data from a range of localities with different 

circulation regimes (97), which we have specifically done in this study (see Supplementary Text 

-day 𝛿18Oprecip-temperature 

relationships can be applied to the Upper Pleistocene is sufficiently met. 

S8). We therefore conclude that the assumption that modern

 Oxygen stable isotope extended methodology S5.

Sequential tooth enamel samples were obtained as cut strip samples similar to methods 

described in ref.(98), by first removing a ca. 0.5 cm wide section of a tooth loph covering the 

complete crown height. These sections were then cleaned and the adhering dentine removed to 

isolate the tooth enamel using surface abrasion with a tungsten carbide burr attached to a dental 

drill. The resulting clean sections of tooth enamel were then sectioned into a series of ~ 1 mm 

wide sequential sample strips. Sample strips commonly have dimensions of 1 mm in length and 5 

mm width and they incorporate the complete depth of the tooth enamel layer. Usually every third 

strip sample was further processed for oxygen isotope analysis, resulting in series of sequential 

samples with ~ 2mm gaps between samples. Each strip that was chosen for oxygen isotope 



analysis was first snapped in half and the other half reserved for strontium isotope analysis. 

These tooth enamel strip pieces were then ground to powder using an agate mortar and pestle for 

further processing for oxygen stable isotope analysis. 

Tooth enamel powders were converted to silver phosphate (Ag3PO4) for oxygen isotope 

measurements of bioapatite phosphate following an adapted version of the rapid precipitation 

procotocol developed in ref.(30) and modified in ref.(31) as described in ref.(32). Approximately 5 

mg of tooth enamel powder of each sample were weighed into 2 mL Eppendorf microcentrifuge 

tubes. To digest bioapatite samples and remove calcium from the resulting solution, samples 

were agitated in 0.4 mL of 2 M hydrofluoric acid (HF) for 24 hours. The phosphate containing 

solution was isolated from calcium fluoride (CaF2) precipitate by pipetting to a new clean 

microcentrifuge tube after centrifugation (12000 rpm for 5 Min). To maximise phosphate recovery 

the CaF2 precipitate was washed once with 0.1 mL MilliQ ultrapure water and the wash added to 

the phosphate containing solution. The sample solution was then brought to neutrality as 

indicated by the colour change point of Bromthymolblue indicator using 25% ammonia solution 

(NH4OH). 60 𝜇L of NH4OH were first added to each sample using an automatic pipette and each 

solution then slowly titrated to the colour change point (yellow to green) using individual drops of 

NH4OH added with a 100 𝜇L Hamilton Microliter fixed needle syringe (Hamilton Bonaduz AG, 

Switzerland). From the neutralised solutions, Ag3PO4 was crash precipitated by addition of 0.4 mL 

2 M silver nitrate (AgNO3) solution. The resulting precipitate was pelleted by centrifugation 

(12000 rpm for 5 Min) and the silver nitrate supernatant removed. The silver phosphate was then 

washed three times with MilliQ ultrapure water using centrifugation and vortex mixing steps 

between rinses to eliminate any silver nitrate from the sample. Silver phosphate samples were 

then dried over night at 50 °C and stored over desiccant until further analysis. 

Oxygen isotope delta measurements of Ag3PO4 were conducted using a high temperature 

elemental analyser (TC/EA) coupled to a Delta V isotope ratio mass spectrometer via a Conflo IV 

interface (Thermo Fisher Scientific, Bremen, Germany) at the Max-Planck-Institute for 

Evolutionary Anthropology (MPI-EVA). Approximately 0.5 mg of each silver phosphate sample was 

weighed into cleaned silver capsules (3x4 mm, IVA Analysentechnik, Meerbusch, Germany) and 

introduced to the TC/EA using a Costech Zero Blank Autosampler (Costech International, Cernusco 

sul Naviglio, Italy). Conversion to CO was achieved using a reactor temperature of 1450 °C and 

gases separated using an Eurovector E11521 1.4 m x 4 mm x 6 mm stainless steel GC column 

with 80/100 mesh 5 Å molecular sieve packing (Eurovector Instruments & Software, Pavia, Italy) 

maintained at 120 °C with a carrier gas pressure of 1.3 bar. Samples were measured in triplicate, 



 

but in rare cases individual measurements were rejected if they did not meet quality control 

criteria such as appropriate peak area to sample amount relationship. In such cases 𝛿18O are 

therefore only based on two replicates. 

Oxygen isotope delta values were two-point scale normalised to the VSMOW scale using matrix 

matched standards calibrated to international reference materials and scale normalisation was 

checked using three separate quality control standards. Scale normalisation was conducted using 

the B2207 silver phosphate standard (𝛿18O = 21.7 ± 0.3 ‰, 1 s.d.; Elemental Microanalysis, 

Okehampton, UK) and an in-house silver phosphate standard (KDHP.N, 𝛿18O = 4.2 ± 0.3 ‰, 1 

s.d.). This in-house standard was obtained by equilibrating a KH2PO4 solution with Leipzig winter 

precipitation at ca. 140 °C for several days, after which the solution was neutralised using a small 

amount of NH4OH and the phosphate precipitated as silver phosphate by addition of AgNO3 

solution. The accepted value of this in-house standard was determined by two-point calibration 

using B2207 and IAEA-SO-6 (barium sulphate, 𝛿18O = -11.35 ± 0.3 ‰, 1 s.d.(33)). 

Aliquots of an in-house modern cow enamel standard (BRWE, later replaced by BRWE.2 due to 

exhaustion of this material) and the standard material NIST SRM 120c (formerly NBS 120c) were 

precipitated and measured alongside each batch of samples to ensure equal treatment. 

Additionally, a commercially available silver phosphate (AS337382, Sigma Aldrich, Munich, 

Germany) was used as a third quality control standard to check across-run consistency of scale 

normalisation independent of silver phosphate precipitation. Measurements of these standards 

gave 𝛿18O values of 14.9 ± 0.4 ‰ for BRWE (1 s.d., n = 53), 21.7 ± 0.5 ‰ for NIST SRM 120c (1 

s.d., n = 37) and 13.9 ± 0.2 ‰ for AS337382 (1 s.d., n = 159). This compares well to the 

consensus value for NIST SRM 120c of 21.7 ‰ (34), as well as the long-term averages for BRWE 

of 15.2 ± 0.3 ‰ and for AS337382 of 14.0 ± 0.3 ‰. The BRWE.2 standard used in the later part 

of the study to replace the BRWE standard gave a mean of 14.3 ‰ with a between-run 

reproducibility of 0.3 ‰ (1 s.d., n = 17). Samples were usually measured in triplicate and average 

reproducibility of sample replicate measurements was 0.3 ‰. Consecutive analysis of sets of 

standards with widely spaced isotopic value showed no detectable memory effect and 

consequently no memory effect correction was used. No effect of the blank, of the sample 

amount, or peak height on the results was observed and consequently no blank correction or 

linearity correction was used. If drift across the course of a run was detected in the quality control 

standard AS337382, a linear drift correction based on the drift of both normalisation standards 

was used, and checked with the quality control standard. 



 

 Oxygen isotope time series S6.

When using tooth enamel, a time dependent series of 𝛿18O values with sub-annual resolution can 

be obtained by employing a serial sampling approach. As tooth enamel incrementally forms from 

the crown to the root and is essentially biologically inert after its formation (99, 100), a series of 

small samples can be taken along the tooth growth axis to obtain a time dependent series of 𝛿18O 

measurements. This time series covers the time of tooth formation, which is usually several 

months to over a year in Bos/Bison and one year to 1.5 or 2 years in equids such as horses and 

donkeys, depending on the tooth type and tooth wear (42, 43, 101). In this study, for Bos/Bison a 

mixture of second (M2) and third molars (M3) were used, which - in extant bison - mineralise from 

the two months to 14 months of age (M2) and from 9 months to 2 years of age (M3) respectively, 

covering approximately one year and 1.3 years of isotopic input in their unworn state (43). Tooth 

wear can, however, substantially reduce the amount of isotopic input preserved on the remaining 

tooth crown, as earlier forming portions of the tooth are removed. Equid teeth used in this study 

are comprised of second, third and fourth premolars (P2, P3 and P4) as well as second and third 

molars (M2 and M3). In extant horses these teeth mineralise on average from 7 to 37 months 

(M2), from 13 to 31 months (P2), from 14 to 36 months (P3), from 19 - 51 months (P4) and from 

21 to 55 months of age (M3)(42). In their unworn state these teeth consequently record between 

1.5 years (P3) and nearly 3 years (M3 and P4) of isotopic input. First molars were not included, as 

they mineralise during consumption of mothers’ milk, which impacts 𝛿18O of tooth enamel. 

Second molars in both Bos/Bison and equids can start mineralising in the late phases of nursing, 

however these early forming portions of the tooth are usually not preserved in worn teeth. As only 

teeth with a reasonable amount of wear were used in this study, an effect of nursing on our 𝛿18O 

results is unlikely. Indeed, the Bos/Bison second molars used here both preserve less than 6 

months of isotopic input, while the single equid second molar (AA7-121) preserves approximately 

1.5 years out of 2.5 years of total mineralisation time (Fig. S4). 

Due to the seasonal temperature related variability in surface water consumed by these animals, 

extracted time series of 𝛿18O values commonly display a sinusoidal shape with peaks indicating 

the summer season and troughs the winter season (101, 102). Such 𝛿18Ophos time series with a 

discernible sinusoidal shape with summer (high temperature) peaks and/or winter (low 

temperature) troughs are detectable for the majority of studied teeth (Fig. S4). Three Bos/Bison 

teeth (AA7-141, AA8-334 and AA7-2017) do not record a clearly visible peak or trough, due a 

combination of to the short amount of time preserved along the tooth and the timing of birth and 

tooth mineralisation. These teeth were therefore not used for further analysis of summer, winter 

or mean annual 𝛿18Ophos values or temperatures. In contrast, a number of Equus sp. teeth (such 



 

as CC7-2478) record up to two complete annual cycles, enabling the extraction of several 

measurements for summer/winter climatic conditions. An overview of all individual 𝛿18Ophos 

measurements obtained for this study can be found in Table S2. Summer peak and winter trough 

values were determined by visual inspection of sinusoidal 𝛿18Ophos time series, and locations are 

marked on each curve in Fig. S4. These values were used as summer and winter 𝛿18Ophos values, 

that are shown in the main text Figure 1. 

 Oxygen isotope inverse modelling S7.

Oxygen isotope time series from sequentially sampled tooth enamel are necessarily impacted in 

their shape by a certain amount of time averaging of the 𝛿18O signal. This is due to the extended 

and complex nature of enamel formation where mineral, and therefore isotopic, input is added at 

several stages that mostly leave no visible incremental tissue structures that could be discretely 

sampled. Therefore, the sampling geometry cannot capture discrete time periods of isotopic input 

and thus homogenises a certain amount of isotopic input into the same sample. This means that a 

sample series is a significantly time-averaged representation of the original isotopic input into 

animal tooth enamel (59, 103–108). This results in a predictable decrease of the amplitude 

(damping) and an offset in the position of peaks and troughs of the sinusoidal 𝛿18O curve 

recorded in each tooth, which needs to be corrected before faithful absolute seasonal 

temperatures can be reconstructed (38, 106–111). If a consistent sampling strategy is used, a 

correction is not necessary for a relative comparison within the same species (and ideally the 

same tooth type), as the amount of time-averaging is approximately consistent between all 

studied teeth. 

To correct for this damping effect on the amplitude of intratooth 𝛿18O profiles, an inverse 

modelling procedure using an adapted version of code published in ref.(38) was employed to 

reconstruct the original 𝛿18O input time series. This approach estimates the original 𝛿18O input 

into tooth enamel by inverse modelling the time-averaging introduced through the sampling 

procedure by taking into account the sampling geometry and species-specific parameters of 

enamel formation. A detailed description of the modelling procedure with associated code can be 

found in ref.(38) It should be noted that this inverse model was originally developed for ever-

growing teeth and does not take into account the slowing of enamel growth towards the enamel-

root-junction (ERJ) seen in some molars of large ungulates, particularly horses (109, 112). 

However, while such considerations have been used to develop updated inverse models for sheep 

(110), no such model is currently available for horses or cattle/bison and several of the 



fundamental enamel mineralisation parameters necessary for such a model are unknown for 

these species. For horse molars but not premolars, a model has been developed to adjust 𝛿18O 

profiles for the x-axis shifts caused by the slowing of tooth growth (109), but this model does not 

include any adjustments to the 𝛿18O amplitude. As we sampled a number of premolars in this 

study, we did not employ this model here. Due to all these factors, the amplitudes of 𝛿18O input 

that are reconstructed here likely represent minimum amplitudes, particularly for horse samples. 

Enamel formation input parameters were chosen to reflect Bos/Bison or Equus caballus 

amelogenesis following values given in ref.(107), ref.(106) and ref.(103). For Bos/Bison, initial 

mineral content of enamel was set at 25% , enamel appositional length as 1.5 mm, and 

maturation length as 25 mm. For Equus sp. initial mineral content of enamel was set to 22%, 

enamel appositional length as 6 mm, and maturation length as 28 mm. Additionally, sample input 

variables were given for distance between samples and sample depth. During the modelling 

procedure a damping factor describing the damping of the isotopic profile amplitude needs to be 

chosen using an adjustment of a measured error term (Emeas) to the prediction error (Epred). The 

adjusted damping factors determined for the specimens analysed here fell between 0.01 and 

0.11. Graphical representations of the modelled 𝛿18O input time series can be found in Fig. S13. 

The most likely model solutions were used to extract corrected summer peak and winter trough 

𝛿18O values. Modelled summer and winter values were extracted in the 𝛿18O profile locations that 

correspond to peaks and troughs in the original unmodelled 𝛿18O profile. This was done to avoid 

using abrupt spikes, or artificially added ‘peaks’ and ‘troughs’ in 𝛿18O profiles that did not 

originally show a clear seasonal peak or trough. Such model artefacts can be produced in 𝛿18O 

profiles that do not have a sinusoidal shape, as the model presupposes a sinus curve shape (38). 

The extracted modelled summer peak and winter trough values were used as the input to 

generate summer and winter 𝛿18Odw values as well as summer and winter absolute temperatures 

(see Supplementary Text 8). Mean annual 𝛿18O values were computed directly from raw 𝛿18Ophos 

values rather than from model corrected curves. If a systematic sampling geometry is applied, 

the inverse model essentially symmetrically extends the amplitude of the sinusoidal 𝛿18O curve, 

making little changes to the average 𝛿18O of an annual cycle. We therefore use annual averages 

from 𝛿18Ophos values directly to avoid the impact of uncertainty on the model output inflating the 

error ranges on 𝛿18Odw and palaeotemperature estimates. A detailed comparison of modelled and 

unmodelled annual averages can be found in Supplementary Text S8. 



 

 Methods for the conversion to drinking water 𝜹18O and air temperature S8.

While raw 𝛿18Ophos values of individuals from different layers can be used to examine temperature 

change through time in a relative manner, a conversion to oxygen isotope values of drinking 

water (𝛿18Odw) and/or absolute temperatures is necessary to compare results from different taxa 

or with different types of palaeotemperature records and modern-day climates. At the same time 

we use conversions to 𝛿18Odw to assess whether the two taxa analysed in this study 

(aurochs/bison and Equus sp.) yield comparable oxygen isotope results. The assumptions and 

prerequisites for using faunal enamel oxygen isotope delta values as a temperature proxy are 

discussed in Supplementary Text S4. 

The conversion to 𝛿18Odw and air temperature relies on the empirically defined linear relationships 

between temperature and precipitation 𝛿18O (𝛿18Oprecip) as well as between 𝛿18Odw and animal 

tooth enamel 𝛿18Ophos (15, 37, 60, 61, 63–66). These relationships can be formalized in regression 

equations and inverted to yield 𝛿18Odw and air temperature from tooth enamel 𝛿18O. Both the 

regression procedure and inversion can be accomplished using different statistical approaches 

(37, 64). In this study we employ an inverted forward regression approach, where each regression 

line is established in the original causal direction and the resulting equation is then inverted to 

yield 𝛿18Odw from tooth enamel 𝛿18O and temperature from drinking water/precipitation 𝛿18O, 

following methods in ref.(37) (see below). Individual estimates for 𝛿18Odw are pooled for each 

archaeological layer to yield an average temperature estimate for each layer with compound 

uncertainty. Compound uncertainties for layer temperature estimates are computed also 

following methods in ref.(37) and are used in order to quantify the propagated uncertainties 

incurred through both regression steps. All calculation steps for each conversion and uncertainty 

estimation can be found in the temperature conversion excel work sheets in the associated OSF 

online data repository. These excel sheets constitute filled out versions of the excel template 

published in ref. (37). 

Enamel 𝛿18Ophos to 𝛿18Odw regression lines used in this study were established using published 

data from bison (65) and cattle (76) for Bos/Bison values and data from horses published in 

refs.(77, 80, 111, 113) for Equus sp., which can be found in the associated data files and is 

plotted in Fig. S12. Using these data the relationship between 𝛿18Ophos to 𝛿18Odw is obtained via 

least squares regression as 

𝛿18O𝑝ℎ𝑜𝑠 = 0.85 ⋅ 𝛿18O𝑑𝑤 + 22.13 

for Bos/Bison, and as 



 

𝛿18O𝑝ℎ𝑜𝑠 = 0.87 ⋅ 𝛿18O𝑑𝑤 + 22.14 

for Equids. Following ref.(37), these equations are then inverted to predict 𝛿18Odw from 𝛿18Ophos as 

𝛿18O𝑑𝑤 =
𝛿18O𝑝ℎ𝑜𝑠 − 22.13

0.85
 

for Bos/Bison, and as 

𝛿18O𝑑𝑤 =
𝛿18O𝑝ℎ𝑜𝑠 − 22.14

0.87
 

for Equids. 

A calibration data set for air temperature to 𝛿18Oprecip was compiled using data from GNIP 

measurement stations (18) with a sufficient number of 𝛿18Oprecip measurements (usually > 5 years 

for each monthly average) from Eastern, Southeastern, Central and Northern Europe and 

countries surrounding the Black Sea. In regions with sparse GNIP data, some stations with less 

than 5 years of measurements were included. The region from which GNIP data was sourced was 

deliberately chosen to be relatively large in order to cover a wide range of 𝛿18Oprecip values and 

avoid calibrating archaeological values using extrapolated regions of the 𝛿18Oprecip to temperature 

regression line (Fig. S10). This large geographic range of calibration data stations was also 

specifically chosen to account for the small spatial differences in the slope of the 𝛿18Oprecip-

temperature regression, which is caused by differences in atmospheric circulation between 

locations (58, 81, 91–94). By including calibration data from a relatively large geographic area, 

such differences are included in the uncertainty around the palaeotemperature estimates, as they 

will impact the uncertainty of the regression coefficients. This approach is conceptually similar to 

the approach taken in ref.(97), who manually conducted several temperature conversions based 

on calibration data sets from different locations. It should be noted that unfortunately no data 

specifically from Bulgaria could be included, as Bulgaria does not have a GNIP station that 

measures 𝛿18Oprecip. As the slope of the temperature effect on 𝛿18Oprecip is known to differ 

seasonally,(93, 94, 114) separate calibration data sets were used for summer, winter, and mean 

annual temperature conversions, which comprise data from 108, 107 and 78 stations respectively 

(see Fig. S11 for graphs of each temperature - 𝛿18Oprecip regression). This also enables the 

temperature reconstructions to account for the differences in the amount of uncertainty in the 

temperature - 𝛿18Oprecip regression between different seasons (Fig. S11). For summer and winter 

conversions, data from the warmest (commonly July or August) and coldest month (commonly 



 

January or December) respectively were used. For mean annual temperature conversions, long-

term mean annual averages as reported in the GNIP data base were used. 

The least squares regression of the 𝛿18Oprecip-air temperature calibration data sets yields 

𝛿18O𝑝𝑟𝑒𝑐𝑖𝑝 = 0.83 ⋅ 𝑇 − 11.52 

for the coldest months, 

𝛿18O𝑝𝑟𝑒𝑐𝑖𝑝 = 0.49 ⋅ 𝑇 − 13.76 

for mean annual temperature and 

𝛿18O𝑝𝑟𝑒𝑐𝑖𝑝 = 0.59 ⋅ 𝑇 − 14.2 

for the warmest month. These equations are inverted analogously to the 𝛿18Ophos - 𝛿18Odw 

relationships to estimate palaeotemperatures from precipitation oxygen isotopic compositions. 

The two calibration steps are then combined to yield the complete conversion from tooth enamel 

𝛿18Ophos to air temperature. The uncertainty of the final palaeotemperature estimate is therefore 

a compound uncertainty of the uncertainty of both conversion steps, where the uncertainty of the 

first regression needs to be propagated through the second regression step. Following error 

estimation in ref.(37), using a calibration data set containing a random sample of n values (𝑥𝑖, 𝑦𝑖) 

the uncertainty of the 𝛿18Odw estimate for a 𝛿18Ophos input value of 𝑥 = 𝑥0 (𝛿𝑥0) is estimated as 

𝛿𝑥0 =
𝑠𝑦/𝑥

𝑎
⋅ √

1

𝑚
+
1

𝑛
+

(𝑦0 − 𝑦)2

𝑎2∑(𝑥𝑖 − 𝑥)2
 

, where 𝑠𝑦/𝑥 is an estimate of the standard deviation of the natural sample variability, 𝑎 is the 

slope parameter and 𝑥 and 𝑦 are the means of the calibration data set. 

This uncertainty around the 𝛿18Odw estimate is then used to further infer the uncertainty of the 

palaeotemperature estimate at temperature 𝑇 = 𝑇0 (𝛿𝑇0), which is estimated analogously as 

𝛿𝑇0 =
1

𝑎𝑇
⋅ √𝛿𝑥0

2 +
𝑠𝑥/𝑇
2

𝑛𝑇
+
𝑠𝑥/𝑇
2 (𝑥0 − 𝑥𝑇)

2

𝑎𝑇
2∑(𝑇𝑖 − 𝑇)2

 

, where 𝛿𝑥0 replaces the sample variability 
𝑠𝑥/𝑇

√𝑚
. As can the seen from the equations above, the 

palaeotemperature uncertainty estimate accounts for: 1) the uncertainty in the regression line 

caused by the natural variability of the samples in the calibration data sets, 2) the variability of 



the samples used for palaeotemperature reconstruction around their population mean, 3) the 

propagation of these errors through both regression steps. In this way, the uncertainty of the 

palaeotemperature estimate decreases with a larger calibration data set, a larger sample data 

set, and when palaeotemperature estimation is undertaken closer to the mean of the calibration 

data set (i.e. with the least amount of extrapolation). A detailed description of how these 

equations are derived can be found in ref.(37) and error estimation calculations for our data set 

can be found in the temperature estimation excel files provided in the associated OSF repository. 

It should be noted that the error estimation used here does not take into account the 

measurement error of either samples or calibration data, or the uncertainty associated with 

converting between 𝛿18O from the phosphate and the carbonate fraction, as these sources of 

error are very small compared to the uncertainty incurred through the calibration regression 

steps (37). In this study, all samples and the vast majority of calibration data were measured as 

𝛿18Ophos on the phosphate fraction, with only a small portion of the calibration data having to be 

converted from 𝛿18O of the carbonate fraction (N = 13 out of Ntotal = 62). The references 

providing the equations for converting between 𝛿18Ophos and 𝛿18Ocarb and between the VPDB and 

VSMOW scales (used for 2 calibration data points), are noted in the data file of the 𝛿18Ophos to 

𝛿18Odw calibration data. 

To generate summer and winter palaeotemperature estimates, summer peaks and winter troughs 

from the inverse model described in Supplementary Text S7 were used as input values for the 

temperature conversion. In contrast, mean annual temperatures were generated directly from 

unmodelled values 𝛿18Ophos values. This process was chosen as the inverse model stretches 𝛿18O 

time series curves in a relatively symmetrical manner and therefore has very little impact on 

averaged 𝛿18O values (two-point mean of modelled 𝛿18O), but introduces substantial uncertainty 

compared to the raw 𝛿18Ophos values. Mean annual values were calculated as the mean of the 

summer peak and the winter trough value (two-point mean of unmodelled 𝛿18O), analogous to 

calculations of modern-day mean annual temperatures. Mean annual 𝛿18O values could 

theoretically also be obtained by calculating an average of all unmodelled 𝛿18O values over the 

span of one year (i.e. winter trough to winter trough) to obtain an annual mean of unmodelled 

𝛿18O. A comparison of these different methods for obtaining mean annual 𝛿18O values (two-point 

mean of unmodelled 𝛿18O, annual mean of unmodelled 𝛿18O, two-point mean of modelled 𝛿18O) 

shows, that different averaging methods have very little impact on the obtained mean 𝛿18O 

values (Fig. S6) or on the final mean annual temperature estimates (Fig. S7). We therefore chose 

the option of the two-point unmodelled average, which allows for the highest number of data 



 

points (as some 𝛿18O series have several peaks and troughs, but not several complete years), has 

comparatively low uncertainty, and is most comparable to modern air temperature data. Summer 

peaks and winter troughs of 𝛿18O curves were isolated by visual inspection as maximum and 

minimum values of each sinusoidal curve (see Supplementary Text S6). 

Due to species-specific isotopic offsets between tooth enamel 𝛿18O and drinking water 𝛿18O 

values (𝛿18Odw), oxygen isotope delta values of tooth enamel need to be converted to equivalent 

𝛿18O drinking water values to compare different species. We use this here to establish that 

Bos/Bison and Equus sp. yield comparable 𝛿18O results at Bacho Kiro Cave and can be combined 

for temperature estimation. 

A comparison between Bos/Bison and Equus sp. 𝛿18Odw values for Bacho Kiro Layer N1-I & I can be 

seen in Fig. S8. Bos/Bison 𝛿18Odw values fall within the range of variation within error of Equus sp. 

𝛿18Odw values, although they commonly fall on the upper end of the Equus sp. range. Considering 

the uncertainty introduced by the drinking water value conversion, the two taxa are in good 

agreement. 𝛿18Odw of both taxa are therefore combined to yield a more precise and robust 

temperature estimate for Layer N1-I & I. Resulting temperature estimates can be found in the 

results section of the main manuscript. 

 Strontium isotope analysis S9.

Subsample aliquots of each sequential tooth enamel sample were reserved as enamel pieces for 

strontium isotope analysis prior to grinding of samples for oxygen isotope analysis. Two samples, 

representing the summer and winter season input, were chosen for a subset of individuals to be 

analysed for 87Sr/86Sr. To be able to compare summer and winter 87Sr/86Sr to capture any 

potential seasonal migrations, only individuals with both summer peaks and winter troughs were 

analysed for 87Sr/86Sr.  

Enamel pieces were first transferred to a PicoTrace clean laboratory facility at the MPI-EVA, and 

cleaned in the facility prior to sample preparation. Enamel pieces were cleaned by sonication in 

Milli-Q ultrapure water for 10 minutes, rinsed first with Milli-Q ultrapure water and then acetone 

and then left to dry prior to sample preparation. 

Sample digestion and ion-exchange chromatography was conducted following methods described 

in ref.(35). Briefly, ca. 10 mg of tooth enamel were weighed into cleaned 7 mL Teflon beakers 

(Savillex, Eden Prairie, USA) and digested in 2 mL of 65% HNO3 (Merck SupraPur grade, Merck, 

Darmstadt, Germany) for 2 hours at 120 °C and the solution then evaporated to dryness. The 



resulting residue was re-dissolved in 1 mL of 3N HNO3 at 120 °C for 1 hour. The sample solution 

was then loaded onto a 0.5 cm bed of cleaned and pre-conditioned 50-100 𝜇m Sr-spec resin 

(EiChrom Technologies, Lisle, USA) placed in cleaned microcolumns. All sample solutions were 

passed through the column step 4 times to ensure complete loading of strontium onto the ion-

exchange resin. Matrix elution was achieved using 3 times 400 𝜇L of 3N HNO3, after which 

strontium was eluted from the columns using 1.5 mL of MilliQ ultrapure water. The resulting Sr 

containing solution was evaporated to dryness at 120 °C and re-dissolved in 1 mL of 3 % HNO3. 

Two process blanks were prepared alongside samples to assess the level of contamination during 

the sample preparation procedure. Additionally, two aliquots of the NIST SRM 1486 bone meal 

standard were treated with the samples to serve as a quality control standard. All samples were 

analysed for 87Sr/86Sr using a Neptune Multi-Collector Inductively Coupled Plasma Mass 

Spectrometer (MC-ICPMS, Thermo Fisher Scientific, Bremen, Germany) at the MPI-EVA. 87Sr/86Sr 

measurements were normalised for instrumental mass bias to 88Sr/86Sr = 8.375209 (exponential 

law) and corrected for 87Rb interference. External data normalisation was conducted using the 

NIST SRM 987 reference material (87Sr/86Sr accepted value = 0.710240 (36); average of 

measured values = 0.710283 ± 0.000009 (1 s.d., n = 16)) using correction offsets of -0.000042 

and -0.000043. Measurements of NIST SRM 1486 gave an average value of 0.709296 ± 

0.0000056 (1 s.d., 4 measurements of 2 aliquots), which is very close to the expected value of 

0.709299. All samples were measured in duplicate with an average reproducibility of 0.0000068 

(1 s.d.). Procedural blanks gave Sr concentrations of ca. 0.02 % of typical sample concentrations. 

A lack of relationship between sample strontium concentration and 87Sr/86Sr values indicates that 

samples did not take up substantial amounts of Sr from the depositional environment and 

therefore preserve a biogenic strontium isotope ratio (Fig. S9). All strontium isotope 

measurements can be found in Table S3. Strontium isotope analysis of enamel samples formed in 

summer and winter do not show substantial differences in 87Sr/86Sr between the seasons for any 

of the analysed individuals (Fig. S5). As 87Sr/86Sr values of tooth enamel reflect 87Sr/86Sr values of 

underlying lithological units, this indicates that animals did not undertake seasonal movements 

across different lithological units. These results are therefore consistent with non-migratory 

animals that record a faithful signal of climate driven oxygen isotope ratios in local environmental 

water, without bias from geo-spatial variation of 𝛿18O of precipitation. Our oxygen isotope results 

can therefore be used for local climatic reconstructions. 

Due to the lack of comparative 87Sr/86Sr data for the lithological units in the area around Bacho 

Kiro Cave, we cannot definitively determine the origin of the animals sampled here. However, 

87Sr/86Sr values of tooth enamel samples fall close to the upper end of 87Sr/86Sr values observed 



 

globally in sedimentary carbonate lithologies (115). 87Sr/86Sr of our samples therefore could be 

consistent with animals ranging across a mixture of karst bedrock and other lithological units with 

higher 87Sr/86Sr values. Due to the lack of migratory signature in the seasonal 87Sr/86Sr values of 

tooth enamel, these are most likely other lithologies in the vicinity of Bacho Kiro Cave, such as 

sandstone and non-carbonate sedimentary lithologies. 

10. Software and code S

This article, including code for all data analyses, was written in R (version 3.6.2) (39) on a 

Windows 10 operating system and the manuscript rendered using RMarkdown (40). The code for 

data analysis and manuscript and SI rendering makes use of the rstatix_0.6.0 (116), tidyr_1.0.2 

(117), captioner_2.2.3 (118), flextable_0.5.11 (119), ggplot2_3.3.2 (120), stringr_1.4.0 (121), 

dplyr_1.0.2 (122), knitr_1.29 (123), officer_0.3.14 (124), ggmap_3.0.0 (125), pander_0.6.3 (126), 

gridExtra_2.3 (127), magick_2.4.0 (128), patchwork_1.0.1 (129), ggpubr_0.4.0 (130), 

cowplot_1.1.0 (131), and redoc(132) packages. Data and code to reproduce the manuscript files, 

figures and analyses are available at https://osf.io/tk9dc/. 

  



11. Supplementary Figures 

 

Fig. S1: Map of the location of Bacho Kiro Cave in north central Bulgaria. Basemap obtained from 
OpenStreetMap (133). 

  



 

Fig. S2: Bacho Kiro Cave stratigraphy and chronology.  The 2015-2019 excavations in the Main 
Sector and the Niche 1 sector at Bacho Kiro Cave uncovered a stratigraphic sequence with Middle 
Paleolithic, Initial Upper Palaeolithic and Upper Palaeolithic deposits. Radiocarbon and OSL dates show that 
these deposits cover ages from the beginning of MIS 3 at around 61 ka to ∼ 34 ka. The IUP layers as well as 
overlying waterlaid deposits can be well correlated between the Main Sector and the Niche 1, as visualised 
by shaded connections. Layers where faunal samples were taken for isotope analyis are marked with small 
tooth icons. 

  



 

 

Fig. S3: Bone surface modifications of faunal remains. Relative frequencies of human (blue) and 
carnivore (red) surface modifications on ungulate bones relative to total NISP (printed below bars) grouped 
by layer underline the anthropogenic nature of the IUP faunal assemblage (Layer N1-I & I and contact to N1-
J & J). Carnivore modifications become more frequent in the Middle Palaeolithic layer (N1-K) and in the 
lower parts of the IUP sequence (N1-J). 

  



 

 

Fig. S4: Oxygen isotope seasonal curves from measurement series of sequential tooth enamel 
samples. Sequentially sampled tooth enamel of Equus sp. (diamonds) and Bos/Bison (circles) individuals 
show full or partial sinusoidal curves of seasonal change in 𝛿18Ophos. Error bars (often smaller than point 

symbols) represent one standard deviation around the mean of replicate measurements. Individuals are 
ordered and coloured by layer from top to bottom (also noted in top panel titles). Individual find numbers 
are noted in lower panel titles. Summer peak and winter trough values that were used to examine seasonal 
climatic conditions are marked in bold. 

  



 

Fig. S5: Summer and winter strontium isotope data. 87Sr/86Sr values of horses (right) and 
aurochs/bison (left) do not show substantial or systematic differences between summer (squares) and 
winter (triangles), indicating a lack of seasonal long distance movement by these animals. Values fall in the 
upper range and slightly above the range of 87Sr/86Sr typical for carbonate lithologies(115) (grey bar), 
possibly due to input of Sr from nearby sandstone and non-carbonate sedimentary lithologies present in the 
vicinity of Bacho Kiro Cave. 

  



 

 

Fig. S6: Comparison of different averaging methods for obtaining mean annual oxygen isotope 
delta values. Mean annual values calculated as the two-point mean of unmodelled 𝛿18O (light grey, left); 
annual mean of unmodelled 𝛿18O (medium grey, middle), or two-point mean of modelled 𝛿18O (dark grey, 
right), yield comparable results for all analysed teeth. Error bars represent the error of the mean 
propagated from measurement uncertainty in the case of unmodelled values or propagated from the 1 s.d. 
uncertainty of the inverse model for modelled values. Different methods are compared here using the 
example of Equus sp. data. 

  



 

 

Fig. S7: Comparison of mean annual temperatures reconstructed from mean annual oxygen 
isotope delta values obtained via different averaging methods. Mean annual temperratures from 
mean annual oxygen isotope values calculated via different methods (two-point mean of unmodelled 𝛿18O - 
light grey, left; annual mean of unmodelled 𝛿18O - medium grey, middle; and two-point mean of modelled 
𝛿18O - dark grey, right) are extremely similar to each other for all considered archaeological layers. Error 
bars represent the compound error around the temperature estimate. Different methods are compared 
here using the example of Equus sp. data. 

  



 

 

Fig. S8: Reconstructed oxygen isotope composition of drinking water. Equus sp. (diamonds) and 
Bos/Bison (circles) show good agreement in reconstructed oxygen isotope values of drinking water 
(𝛿18Odw), with Bos/Bison values at the upper end but overlapping with Equus sp. variability in summer (pink, 
left), mean annual (grey, middle) and winter (blue, right) values. Agreement between the different species 
indicates robustness of 𝛿18O values as a climate proxy and enables combining the two taxa for further 
temperature reconstruction. Estimates of modern-day precipitation 𝛿18O (grey lines) are interpolated 
estimates obtained from the Online Isotopes in Precipitation Calculator (OIPC)(16–18). 

  



 

Fig. S9: Relationship between Sr concentration and Sr isotope value. Absence of a relationship 
between Sr isotope values and Sr concentration (Pearson correlation p = 0.3) in archaeological samples 
indicates a lack of significant post depositional Sr uptake. 

  



 

Fig. S10: Location of GNIP stations used for oxygen isotope to temperature conversion 
calibration data. Location of GNIP stations that were used to obtain water isotope and air temperature 
data for the warmest month (top), mean annual (middle) and coldest month (bottom). GNIP stations were 
chosen to cover a large range of temperatures and circulation regimes. 

  



 

Fig. S11: Calibration data sets of GNIP station air temperature and 𝛿18Oprecip data. These data 
were used to establish the regression relationship between temperature and water oxygen isotope values 
for the warmest month, mean annual and coldest month. Regression lines and shaded areas represent an 
OSL linear model with a 95% confidence interval, and are shown to illustrate the differences in regression 
uncertainty between the data sets, but do not represent the actual uncertainty incorporated in the 
compound error calculation of temperature estimates. Regression equations used in the temperature 
calibration are displayed on the graphs and uncertainty calculations can be found in the temperature 
conversion excel files provided in the associated data repository. 

  



 

 

Fig. S12: Calibration data sets of tooth enamel and drinking water and 𝛿18O data. These data 
were used to establish the regression relationship between tooth enamel and drinking water oxygen 
isotope values for Bos/Bison and Equids and was obtained from refs. (65, 76, 77, 80, 111, 113). The 
resulting regression line, following methods in ref.(37), is printed on the plot. Regression lines and shaded 
areas represent an OSL linear model with a 95% confidence interval, and are shown to illustrate the 
differences in regression uncertainty in different areas of the curve, but do not represent the actual 
uncertainty incorporated in the compound error calculation of temperature estimates. Regression equations 
used in the drinking water calibration are displayed on the graphs and uncertainty calculations can be 
found in the temperature conversion excel files provided in the associated data repository. 

  



 

Fig. S13: Oxygen isotope input inverse model results. Mean estimated 𝛿18O input (grey line) with 
95% confidence interval (grey shaded area) and dMeasd variable modelled tooth enamel 𝛿18O values from 
Passey et al. (38) inverse models for Bos/Bison (circles) and Equus sp. (diamonds) individual teeth (find 
numbers are noted in top panel titles). dMeasd time series are coloured by layer (also noted in top panel 
titles). Note that y-axis limits differ between plots to accommodate visualisation of seasonal 𝛿18O change. 

  



12. Supplementary Tables 
 

Table S1: Dosimetry data and equivalent dose (De) obtained from sample L-EVA 1786.  (continued below) 

Field code Sample ID U (ppm) error (ppm) Th (pmm) error (ppm) K (%) error (%) H2O (%) 

Bk-k, CC7-2800 L-EVA 1786 3.5 0.3 4.6 0.3 0.68 0.1 16 

 

error (%) Total doserate (mGy/a) error (mGy/a) De pIRIR290 (Gy) error (Gy) pIRIR290 age (ka) error (ka) 

10 2.21 0.2 134 3 60.6 5.9 

  

Table S2: Oxygen isotope values and standard deviations of replicate measurements for all sequential 
tooth enamel samples presented in this study. Sup. - maxillary, inf. - mandibular. 

Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

A7-534.A A7-534 I Bos/Bison M2 inf. 28.0 10.4 0.2 

A7-534.D A7-534 I Bos/Bison M2 inf. 25.1 10.5 0.6 

A7-534.G A7-534 I Bos/Bison M2 inf. 21.4 10.7 0.2 

A7-534.J A7-534 I Bos/Bison M2 inf. 18.6 11.2 0.2 

A7-534.M A7-534 I Bos/Bison M2 inf. 15.7 12.1 0.4 

A7-534.P A7-534 I Bos/Bison M2 inf. 12.8 13.2 0.5 

A7-534.S A7-534 I Bos/Bison M2 inf. 9.6 12.7 0.4 

A7-534.V A7-534 I Bos/Bison M2 inf. 5.7 13.5 0.3 

A7-534.Y A7-534 I Bos/Bison M2 inf. 1.9 14.6 0.5 

AA7-121.B AA7-121 N1-H/I Equus sp. M2 sup. 51.9 12.3 0.7 

AA7-121.D AA7-121 N1-H/I Equus sp. M2 sup. 49.9 12.0 0.2 

AA7-121.G AA7-121 N1-H/I Equus sp. M2 sup. 46.7 12.4 0.1 

AA7-121.J AA7-121 N1-H/I Equus sp. M2 sup. 43.8 12.9 0.3 

AA7-121.M AA7-121 N1-H/I Equus sp. M2 sup. 40.5 12.8 0.4 

AA7-121.P AA7-121 N1-H/I Equus sp. M2 sup. 37.3 12.8 0.1 

AA7-121.S AA7-121 N1-H/I Equus sp. M2 sup. 33.8 13.1 0.3 

AA7-121.V AA7-121 N1-H/I Equus sp. M2 sup. 30.4 13.1 0.2 

AA7-121.Y AA7-121 N1-H/I Equus sp. M2 sup. 27.3 13.1 0.3 

AA7-121.AB AA7-121 N1-H/I Equus sp. M2 sup. 23.2 12.4 0.4 

AA7-121.AE AA7-121 N1-H/I Equus sp. M2 sup. 19.2 12.7 0.1 

AA7-121.AH AA7-121 N1-H/I Equus sp. M2 sup. 15.6 12.9 0.2 

AA7-121.AK AA7-121 N1-H/I Equus sp. M2 sup. 12.0 12.8 0.2 

AA7-121.AN AA7-121 N1-H/I Equus sp. M2 sup. 8.6 12.7 0.5 



 

Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

AA7-121.AQ AA7-121 N1-H/I Equus sp. M2 sup. 5.2 13.1 0.4 

AA7-121.AT AA7-121 N1-H/I Equus sp. M2 sup. 2.0 12.9 0.2 

AA7-141.A AA7-141 N1-H/I Bos/Bison M3 inf. 25.7 13.8 0.4 

AA7-141.D AA7-141 N1-H/I Bos/Bison M3 inf. 21.1 13.7 0.2 

AA7-141.G AA7-141 N1-H/I Bos/Bison M3 inf. 17.5 13.2 0.1 

AA7-141.J AA7-141 N1-H/I Bos/Bison M3 inf. 14.3 12.8 0.2 

AA7-141.M AA7-141 N1-H/I Bos/Bison M3 inf. 11.3 12.6 0.2 

AA7-141.P AA7-141 N1-H/I Bos/Bison M3 inf. 8.2 12.4 0.2 

AA7-141.S AA7-141 N1-H/I Bos/Bison M3 inf. 4.9 12.1 0.3 

AA7-141.U AA7-141 N1-H/I Bos/Bison M3 inf. 2.8 11.5 0.2 

AA7-141.W AA7-141 N1-H/I Bos/Bison M3 inf. 0.8 11.6 0.3 

AA7-2017.A AA7-2017 N1-I Bos/Bison M3 inf. 15.8 12.8 0.5 

AA7-2017.D AA7-2017 N1-I Bos/Bison M3 inf. 12.9 13.8 0.2 

AA7-2017.G AA7-2017 N1-I Bos/Bison M3 inf. 10.2 12.8 0.3 

AA7-2017.J AA7-2017 N1-I Bos/Bison M3 inf. 7.1 13.2 0.5 

AA7-2017.M AA7-2017 N1-I Bos/Bison M3 inf. 4.0 12.9 0.6 

AA7-2017.P AA7-2017 N1-I Bos/Bison M3 inf. 0.6 13.6 0.4 

AA7-52.A AA7-52 N1-H/I Equus sp. M3 inf. 73.5 12.0 0.3 

AA7-52.D AA7-52 N1-H/I Equus sp. M3 inf. 70.3 12.3 0.5 

AA7-52.G AA7-52 N1-H/I Equus sp. M3 inf. 67.2 12.5 0.6 

AA7-52.J AA7-52 N1-H/I Equus sp. M3 inf. 63.7 12.4 0.2 

AA7-52.M AA7-52 N1-H/I Equus sp. M3 inf. 60.4 11.9 0.4 

AA7-52.P AA7-52 N1-H/I Equus sp. M3 inf. 57.0 11.5 0.3 

AA7-52.S AA7-52 N1-H/I Equus sp. M3 inf. 53.1 10.8 0.4 

AA7-52.V AA7-52 N1-H/I Equus sp. M3 inf. 49.3 10.4 0.3 

AA7-52.Y AA7-52 N1-H/I Equus sp. M3 inf. 45.6 10.0 0.2 

AA7-52.AB AA7-52 N1-H/I Equus sp. M3 inf. 42.5 10.3 0.2 

AA7-52.AE AA7-52 N1-H/I Equus sp. M3 inf. 38.6 10.4 0.3 

AA7-52.AH AA7-52 N1-H/I Equus sp. M3 inf. 35.1 11.3 0.1 

AA7-52.AK AA7-52 N1-H/I Equus sp. M3 inf. 32.1 12.0 0.4 

AA7-52.AN AA7-52 N1-H/I Equus sp. M3 inf. 28.9 12.3 0.1 



Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

AA7-52.AQ AA7-52 N1-H/I Equus sp. M3 inf. 25.8 12.1 0.3 

AA7-52.AT AA7-52 N1-H/I Equus sp. M3 inf. 22.8 11.4 0.2 

AA7-52.AW AA7-52 N1-H/I Equus sp. M3 inf. 19.5 11.4 0.1 

AA7-52.AZ AA7-52 N1-H/I Equus sp. M3 inf. 16.7 12.2 0.2 

AA7-52.BC AA7-52 N1-H/I Equus sp. M3 inf. 13.2 12.6 0.3 

AA7-52.BF AA7-52 N1-H/I Equus sp. M3 inf. 9.5 12.9 0.1 

AA7-52.BH AA7-52 N1-H/I Equus sp. M3 inf. 7.3 13.2 0.1 

AA7-52.BJ AA7-52 N1-H/I Equus sp. M3 inf. 5.0 13.2 0.3 

AA8-334.A AA8-334 N1-I Bos/Bison M2 sup. 20.8 12.8 0.3 

AA8-334.D AA8-334 N1-I Bos/Bison M2 sup. 17.4 12.3 0.1 

AA8-334.G AA8-334 N1-I Bos/Bison M2 sup. 14.1 11.8 0.0 

AA8-334.J AA8-334 N1-I Bos/Bison M2 sup. 11.1 11.8 0.1 

AA8-334.M AA8-334 N1-I Bos/Bison M2 sup. 7.9 11.0 0.6 

AA8-334.P AA8-334 N1-I Bos/Bison M2 sup. 5.3 10.7 0.3 

AA8-334.S AA8-334 N1-I Bos/Bison M2 sup. 2.5 9.9 0.1 

CC7-2397.A CC7-2397 N1-I/J Equus sp. M3 sup. 42.5 14.0 0.4 

CC7-2397.D CC7-2397 N1-I/J Equus sp. M3 sup. 38.3 13.8 0.4 

CC7-2397.G CC7-2397 N1-I/J Equus sp. M3 sup. 34.9 12.6 0.1 

CC7-2397.J CC7-2397 N1-I/J Equus sp. M3 sup. 31.8 11.6 0.3 

CC7-2397.M CC7-2397 N1-I/J Equus sp. M3 sup. 28.1 11.5 0.4 

CC7-2397.P CC7-2397 N1-I/J Equus sp. M3 sup. 24.1 12.1 0.1 

CC7-2397.S CC7-2397 N1-I/J Equus sp. M3 sup. 19.7 12.5 0.2 

CC7-2397.V CC7-2397 N1-I/J Equus sp. M3 sup. 15.9 13.4 0.1 

CC7-2397.Y CC7-2397 N1-I/J Equus sp. M3 sup. 13.0 13.2 0.2 

CC7-2397.AB CC7-2397 N1-I/J Equus sp. M3 sup. 9.7 12.4 0.5 

CC7-2397.AE CC7-2397 N1-I/J Equus sp. M3 sup. 6.5 11.4 0.3 

CC7-2397.AH CC7-2397 N1-I/J Equus sp. M3 sup. 3.3 12.0 0.1 

CC7-2397.AJ CC7-2397 N1-I/J Equus sp. M3 sup. 0.6 12.0 0.2 

CC7-2478.A CC7-2478 N1-J Equus sp. M3 sup. 60.7 14.4 0.1 

CC7-2478.D CC7-2478 N1-J Equus sp. M3 sup. 57.9 14.0 0.1 

CC7-2478.G CC7-2478 N1-J Equus sp. M3 sup. 54.3 13.3 0.2 



Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

CC7-2478.J CC7-2478 N1-J Equus sp. M3 sup. 50.7 12.6 0.0 

CC7-2478.M CC7-2478 N1-J Equus sp. M3 sup. 46.7 12.2 0.2 

CC7-2478.P CC7-2478 N1-J Equus sp. M3 sup. 42.9 12.0 0.4 

CC7-2478.S CC7-2478 N1-J Equus sp. M3 sup. 38.8 12.3 0.2 

CC7-2478.V CC7-2478 N1-J Equus sp. M3 sup. 35.0 13.3 0.3 

CC7-2478.Y CC7-2478 N1-J Equus sp. M3 sup. 31.0 13.8 0.1 

CC7-2478.AB CC7-2478 N1-J Equus sp. M3 sup. 27.6 13.5 0.2 

CC7-2478.AE CC7-2478 N1-J Equus sp. M3 sup. 23.8 12.8 0.3 

CC7-2478.AH CC7-2478 N1-J Equus sp. M3 sup. 20.4 12.2 0.3 

CC7-2478.AK CC7-2478 N1-J Equus sp. M3 sup. 16.9 12.4 0.2 

CC7-2478.AN CC7-2478 N1-J Equus sp. M3 sup. 13.3 12.5 0.3 

CC7-2478.AQ CC7-2478 N1-J Equus sp. M3 sup. 9.5 14.5 0.1 

CC7-2478.AT CC7-2478 N1-J Equus sp. M3 sup. 6.6 14.6 0.2 

CC7-2478.AW CC7-2478 N1-J Equus sp. M3 sup. 3.1 13.1 0.2 

CC7-2478.AY CC7-2478 N1-J Equus sp. M3 sup. 0.5 13.6 0.2 

CC7-2605.A CC7-2605 N1-J Equus sp. P4 sup. 42.0 11.7 0.1 

CC7-2605.D CC7-2605 N1-J Equus sp. P4 sup. 37.6 11.9 0.2 

CC7-2605.G CC7-2605 N1-J Equus sp. P4 sup. 33.5 12.7 0.4 

CC7-2605.J CC7-2605 N1-J Equus sp. P4 sup. 29.5 14.8 0.3 

CC7-2605.M CC7-2605 N1-J Equus sp. P4 sup. 25.3 15.3 0.3 

CC7-2605.P CC7-2605 N1-J Equus sp. P4 sup. 21.8 16.4 0.1 

CC7-2605.S CC7-2605 N1-J Equus sp. P4 sup. 18.1 16.0 0.6 

CC7-2605.V CC7-2605 N1-J Equus sp. P4 sup. 14.7 15.5  

CC7-2605.Y CC7-2605 N1-J Equus sp. P4 sup. 11.3 15.8 0.1 

CC7-2605.AB CC7-2605 N1-J Equus sp. P4 sup. 7.3 15.3 0.6 

CC7-2605.AE CC7-2605 N1-J Equus sp. P4 sup. 3.6 14.3 0.3 

CC7-2605.AG CC7-2605 N1-J Equus sp. P4 sup. 0.5 12.4 0.3 

CC7-2813.A CC7-2813 N1-I Equus sp. P2 sup. 59.0 11.9 0.2 

CC7-2813.D CC7-2813 N1-I Equus sp. P2 sup. 56.1 12.0 0.3 

CC7-2813.G CC7-2813 N1-I Equus sp. P2 sup. 53.4 12.3 0.3 

CC7-2813.J CC7-2813 N1-I Equus sp. P2 sup. 50.5 12.2 0.3 



Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

CC7-2813.M CC7-2813 N1-I Equus sp. P2 sup. 47.4 13.2 0.3 

CC7-2813.P CC7-2813 N1-I Equus sp. P2 sup. 44.3 13.4 0.1 

CC7-2813.S CC7-2813 N1-I Equus sp. P2 sup. 41.0 13.1 0.0 

CC7-2813.V CC7-2813 N1-I Equus sp. P2 sup. 37.9 13.1 0.2 

CC7-2813.Y CC7-2813 N1-I Equus sp. P2 sup. 34.6 13.0 0.3 

CC7-2813.AB CC7-2813 N1-I Equus sp. P2 sup. 31.3 13.2 0.3 

CC7-2813.AE CC7-2813 N1-I Equus sp. P2 sup. 28.4 12.7 0.3 

CC7-2813.AH CC7-2813 N1-I Equus sp. P2 sup. 25.7 12.8 0.3 

CC7-2813.AK CC7-2813 N1-I Equus sp. P2 sup. 22.8 12.5 0.3 

CC7-2813.AN CC7-2813 N1-I Equus sp. P2 sup. 19.3 12.6 0.1 

CC7-2813.AQ CC7-2813 N1-I Equus sp. P2 sup. 15.9 13.1 0.2 

CC7-2813.AT CC7-2813 N1-I Equus sp. P2 sup. 12.1 13.3 0.3 

CC7-2813.AW CC7-2813 N1-I Equus sp. P2 sup. 9.2 13.3 0.3 

CC7-2813.AZ CC7-2813 N1-I Equus sp. P2 sup. 6.0 13.4 0.1 

CC7-2813.BB CC7-2813 N1-I Equus sp. P2 sup. 3.8 13.5 0.4 

CC7-2813.BF CC7-2813 N1-I Equus sp. P2 sup. 0.4 14.0 0.4 

CC7-3018.A CC7-3018 N1-K Equus sp. P3 sup. 55.7 13.8 0.5 

CC7-3018.D CC7-3018 N1-K Equus sp. P3 sup. 52.0 12.7 0.2 

CC7-3018.G CC7-3018 N1-K Equus sp. P3 sup. 48.2 13.8 0.6 

CC7-3018.J CC7-3018 N1-K Equus sp. P3 sup. 45.0 13.6 0.3 

CC7-3018.M CC7-3018 N1-K Equus sp. P3 sup. 41.2 13.9 0.0 

CC7-3018.P CC7-3018 N1-K Equus sp. P3 sup. 38.3 14.0 0.2 

CC7-3018.S CC7-3018 N1-K Equus sp. P3 sup. 34.7 14.3 0.2 

CC7-3018.V CC7-3018 N1-K Equus sp. P3 sup. 31.2 14.5 0.1 

CC7-3018.Y CC7-3018 N1-K Equus sp. P3 sup. 27.6 14.3 0.3 

CC7-3018.AB CC7-3018 N1-K Equus sp. P3 sup. 24.1 13.9 0.2 

CC7-3018.AE CC7-3018 N1-K Equus sp. P3 sup. 20.7 13.4 0.1 

CC7-3018.AH CC7-3018 N1-K Equus sp. P3 sup. 17.1 13.0 0.1 

CC7-3018.AK CC7-3018 N1-K Equus sp. P3 sup. 13.8 13.2 0.2 

CC7-3018.AN CC7-3018 N1-K Equus sp. P3 sup. 10.5 13.7 0.2 

CC7-3018.AQ CC7-3018 N1-K Equus sp. P3 sup. 6.9 13.6 0.3 



Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

CC7-3018.AT CC7-3018 N1-K Equus sp. P3 sup. 2.5 12.4 0.3 

CC7-3018.AU CC7-3018 N1-K Equus sp. P3 sup. 0.8 12.7 0.2 

CC8-18.A CC8-18 N1-I Bos/Bison M3 inf. 39.0 11.8 0.2 

CC8-18.D CC8-18 N1-I Bos/Bison M3 inf. 36.0 11.3 0.2 

CC8-18.G CC8-18 N1-I Bos/Bison M3 inf. 33.1 11.3 0.4 

CC8-18.J CC8-18 N1-I Bos/Bison M3 inf. 29.5 11.1 0.4 

CC8-18.M CC8-18 N1-I Bos/Bison M3 inf. 26.8 11.2 0.3 

CC8-18.P CC8-18 N1-I Bos/Bison M3 inf. 23.7 12.3 0.2 

CC8-18.S CC8-18 N1-I Bos/Bison M3 inf. 20.7 11.8 0.5 

CC8-18.V CC8-18 N1-I Bos/Bison M3 inf. 17.9 12.4 0.2 

CC8-18.Y CC8-18 N1-I Bos/Bison M3 inf. 15.1 13.0 0.1 

CC8-18.AB CC8-18 N1-I Bos/Bison M3 inf. 12.0 12.5 0.4 

CC8-18.AE CC8-18 N1-I Bos/Bison M3 inf. 9.3 12.7 0.2 

CC8-18.AH CC8-18 N1-I Bos/Bison M3 inf. 6.4 11.9 0.4 

CC8-18.AK CC8-18 N1-I Bos/Bison M3 inf. 3.3 11.3 0.4 

CC8-2419.A CC8-2419 N1-K Equus sp. M3 sup. 49.5 13.6 0.3 

CC8-2419.D CC8-2419 N1-K Equus sp. M3 sup. 46.1 14.1 0.2 

CC8-2419.G CC8-2419 N1-K Equus sp. M3 sup. 43.6 13.7 0.3 

CC8-2419.J CC8-2419 N1-K Equus sp. M3 sup. 41.3 13.9 0.1 

CC8-2419.M CC8-2419 N1-K Equus sp. M3 sup. 38.4 14.3 0.1 

CC8-2419.P CC8-2419 N1-K Equus sp. M3 sup. 35.6 14.3 0.3 

CC8-2419.S CC8-2419 N1-K Equus sp. M3 sup. 32.3 14.6 0.3 

CC8-2419.V CC8-2419 N1-K Equus sp. M3 sup. 29.7 14.6 0.4 

CC8-2419.Y CC8-2419 N1-K Equus sp. M3 sup. 26.3 14.2 0.5 

CC8-2419.AB CC8-2419 N1-K Equus sp. M3 sup. 23.2 13.6 0.1 

CC8-2419.AE CC8-2419 N1-K Equus sp. M3 sup. 20.2 13.5 0.3 

CC8-2419.AH CC8-2419 N1-K Equus sp. M3 sup. 17.2 13.6 0.3 

CC8-2419.AK CC8-2419 N1-K Equus sp. M3 sup. 13.1 13.3 0.3 

CC8-2419.AN CC8-2419 N1-K Equus sp. M3 sup. 10.9 13.6 0.3 

CC8-2419.AQ CC8-2419 N1-K Equus sp. M3 sup. 7.7 13.7 0.4 

CC8-2419.AT CC8-2419 N1-K Equus sp. M3 sup. 4.9 13.3 0.2 



 

Sample ID Tooth Layer Taxon Tooth position mm from ERJ δ18O SD 

CC8-2419.AW CC8-2419 N1-K Equus sp. M3 sup. 1.7 12.7 0.0 

  

Table S3: Strontium isotope data genertated in this study. Analyses were conducted for a subset of sequential 
tooth enamel samples and used to assess Equus sp. and Bos/Bison migratory behaviour. 

Sample ID Layer 87/86Sr Concentration (ppm) 

AA7-121.U N1-H/I 0.7092173 152 

AA7-121.D N1-H/I 0.7094012 146 

AA7-52.AN N1-H/I 0.7092226 223 

AA7-52.Y N1-H/I 0.7094083 238 

CC7-2813.P N1-I 0.7096933 237 

CC7-2813.AK N1-I 0.7095664 243 

CC8-18.Y N1-I 0.7092169 245 

CC8-18.J N1-I 0.7092192 224 

CC7-2397.V.U N1-I/J 0.7089614 282 

CC7-2397.M.N N1-I/J 0.7089819 267 

CC7-2478.AB N1-J 0.7092533 227 

CC7-2478.P N1-J 0.7092065 316 

CC7-3018.AQ N1-K 0.7093196 220 

CC7-3018.D N1-K 0.7094102 234 

CC8-2419.AN N1-K 0.7093264 227 

CC8-2419.AE N1-K 0.7092620 218 
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