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Supplementary Text
[bookmark: X620346782c2464b4ac60bb1ed8d19c4b0ae0bb0]Assumptions and basis of the oxygen isotope palaeothermometer
Palaeotemperature reconstructions based on 18O of ungulate dental enamel have their basis in the linear relationships between 18Oenamel and 18O of drinking water (18Odw), and between environmental water 18O and air temperature (see main text section ‘Oxygen isotope analyses as a proxy of seasonal climate’). These relationships are well documented in modern animals and waters, but their application to archaeological specimens to reconstruct past climates is predicated on a few inherent assumptions that we discuss briefly here. Firstly, the exact numerical relationship between environmental water 18O and air temperature is to a certain degree dependent on atmospheric circulation systems. A sufficient degree of stability in atmospheric circulation reaching back into the European Late Pleistocene to maintain a stable slope of the 18Oprecip - air temperature relationship has been shown using circulation models as well as by comparisons of palaeotemperature estimates with 18O measurements of Pleistocene groundwaters (Rozanski, 1985; Rozanski et al., 1992; Zuber et al., 2004; Kaspar et al., 2005; Tütken et al., 2007). The relationship between 18Oenamel and 18Odw is similarly thought to be robust on these time scales, as there is no evidence to suggest any pronounced metabolic differences that could cause changes in drinking requirements in species of interest such as horses or large bovids across the relatively short time scales since the Late Pleistocene (Winchester and Morris, 1956; McHugh, 1958; Maloiy, 1973; Hinton, 1978; Groenendyk et al., 1988; Scheibe et al., 1998; Houpt et al., 2000; Arias and Mader, 2011). Other palaeotemperature estimation prerequisites should be validated for each study area. This includes the assumption that drinking water sources that are used by study animals are predominantly fed by local precipitation and are isotopically closely tied to it. The role of aridity in affecting 18O of potential water sources should also be checked for each study setting.
[bookmark: silver-phosphate-preparation]Silver phosphate preparation
Approximately 5 mg of tooth enamel powder of each sample were weighed into 2 mL Eppendorf microcentrifuge tubes. Samples were agitated in 0.4 mL of 2 M hydrofluoric acid (HF) for 24 hours to digest bioapatite and remove calcium from the solution as CaF2. After digestion, samples were centrifuged (12000 rpm for 5 Min) to separate the phosphate containing solution from CaF2 precipitate in the solution transferred to a clean microcentrifuge tube. To maximise phosphate recovery the CaF2 precipitate was washed once with 0.1 mL MilliQ ultra-pure water and the wash added to the phosphate containing solution. The sample solution was then titrated to neutrality as indicated by the colour change point of Bromothymolblue indicator using 25% ammonia solution (NH4OH). 60 L of NH4OH were first added to each sample using an automatic pipette and each solution then slowly brought to the colour change point (yellow to green) using individual drops of NH4OH added with a 100 L 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 separated from the supernatant solution by centrifugation (12000 rpm for 5 Min) and the remaining silver nitrate solution removed. The silver phosphate precipitate was then washed four 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 overnight at 50 °C and stored over desiccant until further analysis.
[bookmark: X0625be1e173badf8044b450263bdff831f1499b]Extraction and stable isotope analysis of bone collagen
Bone sub-samples between 0.5-0.8 g were cleaned by mechanical abrasion to remove any possible surface contamination and starting weight of the samples were recorded. Cleaned specimens were then placed in 0.5 M HCL at 6–8 °C for between 3 and 14 days until the bone had fully demineralised. Samples were checked regularly, and acid was changed regularly every (typically every 48h) to maintain the reaction. When fully demineralised, samples were washed three times using Milli-Q ultrapure water to remove any residual acid. Samples were then gelatinised in a weak acidic solution (pH 3 HCL) at 70 °C for 48 h to allow the collagen to hydrolyse. The samples were then filtered using 5–8 μm Ezee biological filters, and were placed into a -20°C freezer for at least 24h prior to lyophilisation. Frozen collagen samples were then freeze-dried for approximately 56 h. The resulting collagen was weighed to calculate the collagen yield of each specimen as an indicator of preservation.
This method differs slightly from the collagen extraction method used for the Jones et al. (2018) study where an additional ultrafiltration step was used to the isolate the >30 ka collagen fraction. Studies have shown that there is no difference in 13C and 15N values achieved from bone collagen extracted using ultrafiltration versus non-ultrafiltered if bone specimens are well preserved (Sealy et al., 2014), such as those from Axlor. Ultrafiltration has the added limitation of reducing collagen yields, which may prevent sufficient collagen being available for 34S analysis which typically requires >5mg of collagen for analysis.
For carbon and nitrogen stable isotope analysis, samples were weighed into tin capsules and introduced into a Europa Scientific elemental analyser, where conversion to CO2 and N2 was achieved using a combustion reactor temperature of 1000 °C and a reduction reactor temperature of 600 °C. Gas separation was achieved using a packed GC column held at 65 °C, and separated gases introduced into a Europa Scientific 20-20 isotope ratio mass spectrometer. The calibration procedure and measures of analytical precision are described in the article main text.
For sulphur stable isotope analysis, samples were weighed into tin capsules together with vanadium pentoxide as a combustion catalyst and introduced into a Europa Scientific elemental analyser, where conversion to SO2 was achieved using a combustion reactor temperature of 1080 °C in the presence of Tungstic oxide and zirconium oxide followed by reduction over copper wires. Water was removed using a Nafion membrane and gas separation achieved using a packed GC column held at 32 °C. SO2 was then introduced into a Europa 20-20 isotope ratio mass spectrometer to obtain 34S measurements. The calibration procedure and measures of analytical precision are described in the article main text.
[bookmark: radiocarbon-dating-methodology]Radiocarbon dating methodology
Collagen extraction was conducted following methods in Brock et al. (2010), using a drilled bone powder sample, which was demineralised overnight using 0.5 M hydrochloric acid (HCl) at 5°C. Humic acids were removed using 0.1 M sodium hydroxide solution (NaOH) for 30 minutes at room temperature followed by a wash in 0.5 M HCl for 1 hour. Collagen was then gelatinised in 0.001 M HCl at 70°C for 20 hours and filtered using EZEE filter (45-90 m) followed by ultrafiltration using cleaned 30 kDa MWCO Vivaspin 15 ultrafilters. Collagen was combusted using an elemental analyser (ANCA-GSL) coupled to a Sercon 20-20 isotope ratio mass spectrometer for carbon and nitrogen stable isotope analyses, and excess CO2 was graphitised in the presences of an iron catalyst and dated via Accelerator Mass Spectrometry.
[bookmark: supplementary-figures]Supplementary Figures
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[bookmark: radiocarbon]Figure S1: Calibrated age range of the newly dated bone specimen from Level III. Calibration was performed using OxCal version 4.4 (Bronk Ramsey, 2009) and the IntCal20 data set (Reimer et al., 2020).
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[bookmark: pred_vs_ms]Figure S2: A comparison of directly measured O values with those predicted from bioapatite carbonate shows good correlation between the two, validating the possibility of the prediction with reasonable accuracy and precision.
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[bookmark: create_alt_combined_phos]Figure S3: Different combined O time series stitched from measured (solid symbols) and predicted (transparent symbols) O values that are possible within the uncertainty of the prediction (here called ‘Trials’) were generated by simulation using the addition of random errors on the predicted values.
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[bookmark: axl66_inverse]Figure S4: Inverse models were produced for all simulated O time series (Trials) to explore the effect of the variability between oxygen isotope sequences introduced from O prediction uncertainty on the final O summer and winter values extracted from the inverse model output (grey lines represent the most likely model solution, while shaded areas show the 95% confidence interval). Note that the y-axes are not the same in all plots to preserve visibility of seasonal oxygen isotope change.
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[bookmark: axl66_model_eval]Figure S5: Summer peak and winter trough O values extracted from the inverse models of simulated O time series are extremely similar between simulations with between-trial variability much lower than inverse model uncertainty. This shows that palaeotemperature relevant outcomes of the prediction and modelling procedure are largely unaffected by the uncertainty introduced through predicting O from carbonate O measurements in non-peak curve areas.
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[bookmark: d18Odw_plot]Figure S6: Reconstructed oxygen isotope composition of drinking water (O) are similar to in summer and slightly lower in winter than estimates of modern-day precipitation oxygen isotope values (O) estimated for the location of the site (line) and a surrounding area of 50 km radius (shaded ribbon, estimates made using the OIPC (Bowen and Revenaugh, 2003)). Highest and lowest O values in a 50 km radius were approximated as the O values at highest and lowest elevation - Gorbeia Mountain (1,482 m a.s.l.) and Bilbao (19 m a.s.l.) respectively.
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[bookmark: carbonates]Figure S7: Sequential carbon (hollow symbols) and oxygen (filled symbols) isotope measurements of Bos/Bison sp. tooth enamel bioapatite carbonate samples colored by Layer reveal little seasonal or inter-individual variability in carbon isotope values.
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[bookmark: c_v_o]Figure S8: Annual means of bioapatite oxygen and carbon stable isotope delta values from Bos/Bison sp. teeth do not show a detectable correlation. Each point represents a single specimen, with an OLS linear model represented by a best-fit line and shaded 95% confidence interval to illustrate the lack of correlation. Spearman correlation shows a correlation coefficient () close to 0 and p = 0.71, indicating that no linear or monotonic relationship is present. Error bars represent measurement precision.


[bookmark: supplementary-tables]Supplementary Tables

[bookmark: c14coll]Table S 1:  Quality indicators of collagen preservation for the radiocarbon dated specimen AXL55. 
	OxA
	Sample ID
	Taxon
	% yield
	% C
	% N
	C/N
	δ13C
	δ15N

	OxA-40151
	AX.11E.255.128/AXL55
	Bos/Bison
	1.1
	32.4
	11.5
	3.3
	-20.0
	6.4



Overview of estimates made for drinking water oxygen isotope values and palaeotemperatures for summer, winter and annual means of each studied archaeological layer. 
	Layer
	Record type
	δ18Odw
	δ18Odw error
	Temperature
	T error

	III
	Summer
	-4.4
	1.2
	22.6
	2.7

	IV
	Summer
	-1.7
	2.3
	28.5
	5.1

	VI
	Summer
	-2.8
	1.7
	26.1
	3.8

	III
	Mean annual
	-7.9
	1.2
	11.4
	2.4

	IV
	Mean annual
	-6.8
	2.3
	13.6
	4.6

	VI
	Mean annual
	-7.9
	1.6
	11.4
	3.2

	III
	Winter
	-12.6
	1.2
	-2.6
	2.3

	IV
	Winter
	-15.7
	2.3
	-8.5
	4.5

	VI
	Winter
	-13.6
	1.7
	-4.5
	3.3
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