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Zooarchaeological analysis is a useful means of exploring faunal palaeoecology, paleoclimate and past human behaviours. The Middle Pleistocene archaeological site Lazaret Cave, located in modern-day Nice, France, features a vast assemblage of faunal remains pertinent to the understanding of early Neanderthal subsistence behaviours as well as red deer (Cervus elaphus) ecology during MIS 6. This pilot study examines materials from archaeological layer UA25, a short-term occupation layer at Lazaret dating to ~150,000 years ka, which has revealed 28 early Neanderthal remains as well as thousands of faunal bones, of which red deer and ibex (Capra ibex) are most abundant. Molars from three red deer mandibles and a single ibex were analysed for strontium (87Sr/86Sr) isotopic analysis using laser ablation mass spectrometry to determine animal movements during tooth formation, combined with intra-tooth oxygen (δ18O) isotope analysis to determine seasonality. The isotope data was modelled within a local 87Sr/86Sr isoscape and computational spatial assignment was undertaken to reconstruct potential summer and winter ranges of red deer. Results from this pilot study show seasonal mobility within 20 km of Lazaret, identifying two possible summer and winter ranges for the red deer excavated from UA25. Both possible summer ranges are located at higher elevations further from Lazaret while winter ranges have been assigned to lower elevations closer to the coastline and closer to Lazaret. The ibex shows no 87Sr/86Sr variation throughout the first, second and third molar and the spatial assignment indicates it lived proximal to the site during the period of tooth formation. In addition to providing the first evidence of red deer spatial ecology in southern France during MIS 6, we also infer from the faunal isotope data that hominins at Lazaret Cave were likely hunting red deer in autumn and winter when they were closer to the cave site, while hunting in summer would have required up to 20 km of travel.
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1. Introduction

The study of faunal remains from archaeological sites (zooarchaeology) is a vital part of modern archaeological investigation, illuminating past human subsistence habits and other behaviours. These assemblages are also becoming increasingly important for the study of faunal palaeoecology and the reconstruction of palaeoclimatic conditions. In comparison to palaeontological assemblages, faunal remains at archaeological sites are often directly associated with past human activites, allowing insight into the natural world as experienced by past hunter-gatherer groups. Isotopic analyses have proven to be a particularly effective means of exploring past climates and ecological behaviours using zooarchaeological remains, and isotope zooarchaeology is an area of research with increasing interdispcilinary relevance, from modern conservation ecology to palaeotemperature reconstruction (Jones and Britton, 2019; Pederzani et al., 2021a). Isotope zooarchaeological studies have now been conducted on numerous Late Pleistocene assemblages from site-based studies (Bocherens et al., 2016; Pilaar Birch et al., 2016; Wooller et al., 2021) to large-scale explorations of faunal isotope palaeoecology (Bocherens, 2015; Price et al., 2017). Applications from the penultimate glacial period (Marine Isotope Stage 6) are rare but have the potential to illuminate the palaeoecology of extinct and extant species in the deeper past and in a period of profound climatic change.

The penultimate glacial period, Marine Isotope Stage 6 (MIS 6), spans the period between ca. 185 and 135 ka, and is referred to as the Last Saalian glaciation in Europe (Margari et al., 2010; Roucoux et al., 2011). While there have been numerous studies to understand climate fluctuations in MIS 6 (e.g., Ponel, 1995; Margari et al., 2010; Elderfield et al., 2012; Wainer et al., 2013) there are relatively few studies which have attempted to understand contemporary faunal palaeoecology and spatial behaviours at the time. Species such as red deer, Cervus elaphus, were abundant in Europe throughout the Middle and Late Pleistocene, and – along with other ungulate species – were an important subsistence species for hominin groups, particularly in more southernly regions such as northern Spain and the south of France, and particularly at Lazaret Cave, which is the subject of this study (e.g., Valensi, 2000; Valensi and Psathi, 2004; Valensi et al., 2013), although they were found as far north as Britain during warmer interstadial events (Lister, 1984). Red deer are typically considered a forest-woodland-ecotone species, adapted to warmer, more productive climates in comparison to open tundra-steppe landscapes which were more likely to be occupied by Wapiti (Cervus canadensis) in Late Pleistocene Europe (Croitor and Obada, 2018; Croitor, 2020). However, today, red deer can be ecologically plastic when under pressure and can thrive in open-highlands and mountainsides, for example in the highlands of Scotland, as long as they are protected from wind and deep snow, which prevents the species from occupying more northernly latitudes like reindeer, Rangifer tarandus (Clutton-Brock et al., 1982; Geist, 1998; Steele, 2002; Croitor, 2020). Despite their prevalence, Middle Pleistocene red deer ecology – particularly their spatial ecology – is poorly characterised, and it is unknown if they undertook seasonal ranging behaviours.

Today, European red deer populations are known for partial migration, meaning some populations or individuals will seasonally migrate while other herds and individuals will remain in one location all year, in response to local conditions, but do not undertake long-distance movements (Langvatn and Albon, 1986; Albon and Langvatn, 1992; Mysterud et al., 2011, 2016; Qviller et al., 2013; Pilaar Birch et al., 2016). Seasonal movement in red deer is predominantly influenced by access to food sources and avoiding locations with high snow fall resulting in seasonal altitudinal migration (moving to lower altitudes in winter and higher altitudes in summer) and migrations between coastal and inland regions (moving to coastal regions in the winter and inland in the summer; Langvatn and Albon, 1986; Albon and Langvatn, 1992; Mysterud et al., 2011; Qviller et al., 2013). While red deer currently do not seem to participate in group, long-distance seasonal migration, this could be due to anthropogenic pressures and human construction reducing the amount of landscape which this species can inhabit, and it cannot be known whether this modern form of seasonal migration is the same as it would have been in the Pleistocene. Some scholars have proposed that North American elk might be a better analogy/comparator species behaviourally to Late Pleistocene red deer (Pilaar Birch et al., 2016; Steele, 2002), although as wapiti may too have been present in Late Pleistocene Europe this comparison to modern wapiti behaviour may also be problematic (Croitor and Obada, 2018; Croitor, 2020). The issues with the use of modern species inferring the behaviour of Late Pleistocene species highlights the need for direct methods. The Middle Pleistocene site, Lazaret Cave, located in southern France on the Mediterranean coast in the city of Nice (Figure 1) dating to MIS 6, offers a unique opportunity to better understand red deer ecology during the penultimate glacial period and possible relationships with hominin subsistence behaviours within a localised area.
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FIGURE 1
 Elevation map of selected research area covered by the 87Sr/86Sr isoscape around Lazaret Cave (43°41′25″N, 7°17′42″E). Lazaret is indicated by a yellow star while modern cities are denoted by black circles (Elevation data source: Esri, 2015).


Over the past 20 years, many studies have been devoted to understanding the taphonomy, paleoenvironments and paleoecology of Lazaret Cave (e.g., de Lumley et al., 2004; Valensi et al., 2007; Desclaux et al., 2008; Hanquet et al., 2010; Hanquet, 2011; Desclaux, 2013; De Lumley, 2018; López-García et al., 2021). Deposits at Lazaret Cave consist of five Complexes (Figure 2), of which Complex C holds archaeological layers dating between 230 and 130 ka (Michel et al., 1996, 2009). Excavations in Complex C have revealed a rich assemblage including 28 hominin remains assigned to archaic Neanderthals (Homo neanderthalensis), thousands of faunal (vertebra and invertebrate) remains, and an abundant collection of lithic bifacial tools from a succession of different occupations attributed to the transition between the Acheulean and Mousterian periods (de Lumley, 1969; Michel et al., 1995, 2009; Valensi, 2000, 2009; Valensi and Psathi, 2004; Cauche, 2012; Valensi et al., 2013; Roussel et al., 2019).
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FIGURE 2
 Profile of Lazaret Cave from excavations prior to 2015. Image adapted from Michel et al. (2009).


Dating to ~150 ka, archaeological layer UA25 contains evidence for human activity during the sites use as a short-term occupation camp (Valensi et al., 2013). Excavations from UA25 revealed over 3,000 large mammal remains, of which ~1,200 were identifiable to species. The faunal assemblage is dominated by herbivores including Cervus elaphus (red deer), Capra ibex (ibex), and Bos primigenius (aurochs; Valensi, 2000; Valensi et al., 2013; Hassani et al., 2017). The high relative abundance of ibex in UA25 suggests the climate was persistently colder and more arid than nowadays (Fiore et al., 2004; Valensi et al., 2007, 2013). All skeletal elements of red deer and ibex have been found within the cave site, while only elements with high meat and marrow indices and heads are found from larger herbivores, such as aurochs. Red deer is the most abundant species in all archaeological layers at Lazaret, including UA25, indicating red deer were a reliable source of meat throughout hominin occupation at Lazaret (Valensi, 2000; Steele, 2002). Based on zooarchaeological analysis of faunal remains from Lazaret UA25, it has been proposed that early hominins were selectively hunting red deer, alongside ibex, who were near the camp site in the autumn period and potentially using meat curing activities to preserve meat through the winter (Valensi, 2000; de Lumley et al., 2004; Valensi and Psathi, 2004; Valensi et al., 2013).

Focusing on remains from layer UA25 at Lazaret Cave, this study employs laser ablation strontium isotope (87Sr/86Sr) analysis, coupled with isoscape modelling and spatial assignment tools, to reconstruct red deer spatial palaeoecology in southern France during MIS 6. Oxygen isotope (δ18O) analysis was also used to provide a seasonal framework for data interpretation, allowing the inference of winter and summer ranges. Hominin hunting behaviours and landscape use around the site will then be re-interpreted in light of new evidence for the seasonal spatial ecology of this key subsistence species. Thus, the aims of this study are to:

1. Use 87Sr/86Sr and δ18O analysis combined with spatial assignment, to determine minimum, seasonal mobility ranges of red deer and ibex hunted at Lazaret Cave UA25, providing the first evidence of red deer spatial ecology during MIS 6.

2. Compare the new evidence for red deer seasonal spatial ecology to hominin hunting activities at the site, in order to better understand early Neanderthal subsistence behaviours.



2. Reconstructing faunal spatial palaeoecology using strontium and oxygen isotopes

Strontium (87Sr/86Sr) isotope analysis allows the investigation of past human and faunal movement through the comparison of 87Sr/86Sr ratios in archaeological teeth and bones and 87Sr/86Sr ratio in the environment. Within lithological units there are four naturally occurring strontium isotopes with varying abundances: 84Sr, 86Sr, 87Sr, and 88Sr. 87Sr is the only radiogenic isotope and is the daughter product of actively decaying rubidium isotope, 87Rb, which has a half-life of ~4.88 × 1010 years (Capo et al., 1998; Nielsen, 2004; Bentley, 2006). Therefore, in a closed system, 87Rb should decrease, 87Sr should increase, and all other strontium isotopes should remain the same, leading to an increase of the 87Sr/86Sr ratio. Bioavailable 87Sr/86Sr values in soils and plants, which absorb strontium from their surrounding environment, depend highly on the underlying bedrock, including the original amount of 87Rb and age of bedrock, with older lithologies and those which initially had higher levels of 87Rb having higher 87Sr/86Sr ratios (Capo et al., 1998). In herbivores, 87Sr/86Sr ratios of skeletal tissues directly relate to the 87Sr/86Sr ratio of plants ingested and thus to underlying soils. As strontium isotopes fractionation during diet uptake is small compared to the environmental variability, it can be used for geographic assignments. The sampling of incrementally formed tissues, such as tooth enamel, generates time-series 87Sr/86Sr, reflecting movements during the period of tissue formation, as demonstrated in modern migratory caribou (Britton et al., 2009). Since strontium isotope ratios may overlap amongst different geographic areas with similar geologies, they can be combined with additional isotope systems to improve the reconstruction of movements (Balasse, 2002; Evans et al., 2012).

The oxygen isotope value (δ18O) of tooth enamel is directly related to water consumed during enamel formation (Longinelli, 1984; Pederzani and Britton, 2019). In mid-northern latitudes δ18O is highly dependent on the rain out effect and local air temperature, with high δ18O values in warmer seasons and low δ18O values in cold periods (Pederzani and Britton, 2019). Based on the changes of δ18O values in relation to temperature, seasonal changes can be identified by sequentially sampling enamel for intratooth δ18O measurements. Depending on how long the enamel took to develop, multiple seasons and years can be detected using δ18O analysis within individual teeth and a timescale can be created by analysing and correlating δ18O values from multiple teeth in the same mandible (Dansgaard, 1964; Pederzani and Britton, 2019). Using these techniques, past human and faunal movements can be identified through the relating of variations in tooth enamel 87Sr/86Sr to strontium bioavailability maps (isoscapes; Capo et al., 1998; Bentley, 2006), and placed within a seasonal framework provided by co-measured δ18O data (e.g., Gigleux et al., 2019). Characterisation of movements can also employ spatial assignment tools to empirically identify probable winter and summer ranges (e.g., Wooller et al., 2021; Britton et al., 2023). By understanding movements of past fauna found at archaeological sites, archaeologists can recreate living landscapes encountered by early hominins, enhancing our understanding of past hunting strategies, landscape use, and other aspects of human palaeoecology.



3. Materials and methods


3.1. Tooth samples

First, second, and third molars from three red deer were selected for this pilot study, along with those from a single ibex (Figure 3). Samples were selected based on availability, and the presence of multiple teeth from single jaws to maximise time series geolocational information. Export of samples for analysis was accompanied by the official validation of the French Ministry of Culture (DRAC PACA, which also largely financed this analysis). The owner of the archaeological collections (Département des Alpes-Maritimes) gave directed permissions for all analyses to one of our authors, ED, the scientist responsible for the study of the paleontological collections from Lazaret Cave.
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FIGURE 3
 Analysed samples from UA 25 of Lazaret Cave. With: (A) Right mandible of Cervus elaphus with p/3-m/1 (T9 BT29T n°60, UA25), 1 = lingual view, 2 = buccal view; (B) Left mandible of Cervus elaphus with p/3-m/3 (S17 JE71T n°1873, UA25), 1 = lingual view, 2 = buccal view; (C) Left mandible of Cervus elaphus with p/4-m/3 (Q14 GA88T n°3,731, UA25), 1 = lingual view, 2 = buccal view; (D) Left mandible of Capra ibex with p/3-m/3 (U9 BU9T n°85, UA25), 1 = lingual view, 2 = buccal view.


Red deer permanent molariform teeth begin forming and mineralising in utero (M1), with crowns completed around the age of 4 months (Table 1; Brown and Chapman, 1991). This mineralisation period suggests that isotope analysis on M1 enamel should provide isotopic information on the calf and mother during late spring and the calf’s first summer of life following birth in May/June. The M2 mineralises between ~4 months and 9 months which includes the calf’s first autumn and winter towards the beginning of spring. Finally, the M3 shows consistent mineralisation between 13 and 26 months suggesting a full M3 without any wear should record isotopes between the late spring of the calf’s first year of life through to the third summer (Brown and Chapman, 1991). Depending on the age of the animal/degree of tooth wear, adjacent molars may have slight overlapping periods of growth; this should be detectable by oxygen and strontium isotope analysis.



TABLE 1 Red deer crown estimated mineralisation and eruption periods in months (Brown and Chapman, 1991).
[image: Table1]



3.2. Laser ablation strontium isotope analysis

To analyse 87Sr/86Sr isotope ratios in red deer and ibex molars we used a dental drill with an ultra-fine diamond disc to cut narrow enamel slices from selected teeth (Table 2) and mounted them flat on petrographic glass slides, with 3 individual cross-sections per slide. This method exposes the dentine-enamel junction and offers an ideal trajectory to perform laser-ablation mass spectrometry to reconstruct the full time series of variation in strontium throughout the entire length of the enamel formation (Copeland et al., 2008, 2011; Willmes et al., 2016; Wooller et al., 2021).



TABLE 2 Lazaret Cave red deer and ibex sample information including preserved teeth and teeth analysed for 87Sr/86Sr and δ18O.
[image: Table2]

87Sr/86Sr isotope ratios were measured by Laser Ablation Multi-Collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS) at the University of California Davis, Interdisciplinary Centre for Plasma Mass Spectrometry. For the Sr. isotope analyses a Nd:YAG 213 nm laser (New Wave Research UP213) is coupled to a Nu Plasma HR MC-ICP-MS (Nu032). A line of laser spots with a 100 μm diameter and a spacing of 150 μm is used to sample across the entire tooth cross-section. The laser is operated using a 20-Hz frequency and 5–15 J/cm2 photon output.

Different methods have been used to account and correct for the different interferences and mass bias present when analysing strontium isotopes using LA-MC-ICP-MS (Vroon et al., 2008; Lewis et al., 2014; Lugli et al., 2020). The 87Sr/86Sr isotope ratio is normalized for instrumental mass discrimination by monitoring the 86Sr/88Sr isotope ratio (86Sr/88Sr = 0.1194) and 87Rb is corrected by monitoring the 85Rb signal and normalized by the same mass bias coefficient as Sr. The Rb correction is considered robust for samples with low 85Rb:88Sr ratios (<0.002), which included all samples in this study. Krypton interference (86Kr) originating from the argon supply is corrected using on-peak subtraction before each analysis. Potential analytical interferences caused by polyatomic molecules were monitored by measuring strontium oxide on mass 104 (88Sr + 16O) and 87Sr/86Sr isotope ratios of known marine reference materials. Processing of the geochemical data is performed using the IsoFishR application (Willmes et al., 2018a,b). In short, a 5-point average is applied to the raw data collected by the mass spectrometer with an integration time of 0.2 s resulting in 1 datapoint per second, and outliers were removed based on 2SD outlier criterion using a 10-point moving average window. Precision and reproducibility of the LA-MC-ICP-MS is evaluated using two in-house reference materials consisting of a modern marine aragonitic otolith from a White Seabass (Atractoscion nobilis) and a bioapatite Green Sturgeon (Acipenser medirostris) fin ray (Table 3). Repeated measures of these two in-house reference materials showed values of 0.70914 ± 13 (n = 54, ±2SD) for the White Seabass and 0.70916 ± 14 (n = 63, ±2SD) for the Green Sturgeon which are in good agreement with the average 87Sr/86Sr isotope ratio of the modern ocean 0.70918 within uncertainty.



TABLE 3 In house references used to evaluate accuracy and reproducibility of LA-MC-ICP-MS.
[image: Table3]

Furthermore, seven rodent and two bird specimens from within Lazaret Cave were analysed for 87Sr/86Sr using solution-based strontium methods to find the local 87Sr/86Sr signature of the cave site itself. Rodents were chosen as they typically live in one location throughout life and do not have a large ranging territory meaning their 87Sr/86Sr value should accurately reflect the local 87Sr/86Sr signature. The bird specimens are rock-dwelling species which likely nested in the cave or nearby and taphonomic studies on these specimens show they fell prey to raptors, carnivores, or humans before being discarded inside Lazaret Cave. Of the nine specimens, six rodents and both birds came from archaeological layers while one rodent was a surficial find. This modern specimen was used to identify whether 87Sr/86Sr values within the cave has changed over time (Supplementary Table 1).



3.3. Oxygen isotopic analysis

Following strontium isotope analysis, second and third molars from red deer were chosen for carbonate analysis alongside 87Sr/86Sr analysis, except for red deer LAZ-T9 in which case the M1 was the only molar which was available for sampling. While oxygen isotope analysis of the phosphate component is often considered more desirable in Late Pleistocene studies (e.g., Britton et al., 2019, 2023; Pederzani et al., 2021a,b), due to the increased resistance to diagenesis, carbonate analysis is not uncommon (Sponheimer and Lee-Thorp, 2001; Rivals et al., 2015; Pilaar Birch et al., 2016; Price et al., 2017) and studies have demonstrated enamel (as opposed to bone) preserves in vivo signals in even very ancient samples (e.g., Iacumin et al., 1996). Here, we made the decision to undertake carbonate oxygen isotope analysis because, in addition to being more time- and cost-effective to undertake, it is sufficient to produce the intra-tooth profiles required to ‘anchor’ intra-tooth isotope data. However, due to the potential of diagenetic alteration (or even the slight shifting of isotopic ratios due to acetic acid pretreatment), we focus here only on intra-tooth trends and not on the use of specific values (e.g., for palaeotemperature reconstruction).

Prior to carbonate sampling, dirt and cementum were removed from the outside enamel layer using a tungsten carbide burr. A strip of enamel adjacent to the strontium sample, so as to collect carbonate data which directly relates to the same cusp and time of tooth development as the strontium data, was then removed using a circular diamond coated drill bit. Adhering dentine was then removed from the enamel sample strip using a tungsten carbide burr following methods outlined in Britton et al. (2009) to ensure only enamel would be analysed. Next, the strip of enamel was sectioned into smaller samples by approximately every 1.7 mm from the top of the crown to the apex of the tooth. Each section was cleaned in a MilliQ water super sonicated bath for 3 min before being ground into a powder using a mortar and pestle.

There is currently no consensus for which pretreatment method to use ahead of carbonate isotope analysis of whole tooth enamel from archaeological samples (Koch et al., 1997; Balasse, 2002; Crowley and Wheatley, 2014; Snoeck and Pellegrini, 2015; Pellegrini and Snoeck, 2016; Demény et al., 2019; Skippington et al., 2019; Wood et al., 2021). However, in older bone and tooth samples, particularly those originating from sedimentary deposits, secondary carbonates can form. Pretreatment techniques, such as using acetic acid, are often used in an attempt to remove secondary carbonates. However, such pretreatments also have the potential to influence structural carbonates, or cause recrystallisation, potentially altering isotopic signatures. Here, we selected a short 0.1 M acetic acid pretreatment protocol (10 min, after Pellegrini and Snoeck, 2016 and Skippington et al., 2019), followed by three rinses with MilliQ water with the goal of targeting secondary carbonates and minimising the influence on structural carbonates. Pre-treated samples were then freeze-dried, and subs-samples were analysed for their oxygen isotope composition at Iso-Analytical Ltd. (Cheshire, United Kingdom). Aliquots were weighed into clean Exetainer™ tubes and flushed with 99.995% helium. After flushing, phosphoric acid was added to the samples and left overnight to allow complete conversion of carbonate to CO2. Carbon dioxide gas was then analysed using Continuous Flow-Isotope Ratio Mass Spectrometry (CF-IRMS).



3.4. Isoscape modelling and spatial assignment

Plant and soil sample data were taken from published 87Sr/86Sr databases covering France (Willmes et al., 2014, 2018a) and northern Italy (Bataille et al., 2018; Willmes et al., 2018a; Lugli et al., 2022). We used kriging with external drift to model the bioavailble 87Sr/86Sr isoscape near Lazaret Cave, following the methods outlined in Willmes et al. (2018a). Kriging is a geostatistical approach to interpolate continuous distributions of 87Sr/86Sr values across the landscape between known data points. Kriging with external drift improves the accuracy of the isoscape by accounting for additional spatial trends defined by an auxiliary variable (Britton et al., 2020; Holt et al., 2021; Lazzerini et al., 2021), here, the underlying lithology. In order to define the auxiliary variable, we used the GLiM map (Global Lithological Map, Supplementary Figure 1; Hartmann and Moosdorf, 2012) which regroups geological formations into broader geological units (metamorphic rocks, volcanic/plutonic felsic/intermediate/mafic rocks, carbonate/siliclastic sedimentary rocks). We used 954 sampling location to build the 87Sr/86Sr isoscape (France: n = 516, northern Italy: n = 438). When several plant and soil samples were available at a given sampling location, we used the average 87Sr/86Sr value. The GLiM geological unit of each sampling location was retrieved using ArcGIS 10.5. Kriging was carried out with the gstat package in R (krige function, Gräler et al., 2016) using an exponential variogram model and a search neighbourhood set to min. = 5 and max. = 50 (Willmes et al., 2018a).

Spatial assignment was performed using the assignR package in R (Ma et al., 2020). In order to assess the most probable locality of summer and winter ranges, maximum and minimum 87Sr/86Sr values were determined for each red deer molars and we used the δ18O results to identify the season associated with these values (Supplementary Table 3). These time-correlated values were then assigned to the 87Sr/86Sr bioavailable isoscape within 100 km of Lazaret. We produced a posterior probabilities of origin raster for each sample. We then extracted the area corresponding to 90% of the probability density to identify possible locations of red deer in summer and winter periods identified in each tooth. Given the lack of the variation within the ibex M1-M3 samples, we used the mean 87Sr/86Sr value of the teeth to establish the year-round range of the individual.




4. Results


4.1. Bioavailable 87Sr/86Sr isoscape

The 87Sr/86Sr isoscape of Lazaret Cave shows the environmental bioavailability of 87Sr/86Sr across the landscape near the archaeological site (Figure 4). Lazaret is near the boundary of two 87Sr/86Sr ratios, one made of carbonate sediments which have a low 87Sr/86Sr value ≤0.710 and the other which is made of siliciclastic sediments and have a 87Sr/86Sr value ≥0.719. Majority of the surrounding area around Lazaret is made of the same carbonate sediments which Lazaret is on and similarly have 87Sr/86Sr values <0.712. Starting at 25 km and ending ~125 km southeast of Lazaret there is a large portion of coastline with values ranging from 0.716–0.722. Approximately 40 km to the northeast of Lazaret there is a second area with high 87Sr/86Sr values ≥0.720. 87Sr/86Sr values ≥0.750 are located ~75 km northeast in the Italian Alps. This isoscape was further verified by the 87Sr/86Sr analysis of seven rodents and two bird bones found within Lazaret Cave which showed the cave itself has an average 87Sr/86Sr value of 0.70847 ± 0.000228.
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FIGURE 4
 (A) bioavailable 87Sr/86Sr isoscape of the area around Lazaret Cave including an inset map focusing on the area directly surrounding Lazaret Cave, (B) associated spatial error map. The black dashed box in both images is the spatial assignment limit shown in Figures 7, 8.




4.2. Oxygen isotope evidence for seasonality of tooth mineralization

Carbonate results help distinguish time of tooth growth and therefore period of mobility (Supplementary Table 4). Red deer results show a cosinusoidal pattern where peaks are equivalent to summers and troughs represent winters between first, second, and third molars from three different red deer (Figure 5). Sample T9 is the only sample to represent the M1 and shows that this tooth begins mineralisation during summer and ends in autumn. Samples S17 and Q14 represent M2 and M3 growth and show both M2s beginning to form during the first winter of life and ending towards the second summer while M3s begin formation during the second summer of life and complete mineralisation during the second winter. Both S17 and Q14 have similar patterns and δ18O values suggesting red deer in this study are tracking δ18O changes better than we would expect to see in nonobligate drinkers.

[image: Figure 5]

FIGURE 5
 Plot of all δ18O data from enamel intra-tooth sections from first, second and third molars of three red deer from Lazaret.




4.3. Measured 87Sr/86Sr laser ablation and spatial assignment of lazaret fauna

Figure 6 shows 87Sr/86Sr results for three red deer and a single ibex. 87Sr/86Sr data from three red deer shows a similar start of M1 with a range between 0.712 and 0.714, possibly suggesting a similar calving location. All three individuals first molars’ show a peak in 87Sr/86Sr values between 0.715 and 0.716, before the end of the first molar mineralisation when the red deer is approaching their first autumn/early winter. The second molar is only shown by individuals S17 and Q14. Individual Q14 shows the largest range in 87Sr/86Sr values and reaches a peak close to 0.716 near the enamel-root-junction (ERJ); in comparison, S17 shows the most 87Sr/86Sr variation at the start of the tooth mineralisation period when the red deer is in the first winter. Finally, both individuals show clear 87Sr/86Sr variation in the beginning of the M3 during the end of the second summer which then homogenises around 0.713 towards the start of the second winter. In this phase of tooth mineralisation, two individual peaks are discernible in Q14 which would have not likely been discernible using traditional intra-tooth sampling and solution preparation methods. The ibex has a relatively stable 87Sr/86Sr value between 0.711 and 0.712 throughout the growth of the first, second and third molars.
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FIGURE 6
 87Sr/86Sr LA-MC-ICP-MS results for three red deer (shown in A) and an ibex (shown in B). Each fauna is represented by a different colour and displayed in rows. Columns represent different teeth (from left to right first, second and third molar). The x-axis represents the laser ablation distance from the ERJ. Graphs are read from left to right with the oldest section of tooth (crown) on the far left and the latest-forming portion of the tooth (enamel-root junction) located on the right-hand side of the graph. Individual dots represent a single 100 μm spot while the line follows the trend of the laser ablation data points.


Using spatial assignment of minimum and maximum 87Sr/86Sr values combined with δ18O of each red deer molar, we identified distinct likely areas of origins for summer and winter periods (Figure 7). Summer ranges (shown in warm colours) for all red deer map in similar locations with two possible ranging areas within 20–30 km from Lazaret, one to the southwest and the other to the northeast. Red deer Q14 has summer value ranges closest to Lazaret Cave, specifically shown by the M3, but otherwise majority of summer ranges are located in areas of higher elevations. Winter ranges (shown in different shades of blue) are all much larger than summer rangers and map on lowlands within 5 km of Lazaret Cave. The first and second molar autumn to winter ranges all have a very similar pattern, only in red deer S17 is the M3 winter range slightly smaller and further away from Lazaret Cave. Across all teeth there is little to no overlap between summer and winter ranges. In addition to seasonal range locations, the M1 summer ranges can also designate possible calving locations as red deer are born in late spring/early summer.

[image: Figure 7]

FIGURE 7
 Spatial assignment of red deer remains analysed from Lazaret Cave showing likely summer and winter ranges of all red deer with a 90% probability of origin, meaning there is a 90% chance that the red deer were within these locations during the period of enamel formation/mineralisation. Individual teeth are shown in columns, while summer and winter ranges are shown in rows. Each tooth is assigned an individual colour, while M2s are shown with diagonal lines. The landscape shown in this image is within the dashed rectangle in Figure 4; Esri (2022).


A single ibex was analysed as a comparison to the red deer from Lazaret Cave as it is the second highest fauna found alongside hominin remains. Unlike the red deer which show 87Sr/86Sr variation in all molars, the ibex (L9-BU9T-86) has almost no 87Sr/86Sr variation across the first, second and third molars (Figure 5). The ibex 87Sr/86Sr values remain between 0.711–0.712 throughout its early life, suggesting this individual was either nonmigratory or moved only within locations with homogenous 87Sr/86Sr values. Spatial analysis of the mean 87Sr/86Sr values in each ibex molar shows a 90% probability of origin, this area does include the region close to Lazaret but also encompasses wider mountainous regions to the east, and flat lands and hills to the west near modern-day Cannes (Figure 8). As the 87Sr/86Sr values remain relatively constant throughout tooth formation, it is likely that the ibex was located within one region and did not cross between these eastern and western regions.

[image: Figure 8]

FIGURE 8
 Spatial assignment of strontium isotope data from ibex first, second and third molars from Lazaret Cave. Star indicates location of Lazaret Cave. As there was no variation in 87Sr/86Sr values across the molars, the mean of each tooth was assigned. The M1 is show as a solid colour, while M2 is shown by diagonal lines and the M3 is represented by circles so that all overlapping rangers can be identified. The landscape shown in this image is within the dashed rectangle in Figure 4; Esri (2022).





5. Discussion


5.1. Red deer and ibex mobility

Through the combination of isoscape modelling, multi-isotopic analysis, and spatial assignment we empirically identify likely summer and winter ranges for red deer in relation to Lazaret, allowing us to better understand the spatial palaeoecology of red deer during MIS 6 and possible Neanderthal hunting ranges and/or behaviours. Based on spatial analysis we can conclude red deer could likely be found close to Lazaret (i.e., within ~20 km) for much of the year, well within known red deer migration limits (Mysterud et al., 2011; Kropil et al., 2015). The potential summer and winter ranges identified through the analysis of multiple molars analysed from the three red deer are similar, indicating either a herd structure (perhaps reflecting the contemporaniety of the individuals analysed and/or rapid accumulation of the material at the site) or conservation of movement behaviours throughout the period in which this phase of site formed. Whether considering the easterly or westerly ranges identified, seasonal differences are largely altitudinal, with winter ranges closer to the coastline on lowlands, and summer ranges located adjacent to winter ranges in higher elevations. This pattern of elevational seasonal migration is well known in modern red deer (Langvatn and Albon, 1986; Albon and Langvatn, 1992; Mysterud et al., 2011; Qviller et al., 2013). Additionally, spatial analysis shows two possible ranges which red deer could have occupied during summer and winter periods, one to the east towards Italy and the other area to the west near now Cannes. Possible localities shown by these results match with other Middle Palaeolithic sites located at the French-Italian border and in the western part of Liguria which also have high abundances of red deer, such as Grotte du Prince (MIS 5 to MIS 3), Grotte du Cavillon (MIS 4 to MIS 3), and Madonna dell’Arma (MIS 5) (Valensi and Psathi, 2004; Valensi, 2009; Moussous et al., 2014; de Lumley, 2016; Carrión and Walker, 2019). More work is needed to identify which range red deer found at Lazaret Cave were more likely to occupy during MIS 6.

The ibex, with almost no 87Sr/86Sr variation, also shows a similar distribution to the east and west of Lazaret Cave, however it could not have occupied both spaces as there is no corridor which connects the two locations isotopically and no evidence of movement through areas of more diverse 87Sr/86Sr. Spatial assignment of ibex molars overlap with Lazaret Cave, however as the ibex 87Sr/86Sr values never reach 0.708 it is unlikely the ibex was living within the cave site during its early life. We therefore hypothesise that the single non-migratory ibex could have lived nearby Lazaret Cave and brought back to the cave after death.

Due to topographic differences, we suggest red deer and ibex may have been living and ranging in separate locations. The Meridional Alps to the northeast have highly fragmented topography with steep alpine massifs which form an ecological niche favourable to fauna such as ibex who are commonly found in cliff environments. In comparison, to the southwest and areas immediately surrounding Lazaret, the topography and climate is more coastal due to the Mediterranean Sea which forms a better environment for deer evolution. The corridor between the costal and alpine environment in this region is very narrow, between 30 and 50 km, which is well within the ibex’s easterly range seen in Figure 8. Additionally, preliminary results from dental micro- and meso-wear studies in red deer and ibex from Lazaret Cave suggest both species were mixed feeders occupying different ecological niches (Rivals, in Desclaux et al., 2021; Rivals, in progress).

Spatial assignment of 87Sr/86Sr data from the crowns of early forming teeth has also allowed us to identify possible locations of red deer birthing season. Modern red deer rutting season is in the autumn followed by the birthing season in late May to early June (Albon et al., 1987; Stevens et al., 2011). While red deer are not known to have designated birthing grounds, it can be helpful to know more about the individuals we are studying to recreate lifetime movement. First molar mineralisation begins in utero and finishes around 4 months, meaning early tooth formation (near the M1 crown) should help us identify possible birthing grounds. All first molars have similar 87Sr/86Sr values which align with the summer areas identified in Figure 7, this suggests red deer were born further away from Lazaret. This is supported by zooarchaeological results which have suggested an autumn/ winter occupation through identification of pregnant hinds/infant remains within Lazaret Cave (Valensi et al., 2013).

Palaeoclimatic studies have suggested that conditions in this part of southern France and northern Italy during MIS 6 were colder than today but also that the region may have been a glacial refugia with a relatively steady climate which did not rapidly fluctuate due to the surrounding environment being protected by mountains in the north and west and the Mediterranean Sea to the south (Valensi and Psathi, 2004; Desclaux, 2013; Valensi et al., 2013; López-García et al., 2021). With a relatively stable climate and no other outside pressures, we can postulate that red deer ranging behaviours may also have stayed relatively constant. Analysis of other remains in other phases of the site would enable the testing of this hypothesis and to determine any relationship between seasonality of site use and the movements of red deer.

Furthermore, through oxygen isotopic analysis of a single red deer M1 and two red deer M2 and M3s we observed slight differences with the tooth formation periods (identified by Brown and Chapman, 1991), specifically in the M3. Each molar analysed shows a clear pattern of seasonality; the M1 begins in summer and ends mineralisation prior to winter (4 months = September/October), the M2 begins mineralising in a colder period but ends mineralisation in a warm period, and the M3 shows a steep decline from a warm period and ends in a cold period. Based on Brown and Chapman’s (1991) assessment of modern red deer the M3 begins mineralisation around 13 months and the crown is completed by 26 months, however, from oxygen analysis in this study we suggest that the M3 in these archaeological red deer mineralises much quicker than 13 months and possibly in as short of time as 6–8 months. However, given the likely loss of at least some crown height due to wear in all individuals this period may be estimated to be slightly longer.

To further pinpoint whether red deer or ibex were primarily occupying the eastern or western range, further work is required – for example, using sulphur isotope analysis (collagen preservation permitting). Further zooarchaeological research in the wider region could also help to cross correlate species identification and abundance with spatial distribution data (as inferred by isotopes). Finally, complementary techniques such as aDNA analysis, geometric morphometrics, and dental microwear would also allow a better understanding of the spatial palaeoecology, niche feeding behaviours, and community structure of ungulates in this glacial refugia zone in MIS 6.



5.2. Neanderthal hunting

Based on the isotope data, and spatial assignment, it is possible that Neanderthals could have hunted ibex year-round and red deer in the winter when their location could have been closer to the cave site. This hypothesis is in agreement with Valensi et al. (2013, p. 128–131) who postulated that the hominins responsible for the deposits in layer UA25 utilised the site in late autumn/early winter. While these results fit for previous hypotheses in UA25, it is interesting to note that every layer of occupation holds more red deer remains than any other fauna, whether the layer was a summer or winter occupation (Valensi, 2000; Steele, 2002; Valensi and Psathi, 2004). This again supports the notion that, while there may have been marked summer and winter ranges, total red deer annual range may have been relatively small (i.e., they could be found within 20 km of the site all year round) and also relatively conservative throughout the period of site use.

While ibex territory may have been closer to Lazaret Cave throughout the year, the high abundance of red deer remains throughout all archaeological layers shows Neanderthal hunting preference. One possible reason for preferential red deer hunting versus ibex is the calorific intake versus energy spent hunting. A full red deer has a calorific value of 163,680 calories (muscles), while ibex have a much lower muscle calorific value of only 45,780 calories (Cole, 2017). Furthermore, the energy expenditure to hunt ibex in steep, cliff environments is potentially greater than hunting deer in flatter environments, especially when considering ibex anti-predator behaviours to escape to inaccessible terrain (Grignolio et al., 2007, 2019; Sarmento and Berger, 2020). This level of focus on hunting strategies suggests a high level of cognition in early Neanderthals living at Lazaret Cave.




6. Conclusion

This pilot study has explored mobility in three red deer and a single ibex from Lazaret Cave (layer UA25) using multi-isotopic analysis, isoscape modelling, and spatial assignment. LA-MC-ICP-MS 87Sr/86Sr data provides a high-resolution account of movements made during the first years of life for these different individuals and spatial assignment of seasonal peaks and troughs in the intra-tooth data identified two distinct regions which red deer and ibex could have occupied. Unlike ibex, red deer likely undertook seasonal movements albeit over a fairly restrictive total range and could have been within 20 km of Lazaret throughout the year. Mapping the seasonal range locations on an elevation map supports a distinct seasonal altitudinal migration in red deer, with red deer more likely to occupy higher elevations further from Lazaret in the summer and lowland areas closer to the cave site in winter. These findings agree with past zooarchaeological studies of Lazaret Cave which hypothesise a winter occupation in UA25 and hunting deer in late autumn to early winter. Furthermore, our preliminary results allow us to suggest that the Neanderthals at Lazaret Cave had seasonal and sustainable management practices, in terms of hunting activities, in the landscape surrounding Lazaret Cave. Further analyses will allow us to improve this hypothesis. Finally, results from this pilot study highlight the importance of isotope zooarchaeology not only in better understanding the archaeological record at Pleistocene sites, but also the value of utilising zooarchaeological remains to better understand the paleoecology of extinct and ancestral species.
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