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The application of high-resolution methods to reconstruct the ecology and

behavior of large-herbivores within Late Pleistocene contexts in Europe has

revealed increasing evidence for variability in diet, habitat preference, ranges

and mobility patterns through time and space. This data has major implications

for interpretations of hominin subsistence strategies in terms of prey-species

selection, which rest to a large extent, on the spatial ecology of these animals and

their resulting availability in the environment. To this end, multi-isotope analysis

of faunal remains from archaeological sites has been shown to provide direct

information in herbivore movements and ranges that move beyond assumptions

of consistency in animal behavior through time. The Middle Paleolithic site

of Salzgitter-Lebenstedt, Northern Germany, has been put forward as a prime

example of specialized hunting of a single taxon – reindeer – by Neanderthals.

However, questions remain around the number and season of hunting events.

Herewe employ strontium (87Sr/86Sr) isotope analysis in combinationwith stable

oxygen (δ18O) and carbon (δ13C) isotope analysis of sequentially-sampled tooth

enamel from reindeer (Rangifer tarandus) and horse (Equus sp.) to reconstruct

the sub-annual dietary and ranging behaviors of these prey-species at Salzgitter.

We find that reindeer exhibit parallel seasonal shifts in diet and likely experienced

similar environmental conditions. While the majority of the reindeer display

the potential for long-distance climate-induced migrations, mobility patterns

and seasonal ranges appear to have di�ered between individuals. This may be

indicative of behavioral flexibility, particularly in migratory behavior of reindeer,

during this period in Northern Germany. Horses analyzed here likely consumed

a graze-based diet year-round, while potentially undertaking more residential

movements on a seasonal basis. We briefly discuss potential implications of
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these findings on Neanderthal hunting strategies at the site. Finally, we discuss

the challenges to the application of 87Sr/86Sr as a provenancing tool in Central

Europe, and the importance of multi-isotope approaches and development of

additional spatial proxies.

KEYWORDS

palaeoecology, reindeer, enamel, isotope analysis, Late Pleistocene, Neanderthal,

Paleolithic

1 Introduction

Increasingly high-resolution analyses of archaeofaunal remains
have demonstrated the potential for variation and plasticity in
large-herbivore behavior during the Late Pleistocene in Europe,
including those species exploited by hominin groups (Britton et al.,
2023a,b; Rivals and Lister, 2016; Rivals and Semprebon, 2017, 2011;
Rivals and Solounias, 2007). This is significant as interpretations
of subsistence strategies and adaptations of different hominins by
archaeologists rest, in a large part, on the behavior of their prey
(see Grayson and Delpech, 2002; Rendu, 2022 for discussion). In
Europe, there exists a long-running debate framing opportunistic
vs. selective hunting strategies for Neanderthals and Homo

sapiens, respectively, with associated implications for cognitive
ability and cultural and social complexity (e.g., Grayson and
Delpech, 2002; Mellars, 1989, 1973, 2004; Straus, 1992). However,
growing evidence for flexible and diverse subsistence strategies
associated with Neanderthals, including single-taxon assemblages
indicative of selective hunting, have problematized this dichotomy
(Costamagno et al., 2006; Daujeard et al., 2019; Gaudzinski-
Windheuser and Niven, 2009; Rendu, 2022; Rendu et al., 2012).
Here, it is becoming increasingly critical to obtain direct insights
into the behavior of particular prey species on a site-specific basis
and in relation to specific ecological and environmental conditions
in order to establish spatio-temporal distribution and availability of
these animals in the local environment (Britton et al., 2023a, 2011;
Burke and Pike-Tay, 1997; Julien et al., 2015). This is particularly
important given the ongoing discussion as to whether animal
behavior observed in the present is directly applicable into the past
(Bocherens, 2003; Britton et al., 2023a; Guthrie, 2001; Parmesan,
2006).

Two important species in this regard are reindeer (Rangifer
tarandus) and horses (Equus sp.). Both of which were heavily
exploited by both Neanderthals and H. sapiens in Central
Europe and whose ranging habits, and mobility patterns, and
their variability through time, continue to be debated (e.g.,
Fontana, 2022, 2017; Grayson and Delpech, 2002; Kuntz and
Costamagno, 2011). Interpretations of Late Pleistocene large-
herbivore spatial ecology and biogeography within European
contexts include hypotheses of both long-distance migratory
reindeer (Bahn, 1977; Gordon, 1988; Lacorre, 1956) and non-
migratory populations in Southern and Central France (Britton
et al., 2023a; Fontana, 2017, 2012, 2000), to east-west migrations
across the North European Plain (NEP) (Price et al., 2017) and
smaller sale north-south movements between the Central Upland
Zone and the NEP (Baales, 2021, 1999, 1996). Various lines of
evidence including toothwear analyses (Rivals et al., 2009; Rivals

and Semprebon, 2017), ecomorphometrics (López et al., 2022),
osteometry (Weinstock, 2002), as well as isotope analyses (Britton
et al., 2023a,b, 2011; Pryor et al., 2016a) point to spatio-temporal
plasticity in ranging behaviors, migration patterns, as well as diet
and habitat use. While relatively little data exists on the mobility
patterns and biogeography of horses during this time evidence
suggests European populations occupied relatively local ranges and
were not wide-ranging (Britton et al., 2023a; Pederzani et al., 2021a;
Pellegrini et al., 2008; Van Asperen, 2010). Late Pleistocene equids
were primarily grazers (Bocherens, 2015, 2003; Britton et al., 2023b,
2012; Kovács et al., 2012; Rivals et al., 2015; Schwartz-Narbonne
et al., 2019), although there is some evidence for plasticity in feeding
behaviors through time (Bocherens et al., 1999; Pushkina et al.,
2014; Rivals et al., 2009; Saarinen et al., 2016).

Given the potential variability in the ecology of these important
prey species (Britton et al., 2023a; Pushkina et al., 2014; Rivals
et al., 2008), it is essential to undertake site-specific analyses.
Salzgitter-Lebenstedt is a Middle Paleolithic open-air site located
∼50 km southeast of Hannover in Northern Germany (Figure 1).
Archaeological excavations undertaken in 1952 (Tode et al., 1953)
and again in 1977 (Grote and Preul, 1978) resulted in the
recovery of about ∼8,400 large mammal remains, dominated by
R. tarandus (Gaudzinski, 2000, 1998; Gaudzinski and Roebroeks,
2000; Kleinschmidt, 1953; Krönneck and Staesche, 2017), ∼4,200
of Middle Paleolithic stone artifacts (Grote and Preul, 1978;
Pastoors, 1996, 2001, 2009), as well as Neanderthal remains (n =

5) (Gaudzinski, 1998; Hublin, 1984). Efforts to date the period of
hominin occupation at Salzgitter are ongoing, and have been linked
to an interstadial during a glacial period between Marine isotope
Stage (MIS) 6 and MIS 3 (Bosinski, 1963; Pastoors, 2009, 2001;
Pfaffenberg, 1991; Preul, 2017, 1991; Selle, 1991). Zooarchaeological
evidence for hunting by Neanderthals at Salzgitter is indicative
of specialized hunting of whole herds during autumn migration,
and the processing of marrow-rich elements of adult individuals
(Gaudzinski, 2000, 1999, 1998; Gaudzinski and Roebroeks, 2000).
Despite certain aspects of this hypothesis being challenged
(Munson and Marean, 2003), the site has remained a key example
of specialized hunting of a single taxon by Neanderthals in Central
Europe (Daujeard et al., 2019; Gaudzinski-Windheuser, 2021;
Gaudzinski-Windheuser and Niven, 2009; Rendu, 2022; Rendu
et al., 2012; White et al., 2016). However, recent evidence for winter
(Kierdorf and Witzel, 2017) and spring (Staesche, 2017) season-of-
death from the Salzgitter reindeer suggest individuals were present
in the site vicinity at different times of the year. This raises questions
around reindeer herd composition and the frequency of this
species in the local environment, potentially challenging current
interpretations of Neanderthal hunting strategy and seasonality
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at Salzgitter and highlighting the need to reconstruct seasonal
mobility patterns and ranges of prey taxa at the site.

Here, we utilize strontium isotope (87Sr/86Sr) analysis alongside
stable oxygen (δ18Ocarbonate) and stable carbon (δ13Ccarbonate)
isotope analysis of sequentially-sampled tooth enamel from
Rangifer (n = 8) and Equus (n = 3) from the Lebenstedt I
faunal assemblage from Salzgitter. Using this data our objective
is to reconstruct the seasonal mobility patterns and biogeography
of these taxa. Previous studies have demonstrated the efficacy
of a combined isotopic approach to identifying large herbivore
eco-ethology during the European Late Pleistocene (e.g., Britton
et al., 2023a, 2011; Heddell-Stevens et al., 2024; Julien et al.,
2012; Pellegrini et al., 2008). Large-herbivore enamel δ

18O values
predominantly reflect those of ingested environmental water
derived from local precipitation and can therefore be used to
identify seasonality in tooth enamel mineralization (e.g., Balasse,
2002; Barakat et al., 2023; Britton et al., 2009; Stevens et al.,
2011). At temperate mid- to high-latitudes, higher δ

18O values
in enamel are typically indicative of the summer months, while
lower δ

18O values reflect winter conditions, due to the temperature
effect in δ

18Oprecipitation (Dansgaard, 1964; Kohn and Welker,
2005; Rozanski et al., 2013). As such, oxygen isotope data can
‘anchor’ δ

13C and 87Sr/86Sr isotope values within a seasonal
framework (Britton, 2018; Britton et al., 2009; Hoppe et al.,
2004; Pryor et al., 2024). Enamel δ

13C values of herbivores
predominantly reflect the type of plants consumed and their
growing environment as a result of isotopic differences due
to differences in photosynthetic pathway, light intensity, water
availability and CO2 recycling among other factors (DeNiro and
Epstein, 1978; Drucker et al., 2008; Tieszen, 1991; van der Merwe
and Medina, 1991), allowing for the identification of seasonal shifts
in diet and habitat preference (Julien et al., 2015; Pellegrini et al.,
2008; Pryor et al., 2016a,b). Enamel 87Sr/86Sr values, which reflect
local lithology of animal ranges during enamel mineralization, can
be compared to regional bioavailable 87Sr/86Sr isoscapes to identify
spatial distribution and movement patterns (Barakat et al., 2023;
Britton et al., 2023a; Heddell-Stevens et al., 2024). Furthermore,
by integrating the isotope data with the modeled isoscape and
spatial assignment tools (Ma et al., 2020), we identified the
probable winter and summer range locations for each animal (Ma
et al., 2020). The multi-isotope data and geographic assignment
of seasonal ranges undertaken here provide new insights into
the spatiotemporal distribution of the two primary prey species
from Salzgitter.

2 Reindeer and horse mobility
patterns and Neanderthal hunting
strategies in Central Europe

The existence and nature of seasonal migrations by reindeer
during the Late Pleistocene has been long debated in the literature
(see Fontana, 2017 and López et al., 2022 for overviews), and
increasingly high-resolution data continue to complexify these
discussions (Britton et al., 2023a; Price et al., 2017). Longstanding
hypotheses include long distance north-south mobility through
Central France (e.g., Bahn, 1977; Gordon, 1988; Lacorre, 1956)
as well as smaller-scale east-west movements across southwest

France (Burke and Pike-Tay, 1997; Delpech, 1987, 1983; Kuntz
and Costamagno, 2011). Similar evidence for east-west seasonal
movements across the NEP have also been identified in reindeer in
Northern Germany during the Final Upper Paleolithic (Price et al.,
2017). Lastly, arguments have been made for populations living
locally year-round from Middle Paleolithic contexts in Southern
France (Britton et al., 2023a; Fontana, 2017, 2012, 2000). This
is supported by recent isotopic evidence for a diachronic shift
from migratory to sedentary ecotypes at Abri du Maras, Southwest
France (Britton et al., 2023a). Further evidence for plasticity in
mobility patterns can be seen in the possible extension of Rangifer
range size between Middle-Upper Paleolithic layers at Les Cottés
(Britton et al., 2023a). This behavioral plasticity is highlighted by
generalist feeding strategies of reindeer identified within Western
and Central European contexts during the Late Pleistocene where
individuals appear to have consumed a variety of plants year-round
with lichens likely forming a significant component of the diet,
particularly during winter (Bocherens, 2003; Britton et al., 2023b;
Drucker et al., 2012, 2003; Fizet et al., 1995; Schwartz-Narbonne
et al., 2019).

While there is a general absence of in-depth studies of
equid spatial ecology during the Late Pleistocene in Europe,
ecomorphological and isotope data indicate that populations most
likely did not undertake long distance migrations (Britton et al.,
2023a; Pederzani et al., 2024, 2021b; Pellegrini et al., 2008; Van
Asperen, 2010). Although these horses appear to have occupied
relatively small home ranges, potential for seasonal movements
between territories has been identified during the UP in Poland
(Pryor et al., 2016b). Evidence suggests that Late Pleistocene
horses in Western and Central Europe were primarily grazers
(Bocherens, 2015, 2003; Britton et al., 2023a; Kovács et al., 2012;
Schwartz-Narbonne et al., 2019) displaying minimal inter-annual
shifts in diet (Pryor et al., 2016b). However, individuals found
in more northern locations appear to have consumed relatively
higher amounts of browse (Pushkina et al., 2014; Rivals et al.,
2009; Saarinen et al., 2016) suggestive of plasticity in feeding
behavior traits.

While Neanderthals have long been established as capable
hunters, research continues to reveal complexity in Neanderthal
hunting strategies, demonstrating adaptation to different
environmental and ecological conditions suggestive of flexibility
in subsistence strategies (e.g., Blasco et al., 2022; Daujeard et al.,
2019; Discamps et al., 2011; Moncel et al., 2021; Zilhão et al., 2020).
Neanderthal subsistence practices have received close attention
particularly as they relate to broader questions around the interplay
of biological, cultural and environmental changes during the
Middle to Upper Paleolithic cultural transition in Europe, and
the subsequent decline of Neanderthal populations (Delagnes
and Rendu, 2011; Grayson and Delpech, 2002; Mellars, 2004;
Rendu, 2010; Rendu et al., 2012). However, the degree to which
prey selection by hominins is an adaptation to the availability of
different taxa in the local environment is still debated (Costamagno
et al., 2006; Discamps et al., 2011; Grayson and Delpech, 2002;
Mellars, 2004; Patou-Mathis, 2000; Rendu et al., 2012). For
example, faunal assemblages dominated by a single taxon have
been argued to reflect deliberate selection by hominin hunters from
among a broader array of species available in the environment,
often at a certain time of year (Daujeard et al., 2019; Gaudzinski,
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2005; Gaudzinski and Roebroeks, 2000; Gaudzinski-Windheuser
and Niven, 2009; Mellars, 2004; Niven et al., 2012). However,
more often than not, the spatio-temporal distribution of large
herbivore prey taxa in local the environment is assumed based on
the modern-day ecological characteristics of a species, ignoring
the potential for plasticity in past populations, and the presence of
non-analog environments during the Late Pleistocene in Central
Europe (Britton, 2018). As a result, questions remain around
interpretations of specialized hunting and the significance of
monospecific assemblages as an indicator of hominin cognitive
and social capacities (see Rendu, 2022 for an overview).

3 Reconstructing faunal spatial
paleoecology using multi-isotope
analyses

Multi-isotope analysis of faunal remains from archaeological
sites is an established method of reconstructing past animal ecology
and seasonality directly from the remains themselves (e.g. Britton
et al., 2011; Hoppe et al., 2004; Julien et al., 2012; Price et al., 2017).
Tooth enamel is particularly applicable as it can preserve over
millions of years (e.g., Lee-Thorp et al., 2010; Sponheimer and Lee-
Thorp, 1999) and forms incrementally, providing time-series data
corresponding to the period of enamel formation (Balasse, 2002;
Bendrey et al., 2015; Hoppe et al., 2004; Passey and Cerling, 2002).
Utilized in conjunction, intra-tooth δ

18O, δ13C and 87Sr/86Sr data
can reveal seasonal changes in diet related to movement between
habitats and regions (e.g., Julien et al., 2012; Pellegrini et al., 2008;
Pryor et al., 2016b). Together, these proxies have the ability to
provide multi-scale insights into the seasonal mobility patterns of
herbivore prey taxa.

At northern hemisphere mid- to high-latitudes, δ
18O values

of precipitation vary in relation to a number of factors including
continentality, altitude, moisture source and transportation,
rainfall amount and the temperature effect (see Pederzani
and Britton, 2019 for an overview). The temperature effect
describes the close relationship observed between air temperature
and δ

18O values in precipitation, resulting in a trend toward
decreasing δ

18Oprecipitation with colder temperatures and increasing
δ
18Oprecipitation with warmer temperatures (Dansgaard, 1964;
Fricke and O’Neil, 1999; Gat, 1980; Kohn and Welker, 2005;
Stumpp et al., 2014). As a result, seasonal temperature variation
is typically reflected in δ

18O values of precipitation-fed surface
waters including rivers and lakes (Gat, 2010, 1995; Rozanski, 1985).
However, de-coupling of δ

18Osurfacewater from δ
18Oprecipitation can

occur in groundwaters, as well as in larger lakes and rivers, due to
the effects of water residence time, transportation and evaporation
(Gat, 2010; Gonfiantini, 1986; Jeelani et al., 2017; Rozanski, 1985).
The δ

18Ovalues of large-herbivore tooth enamel are predominantly
derived from those of ingested water during enamel mineralization,
and appear as a semi-sinusoidal curve along the axis of growth
(Hoppe et al., 2004). In obligate drinkers like horses, δ

18Oenamel

predominantly reflects their drinking water sources (Bryant and
Froelich, 1995; Hoppe et al., 2004; Kohn, 1996; Kohn et al., 1996;
Longinelli, 1984). As such, deviations from the expected seasonal

amplitude in intra-tooth δ
18O are likely related to one or more

of the factors discussed above. Non-obligate drinkers, including
reindeer, obtain a larger proportion of their ingested water from
plant leafwater (Cain et al., 2006; Levin et al., 2006). The δ

18Ovalues
of leafwater are closely correlated with those of the plant source
water, which generally derives from local precipitation (Bowen and
Good, 2015; Cernusak et al., 2016). However, plant δ

18Oleafwater

is typically higher than local δ
18Oprecipitation due to enrichment of

18O during evapotranspiration processes in the leaves (Cernusak
et al., 2016; Flanagan et al., 1991; Levin et al., 2006; Merlivat,
1978). In temperate environments, the evapotranspiration rates
increase in C3 plants during the drier summer months, causing
elevated leafwater δ

18O values and amplifying seasonal variation
(Dongmann et al., 1974; Gonfiantini et al., 1965). Consequently,
while δ

18Oenamel of non-obligate drinkers can reflect seasonal
shifts in environmental water, these values are typically enriched
relative to those of obligate drinkers, displaying greater intra-tooth
amplitude (Kohn et al., 1996; Sponheimer and Lee-Thorp, 1999).
In migratory animals, particularly those that undertake seasonal
movements to avoid climatic extremes, seasonal amplitude in intra-
tooth δ

18O values may be reduced in comparison to that of local
precipitation (Britton et al., 2009).

Herbivore enamel stable carbon isotope (δ13C) values reflect
the dietary contributions of different plants during the period
of enamel formation (Cerling and Harris, 1999; DeNiro and
Epstein, 1978; Vogel, 1978). Enamel bioapatite δ

13C values of
large-herbivore are enriched in 13C by a consistent +14.1 ±

0.5‰ compared to consumed plants (Cerling and Harris, 1999).
In C3 plants, δ

13C values typically range from−22‰ to−35‰
(Ehleringer and Monson, 1993; Farquhar et al., 1989a; O’Leary,
1988). In plants that follow the C3 photosynthetic pathway,
including those that dominated Central European environments
during the Late Pleistocene, δ

13C values reflect light intensity,
nutrient and water availability, as well as recycling of CO2 in
closed-canopy forests (Ehleringer and Monson, 1993; Farquhar
et al., 1989a; Feranec and MacFadden, 2006; O’Leary, 1988). C3

plants growing in forest and woodlands exhibit lower δ
13C values

than those in open grasslands (Heaton, 1999; Tieszen, 1991).
Isotopic variation also exists between different types of plants,
for example lichens generally have higher δ

13C values relative to
vascular plants in the same ecosystem (e.g., Máguas and Brugnoli,
1996; Park and Epstein, 1960; Teeri, 1981). In C3 environments,
herbivores consuming predominantly grasses or large amounts
of lichen exhibit more positive δ

13C values (>c.-9‰) which
decrease with increased consumption of forage from more closed,
i.e. woodland environments (typically <-12‰) (Bocherens, 2003).
Mixed feeders are predicted to display intermediate values (c.−9‰
and−12‰) (Bocherens, 2003). Isotopic differences between plants
can therefore be used to identify dietary preferences, including
seasonal shifts, as well as resource partitioning among herbivore
groups (e.g. Bocherens, 2003; Bocherens et al., 1997; Cerling and
Harris, 1999; Drucker et al., 2003; Iacumin et al., 2000). While
C3 plants may exhibit seasonal shifts in δ

13C values due to water
stress, for example (Farquhar et al., 1989b; Mook et al., 1983),
these tend to be relatively small compared to isotopic differences
between different types of plants and those growing in different
environments (Bocherens, 2003).
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Strontium isotope (87Sr/86Sr) analysis of tooth enamel
bioapatite has been increasingly employed in mobility studies
of modern and ancient terrestrial animals (Barakat et al., 2023;
Britton et al., 2023a, 2011, 2009; Hoppe et al., 1999; Price et al.,
2017). Bioavailable strontium, strontium that enters the food
chain, is predominantly derived from underlying bedrock. Bedrock
87Sr/86Sr ratios are largely determined by the age of the rock, initial
amount of 87Rb, mineral content, and weathering rates (Capo et al.,
1998; Montgomery, 2010; Price et al., 2002). Strontium weathered
into soil is taken up by plants and subsequently incorporated
into herbivore tooth enamel via consumed forage (Bentley, 2006;
Capo et al., 1998). Enamel 87Sr/86Sr ratios therefore predominantly
reflect the values of local lithologies occupied during enamel
formation, with minimal fractionation between diet and consumer,
and may be used as a mobility proxy (Capo et al., 1998; Price et al.,
2002). One of the challenges in utilizing this method particularly
in Northern Central Europe, is the movement of sediment due
to water, wind, and glacier action (Lehmkuhl et al., 2021) across
potentially large areas resulting in bioavailable 87Sr/86Sr values
derived from the local bedrock and to some extent from these
imported sediments (Holt et al., 2021; Price et al., 2002). This has
necessitated the development of 87Sr/86Sr isoscapes that model the
spatial distribution of bioavailable 87Sr/86Sr across a landscape (e.g.,
Bataille et al., 2020, 2018; Evans et al., 2010; Kootker et al., 2016;
Willmes et al., 2018). A growing number of different models are
being used in this pursuit including statistical and mechanistic
models that can incorporate empirical data as well as a range of
variables known to influence strontium isotope values locally (see
Holt et al., 2021 for a review). Here, machine learning with a
random forest regression algorithm have demonstrated the ability
to produce accurate results, which include multiple influential
variables, across large areas (Bataille et al., 2020, 2018; Holt et al.,
2021). By comparing 87Sr/86Sr values in herbivore enamel with
the spatial distribution of bioavailable strontium, it is possible
to identify local and non-local individuals, as well as seasonal
ranges and mobility patterns of animals in the past (Bentley, 2006;
Capo et al., 1998). Furthermore, the inclusion of ecological spatial
assignment tools into archaeological analyses has enabled statistical
approaches to identifying locations of these ranges (e.g., Barakat
et al., 2023; Britton et al., 2023a; Le Corre et al., 2023; Ma et al.,
2020).

4 Site background and faunal
assemblage

The site of Salzgitter-Lebenstedt, Lower Saxony, Germany
(52◦10

′

26
′′

N, 10◦19
′

42
′′

E) is located on the northern slope of the
Krähenriede stream valley, close to its convergence with the Fuhse
river valley (Figure 1). An area of ca. 150 m2 was excavated in
1952 (Lebenstedt I) (Tode et al., 1953) and in 1977 (Lebenstedt
II) in an adjacent area of 220 m2 to the west (Figure 2) (Grote
and Preul, 1978). The sample material for this study comes from
the Lebenstedt I faunal assemblage. The Middle Paleolithic find
horizon comprises fluvial gravel, sand and silt deposits <2m in
thickness ∼4–7m below the current surface (Grote and Preul,
1978; Preul, 2017, 1991; Tode et al., 1953)(Grote and Preul,

1978; Preul, 2017, 1991; Tode et al., 1953), with a 30–60 cm
thick core horizon consisting of the majority of finds (Pastoors,
2001, 1996). Complex depositional conditions characterize the site,
at Lebenstedt I lithic and faunal material were concentrated in
two backwater ponds (Gaudzinski and Roebroeks, 2000; Preul,
2017, 1991; Tode et al., 1953), while at Lebenstedt II, the finds
were distributed throughout the excavation area with some higher
concentrations discovered within palaeochannels in the southern
part (Ludowici and Pöppelmann, 2017). The composition of the
archaeological horizon, consisting of various sandy sediments and
gravels, with humic peat lenses, deposited during smaller- and
larger-scale events, has complicated efforts to determine specific
periods of occupation and number of hunting events at the
site. Excavation techniques and documentation of the 1950s and
1970s, although modern for their time, cannot do justice to the
complex natural depositional conditions described. The challenge
for Salzgitter is therefore to combine episodes identified in the
faunal and lithic analysis at the microscale level (Gaudzinski
and Roebroeks, 2000; Pastoors, 2009, 2001; Preul, 1991; Tode,
1982) into larger depositional events and occupation phases
that ultimately subdivide the entire Salzgitter assemblage and to
integrate them into the natural processes of sedimentation.

The good preservation of the faunal material and the sharp
edges of the stone tools (Pastoors, 2009, 2001) suggest only
minor post-depositional disturbance despite some local freeze-
thaw action. As such, the finds have been treated as a single
assemblage by researchers (Gaudzinski, 1998; Gaudzinski and
Roebroeks, 2000; Pastoors, 2009, 2001; Ruebens et al., 2023; Tode,
1982). The lithic assemblage has been attributed to the Weichselian
Keilmessergruppen industry (Jöris, 2004; Jöris et al., 2022; Pastoors,
2009, 2001; Richter, 1997). Notable material culture finds from
the site include a number of mammoth rib bones interpreted
as having been modified by Neanderthals for use in stone tool
manufacture (Gaudzinski, 1999; Tode, 1982; Tode et al., 1953). Age
models based on palaeoecological material from the find horizon
attribute Neanderthal occupation at Salzgitter to an interstadial
between MIS 6 to MIS 3 (Bosinski, 1963; Pastoors, 2009, 2001;
Pfaffenberg, 1991; Preul, 2017, 1991; Selle, 1991). Direct dating of
archaeological material has produced a range of dates between 76
and 33 ka (Pastoors, 2001; Preul, 2017; Ruebens et al., 2023; Vogel
and Zagwijn, 1967). Organic material from the Middle Paleolithic
find horizon is indicative of a tree-less shrub tundra environment
during this period (Schütrumpf, 1991; Selle, 1991), and relatively
dry climate conditions (Stephan, 2017) while July temperatures
during this time in Northern Germany were likely below ∼10◦C
(Caspers and Freund, 2001).

The Lebenstedt I and II faunal assemblages combined consist
of ∼8,400 large mammal bones including a large number of
identifiable skeletal elements (Supplementary Table 1) (Gaudzinski,
1998; Kleinschmidt, 1953; for an overview see Gaudzinski-
Windheuser, 2021). Reindeer skeletal material dominates the
assemblage and at least 86 individuals have been identified, while
∼6% of the skeletal material exhibits bone surface modifications
including cutmarks and evidence for the splitting of long
bones (Supplementary Table 2) (Gaudzinski, 1998; Gaudzinski and
Roebroeks, 2000; Kleinschmidt, 1953). A variety of other species,
including horse (Equus sp.) are present in smaller numbers and also
displaying evidence of anthropogenic accumulation (Gaudzinski,
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FIGURE 1

Elevation map of the study area, Central Europe, and location of Salzgitter-Lebenstedt (52◦10
′

26
′′

N, 10◦19
′

42
′′

E). Elevation map created using

ETOPO1 data (Amante and Eakins, 2009). The location of the site is denoted by the yellow star, major cities are shown by black triangles. The

approximate maximum southern extents of the Fennoscandian ice sheet advances into the study region between MIS 6 (gray line) and the end of MIS

3/MIS 2 (black line) (spanning the potential periods of site occupation based on di�erent age models for Neanderthal presence at

Salzgitter-Lebenstedt) (Batchelor et al., 2019; Eissmann, 2002; Lang et al., 2018; Toucanne et al., 2023).

1998; Gaudzinski and Roebroeks, 2000). A different taphonomic
history has been identified for the reindeer material compared
to other taxa in the assemblage, namely better preservation and
similar patina (Gaudzinski and Roebroeks, 2000; Ruebens et al.,
2023), and it has been suggested that these remains were deposited
within a short time period (Gaudzinski, 1999; Gaudzinski and
Roebroeks, 2000). Based on stages of tooth eruption, epiphyseal
fusion, and antler growth Gaudzinski and Roebroeks (2000)
identifed a catastrophic mortality profile with the majority of
animals having died between late summer and autumn. Skeletal
element representation indicates the presence of whole carcasses in
most cases, suggesting these animals died or were killed close to
the site. Cutmarks and percussion marks found on reindeer bones
(Supplementary Table 2) have been interpreted as the targeted
processing of marrow-rich elements from adults between 8 and 9
years of age by Neanderthals (Gaudzinski, 1999, 1998; Gaudzinski
and Roebroeks, 2000). To date, ecological reconstructions of prey
taxa at Salzgitter comprise dental microwear analysis of R. tarandus
teeth reflect a broad range of browsing behavior, while meso- and
microwear patterns of the Equus sp. individuals are indicative of
long-term grazing and seasonal mixed feeding behavior (Rivals

et al., 2009; Rivals and Solounias, 2007). Bison were also identified
as exhibiting mixed feeding traits at Salzgitter (Rivals et al., 2009).

5 Materials and methods

5.1 Sample material and collection

The faunal material analyzed in this study is part of
the Lebenstedt I (1952) assemblage currently stored at the
Braunschweigisches Landesmuseum, Wolfenbüttel (Table 1). The
Lebenstedt I faunal assemblage was chosen for sampling due to
the excellent state of preservation including whole R. tarandus

mandibles, compared to the high degree of fragmented of skeletal
material from Lebenstedt II. The sample material was recovered
from the main find horizon within the excavated area of Lebenstedt
I (Figure 2) (Kleinschmidt, 1953; Preul, 1991). We sampled twenty-
two R. tarandus teeth belonging to nine individuals including
seven permanent second (M2) and third (M3) molars from the
same mandible, one isolated M2 and one M3 from two additional
individuals to provide a robust data framework for reindeer
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FIGURE 2

Relative location of the two excavation areas, Lebenstedt I (1952, excavations) and Lebenstedt II (1977 excavations) at Salzgitter-Lebenstedt and the

spatial distribution of the specimens sampled in this study (Grote and Preul, 1978; Kleinschmidt, 1953; Pastoors, 2001, 1996; Preul, 1991).

population analysis. For Equus sp. we studied an M2 and M3 tooth
from one animal and an M3 tooth from a second individual. All
elements were previously taxonomically identified by Kleinschmidt
(1953). We targeted adult individuals with fully erupted M3 teeth
(>2.5 years of age) and teeth were chosen based on availability,
preservation and least wear. We selected teeth from the same
side in order to avoid sampling the same individual twice. We
preferentially selected later forming teeth to avoid any influence
of an isotopic weaning signal (Hoppe et al., 2004; Skoog, 1968;
Wright and Schwarcz, 1998). Furthermore, we sampled a number
of individuals that were previously analyzed for tooth wear patterns
by Rivals et al. (2009) to reconstruct dietary preference enabling us
to compare our results with their study.

5.1.1 Tooth mineralization and sequential
sampling strategy

In hypsodont herbivores tooth enamel forms incrementally
from the cusp to the apex over a period of months or years
(Table 2) (Hillson, 2005). Once mineralized, enamel bioapatite is
not replaced during an individual’s lifetime and its dense crystalline
structure means it is relatively resistant to diagenetic alteration
compared to other skeletal tissues (Koch et al., 1997; Kohn et al.,
1996; Lee-Thorp, 2000).

In both R. tarandus and Equus sp. teeth in the jaw form
roughly in sequence, with varying degrees of overlap. As a
result, sampling multiple teeth from one individual can provide
a continuous record of isotopic data (Hoppe et al., 2004). The
exact timing of enamel mineralization is currently unknown for
reindeer and is estimated based on data from other cervids
(Brown and Chapman, 1991a,b) and supported by intra-tooth
isotope studies of modern caribou populations (Britton, 2010;
Britton et al., 2009). The M2 and M3 are expected to form in
sequence, with M2 mineralization taking place between <3.5 and
9 months, between the first summer and the first winter of the
animal’s life, and M3 mineralization occurring between 9 and
<18 months, from the second spring to second winter of life
(Table 2) (Britton et al., 2009; Brown and Chapman, 1991a,b). In
contrast, timing of enamel mineralization in modern equids is
relatively well documented (Bryant et al., 1996; Hoppe et al., 2004;
Soana et al., 1999). Mineralization in the M2 occurs between 7
(±1.5) and 37 (±3) months, and between 21 (±3) and 55 (±2)
months in M3 teeth (Table 2) (Bendrey et al., 2015; Hoppe et al.,
2004).

Prior to sampling, dirt from the burial environment and
dental calculus was removed from the tooth sampling surface
using a Dremel drill. Sequential samples of powdered enamel were
obtained using a handheld diamond-tipped Dremel drill along the
length of the tooth crown from cusp to cervix (Figure 3). Samples
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TABLE 1 Individual identification number and individual tooth identification number (this study), tooth analyzed, museum accession number and find

context of specimens from Lebenstedt I (Kleinschmidt, 1953) sampled in this study.

Species Individual ID Tooth Tooth ID Accession no. Find context

Equus sp. SAL_02/01 M3 SAL_01 E17 IV c 1 (I)

SAL_02/01 M2 SAL_02 E17 IV c 1 (I)

SAL_03 M3 SAL_03 E8 IV c (II)

Rangifer tarandus SAL_07/06 M3 SAL_06 R 195-6 IV c 1 (III)

SAL_07/06 M2 SAL_07 R 195-6 IV c 1 (III)

SAL_09/08 M3 SAL_08 R 208-16 IV c (III)

SAL_09/08 M2 SAL_09 R 208-16 IV c (III)

SAL_11/10 M3 SAL_10 R 202-9 IV c (IV)

SAL_11/10 M2 SAL_11 R 202-9 IV c (IV)

SAL_13/12 M3 SAL_12 R 199-10 IV c (IV)

SAL_13/12 M2 SAL_13 R 199-10 IV c (IV)

SAL_15/14 M3 SAL_14 R 198-3 I (III)

SAL_15/14 M2 SAL_15 R 198-3 I (III)

SAL_17/16 M2 SAL_16 R 200-11 I IV b (VII)

SAL_17/16 M2 SAL_17 R 200-11 I IV b (VII)

SAL_19/18 M3 SAL_18 R 203-7 IV c 1 (IV)

SAL_19/18 M2 SAL_19 R 203-7 IV c 1 (IV)

SAL_21/20 M3 SAL_20 R 216-25 IV c 1 (II)

SAL_21/20 M2 SAL_21 R 216-25 IV c 1 (II)

SAL_23/22 M3 SAL_22 R 194-5 IV e 1 (III)

SAL_23/22 M2 SAL_23 R 194-5 IV e 1 (III)

Samples previously sampled for toothwear analysis by Rivals and Solounias (2007) are listed in Supplementary Table 3.

TABLE 2 Tooth enamel mineralization times of Rangifer tarandus and Equus sp. permanent molar teeth sampled in this study.

Species Tooth Start of mineralization
(months)

End of mineralization
(months)

Rangifer tarandus M2 <3 <9

M3 9 18

Equus sp. M2 7 (±1.5) 37 (±3)

M3 21 (±3) 55 (±2)

R. tarandusmineralization times are estimated from red deer (Cervus elaphus) and mule deer (Odocoileus hemionus), adapted from Britton et al. (2009), Brown and Chapman (1991a,b). Timing
of mineralization for Equus sp. is adapted from Hoppe et al. (2004).

were obtained between ∼2mm below the occlusal surface (OS) to
∼2mm above the enamel root junction (ERJ) to prevent breakage,
with a width of ∼ 1mm and a breadth of ∼3mm. Approximately
10mg of enamel powder was taken for stable oxygen and carbon
isotope analyses and an additional ∼15mg for strontium isotope
analysis, in order to accommodate for sample loss during pre-
treatment or during analysis. Our sampling strategy was based on
the specific timing of enamel mineralization of each tooth in order
to best capture intra-annual variation in the enamel isotope signal
(Britton et al., 2009; Hoppe et al., 2004; Price et al., 2017). From
the equid molars, enamel samples for δ

18O and δ
13C analyses were

taken at ∼3mm intervals. For 87Sr/86Sr analysis, samples were
obtained at evenly spaced intervals along the crown corresponding
with approximately 6 months intervals of enamel mineralization in

order to capture sub-annual fluctuations in the intra-tooth isotope
signal. Due to the shorter period of enamel mineralization in
reindeer molars, we sampled as close to the previous sample as
possible along the length of the crown for δ

18O, δ13C and 87Sr/86Sr
isotope analysis.

5.2 Isotope analysis

5.2.1 suple carbon (δ13C) and oxygen (δ18O)
isotope analysis

Stable carbon and oxygen isotope analysis of R. tarandus and
Equus sp. tooth enamel carbonate was carried out at the Stable
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FIGURE 3

Bioavailable environmental 87Sr/86Sr isoscape from Bataille et al. (2020) cropped to Central Europe. See Supplementary Figure 2 for standard

error map.

Isotope laboratory, Max Planck Institute of Geoanthropology, Jena,
Germany. In order to remove any organic or exogenous carbonate
contaminates the powdered enamel samples were chemically
pretreated prior to analysis following the protocol described in
Sponheimer et al. (2005) and Lee-Thorp et al. (2012). This protocol
comprised of a wash in 1mL of 1% bleach solution (NaClO) for
60 minutes. Enamel samples were centrifuged and rinsed three
times in ultra-pure H2O. Following this, 1mL of 0.1M acetic
acid was added to each enamel sample for a period of 10min,
after which each sample was again centrifuged and rinsed three
times in ultra-pure H2O. In preparation for analysis samples were
freeze dried for 4 h, or until fully dry, after which 3–3.5mg of the
enamel powder was weighed out for analysis by mass spectrometry.
Samples were then reacted with 100% phosphoric acid, and gases
evolved from the samples were analyzed for their stable carbon
and oxygen isotopic composition using a Thermo GasBench 2
connected to a Thermo Delta V Advantage Mass Spectrometer
(Thermo Fisher Scientific).

These stable carbon and oxygen isotope values were then
compared against international standards registered by the
International Atomic Energy Agency. The results are reported as

delta (δ) values as parts per thousand (per mil, ‰) relative to
the international standard Vienna Pee Dee Belemnite for 13C/12C
and 18O/16O. Where δ(‰) = [(Rsample/Rstandard)−1] x 1,000,
and R is the 13C/12C or 18O/16O ratio. The δ

18O and δ
13C

values were normalized using a three-point calibration against
the international standards mIAEA-603 (δ13C = 2.5‰; δ

18O
= −2.4‰); IAEA–CO−8 (δ13C = −5.8‰; δ

18O = −22.7‰);
and IAEA NBS 18 (δ13C = −5.04‰; δ

18O = −23.2‰)] and
USGS44 (δ13C= −42.2‰) was used as the in-house standard.
Replicate analysis of the USGS44 standard shows that the
instrument measurement error is c. ± 0.1‰ for δ

13C and
± 0.2‰ for δ

18O. Finally, measurement of repeat extracts
from an equid enamel standard (ID: MAXIMUS) (n = 3,
± 0.2‰ for δ

13C and ± 0.3‰ δ
18O) to calculate overall

measurement precision.

5.2.2 Strontium isotope (87Sr/86Sr) analysis
Preparation and analysis of enamel for strontium isotope

(87Sr/86Sr) ratios was carried out in the Department of Geological
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Sciences, University of Cape Town following established
procedure described in Copeland et al. (2008). Following
chemical preparation, powdered samples were weighed into
7mL Savillex PFA beakers and 2–3m of 65% HNO3 was added,
after which the beakers were closed and kept at 140◦C for
1 h. After complete dissolution of the sample, they were dried
before being taken up in 1.5ml of 2M HNO3. Following this,
the strontium (Sr) fraction was then isolated using TrisKem
International Sr Spec resin and dried down before being re-
dissolved in 0.2% HNO (Pin et al., 1994). The isolated Sr
fractions were then analyzed as 200 ppb Sr solutions using
the Nu Plasma HR MC-ICP-MS. The enamel samples were
processed in parallel with repeat analysis of the in-house
carbonate reference material (NM95) which produced an average
87Sr/86Sr value of 0.7089015 ± 0.000028 [2σ] (n = 24). This
value is in good agreement with the long-term average of this
reference material at this facility of 0.708911 ± 0.000040 [2σ];
n = 414. The 87Sr/86Sr data presented in the current study are
referenced to bracketing analyses of the international strontium
isotope standard NIST SRM987 (87Sr/86Sr reference value of
0.710255), and enamel values were corrected for instrumental
mass fractionation using the exponential law and an 86Sr/88Sr
value of 0.1194. Correction of isobaric 87Rb interferences was
undertaken using the measured 85Rb signal alongside the natural
85Rb/87Rb. Total procedural blanks processed with samples at this
laboratory produced background Sr levels < 250 pg, and were
therefore negligible.

5.3 Bioavailable strontium (87Sr/86Sr)
isoscape and spatial assignment

We used the global bioavailable 87Sr/86Sr isoscape raster
produced by Bataille et al. (2020), cropped to Central Europe, to
interpret the faunal enamel isotope data in terms of individual
movements and range locations on the landscape (Figure 3).
Throughout the study area, variation in modeled ranges of
bioavailable strontium values broadly corresponds with variation
in the regional lithology (Supplementary Figure 1). Higher
bioavailable 87Sr/86Sr values are seen in volcanic mountainous
areas, while lower values characterize the sedimentary basins
including the Subhercynian Basin, in which Salzgitter is located,
as well as the NEP. This trend is supported by 87Sr/86Sr
values of locally sampled water sources (Käßner et al., 2023)
and modern plants (Heddell-Stevens et al., 2024). Modeled
ranges of bioavailable environmental 87Sr/86Sr in the area of
the site are between 0.7080 and 0.7100 (∼5 km radius). Using
the cropped 87Sr/86Sr isoscape from Bataille et al. (2020) we
performed spatial assignment on 87Sr/86Sr values correlating
with the winter and summer (end members) based on the
maximum δ

18O intra-tooth values (summer) and the minimum
intra-tooth δ

18O values (winter) for each individual using the
assignR package v.2.2.0 in R (Figure 4) (Ma et al., 2020). The
assignR package then uses a Bayesian statistical approach to
assign geographical origin of enamel 87Sr/86Sr values to the
bioavailable 87Sr/86Sr isoscape within a ∼400 km radius of
the site.

6 Results

6.1 Oxygen (δ18O) isotope results

The intra-tooth δ
18O values from the nine Salzgitter

reindeer display a combined range of −11.0 to −4.2‰
(Supplementary Table 4, Figure 4). All individuals exhibit a
semi-sinusoidal inter-tooth pattern in M2-M3 δ

18O values and this
pattern is likely reflective of seasonal fluctuations in environmental
waters during enamel mineralization. Taking into account a degree
of tooth wear and loss of isotope signal, the intra-tooth δ

18O values
of the Salzgitter individuals correlate well with predicted growth
rates for R. tarandus molars (Britton et al., 2009; Brown and
Chapman, 1991a) with M2 mineralization taking place between
winter and early spring, and M3 mineralization between early
spring and autumn. Based on this pattern, the combined M2-M3
isotopic signal represents ∼1 year of life. (Britton et al., 2009;
Brown and Chapman, 1991a). The Salzgitter reindeer all display
greater differences in δ

18O values between teeth than within teeth,
while, within the teeth, M3 intra-tooth δ

18O values display greater
inter-individual variation compared to that seen in the M2 teeth.
Differences in the position of maximum summer (peaks) and
minimum winter (troughs) along the tooth crown likely derive
from a combination of factors including differences in the amount
of wear, as well as small-scale differences in climate conditions
between years and/or differences in migratory behaviors, such as
the timing of spring migration, of these animals.

The two equids also display semi-sinusoidal curves in intra-
tooth δ

18O values exhibiting a combined range of−8.9 to−5.8‰,
with an intra-tooth amplitude of 2.7‰ in the M2 tooth
(SAL_02/01) and 1.3‰ and 3.0‰ in the M3 teeth (SAL_02/01
and SAL_05 respectively) (Figure 4). When compared to the
predicted timing of enamel mineralization (Hoppe et al., 2004),
the amplitude and spacing of intra-tooth δ

18O peaks and troughs
along the tooth crown likely reflect seasonal fluctuations in the
δ
18O values of meteoric water (Balasse, 2002; Hoppe et al., 2004).
On the basis of the intra-tooth δ

18O signal and taking into
account wear on the teeth, SAL_02/01 M2-M3 teeth represent a
combined period of ∼18 months of life with the M2 tooth likely
incorporates the period between mid-summer through winter
into spring, while timing of M3 mineralization corresponds to
a ∼1 year period between two winters (Balasse, 2002; Hoppe
et al., 2004). The M3 isotopic signal of SAL_03 represents ∼7
months of isotopic signal, from winter to mid-summer. The M2
and M3 teeth belonging to individuals SAL_02/01 and SAL_03
respectively, exhibit a similar range in δ

18O values (between−6‰
and−9‰). In contrast the M3 tooth of SAL_02/01 displays
a smaller range in intra-tooth δ

18Oenamel, due to lower warm
season values.

6.2 Carbon (δ13C) isotope results

Intra-tooth δ
13C values of the Salzgitter reindeer (n= 9) have a

combined range of −10.7 to−7.6‰ (Figure 5). A decrease in δ
13C

values is seen between the M2 and M3 teeth resulting in a semi-
sinusoidal intra-tooth pattern (Supplementary Table 4, Figure 5).
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FIGURE 4

Intra-tooth δ
18O results for (A) Rangifer tarandus M2-M3 teeth from individuals SAL_07/06, SAL_09/08, SAL_11/10, SAL_13/12, SAL_17/16,

SAL_19/18, SAL_21/20 and SAL_23/22 and isolated M3 tooth from SAL_15/14 and (B) Equus sp. M2-M3 (SAL_01/02) and isolated M3 (SAL_03) teeth

at Salzgitter-Lebenstedt.
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FIGURE 5

Intra-tooth δ
13C results for (A) Rangifer tarandus M2-M3 teeth from individuals SAL_07/06, SAL_09/08, SAL_11/10, SAL_13/12, SAL_17/16,

SAL_19/18, SAL_21/20 and SAL_23/22 and isolated M3 tooth from SAL_15/14 and (B) Equus sp. M2-M3 (SAL_01/02) and isolated M3 (SAL_03) teeth

at Salzgitter-Lebenstedt.

Frontiers in Environmental Archaeology 12 frontiersin.org

https://doi.org/10.3389/fearc.2024.1458040
https://www.frontiersin.org/journals/environmental-archaeology
https://www.frontiersin.org


Heddell-Stevens et al. 10.3389/fearc.2024.1458040

All analyzed individuals display higher δ
13C values in the M2 teeth

compared to the M3 with no overlap in values between the two
molars. This is indicative of seasonal shifts in diet, coupled with
smaller-scale seasonal changes in plant leaf δ

13C values related to
environmental factors (Cernusak et al., 2016; Farquhar et al., 1989a;
Hoppe et al., 2004; Mook et al., 1983). It is likely higher δ

13C
values in M2 teeth (during the cold season) reflect consumption
of lichens at this time of the year (Bocherens, 2003; Fizet et al.,
1995), a trend that is widely observed in modern R. tarandus

populations (Ben-David et al., 2001; Drucker et al., 2001). The
same pattern is seen across all individuals, suggestive of similar
dietary traits among these animals. Inter-individual range in δ

13C
values is smallest at the M2 ERJ sample position and largest at
the M3 ERJ sample position. The combined range in intra-tooth
δ
13C values of the two Salzgitter horses is −12.3‰ to −11.4‰,
with a large degree of overlap between the individuals (Figure 5).
These values are indicative of a graze-based diet during the period
of enamel mineralization, indicative of grazing in grassland and
steppic environments (Bocherens, 2003). While all three teeth
display minimal intra-tooth variation in δ

13C ranges, the M2 of
individual SAL_01/02 exhibits the largest range in δ

13C values
(0.9‰) and the δ

13C values in the M3 teeth (SAL_02/01 and
SAL_03) fall within this range.

6.3 Strontium (87Sr/86Sr) isotope results

The combined range of intra-tooth 87Sr/86Sr values of
Salzgitter reindeer (n = 9) is 0.7100-0.7136, with the values of
the majority of individuals (n=6) plotting between 0.7110 and
0.7118 (Supplementary Table 4, Figure 6). The 87Sr/86Sr values
of SAL_07/06, SAL_11/10 and SAL_13/12 lie in the same
range as those of the bioavailable 87Sr/86Sr found within a
∼2km radius of the site (0.7100-0.7107). No clear inter- or
intra-tooth trends in 87Sr/86Sr values can be identified among
individuals, and summer peaks and winter troughs in intra-
tooth 87Sr/86Sr values are located at different points along the
M2-M3 tooth crowns. Three reindeer exhibit higher 87Sr/86Sr
values in M2 teeth compared to the M3 (SAL_15/14, SAL_19/18
and SAL_21/20), while the opposite trend is observed for the
remaining four individuals (SAL_07/06, SAL_11/10, SAL_17/16
and SAL_23/22). Two of the nine reindeer (SAL_09/08 and
SAL_13/12) exhibit an overlap in M2 and M3 87Sr/86Sr values,
displaying opposite cyclical trends in inter-/intra-tooth (M2-M3
teeth) 87Sr/86Sr values. The largest difference in values is seen
at the ERJ sample position in M2 teeth, corresponding with
first winter to early spring timing of mineralization, while the
greatest amount of overlap among individuals is at the M3 mid-
crown (through to ERJ) sample position corresponding with
enamel mineralization during the second summer to early autumn
of life.

The combined range of 87Sr/86Sr values for the two Salzgitter
horses is 0.7089-0.7103 (Figure 6). SAL_02/01 has a combined
M2-M3 intra-tooth range of 0.7100-0.7103 with 87Sr/86Sr
intra-tooth values decreasing mid-crown during the colder
months, as indicated by trends in the intra-tooth δ

18O values,
then increasing again toward the ERJ, during spring-summer.

The second equid (SAL_03) exhibits comparatively lower
87Sr/86Sr values with a greater intra-tooth range (0.7089-0.7092).
These values overlap with the range of modeled bioavailable
87Sr/86Sr values for site lithology. The 87Sr/86Sr intra-tooth
values in this animal exhibit a slight decrease (0.0003) from
OS to ERJ corresponding with winter to summer period of
enamel mineralization identified on the basis of intra-tooth
δ
18O values.

6.4 Spatial assignment results

Spatial assignment was used to identify the location of winter
and summer ranges (90% probability) of the Salzgitter reindeer
(Figure 7) and horses (Figure 8) analyzed in this study. Overlap in
these ranges is shown in purple while probable winter ranges are
given in blue and summer ranges are in yellow.

Multiple areas are identified as probable winter and summer
ranges for the Salzgitter reindeer. It is important to note that
the spatial assignment highlights all areas with 87Sr/86Sr values
that match those identified in the reindeer winter (minimum
δ
18O values) and summer (maximum δ

18O values) enamel sample
positions. This does not, however, mean that these individuals
occupied the entirety of the highlighted regions, rather they could
have undertaken smaller or larger scale movements within these
areas. However, a number of trends in space use by the Salzgitter
reindeer analyzed here are still apparent. There is a notable lack
of identified ranges in the immediate vicinity of the site, and to
the north and northwest. The spatial assignment identifies a large
degree of overlap (>67%) in likely winter and summer ranges of all
reindeer, although the potential size of the ranges may have varied
between individuals. We identified four major trends (groups 1–4)
(Figure 7) in potential sizes of winter/summer ranges, range overlap
and associated topographies in the spatial assignment results of the
Salzgitter reindeer. Group 1 comprises of SAL_07/06 (Figure 7A)
and SAL_11/10 (Figure 7B), group 2 is made up of SAL_13/12
(Figure 7C), SAL_14 (Figure 7D), SAL_17/16 (Figure 7E) and
SAL_23/22 (Figure 7F), group 3 includes SAL_19/18 (Figure 7G)
and SAL_21/20 (Figure 7H) and group 4 consists solely of
SAL_09/08 (Figure 7I). Individual SAL_07/06 exhibits the largest
potential range with the least amount of overlap (68%) between
winter and summer ranges. For this individual, areas identified
as exclusive to summer ranges are associated with areas [above
∼400m above sea level (asl)] in the Central European Upland
Zone, while potential winter ranges are identified in lower laying
areas on the NEP and in Southern Germany. Seasonal ranges
identified for SAL_11/12, display a greater degree of overlap
between winter and summer ranges (88%) associated with areas
<400m asl. For individuals SAL_13/12, SAL_17/16 and SAL_23/22
slightly smaller ranges are identified, as well as a larger degree of
overlap in likely winter and summer ranges of 100%, 95% and
97% respectively, associated with elevated areas up to ∼800m
asl in the Upland Zone, as well as lower laying areas to the
west of the site and Southern Germany. Individuals SAL_19/18
and SAL_21/20 exhibit similar sized potential ranges, however,
smaller areas at elevated areas may have been occupied exclusively
during winter, while some low laying are exclusively associated
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FIGURE 6

Intra-tooth 87Sr/86Sr results for (A) M2-M3 teeth of Rangifer tarandus individuals SAL_07/06, SAL_09/08, SAL_11/10, SAL_13/12, SAL_15/14,

SAL_17/16, SAL_19/18, SAL_21/20 and SAL_23/22 and (B) Equus sp. M2 (SAL_02/01) and M3 (SAL_03) teeth at Salzgitter-Lebenstedt.
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FIGURE 7

Spatial assignment of winter and summer ranges for Rangifer tarandus at Salzgitter with a 90% probability of origin. Blue denotes winter ranges,

yellow denotes summer ranges and overlap between likely winter and summer ranges is shown in purple. The pink star gives the location of the site.

The individual reindeer are grouped according to the four major trends in probably (90%) winter and summer ranges identified in the spatial

assignment. Group 1 includes individuals SAL_07/06 (A) and SAL_11/10 (B), group 2 includes SAL_13/12 (C), SAL_14 (M3 only) (D), SAL_17/16 (E) and

SAL_23/22 (F), group 3 comprises of SAL_19/18 (G) and SAL_21/20 (H) and group 4 contains SAL_09/08 (I).

with summer ranges. Individual SAL_09/08 exhibits the smallest
potential home range, associated almost exclusively with areas
above ∼400m asl, and displays a high degree of overlap (95%)
between winter and summer ranges. For individual SAL_15/14,
only spatial assignment of summer range was possible, due to
a lack of M2 enamel preservation. The probable winter range
of this individual, is almost identical to those of SAL_13/12
and SAL_23/22.

Spatial assignment of winter and summer ranges was also
undertaken for the two Salzgitter equid individuals, SAL_02/01
(M2) (Figure 8A) and SAL_03 (M3) (Figure 8B). The results
indicate different potential winter and summer ranges for the two
individuals. Both animals display a large degree of overlap between
their respective winter and summer ranges of 79% (SAL_02/01)
and 87% (SAL_03). For individual SAL_02/01 probable ranges
include foothills and lower mountain slopes of the Central Upland
Zone, including the Harz Mountains, and low laying areas within
the Thuringian Basin, Southern Germany and to the Northeast
on the NEP. They do not include the area in the immediate

vicinity of the site (2–5 km radius). Areas exclusively highlighted
as potential summer ranges are scattered across the region to the
south of the site while exclusive likely winter ranges are seen in
small areas across the region. Overlap in probable winter and
summer ranges of SAL_03 corresponds closely with low lying
areas, including in the site lithology. Potential winter/summer
range of this individual also includes parts of the NEP north of
the site and to the west into Belgium and the Netherlands, as
well the Thuringian Basin and Southern Germany. Small areas of
potentially exclusive winter and summer ranges are seen scattered
throughout the region.

7 Discussion

7.1 Reindeer behavior at Salzgitter

As outlined above, large-herbivore enamel δ
18O values can be

used to identify the seasonality of animal movements and can
also inform on the scale of migrations (e.g., Barakat et al., 2023;
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FIGURE 8

Spatial assignment of the Salzgitter Equus sp. individuals, (A) SAL_02/01, (B) SAL_03, winter and summer ranges with a 90% probability of origin. Blue

denotes winter range, yellow/orange denotes summer ranges and winter/summer range overlap is shown in purple. The pink star gives the location

of the site.

Britton et al., 2009; Glassburn et al., 2018; Pellegrini et al., 2008).
Intra-group similarity in enamel δ18O values among the Salzgitter
reindeer suggests that these individuals experienced broadly similar
climatic conditions during enamel mineralization. These reindeer
exhibit greater variation in δ

18O values between teeth than within
them, a trend which has been shown to reflect seasonal long-
distance (e.g., hundreds of kilometers) thermo-stress migrations
between distinct winter and summer ranges in modern caribou
herds in Alaska (Britton et al., 2009). These movements by Alaskan

caribou (Rangifer tarandus) correspond with changing seasons
and are undertaken to avoid climatic extremes at the different
ends of these animals’ ranges (Alerstam et al., 2003; Avgar et al.,
2014) resulting in reduced seasonal amplitude in the intra-tooth
δ
18O signal relative to local precipitation (Britton et al., 2009).
This same trend in the Salzgitter reindeer enamel oxygen isotope
values may therefore also be indicative of similar, longer distance
migrations between winter and summer ranges in response to
seasonal weather patterns.
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The similar ranges and patterning in δ
13C values of the

Salzgitter reindeer are indicative of analogous seasonal feeding
behavior during enamel mineralization. These data display
parallel trends to those seen in the inter-tooth δ

18O values,
further indicating that these individuals likely had similar
habitat preferences. Lichens appear to have made a substantial
contribution to the diets of the reindeer, particularly during
the cold season when enamel δ

13C values are highest. Evidence
for lichen consumption has previously been identified in R.

tarandus at other Late Pleistocene sites in Europe (Bocherens,
2003; Britton et al., 2018; Fizet et al., 1995; Rivals and
Semprebon, 2017). During the warmer months, lichen intake
by the Salzgitter reindeer appears to have decreased in favor
of vascular plants (i.e., graminoids and shrubs), most likely in
response to their increased availability during spring-summer
(Ben-David et al., 2001; Klein, 1992; Webber et al., 2022).
These δ

13C values of these reindeer are not indicative of
browsing behaviors (Bocherens, 2003) as previously identified
for a number of these individuals via dental microwear analysis
(Supplementary Table 3) (Rivals and Solounias, 2007). However, as
microwear patterns reflect forage consumed immediately prior to
death, it may be that these reindeer consumed greater amounts
of browse in later years, subsequent to the period of during
enamel mineralization.

Owing to the potential for long distance migrations in this
species and the equifinality in bioavailable 87Sr/86Sr values across
the region we were unable to determine the exact locations of the
seasonal ranges of the reindeer analyzed in this study. However, in
comparing the reindeer enamel 87Sr/86Sr signal with the modeled
isoscape it appears that some areas can be ruled out as potential
ranges, including most of Northern Germany and the lowlands to
the west, as well as the Thuringian Basin. Rather, ranges of the
Salzgitter reindeer are more likely to have been located within the
Central Uplands, including parts of Southern Germany, and/or
further to the east on the NEP. Due to the considerable size of these
identified areas, individual range size and migration distance could
have varied substantially.

The lack of overlap between 87Sr/86Sr values in the Salzgitter
reindeer enamel and bioavailable 87Sr/86Sr values found in the
vicinity of the site (ca. 5 km radius) are potentially due to a number
of factors. Firstly, the reindeer may not have spend time in the
immediate site vicinity, and by extension, large parts of the NEP,
during the ∼1 year period of enamel formation. Secondly, due
to the presence of small discrete areas with higher bioavailable
strontium values within a ∼20 km of the site it is also possible
that these animals moved through the area, across the different
lithologies, relatively quickly (i.e. faster than the rate of enamel
mineralization) producing an averaged 87Sr/86Sr signal in their
enamel. Modern R. tarandus tend to be highly mobile, even within
summer and winter habitats, moving continuously to find forage,
and avoid predators and insect harassment (Ehlers et al., 2024; Joly
et al., 2024; Theoret et al., 2022). It is therefore possible that the site
was located within the seasonal ranges of these reindeer without
producing a visible “local” strontium signal in the enamel. A further
explanation here could be that the incremental sampling by hand
was not at a high enough resolution to pick up brief periods on the
local geology.

Given the range in 87Sr/86Sr values found in the Salzgitter
reindeer (0.7100-0.7136) and the relatively low values modeled
for most of the NEP (<0.7100), it appears that the majority of
these individuals spent time on lithologies with substantially higher
values, such as those found in the Central Uplands (>0.7110).
The closest values in this range are found in the Harz Mountains,
some 20 kms to the south of Salzgitter. If the site was located
on a reindeer migration route, as hypothesized (Gaudzinski,
1999; Gaudzinski and Roebroeks, 2000), it appears likely that
migrations were undertaken on a roughly east-west axis across
– potentially along the northern edge of the Central Uplands.
East-west migrations in Northern Central Europe have previously
been identified in reindeer from the Late Upper Paleolithic site
of Stellmoor, Northern Germany, during the Younger Dryas cold
stage using multi-isotope data (Price et al., 2017). It is possible that
reindeer undertook east-west directional migrations at different
times during glacial periods in Northern Europe.

The intra-group variation in enamel δ
18O and 87Sr/86Sr

values of the Salzgitter reindeer are indicative of differences in
biogeography and mobility patterns between these animals. The
four major trends identified via the spatial assignment point
to differences spatial ecology of the Salzgitter reindeer. Taking
into account the timing of enamel formation and wear on the
teeth, inter-individual variation in δ

18O values also point to slight
differences the seasonal timing of enamel formation, suggestive of
difference in climate conditions, and/or, the timing of migrations
among these animals (Britton et al., 2009; Gigleux et al., 2019).
Evidence for inter-annual variability in the timing, route, and
speed of migration is well-documented in modern caribou herds
(Ferguson and Elkie, 2004; Gurarie et al., 2019; Joly et al., 2021b;
Le Corre et al., 2014; Theoret et al., 2022). These aspects are
dependent on a wide range of factors, including climate and
weather conditions, the timing of spring green-up, body condition
and predation risk (Bergerud and Luttich, 2003; Joly et al., 2021a;
Le Corre et al., 2016; Mallory et al., 2020). The Salzgitter reindeer
may have exhibited flexibility in movement ecology in response
to a similar range of factors. For example, the larger body size of
a number of carnivore species during glacial periods in Europe
(Bocherens, 2015) may have resulted in increased predation of
ungulates during this period Therefore, predator avoidance may
have been a main contributing factor in the variability of reindeer
movements at Salzgitter.

While we could not to identify the exact ranges and migration
routes of the Salzgitter reindeer, we were able to identify some intra-
group level trends in space use/biogeography, potentially associated
with topography. The combined results of the spatial assignment
and intra-tooth 87Sr/86Sr data indicate a high probability that parts
of the Central Upland Zone as potential winter and summer range
locations for all of the reindeer analyzed here. While no clear
seasonal preference toward higher or lower elevation could be
identified, at least four of the reindeer (SAL_07/06, SAL_11/10,
SAL_19/18 and SAL_21/20) may have moved altitudinally between
seasons. Within these individuals however, opposite tends are
observed, with two of these animals (SAL_07/06 and SAL_11/10)
potentially moving occupying summer ranges at higher elevation
while for SAL_19/18 and SAL_21/20 higher elevation is associated
with winter ranges. Seasonal altitudinal movements have been
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observed in different sub-species of extant R. tarandus, and here
too, both winter and summer ranges can be found at elevation,
as well as intra-seasonal movements between elevations (Bergerud,
1967; Brown et al., 1986; Cichowski et al., 2004; Oosenbrug
and Theberge, 1980). In these modern populations altitudinal
movements are driven predominantly by climate, but also snow
cover and forage availability as well as insect avoidance (Cichowski
et al., 2004; Stevens et al., 2001). Salzgitter is located on the
northern edge of the Central European Upland Zone, and the
closest potential ranges found at elevation to the site at elevation
are seen ∼30 km to the south in the Harz Mountains. Large
areas throughout the Central Uplands are also identified as likely
seasonal ranges. Fontana (2017) argues that diverse range of
habitats provided by the topographic contrast found between the
foothills of the Massif Central (Southwestern France) and adjacent
areas, supported herds of non-migratory reindeer at the end of
the Late Pleistocene. Perhaps the Central Uplands and contiguous
basins provided a similarly diverse range of environments and
access to different habitats earlier in the Late Pleistocene, making
this region attractive to the Salzgitter reindeer.

Depending on the number of depositional events and period
of accumulation of the reindeer remains, these differences in
spatial ecology between the reindeer analyzed here may indicate
considerable flexibility in migration routes as well as varying
degrees of seasonal range fidelity in Salzgitter reindeer. While
arguments for a single or small number of hunting events have
been made on the basis of zooarchaeological data (Gaudzinski,
1998; Gaudzinski and Roebroeks, 2000), the complex depositional
conditions outlined above have ultimately hampered efforts to
identify the exact number of events. The isotopic data presented
in this study points to differences in ranges and mobility patterns
these animals, however, due to the high potential for considerable
migratory plasticity in modern R. tarandus (e.g. Gurarie et al., 2019;
Joly et al., 2021b,a; Severson et al., 2021), it is not currently possible
to identify whether they belonged to a single herd on the basis of
these results. The behavioral variation may reflect the presence of
animals a single herd or population with a high degree variation
in mobility patterns and seasonal range use, or alternatively, the
existence of different groups in the region with different movement
ecologies. Variation in spatial ecology of reindeer through time
at a single location have also been identified between Middle
Paleolithic contexts in Southwestern France, evidenced by a shift
from migratory to sedentary ecotypes (Britton et al., 2023a). More
recently, inter-individual variation in summer ranges was identified
for reindeer during early MIS 4 at Königsaue, eastern Central
Germany, ∼100 km to the southeast of Salzgitter (Heddell-Stevens
et al., 2024), further demonstrating the potential for behavioral
plasticity of R. tarandus during the Last Glacial.

7.2 Equid behavior at Salzgitter

Given the similarity in intra-tooth trends in δ
18Oenamel in the

Salzgitter horses we suggest that climate conditions experienced by
these individuals were broadly similar. Intra-tooth amplitudes in
δ
18O values also correlate well with those of two further equids
(δ18Ophosphate) from the site obtained during a previous study

(Stephan, 2017). Given the seasonal-scale variation in δ
18Oenamel

of the individuals analyzed here, we argue that these animals
most likely drank from surface water source/s fed predominantly
by local precipitation (Pederzani and Britton, 2019). This may
have included a source within the nearby Fuhse river valley, as
the current course of the river is located approximately 300m to
the west of the site. The horses may have come to this area to
fulfill daily drinking water requirements as access to water sources
is a key determinate of range use in modern equids (Hinton,
1978; Scheibe et al., 1998; Schoenecker et al., 2016). Seasonal
amplitude in δ

18Oenamel may further indicate that these horses
are unlikely to have undertaken long-distance movements across
climatic gradients during the period of enamel mineralization.
Rather, they appear more likely to have been more residential, with
ranges that incorporated the region around Salzgitter. Relatively
sedentary behavior has been suggested for other equids within
European contexts during the Last Glacial, in which similar intra-
tooth δ

18O amplitudes (1.5–5‰, enamel carbonate and phosphate)
have been identified (Heddell-Stevens et al., 2024; Pederzani et al.,
2024, 2021b; Pryor et al., 2016b). Interestingly, analysis of equid (n
= 2) enamel from the Middle Paleolithic site of Königsaue (Layer
A), also located on the northern edge of the Central Uplands,
display a very similar range (between −10.0‰ and −6‰) and
amplitude (1.9–2.5‰) in intra-tooth δ

18O values. This is suggestive
of similarities in drinking behaviors and similar climate conditions
experienced by horses at both sites. The slight decrease inM3 intra-
tooth amplitude displayed in SAL_02/01 may be explained by a
degree of averaging in the isotopic signal, expected in later forming
teeth and enamel (i.e., closer to the ERJ) owing to an increase
in formation time (Bendrey et al., 2015). The lower warm season
δ
18O values in this tooth may also reflect enamel formation under
cooler summer conditions, as a result of inter-annual fluctuations
in temperature.

The two Salzgitter horses most likely consumed a graze-
based diet during the period of enamel mineralization. Year-
round grazing is consistent with the shrub tundra environment
in the vicinity of the site (Schütrumpf, 1991; Selle, 1991; Sirocko
et al., 2016) and dietary trends identified in equids at other glacial
sites in central Eastern Germany (Heddell-Stevens et al., 2024)
and Southwestern Germany (Pushkina et al., 2014), and Southern
France (Britton et al., 2023a). The lack of intra-tooth variation
in δ

13C values in the Salzgitter horses is further indicative of a
relatively stable diet during the period of enamel formation. In
the majority of wild horses today, seasonal dietary shifts largely
reflect availability of forage (Crane et al., 1997; Girard et al.,
2013; Salter and Hudson, 1979). The persistence of grazing year-
round by the Salzgitter horse therefore most likely reflect the
grass-dominated steppe tundra environment of Northern Germany
during the Last Glacial. The Salzgitter equids exhibit a much
more restricted seasonal diet compared to the reindeer at the
site, however, dietary spacing between these two species is similar
overall to that identified at other Late Pleistocene glacial sites in
Europe (Figure 9) (Drucker, 2022).

The 87Sr/86Sr values of both equids overlap with modeled
bioavailable 87Sr/86Sr values within a ∼5 km radius of Salzgitter,
suggesting that these animals spent time in the site vicinity or
on similar lithologies during the period of enamel mineralization.
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FIGURE 9

Combined enamel δ18O (A), δ13C (B) and 87Sr/86Sr (C) data for Rangifer tarandus and Equus sp. individuals at Salzgitter-Lebenstedt. Each box

represents one individual. Blue boxes denote reindeer M2-M3 teeth and blue and white striped boxes represent isolated teeth. Gray box denotes

equid M2-M3 teeth (SAL_02/01) and the gray and white striped box represents the isolated M3 tooth (SAL_03). The yellow box represents the local

bioavailable 87Sr/86Sr baseline within a 5km radius of the site.

The seasonal-scale variation in δ
18O intra-tooth signals and the

presence of these animals’ remains at the site suggests that they
may have lived relatively local to the area during their lifetimes.
The absence of long-distance migrations and relatively residential
mobility has also been identified in equids within the Last Glacial
contexts from central Eastern Germany (Pederzani et al., 2024;
Heddell-Stevens et al., 2024) and Southwestern France (Britton
et al., 2023a). These findings are consistent with smaller range
sizes of wild extant equids in modern mesic steppe grasslands
(0.75–12 km2) (King, 2002). In contrast to the reindeer, the spatial
assignment results suggests that winter and summer ranges of
the Salzgitter horses were located in lower laying areas, which
may further point to differences in the ecological niches of these
species in terms of topography as the reindeer likely spent time
at elevation (Figure 7). Differences in 87Sr/86Sr values between
the two Salzgitter horses does indicate that they moved over
different lithologies during enamel mineralization, highlighting
differences in individual biogeography. Differences in home ranges
and mobility patterns may be due to differences in sex between
these individuals, as wild extant bachelor bands are typically wider
ranging than harem groups (Bahloul et al., 2001; King, 2002).
Differences in spatial ecology may also be the result of differences
in birth years and inter-annual differences in forage and water
availability. Parallel trends in intra-tooth variation in 87Sr/86Sr and

δ
18O values, it appears that both animals undertook movements
on a seasonal basis. This is likely reflective of seasonal availability
of graze and drinking water sources, which are major drivers
of seasonal movements in extant wild equids (Petersen et al.,
2023; Schoenecker et al., 2023, 2016). During the period of site
occupation Salzgitter was on a small stream alongside backwater
ponds, which may have been exploited by horses as a drinking
source at this time.

7.3 Strontium isotopes as a proxy for
large-herbivore mobility patterns in Late
Pleistocene Central Europe

As discussed above, the presence of similar underlying
geologies and lithologies and resulting equifinality in bioavailable
87Sr/86Sr across the Central Europe can conceal individual ranging
patterns within these areas and therefore pose a challenge when
utilizing strontium isotopes as a provenancing tool in this region.
Laser ablation sampling of tooth enamel for strontium isotope
analysis could potentially reveal smaller scale movements or more
specific areas that individuals moved across on the landscape
between different geologies and may be a useful approach for
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future studies in this region (e.g., Le Corre et al., 2023). However,
it would not enable us to discern between areas with the same
bioavailable strontium values. The use of additional spatial proxies
such as sulfur isotope (δ34S) analysis of bone collagen may provide
another line of evidence in mobility studies (Bataille et al., 2021;
Nehlich, 2015). Sulfur values reflect distance to the coast, and initial
applications to reindeer remains from Late Pleistocene contexts
in France have shown the efficacy of this method (Britton et al.,
2023b). A major consideration when using 87Sr/86Sr isoscapes
of Central and Northern Europe is that 87Sr/86Sr isoscapes are
modeled from predominantly modern environmental samples and
include a comparatively small number of archaeological samples,
resulting in predominantly modern-day bioavailable 87Sr/86Sr
baselines (Crowley et al., 2017; Holt et al., 2021). It is therefore
important to consider the potential impact of the introduction of
more recent depositions such as glacial tills and aeolian sediments
into the region, subsequent to the period of Middle Paleolithic
occupation at Salzgitter (Haase et al., 2007; Koster, 2005; Lehmkuhl
et al., 2021). However, as bedrock age has been determined a key
predictor of local bioavailable 87Sr/86Sr (Bataille et al., 2020, 2018;
Bataille and Bowen, 2012; Hoogewerff et al., 2019; Käßner et al.,
2023) we argue that the isoscape utilized in this study (Bataille et al.,
2020) is applicable. However, future work should, where possible,
incorporate sampling material from archaeological sites to ensure
the 87Sr/86Sr isoscape reflects the bioavailable strontium values for
the study time period as closely as possible.

7.4 Potential implications for Neanderthal
reindeer hunting strategies at
Salzgitter-Lebenstedt

Neanderthal hunting practices at Salzgitter have been
interpreted as the targeted exploitation of reindeer herd/s during
autumn migration (Gaudzinski, 2000; Gaudzinski and Roebroeks,
2000). It has been suggested that the assemblage was likely
accumulated relatively rapidly, possibly as the result of a single
hunting event (Gaudzinski, 2000; Gaudzinski and Roebroeks,
2000). In light of inter-individual variation in the biogeography
and mobility patterns during enamel mineralization of the
Salzgitter reindeer identified in the current study, it appears
unlikely that these animals were from the same herd killed during
a single event. We suggest that these animals likely belonged to
different herds, or possibly to one herd that visited the site in
different years. If these individuals were introduced to the site as a
result of Neanderthal exploitation, then it appears likely that they
represent multiple hunting episodes. However, we cannot rule out
that they were members of a single herd, born in different years,
with a high degree of inter-annual variation in mobility patterns,
in which case they may have been hunted at the same time. Trends
in the isotope data presented here cannot be explained by the
spatial distribution, either vertical or horizontal, of the fauna
material within Lebenstedt I, as such, further interpretation of
Neanderthal hunting strategy at the site requires greater knowledge
of depositional processes and the relationship between the finds.
Ultimately, further dating of the faunal remains is needed to
clarify the hunting events and Neanderthal occupation at the

site. Whether these reindeer belonged to one or multiple herds,
our results point to a potentially high degree of plasticity in
reindeer mobility patterns and seasonal ranges during the Last
Glacial Period in Central Europe which may have made reindeer
movements and ranges less predictable for hominin hunters, which
could point to flexibility in Neanderthal hunting strategies and
the ability to adapt to changes in prey-species ecology. While
the small sample size of the Salzgitter horses precludes in-depth
interpretation of hunting strategy for this species at the site, these
animals may have been relatively local to the site environment, if
so, they could have been available to hunters throughout the year.

8 Conclusion

We analyzed δ
18O, δ

13C and 87Sr/86Sr isotope compositions
of sequentially-sampled enamel of R. tarandus and Equus sp.
from the Middle Paleolithic site of Salzgitter-Lebenstedt, Northern
Germany, in order to reconstruct individual seasonal ranges and
mobility patterns. Parallel trends in enamel δ

18O and δ
13C data

point to similarity in seasonal feeding behavior in the Salzgitter
reindeer. This suggests these individuals experienced similar
environmental conditions during enamel formation. While inter-
tooth patterns in δ

18O values are potentially reflective of climate-
induced migrations, 87Sr/86Sr values and spatial assignment of
probable winter and summer ranges point to differences inmobility
patterns and seasonal ranges of these animals. Although we were
unable to identify the exact location of these ranges, most likely
due to equifinality in bioavailable 87Sr/86Sr across Central Europe,
the results of the spatial assignment suggest that the majority
of the reindeer spent time at elevation and largely avoided the
area to the north of the site. In contrast, the two equids from
the site analyzed here appear to have preferentially occupied
low laying areas, and while they may have undertaken smaller-
scale movements on a seasonal basis. Similarity with the local
87Sr/86Sr values indicates they may have been relatively local to
the site environment. We have discussed the challenges of using
87Sr/86Sr to identify exact ranges and migration routes of large-
herbivores in Late Pleistocene Central Europe. Here we call for
future studies to increase local sampling efforts, and these should
ideally include sampling of archaeological material to establish
bioavailable 87Sr/86Sr baselines that are contemporaneous with
the period of hominin activity. The incorporation of other spatial
proxies, currently under development, could provide an additional
line of evidence for animal mobility behavior. Based on the isotope
data generated in this study we suggest that the Salzgitter reindeer
likely represent multiple herds with different annual ranges and
mobility patterns, or, were members of the same herd with a high
degree of inter-annual variation in movement ecology. Either way,
our data point to varying degrees of plasticity and potentially
flexibility in ranging behavior of reindeer during this time in
Central Europe. This is consistent with the results of similar
analysis of R. tarandus from other Middle Paleolithic contexts
in Western and Central Europe (Britton et al., 2023a,b; Heddell-
Stevens et al., 2024). While variation in reindeer spatial ecology
would have played a role in Neanderthal hunting strategies at
Salzgitter, further work is required to determine the seasonality and
number of hunting events at the site.
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In summary, this study highlights the importance of multi-
isotope analysis when studying the movements of past animal
populations. We have demonstrated the efficacy of this approach
to obtain new information on the seasonal biogeography of
two prevalent large-herbivore species during the Late Pleistocene
in Northern Germany. Our results highlight the importance
of reconstructing prey-taxa behavior and ecology on a site-
by-site basis, particularly as this information plays a major
role in interpretations of hominin subsistence strategies and
environmental adaptations during the Paleolithic in Europe.
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