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Multi-isotope reconstruction of Late
Pleistocene large-herbivore biogeography
and mobility patterns in Central Europe
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Phoebe Heddell-Stevens ® 204, Olaf Joris®**, Kate Britton®%, Tim Matthies®*, Mary Lucas'”’, Erin Scott',
Petrus Le Roux ®?, Harald Meller® & Patrick Roberts''®

Interpretations of Late Pleistocene hominin adaptative capacities by archaeologists have focused
heavily on their exploitation of certain prey and documented contemporary behaviours for these
species. However, we cannot assume that animal prey-taxa ecology and ethology were the same in
the past as in the present, or were constant over archaeological timescales. Sequential isotope
analysis of herbivore teeth has emerged as a particularly powerful method of directly reconstructing
diet, ecology and mobility patterns on sub-annual scales. Here, we apply ¥ Sr/%Sr isotope analysis, in
combination with 5'®0 and &'C isotope analysis, to sequentially sampled tooth enamel of prevalent
herbivore species that populated Europe during the Last Glacial Period, including Rangifer tarandus,
Equus sp. and Mammuthus primigenius. Our samples come from two open-air archaeological sites in
Central Germany, Kénigsaue and Breitenbach, associated with Middle Palaeolithic and early Upper
Palaeolithic cultures, respectively. We identify potential inter- and intra-species differences in range
size and movement through time, contextualised through insights into diet and the wider environment.
However, homogeneous bioavailable 8’Sr/%®Sr across large parts of the study region prevented the
identification of specific migration routes. Finally, we discuss the possible influence of large-herbivore
behaviour on hominin hunting decisions at the two sites.

Understanding the diets, habitat use and mobility patterns of large- herbi-
vores can provide important insights into past ecosystem dynamics and the
hunting strategies of hominins that exploited them (e.g., refs. 1-5). This is
particularly the case in Late Pleistocene Europe where certain fauna are
considered distinctive of certain environmental conditions and hominin
economies between the Middle and Upper Palaeolithic (e.g., refs. 6-10).
Traditionally, interpretations of past prey behaviour have rested on the
assumption that past populations exhibited similar traits as their modern-
day relatives. However, this has proven to be problematic when faced with
the non-analogue environments of the Last Glacial Period in Eurasia (for an
overview see ref. 11). The need to reconstruct ecological and ethological
characteristics directly from the remains of the animals themselves has been

highlighted by evidence for temporal and spatial variability in species
responses to global climate fluctuations during MIS 3 (e.g., ref. 3). However,
until recently, efforts to reconstruct the behaviours of palaeofauna at a local
level on sub-annual timescales applicable to hominin decision-making have
been few (but see refs. 3,4,12-14). Even within critical areas, such as Central
Europe, this information is lacking for the most commonly occurring
species in archaeological contexts, such as reindeer (Rangifer tarandus) and
equids (Equus sp.), where complex cultural and environmental interactions
have been predicted (see ref. 15 for an overview).

Debates over whether or not reindeer were migratory during the
European Late Pleistocene are long-standing (see refs. 16,17). Multiple
hypotheses have been put forward, including arguments for long-distance
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north-south “thermo-stress” migrations (e.g., refs. 18-20), to smaller-scale
east-west movements (e.g, refs. 21-24), as well as sedentary
behaviours''”****. Extant North American caribou populations include
both migratory and resident ecotypes, and home range size within a single
subspecies or herd can vary to a large degree, i.e. from a few hundred to
several thousand square kilometres (Fig. 1a, b) (Supplementary Note 1),
Seasonal movements in modern caribou depend on a range of factors
including topography and plant cover™, as well as snow cover”™” and
predation risk™”. While the number of studies undertaken is small, isotopic
data from Late Pleistocene European reindeer have suggested that,
although exact distances covered are difficult to infer, both migratory and
non-migratory ecotypes may have been present***". Ecomorphological and
isotope data for equids (Equus sp.) from Late Middle and Late Pleistocene
contexts in Eurasia suggests past populations were less mobile than modern
wild equids, maintaining relatively local ranges™****'. Maximum home range
size in modern wild bands can vary from between 12 and 48.2 km” in mesic
steppe grasslands® and forests™", to <1357 km’ in arid environments®, as
movements are highly dependent on seasonal forage and water availability
(Fig. 1b) (Supplementary Note 1)****. Evidence for migratory behaviour in
the European mammoth (Mammuthus primigenius) during the Pleistocene
is lacking, although certain individuals may have undertaken long-distance
seasonal migrations”, similar to some modern elephant populations (Sup-
plementary Note 1)**'. Indeed, efforts to reconstruct the palacoecology and
palaeoethology of these three species are limited for Late Pleistocene contexts
in Central Europe (although see refs. 52-56). Given the behavioural variation
and plasticity seen in modern populations, obtaining this information for
past animals is crucial if we are to discuss these parameters in terms of
hominin adaptations” and in terms of individual site-use and subsistence
practices™”.

While a number of detailed zooarchaeological studies of Central
European Palaeolithic faunal assemblages exist” ™, there have been few
efforts to obtain direct palaeoecological and palaeoethological data from this
material (although see refs. 55,69). Located at the edge of the maximum
southern extent of the Fennoscandian Ice Sheet during the Last Glacial
Period (Fig. 2)"*”, Central Germany likely represented the northern per-
iphery of hominin, and many ungulate species’ ranges during this time .
There is evidence for marked climate seasonality at Central European mid-
latitudes during this time’>* resulting in seasonal shifts in the vegetation
cover”>’*, which are a major driver of ungulate migrations today’””*. If this
region comprised the northern extent and coldest part of their ranges, it is
likely that migratory animals inhabited this area during the warmer months,
moving south or to the west for the colder part of the year, thereby avoid-
ing seasonal climate extremes. As such, this geographic context presents an
important opportunity to investigate mobility patterns in ungulates during
the Last Glacial Period™. Multi-isotope analysis of faunal remains from
archaeological sites is an established method of reconstructing past animal
behaviour directly from the remains themselves (Supplementary Note 2)
(e.g., refs. 38-40). Strontium isotope (*’Sr/*Sr) analysis is increasingly
employed in mobility studies of modern and ancient terrestrial
animals™>”*" due to *’Sr/*Sr values in tooth enamel being largely derived
from those of the local lithologies occupied by that individual during the
period of enamel formation (Supplementary Note 3, Supplementary
Table 1)**. Stable oxygen isotope (5'°0) analysis provides insights into
water ingested by an animal which, in turn, reflects 'O drinking water
sources often fed by local precipitation and plant water derived from
environmental water®*’. At northern hemisphere mid-latitudes &0
exhibits seasonal variation, with decreases in intra-tooth 8O values
reflecting cooler, wetter winter climate conditions while increases reflect
summer conditions® . Additionally, shifts in intra-tooth stable carbon
isotope (8"°C) data, due to plant type and degree of environmental closure,
can provide an additional line of evidence for individual mobility patterns by
revealing changes in diet related to movement between habitats™'**.

Here, we analyse ¥Sr/**Sr isotope ratios of enamel bioapatite and §'°0
and 8"C values of enamel carbonate of sequentially-sampled herbivore
teeth from two open-air sites, Konigsaue and Breitenbach, from Central

Germany, in order to reconstruct the seasonal dietary and ranging habits of
predominant prey-taxa. Konigsaue Layer A (KOA)™*"' has produced Mid-
dle Palaeolithic cultural material associated with Neanderthals, while Brei-
tenbach (BRE)*>”, dates to the early Upper Palaeolithic’*” and is associated
with modern human Aurignacian artefacts (site backgrounds in Supple-
mentary Note 4) (Fig. 1). We selected the most commonly represented
herbivore species from each site (based on taxonomic counts), namely
reindeer and horse, in addition to a mammoth individual from KOA
(Supplementary Tables 2-3). One of the challenges of utilising strontium
analysis for mobility studies, particularly in Pleistocene Eurasia, is the
movement of sediments by wind, water or glacier action™ which can obscure
¥Sr/*Sr ratios of local bedrock, necessitating the development of
bioavailable *Sr/*Sr baselines and multi-isotope approaches (e.g.,
refs. 97-99). In this study, we interpret individual animal movements (intra-
tooth ¥Sr/**Sr data) in terms of the bioavailable environmental ¥Sr/*Sr
isoscape produced by Bataille et al.'” (Fig. 2). We identify inter-site differ-
ences in ranges and mobility patterns for different species. While we were
unable to identify specific migration routes of individuals, largely due to the
homogeneity of bioavailable Sr/*°Sr values in the study region, we could
rule out movement into certain areas during enamel mineralisation, and
determine the potential for long-distance migrations, possibly on an east-
west axis. Our study highlights the importance of multi-isotope approaches
to reconstructing past large-herbivore behaviour and the potential for this
information to inform on past hominin hunting decisions.

Results

Bioavailable environmental strontium (¢’Sr/%°Sr)

Grass, shrub and tree leaf samples were collected from four locations along a
~90km long southwest-northeast transect on the northern edge of the
Thuringian Basin (Fig. 1). We collected and analysed three plant samples
(grass, shrub and tree) from each of the four sample locations (IMBS, GOSL,
SOHL, WOLF) (Fig. 1). The plant material from the sample sites displays
mean *’Sr/*Sr values of 0.7101+0.000012 (IMBS), 0.7139 +0.000019
(GOSL), 0.7094 +0.000012 (SOHL), 0.7114 +0.000019 (WOLF) from
south to north respectively (Supplementary Data 3). These values correlate
closely with modelled bioavailable “Sr/*Sr for these areas'” (Fig. 1).

Faunal intra-tooth isotope data

All isotope measurements are listed in full in Supplementary Data 1-2. We
analysed 254 enamel samples from (n = 19) teeth belonging to R. tarandus
(n=10), Equus sp. (n = 5) and M. primigenius (n = 1) individuals across the
two study sites. The individual range of intra-tooth §"C, 80 and *Sr/*Sr
values for each animal by species and site are presented in Fig. 3a-f. The
intra-tooth §"°C, §"*0 and ¥Sr/**Sr data for each animal is presented in
Figs. 4-5.

Konigsaue Layer A (KOA)

Three permanent reindeer third molars (M3) were analysed from the KOA
assemblage representing approximately 6 months oflife, taking into account
enamel wear (Fig. 4a—c) (Supplementary Note 3)'"'. Combined intra-tooth
¥7Sr/**Sr values range between 0.7092 and 0.7106 (Fig. 4a). Reindeer display
the largest inter-individual range in strontium values of the three species
analysed from the site (Fig. 3a). KOA_04 and KOA_05 ¥St/*Sr values fall
within the modelled range of bioavailable ¥Sr/**Sr (0.7082-0.7097) for the
site environment. These two individuals display overlapping intra-tooth
¥7Sr/*Sr values closest to the occlusal surface (OS), suggestive of spatial
proximity during enamel mineralisation. In contrast, KOA_06 exhibits
consistently higher intra-tooth ¥Sr/**Sr values (0.7102-0.7106) indicative of
occupying a different lithology. Reindeer §'°O values range from —12.6 to
—5.3%o (Fig. 4b). Across the three reindeer there is an increase in intra-tooth
80 values between the M3 OS and enamel root junction (ERJ). This
increase along the tooth crown likely reflects spring-summer climate con-
ditions in line with the predicted timing of enamel mineralisation based on
an early June birth season®*”’. While 6O values of KOA_04 and KOA_05
overlap, those of KOA_06 intra-tooth are ~2%o lower. The same pattern is
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Fig. 1 | Modelled bioavailable *’Sr/**Sr isoscape from Bataille et al."*’ of Central
Europe including average home ranges sizes of extant barren-ground caribou,
wild equids and African elephants and sampling locations of modern plants.

a modelled bioavailable ¥’Sr/*Sr isoscape from Bataille et al.'"”’ cropped to Central
Europe. The grey circles represent the average distance (one-way) for spring
migration/distance between winter ranges and calving grounds by migratory barren-

T T T
12°0'E 13°0°E 14°0'E

ground caribou in Québec™'*'. The sampling locations of the modern plant (IMBS,
GOSL, SOHL, WOLF) analysed as part of this study are marked with blue diamonds
(all plant ¥Sr/*Sr data provided in Supplementary Data 3). b modelled bioavailable
¥7Sr/*Sr isoscape'” cropped to the study area. Average home range sizes of extant
sedentary woodland caribou are denoted by blue circles”, extant wild equids are
denoted by purple circles”, and extant African elephant by black circles'*.
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Fig. 2 | Elevation map of Central Europe including the maximum extent of the
Fennoscandian ice sheet during MIS 4. Elevation map showing the locations of the
study sites Konigsaue (51°80°51”N, 11°40°75”E, Thuringia) and Breitenbach
(51°00°78”N, 12°08’50”E, Saxony-Anhalt) (yellow stars) and major cities (black
triangles). Approximate maximum extent of the Fennoscandian ice sheet within the

potential period of Middle Palaeolithic hominin site occupation at Kénigsaue (Layer
A)?*71% correlated with MIS 4 (ca. 71-57 ka BP)™"'**'" is shown by the thick white
line. The maximum ice sheet extent during the early Upper Palaeolithic homi-

nin occupation of Breitenbach is further north”'* and therefore is not visible on the

151

current map. Elevation map created using ETOPO1 data™".

seen in the intra-tooth §"°C values (Fig. 4c). The combined range of §"°C
values for the reindeer is —14.2 to —9.2%o indicative of some browse and/or
shrub consumption at the lower end (KOA_06) and grazing in more open
environments at the higher end (KOA_06) during this period.

The two equid individuals analysed from KOA exhibit M2-M3 intra-
tooth ¥Sr/*Sr values between 0.7097 and 0.7103, corresponding to a
combined ~3.5-year period of enamel mineralisation (Supplementary
Note 3) (Fig. 4d)'”. These values are in the upper range of the modelled site
baseline and exhibit less inter-individual variation in comparison to the
KOA reindeer. While both equids exhibit overlap between M2-M3 ¥'Sr/*Sr
values, there is a similar trend towards higher values in the M2 teeth. The
two horses exhibit a similar semi-sinusoidal pattern and range in M2-M3
intra-tooth §'0, likely reflecting seasonal variation in local 8O of
precipitation-fed drinking water sources (Fig. 4€)**'”. Intra-tooth §"C
values range between —11.5 and —10.6%o for both horses, indicative of
predominantly grazing in more open environments with very little change
in diet indicated during enamel mineralisation (Fig. 4f). The equids exhibit
the smallest range in §"°C values of the three species sampled from KOA.

An M4 from a single mammoth was also analysed from KOA
(Fig. 4g-1). Taking into account enamel wear, the sampled enamel is esti-
mated to represent a total of ~4 years of life (Supplementary Note 3)'*'*.
Intra-lamella *’Sr/*Sr values range from 0.7096 to 0.7099 (Fig. 4g) and
display ~0.0002 annual-scale shifts. Intra-lamella §'*0 values range between
—15 and —10.5%o (Fig. 4h). The mammoth §"*0 values exhibit a roughly
semi-sinusoidal pattern in the first half of the crown before steadily
increasing towards the ERJ. As presumed obligate drinkers'**'”, the trend in
the first half of the tooth may reflect seasonal variation in §'*O of local

precipitation-fed drinking water, while the pattern in the second half of the
crown may be indicative of a change to a seasonally-buffered drinking water
source. Intra-lamella §"°C values (—15.9 to —12.2%o) are indicative of
mixed-feeding, with lower intra-tooth values (<14%o) indicative of greater
browse intake and feeding in forest or woodland habitats'**'”*, while roughly
parallel trends in intra-tooth §”C and 8O are suggestive of increased
browse consumption during the colder months (Fig. 4i).

Breitenbach (BRE)

From the Breitenbach reindeer material, six isolated M3 teeth (BRE_04 to
09), and an M2-M3 in mandible (BRE_02/03) were analysed (Fig. 5). The
predicted combined period of enamel formation for M2 and M3 teeth is ~15
consecutive months without wear, beginning during the first summer of an
individual’s life (Supplementary Note 3)*”*'"". The combined intra-tooth
¥7Sr/**Sr range for the Breitenbach reindeer is 0.7094-0.7107 (Fig. 5a). Inter-
individual variation in ¥Sr/*Sr values is greatest in the sample positions
closest to the OS in M3 teeth, while the least variation is seen in those closest
to the M3 ERJ. The combined M2-M3 intra-tooth §'°0 values of the rein-
deer range from —10.9 to —6.8%o and display a semi-sinusoidal pattern
indicative of seasonal variation in §'°O of total ingested water (Fig. 5b). All
reindeer intra-tooth 8O values peak around the M3 mid-crown sample
position, likely correlating with the summer months. Intra-tooth §"°C values
in the reindeer enamel exhibit a range of —10.9 to —9%o (Fig. 5¢). The §°C
values in the M3 teeth are lower, suggestive of grazing in open environments
and a decrease in lichen intake during the warmer months. Inter-individual
variation in §"C values is reduced in the second half of the M3 crown,
indicative of more similar diet composition among reindeer during this
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time. The single M2 tooth analysed (BRE_02/03) displays the highest §°C
values of the sampled reindeer from the site, likely reflecting increased lichen
consumption during the colder months, a behaviour widely observed in
modern caribou'”.

A single M1 tooth (BRE_01) and two M3 teeth (BRE_10, BRE_11)
from three equid individuals were analysed from Breitenbach (Fig. 5d-f).
These animals exhibit an intra-tooth ¥’Sr/*Sr range of 0.7102-0.7110
(Fig. 4d). These values are at the upper limit of the predicted range for the
site area and are higher than the majority of those seen in the Breitenbach
reindeer. BRE_01 (M1) exhibits the greatest intra-tooth range in ¥Sr/**Sr
values (0,0008), the lowest of which overlap with the highest *’Sr/**Sr values
of the reindeer. BRE_10 and BRE_11 exhibit smaller intra-tooth Sr/*Sr

ranges (0.0002 and 0.0003 respectively), at the higher end of those of
BRE_01. The Breitenbach equid intra-tooth §*O values range between
—114 and —10.5%0 (Fig. 5e). BRE_10 and BRE_11 exhibit a semi-
sinusoidal pattern in intra-tooth §"0, likely reflective of seasonal variation
in 8'°0 of local precipitation-fed sources of drinking water. Intra-tooth §°C
values of the three equids display a range of —11.4 to —10.5%o, largely
indicating of grazing with little variation in diet during enamel miner-
alisation (Fig. 5f).

Discussion
In this study, we aimed to interpret faunal *’Sr/**Sr data in terms of spatial
distribution and seasonal movement by individuals across the landscape.
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the tooth crown are plotted from the occlusal surface to the enamel root junction (left
to right), with higher sample numbers representing earlier forming enamel. Each
individual is represented by a different colour/symbol. Isotope measurements are
listed in full in Supplementary Data 1. Silhouettes sourced from PhyloPic'* under
Creative Commons license (CCO 1.0 Universal Public Domain Dedication).

However, there are difficulties in using ¥Sr/*Sr values to identify
movements of large herbivores during the Late Pleistocene in this region,
and indeed more widely in Western and Central Europe™, as a result of an
overall geological homogeneity particularly on the North European
Plain”''". Modelled bioavailable ¥Sr/**Sr is similar across much of
Central Germany (0.7085-0.7095), including the study area, as well as
large areas of Northwestern and Western Europe extending into Belgium
and the Netherlands, which are interspersed with smaller areas of lower
(0.7075-0.7085) and higher values (0.7095-0.7100) (Fig. 2)'”. The
majority of the VSr/*Sr values of the animals sampled in this study fall
within this range and therefore these individuals could have plausibly
undertaken long-distance east-west movements within this region
without large-scale shifts in enamel 8Sr/%Sr. However, some smaller
isotopically distinct regions can be identified, in particular, an area of
predominantly lower ¥Sr/*Sr values (<0.7070-0.7075) that extends from
the Northeastern edge of the study area across the North European Plain
to the Baltic coast. Furthermore, in elevated areas, including the Harz,
Slate, and Ore Mountains, and the Thuringian Forest range, a positive
relationship can be identified between increasing altitude and bioavail-
able strontium values. The ¥’Sr/**Sr values of foothills and lower slopes
range between ~0.7100-0.7105 and the values reach >0.7130 on moun-
tain tops. As none of the individuals in this study display *Sr/**Sr values
below 0.7090 or above 0.7110, we suggest that it is therefore unlikely
that these animals spent significant time to the north of the study area
towards the coast or at higher elevation during the period of enamel
mineralisation.

Due to these difficulties in assigning animal ranges to specific locations
we focus the remainder of our discussion on the intra- and inter-site site
differences in seasonal mobility patterns of reindeer, horse and mammoth.
The warm season biogeography of the three Konigsaue Layer A reindeer
displays potential differences in spring-summer range and mobility pat-
terns. A lack of overlap in ¥'Sr/**Sr values with the other individuals suggests
that reindeer KOA_04 moved over different lithologies during these
months, and may have spent the spring period in a slightly elevated area (i.e.,
low hills or foothills) (Fig. 4a)**'"". Furthermore, inter-individual differences
in §'®0 and §"C values indicate differences in dietary habits and environ-
mental conditions between the KOA reindeer (Fig. 4b, c). This may be the
result of differences in home range and mobility patterns (including more or
less mobile animals) among individuals from the same herd during the same
year, inter-annual differences between a herd, or the presence of different
herds/populations at the site. The Breitenbach reindeer exhibit higher
¥Sr/*Sr values in general than those of the KOA individuals (Fig. 3a, d). The
greatest differences in spatial distribution between the BRE reindeer appear
to have been during spring (Fig. 5a). Individual ranges display increasing
overlap during summer and autumn, indicating that these animals may
have occupied similar lithologies during this time. This inter-individual
trend in ¥Sr/*Sr values is mirrored by a parallel trend in §"”C values
(Fig. 5a, c). It appears the BRE reindeer also experienced comparable sea-
sonal variation in environmental §'*O during the spring-autumn months,
further suggestive of similar ranges (Fig. 5b)**". Similarities in autumn
ranges of reindeer at Breitenbach likely reflects these individuals assembling
at the end of summer for the rut and autumn migration, akin to modern R.
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sample positions along the tooth crown are plotted from the occlusal surface to the
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Domain Dedication).

tarandus (Supplementary Note 1). Furthermore, the position of the site,
directly adjacent to a Late Pleistocene river channel, may reflect the use of
this part of the waterway as a crossing point for reindeer, concentrating the
herd during migration'”. If larger-scale movements were undertaken by the
KOA and BRE reindeer it appears most likely that they would have been
along a predominantly east-west axis. East-west migrations have previously
been argued for reindeer populations in Northern Germany at the Final
Upper Palaeolithic site of Stellmoor”. On the basis of intra-tooth isotope
data, Price et al.** suggest the site was located close to the reindeers’ winter
range with summer grazing areas to the east, which is supported by
zooarchaeological evidence for autumn hunting at Stellmoor™.

The two horses from KOA appear to have undertaken movements
across similar lithologies during the period of enamel mineralisation
(Fig. 4d). Small-scale shifts in intra-tooth ¥Sr/**Sr values may reflect sea-
sonal movements between habitats, supported by a seasonal signal in forage
intake in KOA_07/08. The equids exhibit higher strontium values than two
of the three reindeer from the site, in the range of those modelled for
foothills in the region, the closest being the Harz Mountains to the southeast.
Close similarities in intra-tooth §'*0 values in these horses point to similar
drinking water sources, while the strong seasonal trends are indicative of
these individuals remaining at one locality during enamel mineralisation
(Fig. 4e)'"*'"*. Evidence for more sedentary behaviour in the KOA horses is
also supported by their §"°C values, indicative of year-round grazing open
environments (Fig. 4f). In combination, these isotope data indicate these
animals had similar dietary habits and likely occupied similar local ranges,
with small-scale movements probably correlating with seasonal changes in

the local environment. The BRE equids also exhibit generally higher *’Sr/*Sr
values compared to reindeer at the site, consistent with those found in the
vicinity of the site and various foothills to the south (i.e. the Thuringian
Forest, Slate Mountains, or Ore Mountains) (Fig. 5d). Intra-tooth trends in
80 values of equids BRE_10 and BRE_11 appear reflective of seasonal
variation in 8O of drinking water sources (Fig. 5e). A loose correlation
between trends in ¥’Sr/*Sr and §"*0 values of these individuals is suggestive
of seasonal movements, further supported by the timing of small-scale intra-
annual shifts in diet. In comparison, equid BRE_01 may have been slightly
wider ranging, as indicated by comparable trends in intra-tooth Sr/*Sr and
80 values, the latter pointing to a potential change in different drinking
water sources during enamel mineralisation. Our findings correlate with
those of other studies of Late Pleistocene equids from European
contexts™'*'"” in that we find no clear evidence for large-scale movements by
horses at either site. Range size in extant wild horses can vary
extensively'®'"®, and is understood as being largely dependent on forage and
water availability****'"”. This would explain the suggested seasonal move-
ments of the KOA horses, which have also been hinted at for equids during
the Late Glacial period in Northern Italy".

The mammoth from KOA displays regular undulations in the intra-
tooth ¥Sr/*Sr value implying regularity of movement over marginally dif-
ferent lithologies on an annual basis (Fig. 4g). Meanwhile, the relatively
large-magnitude seasonal-scale variation seen in the intra-tooth §“O
values of this individual may be indicative of east-west movements,
potentially reflecting increasing '*O enrichment that is seen in modern
precipitation from west to east across Central Europe (Fig. 4h)"‘.
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Alternatively, potentially, this trend may suggest this animal spent time in an
area of greater continentality, i.e. Eastern Europe, during the period of
enamel mineralisation. The seasonal-scale variation in intra-tooth §"O
values is mirrored in the §"°C values, and are indicative of strong warm-cold
season differences in feeding behaviours that include grazing in the summer
months and shift to browsing and/or feeding in more closed environments
in the winter (Fig. 4i). This trend towards greater grass consumption during
the warmer months is also seen in Late Glacial mammoths in North
America'”. The close correlation between §'*0 and §"°C may also point to
the strong influence of dietary §'*0 in the enamel oxygen isotope signal. For
example, leaf water in grasses generally displays stronger leaf water
enrichment compared to source water and to leafy dicotyledonous
plants'***"*!, while deep-rooted trees with access to subsurface waters are
more likely to exhibit leaf water 'O values closely related to those of local
precipitation'**'”’. These trends may therefore compound variation in the
mammoth intra-tooth §O values produced by seasonal fluctuations in
8"%0 of meteoric drinking water. The §"*C values of the KOA mammoth are
lower than those previously obtained from mammoth enamel carbonate
within European contexts during the Last Glacial Period, which display a
trend towards lower §"°C values in Northeastern Europe®’, suggesting that
this individual might also have spent time in this area. In summary, it is
possible that the KOA mammoth moved over longer distances across
similar lithologies (or at least lithologies resulting in similar bioavailable
¥7Sr/*Sr) in an east-west direction. Regardless of scale, mobility patterns in
ancient proboscideans, like modern elephants'**'”, are assumed to have
been predominantly driven by food availability **, which may also explain
the movements of the KOA individual. Although the specifics of European
mammoth migration remain unclear'*’, recent evidence suggests large-scale
north-south seasonal movements were undertaken by an individual dis-
covered in the Polish Gravettian context”.

Despite issues with the *’Sr/**Sr baseline homogeneity in the region, our
multi-isotope work has enabled us to reconstruct different behaviours and
ecologies in these three important large-herbivore species in Late Pleisto-
cene Central Europe. Furthermore, comparing faunal intra-tooth isotope
data with zooarchaeological and material culture data potentially yields
evidence for differences in hominin hunting seasonality and practices at
Konigsaue Layer A and Breitenbach. Currently, season-of-death data is only
available for reindeer from the two sites. From KOA, very few cut-marked
bones have been identified, and the location of the site on an ancient lake-
shore increases the potential for the natural accumulation of animals.
Zooarchaeological evidence indicates that reindeer (n=3) died between
summer and autumn (Supplementary Note 4)”. The multi-isotope results
presented here suggest reindeer individuals could have been in the vicinity of
Konigsaue during summer and potentially spring, but could also have been
elsewhere on comparable lithologies. To date, season-of-death has been
determined as late autumn-early winter for a single reindeer individual from
Breitenbach (Supplementary Note 4)'”. An autumn migration route for
reindeer in the site vicinity has potential support from the ¥Sr/*°Sr
data obtained in this study. But perhaps more informative is the behavioural
similarities between the different individuals analysed in terms of their
seasonal biogeography, particularly in autumn, as indicated by the stron-
tium isotope results. While these animals could have belonged to one or
more herds, these results suggest that the BRE reindeer exhibited a more
uniform spatial distribution and were potentially concentrated in an iso-
topically similar area during autumn in the area of the site. This may
therefore be the result of reindeer passing close to the site during their
autumn migration. Fidelity to the autumn range and migration route would
have made reindeer a predictable (in terms of location) and potentially more
attractive (in terms of location and numbers) to human hunters. Further-
more, inter-individual similarities in isotope signals may also support an
anthropogenic explanation for the accumulation of the BRE reindeer
material (i.e. that they were hunted during a single or closely related event/s).
One interpretation might be that while the KOA assemblage could represent
encounter hunting in the lakeside environment, the BRE assemblage may be
indicative of interception hunting of reindeer during autumn migration,

126

potentially where they crossed the adjacent river. This hunting strategy has
been well documented in historical accounts which describe hunters tar-
geting reindeer as they aggregated to traverse rivers and lakes as they are
slower in the water''*'”, and has also been argued for archaeologically for
both Neanderthals and modern humans'*~"*.

The data presented here provide novel evidence for the biogeography
of three different Late Pleistocene large-herbivore species and the ways these
behaviours may have intersected with their exploitation by hominin hun-
ters. However, while it is possible to elucidate relative intra- and inter-species
differences and commonalities — and to observe intra-tooth variation con-
sistent with seasonally-varied range use (i.e., migrations) — it is not possible
to firmly identify specific geographical animal ranges and migration routes.
This problem could, in part, be overcome with increased (and higher
density) local sampling for bioavailable *’Sr/**Sr in Central Europe in order
to establish higher resolution baselines. However, given the homogeneity in
lithology and surficial deposits over large swathes of the region, the incor-
poration of other isotope analyses, such as sulphur (§*S), should be con-
sidered in future studies as an additional line of evidence for herbivore
palacomobility. However, the current data presented here are sufficient to
yield context-specific insights into the relationship between hominin
hunting strategies and contemporary animal behaviour, insights that take
into account locally specific ecological differences. In so doing, our study
further demonstrates the importance of reconstructing sub-annual mobility
patterns and dietary habits of hominin prey-taxa through the use of direct
methods applied to the remains of animals from archaeological sites™*'*.

Methods

Sampling of faunal tooth enamel

Six teeth belonging to five individuals from Konigsaue Layer A were
selected on the basis of availability including three permanent lower
third molars from Rangifer tarandus, two permanent lower second and
third molars from Equus sp., and one permanent first molar from
Mammuthus primigenius. From Breitenbach we selected eight teeth
from seven R. tarandus individuals including one permanent lower
second molar and six permanent lower third molars in addition to three
permanent lower third molars from three Equus sp. individuals. We
preferentially selected later-forming teeth to avoid the weaning effect in
cervids and equids (Supplementary Note 3), and those from the same
side (lingual or buccal) in order to avoid sampling the sample individual
twice. Identifications were carried out using the modern reference col-
lections of the Max Planck Institute of Geoanthropology, Jena, Germany
and the MONREPOS Archaeological Research Centre and Museum for
Human Behavioural Evolution, Neuwied, Germany, in combination
with published guides'!. The Kénigsaue archaeological material is
stored in the State Museum of Prehistory, Halle, Germany while the
material from Breitenbach is temporarily being housed at the MON-
REPOS Archaeological Research Centre and Museum for Human
Behavioural Evolution, Neuwied. Access to these collections may be
obtained via application to the State Museum of Prehistory, Halle,
Germany.

Each tooth was cleaned to remove any dirt from the burial environ-
ment using a Dremel drill and dental calculus was removed from the
sampling surface. Sequential samples of powdered enamel were obtained
using a handheld diamond-tipped Dremel drill along the length of the tooth
crown in the growth direction (i.e., from cusp to cervix) from ~2 mm below
the occlusal surface to ~2 mm above the enamel root junction. For stable
carbon and oxygen isotope analysis, ~10 mg of enamel powder was taken for
analysis. This amount was determined based on the 3-3.5 mg needed for
analysis with a Thermo GasBench 2 connected to a Thermo Delta V
Advantage Mass Spectrometer (Thermo Fisher Scientific), potential loss of
sample during pre-treatment (<2 mg), and to allow for the sample to be
analysed again if necessary. Individual samples of ~3 mm in breadth were
obtained in parallel to the growth axis. From the equid molars, sequential
samples were obtained at ~3 mm intervals. From the reindeer molars, we
took sequential samples as close to the previous sample as possible.
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Sequential samples were also taken from a single mammoth lamella (M4) at
intervals of ~4-5mm. This sampling strategy was based on the specific
timing of enamel mineralisation of each tooth (Supplementary Note 3) in
order to best capture seasonal-scale variation in the enamel isotope
signal””*'. For strontium isotope analysis, we removed an additional
~15mg of enamel powder from each of the Rangifer intra-tooth sample
positions. From the Equus sp. molars and Mammuthus lamella, we took
additional (~15 mg) enamel powder for *’Sr/*Sr isotope analysis from the
tooth cusp and cervical sample positions and at regular increments in
between relating to approximately 6-month intervals based on the timing of
enamel mineralisation for each tooth. Finally, we took bulk enamel samples
from the length of the tooth crown from ~2 mm below the occlusal surface
to ~2 mm above the enamel root junction. We obtained a total of 254 faunal
tooth enamel samples, 165 of which were analysed for stable carbon and
oxygen isotope analysis and 89 of which were selected for strontium isotope
analysis.

Stable carbon and oxygen isotope analysis of faunal

tooth enamel

The stable carbon and oxygen isotope analysis of faunal tooth enamel was
performed at the Stable Isotope laboratory at the Max Planck Institute of
Geoanthropology, Jena, Germany. Prior to analysis, the powdered enamel
samples underwent a wet chemistry pre-treatment to remove organic or
secondary carbonate contaminates. This consisted of a wash in 1 ml of 1%
bleach solution (NaOCl) for 60 min followed by three rinses in purified H,O
and centrifugation. After which, 1 mL of 0.1 M acetic acid was added to each
sample for 10 min, followed by three more rinses in purified H,O and
centrifuging (as per Sponheimer'” and Lee-Thorp et al."*). Samples were
freeze-dried overnight before 3-3.5 mg was weighed out for analysis. Fol-
lowing the reaction with 100% phosphoric acid, gases evolved from the
samples were analysed to establish their stable carbon and oxygen isotopic
composition using a Thermo GasBench 2 connected to a Thermo Delta V
Advantage Mass Spectrometer (Thermo Fisher Scientific). Stable carbon
and oxygen isotope values were then compared against the international
standard (NBS 18) registered by the International Atomic Energy Agency.
Results are reported as delta (8) values as parts per thousand (per mil, %o)
relative to the international standard Vienna Pee Dee Belemnite for C/**C
and "*0/'°0. Where 8(%o) = (Reample/Rstandard) — 1) % 1000, and R is the
PC/™C or *0/"°0 ratio. The §"°C and 80 values were normalised using a
three-point calibration against international standards (IAEA-603
(8"C =2.5%o; 80 = —2.4%o); TAEA-CO — 8 (8"C = —5.8%o;
"0 = —22.7%o); and IAEA NBS 18 (8§°°C == —5.014%0; 8"°0 = —23.2%0)).
The in-house standard was USGS44 (§"C = —42.2%o). Replicate analysis of
USGS44 standards indicates that machine measurement error was c. +0.1%o
for §”C and +0.2%o for §'°0. Overall measurement precision was accessed
through repeat analysis of an equid tooth enamel standard (+0.2%o for §"°C
and +0.2%o0 8'°0). The equid enamel standard (ID: MAXIMUS) was
analysed alongside three of the seven batches analysed during the
current study.

Strontium isotope analysis of faunal tooth enamel and plant
material
Archaeological enamel and modern plant samples were analysed for
strontium (¥’Sr/*°Sr) isotope analysis in the Department of Geosciences at
the University of Cape Town, South Africa, following established proce-
dures (Copeland et al. 2008)"”. Prior to analysis, the plant samples were
ashed in the Stable Isotope Laboratory at the Max Planck Institute of
Geoanthropology, Jena, Germany, utilising the following protocol. Samples
were left to dry and all dirt was removed via brushing by hand. Following
this, plant material was cut into <1 cm pieces using sterile scissors, cleaned
with isopropanol between the processing of each sample. Approximately
20 mg of plant material was then placed into silica crucibles and ashed in a
muffle oven overnight at 800 °C.

Chemical sample preparation followed the protocol cited in
Copeland et al."”” modified from Daniel and Pin'**. Plant samples were

dissolved in 4 ml of a 4:1 mixture of 48% 2B (two-bottle distilled; 28 M)
HF: 65% 2B HNOj3 and held at 140 °C for 48 h in closed Teflon beakers.
Once dissolved, the samples were dried down and redissolved twice in
65% 2B HNO3 then subsequently redissolved once more in 1.5 ml of 2 M
HNO:s. Processing of the enamel samples prior to analysis followed the
established procedure'”. Powdered enamel samples were weighed into
7 ml Teflon beakers, 2-3 ml of 65% HNO; was added, and the beakers
were closed and kept at 140 °C for 1 h. Following complete sample dis-
solution, the samples were dried and taken up in 1.5 ml of 2 M HNO:;.
The strontium fraction was then isolated following the procedure in Pin
et al."”” using Eichrom Sr. Spec resin, dried down, before being redis-
solved in 0.2% HNO'”. Isolated Sr fractions were subsequently analysed
as 200 ppb Sr solutions using the NuPlasma HR MC-ICP-MS. Repeat
analysis of an in-house plant reference material Namiso 316 processed in
parallel with the plant samples yielded a result of 0.720508 + 0.000043
(n=3) which is in good agreement with the average for the facility
(0.720508 + 0.000043; n=21). The enamel samples were processed
alongside repeats of the in-house carbonate reference material (NM95)
and gave an average *’Sr/**Sr value of 0.7089015 + 0.000028 (n = 24).
This was in good agreement with the long-term average of this reference
material at the facility of 0.708911 + 0.000040 [20]; n = 414. All ¥Sr/**Sr
data presented are referenced to bracketing analyses of the international
strontium isotope standard NIST SRM987 (¥Sr/**Sr reference value of
0.710255). Sample values were corrected for instrumental mass frac-
tionation using the exponential law and an *Sr/*Sr of 0.1194 and
isobaric ¥Rb interferences were corrected using the measured **Rb sig-
nal and the natural ¥Rb/¥Rb. Total procedural blanks processed with
samples in this facility yielded background Sr levels <250 pg and were
therefore negligible.

Determining local bioavailable environmental strontium
(®’Sr/%6Sr)

Our ¥Sr/*Sr base map was modified from the global ¥Sr/**Sr isoscape
generated by Bataille et al.'”’. We also obtained modern plant samples of
grass, shrub and tree leaves due to the strong relationship between *'Sr/*Sr
values of plants and geological substrates'*’ from three locations from dif-
ferent geologies on the northern edge of the Thuringian Basin in order to
confirm the accuracy of modelled *Sr/*Sr values'” for the study region.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in the pub-
lished article and its Supplementary Data files.

Received: 5 December 2023; Accepted: 23 April 2024;
Published online: 14 May 2024

References

1. Rivals, F. et al. Straight from the horse’s mouth: High-resolution
proxies for the study of horse diet and its relation to the seasonal
occupation patterns at Divnogor’ye 9 (Middle Don, Central Russia).
Quat. Int. 474, 146-155 (2018).

2. Jones, J. R., Richards, M. P., Reade, H., Bernaldo de Quirds, F. &
Marin-Arroyo, A. B. Multi-isotope investigations of ungulate bones
and teeth from El Castillo and Covalejos caves (Cantabria, Spain):
Implications for paleoenvironment reconstructions across the
Middle-Upper Palaeolithic transition. J. Archaeol. Sci. Rep. 23,
1029-1042 (2019).

3. Britton, K. et al. Multi-isotope zooarchaeological investigations at
Abri du Maras: the paleoecological and paleoenvironmental context
of Neanderthal subsistence strategies in the Rhéne Valley during
MIS 3. J. Hum. Evol. 174, 103292 (2023).

Communications Biology | (2024)7:568



https://doi.org/10.1038/s42003-024-06233-2

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Julien, M. A. et al. Were European steppe bison migratory? 180, 13C
and Sr intra-tooth isotopic variations applied to a palaeoethological
reconstruction. Quat. Int. 271, 106-119 (2012).

Drucker, D. G., Bridault, A., Hobson, K. A., Szuma, E. & Bocherens,
H. Can carbon-13 in large herbivores reflect the canopy effect in
temperate and boreal ecosystems? Evidence from modern and
ancient ungulates. Palaeogeogr. Palaeoclimatol. Palacoecol. 266,
69-82 (2008).

Costamagno, S., Liliane, M., Cédric, B., Bernard, V. & Bruno, M. Les
Pradelles (Marillac-le-Franc, France): a Mousterian reindeer hunting
camp? J. Anthropol. Archaeol. 25, 466-484 (2006).

Discamps, E., Jaubert, J. & Bachellerie, F. Human choices and
environmental constraints: deciphering the variability of large game
procurement from Mousterian to Aurignacian times (MIS 5-3) in
southwestern France. Quat. Sci. Rev. 30, 2755-2775 (2011).
Grayson, D. K., Delpech, F., Rigaud, J. P. & Simek, J. F. Explaining
the development of dietary dominance by a single ungulate Taxon at
Grotte XVI, Dordogne, France. J. Archaeol. Sci. 28, 115-125 (2001).
Rendu, W. et al. Subsistence strategy changes during the Middle to
Upper Paleolithic transition reveals specific adaptations of Human
Populations to their environment. Sci. Rep. 9, 1-11 (2019).

Mellars, P. A. Reindeer specialization in the early Upper Palaeolithic:
The evidence from south west France. J. Archaeol. Sci. 31,613-617
(2004).

Bocherens, H. Diet and Ecology of Neanderthals: implications from
C and N Isotopes Insights from Bone and Tooth Biogeochemistry
copy. In Neanderthal Lifeways, Subsistence and Technology: One
Hundred Fifty Years of Neanderthal Study (eds Conard, N. J. &
Richter, J.) 73-85 (Springer Science + Business Media B.V, 2011).
Barakat, S. et al. Laser ablation strontium isotopes and spatial
assignment show seasonal mobility in red deer (Cervus elaphus) at
Lazaret Cave, France (MIS 6). Front. Ecol. Evol. 11, 1-14 (2023).
Britton, K. et al. Strontium isotope evidence for migration in late
Pleistocene Rangifer: Implications for Neanderthal hunting
strategies at the Middle Palaeolithic site of Jonzac, France. J. Hum.
Evol. 61, 176-185 (2011).

Pellegrini, M. et al. Faunal migration in late-glacial central Italy:
Implications for human resource exploitation. Rapid Commun. Mass
Spectrom. 22, 1714-1726 (2008).

Maier, A. et al. Cultural evolution and environmental change in Central
Europe between 40 and 15 ka. Quat. Int. 581-582, 225-240 (2021).
Lépez, A. B. G., Costamagno, S. & Burke, A. Osteometric study of
metapodial bones and phalanges as indicators of the behavioural
ecology of modern reindeer (Rangifer tarandus) and implications for
reconstruction of paleo mobility. Open Quat. 8, 1-25 (2022).
Fontana, L. The four seasons of reindeer: non-migrating reindeer in the
Dordogne region (France) between 30 and 18 k? Data from the Middle
and Upper Magdalenian at La Madeleine and methods of seasonality
determination. J. Archaeol. Sci. Rep. 12, 346-362 (2017).

Gordon, B. C. More on the herd-following hypothesis. Curr. Anthropol.
31, 399-400 (1990).

Gordon, B. C. Of Men and Reindeer Herds in French Magdalenian
Prehistory (British Archaeological Reports Publishing, Oxford, 1988).
Bahn, P. G. Seasonal migration in South-west France during the late
glacial period. J. Archaeol. Sci. 4, 245-257 (1977).

Kuntz, D. & Costamagno, S. Relationships between reindeer and
man in southwestern France during the Magdalenian. Quat. Int. 238,
12-24 (2011).

Delpech, F. L’environnement animal des magdaléniens. In Le
Magdalénien en Europe. Actes du Colloque de Mayence, XI° congres
U.L.S.P.P. 5-30 (Etudes et Recherches Archéologiques de
I'Université de Liege, Lieége, 1987).

Delpech, F. Les Faunes Du Paléolithique Supérieur Dans Le Sud-
Ouest de La France. In Cahiers du Quaternaire 6 (CNRS Editons,
Paris, 1983).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Price, T. D., Meiggs, D., Weber, M. J. & Pike-Tay, A. The migration of
Late Pleistocene reindeer: isotopic evidence from northern Europe.
Archaeol. Anthropol. Sci. 9, 371-394 (2017).

Bouchud, J., Cheynier, A. & Guillien, Y. Dents de Renne et migrations.
Bull. de. la Soci.été pr.éhistorique de. Fr. 50, 127-132 (1953).
Deplano, S. Etude de la faune des grands mammiféres de la couche
IX de I'abri du Flageolet Il - Dordogne. In Approche taphonomique et
palethnographique (Memoire de Maitrise en Prehistoire, Université
de Paris, Paris, 1994).

Fontana, L. Les relations homme-animal dans les sociétés de
chasseurs-collecteurs. In L’archéologie a découvert 72-78 (CNRS
Editions, Paris, 2012).

Fontana, L. La chasse au renne au Paléolithique supérieur dans le
sud-ouest de la France: nouvelles hypothéses de travail/Reindeer
hunting in the Upper Palaeolithic in south-west France: demography
and seasonality. Paléo 12, 141-164 (2000).

Wilson, K. S., Pond, B. A., Brown, G. S. & Schaefer, J. A. The
biogeography of home range size of woodland caribou Rangifer
tarandus caribou. Divers Distrib. 25, 205-216 (2019).

Theoret, J. et al. Seasonal movements in caribou ecotypes of
Western Canada. Mov. Ecol. 10, 12 (2022).

Cichowski, D., Kinley, T. & Churchill, B. Caribou, Rangifer Tarandus.
in Accounts and Measures for Managing Identified Wildlife:
Accounts v2004 (ed. Paige, K) 224-252 (Ministry of Water, Land and
Air Protection, British Columbia, 2004).

Joly, K. et al. Longest terrestrial migrations and movements around
the world. Sci. Rep. 9, 15333 (2019).

Skarin, A. et al. Reindeer use of low Arctic tundra correlates with
landscape structure. Environ. Res. Lett. 15, 115012 (2020).
Nellemann, C. & Thomsen, M. G. Terrain ruggedness and caribou
forage availability during snowmelt on the Arctic Coastal Plain. Alsk.
Arct. 47, 361-367 (1994).

Fancy, S. G. & White, R. G. Energy expenditures for locomotion by
barren-ground caribou. Can. J. Zool. 65, 122-128 (1987).
Bergerud, A. T. Relative abundance of food in winter for
Newfoundland Caribou. Oikos 25, 379 (1974).

Heggberget, T. M., Gaare, E. & Ball, J. P. Reindeer (Rangifer
tarandus) and climate change: importance of winter forage. Rangifer
22,13 (2002).

Nobert, B. R., Milligan, S., Stenhouse, G. B. & Finnegan, L. Seeking
sanctuary: the neonatal calving period among central mountain
woodland caribou (Rangifer tarandus caribou). Can. J. Zool. 94,
837-851 (2016).

Bergerud, A. T., Butler, H. E. & Miller, D. R. Antipredator tactics of
calving caribou: dispersion in mountains. Can. J. Zool. 62, 1566-1575
(1984).

Van Asperen, E. N. Ecomorphological adaptations to climate and
substrate in late Middle Pleistocene caballoid horses. Palacogeogr.
Palaeoclimatol. Palaeoecol. 297, 584-596 (2010).

Pederzani, S. et al. Subarctic climate for the earliest Homo sapiens in
Europe. Sci. Adv.7, 1-10 (2021).

King, S. R. B. Home range and habitat use of free-ranging Przewalski
horses at Hustai National Park, Mongolia. Appl. Anim. Behav. Sci.
78, 103-113 (2002).

Hennig, J. D., Beck, J. L. & Scasta, J. D. Spatial ecology observations
from feral horses equipped with global positioning system
transmitters. Hum. Wildl. Interact. 12, 75-84 (2018).

Girard, T. L., Bork, E. W., Nielsen, S. E. & Alexander, M. J. Seasonal
variation in habitat selection by free-ranging feral horses within
Alberta’s Forest Reserve. Rangel. Ecol. Manag. 66, 428-437 (2013).
Lugauer, B. Differences in Movement Pattern between Asiatic Wild
Ass (Equus hemionus) and Przewalski’s Horse (Equus ferns
prezewalskii) (Univ. Vienna, Vienna, 2010).

Schoenecker, K. A., King, S. R. B., Nordquist, M. K., Nandintsetseg,
D. & Cao, Q. Habitat and diet of equids. In Wild Equids: Ecology,

Communications Biology | (2024)7:568

10



https://doi.org/10.1038/s42003-024-06233-2

Article

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Management, and Conservation (eds Ransom, J. |. & Kaczensky, P.)
41-57 (John Hopkins Univ. Press, Baltimore, 2016).

Petersen, S. L., Scasta, J. D., Schoenecker, K. A. & Hennig, J. D.
Feral Equids. Rangeland Wildlife Ecology and Conservation (eds.
McNew, L. B., Dahlgren, D. K. & Beck, J. L.) 735-757 (Springer Int.
Publ., Cham, 2023).

Schoenecker, K. A, Esmaeili, S. & King, S. R. B. Seasonal resource
selection and movement ecology of free-ranging horses in the
western United States. J. Wildl. Manage. 87,1-21 (2023).

Kowalik, N. et al. Revealing seasonal woolly mammoth migration
with spatially-resolved trace element, Sr and O isotopic records of
molar enamel. Quat. Sci. Rev. 306, 108036 (2023).
Douglas-Hamilton, I. On the ecology and behaviour of the African
elephant: the elephants of Lake Manyara (Univ. Oxford,

Oxford, 1972).

Leuthold, W. & Sale, J. B. Movements and patterns of habitat
utilization of elephants in Tsavo National Park, Kenya. Afr. J. Ecol.
11, 369-384 (1973).

Pryor, A. J. E., Sazelov4, S. & Standish, C. Season of death and
strontium/oxygen isotope data for seasonal mobility of three
reindeer prey. In Dolni Véstonice Il: Chronology, Paleoethnology,
Paleoanthropology (ed. Svoboda, J.) (Acad. Sci. Czech Republic,
Inst. Archaeolo., Brno, 2016).

Pryor, A. J. E., Stevens, R. E. & Pike, W. G. Seasonal mobility of the
adult horse killed by hunters at Klementowice. In Klementowice. A
Magdalenian Site in Eastern Poland (ed. Wisniewski, T.) 298-304
(Inst. Archaeol., Maria Curie-Sktodowska Univ. Lublin, Lublin, 2016).
Hofman-Kaminska, E., Bocherens, H., Borowik, T., Drucker, D. G. &
Kowalczyk, R. Stable isotope signatures of large herbivore foraging
habitats across Europe. PLoS ONE 13, 1-20 (2018).

Britton, K., Gaudzinski-Windheuser, S., Roebroeks, W., Kindler, L. &
Richards, M. P. Stable isotope analysis of well-preserved 120,000-
year-old herbivore bone collagen from the Middle Palaeolithic site of
Neumark-Nord 2, Germany reveals niche separation between
bovids and equids. Palaeogeogr. Palaeoclimatol. Palaeoecol.
333-334, 168-177 (2012).

Rivals, F. et al. Investigation of equid paleodiet from Schéningen 13
1I-4 through dental wear and isotopic analyses: archaeological
implications. J. Hum. Evol. 89, 129-137 (2015).

Guthrie, R. D. Frozen Fauna of the Mammoth Steppe: The Story of
Blue Babe (Univ. Chicago Press, Chicago, 1990).

Discamps, E. & Royer, A. Reconstructing palaeoenvironmental
conditions faced by Mousterian hunters during MIS 5 to 3 in
southwestern France: a multi-scale approach using data from large
and small mammal communities. Quat. Int. 433, 64-87 (2017).
Pfeiffer, T. Sexualdimophismus, Ontogenie und innerartliche
Variabilitét der pleistozénen Cervidpopulationen von Dama dama
geislana Pfeiffer 1998 und Cervus elaphus L. (Cervidae, Mammalia)
aus Neumark-Nord (Sachsen-Anhalt, Deutschland). Berl. gewiss.
Abh. 30, 207-313 (1999).

Musil, R. Tiergesellshaft der Kniegrotte. In Bd. 5. Die Kniegrotte: eine
Magdalénien-Station in Thiringen (ed. Feustel, R.) 1-44 (Bohlau,
Weimar, 1974).

Mudiller, W. & Pasda, C. More on the Magdalenian in Thuringia: a re-
investigation of the faunal remains from Teufelsbriicke. Quartér 70
(Manuscript in press).

Bratlund, B. Taubach revisited. Jahrb. des. R.6misch. Germanischen
Zent. Mainz 46, 61-174 (1999).

Gaudzinski-Windheuser, S. & Roebroeks, W. Neandertal Activities in
a Last Interglacial Lake-Landscape: The Neumark-Nord 2 Project 1
(Landesamt fir Denkmalpflege und Archéaologie Sachsen-Anhalt,
Halle, 2014).

Mania, D. Nebra - Eine Jungpalédolithische Freilandstation Im Saale-
Unstrut-Gebiet. Verdffentlichungen Landesamtes fiir Archdologie

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Sachsen-Anhalt 54 (Landesmuseum fiir Vorgeschichte-Sachsen-
Anhalt, Halle/Saale, 1999).

Richter, J., Uthmeier, T. & Maier, A. Der Magdalénien-Fundplatz Bad
Késen-Lengefeld an Der Saale (Landesamt fur Archdologie
Sachsen-Anhalt, Halle/Saale, 2022).

Brasser, M. Die Megafauna von Bilzingsleben. Verdffentlichungen
des Landesamtes fiir Denkmalpflege und Archdologie Sachsen-
Anhalt 73 (Landesmuseum fir Vorgeschichte, Halle/Saale, 2017).
Nobis, G., Forschungsinstitut, Z., Koenig, A., Wildpferde, N. &
Zentraleuropa, |. Die Wildpferde Aus Der Magdalénienzeitlichen
Station Saaleck Am FuBe Der Rudelsburg in Thiringen. Bonn. zool.
Beitr. 33, 223-226 (1982).

Berke, H. Solutré — Petersfels — Pekarna — Kniegrotte,
Schlachtspuren an Pferdeknochen. Arche Inf. 12, 180-194 (1989).
Rivals, F., Schulz, E. & Kaiser, T. M. Late and middle Pleistocene
ungulates dietary diversity in Western Europe indicate variations of
Neanderthal paleoenvironments through time and space. Quat. Sci.
Rev. 28, 3388-3400 (2009).

Ehlers, J., Eissmann, L., Lippstreu, L., Stephan, H.-J. & Wansa, S.
Pleistocene glaciations of North Germany. In Quaternary Glaciations
— Extent and Chronology. Part I: Europe (eds. Ehlers, J. & Gibbard, P.
L.) 135-146 (Elsevier, Amsterdam, 2004).

Batchelor, C. L. et al. The configuration of Northern Hemisphere ice
sheets through the Quaternary. Nat. Commun. 10, 3713 (2019).
Nielsen, T. K. et al. Investigating Neanderthal dispersal above 55°N
in Europe during the Last Interglacial Complex. Quat. Int. 431,
88-103 (2017).

Prud’homme, C. et al. Palaeotemperature reconstruction during the
Last Glacial from 5180 of earthworm calcite granules from Nussloch
loess sequence, Germany. Earth Planet. Sci. Lett. 442,13-20(2016).
Birks, H. H. & Birks, H. J. B. To what extent did changes in July
temperature influence Lateglacial vegetation patterns in NW
Europe? Quat. Sci. Rev. 106, 262-277 (2014).

Meerbeeck, C. J. Van, Renssen, H. & Roche, D. M. How did marine
isotope stage 3 and last glacial maximum climates differ? -
Perspectives from equilibrium simulations. Clim. Past 5, 33-52
(2009).

Sirocko, F. et al. Thresholds for the presence of glacial megafaunain
central Europe during the last 60,000 years. Sci. Rep. 12, 20055
(2022).

Avgar, T., Street, G. & Fryxell, J. M. On the adaptive benefits of
mammal migration. Can. J. Zool. 92, 481-490 (2014).

Fryxell, . M. & Sinclair, A. R. E. Causes and consequences of
migration by large herbivores. Trends Ecol. Evol. 3, 237-241 (1988).
Britton, K., Grimes, V., Dau, J. & Richards, M. P. Reconstructing
faunal migrations using intra-tooth sampling and strontium and
oxygen isotope analyses: a case study of modern caribou (Rangifer
tarandus granti). J. Archaeol. Sci. 36, 1163-1172 (2009).

Hoppe, K. A. & Koch, P. L. Reconstructing the migration patterns of
late Pleistocene mammals from northern Florida, USA. Quat. Res.
68, 347-352 (2007).

Copeland, S. R. et al. Strontium isotope investigation of ungulate
movement patterns on the Pleistocene Paleo-Agulhas Plain of the
Greater Cape Floristic Region, South Africa. Quat. Sci. Rev. 141,
65-84 (2016).

Bentley, R. A. Strontium isotopes from the earth to the
archaeological skeleton: a review. J. Archaeol. Method Theory 13,
135-187 (2006).

Capo, R. C., Stewart, B. W. & Chadwick, O. A. Strontium isotopes as
tracers of ecosystem processes: theory and methods. Geoderma
82, 197-225 (1998).

Levin, N. E., Cerling, T. E., Passey, B. H., Harris, J. M. & Ehleringer, J.
R. A stable isotope aridity index for terrestrial environments. Proc.
Natl Acad. Sci. USA 103, 11201-11205 (2006).

Communications Biology | (2024)7:568

11



https://doi.org/10.1038/s42003-024-06233-2

Article

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Kohn, M. J. Predicting animal &'®0: Accounting for diet and
physiological adaptation. Geochim. Cosmochim. Acta 60,
4811-4829 (1996).

Kohn, M. J., Schoeninger, M. J. & Valley, J. W. Variability in oxygen
isotope compositions of herbivore teeth: reflections of seasonality or
developmental physiology? Chem. Geol. 152, 97-112 (1998).
Blumenthal, S. A., Cerling, T. E., Smiley, T. M., Badgley, C. E. &
Plummer, T. W. Isotopic records of climate seasonality in equid
teeth. Geochim. Cosmochim. Acta 260, 329-348 (2019).

Green, D. R. et al. Quantitative reconstruction of seasonality from
stable isotopes in teeth. Geochim. Cosmochim. Acta 235,
483-504 (2018).

Balasse, M. Reconstructing dietary and environmental history from
enamel isotopic analysis: time resolution of intra-tooth sequential
sampling. Int. J. Osteoarchaeol. 12, 155-165 (2002).

Mania, D. & Toepfer, V. Kénigsaue. Gliederung, Okologie Und
Mittelpaléolithische Funde Der Letzten Eiszeit (Deutscher Verlag der
Wissenschaften, Berlin, 1973).

Picin, A. Short-term occupations at the lakeshore: a technological
reassessment of the open-air site Kénigsaue (Germany). Quart.4r.
63, 7-32 (2016).

Niklasson, N. Die Grabung auf der jungpalaolithischen Station bei
der Schneidemiihle bei Breitenbach, Kreis Zeitz. Nachr. Dtsch. Vorz.
3, 58 (1927).

Niklasson, N. Die paldolithische Station being Der Schneidemiihle
being Breitenbach im Kreise Zeitz. Nachr. Dtsch. Vorz. 3, 58 (1928).
Moreau, L. & Breitenbach -Schneidemihle, Germany: a major
Aurignacian open air settlement in Central Europe. Euras Prehist. 9,
51-75 (2013).

Joris, O. & Moreau, L. Vom Endes des Aurignacian: Zur
Chronologischen Stellung des Freilandfundplatzes Breitenbach
(Burgenlandkr) inn Kontext des Friihen und Mittleren
Jungpaldolithikums in Mitteleuropa. Arch.&ol. Korresp. 1, 1-20 (2010).
Lehmkuhl, F. et al. Loess landscapes of Europe — mapping,
geomorphology, and zonal differentiation. Earth Sci. Rev. 215,
103496 (2021).

Holt, E., Evans, J. A. & Madgwick, R. Strontium (¥’Sr/**Sr) mapping: a
critical review of methods and approaches. Earth Sci. Rev. 216,
1-18 (2021).

Price, T. D., Burton, J. H. & Bentley, R. A. The characterization of
biologically available strontium isotope ratios for the study of
prehistoric migration. Archaeometry 44, 117-135 (2002).

Borker, J., Hartmann, J., Amann, T. & Romero-Mujalli, G. Terrestrial
sediments of the Earth: Development of a Global Unconsolidated
Sediments Map Database (GUM). Geochem. Geophys. 19,
997-1024 (2018).

Bataille, C. P., Crowley, B. E., Wooller, M. J. & Bowen, G. J. Advances in
global bioavailable strontium isoscapes. Palacogeogr. Palaeoclimatol.
Palaeoecol. 555, 1-18 (2020).

Brown, W. A. B. & Chapman, N. G. The dentition of red deer (Cervus
elaphus): a scoring scheme to assess age from wear of the
permanent molariform teeth. J. Zool. 224, 519-536 (1991).

Hoppe, K. A., Stover, S. M., Pascoe, J. R. & Amundson, R. Tooth
enamel biomineralization in extant horses: implications for isotopic
microsampling. Palaeogeogr. Palaeoclimatol. Palaeoecol. 206,
355-365 (2004).

Stevens, R. E., Balasse, M. & O’Connell, T. C. Intra-tooth oxygen
isotope variation in a known population of red deer: implications for
past climate and seasonality reconstructions. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 301, 64-74 (2011).

Laws, R. M. Age criteria for the African elephant. Afr. J. Ecol. 4,
1-37 (1966).

Metcalfe, J. Z., Longstaffe, F. J. & Zazula, G. D. Nursing, weaning,
and tooth development in woolly mammoths from Old Crow, Yukon,

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Canada: implications for Pleistocene extinctions. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 298, 257-270 (2010).

Koch, P. L., Fisher, D. C. & Dettman, D. Oxygen isotope variation in
the tusks of extinct proboscideans: a measure of season of death
and seasonality. Geology 17, 515 (1989).

Avyliffe, L. K., Lister, A. M. & Chivas, A. R. The preservation of glacial-
interglacial climatic signatures in the oxygen isotopes of elephant
skeletal phosphate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 99,
179-191 (1992).

Webber, Q. M. R., Ferraro, K. M., Hendrix, J. G. & Vander Wal, E.
What do caribou eat? A review of the literature on caribou diet. Can.
J. Zool. 100, 197-207 (2022).

Lehmkuhl, F., Pétter, S., Pauligk, A. & Bosken, J. Loess and other
quaternary sediments in Germany. J. Maps 14, 330-340 (2018).
Rusakov, A. et al. Late Pleistocene paleosols in the extra-glacial
regions of Northwestern Eurasia: pedogenesis, post-pedogenic
transformation, paleoenvironmental inferences. Quat. Int. 501,
174-192 (2019).

Joly, K., Gurarie, E., Hansen, D. A. & Cameron, M. D. Seasonal
patterns of spatial fidelity and temporal consistency in the
distribution and movements of a migratory ungulate. Ecol. Evol. 11,
8183-8200 (2021).

Grgnnow, B. Meiendorf and Stellmoor revisited. An analysis of late
Palaeolithic reindeer exploitation. Acta Archaeol. 56, 131-166 (1985).
Pederzani, S. & Britton, K. Oxygen isotopes in bioarchaeology:
principles and applications, challenges and opportunities. Earth Sci.
Rev. 188, 77-107 (2019).

Bryant, J. D. & Froelich, P. N. A model of oxygen isotope
fractionation in body water of large mammals. Geochim.
Cosmochim. Acta 59, 4523-4537 (1995).

Pederzani, S. et al. Reconstructing Late Pleistocene paleoclimate at
the scale of human behavior: an example from the Neandertal
occupation of La Ferrassie (France). Sci. Rep. 11, 1-10 (2021).
McCort, W. D. Behaviour of Feral Horses and Ponies. J. Anim. Sci.
58, 493-499 (1984).

Boyd, L. & Keiper, R. Behavioural ecology of feral horses. In The
Domestic Horse, The Evolution, Development and Management of
Its Behaviour (eds Mills, D. S. & McDonnell, S. M.) 55-82 (Cambridge
Univ. Press, Cambridge, 2005).

Hughes, S. S. et al. Anglo-Saxon origins investigated by isotopic
analysis of burials from Berinsfield, Oxfordshire, UK. J. Archaeol.
Sci. 42, 81-92 (2014).

Metcalfe, J. Z., Longstaffe, F. J., Ballenger, J. A. M. & Vance Haynes,
C. Isotopic paleoecology of Clovis mammoths from Arizona. Proc.
Natl Acad. Sci. USA 108, 17916-17920 (2011).

Wang, X. -F. & Yakir, D. Temporal and spatial variations in the
oxygen-18 content of leaf water in different plant species. Plant Cell
Environ. 18, 1377-1385 (1995).

Gat, J. R. & Bowser, C. The heavy isotope enrichment of water in
coupled evaporative systems. In Stable Isotope Geochemistry: A
Tribute to Samuel Epstein (eds Taylor, H. P., O’Neil Jr., J. R. & Kaplan,
I. R.) 159-168 (Geochem. Soc., Special Publication, 1991).

Adams, M. A. & Grierson, P. F. Stable isotopes at natural abundance
in terrestrial plant ecology and ecophysiology: an update. Plant Biol.
3,299-310 (2001).

Busch, D. E., Ingraham, N. L. & Smith, S. D. Water uptake in Woody
Riparian Phreatophytes of the Southwestern United States: a stable
isotope study. Ecol. Appl. 2, 450-459 (1992).

Field, C. R. Elephant Ecology in the Queen Elizabeth National Park,
Uganda. Afr. J. Ecol. 9, 99-123 (1971).

Koirala, R. K., Ji, W., Aryal, A., Rothman, J. & Raubenheimer, D.
Dispersal and ranging patterns of the Asian Elephant (Elephas
maximus) in relation to their interactions with humansin Nepal. Ethol.
Ecol. Evol. 28, 221-231 (2015).

Communications Biology | (2024)7:568

12



https://doi.org/10.1038/s42003-024-06233-2

Article

126. Bonhof, W. J. & Pryor, A. J. E. Proboscideans on parade: a review of
the migratory behaviour of elephants, mammoths, and mastodons.
Quat. Sci. Rev. 277, 1-24 (2022).

Matthies, T. The Exploitation of Fur-bearing Mammals during the
Late Aurignacian of Central Europe: a Case Study of the Faunal
remains from Breitenbach (Saxony-Anhalt), Germany (Univ.
Southampton, Southampton, 2010).

Burch, E. S. Jr The caribou/wild reindeer as a human resource. Am.
Antiq. 37, 339-368 (1972).

White, M., Pettitt, P. & Schreve, D. Shoot first, ask questions later:
Interpretative narratives of Neanderthal hunting. Quat. Sci. Rev. 140,
1-20 (2016).

Enloe, J. G. Aquisition and processing of reindeer in the Paris Basin.
In Mode de Vie au Magdalénien: Apports de I’Archéozoologie/
Zooarchaeological insights into Magdalenian Lifeways (eds
Costamagno, S. & Laroulandie, V.) 23-31 (British Archaeological
Reports International Series 1144, Oxford, 2003).
Gaudzinski-Windheuser, S. & Kindler, L. Research perspectives for
the study of Neandertal subsistence strategies based on the analysis
of archaeozoological assemblages. Quat. Int. 247, 59-68 (2012).
Gaudzinski, S. Monospecific or species-dominated faunal
assemblages during the Middle Paleolithic in Europe. In Transitions
Before the Transition. Evolution and Stability in the Middle
Palaeolithic and Middle Stone Age (eds Hovers, E. & Kuhn, S.)
137-147 (Springer, New York, 2005).

Drucker, D. G., Kind, C. J. & Stephan, E. Chronological and
ecological information on Late-glacial and early Holocene reindeer
from northwest Europe using radiocarbon (**C) and stable isotope
("3C, ™®N) analysis of bone collagen: Case study in southwestern
Germany. Quat. Int. 245, 218-224 (2011).

Hillson, S. Teeth (Cambridge Univ. Press, Cambridge, 2005).
Sponheimer, M. et al. Hominins, sedges, and termites: new carbon
isotope data from the Sterkfontein Valley and Kruger National Park.
J. Hum. Evol. 48, 301-312 (2005).

Lee-Thorp, J. et al. Isotopic evidence for an early shift to C4
resources by Pliocene hominins in Chad. Proc. Natl Acad. Sci. USA
109, 20369-20372 (2012).

Copeland, S. R. et al. Strontium isotope ratios ("St/**Sr) of tooth
enamel: a comparison of solution and laser ablation multicollector
inductively coupled plasma mass spectrometry methods. Rapid
Commun. Mass Spectrom. 22, 3187-3194 (2008).

Deniel, C. & Pin, C. Single-stage method for the simultaneous
isolation of lead and strontium from silicate samples for isotopic
measurements. Anal. Chim. Acta 426, 95-103 (2001).

Pin, C., Briot, D., Bassin, C. & Poitrasson, F. Concomitant separation
of strontium and samarium-neodymium for isotopic analysis in
silicate samples, based on specific extraction chromatography.
Anal. Chim. Acta 298, 209-217 (1994).

Britton, K. et al. Sampling plants and malacofauna in 8Sr/%¢Sr
bioavailability studies: implications for isoscape mapping and
reconstructing of past mobility patterns. Front. Ecol. Evol. 8
(2020).

Taillon, J., Festa-Bianchet, M. & C6té, S. D. Shifting targets in the tundra:
protection of migratory caribou calving grounds must account for spatial
changes over time. Biol. Conserv. 147, 163-173 (2012).

Poole, J. The African elephant. In Studying Elephants (ed.
Kangwana, K.) 1-9 (African Wildlife Found., Nairobi, 1996).

Mania, D. Eiszeitarchdologische Forschungsarbeiten in den
Tagebauen des Saale-Elbe-Gebietes. In Verdffentlichungen des
Museums f(ir Ur- und Frithgeschichte Potsdam 25 (Landesmuseum
fur Vorgeschichte, Potsdam, (1991).

Mania, D. 125 000 Jahre Klima- und Umweltentwicklung im mittleren
Eibe-Saale-Gebiet. Hercynia N. F. 32, 1-97 (1999).

Joris, O. Zur Chronostratigraphischen Stellung Der
Spatmittelpaldolithischen Keilmessergruppen. Der Versuch Einer

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Kulturgeographischen Abgrenzung Einer Mittelpaldolithischen
Formengruppe in lhrem Européaischen Kontext. Ber. R.6m. Ger.
Komm. 84, 49-153 (2004).

Joris, O. Bifacially backed knives (Keilmesser) in the Central
European Middle Palaeolithic. In Axe Age. Acheulian Tool-making
from Quarry to Discard (eds. Goren-Imbar, N. & Sharon, G.) 287-310
(Equinox Publ., London, 2006).

Grootes, P. M. Thermal Diffusion Isotopic Enrichment and
Radliocarbon Dating beyond 50 000 Years BP (Univ. Groningen,
Groningen, 1977).

Hedges, R. E. M., Pettitt, P. B., Bronk Ramsey, C. & Van Klinken, G. J.
Radiocarbon dates of the Oxford AMS system: archaeometry
datelist 26. Archaeometry 40, 437-455 (1998).

Toucanne, S. et al. Marine isotope stage 4 (71-57 ka) on the Western
European margin: insights to the drainage and dynamics of the
Western European Ice Sheet. Glob. Planet Chang. 229, 104221 (2023).
Helmens, K. F. The Last Interglacial-Glacial cycle (MIS 5-2) re-
examined based on long proxy records from central and northern
Europe. Quat. Sci. Rev. 86, 115-143 (2014).

Amante, C. & Eakins, B. W. ETOPO1 1 Arc-Minute Global Relief
Model: Procedures, Data Sources and Analysis. NOAA Tech. Memo.
NESDIS NGDC-24 19 (NOAA, 2009).

152. Keesey, T. M. PhyloPic. https://www.phylopic.org (2024).

146.

147.

148.

149.

150.

151.

Acknowledgements

WethankH. Dietl, K. Gértner, S. Kimmig-Vélkner, R. Mischker and E. Pawlak,
State Museum of Prehistory, Halle, for providing access to the material. We
thank C. Pasda, Friedrich Schiller University, Jena, for providing research
support. The project was funded by the Max Planck Society.

Author contributions

P.H.-S. and P.R. designed the study. P.H.-S. undertook sampling for stable
carbon, oxygen and strontium isotope analysis, and sample processing for
stable carbon and oxygen isotope analysis. M.L. and E.S. performed GB-
EAA for stable carbon and oxygen isotope analysis. P.L.R. undertook
sample processing and IRMS for strontium isotope analysis. P.H.-S. wrote
the manuscript draft. P.R. oversaw the data interpretation and P.R., O.J. and
K.B. edited the manuscript. O.J., T.M. and H.M. provided expert archae-
ological knowledge. K.B. provided expert isotopic knowledge. P.H.-S., P.R.,
K.B., O.J. and T.M. contributed to data interpretation. All authors provided
comment on the manuscript and approved the submitted version.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-024-06233-2.

Correspondence and requests for materials should be addressed to
Phoebe Heddell-Stevens.

Peer review information Communications Biology thanks Jamie Hodgkins
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Primary Handling Editor: Luke R. Grinham.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Communications Biology | (2024)7:568

13


https://www.phylopic.org
https://www.phylopic.org
https://doi.org/10.1038/s42003-024-06233-2
http://www.nature.com/reprints

https://doi.org/10.1038/s42003-024-06233-2

Article

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Biology | (2024)7:568

14


http://creativecommons.org/licenses/by/4.0/

	Multi-isotope reconstruction of Late Pleistocene large-herbivore biogeography and mobility patterns in Central�Europe
	Results
	Bioavailable environmental strontium (87Sr/86Sr)
	Faunal intra-tooth isotope�data
	Königsaue Layer A�(KÖA)
	Breitenbach�(BRE)

	Discussion
	Methods
	Sampling of faunal tooth�enamel
	Stable carbon and oxygen isotope analysis of faunal tooth�enamel
	Strontium isotope analysis of faunal tooth enamel and plant material
	Determining local bioavailable environmental strontium (87Sr/86Sr)
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




