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Abstract
After the Last Glacial Maximum (LGM: ~ 26.5–19.0 ka cal BP), large-scale warming resulted in glacial retreat and climatic 
amelioration, prompting changes to local and regional ecosystems across Eurasia during the Late Glacial. Consequently, 
Magdalenian hunter-gatherers reoccupied parts of Central Europe that were mostly devoid of humans during the LGM. 
Petersfels and Gnirshöhle (~ 17.0–13.0 ka cal BP), two Magdalenian cave sites in the Hegau Jura of southwestern Germany, 
preserve the later stages of this recolonization and serve as archives of paleoenvironmental data. In this study, we examine 
carbon (δ13C) and oxygen (δ18O) stable isotopes in horse (Equus ferus) and bovine (Bos/Bison sp.) tooth enamel carbonate 
from both sites to investigate the microenvironment of the northern Alpine foreland. We contextualize our results within a 
broader geographical framework by comparing the Hegau Jura to Verberie (Le Buisson Campin), a contemporaneous Mag-
dalenian site in northern France (~ 16.0–14.0 ka cal BP). The apparent difference in δ18O suggests that northern France was 
warmer with weaker seasonal climatic fluctuations than southwestern Germany. This difference likely affected cold-adapted 
fauna, such as reindeer (Rangifer tarandus), resulting in diverse animal ecologies that influenced hunter-gatherer subsistence 
behaviors across western and central Europe. Our exploration of Magdalenian landscapes reveals a mosaic of ecological 
variability, which likely influenced daily activities such as movement and food procurement, highlighting the interconnected 
relationship between environment and hunter-gatherer behavior during this period.
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Introduction

After the Last Glacial Maximum (LGM: ~ 26.5–19.0 ka cal 
BP), ameliorating climates facilitated the recolonization of 
Central Europe by Magdalenian groups during the Late Gla-
cial (19.0–11.6 ka cal BP) (Albrecht and Engelhardt 1988; 
Street and Terberger 1999; Ivy-Ochs et al. 2008; Clark et al. 
2009; Kretschmer 2015; Maier 2015; Leesch et al. 2019). 
This shift influenced local environments, altering human 
subsistence and ecological dynamics. During this period, 
Magdalenian groups reoccupied southwestern Germany, 
probably as early as 20.0 ka cal BP (Pasda 1998, 2019a, 
b) and more consistently after 16.0 ka cal BP (Taller 2014; 
Maier 2015). The sporadic nature of initial occupations 
suggests that recolonization did not occur in a single wave 
but was a discontinuous process of discovery, coloniza-
tion, and establishment (Graves and Addison 1996; Jochim 
et al. 1999). It is also possible that parts of Central Europe 
were never entirely abandoned and that small, ephemeral 
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groups persisted throughout the LGM (Street and Terberger 
1999; Blockley et al. 2000). Regardless, the appearance of 
the Magdalenian represents the more significant return of 
hunter-gatherers to Central Europe.

This study offers a comprehensive paleoenvironmental 
reconstruction of the Hegau Jura, a region of the northern 
Alpine foreland in southwestern Germany, using carbonate 
from horse and bovine tooth enamel, expanding beyond pre-
vious regional analyses, which were limited to bone collagen. 
In particular, we focus on two Magdalenian sites, Peters-
fels (WGS84: N47°51′38.9"E8°48′15.1") and Gnirshöhle 
(WGS84: N47°51′33.8"E8°48′54.0"), dated to ~ 17.0–13.0 
ka cal BP (Figs. 1–2) (Jaguttis-Emden 1983; Bronk Ram-
sey 2009, 2021; Albrecht et al. 2019; Reimer et al. 2020; 
Baumann et al. 2021). Both sites are located in the Brud-
ertal, a narrow valley under study since the early twenti-
eth century (e.g., Peters 1930a, b). Here, we investigate the 

microenvironment of the valley via stable isotope analyses 
of carbon (δ13C) and oxygen (δ18O) in ungulate tooth enamel 
carbonate. Serial sampling of horse (Equus ferus, n = 7) and 
bovine (Bos/Bison sp., n = 1) tooth enamel provides a picture 
of animal diet and environment from the first 1–2 years of 
life (DeNiro and Epstein 1978; Lee-Thorp 1989; Balasse 
et al. 1999; Hoppe et al. 2004). Isotopic evidence from the 
Hegau Jura is compared with data from Verberie (Le Buis-
son Campin) (WGS84: N49°20′24.0"E2°45′00.0"), a con-
temporaneous (~ 16.0–14.0 ka cal BP) Magdalenian site in 
northern France. A single Equus sp. tooth (n = 1) from Ver-
berie provides a comparative signal from Western Europe, 
which was more continuously occupied throughout the LGM 
than the northern Alpine foreland (Bignon-Lau et al. 2021). 
Despite the small sample size, which may well be an outlier, 
and the geographic and paleoecological differences between 
the Hegau Jura and Northern France, data from Verberie 

Fig. 1   Map of western and central Europe and the studied sites in northern France (Verberie) and the Hegau Jura of southwestern Germany 
(Petersfels and Gnirshöhle). Modified maps from Wikipedia (CC BY-SA 3.0) and Apple Maps (Apple Maps 2023)
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facilitates a broader understanding of human settlement pat-
terns and paleoecology during the Magdalenian.

Although previous paleoenvironmental studies pro-
vide valuable insights into the region (e.g., Stephan 1999; 
Drucker et  al. 2011; Baumann et  al. 2021), these were 
focused on reindeer and canids, and relied on the analysis 
of bone collagen. While informative, bone collagen provides 
an averaged signal of paleoenvironment from the last dec-
ade of an animal’s life (Bocherens et al. 1997; Bocherens 
2003; Krajcarz et al. 2018). In contrast, serially sampled 
tooth enamel records information from just the first few 
years of life and facilitates a finer resolution reconstruction 
of diet and environment (Pederzani and Britton 2019). By 
analyzing additional species, our work expands the scope of 
environmental reconstructions in the region, offering a more 
comprehensive understanding of the ecological conditions 
experienced by Magdalenian people during the Late Glacial.

Background information

Site descriptions

The Brudertal represents a glacial drainage canal shaped 
by the retreat of ice sheets after the LGM (Albrecht 1979; 
Albrecht et al. 1983, 2019; Laville 1983). According to con-
ventional radiocarbon dates – mainly on bulk bone collagen 

samples – the Magdalenian occupations of Petersfels com-
menced around ~ 16.0 ka cal BP and lasted until at least 
14.0 ka cal BP. Possible occupations during younger phases 
beyond Greenland Interstadial (GI) 1e are unconfirmed. The 
occupation of Gnirshöhle includes the earlier portion of this 
period, especially according to recent AMS dates concen-
trating around ~ 16.0–15.0 ka cal BP (Albrecht 1979; Albre-
cht et al. 1983; Jaguttis-Emden 1983; Bronk Ramsey 2009, 
2021; Reimer et al. 2020; Baumann et al. 2021).

Petersfels is a high but narrow cave that continues into a 
small, currently inaccessible chamber. Occupation horizons 
from Magdalenian hunter-gatherers are preserved within the 
cave and the surrounding valley. The site was first discovered 
in 1924 and has since undergone numerous excavations, the 
longest of which were in the 1920–30s by Eduard Peters 
and the 1970–80s by Gerd Albrecht from the University of 
Tübingen (Peters 1930a; Peters and Toepfer 1932; Albrecht 
1979; Albrecht et al. 1983). These campaigns were highly 
successful, revealing abundant lithics, fauna, osseous arti-
facts, personal ornaments, engravings, human remains, and 
female figurines (Peters 1930a, b; Peters and Toepfer 1932; 
Kraft 1939; Mauser 1970; Albrecht 1979; Albrecht et al. 
1983, 1994; Berke 1987; Walter 2000; Pfeifer 2014, 2016; 
McCartin et al. 2023). Hunter-gatherers occupied the site 
during the fall-winter and focused on acquiring reindeer 
in peak nutritional condition (Albrecht et al. 1983; Berke 
1987; Eriksen 1991; Weinstock 2000; McCartin et al. 2023). 

Fig. 2   Chronology of the studied sites. Recent dates for Verberie 
(Debout et  al. 2012; Wild 2020) and Gnirshöhle (Baumann et  al. 
2021) via accelerator mass spectrometry (AMS), other dates for Gnir-
shöhle (Weniger 1982; Albrecht 2010) and Petersfels (Jaguttis-Emden 
1983; Bronk Ramsey 2009, 2021; Reimer et  al. 2020) via the con-

ventional counting method (CONV). Data on Greenland stadial (blue) 
and interstadial (yellow) ranges were acquired from Rasmussen et al. 
(2014) and calibrated with CalPal version 2023.5 (Weninger and Jöris 
2008)



	 Archaeological and Anthropological Sciences          (2025) 17:125   125   Page 4 of 20

Importantly, Petersfels is interpreted as a large-scale aggre-
gation camp – a place where seasonally distant groups gath-
ered to acquire and process resources, produce tools and 
symbolic objects, and cultivate the social relationships that 
connected Magdalenian groups across the Swabian Jura and, 
indirectly, across the rest of Central Europe (Hahn 1978; 
Conkey et al. 1980; Weniger 1987, 1989; Eriksen 1991).

Opposite Petersfels is Gnirshöhle, a cave with two cham-
bers (GN1 and GN2) situated 15 m above the valley floor. 
Early excavations are poorly documented but likely began 
with Eduard Peters in 1927 (Peters 1930a), who only men-
tioned potential Magdalenian finds in an unpublished report 
from 1946 (Peters 1946). Gnirshöhle was then affected by 
speleological activities in 1976 that destroyed large parts of 
the intact archaeological layers. Subsequent systematic exca-
vations were conducted by Gerd Albrecht and Claus-Joachim 
Kind in three campaigns between 1977 and 1979 (Albrecht 
et al. 1983). Important finds include jet beads and perforated 
mollusk shells alongside typical Magdalenian lithic, organic 
tools, and faunal remains. New radiocarbon dates suggest the 
two cave chambers were occupied coevally (Baumann et al. 
2021). However, the quantity and diversity of finds are far 
less than at Petersfels, indicating the sites may present differ-
ent occupation patterns. For example, during some periods, 
Petersfels was utilized for large-scale aggregations, while 
Gnirshöhle was likely occupied by smaller groups (Albrecht 
et al. 1977; Albrecht and Hahn 1991; McCartin et al. 2023). 
However, the question of differential site utilization remains 
the subject of ongoing research, including the exceptionally 
well-preserved neighboring site of Drexlerhöhle (Tafelmaier 
et al. 2022, 2024).

Faunal remains

Both sites present typical Magdalenian taxa and are domi-
nated by reindeer (Rangifer tarandus), hare (Lepus sp.), and 
horse (Equus ferus). At Petersfels, ptarmigan (Lagopus sp.) 
is also well represented and other ungulates include chamois 
(Rupicapra rupicapra), roe deer (Capreolus capreolus), ibex 
(Capra ibex), red deer (Cervus elaphus), aurochs or steppe 
bison (Bos primigenius or Bison priscus), and wild boar (Sus 
scrofa). Carnivores are represented by various mustelids 
(Mustelidae), foxes (Vulpes vulpes and V. lagopus), felids 
(Felis silvestris, Lynx lynx, Panthera spelaea), wolf (Canis 
lupus), and brown bear (Ursus arctos) (Peters 1930a; Peters 
and Toepfer 1932; Berke 1987; Pasda 1998; McCartin et al. 
2023). The faunal assemblage of Gnirshöhle is less diverse 
than Petersfels. Large felids, such as lynx, cave lion, and 
brown bear, are absent. At GN1, hares are the most frequent 
taxon, followed by reindeer, large canids, foxes, and badgers 
(Meles meles). At GN2, badgers are most abundant, followed 
by reindeer, horses, and hares, while large canids are present 
but rare (Albrecht et al. 1977, 2019; Weniger 1982, 1989; 

Albrecht and Hahn 1991; Baumann et al. 2021). Other dif-
ferences between the two chambers include the exclusive 
presence of red deer and roe deer at GN1 and wildcat and 
wild boar at GN2. Badgers are particularly abundant at Gnir-
shöhle, and the presence of a large badger burrow at GN2 
draws the stratigraphic integrity partly into question. This 
issue is currently under investigation.

The Petersfels faunal assemblage is highly anthropogenic, 
as evidenced by abundant cut marks, impacts, and green 
breaks, as well as the use of animal remains to produce 
thousands of tools (e.g., needles, projectile points, bâton 
percés) and symbolic objects (e.g., engravings, figurines, 
ornamentation). Humans occupied the site primarily dur-
ing the fall-winter, although some spring–summer habita-
tions are also likely (Peters 1930a, 1936; Peters and Toepfer 
1932, p. 193; Mauser 1970; Albrecht 1979; Albrecht and 
Berke 1980; Albrecht et al. 1983, 1994; Berke 1987; Pfeifer 
2016; McCartin et al. 2023). In comparison, Gnirshöhle 
presents some butchery modifications and osseous tools 
in both chambers, namely worked antlers, sewing needles, 
and projectile points; however, carnivore traces, likely pro-
duced by badgers, are very abundant, suggesting not only 
bioturbation (as the remains of human-hunted taxa were 
displaced) but also some non-human accumulations (Albre-
cht and Engelhardt 1988; Albrecht and Hahn 1991; Cattin 
2018). Although carnivore damage is present at Petersfels, 
the abundance of anthropogenic traces suggests carnivores 
had secondary access to remains via the exploitation of 
human garbage (McCartin et al. 2023). This is consistent 
with regional evidence of commensal canids (Baumann et al. 
2020b, a) and the likely presence of early wolf domestication 
at Gnirshöhle (Baumann et al. 2021), indicating that some 
carnivores regularly accessed human-constructed niches 
(Baumann 2023).

Prior paleoenvironmental reconstructions

Today, the paleoenvironmental conditions found in the Mag-
dalenian no longer exist, and the elements that once com-
posed them are distributed across three distinct ecosystems: 
steppe, tundra, and high mountains (Leesch et al. 2012). 
Although different, these environments are all characterized 
by cold and open landscapes with sparse vegetation and low 
primary productivity. Compared to the present, post-LGM 
environments were a mosaic of natural areas with diverse 
plant communities, which supported a variety of herbivore 
and carnivore species (Bliss and Richards 1982; Leesch et al. 
2012; Drucker 2022).

Prior paleoenvironmental studies of the Hegau Jura are 
cursory; however, details from the macrofaunal assemblages, 
sedimentology, and isotopic analyses provide insights into 
the ecological and climatic conditions of the region dur-
ing the Late Glacial. At Petersfels, ptarmigan and lark 



Archaeological and Anthropological Sciences          (2025) 17:125 	 Page 5 of 20    125 

(Eremophilia alpestris) indicate sparse vegetation with some 
areas of cover (Mourer-Chauvire 1983; Krönneck 2009). 
Mammals are typical of the Late Glacial (e.g., reindeer, 
horse) and primarily indicate steppe, tundra, and/or park-
tundra landscapes. This is supported by the relative scar-
city of species typically associated with warmer or forested 
environments, such as roe deer (Peters 1930a; Albrecht et al. 
1983; Berke 1987; Eriksen 1991; Sommer and Nadachowski 
2006; Sommer and Zachos 2009; McCartin et al. 2023). 
Stratigraphic and sedimentological analyses indicate at least 
two distinct periods, one warmer (perhaps Bølling/GI- 1e) 
and one cooler (perhaps Oldest Dryas/GS- 2.1a) (Laville 
1983). This is also supported by radiocarbon dates and δ18O 
values from reindeer bone collagen (Jaguttis-Emden 1983; 
Stephan 1999). Unfortunately, the pollen and small mammal 
assemblages were insufficient for conclusive analyses (Wille 
1978; Albrecht et al. 1983; Storch 1983).

From the Petersfels assemblage, isotopic data from ungu-
late bone collagen was previously presented by Stephan 
(1999) and Drucker et al. (2011). Compared to northern 
Germany and southwestern France, the reindeer at Peters-
fels exhibit comparable δ13C but lower δ15N and δ18O values. 
This suggests that the Petersfels reindeer occupied a colder 
environment (Stephan 1999) with less advanced soil matu-
ration than in southwestern France (Drucker et al. 2011). 
At Gnirshöhle, prior isotopic analyses were conducted on 
canid bone collagen, and the results suggest significant niche 
partitioning between foxes and wolves in a potential early 
stage of domestication (Baumann et al. 2020b, 2021). It is 
likely that the above mentioned ecological separation reflects 
a heterogeneous environment with diverse prey availabil-
ity. Although these studies provide some paleoenvironmen-
tal information, analyses focused on a narrow range of spe-
cies and samples gathered from bone collagen. This paper 
thus provides a new and more holistic attempt at a paleoen-
vironmental reconstruction of the Hegau Jura using tooth 
carbonate from additional horses and a bovine.

Stable isotope analyses

Tooth bioapatite is often used to study past diets and envi-
ronments by analyzing stable isotopes preserved in tooth 
enamel carbonate. Isotopic data are presented in delta nota-
tion (δ), which expresses the relative difference in isotopic 
ratios between a sample and an international standard. For 
example, a positive δ indicates the sample is enriched in 
the heavier isotope relative to the standard. This ratio is 
expressed as parts per mil (‰).

In herbivores, δ13C reflects differences in the isotopic 
composition of consumed plants, which is primarily con-
trolled by the plant’s photosynthetic pathway and other envi-
ronmental conditions (DeNiro and Epstein 1978; Tieszen 
1991; Kohn 2010). There are two main photosynthetic 

pathways: C3 and C4. The former includes trees and herba-
ceous plants from temperate environments, which dominated 
Eurasian Pleistocene ecosystems (Bombin and Muehlen-
bachs 1985), while the latter corresponds to tropical grasses. 
In comparison to C4 plants, C3 plants are depleted in the 
heavier isotope (13C) relative to the lighter isotope (12C) and 
exhibit lower δ13C values in the range of − 20 to − 35‰, 
averaging around − 26‰ (review in Kohn 2010). In tooth 
enamel, δ13C values are also enriched relative to diet due to 
physiological fractionation. In large herbivores, this enrich-
ment factor is approximately + 14‰. Thus, if an animal con-
sumed primarily C3 plants with an average δ13C of − 26‰, 
the δ13C value of enamel carbonate would be − 12‰ 
(Cerling and Harris 1999; Diefendorf et al. 2010; Passey 
et al. 2005). In environments dominated by C3 resources, 
such as Pleistocene Eurasia, differentiation can occur due 
to the canopy effect, in which a plant’s vertical position in 
the canopy influences the degree of isotopic fractionation. 
Higher δ13C values are indicative of plants from the upper 
canopy, such as leaves and fruits, while lower values indicate 
lower canopy resources (Cerling et al. 2004; Drucker et al. 
2008). Aridity also shapes δ13C values. In particular, plants 
in dry environments exhibit higher water-use efficiency by 
reducing stomatal conductance, limiting the discrimination 
against 13C resulting in elevated δ13C values. As a result, 
C3 plants in arid environments exhibit elevated δ13C values 
compared to the same species in more humid environments 
(Kohn 2010; Wang et al. 2010).

Turning to oxygen, δ18O values in herbivore tooth enamel 
primarily reflect ingested meteoric water, which is derived 
from plant consumption, drinking water, and inhaled vapor 
(Dansgaard 1964; Kohn and Cerling 2002; Bocherens et al. 
1996). These values are influenced by several climatic and 
ecological factors, including the δ18O of local precipitation, 
which reflects climatic variables such as temperature, aridity, 
altitude, and rainfall (Dansgaard 1964; Higgins and Mac-
Fadden 2009; Kohn and Cerling 2002; Pederzani and Brit-
ton 2019; Reinhard et al. 1996). In herbivores, most oxygen 
enters the body through drinking water (Pederzani and Brit-
ton 2019; Reinhard et al. 1996) and water from plant con-
sumption (Bocherens et al. 1996). The relative importance of 
these sources depends on whether the animal is an obligate 
or non-obligate drinker (Pederzani and Britton 2019 and 
references therein). Cold and high elevation environments 
generally result in lower δ18O due to temperature-dependent 
fractionation (Higgins and MacFadden 2009; Gifford-Gon-
zalez 2018). Similarly, warmer environments and regions 
with greater summer rainfall will exhibit higher δ18O values 
(Rivals et al. 2015; Pederzani and Britton 2019). Plant water 
is often enriched in δ18O relative to other water sources due 
to evapotranspiration. Thus, herbivores that obtain greater 
proportions of water from plants will show higher δ18O val-
ues (Bocherens et al. 1996; Gifford-Gonzalez 2018). These 
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factors make δ18O values a valuable tool to reconstruct cli-
mate, seasonality, and mobility (Krajcarz and Krajcarz 2014; 
Gifford-Gonzalez 2018; Pederzani and Britton 2019).

Horses and bovines are often used for Pleistocene 
paleoenvironmental reconstructions, as serial sampling of 
their large, hypsodont (i.e., high-crowned) dentition can pro-
vide a relatively precise record of diet and climate (Pellegrini 
et al. 2008; Fabre et al. 2011; Julien et al. 2012; Rivals et al. 
2015; Velivetskaya et al. 2016; Britton et al. 2023). How-
ever, it is essential to note that enamel only records infor-
mation from the period of maturation, which spans the first 
years of an animal’s life, not the entire lifespan (Brown et al. 
1960, p. 1; Sharp and Cerling 1998; Hoppe et al. 2004). 
In horses, adult molars and premolars form within the first 
five years of life (Hoppe et al. 2004), while this period lasts 
approximately two years in bovines (Brown et al. 1960). 
During this time, enamel is first deposited (apposition) and 
then undergoes maturation, in which the mineral content 
of the tooth gradually increases over 3–4 to 6–7 months, 
progressing from the tooth crown towards the enamel root 
junction (ERJ) (Balasse 2002; Bryant et al. 1996; Hoppe 
et al. 2004; Czernielewski 2023; for criticism, see Wiede-
mann 2000). Apposition and maturation progress along dif-
ferent geometries, which contributes to the averaging of the 
isotopic signal (Green et al. 2017). Sequential sampling of 
horse and bovine tooth enamel can reveal the spatiotemporal, 
nutritional, and environmental changes that occurred dur-
ing tooth mineralization, providing high-resolution insights 
into intra-specimen variability during early life (Hoppe et al. 
2004; Pederzani and Britton 2019). Due to the nature and 
timing of enamel maturation, intra-tooth samples represent 
an averaged isotopic signal, not a discrete interval of time 
(Balasse 2002; Trayler and Kohn 2017; Blumenthal et al. 
2019). Sampling bands are thus considered arbitrary units, 
not isotopic events (Pederzani and Britton 2019).

Materials and methods

Materials

For Petersfels, we reviewed all complete and mostly com-
plete horse and bovine teeth from Albrecht’s 1979 exca-
vation of P6, a 16-square-meter area in front of the cave, 
considering their state of preservation and other relevant 
features (e.g., fractures). Four suitable horse molars (PTF-
E1 – PTF-E4) and one suitable bovine molar (PTF-B1) 
were selected for serial sampling. Except for PTF-E2 and 
PTF-E3, all samples derive from different archaeologi-
cal layers. Conversely, only three horse molars/premolars 
(GNI- 25, GNI- 53, and GNI- 54) were preserved from 
Gnirshöhle chamber 1 (GNI- 53) and chamber 2 (GNI- 25 
and GNI- 54), all of which were sampled in this study. 
SCM conducted zooarchaeological identification of the 
Gnirshöhle samples and MJM and BMS of the Petersfels 
samples. We also conducted Zooarchaeology by Mass 
Spectrometry (ZooMS) on a portion of the Petersfels P6 
faunal assemblage. Most notably, this included a morpho-
logically ambiguous bovine mandible fragment associated 
with the sampled molar (PTF-B1), which we confirmed as 
either aurochs or steppe bison (Bos/Bison sp.), not musk 
ox (Ovibos moschatus). Additional information on the 
ZooMS sample, methods, and results are presented in Sup. 
Text. 1 and Sup. Figure 1.

Lastly, a single horse molar/premolar from the Magda-
lenian open-air site of Verberie (Le Buisson Campin) in 
the Paris Basin (VBR- 7) was also included in the isotopic 
dataset for comparative purposes. The tooth comes from 
level II.2 and was analyzed for intra-individual analysis 
(enamel δ13C and δ18O) by DGD in collaboration with 
Françoise Audouze, the lead excavator (Audouze et al. 

Table 1   Summary of average carbon (δ13C) and oxygen (δ18O) values from Petersfels, Gnirshöhle, and Verberie

Tooth ID = ID assigned during isotopic sampling; Site ID = archaeological ID; Position: L = left, R = right, M = molar, P = premolar, superscript 
= upper tooth number, subscript = lower tooth number; AH = archaeological horizon; n = number of samples from each tooth; SD = standard 
deviation from the mean

Tooth ID Site ID Position AH n δ13C δ18O

Mean SD Min Max Mean SD Min Max

GNI- 25 Gn2, P/21–12 L M1 or M2 2a 21 − 11.9 0.2 − 12.2 − 11.6 20.8 1.0 19.0 22.0
GNI- 53 Gn1, E/52–33 M/P frag 5 8 − 11.7 0.1 − 11.9 − 11.6 19.7 1.0 18.8 21.2
GNI- 54 Gn2, P/21–119 M/P frag 2a 5 − 11.3 0.3 − 11.6 − 10.8 19.7 0.5 19.1 20.3
PTF-B1 P6, Z/29–725 L M3 4 13 − 9.4 0.3 − 10.0 − 9.0 19.1 0.5 18.0 20.0
PTF-E1 P6, Z/28–1298 L M3 3/4 15 − 12.3 0.2 − 12.7 − 11.8 21.3 0.5 20.2 22.0
PTF-E2 P6, Z/29–778 R M3 NA 15 − 11.7 0.3 − 12.2 − 11.3 20.5 0.4 20.0 21.2
PTF-E3 P6, Z- 29–726 L M3 NA 21 − 11.7 0.4 − 12.3 − 10.9 19.9 0.5 19.0 21.3
PTF-E4 P6, Z/27–1305 R M1 or R M2 2/3 17 − 11.6 0.4 − 12.0 − 10.6 19.8 0.4 19.0 20.6
VBR- 7 VBC94 202 C10.84 Upper M/P II.2 22 − 11.6 0.1 − 11.8 − 11.4 22.3 0.6 21.2 23.3
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1981; Enloe and Audouze 2010; Drucker et  al. 2015; 
Audouze and Enloe 2017). A summary of each sample 
is presented in Table 1, and images from before and after 
sampling are presented in Sup. Figure 2.

Methods

All steps of sample preparation, processing, and analysis 
were done in the laboratories of the Biogeology working 
group (Senckenberg Centre for Human Evolution and Pal-
aeoenvironment and Department of Geosciences) at the Uni-
versity of Tübingen in Germany. The surface of each tooth 
was first cleaned to remove potential contaminants. Samples 
were then drilled in multiple horizontal bands placed 2–3 
mm apart, moving from the occlusal end toward the ERJ. 
The distance to the ERJ (or occlusal surface when the ERJ 
was not present) was recorded from the center of each hori-
zontal band. For some Petersfels specimens, the ERJ was not 
preserved. To standardize the values, we measured from the 
occlusal surface and inverted the measurements to reflect the 
earliest to the latest mineralization phase. We achieved this 
by rounding the greatest distance from the occlusal surface 
up to the nearest multiple of five to establish an approximate 
ERJ value and then subtracted all measurements from that 
value to calculate the distance from the approximate ERJ.

Pretreatment follows the protocol of Bocherens et al. 
(1996), including the removal of organic contamination by 
using NaOCl at 2.5% concentration. After samples were 
rinsed three times with Milli-Q H2O, 1.35 ml of Ca/Hac-
Buffer solution (pH 4.66) was added. Pretreated carbonate 
was reacted with 99% H3PO4 for four hours at 70 °C using 
a MultiFlow-Geo interfaced with the Elementar IsoPrime 
100 IRMS. The international laboratory standards IAEA- 
603 (δ13C =  + 2.46‰, δ18O = –2.37‰) and NBS- 18 (δ13C 
= –5.01‰, δ18O = –23.20‰) were used for the two-point 
calibration of isotopic measurements. Additionally, three 
in-house reference materials (pure carbonate Laaser Mar-
mor with δ13C =  + 1.50‰ and δ18O = –5.20‰, pre-treated 
fossil elephant enamel with δ13C = –10.55‰ and δ18O 
=  + 1.80‰, and pre-treated fossil hippo enamel with δ13C 
= –3.80‰ and δ18O = –2.10‰) were analyzed alongside 
the samples to monitor accuracy and precision for quality 
control purposes. IonOS software (Version 4.3) by Elemen-
tar was used to carry out multi-point standard isotope cali-
bration by generating a trend line (y = mx + c) that maps 
measured versus expected isotopic results, which is then 
used to calibrate sample results. Measurement uncertainty 
was monitored using the three in-house standards. Overall 
analytical precision is higher than 0.1‰ for carbon and bet-
ter than 0.2‰ for oxygen isotopic values. All commissioned 
laboratories measured the ratios of 13C/12C and 18O/16O rela-
tive to VPDB reference material. The isotopic ratios were 

then expressed in per mill (‰) using the δ (delta) value as 
follows:

To test for diagenetic alteration or contamination, we 
monitored the carbonate (CaCO3) content with an expected 
range of 2.3–5.2% in weight based on the analysis of modern 
enamel (Bocherens and Drucker 2007). Measurements of 
in-house standards, which underwent the same pretreatment 
as the archaeological samples, gave a weight percentage of 
carbonate from 3.8–5.7%. To facilitate future comparisons 
with water δ18O values, following the convention used in 
previous studies, all δ18O values were converted from VPDB 
to VSMOW following Coplen et al. (1983):

Statistical analyses

All statistical analyses were performed in R Version 4.3.3 
(R Core Team 2024) using the Rstudio interface ver-
sion 2023.12.1 (RStudio Team 2024). We used the pack-
age "psych"  (Revelle 2024) for the descriptive analysis 
and "SIBER" (Jackson et al. 2019; Jackson and Parnell 
2023) for the Layman metrics and the isotope-based niche 
calculation (Layman et al. 2007). The mean with standard 
deviation (SD) and the minimum and maximum values of 
δ13C and δ18O were calculated for the descriptive analysis.

The Layman metrics are used to quantify the structure 
and variability of isotopic niches in ecological communi-
ties (Layman et al. 2007) and include the range of δ13C and 
δ18O, the total area (TA) occupied by individuals in the 
isotopic space, the mean distance to the centroid (CD), the 
distance to the nearest neighbor (NND), and the standard 
deviation of the distance to the nearest neighbor (SDNND). 
The above metrics provide information regarding the niche 
width, trophic diversity, and individual specialization within 
populations.

In addition, we calculated several measures of isotopic 
niche width based on ellipses fitted in two-dimensional iso-
tope space. First is the standard ellipse area (SEA), repre-
senting the core isotopic niche and containing approximately 
40% of the data points. Second is the standard ellipse area 
corrected for sample size (SEAc), which accounts for small 
sample sizes to improve comparability across groups. Lastly, 
we calculate the Bayesian standard ellipse area (SEAb), 
which uses Bayesian inference to estimate the niche width 
and facilitate probabilistic comparisons of niche overlap 

δ13C =
(

(

13C∕12C
)

sample
∕
(

13C∕12C
)

reference
− 1

)

× 1000

δ18O =
(

(

18O∕16O
)

sample
∕
(

18C∕16O
)

reference
− 1

)

× 1000

δ18OCO3(VSMOW) = 1.03091 × δ18OCO3(VPDB) + 30.91
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and variation amongst groups (Jackson et al. 2011; Parnell 
et al. 2013). These metrics allow us to characterize both the 
breadth and structure of ecological and dietary niches and 
to evaluate the degrees of specialization among the taxa.

We also used additional packages in the production of 
figures: ggplot2 (Wickham 2016), dplyr (Wickham 2023), 
patchwork (Pedersen 2024), hrbrthemes (Rudis 2024), and 
ggpubr (Kassambara 2023). Graphic enhancement was per-
formed with Affinity Designer 2 (version 2.5.5) and Adobe 
Photoshop (version 25.6.0).

Results

Table 1 summarizes the δ13C and δ18O values from each 
specimen. A full table of all measured values is given in 
the open access repository PANDORA (DOI: https://​www.​
doi.​org/https://​doi.​org/​10.​48493/​3qd1-​yq09). Plots of δ13C 
and δ18O across the sampled area are presented in Figs. 3 
and 4, and Sup. Figure 3–4. There are clear differences 
between horses and the bovine and between some horse 

individuals in both carbon and oxygen values. Addition-
ally, differences between Verberie and the two Hegau Jura 
sites are especially apparent in δ18O values.

For the horses, δ18O trendlines are broadly sinusoidal 
(Fig. 4), indicating seasonal changes in temperature and 
likely diet. The earliest recorded mineralization corre-
sponds to spring in PTF-E1 and PTF-E2, lasting ~ 0.75 
years, and summer in PTF-E3 and PTF-E4, lasting ~ 1.5 
years. For Gnirshöhle, we focus on GNI- 25 since GNI- 
53 and GNI- 54 recorded a comparatively short period of 
life, although they are helpful for the discussion of niche 
reconstruction below. Like the Petersfels horses, GNI- 25 
exhibits a sinusoidal pattern, likely related to climatic 
oscillations, and the earliest mineralization corresponds to 
winter and spans ~ 1 year. The Verberie individual (VBR- 
7) also records a seasonal signal, which begins and ends 
in winter and lasts for ~ 1 year. Horse carbon values are 
dissimilar between regions, although Verberie’s range falls 
within the larger variation of Hegau Jura (range of δ13C: 
Verberie = − 11.8‰ to − 11.4‰, Hegau Jura = − 12.3‰ 
to − 10.6‰).

Fig. 3   Carbon (δ13C) values from horse and bovine enamel plotted 
along the distance from the ERJ (approximated for PTF-E2 and PTF-
E3) from Petersfels (PTF), Gnirshöhle (GNI), and Verberie (VBR). 

Samples GNI- 53 and GNI- 54 are excluded here, given their short 
sampling area, but are presented in Sup. Figures 3–4. ERJ = enamel 
root junction. Trendlines are 5th order polynomial regression fits

https://www.doi.org/
https://www.doi.org/
https://doi.org/10.48493/3qd1-yq09


Archaeological and Anthropological Sciences          (2025) 17:125 	 Page 9 of 20    125 

For the Petersfels bovine (PTF-B1; Fig. 4), the sinusoidal 
shape of the δ13C and δ18O values indicates that diet and 
temperature varied seasonally, more so than in the horses. 
The earliest recorded signal of mineralization corresponds 
to the winter and lasts until fall (~ 0.75 years). The number 
of individuals limits the larger discussion of bovine diet and 
behavior in the region.

Figure 5 shows the carbon and oxygen isotopic space, 
or isospace (Robinson 2021), of all sampled individuals. 
This isospace, presented as the two-dimensional plot of δ13C 
and δ18O values, includes both convex hulls (illustrating the 
total isotopic range) and standard ellipses (corresponding 
to the core isotopic niche area), capturing different aspects 
of isotopic variability and ecological breadth (Parnell et al. 
2013; Robinson 2021). Horses are characterized by a more 
significant variation in δ18O values; however, distinct groups 
are still observed in δ13C values. The greatest separation 
is observed between species, as horses and bovines exhibit 
distinct δ13C values and minimally overlapping δ18O values.

The PTF-E2 and GNI- 25 horses show the most sig-
nificant niche expansion (TA of 1.80 and 1.22‰2, and 

SEAc of 0.63 and 0.55‰2 respectively) (Table 2). This 
indicates strong seasonality during enamel formation. The 
high ranges of δ18O values (2.31 and 2.96‰) also indicate 
large differences between winter and summer during the 
Magdalenian in the Hegau Jura. GNI- 53 also has a high 
δ18O range (2.47‰) despite its relatively small core niche 
(SEAc = 0.34‰2) and the fact that only a small fragment 
could be analyzed. Interestingly, this is not true for all 
horse teeth from the Hegau Jura, as the other five samples 
have lower δ18O ranges (1.20 to 1.94‰) than the reference 
sample from Verberie (2.06‰). Nevertheless, all samples 
from the Hegau Jura have a larger core niche area than that 
of Verberie (SEAc of Hegau Jura = 0.34 to 0.55‰2; SEAc 
of Verberie = 0.17‰2). VBR- 7 also has the lowest NND 
and SDNND values (0.1 and 0.08‰), indicating a homo-
geneous, specialized ecological niche. The δ13C ranges, 
which indicate dietary flexibility, are generally larger for 
the Hegau Jura samples (0.58 to 1.43‰) than for VBR- 
7 (0.37‰), except for GNI- 53, which has the smallest 

Fig. 4   Oxygen (δ18O) values from horse and bovine enamel plotted 
along the distance from the ERJ (approximated for PTF-E2 and PTF-
E3) from Petersfels (PTF), Gnirshöhle (GNI), and Verberie (VBR). 

Given their short sampling area, samples GNI- 53 and GNI- 54 are 
excluded here but are presented in Sup. Figures 3–4. ERJ = enamel 
root junction. Trendlines are 5th order polynomial regression fits
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range (0.33‰). Although the measured δ13C values of the 
bovine individual (PTF-B1) differ strongly from those of 
the horses, the niche metrics are comparable to those of 
the Hegau Jura horses.

Discussion

Stable isotopes

Our isotopic results show clear differences in animal diet 

Fig. 5   Carbon (δ13C) and oxygen (δ18O) isospace of horses and the bovine from Petersfels, Gnirshöhle, and Verberie

Table 2   Summary of carbon 
(δ13C) and oxygen (δ18O) 
Layman metrics from Petersfels, 
Gnirshöhle, and Verberie

TA = total area, CD = mean distance to the centroid, NND = mean nearest neighbor difference, SDNND = 
standard deviation of the nearest neighbor difference, SEA = standard ellipse area, SEAc = standard ellipse 
area corrected for sample size

Tooth ID δ18O range δ13C range TA CD NND SDNND SEA SEAc

GNI- 25 2.96 0.58 1.22 0.90 0.19 0.10 0.53 0.55
GNI- 53 2.47 0.33 0.42 0.81 0.30 0.20 0.29 0.34
GNI- 54 1.22 0.80 0.34 0.47 0.40 0.17 0.33 0.44
PTF-B1 1.81 0.86 0.85 0.48 0.17 0.14 0.37 0.39
PTF-E1 1.20 0.87 0.61 0.48 0.11 0.07 0.32 0.35
PTF-E2 2.31 1.33 1.80 0.53 0.20 0.26 0.60 0.63
PTF-E3 1.53 1.43 1.16 0.44 0.18 0.15 0.37 0.40
PTF-E4 1.94 1.06 0.93 0.48 0.24 0.15 0.35 0.38
VBR- 7 2.06 0.37 0.40 0.55 0.10 0.08 0.16 0.17
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and climate between the Hegau Jura and northern France, 
between horses in the Hegau Jura, and, more broadly, 
between species. Focusing on the horses, as they make up 
the majority of the assemblage, the range of δ18O values 
(Fig. 4) suggests that the Gnirshöhle individuals occu-
pied a slightly colder, more variable climate than those 
at Petersfels and that northern France was warmer than 
the Hegau Jura during the Late Glacial (range of δ18O: 
Hegau Jura =  + 18.0‰ to + 22.0‰, Verberie =  + 21.2‰ 
to + 23.3‰); this should be considered a preliminary 
hypothesis, given that we include only one individual from 
France in this analysis. The larger amplitude of the Gnir-
shöhle individuals indicates they experienced more pro-
nounced seasonal variation and/or migrated between more 
climatically diverse environments. However, as horses 
exhibited rather limited seasonal movements than long-
distance migrations during much of the late Pleistocene 
(Bignon and Eisenmann 2000; Bignon et al. 2005; Pel-
legrini et al. 2008), stronger seasonal extremes are a more 
parsimonious explanation. Additional isotopic data (e.g., 
Strontium and Sulfur) would help to test this hypothesis.

The horse δ13C results (range of δ13C: Hegau Jura 
= − 12.3‰ to − 10.6‰, Verberie = − 11.8‰ to − 11.4‰) 

suggest that all individuals consumed a similar diet. This is 
expected, as Pleistocene horses were specialized grazers; 
although, some inter-individual variation can be explained 
by the occasional inclusion of other types of vegetation (e.g., 
Saarinen et al. 2016; Drucker 2022). The wider range of val-
ues at Petersfels and Gnirshöhle (Figs. 3 and 6) suggest that 
the Verberie horse consumed a particularly specialized diet. 
However, as Verberie is only represented by one sample, it is 
difficult to assess the full range of dietary behaviors. Lastly, 
all δ13C trendlines exhibit a low-amplitude sinusoidal shape, 
indicating that, although seasonal dietary shifts occurred, 
they were minimal.

An interesting phenomenon in the Petersfels horses is the 
gradual decrease in δ18O and increase in δ13C over the first 
years of life in multiple individuals (Figs. 4 and 5). Since 
isotopic values vary between individuals and at least two 
teeth (PTF-E1 and PTF-E4) originate from distinct archaeo-
logical horizons, it is unlikely that this signal comes from a 
single individual with a unique life history. The remnant of a 
weaning signal is also improbable, as three samples are M3s, 
which mineralize after weaning (Hoppe et al. 2004). Another 
possibility is a difference in diet, metabolism, and/or micro-
biome between younger and older juveniles; however, in 

Fig. 6   Carbon (δ13C) values from the studied horses and bovine as 
well as previously published data from reindeer (PTF-RA, Drucker 
et al. 2011). To facilitate comparison, tooth carbonate and bone col-

lagen values were converted to vegetation values by subtracting 14‰ 
from tooth carbonate values and 5‰ from bone collagen values (Lee-
Thorp et al. 1989; Koch 1998; Cerling and Harris 1999)
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modern horses, the most significant changes in diet and 
gut function occur much earlier in life (Saastamoinen and 
Särkijärvi 2018; Lindenberg et al. 2019; Henry and Saasta-
moinen 2023). Instead, the most probable explanation relates 
to the nature of enamel maturation. In some ungulates, the 
carbonate content closest to the occlusal surface can be sig-
nificantly lower than the rest of the tooth. This is because 
carbonate content decreases as the enamel matures, and the 
lowest carbonate values thus come from the oldest portions 
of the tooth (Sydney-Zax et al. 1991). This results in the 
observed signal of higher δ18O and lower δ13C in the upper-
most few millimeters of the tooth (De Winter et al. 2016). 
However, it is unclear why this signal only appears in the 
Petersfels individuals.

The stratigraphic information on the Petersfels samples 
provides additional, albeit tenuous, information on the cli-
matic conditions associated with PTF-E1 (AH 3/4) and PTF-
E4 (AH 2/3). The former exhibits lower δ18O values than 
the latter, indicating PTF-E1 lived during a colder period. 
As AH 3/4 underlies AH 2/3, this colder period occurred 
first and was followed by a warmer period. The range of 
δ18O values from PTF-E1 also matches that of GNI- 25 and 
GNI- 53 (Sup. Figure 3–4), perhaps indicating similar or the 
same climatic conditions. However, due to the low sample 
number, this assumption is preliminary, and it is possible 
that our individuals capture only a small portion of the total 
variation in each chronological period. Additional research 
is required to refine the chronology at the sites and determine 
the likelihood that occupations took place coevally.

Comparing the horses and the bovine, dietary niche parti-
tioning best explains the observed difference in δ13C between 
species. As previously mentioned, Pleistocene horses in this 
region were likely specialized graminoid grazers but could 
broaden their diets to include other forage, such as leaves 
and forbs. Similarly, aurochs and steppe bison consumed 
a diet of primarily graminoids, although steppe bison were 
particularly flexible and able to consume a wider range of 
resources than both aurochs and extant bison (Julien et al. 
2012; Saarinen et al. 2016; Kelly et al. 2021; Drucker 2022). 
The elevated δ13C values of the Petersfels bovine suggests 
that it consumed a more diverse diet including vegetation 
with higher δ13C values, like the C3 plants from a more open 
or arid environment (Kohn 2010). Consequently, it is sug-
gested that the bovine likely consumed a broader range of 
plant resources than the horses. The difference between the 
species is best explained by dietary niche partitioning; the 
bovine occupies a niche that allows a more diverse diet com-
pared to the likely more consistent, grass-based diet of the 
horses. More significant variation occurs in δ18O between 
horses and the bovine. Oxygen values vary due to a variety 
of factors including the water source, habitat preference, 
and physiology, which makes inter-species comparison 
difficult. However, as prior research suggests, some horses 

and bovines were minimally migratory during this period 
(Pellegrini et al. 2008; Julien et al. 2012), and we assume 
individuals obtained water from similar sources. Instead, the 
most parsimonious explanation for both inter- and intra-spe-
cies variation is differences in climate between chronological 
periods. For example, the elevated δ18O of PTF-E1 would 
indicate a warmer period, while the lower δ18O values of 
PTF-E3 and PTF-E4 represent colder periods.

Similarly, bovine δ18O values are lower than any of the 
horses, likely representing the coldest period. This is further 
supported by the radiocarbon dates, which span both warm 
and cold periods (Fig. 2). However, it is challenging to fully 
evaluate this signal, as baseline variability may be obscured 
by species-specific differences in oxygen intake and frac-
tionation (Cerling and Harris 1999; Kohn 2010). Addition-
ally, sample size limits our interpretations, as our individuals 
may be outliers within the larger climatic scheme (e.g., a few 
especially cold years within a warm period).

The isotopic results from Verberie provide an additional 
perspective on Late Glacial ungulate diet and environment. 
Compared to the Hegau Jura, the Verberie horse presents 
similar, albeit lower amplitude, δ13C values (Fig. 4) and 
strongly elevated δ18O values (Fig. 5). The carbon results 
suggest the Verberie horse experienced less pronounced 
seasonal variation in diet and perhaps consumed a narrower 
range of resources. Similarly, differences in oxygen can be 
explained by the environmental conditions, namely tempera-
ture, with Verberie exhibiting more temperate conditions 
than the northern Alpine foreland. This is consistent with 
other evidence from northern France, which suggests this 
region was more hospitable during the LGM and Late Gla-
cial, serving as a “cryptic” refugium for human and animal 
groups (Bignon-Lau et al. 2021). Other evidence from south-
ern Germany attests to cold conditions during the LGM and 
Late Glacial. Schürch et al. (2024) and Wong et al. (2020) 
suggest the first post-LGM inhabitants arrived between 
19.5–16.5 ka cal BP and initially experienced tundra-like 
conditions that gradually became more temperate, resulting 
in greater ecological diversity. However, the earliest date 
from Vogelherd (Schürch et al. 2024) is unique compared to 
the majority of Magdalenian data in the region (Kind 2003; 
Taller et al. 2014; Pasda 2019b; Kind and Beutelspacher 
2020). Further east in the Altmühl Valley, climatic barriers 
to recolonization appear stronger, as hunter-gatherers only 
consistently occupied the area after 15 ka with the appear-
ance of wetter conditions (Barbieri et al. 2022).

It is also possible to discuss the larger ungulate isospace 
at Petersfels. Figure 6 presents the range of carbon values 
between the main ungulates at the site: horses (this study), 
bovines (this study), and reindeer (Drucker et al. 2011). 
Surprisingly, reindeer plot between the other two taxa, sug-
gesting an intermediate diet. It is well established that Late 
Glacial reindeer altered their diets to include more browse 
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as their preferred forage of high δ13C lichen grew scarce 
(Drucker et al. 2011, 2012; Rivals et al. 2020). However, 
this decrease in high δ13C vegetation should have impacted 
all ungulates in the same manner; instead, the bovine exhib-
its elevated δ13C relative to reindeer. Although musk oxen 
are known to consume lichen, ZooMS excluded this pos-
sibility (Sup. Text 1); aurochs are not known to consume 
lichen, while steppe bison were more flexible and may have 
accessed this resource (Bocherens et al. 2015; Saarinen et al. 
2016). If the Petersfels bovine is indeed a lichen-consuming 
steppe bison, it is still unclear why reindeer did not access 
this niche. The most likely explanation is that the bovine and 
the reindeer originate from different climatic periods, which 
is consistent with the radiocarbon dates (Fig. 2). Likely, the 
bovine is associated with an earlier, colder period. This is 
also supported by the broader bovine record, which shows 
a large-scale decrease in their population between the Last 
Glacial-Interglacial transition and the Bølling/Allerød, coe-
val with rising temperatures and δ18O (Markova et al. 2015).

Unfortunately, comparative horse and bovine tooth car-
bonate data from the Magdalenian of the studied regions 
is scarce. However, some tentative inferences can be 
drawn from contemporaneous bone collagen data, despite 
representing a later and more averaged period of life 
(Bocherens and Drucker 2007; Bocherens 2015). First, 
concerning horses, Stevens and Hedges (2004) sampled 
bone collagen from various Late Glacial sites. When con-
verted to equivalent vegetation values, our horse results 
fit well within their reported range of δ13C (approximate 
δ13Cvegetation = − 27.0‰ to − 25.0‰) for the period between 
~ 22–12 cal ka BP (calibrated with OxCal v4.4, IntCal20) 
(Reimer et al. 2020). This is just prior to a larger drop in 
carbon values, signaling the major climatic changes asso-
ciated with the transition to the Holocene. Stevens and 
Hedges (2004) argue that this post- 12 cal ka BP decrease 
in δ13C is associated with a global change in CO2 and/or 
increased forestation and the canopy effect. Our results also 
match well with horses from Langmahdhalde (approximate 
δ13Cvegetation = − 26.0‰ to − 25.5‰) (Wong et al. 2020) 
and two sites in northern Switzerland, Kastelhöhle-Nord 
(approximate δ13Cvegetation = − 26.5‰ to − 25.0‰) and 
Monruz (approximate δ13Cvegetation = − 26.5‰ to − 25.0‰) 
(Reade et al. 2020), for which a relationship to Petersfels is 
already attested by proximity, shared raw material sources, 
and similar personal ornamentation (Álvarez-Fernández 
2006, 2009; Maier 2015). Conversely, most of our results 
fall beneath the δ13C values presented by Stevens et al. 
(2009) from Gönnersdorf (~ 18.0–14.0 ka cal BP) and 
Andernach-Martinsberg (~ 16.5–13.0 ka cal BP) (approxi-
mate δ13Cvegetation = − 24.0‰ to − 25.5‰). The average δ13C 
from Verberie is, however, closer and perhaps represents 
ecological similarities between the northern latitude sites 
relative to the Hegau Jura.

Collagen results presented by Richards and Hedges 
(2003) from Late Glacial Bos/Bison sp. individuals are close 
but do not overlap with the Petersfels bovine (approximate 
δ13Cvegetation = − 25.5‰ to − 24.0‰); however, this data-
set lacks samples from ~ 27–15 cal ka BP (calibrated with 
OxCal v4.4, IntCal20) (Reimer et al. 2020), which spans the 
much of the chronological overlap with Petersfels (Richards 
and Hedges 2003). Bovine values from Kastelhöhle-Nord, 
dated to ~ 16.0–16.5 ka cal BP, are also separate (approxi-
mate δ13Cvegetation = − 25.1‰ to − 24.7‰) (Reade et al. 
2020), suggesting the Petersfels bovine consumed a differ-
ent diet, perhaps related to spatial differences in environment 
and/or temporal differences in climate. Another comparison 
can be made with the steppe bison kill site of Amvrosievka 
in Ukraine (~ 20.5 cal ka BP) (Julien et al. 2012) and bovines 
from Bobyliok Cave in Russia (17.6 and 14.5 cal ka BP) 
(Velivetskaya et al. 2016) (both calibrated with OxCal v4.4, 
IntCal20) (Reimer et al. 2020). Although chronologically 
and geographically asynchronous with our samples, these 
studies utilize enamel and a comparable technique. Results 
from the Petersfels bovine fit well within the higher range 
of third molar δ13C values from Amvrosievka (δ13Cenamel = 
~ − 11‰ to − 9‰), the lower range of third molar δ13C val-
ues from Bobyliok Cave (δ13Cenamel = ~ − 10‰ to − 6‰), 
and within the range of third molar δ18O values from both 
sites (δ18Oenamel = ~  + 16‰ to + 21‰). Strontium results 
from the Amvrosievka individuals also suggest steppe bison 
were non-migratory (Julien et al. 2012).

In summary, our isotopic results from equids in the Hegau 
Jura and northern France fit well within the broader isotopic 
scheme of the Late Glacial and expectations for the taxon. 
Our bovine matches well with individuals from further east 
but is elevated relative to another Bos/Bison sp. specimen 
from the northern Alpine foreland at Kastelhöhle-Nord. 
Observed differences in both horses and bovines likely relate 
to regional ecological conditions (e.g., northern vs. south-
ern sites). However, we approach these interpretations with 
caution, as the datasets are not directly comparable. Future 
studies will add greater clarity to this picture.

Significance for Magdalenian subsistence

Evidence from the Hegau Jura and Verberie suggests Mag-
dalenian hunter-gatherers occupied diverse environments 
in a range of climatic conditions, attesting to the varied 
and mosaic nature of Late Glacial landscapes (Guthrie 
1982, 1989; Maier 2015; Schürch et al. 2024). During this 
period, humans and animals experienced significant eco-
logical turnover as warming reduced the habitable ranges 
of cold-adapted ungulates and the carnivores who relied 
upon them. By the Holocene, the once expansive Mam-
moth-Steppe disappeared from Western and Central Europe 
and was replaced by a new ecosystem characterized by 
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warm-adapted taxa (von Koenigswald 2003; Sommer et al. 
2014; Niedziałkowska et al. 2021; Drucker 2022). The Mag-
dalenian sites presented here reflect the earlier phase of this 
transition, when cold-adapted fauna were still abundant on 
the landscape, but ecological shifts had already begun (e.g., 
reindeer encroachment on the horse dietary niche) (Drucker 
et al. 2011, 2012; Rivals et al. 2020).

In the Hegau Jura, hunter-gatherers occupied Gnirshöhle 
and Petersfels during different climatic periods, and at least 
two distinct phases are represented in our data. Radiocarbon 
dates and δ18O values suggest that Gnirshöhle was occupied 
earlier, during a cooler period with greater seasonal vari-
ability, while Petersfels was occupied during both warm and 
cold episodes. Other archaeological evidence suggests Gnir-
shöhle was frequented for shorter stays, likely by a smaller 
number of people, while Petersfels evidences a large-scale 
aggregation (Albrecht et al. 1977, 1983; Weniger 1989; 
Albrecht and Hahn 1991; McCartin et al. 2023). However, 
smaller occupations at Petersfels are likely concealed by the 
depositional palimpsest, as demonstrated at Felsställe (Kind 
et al. 1987; Weniger 1989).

Whether occupation size, duration, and/or intensity are 
linked to the prevailing climatic conditions remains unclear. 
One possible scenario is that warm and stable periods facili-
tated the large-scale aggregations at Petersfels, while cooler, 
less stable conditions might be associated with the small-
scale habitations at both sites. However, new dates may 
reveal earlier occupations, and the idea that aggregations 
also took place during colder periods remains untested.

Other factors also contributed to the nature of occupa-
tions at each site. For example, Gnirshöhle’s elevated posi-
tion above the valley floor made the site less accessible than 
Petersfels. Similarly, Gnirshöhle’s chambers are smaller, 
which is less ideal for large groups and is perhaps one rea-
son only Petersfels shows evidence of large-scale aggrega-
tions. The south-facing orientation of Gnirshöhle and the 
north-facing orientation of Petersfels also means the sites 
received different sun exposure, perhaps a limiting factor 
during colder periods, influencing hunter-gatherers’ choice 
of camp (Kvamme and Jochim 1989). Together, these fac-
tors, the archaeological evidence, and the isotopic data paint 
a picture of human behavior influenced by the prevailing 
environmental conditions. Their ability to adapt to diverse 
conditions was likely a defining characteristic of Magda-
lenian people, facilitating their recolonization of and wide 
dispersal across Central Europe at hundreds of sites in varied 
environments, including the three sites presented here.

Scope of this study and future work

Our study is one of few to reconstruct paleoecology during 
the Magdalenian of Central Europe using stable isotopes 
analyses on serially sampled hypsodont dentition. Despite 

promising results, our study is limited by the chronological 
and archaeological resolution as well as sample size and 
appropriate comparative material. Although radiocarbon 
dates constrain the occupation period of each site to a few 
thousand years, the lack of direct dates from each tooth lim-
its our ability to assess smaller-scale climatic changes (e.g., 
between the Bølling and the Older Dryas). Sample size is 
another limitation, as bovines are only represented by a sin-
gle individual, which likely underestimates the full range of 
bovine variability. Although we sampled greater numbers 
of horses, prior studies have shown that even larger samples 
(i.e., 25–40 individuals) are better for capturing a taxon’s 
full isotopic range (DeNiro and Epstein 1978; Vaudo and 
Heithaus 2011), and sample sizes between sites and species 
should be comparable (Jackson et al. 2011). It is thus pos-
sible that our individuals are not reflective of larger climatic 
trends and may capture, for example, a handful of cold win-
ters within a larger warm period.

Regarding the oxygen (δ18O) results, it is possible that 
the values also reflect variation in the source of precipitation 
(moisture provenance) (Lewis et al. 2010; Jasechko et al. 
2015). Nowadays, northern France and southwestern Ger-
many are influenced by Atlantic-sourced moisture. However, 
it is not clear if this was the case during the period under 
study or the ways in which the regional pattern may have 
differed. Additionally, since Verberie is represented by a sin-
gle individual, it is also possible that this animal accessed 
a particular water source with stronger evaporative enrich-
ment, resulting in the observed signal (Jasechko et al. 2015).

Lastly, the contextualization of our results within the 
broader Magdalenian technocomplex is limited by the num-
ber of comparable samples. Although multiple studies pre-
sent isotopic information from bone collagen (Stephan 1999; 
Drucker et al. 2011; Baumann et al. 2021), few collect data 
by serially sampling tooth carbonate and thus provides an 
important comparative dataset. The only other comparative 
material at our disposal was the horse tooth from Verberie. 
Our study thus provides a first foray into isotopic investiga-
tions of Late Glacial paleoecology using serially sampled 
tooth carbonate. Future studies should focus on gathering 
additional, well-dated samples from a wider set of sites and 
species.

Conclusion

Our isotopic study of horses and a bovine from the Magdale-
nian sites of Petersfels, Gnirshöhle, and Verberie offers new 
insights into the paleoenvironmental conditions and dietary 
behaviors of Late Glacial fauna. In serially sampling tooth 
enamel carbonate for carbon (δ13C) and oxygen (δ18O) stable 
isotopes, we provide a unique reconstruction of Late Glacial 
paleoenvironment in the northern Alpine foreland. Contrary 
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to prior studies on bone collagen, results from serially sam-
pled enamel add a new, higher-resolution perspective on 
animal diet and environment in the region.

In the Hegau Jura, horse oxygen results exhibit sinu-
soidal trends, revealing variation over time due to sea-
sonal climatic oscillations and dietary shifts. Amplitude 
varies between the Petersfels and Gnirshöhle individuals, 
suggesting the latter experienced more extreme seasonal 
fluctuations. In comparison, Verberie presents elevated 
oxygen values, indicating that northern France was more 
temperate than the Hegau Jura. Carbon isotope values are 
more homogenous between samples, which is consistent 
with the specialized grazing habits of Pleistocene horses, 
albeit with minor dietary variations due to individual vari-
ation and seasonal changes in vegetation.

Compared to the horses, the bovine clearly occupied a dif-
ferent niche exhibiting elevated carbon values and decreased 
oxygen values. The latter suggests the bovine inhabited a 
colder environment, while the former points towards dietary 
niche partitioning between ungulates. By including previ-
ously published carbon data from reindeer bone collagen 
(Drucker et al. 2011), it appears that each of the three ungu-
late taxa at Petersfels occupied a separate dietary niche. 
Relative to reindeer, the bovine’s elevated carbon indicates 
it was able to access high δ13C resources, such as lichen, 
a niche that formerly belonged to reindeer before the Late 
Glacial. Together, our results suggest the bovine individual 
lived during an earlier, colder period when lichen was still 
available, while the reindeer, as well as some horses, inhab-
ited a later, warmer period when lichen grew scarce, forc-
ing reindeer in particular to broaden their diets to include 
more browse (Drucker et al. 2011). The varied isotopic sig-
nals thus highlight the dynamic and mosaic nature of Late 
Glacial landscapes. Overall, our findings contribute to the 
broader understanding of Magdalenian paleoecology, illus-
trating how climatic shifts influenced faunal diet and avail-
ability on the landscape for Magdalenian hunter-gatherers.
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