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ARTICLE INFO ABSTRACT
Keywords: Several studies have argued that human presence in Central Europe during the Last Glacial Maximum (LGM) may
Multi-isotope analysis have been restricted to brief periods of climate warming. In particular, Greenland Interstadial-2 (GI-2,
Palae"lit.hic ¢.23,300-22,800 BP), a brief warm event recorded in Greenland ice-core stratigraphy, has been associated with
zzll?:;ec:mate human activity at Central European sites such as Kastelhohle-Nord and Y-Hohle (Switzerland), and Kammern-
Prey Grubgraben (Austria). The Epigravettian open air site of Strdnskd skdla IV, a specialized horse hunting site
Ecology located in Moravia (Czech Republic), purportedly provides further evidence in support of this hypothesis.
Radiocarbon However, published radiocarbon dates from Stranska skala IV have age ranges too broad for evaluating the
Palaeoecology relationship between the chronology of occupation and Greenland ice core stratigraphy events, and low pollen
abundance at the site means pollen analysis is an uncertain indicator of climatic conditions. Through a new
program of radiocarbon dating and stable isotope analysis of the hunted horse remains from Stranskd skala IV,
we refine the chronology of the site and provide new insights into environmental conditions during human
occupation. Bayesian modelling of seven new ultra-filtered AMS dates moves the timing of site occupation back
from 22.8 to 21.1 ka cal. BP to 24.1-23.0 ka cal. BP, indicating that site use occurred prior to GI-2. Stable carbon,
nitrogen and sulfur bone collagen isotope results suggest that conditions were cool and arid with an open
landscape. Tooth enamel oxygen isotope data indicate mean annual air temperatures of 1.2°C (+3.5°C),
consistent with climate-modelled temperature estimates for the region during the LGM. Together these data point
to human occupation of the site during pronounced cold conditions characterized by temperatures ~8.5°C below
the present-day average. Our results demonstrate that human presence in central Europe during the LGM was not
confined to brief warm events, adding to a growing body of evidence that early humans could tolerate more
extreme climate conditions than previously thought. Perhaps, at certain times in prehistory climate played a less
deterministic role in human distribution than is often assumed.
1. Introduction northern and central Europe during the LGM were cold and arid with

mean annual temperatures as much as 15°C lower than present-day

The Last Glacial Maximum (LGM, ¢.26,500-19,000 BP) was the (Strandberg et al., 2011; Heyman et al., 2013). Whilst much of North-
period when ice sheets and glaciers were at their maximum extent ern Europe was unoccupied by hunter-gatherers during the LGM due to
during the last ice age (Clark et al., 2009). Climate conditions in the harsh climatic conditions, archaeological evidence at several sites in
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Central Europe indicate human presence during this period (Terberger
and Street, 2002; Klein et al., 2021; Lengyel et al., 2021; Skrdla et al.,
2021). The scant archaeological record suggests extremely low popu-
lation densities indicative of seasonal visits by highly mobile groups that
spent much of their time in warmer regions, rather than permanent year
round settlements (Gamble et al., 2004; Verpoorte, 2004; Maier et al.,
2016; Skrdla et al., 2021). Several studies have argued that human
presence in central Europe during the LGM may have been restricted to
brief periods of climate warming within the LGM, in particular a brief
warming event associated with Greenland Interstadial 2 (GI-2, c. 23,
300-22,800 BP) (Terberger and Street, 2002; Terberger, 2013; Ras-
mussen et al., 2014; Haesaerts et al., 2016; Reade et al., 2020a; Svoboda
et al., 2020). However, climatic and environmental reconstructions
directly linked to Central European LGM archaeological sites, and at a
time scale relevant to human activity, are extremely rare. Furthermore,
there are relatively few high-quality chronometric dates from Central
European LGM archaeology sites (although see Lengyel et al., 2021).
Many of the radiocarbon dates available were obtained with
lower-precision conventional radiometric methods, or used
pre-treatment protocols that have now been shown to inadequately
remove low molecular weight contaminants (Ramsey et al., 2004a;
Higham et al., 2006). Newer pre-treatment protocols that include ul-
trafiltration to remove the low-molecular weight fraction have been
shown to be particularly valuable for refining the chronology of Palae-
olithic sites (Higham et al., 2006). This method was recently applied to
the LGM sites of Kammern-Grubgraben (Layers 2-4), Kastelhohle-Nord
(intermediate horizon) and Y-Hohle, enabling the timing of human
occupation to be refined to 23,400-22,800 cal. BP, which closely cor-
responds with the timing of the GI-2 warming phase, supporting argu-
ments for human presence being restricted to warm intervals
(Rasmussen et al., 2014; Haesaerts et al., 2016; Reade et al., 2020a).
Based on limited chronological and pollen data, the Epigravettian site of
Stranska skala IV has also been offered as evidence of human presence in
the Czech Republic during a warm period during the LGM, around 22,
000 cal. BP (Svoboda et al., 2020). However, some discrepancies exist
between the radiocarbon dates, making it difficult at present to compare
the timing of human activity with individual events in Greenland
Ice-core event stratigraphy (Svoboda et al., 2020). Furthermore, the low
abundance of the pollen recovered from the site (Svoboda et al., 2020)
means the interpretation of warm conditions is poorly evidenced and
therefore questionable. Refining the radiocarbon chronology and envi-
ronmental context of Stranska skala IV is not only valuable for under-
standing the environmental conditions when humans were active at the
site but can also provide a vital insight into environmental constraints on
human settlement at the edge of their geographical range during the
LGM. Based on radiocarbon dating and stable isotope analysis (carbon,
nitrogen, sulfur, and oxygen) of hunted horse skeletal remains, we
present a revised chronology and environmental reconstruction for
Stranska skala IV.

1.1. Stranska skala IV site background

During the LGM the Epigravettian site of Stranskd skala IV (Moravia,
Czech Republic) sat within a corridor (c. 400 km wide) delimited by the
Fenno-Scandian ice sheet to the north and by the glaciated Alps to the
south (Ehlers and Gibbard, 2013; Nerudova et al., 2016). The site was
discovered at the base of a Jurassic limestone cliff during a rescue
excavation (1985-86) linked to the building of a gas pipeline (Svoboda,
1990; Svoboda et al.,, 1991, 2020). The small Epigravettian lithic
assemblage (blades/bladelets, flakes, end scrapers, cores, and chips)
recovered from the site was made from a variety of local Moravian and
imported Carpathian materials, including rare long-distance imports
such as obsidian, radiolarite and radiolarian chert (Svoboda et al.,
2020). No living units or evidence of fire were detected during the ex-
cavations; however, 3363 animal osteological specimens were recov-
ered from the site (Boriova et al., 2020). Analysis of the osteological
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specimens revealed the faunal assemblage was dominated by horse
(Equus ferus), with reindeer (Rangifer tarandus), woolly rhinoceros
(Coelodonta antiquitatis), and auroch/bison (Bos/Bison) also present
(Boriova et al., 2020). However, all species except horse (MNI = 10)
were represented by a single individual (MNI = 1) (Boriova et al., 2020;
Svoboda et al., 2020). On the basis of the characteristic representation of
skeletal parts, the site is interpreted to be a specialized horse hun-
ting/butchery site, with some body parts being transported away to
camps/different locations (Svoboda, 1990; Svoboda et al., 1991, 2020).
Two main accumulations of fauna and artefacts were identified within
the excavated area, suggesting the site was used on more than one
occasion (Svoboda et al., 2020). The geographic setting of the site likely
made it a favourable hunting spot, with the cliff face playing a role in the
hunting strategy, either by driving the animals from the plateau over the
cliff or driving them from valley bottom upwards and trapping them
against cliff face (Svoboda et al., 2020).

The recovery of pollen from the site was limited despite numerous
samples being taken (Svoboda et al., 2020). The pollen assemblage is
dominated by tree species such as birch (Betula) rather than herbs, and
includes thermophilic species such as hazel (Corylus) and lime (Tilia)
(Svoboda et al., 2020). It has been suggested that this may indicate the
site was used during a brief warm period soon after the LGM, but it has
also been highlighted that the thermophilic elements of the pollen
assemblage may represent small relic populations surviving locally in a
sheltered part of the landscape under generally cold and arid continental
climate conditions. Such situations have been observed in contempo-
raneous records from the western Carpathians and in more recent re-
cords from southern Siberia, where climate conditions analogous to
those in LGM Central Europe exist today (Jankovska and Pokorny, 2008;
Novak et al., 2014; Svoboda et al., 2020). Further, it is also possible that
some of the pollen recovered was transported long distances from
warmer regions, or may have been reworked from older deposits
(Svoboda et al., 2020). Thus, the interpretation of warm conditions
during human presence is somewhat circumspect and further environ-
mental information that is linked to the archaeological evidence is
needed.

Five prior radiocarbon dates from bone/tooth collagen extracted
from the hunted horse remains suggest that site was used during the
LGM between 23,750 and 21,100 cal. BP (Lengyel et al., 2021). We
argue here that two of those dates (GrN-14351 and GrN-13954: Table 1),
made by conventional radiocarbon dating without an ultra-filtration
pre-treatment, should be disregarded. Given that the ages obtained
from these two samples are younger than the three ultra-filtered
Accelerator Mass Spectrometry (AMS) dated samples (DeA-20210,
DeA-20212 and Poz-101463, Table 1), it seems likely that the
pre-treatment protocol used for GrN-14351 and GrN-13954 may have
failed to adequately remove modern contaminants. The three
ultra-filtered AMS radiocarbon dates, all from horse teeth, date the site
from 23,750 to 22,300 cal. BP which broadly coincides with the brief
warming associated with Greenland Interstadial 2 (GI-2: c. 23,290 +
596 BP to 22,850 + 573 BP (Rasmussen et al., 2014). The uncertainties
associated with these dates are, however, relatively large, thus the
calibrated age ranges are too broad to test whether human presence at
Stranska skala IV was restricted to GI-2. Two of these teeth (DeA-20210,
DeA-20212) were covered with epoxy resin during sampling for stron-
tium isotope analysis (Gyorgy Lengyel pers. comm.). The resin was
removed mechanically prior to sampling for radiocarbon dating (Mihaly
Molnar from HEKAL AMS Laboratory pers. comm.). It is also possible
that the third tooth may have been treated with PVA glue. While PVA
glue was not applied systematically to the faunal material from the site,
it was applied occasionally where it was necessary to stabilize the
specimen (Sandra Sazelova pers. comm.). Thus, questions remain as to
whether the dating of the site could be refined and improved by the
dating of clean, previously untreated material. Here we undertake new
AMS radiocarbon dating of untreated bones to refine the chronology of
the site and stable isotope analyses of horse bones and teeth to
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Table 1
Published radiocarbon dates from Stranska skala IV.
14C lab e ¢ Calibrated 14C date BP at 95 %  Material Reference Comment
code date uncertainty confidence interval
GrN-14351 17,740 90 21,890-21100 Bone (Species Svoboda et al., Not ultrafiltered during pre-treatment
not given) 1991 Conventional date.
GrN-13954 18,220 120 22,410-21920 Bone (Species Svoboda et al., Not ultrafiltered during pre-treatment
not given) 1991 Conventional date.
DeA- 18,640 130 22,920-22,340 Horse tooth Svoboda et al. Ultrafiltered during pre-treatment. Covered in resin
20212 (2020) preservative that was removed manually before dating. AMS
date.
Poz- 18,670 110 22920-22380 Horse tooth Lengyel et al. Ultrafiltered during pre-treatment. May or may not have been
101463 (2021) conserved with PVA glue. AMS date.
DeA- 19,030 250 23,740-22,420 Horse tooth Lengyel et al. Ultrafiltered during pre-treatment. Covered in resin
20210 (2021) preservative that was removed manually before dating. AMS
date.
OxA-V- 19,375 63 23,740-23,060 Horse bone This study Ultrafiltered
3079-31
OxA-V- 19,441 32 23,750-23,170 Horse bone This study Ultrafiltered
3079-32
OxA-V- 19,532 65 23,790-23,300 Horse bone This study Ultrafiltered
3079-33
OxA-V- 19,560 80 23,800-23,300 Horse bone This study Ultrafiltered
2776-23
OxA-V- 19,787 66 23,980-23,440 Horse bone This study Ultrafiltered
3079-35
OxA-V- 19,802 66 24,040-23,470 Horse bone This study Ultrafiltered
3079-34
OxA-V- 19,884 64 24,120-23,770 Horse bone This study Ultrafiltered
3079-30

reconstruct the environmental conditions experienced by the Epi-
gravettian hunter-gatherers.

1.2. Stable isotopes background

Stable isotope analyses of the archaeological remains of hunted
fauna (eg. bones, teeth) are established methods for reconstructing
faunal palaeoecology and palaeoenvironmental conditions at the time
humans were active within the landscape e.g. (Hedges et al., 2004;
Stevens et al., 2009b, 2014; Reade et al., 2016; Drucker et al., 2018;
Jones et al., 2019; Pederzani et al., 2021a, 2021b; Britton et al., 2023;
Pryor et al., 2024 See review by Stevens et al. 2025a). Carbon (613C),
nitrogen (8'°N) and sulfur (53%S) isotopes in bone collagen reflect those
of the dietary protein consumed over the last few years of the animals
life as bones slowly remodel (Ambrose and Norr, 1993; Hedges et al.,
2007; Nehlich, 2015). By contrast, the tooth enamel oxygen (6180)
isotope signatures reflect the period over which the tooth mineralized,
which for horse typically takes between 1.5 and 2.8 years, Stevens et al.,
2009b depending on the tooth (Hoppe et al., 2004b).

Faunal 8'3C values are primarily determined by dietary ecology,
reflecting the photosynthetic pathway at the base of the food chain. In
Late Pleistocene Europe plants are thought to have almost exclusively
used the C3 photosynthetic pathway (Ehleringer et al., 1997; Wiping
et al., 2016). Small-scale variation in C3 plant 513C values of the
magnitude of a few %o is linked to vegetation type and a range of
environmental parameters such as vegetation density (e.g. canopy ef-
fect, Drucker et al., 2008), ambient temperature, and water availability
(Heaton, 1999; Dawson et al., 2003; Kohn, 2010). The 513C values of
archaeological herbivore remains reflect their dietary choices and can
reveal resource partitioning between individuals and species (Stevens
et al., 2009b, 2025a; Britton et al., 2012; Schwartz-Narbonne et al.,
2019).

Herbivore 8'°N values are primarily determined by the §!°N values
of plants at the base of the food chain. Plant §°N values reflect a
complex interplay of various factors such as climate, plant functional
type, mycorrhizal associations, soil characteristics, the availability of
different forms of nitrogen and pathways of nitrogen uptake (Amundson
et al.,, 2003; Craine et al., 2009, 2015; Hobbie and Hogberg, 2012;

Szpak, 2014). Archaeological herbivore 5'°N values have been used to
reconstruct temporal changes in ecosystem baseline 5'°N values in
response to climatic and environmental drivers (Richards and Hedges,
2003; Stevens and Hedges, 2004; Fox-Dobbs et al., 2008; Stevens et al.,
2008; Bocherens et al., 2014; Reade et al., 2023), as a proxy for palae-
oclimate and palaeoenvironmental reconstructions at archaeological
sites, and to infer herbivore selective feeding and niche partitioning in
ancient ecosystems (Stevens et al., 2009a, 2009b, 2014, 2025a; Britton
et al., 2012, 2023; Jones et al., 2018, 2019; Schwartz-Narbonne et al.,
2019; Reade et al., 2020a, 2020b, 2021).

Herbivore §%*S values reflect the 5>*S values of plants consumed,
which in turn reflect those of the bioavailable sulfur (usually soil sul-
fate). Bioavailable sulfur varies spatially, with isotope values being
primarily determined by underlying bedrock and proximity to the ocean
(due to sea spray) (Nehlich, 2015; Bataille et al., 2020; Guiry and Szpak,
2020). As there is little or no isotopic fraction with trophic level or due
to physiology (Peterson et al., 1985; Krajcarz et al., 2019), archaeo-
logical faunal §3*S values have been used to determine animal origin or
mobility/migratory behaviours (Jones et al., 2018; Madgwick et al.,
2019a, 2019b; Wiping et al., 2019; Stevens et al., 2025a). However,
there is increasing recognition that environmental parameters can in-
fluence bioavailable %S values as soil-bedrock interactions, mineral
weathering, and sulfur cycling in the soil are driven by hydrological and
microbial processes (Thode and Krouse, 1991; Guiry et al., 2021; Ste-
vens et al., 2022, 2025b). Diachronic changes and spatial trends in
faunal 53*S values in the late Pleistocene have been linked to clima-
te/environmental conditions, in particular changing permafrost condi-
tions, which impact soil and plant §>*S values. This has been observed
both within specific sites and across wide regions of Eurasia (Stevens
et al., 2021, 2025b; Reade et al., 2020a, 2021). Thus, archaeological
faunal §*S values can also provide information about the palae-
oenvironment which humans were experiencing.

Oxygen isotopes (5'20) in herbivore tooth enamel reflect those of the
ingested water consumed by the animal during the period of tooth for-
mation (Luz and Kolodny, 1985; Hoppe et al., 2004a). In obligate
drinkers, such as horses, ingested water closely mirrors precipitation
5180 values. In mid to high latitudes where a strong linear relationship
exists between precipitation 5!80 values and temperature, enamel §'%0
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values can be used to reconstruct past air temperatures (Dansgaard,
1964; Kohn et al., 1996; Hoppe et al., 2004a; Kohn and Welker, 2005;
Rozanski et al., 2013; Pryor et al., 2013). Enamel mineralizes progres-
sively from the crown to the enamel-root junction and once mineralized
does not remodel, thus preserving a time-sequence of seasonal isotopic
variation (and temperature) that can be accessed through sequential
sampling (Fricke and O’Neil, 1996; Sharp and Cerling, 1998).

2. Methods

Sixteen horse metapodial bones and three teeth were selected for this
study from the Stranska skala IV material held at the Research Centre for
Paleolithic and Paleoanthropology in Dolni Véstonice, Institute of
Archaeology of the Czech Academy of Sciences, Brno. Given that the
MNI for horses recovered from the site is 10, it is feasible that some
individuals may have been sampled more than once. There was no visual
evidence of the bones or teeth having been treated with a PVA glue
consolidant. We also report here carbon isotope results for 39 collagen
specimens from the Gravettian archaeological sites of Dolni Véstonice I
(Equus n = 3, Rangifer tarandus n = 3) and Pavlov I (Equus n = 14,
Rangifer tarandus n = 17) (held in the osteological collections of Budisov
Castle), the Epigravettian sites of Brno-Styfice III open air site (Equus n
= 1) and the cave site of By¢i skala (Rangifer tarandus n = 1) (both held
in the Moravian Museum, Brno)(see Supplementary information for
further details). These sites are located in Moravia (Czech Republic) near
to Stranska skéla VI (Fig. 1) and provide comparative isotope data for
discussion. Collagen extraction and analysis methods, along with ni-
trogen and sulfur isotope data for these samples have previously been
published (Stevens et al., 2025b; Reade et al., 2023). In additions
comparative faunal isotope data is available from the Gravettian site of
Predmosti I (~31.5-29.5 ka cal. BP, Bocherens et al., 2015), and the
Magdalenian (Layer 6-15.6-14.6 ka cal. BP), and Epimagdalenian
(Layer 4, ~14.1-12.6 ka cal. BP) levels at Kiilna Cave (Reade et al.,
2021) (Fig. 1).

2.1. Bone collagen extraction

Approximately 0.5g of bone was collected from each specimen using
a dental drill with a small cutting wheel attachment. Collagen extraction

14"(2'0"E

52°0'0"N-T

16°0'0"E
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was performed for 10 of the specimens at the University of Cambridge
following a modified (Longin, 1971) method reported in (Stevens et al.,
2008) and for 6 of the specimens at UCL Institute of Archaeology
following a modified version of the Oxford Radiocarbon Accelerator
Unit (ORAU) collagen extraction procedures (Brock et al., 2010), which
is based on a modified version of the (Longin, 1971) method. The two
methods only differ slightly. All samples were demineralized in 0.5 M
aq. HCl at 4°C until they had fully demineralized. The samples prepared
at UCL only, were then treated with 0.1 M sodium hydroxide (NaOH) for
30 mins to remove humic acids, before being thoroughly rinsed. All
samples were then rinsed in ultrapure water and gelatinized by heating
in pH 3.0 HCl aqueous solution at 75°C for 48h. The liquid fraction
containing the dissolved collagen was filtered using a pre-cleaned
Ezee-filter, frozen overnight at —20°C, then stored at —80°C for 4 h
and finally lyophilized.

2.2. Radiocarbon analysis

After isotope analysis, 7 specimens were selected for radiocarbon
dating. At UCL Institute of Archaeology the extracted collagen was re-
hydrated with ultrapure water and then passed through a pre-cleaned
15-30 kD ultrafilter, with the >30 kD fraction collected and freeze-
dried. The ultra-filtered collagen was transferred to Oxford Radio-
carbon Accelerator Unit for radiocarbon dating. Five mg of dry collagen
was weighed into pre-baked tin capsules and combusted using an
elemental analyser coupled to an isotope ratio mass spectrometer,
employing a splitter to allow for collection of the COy (Bronk Ramsey
and Humm, 2000; Brock et al., 2010). Samples were graphitized by
reduction of collected CO, over an iron catalyst in an excess Hy atmo-
sphere at 560°C (Bronk Ramsey and Hedges, 1997; Dee and Bronk
Ramsey, 2000). *C dates were measured on the Oxford AMS system
using a caesium ion source for ionization of the solid graphite sample
(Ramsey et al., 2004b). Results are reported as uncalibrated radiocarbon
dates (**C BP) and discussed as calibrated dates BP (cal. BP). Date
calibration was performed using OxCal 4.4 (Bronk Ramsey) and the
INTCAL20 dataset (Reimer et al., 2020).

02550 100 150 200
SO kM

50°0'0"N

T
14°0'0"E

T 1
18°0'0"E 20°0'0"E

- Mesozoic - Paleozoic igneous
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4 Byciskala Neogene : i
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Fig. 1. Location of Moravian sites discussed in this study and underlying geology of the region.
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2.3. Collagen stable isotope analysis

Bone collagen stable carbon (613C), nitrogen (615N), and sulfur (534S)
isotopic ratios were determined on the extracted collagen of 15 samples
using a Delta V Advantage continuous-flow isotope ratio mass spec-
trometer coupled via a ConflolV to an IsoLink elemental analyser
(Thermo Fisher Scientific, Bremen) at SUERC, University of Glasgow.
Between 1.2 and 1.5 mg of collagen was loaded into a tin capsule for
continuous flow combustion and isotopic analysis. Normalization was
undertaken using one of two methods, either three in-house standards
(SAG: 8" N = 4.5 £ 0.1 %o, 5'3Cyppp = —13.8 £ 0.1 %0, 5>*Sycrp =
—10.1 = 0.2 %o, MAG: 5'5Nag = 45.2 % 0.3 %o, 5'3Cyppg = —24.9 £ 0.1
%o, 8°*Sycrp = 1. 6 + 0.2 %o and MSAG: 8'°Nar = 3.9 + 0.3 %,
8'3Cyppp = —20.6 + 0.1 %0, 5>*Sycrp = 10.8 + 0.1 %0), which were
calibrated to the International Atomic Energy Agency (IAEA) reference
materials USGS40 (8'°Nag = —4.5 + 0.1 %o, 8°Cypps = —26.4 + 0.04
%o), USGS41 (8'°Nam = 47.6 £ 0.2 %o, 5'3Cyppg = 37.6 + 0.1 %),
USGS43 (5'°Na = 8.4 + 0.3 %0, 5'3Gyppp = —21.3 + 0.1 %o, 5>*Syernp
=10.5 = 0.2 %0),IAEA-S-2 (silver sulfide, §>*Sycp = 22.7 + 0.2 %0) and
IAEA-S-3 (silver sulfide, 8**Sycrp = —32.3 + 0.2 %o), or they were
normalized using USGS40, USGS41a (8'°Ng = 47.6 + 0.2 %o, 8'>Cyppp
= 36.6 & 0.1 %o), and two in-house standards (SAG2B: 634SVCTD =-9.2
+ 0.1 %o and MSAG2: 634SVCTD =11.3 + 0.1 %o) that were calibrated to
IAEA-S-2 and IAEA-S-3.(Measurement uncertainty is +0.1 %o, £0.2 %o
and £0.3 %o for 8'3C, 8'°N, and §%*S values respectively, based on the
repeat measurements of an in-house bone collagen standard (DHB2:
81°Nar = 4.1 + 0.2 %o, 8'3Cyppp = —21.0 £ 0.1 %o, 5>*Syerp = 7.2 +
0.4 %o or DHB2019: 8'°Nag = 3.7 + 0.1 %o, 5'Cyppp = —21.2 + 0.1 %,
5%*Syetn = 9.4 + 0.4 %o) and a certified fish gelatin standard B2215
(Elemental Microanalysis, UK §'°Nar = 4.3 = 0.1 %o, ' 3Cyppp = —22.9
+ 0.1 %o, 5°*Sycrp = 1.2 + 0.2 %o).

Carbon (5'3C) and nitrogen 6°N) isotopic ratios were determined
for one sample at the Godwin Laboratory, University of Cambridge using
an automated elemental analyser (Costech Analytical, Valencia, CA,
USA) coupled in continuous-flow mode to a Thermo Finnigan MAT253
isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). Between 0.6 and 1 mg of collagen was loaded into a tin
capsule for isotopic analysis. International (IAEA: caffeine and glutamic
acid-USGS-40) standards with known isotopic values and in-house lab-
oratory standards (nylon, alanine and bovine liver standards) calibrated
to the IAEA standards were interspersed throughout each analytical run
and were used to normalize the collagen §!3C and 8'°N values. Each
sample was analysed in duplicate with analytical errors of +0.2 %o for
both §'3C and 5!°N based on repeated measurements of calibration
standards. All results are reported on the delta scale as per mil (%o)
relative to the internationally accepted standards VPDB, AIR and VCDT.

2.4. Enamel pretreatment and isotope analysis

Sequential samples were taken from the enamel crowns of three
horse teeth for carbonate stable oxygen (5'%0) isotope analysis. For each
tooth, enamel samples were taken from the cusp that showed the best
level of preservation. Tooth surfaces were cleaned with a brush and then
lightly abraded using a tungsten drill bit. Powdered samples were
collected during the drilling of sequential grooves perpendicular to the
axis of growth. The intra-tooth enamel sample locations were measured
relative to the enamel-root junction (ERJ). The collected enamel powder
was prepared according to (Tornero et al., 2013). Samples were treated
with 0.1 M acetic acid (0.1 ml/mg sample) for 4 hours, then thoroughly
rinsed, frozen, and freeze dried. Enamel carbonate stable oxygen (6'%0)
isotope analysis was performed at the Godwin Laboratory, Department
of Earth Sciences, University of Cambridge. Enamel powder samples
were reacted with 100 % orthophosphoric acid for 2h at 70°C in indi-
vidual vessels either using a micromass multicarb sample preparation
system followed by cryogenic transfer into a VG PRISM or VG SIRA
isotope ratio mass spectrometer or using an automated cryogenic
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distillation system (Kiel III device), interfaced with a Finnigan MAT 253
isotope ratio mass spectrometer. The results are reported with reference
to the international standard VPDB calibrated through the NBS19
standard (Coplen, 2011) for which the precision is better than +0.11 %o.

2.5. Statistical analyses

Statistical analyses and data visualization were performed using R
software (R version 4.3.0). Packages used include, tidyverse, dplyr,
ggplot2, ggpmisc, gridExtra, openxlsx, cowplot, ggpubr, matrixcalc.f
Statistical significance was tested using anova and pairwise t-tests.

3. Results
3.1. Radiocarbon

The seven new Stranska skala IV ultrafiltered AMS dates range from
24,120 to 23,250 cal. BP (Table 1). All seven new results provide dates
that are older than the published dates from the site (Table 1, Fig. 2).
Although small uncertainties are associated with the new radiocarbon
dates, the calibrated age probability distributions are broad for some
dates due to a plateau in the radiocarbon calibration curve
(Supplementary Information Fig. 1). A Bayesian approach using OxCal
(v.4.4) and the IntCal20 calibration curve was applied to the data. Four
of the published dates were not included in the model (GrN-14351 and
GrN-13954 as not ultrafiltered; DeA-20210 and DeA-20212 as known to
have come from a tooth embedded in resin). Initially Poz-101463 was
included in the model as it is uncertain whether this sample had been
treated with a consolidant. However, our outlier analysis in OxCal
showed this sample to be an outlier, and thus all older published dates
were excluded. The results of the Bayesian modelling of the new AMS
dates gives a boundary start date for the site of 24,170-23,780 cal. BP
and a boundary end date of 23,740-23,080 cal. BP with a 95 % confi-
dence interval (Fig. 3, Table 2). These results indicate the occupation of
Stranska skala IV occurred before the brief GI-2 warm event recorded in
the Greenland ice cores (Fig. 3).

3.2. Collagen C, N and S isotopes

Collagen was successfully extracted from all 56 samples. Standard
quality control criteria were used to assess the §!3C, §!°N and %S data
(DeNiro, 1985; Ambrose, 1990; Nehlich and Richards, 2009). All ana-
lysed samples passed these criteria having C:N atomic ratios between 3.2
and 3.6, and %C and %N of 13-44 % and 5-16 %, respectively, indi-
cating good bone collagen preservation (DeNiro, 1985; Ambrose, 1990;
Nehlich and Richards, 2009). All samples have C/S and N/S atomic
ratios (369-821 and 113-242) within the recommended ranges of 600
4+ 300 and 200 £+ 100, and %S content between 0.12 and 0.27 %
(Nehlich and Richards, 2009). The Stranska skala IV Equus bone
collagen 8'3C values range from —20.1 %o to —19.7 %o (n = 16, Mean
—20.1 %0 6 = 0.2 %o) (Fig. 4). Their 51°N values range from 1.9 %o to 3.5
%o (n = 16, Mean 2.5 %o, 6 = 0.5 %o) and their 534S values range from
—13.4 %o to —2.8 %o (n = 15, Mean —7.5 %o, 6 = 3.8 %) (Fig. 4). The
Dolni Vestonice Equus and Rangifer bone collagen 5!3C values range
from —21.4 %o to —21.1 %o (n = 3, Mean —21.3 %o, 6 = 0.1 %o) and from
—19.6 %o to —18.8 %o (n = 3, Mean —19.3 %o, 6 = 0.4 %o) respectively
(Fig. 5). The Pavlov Equus and Rangifer bone collagen 5'3C values range
from —21.9 %o to —19.3 %o (n = 13, Mean —20.4 %o, 6 = 1.1 %o) and from
—20.5 %o to —18.5 %o (n = 17, Mean —20.2 %o, 6 = 0.8 %o) respectively
(Fig. 5). The Brno-Styrice III Equus bone collagen 8'3C value is —20.6 %o,
and the Byci Skala Rangifer §!°C value is —19.6 %o (Fig. SA).

3.3. Enamel O isotopes

Enamel §'80 results are given in full in the Supplementary Data File
and summarized in Table 3. Enamel 5'%0 values ranged from 11.6 %o to
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Fig. 2. Calibrated radiocarbon dates from Stranska skala IV. (Tables 1 and 2). Calibration performed using OxCal 4.4 and the INTCAL20 dataset and shown against
the NGRIP 5'%0 record (North Greenland Ice Core Project members, 2004). Green = previously published radiocarbon dates (not ultrafiltered), grey = previously
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16.2 %o (Mean 13.5 %o 6 = 1.6 %o) for SSK1, 11.0 %0—13.9 %o (Mean 12.3
%o 6 = 1.2 %o) for SSK2, and 10.9 %o—16.1 %o (Mean 12.3 %o 6 = 1.7 %o)
for SSK3. Palaeo-drinking water 580 values and palaeotemperature
estimates were then made for average (mid-point), winter (intra-tooth
minima), and summer (intra-tooth maxima) 5'80 values. Enamel §'0
results, which were measured on the carbonate phase on the enamel
apatite, were first converted to the SMOW isotope scale (Coplen, 2011)
and then their equivalent phosphate 5'%0 value following (Bryant et al.,
1996). The inverse model of (Passey et al., 2005), following the meth-
odology of (Pederzani et al., 2021a), was then applied to the data to
estimate the 5180 value of the original input to the tooth, which becomes
dampened by the process of mineralization and geometry of sampling.
Inverse modelling was possible for two of our sampled teeth (SSK1,
SSK2; Fig. 6, Table 3), but not possible for the third tooth (SSK3) as a
sinusoidal pattern of isotopic variation, with a clear seasonal maxima
and minima, was not observed in this tooth. The calculated summer high
and winter lower 880 values for SSK1, SSK2, along with mid-point §'%0
values for all three teeth, were then used to estimate summer, winter and
annual average paleotemperatures following methods in (Pryor et al.,
2014) and using the empirical relationships defined between horse
skeletal phosphate 5'80 and drinking water 5'80 by (Delgado Huertas
et al., 1995) and between meteoric water 520 (taken to equivalate
drinking water 5'%0) and air temperature by (Pryor et al., 2014). Further
details of modelling and palaeotemperature calculations are given in the
Supplementary Information. From this modelling, mean annual
palaeo-drinking water 5120 values was estimated to be —13.1 %o = 1.7
%o, with summer and winter values of —8.1 %o + 1.8 %o and —16.3 %o +

2.2 %o, respectively (Supplementary Information Fig. 2). From this, the
mean annual palaeotemperature of 1.2 + 3.5°C is estimated, while
summer and winter temperatures are estimated to be 10.7 + 3.4°C and
—4.9 + 4.7°C, respectively (Fig. 7).

4. Discussion

The new radiocarbon evidence from the Stranska skéala IV hunted
horses indicates humans were present in Moravia during the LGM, be-
tween 24,110 and 23,140 cal. BP. This predates the brief GI-2 warm
event recorded in the Greenland ice cores (23,290 & 596 BP to 22,850
+ 573 BP (Rasmussen et al., 2014)). Whilst this correlation may suggest
cold interglacial conditions at Stranskd skala IV when humans were
active at the site, the Greenland ice-core records are many thousands of
kilometers from Moravia. Contemporaneous palaeoclimate data from
Moravia is extremely limited. Thus, palaeoenvironmental information
gained directly from the archaeological remains at Stranska skala IV is
vital for gaining insight into the conditions experienced by the
hunter-gatherers who created the site. The Stranska skala IV horse
collagen 8'3C and 8'°N values are very uniform and are typical of other
sites in Moravia dating to Oxygen Isotope Stage 2 (0OIS-2, ~29-11.7 ka
BP) (Fig. 5). The 515N values are comparable, but the 5'3C values are,
whilst within the range of observed values (—21.3 to —19.2 %o, n = 25),
are skewed towards the higher end of the range (lacumin et al., 1997;
Drucker et al., 2000, 2003; Stevens and Hedges, 2004; Stevens, 2005;
Higham et al., 2010; Domingo et al., 2015). Notably the Stranska skala
IV 5'3C values are statistically significantly higher than those of horse



R.E. Stevens et al.

Quaternary International 741 (2025) 109893

NGRIP 5180
A
S

Rexnec et al (2020)

1 i
1 1
1 ]
Sequknce StransKa Skala IV : :
Boundary Stranska Skala 1V Start :: : :
Phase Cave : :
R_Date OxA-V-3079-31 &__.PL :
R_Date OxA-V-3079-32 ﬁ_,'— :
R_[Date OxA-V-3079-33 A::, :
R_Date OxA-V-2776-23 - J::_ :
R_Date OxA-V-3079-35 7#: :
R_Date OxA-V-3079-34 7#: :
R_Date OxA-V-3079-30 A | :
Bou+:dary Stranska Skala IV End ‘:- :

“'2'7(1366““”26 ([ — 25000 24000 et

N
)
(=
(=
N
[
(=
[=
N
N
(=
(=
N
-
(=

Modelled date (BP)

Fig. 3. Bayesian modeling of new ultrafiltered radiocarbon dates from Stranskd skala IV. Calibration and modeling performed using OxCal 4.4 and the INTCAL20
dataset and shown against the NGRIP 5'%0 record (North Greenland Ice Core Project members, 2004). Dashed purple line indicates duration of Greenland Interstadial
2, which is intermediated by Greenland Stadial 2.2 (orange shading). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Table 2

New ultrafiltered radiocarbon dates from Stranska skéla IV (This study) and results of Bayesian modelling using Boundary and Phase functions. Calibration and

modelling performed using OxCal 4.4

Unmodelled (BP) Modelled (BP Indices
Anodel = 101.8
Aoverall = 89
from to % from to % Acomb A L P C

Outlier_Model General —270 410 95.4 100

T(5) —2.65 2.65 95.4 99.7

U(0,4) 3.98986e-17 4 95.4 5.37764e-17 3.788 95.4 100 100

Sequence Stranska skala IV

Boundary Stranska skala IV Start 24170 23780 95.4 99

Phase Cave

R_Date OxA-V-3079-31 23740 23060 95.4 23770 23220 95.4 89.3 95.7 99.4

R_Date OxA-V-3079-32 23750 23170 95.4 23780 23310 95.4 105.3 96.1 99.3

R_Date OxA-V-3079-33 23790 23300 95.4 23800 23390 95.4 94.5 96.2 99.1

R_Date OxA-V-2776-23 23800 23300 95.4 23810 23390 95.4 94.8 96.3 99.1

R_Date OxA-V-3079-35 23980 23440 95.4 23920 23720 95.4 111.7 96.6 99.9

R_Date OxA-V-3079-34 24040 23470 95.4 23920 23730 95.4 112.5 96.5 99.9

R_Date OxA-V-3079-30 24120 23770 95.4 23970 23750 95.4 116.7 95.9 99.7

Span Stranska skala IV 70 660 95.4 99.8

Interval Stranska skala IV Int 70 1010 95.4 97.5

Boundary Stranska skala IV End 23740 23080 95.4 97.3

from both earlier and later sites in Moravia (Fig. 5A, see Supplementary
Information for statistical tests), but are not statistically different to
those at the LGM site of Kammern-Grubgraben (~24-20k cal. BP)
located in Austria ~100 km southwest of Stranska skala (—20.8 %o to
—19.4 % (n = 13, Mean —20.4 %o ¢ = 0.4 %o) (Reiss et al., 2023).
However, the majority of the Kammern-Grubgraben horse 8'3C results
are more negative than those of the Stranska skdla horses (Fig. 8).

Notably the Stranskd skdla horse §!°C values overlap with those
observed for OIS-2 reindeer from Moravia (—20.5 to —18.2 %o, n = 37)
(Fig. 5A). In reindeer, higher 5'3C values are linked to their consumption
of lichens (Fizet et al., 1995; Stevens et al., 2009b; Drucker et al., 2011;
Reade et al., 2020b), which have higher 5'3C values than other terres-
trial plants from boreal ecosystems (Park and Epstein, 1960; Maguas and
Brugnoli, 1996; Drucker et al., 2001). The Stranska skala IV horse 5!3C
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values could indicate that the horse moved into the reindeer’s ecological
niche and consumed some lichen; however they are unlikely to have
consumed enough for it to register in their bone collagen isotope values
as horses are generalist grazers and in modern contexts do not selec-
tively feed on lichen. It is more likely that the elevated horse 5!3C values
reflect particularly arid conditions influencing the §'3C values of plants
consumed by the horses. As only horse isotope data is available from
Stranska skala IV it is not possible at this time to determine whether
aridity impacted on the isotopes of other species at this time.

Whilst the Stranské skala IV horse 8'°N values are comparable to
those of OIS-2 horses from Western Europe (Reade et al., 2023), they
significantly differ from earlier and later sites in Moravia (Fig. 5B, see
Supplementary Information for statistical test). The temporal variation
in horse 5'°N values in Moravia mirrors that observed in reindeer 5!°N
values but is of a greater magnitude (Fig. 5B). As with carbon isotopes,
this difference between species is linked to reindeer consuming lichen,
which fixes nitrogen from the atmosphere, and therefore has 5'°N values
that are decoupled from environmentally-mediated changes in vegeta-
tion 5!°N (Reade et al., 2023), whereas horses are not buffered in this
way. Temporal excursions in late Pleistocene faunal 8'°N values are
widely observed across Northwest and Central Europe (Drucker et al.,
2003; Richards and Hedges, 2003; Hedges et al., 2004; Stevens and
Hedges, 2004; Stevens, 2005; Stevens et al., 2008, 2014; Bocherens
et al., 2014; Rabanus-Wallace et al., 2017; Reade et al., 2020a, 2023),
with higher 8'°N values observed in OIS3, a switch to lower 5'°N values
during OIS2, and the lowest 5!°N values being observed at the end of the
Pleniglacial (Greenland Stadial 2.1) prior to the Late Glacial (Greenland
interstadial le-a) when nitrogen began to rebound to higher values
(Reade et al., 2023). These changes in faunal 8'°N values reflect a
complex interplay of multiple environmental parameters impacting on
soil, plant, and thus faunal 5'°N values. The lowest 5'°N values appear to
be reserved for regions that were glaciated or where continuous
permafrost existed at the height of the Last Glacial Maximum, and occur
only after the onset of deglaciation and thaw. Thus increased landscape
moisture, particularly from ice sheet meltwater and thawing permafrost
has long been suggested as a driver of low post-LGM 8'°N values
(Stevens and Hedges, 2004; Stevens et al., 2008; Drucker et al., 2009;
Reade et al., 2023). In Moravia the switch from higher horse 51°N values
prior to 29 ka cal. BP to lower 8'°N at Stransk4 skala IV 24-23 ka cal. BP
coincides with the suspected timing of regional permafrost development
(Vandenberghe and Pissart, 1993; Vandenberghe et al., 2014); is

consistent with the horse §'3C values which indicate increased aridity;
and with palaeoclimate data which indicates prevailing cold arid desert
conditions in central Europe (Romer et al., 2016; Fuhrmann et al., 2020;
Sirocko et al., 2022). A single horse from Brno Styfice and a reindeer
from Byc¢i skala Cave dating to the start of the post-LGM period have
lower 5'°N values than the Stranskd skala IV horses, thus the pattern of
late Pleistocene faunal nitrogen change in Moravia appears fully
consistent with that seen elsewhere in Europe. The Stranska skdla IV
overlap with but are mostly slightly higher than those of the
Kammern-Grubgraben horses (Reiss et al., 2023) (Fig. 8). Given the
regional trends in 8'°N this may suggest the Kammern-Grubgraben
horses cover a longer time period, and perhaps partially post-date
those from Stranska skala IV, which is consistent with the radiocarbon
dates from the two site.

The Stranska skala IV horse 5>*S values are more variable than their
5'3C and 8'°N values (Figs. 4 and 5C). The &3S values are comparable to
those of other OIS-2 herbivores from areas of West and Central Europe
where continuous permafrost existed during the LGM, but are lower
than those of herbivores from regions where permafrost was absent
during the LGM (Stevens et al., 2025b). The Stranska skala IV horse 5343
values fit into a temporal trend observed in horses and other species
from Moravia (Fig. 5C). Prior to 29 ka BP herbivore 534S values are high
(but note that some species partitioning exists within sites that are likely
linked to differing home ranges). The most notable difference between
the Stranska skala IV horse 5°*S values and Moravian fauna from earlier
periods is the increased range in 5°*S and the presence of low 53*S
values. Like with 5!°N values, the lowest 534S values are observed after
the LGM at Kilna Cave layer 6 which dates to the end of the Pleniglacial
(Greenland stadial 2.1). The herbivore 83*S values rebound to higher
values during the Late Glacial (Kilna layer 4). This Late Pleniglacial
Sulfur Excursion (LPSE) has been observed in faunal 534S values across
large regions of Eurasia and is likely linked to changing permafrost
conditions affecting hydrological processes, rates of weathering of sul-
fides and sulfide oxidation, and microbial activity in periodically
waterlogged, anoxic soils, in addition to loess deposition, which in turn
impact terrestrial sulfur cycling (Stevens et al., 2025b). Thus the change
in both faunal §!°N and §°*S values in Moravia between c. 29 ka cal. BP
and c. 24-23 ka cal. BP indicate a substantial change in both the nitrogen
and sulfur biogeochemical cycles at this time which likely relates to the
development of permafrost.

Palaeotemperature reconstructions based on the horse intra-tooth
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Fig. 5. Box plot of faunal collagen A) §'3C, B) §!°N and C) 534S values from Stranska skala IV (This study), Pavlov, Dolni Véstonice, Brno-Styiice III and By¢i skala
(83C this study, 8'°N Reade et al., 2023; 84S Stevens et al., 2025b) Kilna Cave (Reade et al., 2021), and Pfedmosti I (Bocherens et al., 2015).

Table 3
Summary statistic for enamel phosphate 50 (SMOW) isotope results (see
Supplementary Information for conversion from measured carbonate V-PDB).

Tooth Mean  Standard Median  Min Max  Midpoint
number deviation

SSK1 13.5 1.6 13.4 11.6 162 139
SSK2 12.3 1.2 11.8 11.0 139 124
SSK3 12.3 1.7 11.5 10.9 16.1 13.5

enamel 5'%0 values indicate that conditions at Stranska skala IV were
considerably colder than the present day, with summer temperature
around 10° lower but winter temperatures only around 3° lower (Fig. 7;
Supplementary Information section 3). It should however be noted that
considerable uncertainty exists in the palaeotemperature estimates due
to the small number of used and the necessity of using modern tem-
perature—&lSOprecipitaﬁon data to generate the estimates. The mean annual
palaeotemperature estimates presented here from incrementally-
sampled teeth (1.2 + 3.5°C) closely match those from bulk tooth

enamel 580 analysis of horse from Stranska skdla IV (n = 12, Pryor,
2011) and from climate simulations (Fig. 7, Beyer et al., 2020). Mean
annual palaeotemperature estimates (—3.5 + 29 °C) from
incrementally-sampled horse teeth at the LGM site of
Kammern-Grubgraben indicate slightly cooler conditions (Reiss et al.,
2024) than those at Stranska skala IV. The intra-tooth Stranska skala IV
enamel §'80-based estimated summer temperatures (10.7 + 3.4 °C) are
broadly consistent with those based on the Kammern-Grubgraben
intra-tooth enamel 580 (8.0 £ 3.9 °C to 11.4 + 3.7 °C) whereas the
estimated winter temperatures are substantially higher (—4.9 + 4.7 °C)
compared to those estimated for Kammern-Grubgraben (—24.3 &+ 6.4 °C
to —9.9 + 4.3 °C). This disparity between the two likely reflect greater
seasonality at Kammern-Grubgraben compared to Stranska skala IV and
is potentially due to chronological differences between the two sites. The
Stranska skala IV intra-tooth enamel 5'%0-based estimated summer
temperatures are lower, and estimated winter temperatures are higher,
respectively, than those from climate simulations (Fig. 7, Beyer et al.,
2020). Seasonal palaeotemperature reconstructions from incrementally
sampled enamel are especially complex due to the necessity of using an
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Fig. 7. Estimated average annual (grey), summer (pink), and winter (blue)
paleotemperatures based on 1) Stranska skala IV horse intra-tooth 5'80 enamel
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of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Maximum sites of Stranska skéla IV (SS) (This study) and Kammern-Grubgraben
(KG) (Reiss et al., 2023).

inverse model to remove the impact of time averaging from the tooth
enamel mineralization (Passey et al., 2005). Here, either the climate
simulations are over-estimating the temperature seasonality in the
Stranska skala IV region or the enamel-based seasonal palae-
otemperature reconstructions are underestimating temperature season-
ality, or both. The potentially attenuated seasonality in the enamel
based seasonal palaeotemperature reconstructions could be linked to
uncertainties with the modelling variables used here to generate the
estimated inputs, or to the Passey model not fully removing the impact
of time averaging introduced during enamel mineralization. Alterna-
tively, it could be that the Stranské skala IV horse’s drinking water !0
values were seasonally buffered through the horse consuming water
from rivers or springfed groundwater. Notably a palaeochannel of the
Svitava river is proximal to the site, indicating that such a water source
could have been accessed by the horses.

5. Conclusions

Our program of radiocarbon dating of hunted horse remains from
Stranska skala IV and Bayesian modelling show humans were active at
the site between 24.1 and 23 ka cal. BP. This predates the GI-2 brief
warm event (c. 23.3-22.8 ka BP) recorded in Greenland ice-cores
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(Rasmussen et al., 2014). Through correlating the chronology of the
Stranska skdla IV occupation and the Greenland ice-core stratigraphy (a
global temperature proxy record), we can speculate that cold stadial
conditions prevailed at Stranska skala IV. On-site palaeoclimatic re-
constructions based on carbon, nitrogen, sulfur and oxygen isotope
analysis of hunted horse remains show that local climate and environ-
mental conditions were consistent with those suggested by correlation
with global climate records. The bone collagen §'3C, 5'°N and 53*S data
indicate conditions were cool and arid with an open landscape, which
was likely being impacted by changes in hydrology linked to permafrost
development. The enamel §'%0 data indicates mean annual air tem-
peratures of 1.2 °C (£3.5 °C), consistent with climate simulations-based
temperature estimates for the region during the LGM. Together these
data indicate humans were present at the site during pronounced cold
conditions characterized by temperatures ~8.5°C below the
modern-day average. These data help to further understand the limited
pollen data from the site. Interpreting the thermophilic elements of the
pollen data as representing warm conditions at the site is at odds with all
the other palaeoenvironmental reconstructions. Other interpretations of
the thermophilic elements of the pollen data, such as it representing: 1)
small relic populations surviving locally under cold continental climate
conditions; 2) long distance transport of pollen from strong pollen pro-
ducers living in warmer regions; or, 3) pollen reworked from older or
younger deposits are all consistent with the new palaeoenvironmental
reconstructions (Svoboda et al., 2020). Our results are consistent with
evidence from Kammern-Grubgraben (Reiss et al., 2024) in demon-
strating that human presence in central Europe during the LGM was not
confined to brief warm events, necessitating a rethinking of the climate
conditions early humans could tolerate at the edge of their home ranges.
This adds to a growing body of evidence that at certain times in pre-
history, climate played a less deterministic role in human distribution
than previously thought.
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