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AbstrAct 
The paleoecology of the giant deer (Megaloceros giganteus), including its dietary preferences, 
is poorly known, mainly because reconstructions based on morphological characteristics have 
produced contradictory results. In this study, we propose to reconstruct the diet of the giant 
deer from five archaeological sites located in Southern Germany and the Harz Mountains using 
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microwear and mesowear analyses. We also include the results of a review of tooth wear data 
published during the past decade for ten localities in Europe. The objective is to provide a large-
scale vision of the diet of the giant deer and to analyse the spatial and temporal diversity of its 
dietary habits. According to our results, the dietary traits of the giant deer were found to range 
from leaf browsing to grass-dominated mixed feeding, depending on the vegetation available 
regionally and seasonally. The combination of the two proxies, mesowear and microwear, al-
lowed us to characterize the dietary flexibility of the giant deer. Finally, we discuss the causes 
of its extirpation and conclude that its extinction was not likely driven by a narrow dietary niche. 
Keywords: Megaloceros giganteus, Cervidae, diet, microwear, mesowear 

ZusAMMENFAssuNG 
Die Paläoökologie des Riesenhirsches (Megaloceros giganteus) einschließlich seiner Ernäh-
rungspräferenzen ist wenig bekannt, vor allem, weil Rekonstruktionen auf der Grundlage mor-
phologischer Merkmale zu widersprüchlichen Ergebnissen geführt haben. In dieser Studie 
schlagen wir vor, anhand der Analysen von Mikro-Abnutzungsspuren (engl. microwear) und 
Meso-Abnutzungsspuren (engl. mesowear) an Zähnen die Ernährung der Riesenhirsche aus 
fünf archäologischen Fundstätten in Süddeutschland und im Harz zu rekonstruieren. Berück-
sichtigt werden außerdem die Ergebnisse einer überprüfung von Daten zu Zahnabnutzungs-
spuren, die während des letzten Jahrzehnts für zehn Orte in Europa veröffentlicht wurden. Ziel 
ist es, einen großräumigen Einblick in die Ernährung des Riesenhirsches zu geben und die räum-
liche und zeitliche Vielfalt seiner Ernährungsgewohnheiten zu analysieren. Unseren Ergebnissen 
zufolge reichten die Ernährungsweisen des Riesenhirsches von Blattfressen (engl. leaf brow-
sing) [Anm. d. Red.: browsers sind Tiere, die spezialisiert sind auf das Fressen von Blättern, 
Früchten hochwachsender Gehölze sowie weicher Triebe und Sträucher. Im Gegensatz dazu 
sind grazers Herbivoren, die sich von Pflanzen wie Gras und anderer tiefliegender Vegetation 
ernähren] bis hin zu grasdominierter Mischernährung, abhängig von der regional und saisonal 
verfügbaren Vegetation. Die Kombination der beiden Anzeiger Meso-Abnutzung (mesowear) 
und Mikro-Abnutzung (microwear) ermöglichte es uns, die Flexibilität bei der Ernährung des 
Riesenhirsches zu charakterisieren. Schließlich diskutieren wir die Ursachen seiner Ausrottung 
und kommen zu dem Schluss, dass sein Aussterben wahrscheinlich nicht durch eine zu enge 
Ernährungsnische herbeigeführt wurde. 
schlagwörter: Megaloceros giganteus, Cervidae, Ernährung, Mikro-Abnutzung (microwear), 
Meso-Abnutzung (mesowear)
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Fig. 1: Map showing the Late Pleistocene range of Megaloceros giganteus based on the data from Stuart et al. (2004) 
and Lister and Stuart (2019). Map modified from ©NaturalEarthData by Àngel Blanco-Lapaz. 

Abb. 1: Karte, die das spätpleistozäne Verbreitungsgebiet von Megaloceros giganteus auf Basis der Daten von Stuart 
et al. (2004) und Lister und Stuart (2019) zeigt. Karte modifiziert nach ©NaturalEarthData durch Àngel Blanco-Lapaz.

Introduction 
During the Late Pleistocene, the distribution range of the giant deer, Megaloceros giganteus, oc-
cupied a significant area across Europe and Western Asia (Lister 1981, 1994) (Fig. 1). e species 
was adapted to a wide variety of climatic conditions, from interglacial periods to boreal or sub-
arctic habitats during glacial stages (Lister 1994). e giant deer, as with the other megacerines 
known in the Pleistocene, lacks modern analogues in extant ecosystems. Consequently, it is 
difficult to establish the ecological characteristics of this species. Most of the studies that pro-
posed paleoecological reconstructions were based on the examination of skeletal morphological 
features related to diet, including the morphology of the skull and lower jaw (e.g., longer dia-
stema), tooth crown height (e.g., mesodont teeth), shape and position of the incisors, or the de-
gree of molarization of the premolars (Lister 1994; Vislobokova 2012). e application of these 
proxies to assemblages from diverse localities resulted in discrepant interpretations, and different 
hypotheses were raised about the paleodiet and the habitats of the giant deer. Following Kahlke 
(1999), it was primarily a grazer and mostly occupied open habitats, such as wooded steppes or 
steppe-like biotopes. Conversely, Aaris-Sørensen and Liljegren (2004) classified the giant deer 
principally as a browser that complemented its diet with grass and compared its feeding ecology 
to that of the elk (Alces alces). However, mesowear and microwear values classify the elk as a 
pure leaf browser, both in Europe (Rivals et al. 2010) and North America (Fortelius and Solou-
nias 2000; Solounias and Semprebon 2002). A compromise, proposed by Stuart et al. (2004), 
suggests that giant deer were mixed feeders, depending both on grass and shrubs (i.e., a gener-
alist species) in open woodlands. e fossil record indicates that M. giganteus is not associated 
with the steppe, unlike woolly mammoths, reindeer or other cold-adapted species. During the 
last glaciation, the giant deer distribution corresponded to an area of boreal parkland (Pushkina 
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and Raia 2008; Lister and Stuart 2019) with vegetation composed of dispersed pine or spruce, 
shrubs and other plants, such as grasses, sedges, Artemisia, Ephedra and Chenopodiaceae (Allen 
et al. 2010). Dental morphology (i.e., mesodont teeth) suggests that the giant deer was adapted 
to mixed feeding and that the vegetation available allowed this species to feed both on grass and 
browse (Lister and Stuart 2019). 

roughout the Late Cenozoic, the evolutionary trend of the megacerines corresponds to a 
transition from forested habitats to more open ones, which is related to a shi in the diet of 
browsing species towards more grazing (i.e., including more grass in their diet) (Vislobokova 
2012, 714). Even if giant deer were classified as mixed feeders based on morphological features 
(Stuart et al. 2004; Vislobokova 2012, 717) and adaptations to grazing may have increased over 
time (Lister 1994), recent studies show a different picture of the diet of megacerines (Rivals and 
Lister 2016). It is critical to consider that morphology may represent a superimposition of actual 
ecomorphological and morpho-functional adaptations and features inherited from ancestral 
forms, as, for instance, in the case of the cervid Haploidoceros mediterraneus (Croitor et al. 2020). 
In the case of opportunistic species (e.g., most of the cervids), ecomorphology provides clues 
about the general adaptations within a lineage, but not the exact ecology of individuals or pop-
ulations. Studies on single assemblages usually show very diverse results because the data reflect 
specific dietary traits depending on the local environmental context. For example, stable carbon 
isotopes in Irish giant deer indicate a diet based on herbaceous plants complemented with 
woody browse (Chritz et al. 2009). e plant remains preserved in the molar infundibulum of 
a single giant deer molar from the North Sea were composed of Artemisia (sage) and other  
Asteraceae, indicating browsing habits in steppe habitats (van Geel et al. 2018). 

e diet of the giant deer is an important aspect of the debate concerning its extinction due 
to niche partitioning with other cervids (Immel et al. 2015). However, reconstructions based 
on morphological data have produced contradictory results, and the palaeoecology of the giant 
deer, including its dietary preferences, is still poorly known. Most of the previous research is 
based on local or regional studies that may not reflect the spatial and temporal diversity of the 
dietary habits of the giant deer. In this study, we propose to reconstruct the giant deer diet from 
five sites located in Southern Germany and the Harz Mountains (Fig. 2) using microwear and 
mesowear analyses and to include the results in a review of the tooth wear data published during 
the past decade for ten localities in Europe. We also include the analysis of the carbon, nitrogen 
and sulfur stable isotopes sampled from the giant deer from Wolalhöhle. e objective is to 
provide a large-scale vision of the diet of the giant deer across Europe during the Late Pleisto-
cene. 

Materials and Methods 
Materials 
All the dental specimens available from Groβe Ofnet (n = 14), Vogelherd (n = 5), Einhornhöhle 
layers 4.5 and 5 (n = 3), Wolalhöhle (n = 1) and Geißenklösterle (n = 1) were selected and 
sampled for mesowear and microwear analyses (Fig. 3). 
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Fig. 2: Map showing the loca-
tion of the sites: (1) Geißen-
klösterle, (2) Vogelherd,  
(3) Wolftalhöhle, (4) Große 
Ofnet, (5) Einhornhöhle. Map 
modified from ©SciLands by 
Àngel Blanco-Lapaz). 

Abb. 2: Lageplan der Fundstel-
len: (1) Geißenklösterle,  
(2) Vogelherd, (3) Wolftal-
höhle, (4) Große Ofnet,  
(5) Einhornhöhle. Karte modifi-
ziert nach ©SciLands durch 
Àngel Blanco-Lapaz).

Einhornhöhle (Unicorn Cave) is located near the town of Herzberg in the southern Harz 
Mountains at about 380 m asl and developed in the dolomitic rock of the Permian Zechstein 
formation (Kaufmann et al. 2020). Aer the initial discovery of Middle Paleolithic artifacts in 
1985 (the Jacob-Friesen Gallery), succeeding excavations exposed six Middle Paleolithic layers 
inside the gallery and two further ones at a former cave entrance connected to the gallery (Kotula 
et al. 2019). e giant deer teeth were discovered in layers 4.5 and 5 of this former cave entrance. 
Animal remains of these layers mostly come from Ursus spelaeus, Bison sp., and Megaloceros  
giganteus. An outstanding item from layer 4.5 is the engraved giant deer phalanx dating to 
>55,000–47,492 cal BP (ca. 47.8 ka BP, KIA-55192), which can be viewed in the context of Nean-
derthal symbolic behavior (Leder et al. 2021). e giant deer teeth analyzed herein might belong 
to the same individual as the engraved phalanx and the other giant deer remains (NISP = 19, 
MNI = 1), and therefore should be of the same age. In layer 5, the giant deer remains (NISP = 2, 
MNI = 1) correspond to a single individual. 

Wolalhöhle (Wolal Cave) is located in a small side valley just north of the Lone near Bern-
stadt. In the spring of 2015, a team from the University of Tübingen led by N. J. Conard excavated 
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a test trench of 3 m2 in this small cave (Conard et al. 2016). e team identified four strata, all 
lacking Paleolithic artifacts over a maximum depth of 1.5 m. At the base of the deepest layer, 
just above the bedrock, lay a well-preserved mandible from an adult giant deer. Radiocarbon 
dating produced an age in excess of ca. 48,700 BP (> 49,588-48,007 cal BP, OxA-33575), which 
corresponds to a minimum age for the giant deer and the base of the sequence. e upper layers 
of this small cave contained ceramics, including material from the Late Bronze Age. 

Vogelherd, situated near the city of Niederstotzingen, is probably the richest of the many  
Paleolithic cave sites in the Swabian Jura. is moderately sized cave with an area of 170 m2 is 

Fig. 3: Dental remains of giant deer from Große Ofnet (A–B; left maxilla with M2 and M3; specimen SMNS 32669), Gei-
ßenklösterle (C–D; lower right p4; specimen #636), Vogelherd (E–F; lower right m2, specimen #7587), Einhornhöhle (G–
H; upper right M3; specimen #428.3) and Wolftalhöhle (I–J; right mandible with m1, m2 and m3; specimen 175 [41/49] 
in buccal [A, E, H], lingual [C, I] and occlusal views [B, D, F, G, J]. Scale bar = 1 cm. Figure by Àngel Blanco-Lapaz. 

Abb. 3: Zahnreste von Riesenhirschen aus der Großen Ofnet (A–B; linker Oberkiefer mit M2 und M3; Exemplar SMNS 
32669), Geißenklösterle (C–D; rechts unten p4; Exemplar #636), Vogelherd (E–F; rechts unten m2, Exemplar #7587), 
Einhornhöhle (G–H; rechts oben M3; Exemplar #428.3) und Wolftalhöhle (I–J; rechter Unterkiefer mit m1, m2 und m3; 
Exemplar 175 [41/49] in bukkaler [A, E, H ], lingualer [C, I] und okklusaler Ansicht [B, D, F, G, J]. Maßstab = 1 cm. Abbil-
dung von Àngel Blanco-Lapaz.
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located at an elevation of 477 m asl and stands 18 m above the floor of the Lone Valley (Conard 
et al. 2015). G. Riek (1934) excavated the site completely in the summer of 1931 and recovered 
a dozen Aurignacian figurines and many other remarkable finds from the Pleistocene (Riek 
1934). N. J. Conard led excavations in the backdirt of Vogelherd from 2005–2012 that greatly 
expanded the assemblages from all periods recovered from the site. As is typical for the Swabian 
caves, excavators recovered rich faunal assemblages from the Middle and Upper Paleolithic that 
provide abundant information on past environments and human subsistence (Niven 2006). e 
oldest stratum dates to the Eemian Interglacial, roughly 125 ka BP, and the site preserves material 
from multiple Middle Paleolithic horizons and all the major phases of the Upper Paleolithic. 
e extremely rich Aurignacian deposits yielded by far the largest assemblages of figurative art 
and personal ornaments from the Swabian Jura, as well as multiple fragments of musical instru-
ments. In 2017, Vogelherd was awarded the status of a UNESCO World Cultural Heritage Site 
together with five other caves from the Ach and Lone Valleys. 

Große Ofnet is located on a limestone hill in the Swabian Jura near the town of Nördlingen 
in Bavaria. e cave contains a 2-m-thick stratigraphic sequence that was excavated by O. Fraas 
in 1875 and by R. R. Schmidt in 1907–1908 (Uthmeier 2004). e materials available at the 
Staatliches Museum für Naturkunde Stuttgart (SMNS) come from the Fraas excavation and lack 
stratigraphic information. e fauna includes Coelodonta antiquitatis, Equus ferus, Megaloceros 
giganteus, Bison priscus and Ursus spelaeus. Schmidt (1912) identified four archaeological layers 
belonging to the Upper Palaeolithic: early Aurignacian (layer III), late Aurignacian (layer IV), 
Solutrean (layer V) and Magdalenian (layer VI). e presence of giant deer was only reported 
in the Aurignacian layers, without attributing the remains to either layer III or layer IV (Koken 
1912). e sample will be considered a single assemblage belonging to the Aurignacian. 

Geißenklösterle is a partially collapsed cave that stands 60 meters above the base of the Ach 
Valley near the city of Blaubeuren at an elevation of 585 m asl (Hahn 1988; Conard et al. 2015, 
2019). While the site is best known for its Aurignacian assemblages, including carved ivory fig-
urines and musical instruments, the site preserves a stratigraphic sequence from the Middle Pa-
leolithic dated with ESR to between ca. 95 and 45 ka BP (Richard et al. 2019). Multiple 
techniques, most importantly radiocarbon, date the rich Aurignacian and Gravettian deposits 
between ca. 43 and 30 ka BP (Higham et al. 2012), and a sparse archaeological signature from 
the Magdalenian dates aer the Last Glacial Maximum (LGM) to ca 15 ka BP. Mesolithic finds 
have also been recovered at Geißenklösterle. e site was initially excavated by E. Wagner in 
1973, and in the years 1974-1983 and 1986-1991, J. Hahn (1988) excavated the site. In 2001 and 
2002, N. J. Conard headed a dig focusing on the deeper horizons and reaching bedrock (Conard 
et al. 2019). Among other topics, the site is well-known for a group of lithic refits from the Gra-
vettian that link Geißenklösterle with three other sites in the Ach Valley (Moreau 2009). e 
early dates for the Aurignacian and the site’s early symbolic artifacts have placed it at the centre 
of the debate over the expansion of modern humans into Europe and the extinction of Nean-
derthals. 
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Tooth mesowear analysis 
Mesowear analysis is a method of categorizing the gross dental wear of ungulate molars by eval-
uating the relief and sharpness of cusp apices in ways that are correlated with the relative 
amounts of attritive and abrasive dental wear (Fortelius and Solounias 2000). Mesowear is scored 
macroscopically from the buccal side of molars. A diet with low levels of abrasion (high attrition) 
maintains sharpened apices on the buccal cusps as the tooth wears. In contrast, high levels of 
abrasion, associated with a diet of siliceous grass, result in more rounded and blunted buccal 
cusp apices. Unworn (and marginally worn) teeth, extremely worn teeth and those with broken 
or damaged cusp apices are omitted from mesowear analysis. Cusp sharpness is sensitive to on-
togenetic age among young individuals (which have not yet developed substantial wear facets) 
and dentally senescent individuals. However, for intermediate age groups, mesowear is found 
to be less sensitive to age and more strongly related to diet (Rivals et al. 2007); therefore, it is 
suitable for dietary reconstruction. e method is based on seven cusp categories (numbered 
from 0 to 6), ranging in shape from high and sharp (stage 0) to completely blunt with no relief 
(stage 6) (Mihlbachler et al. 2011). e average value of the mesowear data from a single sample 
of fossil dentitions corresponds to the ‘mesowear score’ or MWS (Mihlbachler et al. 2011). To 
reduce inter-observer error, dental mesowear analysis was conducted by a single experienced 
researcher (FR). 

Tooth microwear analysis 
Microwear features of dental enamel were examined using a stereomicroscope on high-res-
olution epoxy casts of teeth following the cleaning, moulding, casting and examination protocol 
developed by Solounias and Semprebon (2002) and Semprebon et al. (2004). e occlusal sur-
face of each specimen was cleaned using acetone followed by 96% ethanol. e surface was 
moulded using high-resolution silicone (vinylpolysiloxane), and casts were created using clear 
epoxy resin. All casts were carefully screened under the stereomicroscope. ose with badly 
preserved enamel or taphonomic defects (features with unusual morphology and size or fresh 
features made during the collecting process or during storage) were removed from the analysis, 
following King et al. (1999). Casts were observed under incident light with a Zeiss Stemi 2000C 
stereomicroscope at 35× magnification, using the refractive properties of the transparent cast 
to reveal microfeatures on the enamel. Microwear scars (i.e., elongated scratches and rounded 
pits) were quantified on the paracone of the upper teeth in a square area of 0.16 mm2 using an 
ocular reticule. We used the classification of features defined by Solounias and Semprebon 
(2002) and Semprebon et al. (2004), which basically distinguishes pits and scratches. Pits are 
microwear scars that are circular or sub-circular in outline and thus have approximately similar 
widths and lengths, while scratches are elongated microfeatures that are not merely longer than 
they are wide, but have straight, parallel sides. Scratches and pits were counted in two areas 
either on the paracone of the upper molars or the protoconid of the lower molars. e analysis 
was conducted by a single experienced researcher (FR). 
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Comparison with data on giant deer from other localities 
e meso- and microwear results were compared with a database constructed from extant un-
gulate taxa (Fortelius and Solounias 2000; Solounias and Semprebon 2002; Rivals et al. 2010) to 
establish the following dietary categories: leaf browsers, grazers and mixed feeders. To evaluate 
the dietary flexibility of the giant deer, the results were compared with data from other localities 
across Europe: Payre (MIS 5, France: Rivals et al. 2009), La Rexidora (MIS 3, Spain: Rivals and 
Álvarez-Lao 2018), Steinheim (MIS 11, Germany: Rivals and Ziegler 2018), Siuren I (sample 
from early Upper Paleolithic (MIS 3), Ukraine: Ramírez-Pedraza et al. 2020), Grays urrock 
(MIS 9), Ilford (MIS 7), Kent’s Cavern (MIS 3, UK: Rivals and Lister 2016), various localities in 
the Netherlands and at Bruine Bank in the North Sea (MIS 3: Rivals et al. 2010). Unpublished 
data from the Irish late-glacial population dating to the Allerød interstadial, ca. 11 ka BP, were 
also included. 

Stable carbon nitrogen and sulfur isotopes 
e giant deer mandible from Wolalhöhle was analysed for stable carbon, nitrogen and sulfur 
isotopes, which depend on the diet and habitat of the studied specimen. In short, the carbon-
13 abundances (б13C) reflect the source of diet (i.e., the plants consumed by herbivores) over 
years of the life of the individual when bone collagen is considered. In the context of the Late 
Pleistocene in Europe, available forage is composed of C3 plants, the 13C abundances of which 
depend on the conditions of photosynthesis. e environmental conditions of open areas (high 
light intensity, low humidity, high ventilation conditions) compared with those of forested areas 
(low light intensity, high humidity, low ventilation conditions) lead to higher and lower б13C 
values, respectively (e.g., Bocherens 2003). e nitrogen-15 abundances (б15N) in herbivores’ 
collagen depend on dietary, physiological and climatic conditions. In an adult specimen, climate 
and diet are the main driving parameters – values of б15N are expected to be lower in cold and 
humid conditions and/or with consumption of leaves (browsing) in comparison with warm and 
dry conditions and/or consumption of graminoids (grazing) (e.g., Bocherens 2003). Finally, the 
sulfur-34 abundances in plants are primarily controlled by the geochemical composition of the 
soil, itself under the influence of the underlying bedrock, as well as atmospheric depositions 
(e.g., sea spray effect). e bioavailable sulfur is then transferred to the bone collagen of herbi-
vores through the consumption of plants without a noticeable shi in the б34S values (e.g., Rich-
ards et al. 2001). 

Collagen was extracted following a protocol based on the acid-alkali-acid procedure (Bo-
cherens et al. 1991). Elemental analysis (Ccoll, Ncoll, Scoll) and isotopic analysis (б13Ccoll, б15Ncoll, 
б34Scoll) were conducted at the Department of Geosciences of Tübingen University using a 
NC2500 CHN-elemental analyser coupled to a ermo Quest Delta+ XL mass spectrometer. 
e international standards are a marine carbonate (V-PDB) for б13C, atmospheric nitrogen 
(AIR) for б15N and Canyon Diablo Troilite (V-CDT) for б34S. Measurements were normalized 
to б13C values of USGS24 (–16.0‰) and to б15N values of IAEA 305A (+39.8‰). Analytical 
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error, based on the within-run replicate measurement of laboratory standards (albumen, mod-
ern collagen, USGS 24, IAEA 305A), was ±0.1‰ for б13C values and ±0.2‰ for б15N values. 
Samples were calibrated to б34S values of NBS 123 (+17.1‰), NBS 127 (+20.3‰), IAEA-S-1  
(+ 0.3‰) and IAEA-S-3 (–32.3‰). e reproducibility was ±0.4‰ for б34S measurements, and 
the error in the measurement of the amount of S was 5%. e reliability of the б13Ccoll, б15Ncoll 

and б34Scoll values was established by measuring the collagen chemical composition, with the 
C:Ncoll atomic ratio ranging from 2.9 to 3.6 (DeNiro 1985) and the C:Scoll and N:Scoll ratios rang-
ing from 300 to 900 and 100 to 300, respectively (Nehlich and Richards 2009). 

Mesowear Microwear

Localities N MWS N NP NS %LP %G SWS %XS

Geißenklösterle - - 1 28.5 9.5 - - 2 -

Große Ofnet 12 2.50 10 16.4 13.7 80.0 20.0 1.0 30.0

Einhornhöhle 3 1.00 3 21.4 11.7 100.0 0.0 1.2 0.0

Vogelh. AH III 1 3.00 - - - - - - -

Vogelh. AH VII 4 2.50 4 17.6 10.5 0 0 0.75 0

Wolftalhöhle 1 1.00 1 11.5 8.0 - - 2.0 -

Payre - - 2 15.8 18.5 100.0 0.0 1.0 100.0

Siuren I 2 1.00 4 8.6 12.9 0.0 0.0 1.0 0.0

Steinheim 13 1.69 8 22.4 9.7 75.0 62.5 1.5 0.0

Grays Thurrock 6 1.67 6 24.9 21.3 83.3 50.0 1.3 16.7l

Ilford 5 2.00 5 33.3 13.2 100.0 60.0 1.4 20.0

Kent’s Cavern 24 3.58 18 18.7 16.8 55.6 27.8 1.1 33.3

Ireland 9 2.44 7 15.6 18.2 28.6 14.3 1.0 0.0

La Rexidora 1 1.00 1 24.5 20.5 - - 1.0 -

Netherlands 15 2.87 12 13.9 13.4 75.0 37.5 1.4 43.8

Bruine Bank 9 2.67 16 13.2 12.4 83.3 41.7 1.5 66.7

table 1: Summary statistics of the dental mesowear and microwear results for the giant deer from the Swabian Jura, 
the Harz Mountains and other localities in Europe. Abbreviations: N = Number of specimens; MWS = Mesowear 
score; NP = Mean number of pits; NS = Mean number of scratches; %LP = Percentage of individuals with large pits; 
%G = Percentage of individuals with gouges; SWS = Scratch width score; %XS = Percentage of individuals with 
cross scratches. Vogelh. = Vogelherd. 

tabelle 1: Zusammenfassende Statistik der dentalen Meso-Abnutzung- und Mikro-Abnutzung-Ergebnisse (meso-
wear and microwear results) für die Riesenhirsche von der Schwäbischen Alb, dem Harz und anderen Fundorten in 
Europa. Abkürzungen: N = Anzahl der Exemplare; MWS = Meso-Abnutzungs-Werte (Mesowear-Score); NP = Mittlere 
Anzahl von Gruben (mean number of pits); NS = mittlere Anzahl der Kratzer (mean number of scratches); %LP = Pro-
zentsatz der Einzelstücke mit großen Gruben (large pits); %G = Prozentsatz der Einzelstücke mit Rillen (gouges); SWS 
= Kratzerbreiten-Wert (scratch width score); %XS = Prozentsatz der Einzelstücke mit überkreuzten Kratzern (cross 
scratches). Vogelh. = Vogelherd.
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Fig. 4: Mesowear scores 
for the samples of giant 
deer compared to extant 
ungulates with known diets 
(grazers, mixed feeders 
and browsers). Data from 
Fortelius and  
Solounias (2000), Rivals et 
al. (2010, 2013, 2014). 

Abb. 4: Meso-Abnutzungs-
Werte (mesowear scores) 
für die Proben von Riesen-
hirschen im Vergleich zu 
existierenden Huftieren mit 
bekannter Ernährung 
(Grasfresser [grazers], 
Mischfutterkonsumenten 
[mixed feeders] und Blatt-
fresser [browsers]; zur Er-
klärung der englischen 
Begriffe s. Zusammenfas-
sung). Daten aus Fortelius 
und Solounias (2000) und 
Rivals et al. (2010, 2013, 
2014).

results 
Tooth mesowear analysis 
Aer discarding the teeth with broken or damaged cusps, the mesowear analysis was performed 
on the following samples: Groβe Ofnet (n = 12), Einhornhöhle (n = 3), Vogelherd AH VII (n = 4) 
and AH III (n = 1) and Wolalhöhle (n = 1). e single tooth from Geißenklösterle, a lower p4, 
was not suitable for mesowear analysis. 

Mesowear scores (MWS) from Groβe Ofnet range between 1 and 5, with a mean of 2.5 
(Table 1). e giant deer samples from Vogelherd had mesowear values of 2 and 3, with a mean 
of 2.6, similar to that of Groβe Ofnet. In comparison to the extant ungulates, the mesowear 
values of the giant deer from these two sites overlap with those of the grazers, mixed feeders 
and browsers (Fig. 4). e other two samples, from Einhornhöhle and Wolalhöhle, are smaller, 
and the results should be taken with caution. All the mesowear values recorded for Einhornhöhle 
and Wolalhöhle were 1. e values overlap with the extant leaf browsers and with the lower 
values of the mixed feeders (i.e., the browse-dominated mixed feeders). e giant deer from 
Groβe Ofnet and Vogelherd had a more abrasive diet than those from Einhornhöhle and Wolf-
talhöhle. 
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e fossil samples from other localities in Europe show a large diversity of mesowear values, 
overlapping with the three dietary categories of the extant ungulates (Fig. 4). e samples from 
Kent’s Cavern, Ireland, the Netherlands and Bruine Bank show relatively high values, and those 
from La Rexidora and Siuren I show the lowest values, similar to those from Einhornhöhle and 
Wolalhöhle. 

Tooth microwear analysis 
e sample size for tooth microwear, aer discarding the specimens showing taphonomic al-
terations, is as follows: Groβe Ofnet (n = 10), Geißenklösterle (n = 1), Vogelherd AH VII (n = 4), 
Einhornhöhle (n = 3) and Wolalhöhle (n = 1). e microwear pattern from the five sites is 
characterized by relatively low numbers of scratches and pits (Table 1; Fig. 5). In comparison to 
dietary categories established in extant ungulates, the five samples fall within the dietary space 
of the extant leaf browsers (Fig. 6). e sample from Groβe Ofnet shows a higher number of 
scratches (Fig. 5A) than those from the other four localities from the area (Fig. 5C-F). is in-

Fig. 5: Microphotographs of the microwear pat-
terns on the giant deer from (A) Große Ofnet 
(specimen #32679, showing fine and coarse 
scratches), (B) Große Ofnet (specimen #32679, 
showing plucked prisms), (C) Einhornhöhle 
(specimen #61.1), (D) Vogelherd (specimen 
#17027), (E) Wolftalhöhle (specimen #175), (F) 
Geißenklösterle (specimen #636). Scale bar = 
0.1 mm. 

Abb. 5: Mikrofotografien der Mikro-Abnutzuns-
Muster (microwear patterns) auf den Riesenhir-
schen von (A) Große Ofnet (Exemplar #32679, 
zeigt feine und grobe Kratzer), (B) Große Ofnet 
(Ememplar #32679, zeigt „gerupfte Prismen“ 
[plucked prisms]), (C) Einhornhöhle (Exemplar 
#61.1), (D) Vogelherd (Exemplar #17027), (E) 
Wolftalhöhle (Exemplar #175), (F) Geißenklös-
terle (Exemplar #636). Maßstab = 0,1 mm.
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Fig. 6: Bivariate plot of the numbers of pits and scratches for the giant deer populations. Error 
bars correspond to standard error of the mean (±1 SEM) for each sample. Plain ellipses cor-
respond to the Gaussian confidence ellipses (p = 0.95) on the centroid for the extant leaf 
browsers (LB) and grazers (G) based on the reference database from Solounias and Sempre-
bon (2002). 

Abb. 6: Bivariates Diagramm der Anzahl von Gruben und Kratzern für die Riesenhirschpopula-
tionen. Fehlerbalken entsprechen dem Standardfehler des Mittelwerts (±1 SEM) für jede 
Probe. Einfache Ellipsen entsprechen den Gaußschen Konfidenzellipsen (p = 0,95) auf dem 
Schwerpunkt für die rezenten Blattfresser (leaf browsers; LB) und Grasfresser (grazers; G) ba-
sierend auf der Referenzdatenbank von Solounias und Semprebon (2002).

dicates a diet with greater abrasion for Groβe Ofnet than at the other sites, similar to what was 
observed in the mesowear analysis. e enamel surfaces also show plucked prisms (Fig. 5B) that 
are typical in browsing and mixed feeding cervids. e high percentage of individuals with large 
pits (Table 1) is atypical in leaf browsers and suggests that the giant deer ingested a significant 
amount of dust or grit together with the vegetation (Semprebon et al. 2011). e absence of 
hyper-coarse scratches allows us to rule out the consumption of bark from the twigs or branches 
that could be ingested together with the leaves of woody plants (Semprebon et al. 2011). At the 
time of death, the giant deer from the five sites had similar diets and were browsing on leaves 
from trees, shrubs or herbaceous plants and avoiding the woody parts of these plants. 

As reported previously in the mesowear analysis, the fossil samples from the other European 
sites used for comparison show a large range of microwear values. e samples overlap with the 
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extant leaf browsers and mixed feeders, but none of them fall within the ellipse of the pure 
grazers. ere is no apparent temporal or geographical trend related to the age or location of 
the sites, respectively. is result could be expected because tooth microwear is a short-term 
signal strongly dependent on the phenology of the plants and thus on seasonality. e seasonal 
signal may introduce noise into the microwear signal. 

Stable carbon, nitrogen and sulfur isotopes from Wolftalhöhle 
e isotopic values of the giant deer from Wolhalhöhle are reported in Table 2. e б13C value 
of –20.1‰ fits with the range of ca. –21 to –18‰ expected for a deer specimen in Europe during 
the Late Pleistocene (e.g., Immel et al. 2015). e б15N value of +4.0‰ is consistent with those 
found in large deer in the pre-LGM Swabian Jura (e.g., Münzel et al. 2017). ese pre-LGM 
values are slightly higher than those of the post-LGM deer, including Megaloceros, in the same 
region, while the animals were re-colonizing territories recently freed from intense permafrost 
in a warmer and wetter context (Wong et al. 2020). Interestingly, the б34S value  
(–1.1‰) is comparable to those shown by early Upper Paleolithic reindeer and horses from 
Geißenklösterle, these relatively low values being typical of the Central European 34S signature 
during the pre-LGM period (Drucker et al. 2015). All of these results point to an open habitat 
and are compatible with a mixed-feeding diet. 

Discussion and conclusion 
e mesowear analysis on the giant deer shows a wide diversity of dietary traits corresponding 
to food items with different degrees of abrasiveness. e mesowear values of the giant deer from 
the five assemblages from the Swabian Jura and the other localities in Europe fit with the three 
main dietary categories of extant herbivores (i.e., leaf browsers, grazers and mixed feeders). Nev-
ertheless, there is a high degree of overlap between the extant mixed feeders and the two other 
categories, leaf browsers and grazers, and the results should be interpreted in terms of abrasive-
ness rather than types of diet. Microwear, conversely, shows a better resolution in the discrim-
ination of dietary categories. Considering that microwear did not identify any pure grazer, the 
diet of the giant deer could be classified as ranging from leaf browsers to grass-dominated mixed 

Lab ID Nbone yield ccoll Ncoll c:Ncoll δ13ccoll δ15Ncoll scoll δ34scoll c:scoll N:scoll

(%) (mg/g) (%) (%) (‰) (‰) (%) (‰) (%) (%)

WOT-1 1.7 39.1 40.3 14.1 3.3 -20.1 4.0 0.14 -1.1 762 229

table 2: Results of elemental (Ccoll, Ncoll, Scoll) and stable isotope analyses of bulk collagen (δ13Ccoll, δ15Ncoll, δ34Scoll) of 
the giant deer from Wolftalhöhle. 

tabelle 2: Ergebnisse der Analysen elementarer (Ccoll, Ncoll, Scoll) und stabiler Isotopen von Mengenkollagen [bulk col-
lagen] (δ13Ccoll, δ15Ncoll, δ34Scoll) des Riesenhirsches aus der Wolftalhöhle.
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feeders. e specific diet observed at each locality depends on the vegetation available regionally 
and seasonally. e combination of mesowear and microwear analyses allows us to go beyond 
the simple classification of the giant deer as a mixed feeder and to better characterize the dietary 
flexibility of that species. 

e giant deer from the Swabian Jura and the Harz Mountains show more constrained dietary 
traits in comparison to the range of diets reported at the scale of Europe. At Groβe Ofnet, the 
mesowear indicates an average annual diet of grass-dominated mixed feeding, while the micro-
wear suggests a browse-dominated diet at the time of death. e discrepancy between the two 
proxies could be related to the difference in the timescale between the mesowear and microwear. 
e giant deer from Große Ofnet were mixed feeders, but died in a season in which it was feed-
ing mainly on browse. At Geißenklösterle, Einhornhöhle, Vogelherd and Wolalhöhle, the sam-
ple size is small, thus limiting the interpretations, but the two proxies provide consistent results 
for these four localities. e giant deer shows a diet dominated by leaf browsing. 

As the five localities analyzed are situated in two different areas (i.e., southern Germany and 
the Harz Mountains), it is possible to compare the data according to the age of the deposits and 
the geographic distribution. ere is no clear temporal trend between the oldest samples (Ein-
hornhöhle, Wolalhöhle, Vogelherd AH VII) and the youngest ones (Groβe Ofnet, Geißenklös-
terle, Vogelherd AH III). Equally, a geographic differentiation is not apparent, which might be 
a consequence of the small sample from the northern area. 

e samples from other localities in Europe show a broad diversity of feeding traits. Some 
samples show an average annual diet (mesowear) dominated by grass, such as for the giant deer 
from Ireland, Kent’s Cavern, the Netherlands and Bruine Bank. Others, with lower values, in-
dicate browse-dominated mixed feeding diets, as is the case at Steinheim. e giant deer from 
Steinheim was assigned to the subspecies M. giganteus antecedens (Berckhemer 1940) and, based 
on morpho-functional features (e.g., small divergence of antlers: Vislobokova 2013), it was de-
scribed as a forest-adapted taxa. is assumption made from morphological features is sup-
ported by our results revealing a browse-dominated diet. e short-term signal (microwear) is 
shied towards leaf browsing and mixed feeding. In the case of the giant deer from the Nether-
lands and the North Sea, which show similar mesowear and microwear patterns, the mesowear 
shows a diet dominated by abrasive plants while the microwear indicates that low-abrasion 
browse was consumed. e plant remains preserved in the molar infundibulum of a giant deer 
molar from the North Sea were composed of Artemisia (sage) and other Asteraceae, indicating 
browsing habits in steppe habitats (van Geel et al. 2018). 

Previous studies based on morphological features and stable isotopes have also suggested a 
generalist mixed feeding diet (Aaris Sørensen and Liljegren 2004; Stuart et al. 2004; Chritz et 
al. 2009). Carbon stable isotope values reflect a feeding strategy based on herbaceous plants and 
woody browse. In the Swabian Jura, the mesowear and microwear analyses suggest that the giant 
deer populations were browse-dominated mixed feeders. e stable carbon isotopes from Wolf-
talhöhle indicate that the giant deer was occupying open landscapes. Similar isotopic results 
were obtained from younger materials from the Swabian Jura at Hohlenstein Stadel Cave  
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(ca. 14,080 BP; 14,308-13,864 cal BP, ETH-41223) and Hohle Fels Cave (ca. 14,480 BP; 14,829-
14,194 cal BP, MAMS-16557), also supporting relatively open habitats (Immel et al. 2015). At 
these two sites, there is no dental material available for dental wear analyses. Conversely, at older 
sites from southern Germany, Steinheim (MIS 11) and Villa Seckendorff (MIS 5 a-d), the rel-
atively more negative stable carbon isotope values suggest that the giant deer inhabited a forested 
landscape (dense forest to sparse woodland formation) (Pushkina et al. 2020). For Steinheim, 
this result is also supported by mesowear and microwear, which indicate a diet dominated by 
browse (Rivals and Ziegler 2018; Pushkina et al. 2020). 

Giant deer populations from the Swabian Jura inhabited relatively open habitats, probably 
with boreal parkland vegetation, and their diet reflects preferences for leaf browsing and mixed 
feeding. At the scale of Europe, the giant deer had a flexible diet and was probably able to feed 
on both browse and grass. is permitted the giant deer to adapt to major environmental 
changes and to survive throughout the Pleistocene. However, at the end of the Pleistocene and 
during the early Holocene, giant deer were not abundant, and populations were fragmented 
(Lister and Stuart 2019). Depending on the region, the giant deer suffered from habitat loss due 
to the change of the boreal parkland to tundra-like habitats in northwest Europe or to closed 
woodlands in central Eurasia. By this time, the giant deer populations could not cope with the 
drastic climatic and vegetational changes; this led to the giant deer’s extirpation (Lister and 
Stuart 2019). In southern Germany, competition with other cervids due to overlapping niches 
was proposed to be part of the cause of extinction (Immel et al. 2015). e results of the meso- 
and microwear analyses allowed us to identify a certain degree of dietary plasticity for the giant 
deer. e diet itself is probably not related to the giant deer’s extinction, and other causes, such 
as intolerance to the density of the forest cover, competition with other cervids and/or the spread 
of human populations, could have contributed to its extirpation. 
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